N

N

Meécanismes d’infection de ’ectoparasite de poissons
d’eau douce Tracheliastes polycolpus
Eglantine Mathieu-Bégné

» To cite this version:

Eglantine Mathieu-Bégné. Mécanismes d’infection de I’ectoparasite de poissons d’eau douce Trache-
liastes polycolpus. Biologie animale. Université Paul Sabatier - Toulouse III, 2020. Frangais. NNT':
2020TOU30008 . tel-02972144

HAL Id: tel-02972144
https://theses.hal.science/tel-02972144
Submitted on 20 Oct 2020

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-02972144
https://hal.archives-ouvertes.fr

Université Fédérale

THESE

En vue de I’'obtention du
DOCTORAT DE IUNIVERSITE DE TOULOUSE

Délivré par I'Université Toulouse 3 - Paul Sabatier

Toulouse Midi-Pyrénées

Présentée et soutenue par
Eglantine MATHIEU-BEGNE

Le 20 janvier 2020

Mécanismes d'infection de I'ectoparasite de poissons d'eau douce
Tracheliastes polycolpus

Ecole doctorale : SEVAB - Sciences Ecologiques, Vétérinaires, Agronomiques et
Bioingenieries

Spécialité : Ecologie, biodiversité et évolution

Unité de recherche :
EDB - Evolution et Diversité Biologique

These dirigée par
Géraldine LOOT et Olivier REY

Jury
Mme Nathalie CHARBONNEL, Rapporteure

Mme Nadia AUBIN-HORTH, Rapporteure

M. Thierry RIGAUD, Examinateur

M. Guillaume MITTA, Examinateur

M. Philipp HEEB, Examinateur
Mme Géraldine LOOT, Directrice de thése
M. Olivier REY, Co-directeur de thése







Résumé

L’identification des mécanismes a 1’origine des interactions entre especes est essentielle afin de
mieux appréhender les consequences des changements globaux sur la biodiversité et le
fonctionnement des écosystéemes. Au cours de ces travaux de thése, je me suis ainsi attachée a
identifier ces mécanismes en me basant sur les concepts théoriques de filtre de rencontre et de
filtre de compatibilité. J’ai considéré les facteurs environnementaux qui favorisent le contact
entre hote et parasite, mais aussi les facteurs intrinséques a 1’hote et/ou au parasite qui régissent
leur compatibilité.

J’ai évalué le role de ces facteurs dans chacun de ces filtres théoriques en utilisant comme modéle
I’interaction entre ’ectoparasite Tracheliastes polycolpus et les espéces piscicoles d’eau douce
connues pour étre des hotes potentiels. Ma thése s’articulait autour de quatre objectifs : 1) tester a
I’échelle micro-géographique le lien entre les caractéristiques environnementales et les patrons
d’infection parasitaire via une approche expérimentale in situ, combinée a une approche
descriptive des populations naturelles ; ii) tester a 1’échelle macro-géographique (France) la part
des facteurs environnementaux et du patrimoine génomique des populations hotes dans la
répartition actuelle de T. polycolpus ; iii) tester le role de la plasticité transcriptomique dans la
capacité de T. polycolpus a exploiter différentes espéces hotes et iv) évaluer le rdle du microbiote
(associé a I’hote, au parasite, et a ’environnement commun) dans le processus d’infection
parasitaire au travers d’une approche expérimentale in situ.

J’ai d’abord montré qu’il existait des points chauds d’infection a 1’échelle micro-géographique et
que ces derniers dépendaient des conditions environnementales. La structure de I’environnement
micro-géographique pourrait ainsi étre un mecanisme général qui conditionne la rencontre entre
hotes et parasites. A contrario, a 1’échelle macro-géographique, j’ai montré que la répartition
actuelle de T. polycolpus en France est expliquée plutét par le patrimoine génomique des
populations hétes que par les conditions environnementales. La compatibilité entre un hoéte et son
parasite pourrait ainsi limiter la dynamique d’invasion des parasites €mergeants. J’ai aussi montré
que la plasticité transcriptomique jouait un réle essentiel dans la capacité de T. polycolpus a
exploiter différentes espéces hotes (i.e., compatibilité multi-héte). Enfin, j'ai montré que T.
polycolpus induisait un changement de composition du microbiote de son hote L. burdigalensis.
De plus, les changements de composition du microbiote de 1’héte résultaient d’une dynamique de
co-infection par T. polycolpus et son microbiote associé.

Au cours de ma thése ’accent a été mis sur une vision intégrative des mécanismes de I’infection
parasitaire. Par le déploiement d’approches variées et complémentaires (descriptive,
expérimentale, génomique), de nouveaux éléments ont été amenés concernant la compréhension
des interactions ho6te-parasites et des mécanismes qui modulent leurs succes. Une meilleure
compréhension des mécanismes sous-jacents aux différentes interactions est un prérequis pour
prédire la dynamique de ces systemes dans le contexte actuel des changements globaux.



Abstract

The identification of the mechanisms underlying species interactions is essential to understand
the consequences of global changes on biodiversity and ecosystem functioning. During this thesis
I worked at identifying these mechanisms based on the theoretical concepts of encounter filter
and compatibility filter. | considered the environmental factors favoring the contact between host
and parasite, but also host- and parasite-related intrinsic factors that govern their compatibility.

| tested the role of these factors in each of these theoretical filters using as study model the
interaction between the ectoparasite Tracheliastes polycolpus and freshwater fish species known
to be potential hosts. My thesis was based on four objectives: i) testing at a microgeographical
scale the link between environmental features and infection patterns via an experimental in situ
approach, combined with a descriptive approach in natural populations; ii) testing at the
macrogeographical scale (France) the part of environmental factors and host genomic background
in the current distribution of T. polycolpus; iii) testing the role of transcriptomic plasticity in the
ability of T. polycolpus to exploit different host species and iv) assessing the role of the
microbiota (associated with host, parasite, and common environment) in the process of parasitic
infection through an experimental approach in situ.

First, I identified hot spots of infection at the microgeographical scale in relation with
environmental conditions. | suggest that the existence of microhabitats characterized by
congruent environmental conditions could be a general mechanism that conditions the
encountering rate of parasites. On the other hand, at the macrogeographical scale, | showed that
the current distribution of T. polycolpus in France is more likely explained by host genomic
background rather than the environmental conditions. The compatibility between hosts and
parasites could hence limit the invasion potential of emerging parasites. | have also shown that
transcriptomic plasticity plays a key role in the ability of T. polycolpus to exploit different host
species (i.e., compatibility multi-host). Finally, 1 showed that T. polycolpus induces change in
microbiota composition of its host L. burdigalensis. In addition, changes in host-associated
microbiota composition likely reflected a co-infection dynamics between T. polycolpus and its
associated microbiota.

During my thesis the emphasis was put on an integrative vision of the mechanisms of parasitic
infection. Through the deployment of diverse and complementary approaches (descriptive,
experimental, genomic), new elements have been brought to the understanding of host-parasite
interactions and the mechanisms that modulate their success. A better understanding of the
mechanisms underlying the different interactions is a prerequisite for predicting the dynamics of
these systems in the current global changes context.



Avant-propos

Cette thése de I'école doctorale SEVAB de I'Université Toulouse 111 a été réalisée au laboratoire
Evolution et Diversité Biologique a Toulouse, a la Station d'Ecologie Théorique et Expérimentale
du CNRS de Moulis et au laboratoire Interaction Hote-Pathogéne-Environnement a Perpignan,
sous la supervision de Géraldine LOOT, Simon BLANCHET et Olivier REY. Elle s’articule
autour d'une introduction genérale, de quatre chapitres sous forme d'articles scientifiques soumis
ou en préparation, d'une discussion générale et d’une série d’annexes sous forme d’articles en
préparation ou bien publiés. Cette these est rédigée en frangais a 1’exception des chapitres et des
annexes qui sont écrits en anglais.

Au total, cette these s’organise autour de 7 articles scientifiques:

- Article 1 (Chapitre I) : il s’agit d’une étude du role des facteurs environnementaux a 1’échelle
micro-géographique sur la rencontre entre un hdte et son parasite. Cet article est en préparation
et fera I’objet d’une soumission dans une revue de parasitologie.

- Article 2 (Chapitre II) : il s’agit d’une étude des déterminants environnementaux et génomiques
dans la distribution spatiale d’un parasite invasif. Ces travaux ont fait 1’objet de deux
communications orales: sous la forme d’une présentation orale au Réseau d’Etude des
Interactions Durables a Toulouse en 2017 et sous la forme d’un poster lors du Second Joint
Congress on Evolutionary Biology a Montpellier en 2018. Cet article fait 1’objet d’une re-
soumission dans Ecography.

- Article 3 (Chapitre 1) : il s’agit d’une étude du rdle de la plasticité transcriptomique dans la
capacité d’un parasite a exploiter différentes espéces hotes. Cet article est en préparation et sera
tres prochainement soumis dans Plos Pathogens.

- Article 4 (Chapitre IV) : il s’agit d’une étude du role du microbiote (associé a 1’hdte, au parasite
et a ’environnement commun) dans le processus d’infection parasitaire. Cet article est en
préparation. Il fera I’objet d’analyses complémentaires et d’un travail de synthétisation au niveau
de I’écriture avant soumission dans Nature Ecology and Evolution.

- Article 5 (Annexe 1) : il s’agit d’une étude intégrative de I’impact d’un parasite sur son hote a
différents niveaux d’organisation biologique (du niveau moléculaire a populationnel). Ces
travaux ont fait 1’objet d’'une communication orale sous la forme d’une présentation lors du
congreés de la Société Frangaise d’Ecologie a Rennes en 2019. Cet article est en préparation et
fera I’objet d’une soumission dans Ecological Monograph.

- Article 6 (Annexe 1) : il s’agit d’une note technique sur 1’assemblage du transcriptome de
Tracheliastes polycolpus. Cet article est paru dans Marine Genomics.

- Article 7 (Annexe I1l) : 11 s’agit d’un article portant sur le suivi temporel démographique et
génétique sur dix ans de deux métapopulations de vandoises. Cet article est paru dans Oikos.
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Introduction

La place des interactions du vivant dans la biodiversité

Maintien de la biodiversité et réles des interactions biologiques

Au-dela d’une compréhension fondamentale du monde vivant qui nous entoure, 1’étude de la
biologie se confronte actuellement a des enjeux majeurs qui découlent des profondes
modifications qui s’opérent a 1’échelle planétaire et s’exacerbent depuis maintenant environ un
siecle. Ces bouleversements globaux se mesurent, en terme de modification du climat, mais
¢galement en terme d’augmentation de 1’urbanisation, de la fragmentation des habitats ou encore
de la croissance des populations humaines qui conditionne en partie ces changements (Hansen et
al. 2006, Grimm et al. 2008, Schwarzkopf and Ramaswamy 2008). Un des défis majeurs en
biologie depuis plusieurs décennies se rapporte a notre capacité a établir des prédictions précises
quant aux changements globaux a venir et leurs répercussions sur la biodiversité et le
fonctionnement des écosystéemes (Guisan and Thuiller 2005, Parmesan 2006, Bellard et al. 2012,
Ward et al. 2014). Pendant longtemps, les conséquences des changements globaux sur la
biodiversité ont été évaluées en considérant les espéces de maniére isolée (Parmesan and Yohe
2003, Parmesan 2006, Bellard et al. 2012). Cependant cette vision espéce centrée achoppe a
prendre en compte un processus essentiel a la persistance des especes: les interactions
biologiques. En effet, les especes ne sont pas des entités isolées mais sont au contraire en
constante interaction les unes avec les autres (Koh et al. 2004, Araujo and Luoto 2007, Wisz et al.
2013). Un écosystéme riche en interactions (compétition, prédation, mutualisme, commensalisme
ou bien parasitisme) se caractérise par un niveau de diversité, taxonomique et fonctionnel plus

élevé (Bascompte et al. 2006, Tylianakis et al. 2008), mais est aussi géneralement plus stable et
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plus résilient face a des conditions environnementales changeantes (Brooker 2006, Suttle et al.
2007, Ives and Carpenter 2007). OQutre le fonctionnement des écosystemes, la survie de
nombreuses especes dépend des interactions qu’elles entretiennent. Par exemple, en se basant sur
un modele probabiliste visant a estimer le nombre d’extinctions d’espéces associées a 1’extinction
d’une autre espéce pour une large gamme d’association du vivant, Koh et al. (2004) ont estimé
que pres de 6 300 especes seraient menacées de co-extinction (Fig. 1). De maniére similaire
Valiente-Banuet et al. (2015), en établissant un modele prédictif qui lie la diversité a la fois en
terme d’espéces et d’interactions le long de gradients environnementaux, ont montré que la perte
des interactions biologiques précederait ’extinction des espéces. Cette dette d’extinction des
interactions écologiques (extinction debt of ecological interaction, Valiente-Banuet et al. 2015)
souligne I’importance des interactions entre especes dans le maintien général de la biodiversité et
par conséquent la nécessité de leur prise en compte dans les modéles prédictifs (Blois et al. 2013,

Poisot et al. 2015, De Kort et al. 2018).
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Figure 1 : Proportion d’espéces susceptibles de s’éteindre via un processus de co-extinction pour
une proportion donnée d’especes hotes éteintes, reproduit d’aprés Koh et al. (2004).
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Variabilite temporelle et spatiale des interactions

La complexité des interactions biologiques rend néanmoins difficile leur intégration dans des
modeéles prédictifs. D’une part, dans une communauté donnée, toutes les interactions potentielles
ne se réalisent pas (Olesen et al. 2011, Gonzalez-Varo and Traveset 2016). Par exemple, Olesen
et al. (2011) ont montré que dans trois réseaux d’interactions mutualistes (i.e., un réseau plantes-
pollinisateurs arctique et deux réseaux plantes-disperseurs de graines méditerranéens), 48% a
76% des interactions potenticlles n’étaient pas observées, et 22% a 25% ne se réalisaient pas a
cause de la non-concordance entre la phénologie des plantes (eg., période de floraison et de
fructification) et des pollinisateurs/disperseurs (eg., période de visite et de nutrition). Ainsi, la co-
occurrence entre espéces est une condition nécessaire mais insuffisante a la réalisation des
interactions, de sorte qu’il est difficile de prédire si deux espéces présentes dans le méme milieu
entreront en interaction (Poisot et al. 2012). D’autre part, pour deux espéces dont 1’interaction a
été observee, il existe une variabilité temporelle et/ou spatiale, donnant un caractére labile a
I’interaction (Gonzalez-Varo and Traveset 2016). Par exemple, Trgjelsgaard et al. (2015) ont
montré que dans les réseaux d’interactions plantes-pollinisateurs au sein des iles Canari, la
fidélité a un partenaire donné diminue avec la distance géographique. De la méme maniere, les
interactions proies-prédateurs peuvent montrer une variabilité temporelle a I’échelle de la vie des
individus. Par exemple, dans I’interaction entre Iphiseius degenerans et Neoseiulus cucumeris,
deux especes de mites Méditerranéennes, les adultes et les stades juvéniles des deux espéces se
nourrissent des juvéniles de 1’autre espece (Choh et al. 2012). Les stades les plus gros utilisent
les plus petits comme proies, ce qui donne un caractere situationnel aux désignations de proies ou
prédateurs pour les individus de chaque espéce au cours de leur vie (Choh et al. 2012). En

consequence, il est primordial de prendre en compte les interactions biologiques pour anticiper
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les impacts des changements globaux sur la biodiversité, mais prédire si deux espéces ou plus

entreront en interaction s’avére une tache ardue.

Appreéhender les interactions biologiques par un retour aux mécanismes

Comprendre les mécanismes écologiques et évolutifs a 1’origine des interactions biologiques est
nécessaire afin de mieux prédire les interactions futures. Autrement dit, pourquoi deux espéces a
un endroit et @ un moment donné entrent en interaction ? Une condition nécessaire, bien que non
suffisante, a I’interaction directe de n’importe quel couple d’espéces est la concomitance spatio-
temporelle des deux espéces (Poisot et al. 2015). Ainsi, Araujo et al. (2007) ont montré que les
modeles de prédiction de la distribution du papillon Semi-Apollon en Europe étaient plus précis
lorsque les distributions spatiales des plantes hétes utilisées par les stades larvaires (Corydalis
solida, C. intermedia, C. cava et C. pumila) étaient prises en compte. Toutefois la concomitance
spatio-temporelle n’est pas le seul mécanisme permettant d’expliquer la réalisation d’une
interaction. La réalisation des différents types d’interactions dépend également des exigences
phénologiques, morphologiques, physiologiques et biochimiques des acteurs de I’interaction
(Gonzélez-Varo and Traveset 2016, Bartomeus et al. 2016). Par exemple Brose et al. (2006) ont
étudié 5000 interactions proie-prédateur et montrent que les prédateurs sont en moyenne 42 fois
plus grands que leurs proies, rendant ainsi 1’ingestion possible. De méme, les défenses chimiques
d’une proie et la performance des enzymes digestives d’un prédateur, peuvent empécher ou
favoriser leur interaction (Feyereisen 1999, Eisner et al. 2005, Brousseau et al. 2018). 1l est donc
nécessaire d’étudier de maniere approfondie I’ensemble des facteurs pouvant moduler le succes
des interactions. Les interactions étroites telles que le mutualisme et le parasitisme offrent tout
particuliérement un cadre propice a 1’étude des mécanismes sous-jacents aux interactions

biologiques en cela que les conditions pour la réalisation de I’interaction sont plus strictes. Au

19



cours de cette these je me suis ainsi focalisée sur une interaction hote-parasite afin d’en étudier

les mécanismes.
Spécificité des interactions parasitaires

La premiére loi du parasitisme

Le mode de vie parasitaire (i.e., I’exploitation durable par un organisme appelé parasite, d’un
autre organisme appelé héte, Crofton 1971, Poulin 2007) est extrémement répandu dans le monde
vivant (Price 1980). Une étude propose en effet que 30% des espéces au sein des eucaryotes sont
des parasites et reconnait tres probablement sous-estimer cette proportion (de Meeds and Renaud
2002). Tout organisme est amené a héberger une ou plusieurs espéces parasites au cours de sa vie
(Combes 2005). Toutefois, les hotes ne sont pas pour autant égaux face au parasitisme. Une
variabilité tant en terme de probabilité d’infection (prévalence) qu’en terme de nombre de
parasites par hote (intensité parasitaire) est généralement observée. Plus particulierement, dans
les populations naturelles, peu d’hotes hébergent un grand nombre de parasites alors que la
grande majorité des hétes ne portent que peu ou pas de parasites (Crofton 1971, Shaw et al. 1998,
Poulin 2007, Fig. 2). Ce phénoméne, désigné sous la terminologie d’agrégation parasitaire est
méme considéré comme la premiere loi du parasitisme puisqu’il s’agit d’une des rares
caractéristiques communes a la grande majorité voire a I’ensemble des parasites (Shaw et al.
1998, Poulin 2007). Néanmoins, les causes de I’agrégation parasitaire, notamment les
mécanismes permettant d’aboutir a de telles distributions chez les parasites, restent encore a ce
jour difficiles a appréhender (Gourbiere et al. 2015, Johnson and Wilber 2017, Rabajante et al.

2019).
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Figure 2 : Figure illustrant 1’agrégation parasitaire pour quatre interactions hotes-
parasites (d’aprés Shaw et al. 1998). Les barres représentent les fréquences
observées et les points I’attendu selon une distribution binomiale négative (i.e.,
agrégée). a) Orconectes rusticus parasités par Paragonimus Kellicotti, b) Perca
fluviatilis parasitées par Triaenophorus nodulosus, ¢) Strunurs vulgaris parasites par
Porrocarcum ensicaudatum et d) Peromyscus maniculatus parasités par
Hoplopleura hesperomydis.
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La compréhension des mécanismes sous-jacents a 1’agrégation parasitaire reste toutefois d’une
importance capitale car 1’agrégation parasitaire conditionne la dynamique de transmission des
parasites (Paull et al. 2012). Dans de nombreux cas d’épidémie, un hote fortement parasité peut a
lui seul contribuer a la propagation des cas d’infection ; cet hote est alors généralement désigné
sous le terme de super-propagateur (Lloyd-Smith et al. 2005, Paull et al. 2012). Un exemple
souvent cité est celui de « Typhoid Mary », une patiente atteinte par la typhoide au début du
XX®™ sigcle et qui a transmis la maladie & au moins 47 autres personnes tout en étant responsable
de 28 foyers d’infection (Hudson et al. 2008). De méme, Wang et al. (2006) répertorient un cas
de Syndrome Respiratoire Aigu Sévere ou 33 personnes ont été contaminées par un seul autre
patient. Plus généralement, il est estimé que 20% des hoétes sont responsables de 80% des
infections (Woolhouse et al. 1997). Ainsi, comprendre par quels mécanismes les parasites
parviennent a parasiter de maniere efficace un individu héte est également une premiere étape
vers la compréhension des dynamiques de transmission et par extension des phénomeénes

d’épidémies.

Les impacts du parasitisme

Les parasites sont des organismes pathogenes qui peuvent provoquer des modifications
morphologiques, physiologiques et/ou comportementales de 1’hote et diminuer sa survie et son
succes reproducteur (Crawley 2009). Ceci est d’autant plus vrai pour les parasites hétéroxénes
(i.e., parasites comportant plusieurs hotes au sein de leur cycle de vie), qui peuvent conduire a
une issue fatale chez leurs hotes intermédiaires afin de permettre la transmission a 1’hote définitif
(surtout quand la transmission se fait par voie trophique, Adamo 2002, da Silva and Langoni
2009, Mikheev et al. 2015). Néanmoins, I’impact des parasites ne s’arréte pas a 1’individu hote.

Les parasites sont notamment d’importants régulateurs démographiques des populations hotes : il
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a ¢été montré par exemple que les fluctuations démographiques d’une population de Lagopedes
d’Ecosse sont causées par les effets négatifs d’un nématode parasite sur la fécondité de ces
oiseaux (Hudson 1998). De méme, de plus en plus d’études mettent I’emphase sur les effets
indirects des parasites a des niveaux d’organisation plus larges telle que 1’échelle des
communautés et des écosystemes (Wood et al. 2007, Hatcher et al. 2012, Sato et al. 2012). 1l est a
noter que certaines études mettent aussi en avant les impacts positifs des parasites a 1’échelle des
écosystemes, tel qu’un accroissement de la stabilité, de la résilience ou bien encore de la diversité
de I’écosystéme (Hudson et al. 2006, Hatcher et al. 2012). Les infections parasitaires n’ont donc
pas seulement des conséquences directes pour les hotes infectés mais également des
conséquences indirectes et profondes pouvant aller jusqu’a altérer le fonctionnement de tout un
écosystéeme via un jeu complexe d’interactions entre différentes espéces (Dobson and Hudson
1986, Combes 1996, Hudson et al. 2006). Par exemple, Sato et al. (Sato et al. 2012) ont montré
que les parasites nématomorphes, en poussant leurs hdtes criquets a se jeter dans I'eau pour
parfaire leur cycle, occasionnaient ce faisant des effets en cascade sur le fonctionnement de
I’écosystéme. Notamment, cette « manipulation » de 1’hote a se jeter a I’eau permettait de
relacher la pression de prédation sur les invertébrés benthiques aquatiques ce qui conduisait a une
diminution de la biomasse d'algues benthiques et a un accroissement du taux de destruction des
feuilles (Sato et al. 2012). En cela, la compréhension des mécanismes de 1’infection parasitaire
souléve non seulement des enjeux relatifs aux effets directs des parasites sur leurs hotes, souvent
préjudiciables, mais aussi aux effets des parasites sur les autres espéces avec lesquelles ils

interagissent de maniére directe et indirecte et qui est souvent plus difficile a mesurer.
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Mécanismes d’infection et maladies émergentes

La deuxiéme moitié du XX*™ siécle a connu une trés large augmentation de cas de maladies
émergentes (Jones et al. 2008, Fig. 3). Ces émergences de maladies infectieuses s’expliquent en
partie par des facteurs socio-économiques, environnementaux et écologiques (Morse 1995, Patz
1996, Morens et al. 2004, Ogden and Gachon 2019). Non seulement les conditions
environnementales changent rapidement, parfois de facon imprédictible, mais aussi
I’accroissement des mouvements des populations humaines sont autant de facteurs qui
contribuent a des modifications d’aire de distribution de nombreuses espéces dont des parasites
(Patz et al. 2000, Morgan et al. 2009, Barrett et al. 2012, Frost et al. 2019). Ainsi, pour beaucoup
de parasites, il est fort possible que les facteurs régissant le succés d’infection ont été affectés et
vont étre affectés par ces bouleversements globaux. Par exemple, les cas d’infection par le
protozoaire parasite Apicystis bombi sur deux espéces locales de bourdon en Patagonie (Bombus
ruderatus et B. dahlbomii) sont consécutifs au commerce et a 1’introduction du Bourdon terrestre
(B. terrestris) également porteur de ce parasite (Arbetman et al. 2013). L’exemple de A. bombi
n’est pas anecdotique puisqu’a ce jour, il a déja été fait état de nombreux cas ou des parasites ont
été introduits accidentellement (souvent via le déplacement de 1'un de leurs hétes ou un
changement d’aire de distribution de leurs vecteurs) dans des endroits ou ils n’étaient auparavant
pas présents (Fig. 3, Bazsalovicsova et al. 2011, Rey et al. 2015, Kuchta et al. 2018). Ces
parasites introduits, s’ils colonisent efficacement leur aire d’introduction, peuvent alors constituer
des especes dites invasives et donner lieu a I’émergence de maladies puisqu’ils sont susceptibles
d’exploiter un nouvel éventail d’hotes locaux (notion de spill-over, Thompson et al. 2009,
Lymbery et al. 2014). Les parasites émergents doivent faire face a de nouvelles espéces hotes
locales et parfois a de nouvelles conditions environnementales ce qui peut freiner leur dynamique

de colonisation (Lymbery et al. 2014). En contrepartie, les populations locales d’hotes sont
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naives face a ces parasites emergents et peuvent accuser des effets pathogenes d’autant plus
importants (eg., I’extréme mortalité (80%) chez les lagomorphes causée par 1’introduction du
Mixoma virus (Fenner and Fantini 1999)). Dans ce cadre-la il est donc important d’identifier les
facteurs clefs qui vont contribuer au succés de ces parasites, conditionner leur dynamique

d’invasion mais aussi moduler leurs effets pathogeénes.
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Les concepts de filtre de rencontre et de compatibilité : un cadre pour la

compréhension des mécanismes d’infection

Claude Combes a été parmi les premiers a donner un cadre conceptuel aux conditions de succes
du mode de vie parasite en se basant sur deux notions de filtres que le parasite doit franchir afin
de parvenir a infecter durablement son héte (Combes 2005). Ainsi un parasite se doit de franchir

d’une part un filtre dit de rencontre et d’autre part un filtre dit de compatibilité (Fig. 4).

Rencontre .

Compatibilité

Figure 4 : Représentation schématique des notions de filtres de rencontre et de compatibilité. Les
ronds bleus symbolisent le parasite, les rectangles oranges les hotes, et les rectangles verts
I’environnement commun. L’infection ne peut se produire que lorsqu’a la fois le filtre de
rencontre et de compatibilité sont ouverts.

Le filtre de rencontre

Un des enjeux pour le parasite, afin d’assurer sa survie, est tout d’abord de rencontrer un hote. En
d’autres termes le parasite et 1’hote doivent se trouver au méme endroit au méme moment
(«rendez-vous dans [’espace et dans le temps» (Combes 2005)). Ceci est d’autant plus

compliqué pour les parasites que 1’hote constitue un support mobile. Les parasites ont donc
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développé plusieurs stratégies adaptatives afin d’augmenter la probabilité de rencontre avec ce

support malgré sa mobilité (Combes 2005).

Tout d’abord, un trait généralement attribué au mode de vie parasitaire est une forte féecondité
(Crofton 1971, Turner et al. 1995, Mackinnon and Read 1999). La surfécondité des parasites est
un mécanisme important par lequel les parasites accroissent passivement la probabilité de
rencontre de leurs descendants en inondant le milieu de propagules infestants. Cette augmentation
de la fécondité est trés marquée pour les parasites hétéroxénes qui utilisent plusieurs hotes pour
accomplir leur cycle biologique. En effet, la route qui méne a I’hote définitif est plus longue et les
évenements de transmission représentent des étapes successives au cours desquelles les pertes
sont énormes, souvent compensées par des phases de multiplication asexuée (Price 1974, Poulin

1995, Combes 2005).

Une autre stratégie déployée par les parasites, la favorisation parasitaire, consiste a augmenter la
probabilité de rencontre avec I’hote en réduisant le réle du hasard. D’abord, certains parasites
sont capables de détecter des stimuli indiquant la présence probable de 1’hote dans
I’environnement. Par exemple, les moustiques, qui sont des ectoparasites en plus d’étre souvent
des vecteurs, localisent leurs hétes via les émissions de dioxyde de carbone et en remontant les
gradients de température (Lacey et al. 2014). D’autres parasites, notamment les parasites
hétéroxénes, peuvent induire une modification du comportement de leur hote intermédiaire afin
d’augmenter le succes de passage a 1’hote définitif (Adamo 2002, da Silva and Langoni 2009,
Mikheev et al. 2015). Par exemple les souris infectées par Toxoplasma gondi font preuve d’une
activité accrue et occupent des espaces ouverts ce qui les rend plus vulnérables a la prédation par
I’hote définitif, a savoir un félidé (Hay et al. 1984, Hrd4 et al. 2000). Enfin, certains parasites

tendent & synchroniser leurs pics d’émergence de larves infestantes avec le pic d’activité de leurs
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hotes dans le milieu (rendez-vous dans le temps). Par exemple, chez Schistosoma mansoni,
parasite de I'nomme, les cercaires sont émises dans le milieu aquatique en plein jour aux
alentours de midi alors que chez S. margrebowiei, parasite de lI'antilope, il y a deux pics, lI'un au

lever du jour et lI'autre avant la tombée de la nuit (Theron and Combes 1995, Gautret et al. 1995).

La mise en évidence de ces différentes stratégies (écologique et comportementale) permettant
d’accroitre significativement les probabilités de rencontre entre hotes et parasites a largement
contribué a la compréhension des mécanismes sous-jacents a 1’ouverture du filtre de rencontre.
Toutefois, 1’étude de ces mécanismes reste souvent difficile a appréhender, tout particuliérement
en milieu naturel, du fait de la difficulté a dissocier les facteurs agissant sur le filtre de rencontre

de ceux agissant sur le filtre de compatibilite.

Le filtre de compatibilité

Si pendant longtemps la relation hote-parasite a été comparée a la relation proie-prédateur, il
existe tout de méme une différence fondamentale entre ces deux modes de vie : le prédateur
n’exploite qu’une seule fois sa proie ce qui implique que la rencontre suffit & son succes, (i.e.,
interaction instantanée). Le parasite en revanche exploite son hote dans la durée (Rogers and
Hassell 1974, Raffel et al. 2008), (i.e., interaction durable) (Combes 2005). Rencontrer son héte
n’est donc pas suffisant pour qu’un parasite infecte durablement son hote. En effet, I’hote doit
convenir aux exigences métaboliques du parasite et le parasite doit survivre aux défenses

immunitaires de [’hote.

Ainsi le filtre de compatibilité correspond a la capacité d’un parasite a exploiter durablement son
hote, a y assurer son développement, se reproduire et infester un nouvel hote. La compatibilité est

supposée résulter de 1’interaction entre le génotype de 1’h0te et le génotype du parasite (genotype-
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by-genotype interaction, Lambrechts et al. 2006). Cette interaction entre les génotypes respectifs
de I’héte et du parasite permet alors 1’émergence du phénotype hote susceptible (i.e., I’hote peut
contracter des parasites) ou résistant (i.e., I’hote élimine des parasites) et du phénotype parasite
infectieux (i.e., le parasite parvient a se développer) ou non infectieux (i.e., le parasite ne parvient
pas a se developper) (Lambrechts et al. 2006). Le filtre de compatibilité est dit ouvert lorsque
d’une part 1’hote est susceptible au génotype du parasite et que le parasite est infectieux vis-a-vis
du génotype de 1’hote (Theron et al. 2008). Par exemple la plupart des schistosomes d’humain
sont également capables de compléter leurs cycles chez la souris qui est le modele d’étude
privilégié en laboratoire pour ce parasite (i.e., filtre de compatibilité ouvert) ; en revanche les
schistosomes d’oiseaux ne sont pas capables de se développer chez I’humain (i.e., filtre de

compatibilité fermé) (Euzet and Combes 1980).

Quant aux mécanismes permettant 1’émergence d’une part, de phénotypes hotes susceptibles et
d’autre part, de phénotypes parasites infectieux, ils ont été principalement étudiés du point de vue
de la dynamique co-évolutive hote-parasite (Dybdahl and Lively 1998, Lambrechts et al. 20086,
Little et al. 2010). 1l a été suggéré que suite a la dynamique co-évolutive héte-parasite, des hotes
et des parasites sympatriques devraient étre plus compatibles que des hotes et des parasites
allopatriques (Ebert 1994). Néanmoins, certaines études tendent & montrer que ce patron n’est pas
toujours respecté, certaines populations de Schistosoma mansoni sont plus compatibles avec des
populations de Biomphalaria tenagophila se situant dans des sites éloignés par rapport a des
populations de B. tenagophila se situant dans des sites proches (Morand et al. 1996). Ceci
suggere que la dynamique de coévolution entre un parasite et son hote, a elle seule, ne permet pas
de rendre compte de 1’émergence de phénotypes compatibles. Certaines etudes suggerent

notamment que la plasticite (i.e., modifications phénotypiques qui ne sont pas associées a des
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modifications du génome) pourraient également promouvoir la compatibilité entre hoétes et

parasites (Little et al. 2006, Gervasi et al. 2015, De Fine Licht 2018).

Pourquoi les notions de filtres de rencontre et de compatibilité sont les clefs de la
compréhension de I’agrégation parasitaire ?

Dans la littérature, deux causes principales a 1’agrégation parasitaire sont communément
mentionnées. L’agrégation parasitaire peut résulter soit d’une hétérogénéité concernant
I’exposition de I’hote vis-a-vis du parasite (filtre de rencontre hétérogeéne a 1’échelle de la
population), soit d’une hétérogénéité de la réponse immunitaire au sein des populations hotes au
sein desquelles certains individus sont résistants et d’autres trés susceptibles (filtre de
compatibilité hétérogéne a I’échelle de la population) (Poulin 2007, Morrill and Forbes 2012,
Gourbiére et al. 2015). Les hotes plus exposés et ou plus susceptibles seraient ainsi le siége d’une
agrégation parasitaire. Aussi, 1’utilisation des notions de filtre de rencontre et de compatibilite
semble €tre un cadre pertinent pour la compréhension de I’agrégation parasitaire. De plus, il est
important de mentionner que se baser sur la notion de compatibilité plutdt que de susceptibilité
apporte un cadre plus général, car la notion de compatibilité permet de considérer simultanément
la variabilité de susceptibilité au sein des populations hétes mais aussi la variabilité de virulence
au sein de la population de parasites. Les concepts de filtres de rencontre et de compatibilité
semblent donc étre un cadre adéquat a la compréhension des mécanismes d’infection, de la

distribution des parasites et de I’émergence des super-propagateurs.

Les facteurs pouvant moduler I’ouverture des filtres de rencontre et de
compatibilité

Le parasitisme est souvent décrit comme une interaction triple entre le parasite, 1’hote et
I’environnement (Wolinska and King 2009). Ainsi, de maniere générale, le succeés d’un parasite

31



est influencé a la fois par des facteurs liés a I’hote, qui constitue I’environnement biotique direct
du parasite mais également par des facteurs se rapportant a 1’environnement (Brunner and Ostfeld
2008). Enfin, la capacité d’un parasite a infecter dépend également de ses caractéristiques
intrinséques propres. Ces facteurs peuvent avoir un impact décisif sur les filtres de rencontre et de
compatibilité, mais il est souvent difficile d’établir leurs influences relatives puisque dans les

populations naturelles ces facteurs interagissent les uns avec les autres.

Les facteurs environnementaux

Les facteurs environnementaux peuvent influencer la dynamique des populations de parasites
(Patz et al. 2000, Browman et al. 2004, Cardon et al. 2011). Par exemple, des tempeératures
élevées sont associées a une transmission accrue de certains parasites en influencant le taux de
développement (eg., le nématode Umingmakstrongylus pallikuukensis, parasite du beeuf musqué
(Kutz et al. 2005)). De maniére générale, de nombreuses études ont montré un lien important
entre les conditions environnementales, telles que la température, le niveau de précipitation, la
fragmentation de 1’habitat (Gillespie and Chapman 2008, Lachish et al. 2013, Fourcade et al.
2014) et la distribution spatiale des parasites (Morgan et al. 2009, Barrett et al. 2012, Caminade
et al. 2019). Ainsi, la variabilité de I’environnement dans 1’espace peut contribuer a I’émergence
de zones propices en terme d’exposition et de rencontre avec le parasite (points chauds
d’infection, (Anacker et al. 2008, Paull et al. 2012)). Par exemple, Jennett et al. (2013) ont montré
que les risques d’infection par des tiques dépend de I’hétérogénéité des paysages, les risques
d’infection étant accrus dans les zones boisées et les lisieéres par rapport aux paysages ouverts
(prairies) (Jennett et al. 2013). De tels patrons spatiaux de répartition des points chauds et des
points froids sont particulierement documentés a large echelle spatiale permettant ainsi de

constituer des cartes de risques (Jones et al. 2008, Chaikaew et al. 2009, Jeefoo et al. 2010, Fig.
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3-b). Par exemple, Loiseau et al. (2013) ont montré que la prévalence de la malaria aviaire en
France, était fortement liée aux températures journalieres et prédisent dans le futur, une
expansion de I’aire de distribution de Plasmodium relictum vers le nord de la France en réponse
au changement climatique. Toutefois, encore peu d’études ont pris en compte le role de la
variabilité environnementale dans les risques d’infections a une fine échelle spatiale (i.e., échelle
micro-géographique : quelques centaines de métres (Richardson et al. 2014)). Or la variabilité de
I’environnement a 1’échelle micro-géographique pourrait étre un mécanisme général pour
moduler la probabilité de rencontre de nombreux parasites (Poulin and FitzGerald 1989, Thamm

et al. 2009, Borer et al. 2010).

Les facteurs liés a I’hote

De nombreux facteurs liés a 1’hote, tels que la taille, 1’age, le sexe, le comportement ou le statut
social peuvent moduler le taux d’infection par les parasites (Lafferty and Morris 1996, Cardon et
al. 2011, Brommer et al. 2011). Par exemple, de forts taux de testostérone chez les lagopedes
d’Ecosse males sont associés a de plus fortes charges parasitaires, mais aussi ces males sont
préférentiellement choisis par les femelles, ce qui pourrait avoir un impact important sur la
transmission des parasites (Mougeot 2005). De méme, Bartoli et al. (2000) ont montré que le
trématode Genitocotyle mediterranea, qui infecte le tractus digestif du poisson Crénilabre ocellé
(Symphodus ocellatus) est distribué en fonction de la hiérarchie sociale de cet héte : la prévalence

des males satellites (21%) est plus faible par rapport a la prévalence des males dominants (68%).

Au niveau genétique, le lien entre la diversité génétique de I’hote et la prévalence parasitaire a
fait ’objet d’une attention particuliére en biologie évolutive (Bernatchez and Landry 2003). Par
exemple, il existe une corrélation entre la diversité génétique de ’hote mesurée sur des

marqueurs neutres et la prévalence parasitaire chez de nombreux organismes, ce qui suggere un
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lien entre le niveau de consanguinité des hoétes et leur susceptibilité aux pathogenes (Acevedo-
whitehouse and Cunningham 2006, Luikart et al. 2008, Blanchet et al. 2010). De maniére
similaire, la recherche de lien causal entre la diversité génétique des génes du Complexe
d’Histocompatibilit¢ Majeur et la prévalence ou I’intensité parasitaire a fait 1’objet de
nombreuses études (Wegner et al. 2003, Zhang et al. 2015, Aguilar et al. 2016). L’étude des
facteurs génétiques liés a I’hdte et qui influent sur sa susceptibilité aux parasites a pris tout
particulierement de 1’ampleur au cours des derniéres années avec le développement des nouvelles
techniques de séquencage haut débit qui rendent possible I’étude de millions de marqueurs
neutres et non neutres. Cette nouvelle technologie permet de répondre a un enjeu actuel majeur, a
savoir, la recherche des bases génomiques de la résistance/susceptibilité aux parasites (Wenzel et

al. 2015, Benavides et al. 2016, Zueva et al. 2018).

Les facteurs liés au parasite

Les caractéristiques des parasites régissent au méme titre que les facteurs liés a I’hote 1’ouverture
du filtre de rencontre et de compatibilité. Notamment, certains parasites ont développé des
stratégies pour favoriser la rencontre avec leurs hdtes (Combes 2005) mais également des
stratégies pour survivre aux défenses immunitaires de leurs hétes (eg., camouflage antigénique,
(Damian 1964, 1989, Das et al. 2018)). Par exemple Hebert et al. (Hebert et al. 2015) ont montré
que le cestode Schistocephalus solidus, qui utilise comme hote secondaire 1’épinoche, synthétise
des protéines mimétiques de son hote qui sont susceptibles d’induire les changements
comportementaux nécessaires a une favorisation parasitaire, soulignant ainsi a la fois une
stratégie qui vise a accroitre les probabilités de rencontre et une stratégie de camouflage vis-a-vis
des défenses de 1’hote. La plasticité des parasites joue €galement un rdle important dans la

réalisation d’une infection (eg., ajustements transcriptomiques du parasite lors des transitions
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entre hote intermédiaire et hote définitif toujours chez S. solidus, (Hébert et al. 2017)) et

représente un enjeu actuel dans le contexte des maladies émergentes (Agosta et al. 2010).

Les parasites ont pendant longtemps été considérés comme hautement spécifiques de certaines
espéces hotes (i.e., spécificité parasitaire (Adamson and Caira 1994)). Leur capacité a infecter
leur hote a principalement été étudiée du point de vue de la dynamique co-évolutive hote-parasite
(Ronquist 2003) et la sélection naturelle a ainsi été avancée en tant que mecanisme clef
permettant d’expliquer comment certains parasites parviennent a infecter efficacement un hote
spécifique (Dybdahl and Lively 1998, Wegner et al. 2003). Par exemple, la sélection est supposée
promouvoir une virulence optimale chez le parasite, qui maximise la transmission en modérant
les colts notamment en terme de mortalité chez les hoétes (par opposition & une virulence
maximale non viable a long terme car occasionnant une trop forte mortalité chez les hétes)

(Alizon and Michalakis 2015, Ebert 2016).

Toutefois, de plus en plus d’études tendent a suggérer que les parasites ont un éventail d’espéces
hotes plus large que précédemment envisagé (i.e., généralisme d’hétes) (Poulin and Keeney
2008, Agosta et al. 2010, Lootvoet et al. 2013). Cette observation souléve un questionnement
référé sous le terme de paradoxe du parasite : en effet, si de fortes pressions de sélection sont
censées favoriser des associations hautement spécifiques entre hotes et parasites, notamment a
cause du caractére étroit et durable de I’interaction, il faut tout de méme expliquer que certains
parasites conservent le potentiel (génétique) pour s’associer a de nouvelles espéces hotes
(parasite paradox, Agosta et al. 2010). Récemment, plusieurs études théoriques ont suggéré que
la plasticité des parasites pourrait amener a une résolution de ce paradoxe notamment en
permettant 1’émergence de phénotypes adaptatifs pour de nouvelles espéces hotes et cela avant

méme que la sélection ait pu moduler 1’interaction hote-parasite (Araujo et al. 2015, Nylin et al.
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2018, De Fine Licht 2018). Cette plasticité adaptative serait d’autant plus avantageuse dans un

environnement changeant, tel que décrit de nos jours.

De l’interaction triple a I’interaction multiple : le role du microbiome

Outre les facteurs environnementaux, les facteurs relatifs a 1’hote et au parasite qui peuvent
moduler I’ouverture du filtre de rencontre et/ou de compatibilité, depuis quelques années
certaines études mettent I’accent sur le role des communautés bactériennes associ¢es a 1’hote
dans le processus d’infection (Hayes et al. 2010, Béar et al. 2015, Jenkins et al. 2018). Par
exemple, Hayes et al. (2010) ont montré que la présence des bactéries Escherichia coli dans le
tractus intestinal de souris infectées par le nématode Trichuris muris, favorise 1I’éclosion des ceufs
de T. muris. Le parasitisme ne serait donc plus seulement une interaction triple entre
I’environnement, le parasite et 1’hote mais une interaction multiple au sein de laquelle il faudrait
inclure les liens existants avec le microbiote de 1’hote, mais aussi avec le microbiote du parasite
ainsi qu’avec les communautés bactériennes de 1’environnement (Holobiont-Holobiont

interaction, (Dheilly 2014).

Plusieurs études s’accordent notamment a montrer que les compositions des communautés
bactériennes entre hotes sains et parasités sont différentes (Ras et al. 2015, Guernier et al. 2017,
Afrin et al. 2019). Par exemple il a été montré que les genres Janthinobacterium, Pseudomonas et
Flavobacterium étaient bien plus abondants dans le microbiote de la peau des Grenouilles
Italiennes (Rana italica) saines que dans celui de grenouilles infectées par des parasites tels
qu’Amphibiocystidium sp. (Federici et al. 2015). Toutefois, a ce jour il reste difficile de savoir si
ces différences de communautés bactériennes chez 1’hdte sont la cause ou la conséquence des

infections parasitaires.
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En effet, les différences de communautés bactériennes chez 1’héte pourraient avoir une influence
considérable sur le taux d’infection. Par exemple, si des différences de communautés
bactériennes préexistent a I’infection parasitaire, il est possible d’envisager que certaines
bactéries favorisent 1’installation du parasite en créant des conditions propices (le microbiote
constitue une source de nourriture qui satisfait les exigences du parasite, (Hayes et al. 2010)) ou
inversement protégent 1’hote contre d’éventuelles infections parasitaires (eg., certaines bactéries
peuvent sécréter des substances antibiotiques ou antifongiques, (Buffie and Pamer 2013, Britton
and Young 2014)). Alternativement, les changements de communautés bactériennes pourraient
étre une conséquence des infections parasitaires (Lee et al. 2014, Ras et al. 2015, Beatty et al.
2017). Dans ce cas, I’infection parasitaire est supposée pouvoir faciliter la colonisation par de
nouvelles bactéries selon différents types de mécanismes. D’une part les parasites, par leur
activité de nutrition par exemple, peuvent avoir un effet direct qui perturbe les bactéries déja
établies et modifient ainsi les abondances relatives des bactéries associées a 1’hote (Lee et al.
2014, Beatty et al. 2017). D’autre part, la présence de parasites peut perturber I’immunité de
I’hote est ainsi décroitre sa résistance face a des colonisations ultérieures par de nouvelles
bactéries opportunistes (Mooney et al. 2015, Portet et al. 2018). Enfin, a I’image du systéme
Wolbachia-nematodes, certaines bactéries pourraient étre directement issues du parasite et
faciliter I’infection dans une dynamique de co-infection (Tamarozzi et al. 2011, Swe et al. 2014).
De maniére générale, le role du microbiote, au méme titre que les facteurs environnementaux, les
facteurs liés a 1’hote et au parasite pourrait étre décisif dans la compréhension des mécanismes

d’infection parasitaire.
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Objectifs

Au cours de cette thése mon objectif a ét¢ d’amener une meilleure compréhension du processus
complexe d’infection parasitaire en me basant trés largement sur les concepts de filtres de
rencontre et de compatibilité. A la lumiére d’une vision intégrative, j’ai cherché a mettre en
évidence des facteurs déterminants dans les interactions hétes-parasites mais parfois encore
négligés. Pour ce faire, je me suis focalisée sur un ectoparasite de poisson d’eau douce,
Tracheliastes polycolpus. En France, T. polycolpus parasite principalement la vandoise
(Leuciscus sp.) mais est aussi capable d’infecter plusieurs autres especes de cyprinidés d’eau
douce de maniere occasionnelle (Lootvoet et al. 2013). Tracheliastes polycolpus est une espéce
invasive dans les rivieres francaises, et en cela constitue un modele intéressant en ce qui concerne
les enjeux actuels relatifs aux maladies émergentes et dont les mécanismes d’infection restent
encore difficiles a appréhender. Afin d’étudier les mécanismes d’infection chez T. polycolpus,
j’al combiné des approches expérimentales et de modélisation basées sur I’analyse de données
empiriques ainsi que diverses approches génomiques afin de considérer le rble des facteurs
environnementaux, des facteurs liés a 1’hote, au parasite et a leur microbiote respectifs dans le

processus d’infection parasitaire.

(1) Role de I’environnement micro-géographique dans la rencontre entre un parasite et
son hote

Le premier chapitre de cette thése porte sur I’étude du rdle des facteurs environnementaux dans le

filtre de rencontre. Plus particulierement, je me suis focalisée sur I’impact de I’environnement a

I’échelle micro-géographique sur les probabilités de rencontre entre I’hote et le parasite. En effet,

les effets environnementaux sur la distribution des parasites ont été bien documentés a de larges

échelles spatiales, mais peu d’études a ce jour ont considéré le role de la variabilité locale de
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I’environnement sur ces distributions (Poulin and FitzGerald 1989, Thamm et al. 2009, Jennett et
al. 2013). Cet axe repose ainsi sur I’hypothése majeure que les probabilités d’infection d’un
parasite peuvent étre structurées par I’environnement a 1’échelle micro-géographique ou certains
microhabitats contribuent de maniere disproportionnée a la transmission du parasite (points
chauds d’infection) (Paull et al. 2012). En m’appuyant sur une approche semi-expéerimentale en
milieu naturel (i.e., encagement d’hotes dans une riviere), 1’objectif a d’abord été de tester si les
éveénements d’infections se produisaient préférentiellement dans certains microhabitats et cela en
controlant les facteurs pouvant agir sur le filtre de compatibilité. Dans un second temps, j’ai testé,
cette fois en population naturelle, si les hotes parasités s’agrégeaient au sein de points chauds
d’infection. Dans les deux cas (approche semi-expérimentale et descriptive) j’ai testé le lien entre

les risques d’infection et les facteurs environnementaux a 1’échelle micro-geographique.

(2) Role des déterminants environnementaux et génomiques dans la répartition d’un
parasite émergent.

La plupart des modéles actuels qui visent a prédire 1’aire de répartition des parasites émergents
dans le contexte du changement global sont tres largement basés sur les facteurs
environnementaux et négligent bien souvent le role de la génomique de 1’hote (Lachish et al.
2013, Pérez-Rodriguez et al. 2013, Pickles et al. 2013). Dans ce second chapitre, je me suis
attachée a tester ’influence relative des effets environnementaux et des effets génomiques de
I’hote sur la récente dynamique d’invasion de T. polycolpus en France. En effet, ce parasite fait
preuve d’une large aire de distribution a I’échelle de la France, cependant aucune infection de T.
polycolpus n’est répertoriée a ce jour dans le Nord-Est. L’objectif a donc été de combiner une
approche de modélisation de distribution d’especes basée sur des facteurs environnementaux et

une approche de génomique des populations afin de déterminer quels sont les facteurs
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(environnementaux et/ou génomiques) qui expliquent la présence de cette zone ou 1’infection ne

se réalise pas.

(3) Role de la plasticité dans la capacité d’un parasite a exploiter plusieurs espéces hotes
De plus en plus d’études suggérent que les différentes espéces de parasites sont capables
d’exploiter une large gamme d’hoétes (i.e., généralisme d’hotes) (Poulin and Keeney 2008, Jones
et al. 2008, Agosta et al. 2010). Ainsi plusieurs études théoriques récentes suggerent que la
plasticité pourrait contribuer a accroitre la compatibilité d’une espéce parasite vis-a-vis de
nouvelles espéces hotes (Araujo et al. 2015, Nylin et al. 2018, De Fine Licht 2018). La plasticité
pourrait notamment étre un mécanisme important pour comprendre les dynamiques d’invasion de
parasites accidentellement introduits et qui ont réussi a s’adapter a de nouvelles espéces hotes
locales (notion de spill-over, Daszak 2000, Nylin et al. 2018, Clark et al. 2018). Toutefois, a ce
jour, peu d’études empiriques ont mis en évidence le réle de la plasticité¢ dans la capacité d’un
parasite a exploiter des hotes alternatifs. Dans ce troisiéme chapitre, je me suis appuyée sur une
approche transcriptomique comparative afin d’étudier le role de la plasticité transcriptomique
dans le généralisme d’hotes. J’ai en particulier comparé les patrons d’expression génique chez T.
polycolpus en fonction de 1’espéce hote utilisée (i.e., 1’hote principale et deux espéces hotes

alternatives).

(4) Role des communautés bactériennes dans le processus d’infection parasitaire
Le dernier chapitre de ma thése s’intéresse au rdle du microbiote dans le processus d’infection.
Plus particulicrement ’objectif a été de tester si les différences de microbiotes entre hotes
parasités et hotes sains telles que couramment observées représentent une cause ou une
conséquence de I’infection parasitaire (Lee et al. 2014, Bér et al. 2015, Newbold et al. 2017,

Portet et al. 2018). Pour ce faire, j’ai utilisé une approche semi-expérimentale d’encagement
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d’hétes en milieu naturel afin de mesurer la composition des communautés bactériennes avant et
aprés infection par T. polycolpus pour chaque individu hote. J’ai également étudié les
communautés bactériennes de [’environnement, des parasites adultes fixés et de larves
infectieuses naives (i.e., jamais exposées a I’environnement des hotes). Ainsi, dans un premier
temps j’ai testé dans quelle mesure les différences de communautés bactériennes peuvent
favoriser (ou non) I’infection et potentiellement influencer la susceptibilité de 1’hote vis-a-vis du
parasite (cause de I’infection). Dans un second temps, j’ai testé si des changements de
communautés de bactéries induits par I’infection parasitaire (conséquence de I’infection) se
produisaient, et le cas échéant j’ai identifié¢ le set d’Unité Taxonomique Opérationnelle (OTU)
bactériens caractéristiques de I’infection par T. polycolpus. Enfin, pour ces OTUs caractéristiques
de l'infection j’ai déterminé la source la plus probable, a savoir, I’environnement, le parasite

adulte et/ou les larves de parasite.

Le modéle d’étude

Cycle de vie

Tracheliastes  polycolpus  (Copepoda, Neocopepoda, Podoplea, Siphonostomatoida,
Lerneaopodidae) est un crustacé d’eau douce. Les femelles sont des ectoparasites de quelques de
millimétres (5.49 + 0.36 mm) qui parasitent plusieurs espéces de poissons d’eau douce et ne
requi€rent qu’un seul hote pour la réalisation de leur cycle de vie (i.e., parasite monoxéne, Fig.
5). En France, les hétes de T. polycolpus sont principalement deux espéces de vandoises
(Leuciscus leuciscus et Leuciscus burdigalensis) mais aussi dans une moindre mesure le
toxostome (Parachondrostoma toxostoma), deux especes de goujons (Gobio gobio et Gobio
occitaniae), le vairon commun (Phoxinus phoxinus), le gardon (Rutilus rutilus) et le chevesne

(Squalius cephalus) (Lootvoet et al. 2013). Les T. polycolpus femelles s’attachent aux nageoires
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des poissons (mais aussi de maniere occasionnelle sur leur corps) par un bouton fixateur appelé
bulla. Elles s’y nourrissent de mucus et de cellules épithéliales via I’utilisation d’une paire de
maxilles (Fryer 1982, Loot et al. 2004). Leur activité de nutrition soutient leur croissance ainsi
que le développement de deux sacs ovigéres contenant jusqu’a une centaine d’ceufs chacun (Loot
et al. 2004, Mazé-Guilmo 2016). Une fois matures, les ceufs éclosent et les larves nauplius sont
alors relachées dans le milieu environnant (Fryer 1982). Au stade nauplius succede le stade
copépodite (qui est le stade infestant) et enfin le stade adulte. Les maéles sont des organismes
libres et microscopiques qui sont supposés féconder la femelle avant ou apres que celle-ci ne

s’attache a un nouvel hote (Piasecki 1839, Fryer 1982).
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Figure 5 : Présentation du modele d’étude, Tracheliastes polycolpus et de son hoéte, la vandoise.
a) Dessin d’observation de T. polycolpus sous sa forme parasite (femelle adulte) 29 et 31:
femelles non matures ; 30 : femelle mature portant deux sacs ovigeéres. 32 : bulla fixée a un rayon
de la nageoire d’un poisson hote. AM : région buccale antérieure ; B : bulla ; C : cephalothorax ;
Mx : maxilles et T : tronc, reproduit de Fryer (1982). b) Représentation schématique du cycle de
vie de T. polycolpus, I’héte représenté est la vandoise rostrée (Leuciscus burdigalensis), les
fleches blanches indiquent des femelles T. polycolpus fixées sur les nageoires dorsale et caudale
de I’hote.

Effets directs et indirects de T. polycolpus

T. polycolpus induit des effets pathogénes directs et indirects sur son héte. De maniere directe,
par son activité de nutrition T. polycolpus cause des dégradations partielles a totales des nageoires
de son hote (Loot et al. 2004, Fig. 6). II est également fréquent d’observer des inflammations des
tissus autour du site d’ancrage dues a I’insertion de la bulla. Ces inflammations sont supposées
favoriser d’éventuelles infections secondaires par des bactéries, des virus et/ou des champignons
(Loot et al. 2004). L’ampleur de ces effets pathogénes directs dépend de I’intensité de I’infection

(i.e., de la charge parasitaire) ; jusqu’a 80 parasites ont pu étre dénombrés sur un seul individu
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hote (Lootvoet et al. 2013). Les effets pathogenes peuvent également dépendre de la sensibilité
de la nageoire parasitée a la dégradation (les nageoires anale et pelviennes étant particulierement
vulnérables (Loot et al. 2004). A ces effets directs, s’ajoutent plusieurs effets indirects. Blanchet
et al. (2009b) ont montré que les poissons parasités par T. polycolpus, et plus particulierement les
juveniles, avaient une croissance ralentie et une survie plus faible que les individus sains. A
I’échelle de la population hote, il a également été montré que ces parasites tendaient & accroitre la
variance globale de 1’hétérozygotie génétique via des processus de sélection diversifiante

(Blanchet et al. 2009a).

Figure 6 : Photographie illustrant les dégradations des nageoires induites par T.
polycolpus sur une vandoise rostrée. Les pointillés signalent les portions manquantes
des nageoires. Reproduit de Loot et al. (2004).
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Dynamique d’invasion des bassins versant francgais

En France, T. polycolpus est une espéce non-native originaire d’Europe de I’Est. T. polycolpus a
éteé introduit accidentellement en France autour des années 1920 dans le bassin versant de la Loire
via I’importation de son hote originel (1’lde commune, Leuciscus idus) pour I’aquaculture (Rey et
al. 2015, Fig. 7). L’ide commune étant trés rare en France, T. polycolpus a réalisé un transfert
vers de nombreuses nouvelles especes hotes telles que la vandoise rostrée (L. burdigalensis) dans
la partie Sud-Ouest de la France et la vandoise commune (L. leusiscus) dans la partie Nord-Est de
la France (Costedoat et al. 2006, Lootvoet et al. 2013). Dans les années 1940s, T. polycolpus a
connu une colonisation rapide en trois phases s’étendant a la quasi-totalité des bassins versants
Francais (Rey et al. 2015). Le parasite a tout d'abord colonisé le bassin versant de 1’Adour
(1935), puis le bassin versant de la Garonne (1936) et enfin le bassin versant englobant les cours
d’eau Normands (1941). Enfin, aujourd’hui des infections sont également répertoriées dans le
bassin versant du Rhéne couvrant la partie Est et Sud-Est de la France. Toutefois, de maniére
surprenante, dans les bassins versants Nord-Est de la France (Rhin, Seine et Meuse) aucune
infection par T. polycolpus n’a été a ce jour documentée en dépit de suivis réguliers depuis une

dizaine d’années.

45



Figure 7 : Carte représentant le scénario d’introduction et de colonisation de T.
polycolpus en France tel que reconstruit par Rey et al. (2015). Les dates indiquées
correspondent aux années estimées d’introduction de T. polycolpus dans chaque
bassin versant et les fléches indiquent I’origine et la direction des vagues de
colonisation. Les nombres associés a chaque fleche indiquent les tailles effectives
supposées des populations d’origine de T. polycolpus. Les couleurs représentent les
quatre populations génétiquement différenciées de parasites. Reproduit de Rey et al.
(2015).
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Chapitre | :
Role de I’environnement micro-geographique dans la rencontre

entre un parasite et son hote
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Résumé

Que les parasites parviennent a trouver leurs hétes dans un vaste environnement peut susciter des
interrogations. Notamment pour les espéces parasites qui ne s'appuient pas sur les stratégies
communément documentées permettant d’augmenter le taux de rencontre avec 1’hote - telles que
I'utilisation de signaux environnementaux, les modifications comportementales de I'ndte et la
synchronicité avec I'hdte - trouver un hote revient a chercher une aiguille dans une botte de foin.
Dans cette etude, nous avons étudié les facteurs permettant a Tracheliastes polycolpus, un
ectoparasite d'eau douce de trouver et d'infecter plusieurs espéces de poissons d'eau douce. Nous
avons combiné deux approches de terrain a 1’échelle micro-géographique, consistant a identifier
les points chauds d’infection et les caractéristiques environnementales de ces points chauds. Dans
une expérience d’encagement en milieu naturel, nous avons d'abord Vérifié si les événements
d’infection étaient distribués de maniére aléatoire ou agréges dans l'espace, puis dans une étude
descriptive, nous avons verifié si, dans des populations hotes naturelles, les hotes parasités étaient
agréges dans des points chauds d’infection. Enfin dans les deux approches, nous avons testé si les
risques d’infection étaient liés a des facteurs environnementaux. Nos résultats indiquent qu’a la
fois, les événements d'infection chez des hdtes encagés, mais aussi les hoétes infectés en
populations naturelles, s’agrégent dans I'espace et cela dans certains contextes environnementaux.
Notamment, les zones d’eau profondes et les zones ou la vitesse du courant est élevée sont
associées a un plus grand risque d'infection pour les poissons encagés mais aussi pour les
poissons sauvages. Nous suggérons que ces microhabitats pourraient bénéficier localement au
cycle de vie des parasites, ce qui tend a augmenter la densité des stades infestants ou bien
pourraient accroitre le taux de contact entre parasites et hotes, favorisant in fine le taux de
rencontre. Nous suggérons donc qu’une structure spatiale en microhabitats caractérisés par des
conditions environnementales congrues a I'échelle micro-géographique pourrait étre un
mécanisme général qui tend a expliquer comment de nombreuses infections parasitaires peuvent

se produire et cela méme dans un environnement labile tel que des riviéres.
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Abstract

How parasites find their hosts in a vast environment is an intriguing question. Especially for
parasite species that do not rely on documented strategies to increase their encountering rate with
their host —such as the use of environmental and host cues or behavioral modification of host and
synchronicity with host— finding their hosts ends up finding a needle in a haystack. In this study
we studied the factors allowing Tracheliastes polycolpus, a freshwater ectoparasite to find and
infect several freshwater fish species. We combined two field approaches at the microgeographic
scale, consisting in identifying infection hotspots and the environmental characteristics of these
hotspots. First in a semi-controlled caging experiment we tested whether infection events were
randomly distributed or aggregated in space, then in a field study we tested whether in wild host
populations parasitized hosts aggregated in hotspots of infection. Finally in both approaches we
tested whether these spatial patterns of infection risks were related to environmental factors. Our
results indicate that both infection events in experimentally housed hosts and infected wild hosts
were aggregated in space and preferentially occurred in some specific environmental contexts.
Notably, among all variable tested, deep water and high stream velocity are those that were found
to be associated with higher infection risk for both wild and housed fish. We suggest that such
microhabitats either favor locally parasite life cycle which tend to increase parasite density and/or
favor contact rate between parasites and hosts, overall favoring encountering rate. We argue that
a spatial structure in microhabitats characterized by congruent environmental features at
microgeographic scale could be a general mechanism that tends to explain how infection by

many parasites can be achieved even in labile environment such as rivers.
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Introduction

Parasitism is a widespread lifestyle (de Meels and Renaud 2002, Dobson et al. 2008, Hechinger
et al. 2011). Due to the close interaction between hosts, parasites and their common environment,
parasites strongly rely on both environmental- and host-related factors to successfully complete
their life cycle (Wolinska and King 2009, Hall and Ebert 2012). Moreover, once parasites have
found their hosts they still have to overcome host defenses to eventually settle durably and
reproduce (Combes 2001). Combes et al. (2001) conceptualized parasite conditional success into
two main steps. The first step, refers to the spatial and temporal overlap between parasites and
hosts that is required for parasites to find and meet their (future) hosts, the so called “encounter
filter” (also known as the Opportunity concept, Araujo et al. 2015). The second step —"the
compatibility filter”— occurs once parasites have met their hosts and refers to the conditions
required for parasites to durably exploit their hosts (Combes 2001). Since parasites can have
drastic outcome on their hosts and more generally on the overall food webs, understanding the
determinants of the parasites ability to successfully complete their life cycle is a critical issue that

has raised a lot of interest in ecology and evolution (Morand and Deter 2007, Hoberg et al. 2015).

Host-parasite interactions have been extensively studied from a co-evolutionary perspective
(Dybdahl and Lively 1998, Lambrechts et al. 2006, Little et al. 2010). Co-evolution is indeed a
key process explaining how one parasite genotype and one host genotype can reach compatibility
(Webster and Davies 2001, Theron et al. 2014). However, comparatively less studies have
focused on the factors involved in the encounter filter, despite encountering being the first step
during infection process (Ward et al. 1998, Kuris et al. 2007, Lacey et al. 2014). Switching from

one host to another for a parasite or finding a new host for a parasite infectious larvae is looking
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for a needle in a haystack and how parasites (often very small) are able to encounter their hosts

(sometimes rare) in opened environments hence remains an intriguing question.

So far, several parasite strategies aiming at increasing their encountering rate with hosts have
been documented and sometimes encompass the use of environmental or host cues, behavioral
modification of hosts and synchronicity with hosts. The use of host or environmental cues allows
the parasite to actively track hosts (Lawrence 1981, Pasternak 2004, Lacey et al. 2014). For
instance, the parasitic barnacle Heterosaccus dollfusi uses chemical cues to efficiently localize its
crab host (Pasternak 2004). Similarly a considerable amount of studies have focused on the
intriguing ability of some parasites to alter their host behavior in order to promote infestation
especially regarding parasites having complex life cycle requiring trophic transmission from one
host species to another (Adamo 2002, da Silva and Langoni 2009, Mikheev et al. 2015).
Alternatively, several parasites have been shown to synchronize their circadian shedding rhythms
with host activity (Theron and Combes 1995, Gautret et al. 1995). Finally, high fecundity is an
adaptive trait widely observed among parasite species that passively increase the encountering
rate between parasite infectious stages and hosts hence enhancing the fitness of parasites (Rea
and Irwin 1994). Many parasites display numerous replications within their hosts with one
individual sometime producing hundred to millions of individuals of the next parasitic stage in
order to increase transmission rate (Turner et al. 1995, Mackinnon and Read 1999, Ebert et al.

2000).

Surprisingly, some parasites species maintain themselves without exhibiting any of those
strategies. In these cases, environmental factors might facilitate the process of infection. In this
context, if parasite infectious stages are randomly distributed in the ecosystem, then the

encountering rate is expected to be very low because hosts are diluted in the environment.
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Alternatively, if parasite infectious stages are not randomly distributed in the ecosystem, but
rather concentrated/clustered in some specific microhabitats then the encountering rate is
expected to be higher provided that hosts also use (at least partly) these specific areas (Benavides
et al. 2012, Paull et al. 2012). In this case, infection is expected to occur specifically at some
micro-geographical “hotspots”, which can be seen as a strategy for parasite to optimize infection
rate (Zimmermann et al. 2016). Some microhabitats could indeed provide particularly favorable
conditions for parasite life cycle, hence concentrating locally the number of infesting stages
(Browman et al. 2004, Loot et al. 2011, Marcogliese 2016). If these hotspots of infection do exist,
this implies that the probability for a host of being infected is not homogeneous at the
microgeographic scale, and that —if hosts are relatively sedentary— the spatial distribution of
parasitized hosts might itself be spatially heterogeneous and might actually overlap the

distribution of infection hotspots.

So far, some studies have tested for the existence of hotspots of infection at large scale (Ramirez-
Sierra et al. 2010, Bousema et al. 2010, Murphy et al. 2012) and at local scale (Poulin and
FitzGerald 1989, Thamm et al. 2009, Jennett et al. 2013), but very few studies have tested for the
possibility of microgeographic heterogeneity in infection risk (but see Zimmermann et al. 2016).
Nonetheless, this could improve our understanding of the factors that favor encountering between
parasite and host even for parasites not displaying any common strategies to increase such
encountering events. Such studies are also crucial to better predict potential infection hotspots,
those being key targets for disrupting parasites life cycle and thus eradicating pathogenic

parasites for Humans and/or animals.

Here we aimed to test at microgeographic scale i) whether the probability of being infected is

heterogeneous rather than random ii) whether this translates in aggregated spatial distribution of
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parasitized hosts and finally iii) whether environmental factors drive infection risks. We focused
on an ectoparasite with a direct lifecycle and that infects several freshwater fish species, the
crustacean Tracheliastes polycolpus. Up to our knowledge, this parasite does not actively
modulate the behavior of its hosts for increasing the encountering rate (as most fish ectoparasite,
but see Mikheev 2011). Moreover, each female lay a relatively low number of eggs compared to
other parasitic copepods (usually less than a hundred, Loot et al. 2004, Mazé-Guilmo 2016 and
personal observations) that gives birth to a single infective and free-living stage. This parasite
species infects host fish species inhabiting (sometimes large) rivers with a relatively high flow,
which suggests that on average, the concentration of infective stages per liter is extremely low in
the river. Moreover, infesting stages of T. polycolpus exhibit relatively poor locomotion abilities
preventing larvae from an active search of the host (Fryer 1982) and display short lifetime (Maze-
Guilmo). However, T. polycolpus is still able to encounter efficiently its host, since it is able to
infect a relatively rare host species (Leuciscus sp., in general 0.02 to 0.12 individuals per m? of
rivers in good areas) with some individuals sometimes harboring up to 80 parasites (Loot et al.
2004, Lootvoet et al. 2013). This system hence constitutes an ideal opportunity to test our

predictions.

Specifically, we first conducted an in-situ caging experiment to quantify the level of spatial
aggregation of infection events in experimental cages. In this experiment we used F1 hosts from a
common and controlled origin so as to control for the confounding effects of host-related factors
linked to the compatibility of hosts and parasites, an important prerequisite that is yet rarely taken
into account. Second, we tested whether parasitized wild hosts from the same river were spatially
aggregated in hotspots through an exhaustive electric fishing campaign. Finally we compared

potential microhabitat characteristics that partly explain the distribution of infected hosts in our
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housing and wild approach. Our specific predictions are that primary infection events of
experimental hosts will be aggregated in some “hotspot” cages. If so and if wild parasitized hosts
are poorly mobile, we expect patterns of spatial aggregation of wild parasitized hosts matching
hotspots of infection. Finally in the experimental and the descriptive approaches we expect that
environmental factors at the microgeographic scale will be related to infection risk (i.e., number

of infection events, and aggregated hosts in hotspots of infection respectively).
Material and methods

Microhabitat description

In this study microhabitat is defined by an area of 1m2 matching either the area where a cage was
set up or a point in which an exhaustive electro-fishing sampling of T. polycolpus hosts was
conducted. Microhabitats were characterized by measuring the geographic coordinates (WGS 84 /
UTM zone 31N), the distance (m) from the closest river bank, the water column depth (cm), the
stream velocity (cm.s™), (measured 7 cm above substrate level using the OTT Z400 counter
associated with the current meter OTT C2) and the substrate composition in a one meter circle
around the cage or sampling point (i.e., percentage of each substrate categories defined on
substrate size: <2 cm, 2-10 cm,10-40 cm, over 40 cm and slab). Substrate categories were then
summarized in two synthetic variables using Principal Component Analysis (PCA). We kept the
two first components as synthetic variables hence summarizing 68% of the variance. The first
component, synthetizing 37% of the total variance, distinguished between substrate composed of
medium sized substrate (10-40 cm) from substrates composed of slab and smallest substrate such
as sand and silt. The second component, synthetizing 31% of the total variance, distinguished
between coarse substrate (>40 cm) from small substrate (2-10 cm). We named these synthetic

variables granulometry 1 and granulometry 2 respectively (Fig. S1).
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Experimental design and sampling

Testing heterogeneity in infection events

We first design a semi-experimental design to test for aggregation in infection events between T.
polycolpus and its main host (Leuciscus burdigalensis) in relation to microhabitat environmental
features. Specifically, we performed a caging experiment during summer 2017 in a stretch of the
Arize River (South-Western France, Mas d’Azil, X= 366422, Y= 4770813, WGS 84 / UTM zone
31N). More specifically, 16 cages (30x50x80 cm, and 1 cm mesh) containing two fish each were
settled into various microhabitats along a river section of about 200 m long (Fig. 1-a). We
selected microhabitats based on the visual inspection of stream velocity, depth and distance from
the bank, and we ought to spread the cages in the main microhabitats available along the river
stretch. As the infective stage of T. polycolpus is tiny and has a poor swimming ability, we
suspected low stream velocity habitats to be better for infection and we hence aimed at
contrasting these habitat types to more rapid habitats. Fish belonged to the species L.
burdigalensis which is the main host species of T. polycolpus in southwestern France. We used
dace of similar body size, weight and genetic background to control for potential confounding
host-related factors. We therefore used F1 dace that were bred at the U3E experimental platform
(INRA, Rennes, France Unité Expérimentale d'Ecologie et d'Ecotoxicologie aquatique) from wild
genitors from the Oir River (llle-et-Villaine). We selected individuals of the same age (i.e., three
years old dace) and with similar body weight and size (size of 163mm on average ranging from
213mm to 155mm and weight of 45g on average ranging from 44g to 46g). All fish used in this
experiment were naive regarding previous exposure to T. polycolpus, although the genitors used
for generated offspring have been exposed —prior to being brought to the facility— to the parasite

in the wild. The caging experiment lasted 45 days during which fish were visually checked and
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cages were cleaned every two days so as to ensure the well-being of fish and an appropriate
environment for infection. After 45 days, fish were removed from the cage, they were
euthanatized using an overdose of benzocaine according to French legislation, and the number of

parasites of each fish was recorded.
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Testing for spatial aggregation of parasitized hosts in wild populations

We relied on a descriptive approach to test for spatial aggregation of parasitized host in wild host
populations (i.e., when not controlling for host related factors) in relation to microhabitat
environmental features. Specifically, we conducted an electro-fishing sampling at the same site as
for the caging experiment (Mas d’Azil in the Arize River) but replicated the sampling during
summer 2017 and summer 2018. We randomly selected ~80 microhabitats along a river section
of about 200 m (80 microhabitats in 2017, Fig. 2-a, and 82 microhabitats in 2018, Fig2-b) that we
sampled exhaustively for potential hosts using electric-fishing. Briefly, for each microhabitat, we
immersed the anode for a few seconds in the microhabitat and sampled with a net all visible fish.
We specifically focused on the potential and most abundant hosts of T. polycolpus; the
occitanean gudgeon (Gobio occitanea) and the common minnow (Phoxinus phoxinus). All
individuals from a microhabitat were kept isolated, and they were anesthetized, measured and
parasites were counted before fish being gently returned to the river. Overall, 977 fish were
sampled in 2017 including 52 parasitized fish and 270 fish were sampled in 2018 including 34

parasitized fish.
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Statistical analysis

Parasite distribution assessment

We first aimed to test whether infection events were randomly distributed between cages. We
excluded from this analysis two cages, in which one of the two fish died, so as to control for host
density. We then computed the observed aggregation coefficient kons which refers to the variance
to mean ratio of T. polycolpus number per cage (Poulin 1993). If parasites are randomly
distributed between the cages, k is expected to be close to 1. On the contrary if parasites are
aggregated in a few cages (i.e. hotspots of infection), then k is supposed to be greater than 1
(Poulin 1993). We further simulated the expected aggregation coefficient ke, in the case of a
random distribution of T. polycolpus: in such a case one would expect that the number of
parasites would follow a Poisson distribution of mean matching the observed mean of our dataset
(i.e., about 2 parasites per cage). We finally compared kops to the distribution of 10 000 simulated
Kexp. This test assumes that aggregation is due to the microhabitat in which the cage has been
settled, and not to host-related factors (which is likely since hosts were homogenized).
Nevertheless, we tested whether T. polycolpus distribution across cages was aggregated while
taking into account potential remaining host effects. To do so, we simulated ke, When reshuffling
cages identity but keeping the number of parasite overserved per individuals. We then compared

Kobs t0 the distribution of key, after 10 000 simulations.

We secondly tested whether parasitized hosts were spatially aggregated or on the contrary
homogeneously distributed at the microgeographic scale in wild host populations. We conducted
a join count analysis correlating the parasite occurrence (binary variable: 1 corresponds to the
presence of at least a parasite among captured hosts in one microhabitat, O corresponds to the

absence of parasite among all hosts captured in one microhabitat) to geographical coordinates
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using the function joincount.mc from the R package spdep (Bivand 2010). This analysis is based
on a theoretical distribution of the object of interest (here parasitized hosts) in a grid of cells. We
defined a grid of 20x10 cells (so as a cell matches a microhabitat of 1m?) defined by actual
geographical coordinates. This analysis aims to test whether occurrences or absences of the
parasite are aggregated (i.e., occur in neighboring cells) in comparison to expectations if the
parasitized hosts are randomly distributed in the grid (Lawson 2010). Neighbor relationships
between cells were defined by queen movements. Finally, significance was assessed from 999
random permutations and separately for the sampling realized in 2017 and for the sampling

realized in 2018.

Testing the effect environmental factors at the microgeographic scale on infection risks

We first aimed to test whether microhabitat environmental features were significantly linked to
parasitic load observed for each individual when kept in cage. We built a generalized linear
model that linked the parasitic load to microhabitat environmental features (i.e., distance from the
closest rim, depth, stream velocity, granulometry 1 and granulometry 2) as well as interactions
between stream velocity and depth and between stream velocity and granulometry 1 and
granulometry 2 respectively. We focused on these specific interactions terms because synergetic
effects between stream velocity and depth are expected to favor parasite development (i.e., both
calm and deep environment, Loot et al. 2004) and because stream velocity can greatly influence
substrate particles according to their size (Hjulstrom 1935) and consequently T. polycolpus larvae
dispersion. For this analysis, all cages were considered and we therefore included the number of
fish per cage as a covariate. Finally, a Poisson error term distribution was used to account for a
count dependent variable. The model described and built in this section is referred hereafter as a

full-model. Importantly, we did not included a random effect on cage identity since the variance
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estimated for such a random effect was null (and thus negligible, Pasch et al. 2013), and we
consequently preferred a more parsimonious model. Similarly, we did not take into account
spatial auto-correlation in the full model since we did not detect significant spatial auto-
correlation in model residuals (Moran test, p-value=0.655), and hence hypothesized that if any
spatial-autocorrelation exists in the raw parasitic load, it is explained by microhabitat
environmental features. From the full-model, we then conducted a model selection approach
based on Akaike Information Criterion (AIC) ranking in order to select the best models using the
function dredge from the R package MuMin (Barton 2016). Finally, we computed variable
importance (i.e., sum of model weights over all models including each explanatory variable)
when considering models having the lowest AIC and no more than four points of differences in

AIC (i.e., best models).

We then tested whether the environmental features of microhabitats were linked to the parasite
prevalence at the microhabitat level in wild host populations. We built a generalized linear mixt
model that linked parasite prevalence (i.e., the number of parasitized fish over the total number of
fish in a sampled microhabitat) to microhabitat environmental features (i.e., distance from the
closest rim, depth, stream velocity, granulometry 1 and granulometry 2 as well as interactions
between stream velocity and depth and between stream velocity and granulometry 1 and
granulometry 2 respectively). We did not account for the total number of fish since it was
included in the dependent variable coded as success/failures corresponding to
parasitized/unparasitized fish and consequently used a binomial error term. We included as
random effect both the year of sampling (2017 or 2018) and the fish species (gudgeon or
minnow). The model described and built in this section is referred hereafter as a full-model.

Similarly to caging experiment, we did not detect spatial autocorrelation in the full model
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residuals (Moran test, p-value=0.865). We then selected the best models based on AIC (i.e.,
models having the lowest AIC and no more than four points of differences in AIC) and computed

variable importance in the best models.

All statistics were run using R software (version 3.5.3, R Core Team 2017).

Results

Distribution of infection events

In the caging experiment, the aggregation coefficient observed (kqps) Of T. polycolpus was of 7.5,
which denoted a clear pattern of spatial aggregation in infection events by T. polycolpus (Poulin
1993). In other words, the probability of being infected by T. polycolpus was not homogeneous
among cages (microhabitats), which resulted in a few cages with a high number of parasites on
hosts (up to 14 parasites per cage) and half of the cages where all fish remain uninfected (Fig. 1-
b). We found that koss Was significantly different from kex, computed from a random distribution
and irrespectively from host related factors (p-value <0.001, Fig. S2-a). Similarly, we found that
Kobs Significantly differed from ke, computed from a random distribution that took into account

host related factors (p-value=0.002 Fig. S2-b).

Spatial distribution of parasitized hosts

In the descriptive approach, the joint count analysis revealed a significant spatial aggregation of
parasitized hosts in 2017 (rank of observed statistic = 956, p-value = 0.045) but the absence of
parasitized hosts was not significantly aggregated (rank of observed statistic = 874.5, p-value =
0.126, see Fig. 2-c). Regarding the sampling realized in 2018, the join count analysis revealed a
significant spatial aggregation of both absence and occurrence of parasitized hosts (rank of

observed statistic = 996.5, p-value = 0.004 and rank of observed statistic = 1000.5, p-value =
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0.001 for absence and presence respectively, see Fig. 2-d). Hence, for the two years of sampling
we detected hotspots in which parasitized hosts occurred more frequently than expected by
chance. Interestingly, the position of these hotspots was spatially consistent between 2017 and
2018 sampling, with hotspots localized near weirs and downstream of the sampled stream section

(Fig. 2-c and Fig. 2-d).

Effect environmental factors at the microgeographic scale on infection risks

When investigating the relation between microhabitat features and parasitic load observed for
each individual in the caging experiment, our model selection approach selected up to eight
models not differing for more than four points of AIC (Table 1). These eight models (referred
hereafter as best models) all retained as explicative variables depth, steam velocity, granulometry
1 and the interaction term between stream velocity peed and granulometry 1 (importance= 100%,
Table 1 and Fig. S3). To a lesser extent, the variable distance from the rim was also retained in
six of the eight best models having an importance of 87% (Table 1 and Fig. S3). When using the
most influential variables (i.e., arbitrarily defined as the ones with an importance higher than
70%) for predictions, we found that the highest parasitic loads are expected for microhabitats
characterized by low stream velocity and medium sized substrate on the one side, and for
microhabitats characterized by high stream speed and substrate composed of smallest sized
substrate (such as sand and silt) and slab on the other side (Fig. S1 and Fig. 3-a). Similarly,
highest parasite loads are expected for microhabitats characterized by deep water column and

localized far from the rim (Fig. 3-b and Fig. S4).
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Table 1: Results of the model selection for the caging experiment. Best models linking parasitic load to microhabitat variables are
displayed in AIC decreasing order. Models are displayed until a delta AIC of four. For each variable the estimate is shown. NA is
denoted in place of the estimate when a variable in not retained in the model.

Intercept Depth Rim Stream Granul.1 Granul.2 Host Depth:Stream Stream Stream AlCc
distance velocity number velocity velocity: velocity
Granul.1  :Granul.2
-5.025 0.073 0.675 3.908 -1.224 NA NA NA 14.461 NA 68
-0.167 0.068 0.607 1.725 -1.333 NA -2.282 NA 17.097 NA 68
-1.307 0.092 0.679 2.035 -1.732 0.633 -2.381 NA 18.391 NA 70
-5.720 0.088 0.671 3.551 -1.468 0.488 NA NA 14.892 NA 70
2.434 0.035 NA -1.170 -1.361 NA -2.163 NA 14.029 NA 70
-5.038 0.073 0.676 4.189 -1.219 NA NA -0.009 14.454 NA 71
-1.903 0.037 NA 0.371 -1.225 NA NA NA 11.341 NA 71
0.215 0.068 0.590 3.625 -1.340 NA -2.457 -0.071 17.580 NA 71
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Figure 3: Predicted parasitic load (log scaled) from the average model (based on models having
the lowest AIC at a delta AIC of four) for the effect of a) the interaction between stream velocity
and the first synthetic variable of substrate composition in the caging experiment and b) for the
effect of depth. Highest parasitic load are expected for low stream velocity and medium sized
substrate but also for high stream velocity and substrate composed of smallest sized substrate
(such as sand and silt) and slab. Similarly, parasitic load is predicted to increase with the depth of
the water column.

When investigating the relation between microhabitat features and parasite prevalence in the
descriptive approach, our model selection approach selected up to 29 models not differing for
more than four points of AIC (Table 2). The 29 best models consistently retained stream velocity
variable (importance= 100%) and to a lesser extend depth (importance =79%, Fig. S5 and Table
2). Other variables were retained in some of the 29 models, and display importance always below
40% (Fig.S5). When focusing on the most influential variables (i.e., variables having an
importance higher than 70%), predictions revealed that highest prevalence is expected for

microhabitats characterized by high stream velocity and deep water column (Fig. 4).

67



89

Table 2: Results of the model selection for the descriptive approach in natura. Best models linking prevalence to microhabitat
variables are displayed in AIC decreasing order. Models are displayed until a delta AIC of four. For each variable the estimates is
shown. NA is denoted in place of the estimate when a variable in not retained in the model.

Intercept Depth Rim Stream Granul.1 Granul.2 Depth:Stream Stream Stream AlCc
distance velocity velocity velocity:Granul. velocity:Granul.
1 2
-2.090 0.300 NA 0.442 NA NA NA NA NA 263
-2.095 0.332 0.189 0.409 NA NA NA NA NA 263
-2.159 0.229 NA 0.367 NA NA -0.178 NA NA 264
-2.081 0.366 NA 0.412 -0.094 NA NA NA NA 264
-2.162 0.292 NA 0.319 -0.115 NA -0.216 NA NA 264
-2.151 0.275 0.167 0.353 NA NA -0.142 NA NA 264
-2.086 0.379 0.167 0.391 -0.074 NA NA NA NA 265
-2.094 0.276 0.210 0.442 NA -0.143 NA NA NA 265
-2.088 0.260 NA 0.466 NA -0.096 NA NA NA 265
-2.058 NA NA 0.336 NA NA NA NA NA 265
-2.176 NA NA 0.276 NA -0.158 NA NA 0.194 265
-2.061 NA NA 0.417 NA -0.204 NA NA NA 265
-2.065 NA 0.200 0.388 NA -0.253 NA NA NA 265
-2.153 0.319 0.132 0.317 -0.097 NA -0.179 NA NA 265
-2.184 0.227 NA 0.338 NA -0.068 NA NA 0.169 265
-2.159 0.186 NA 0.389 NA -0.097 -0.182 NA NA 265
-2.195 0.307 NA 0.274 -0.118 -0.056 NA NA 0.208 266
-2.059 NA 0.151 0.297 NA NA NA NA NA 266
-2.079 0.328 NA 0.435 -0.093 -0.092 NA NA NA 266
-2.051 0.375 NA 0.446 0.019 NA NA 0.158 NA 266
-2.162 0.250 NA 0.339 -0.114 -0.094 -0.220 NA NA 266
-2.160 NA 0.165 0.272 NA -0.208 NA NA 0.160 266
-2.149 0.220 0.187 0.383 NA -0.138 -0.141 NA NA 266
-2.168 0.249 0.182 0.342 NA -0.117 NA NA 0.130 266
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Figure 4: Predicted prevalence from the average model (based on models having the lowest AIC
at a delta AIC of four) for the effect of stream velocity a) and depth b) respectively in the
descriptive approach realized in natura.
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Discussion

In this study we aimed to test whether local environment features were related to infection ricks
by an ectoparasite of freshwater fish that is not relying on common strategies to increase its
encounter rate with its host (i.e., use of environmental or host cues, behavioral modification of

host, synchronicity with hosts and high fecundity).

While controlling for host related factors, we first showed that T. polycolpus infections did not
occur randomly at the microgeographic scale, which suggests the existence of hotspots of
infection at a very fine spatial extent. In our caging experiment we used standardized hosts
regarding individual characteristics that are likely to impact host susceptibility to parasitism such
as body size, weight, age or genetic background (Blanchet et al. 2009a, b, Sutherland et al. 2011),
which permitted to take into account potential confounding effects related to the conditions of
hosts. Furthermore, even when we accounted for (remaining) potential host variability we
demonstrated that parasite infections were very abundant in few cages and low to null in most
cages, hence suggesting that variability in exposure through space led to this aggregation pattern.
It is worth noting that aggregation could result not only from host variability in term of
susceptibility but also from variability associated with parasite ability to infest its host
(encompassed by the notion of compatibility filter, Combes 2001). However, we conducted our
experiment in a single locality in which the parasite population was shown to be genetically
homogeneous and thus similar regarding their level of virulence (Mazé-Guilmo 2016). We
consequently argue that parasite aggregation as observed here for T. polycolpus most likely

results from heterogeneous infection risk through space.

We further showed that —even when host related factors are not controlled, and notably when host

were allowed to move freely across the environment (i.e., in wild host populations)-a non-
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random spatial distribution of parasitized hosts emerged at the microgeographic scale. Using a
descriptive approach aiming to screen infection along a river section we indeed were able to
identify significant aggregation of parasitized hosts. Interestingly parasitized hosts seem to
aggregate in previously identified hotspots (Fig.1-a, Fig. 2-a and Fig. 2-b) which suggests that
parasitized hosts tend to stay in infection hotspots or that host dispersion is affected by parasites
(Fellous et al. 2011, van Dijk et al. 2015, Binning et al. 2017). We hence suggest that
encountering between parasite and host can be favored in some specific areas and this even at
very small spatial scale (i.e., microgeographic scale) since our study site was constituted of an
only 200 m river section. Some other studies tend as well to suggest similar results, notably
showing that hosts are able to develop behavioral resistance to parasite based on habitat choice in
order to avoid such areas in which encountering rate with the parasite is increased (Decaestecker
et al. 2002, Karvonen et al. 2004b). However, studies focusing on the role of the local context on
infection risk so far have not given evidence of parasite hotspots at such a small spatial scale as
we do here (Poulin and FitzGerald 1989, Thamm et al. 2009, Borer et al. 2010, Jennett et al.
2013). Habitat choice by hosts, and more precisely microhabitat choice and occupancy, is thus

likely a key component of infection risk.

More precisely, we showed that local environmental features of the microhabitat were
significantly associated with infection risk. Our model selection approach identified
environmental variables at the microhabitat scale strongly associated to parasitic intensity and
parasite prevalence in the caging experiment and in the descriptive approach respectively. Other
factors than environmental features of microhabitat could have explained T. polycolpus
aggregated distribution. For instance (Gourbiere et al. 2015) showed that random environmental

variability is enough to generate aggregation pattern, and in our descriptive approach hosts could
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also have chosen specific habitats depending on their susceptibility or previous infections.
However we were able to identify specific microhabitat features such as high stream velocity
associated with small sized substrate, low stream velocity associated with medium sized substrate
and deep water column significantly related to parasite infection. Furthermore, the environmental
features of microhabitat favoring infection were similar in the descriptive approach in wild
populations and in the caging experiment (notably regarding the effect of river depth) and were
repeatable over time (Figure 2-c and Fig. 2-d). We consequently suggest that not only
encountering rate between hosts and parasites is not homogeneous in space, but also that

encountering rate is conditioned by particular environmental features of such microhabitats.

Finally we suggest that environmental features of microhabitats could favor the encountering
between T. polycolpus and its hosts by either increasing contact rate between T. polycolpus and
its hosts or by offering conditions that promote a higher production of infesting stages.
Microhabitats favoring T. polycolpus infections were indeed characterized overall by high stream
velocity (about, 0.4-1m.s™, but potentially modulated by substrate size) and deep water column
(about 60-100 cm). We actually would have expect that low stream velocity zones would have
favor T. polycolpus since such calm zone were shown to benefit the development and the density
of larvae of both copepod and monogean parasites (Barker and Cone 2000a, Bjork and
Bartholomew 2009a). However, in another study, Samsing et al. (2015) showed that intermediate
stream velocity was associated with higher levels of parasitism by a nematode infecting rainbow
trout. The authors suggested that lower velocity ease the anchoring process for infesting larvae
but also that higher velocity tend to increase contact rate between host and parasite hence leading
to an optimum at medium stream velocity (Samsing et al. 2015). Here we found that higher

stream velocity was generally associated with higher infections risk by T. polycolpus but also that
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low stream velocity could favor infections when associated to medium sized substrate. However,
the effect of the interaction between stream velocity and substrate size on parasite infection was
only detected in the caging experiment. In the caging experiment, since hosts could not escaped
microhabitats, environmental effects on encountering rate could have been exacerbated compared
to natural systems, thus allowing detecting some subtle environmental effects. Another main
driver of T. polycolpus infection success was water column depth which was found in both the
caging experiment and in the descriptive approach. We suggest that deep water column could
first offer favored habitat with more surface hence increasing exposure between the parasite and
potential host. Besides, deep water columns could also possibly increase locally the number of
infesting stages of T. polycolpus by offering calm water zones (Loot et al. 2004). Overall, we
suggest that stream zones characterized by deep water could offer good hatching and developing
condition for T. polycolpus whereas substantial stream velocity could allow the quite movement
limited infesting larvae to be re-suspended which increase contact rate with host and hence lead

to microhabitats particularly favorable for T. polycolpus transmission.

To conclude, in this study we combined both semi-experimental and descriptive approaches in
order to test the role of environmental features at microgeographic scale on the encountering rate
between a parasite and its host. We consistently found that T. polycolpus distribution was
aggregated through space, and notably identified hotspots of infection at the microgeographic
scale. We highlighted a key role of environmental features of some microhabitats, mainly
characterized by deep water column and high stream velocity, on infection risk by a parasite that
does not rely on any documented strategy to increase its encountering rate. We hence propose

that the spatial structure in microhabitats characterized by environmental features could be a
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general mechanism allowing to explain how encountering between host and parasites could be

achieved even in labile and opened environments such as river streams.
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Figure S1: Correlation circle of substrate variables realized on the two first PCA components.
Barplots indicate how much of the variance is explained by each PCA component and black bars
indicate retained PCA component as synthetic variables in subsequent analyses (Granulometry 1
and Granulometry 2). Granulometry 1 distinguished substrate composed of medium sized
substrate (10-40 cm) from substrates composed of slab and smallest substrate such as sand and
silt. Granulometry 2 distinguished coarse substrate (>40 cm) from small substrate (2-10 cm).
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Figure S2: Distribution of the coefficient of aggregation (k) simulated for a random distribution
of T. polycolpus without accounting for host effects a) and when accounting for host effect b).
Black lines stand for k at 95% of the distribution (corresponding to a p-value of 5%) and blue
lines stand for observed k.
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Figure S3: Variable importance (i.e., frequency) computed as variable occurrence in the best
models linking parasitic load to microhabitat variables in caging experiment. Best models refer to
models having the lowest AIC and with no more than 4 points of differences in AIC. The darker
bars are the most important corresponding variables are.
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Figure S4: Predicted parasitic load (log scaled) from the average model (based on models having
the lowest AIC at a delta AIC of four) for the effect of rim distance in the caging experiment.

83



1.0

© _|
o
[}
Qo
§ © |
el o
(=]
(e
E
w
[}
5 < |
® o
S
N
o
o | |
o
S N
S
@6\@ e.@@
%Q\O “"OQ\O
(\° Q\)
> <
©) ©

Figure S5: Variable importance (i.e., frequency) computed as variable occurrence in the best
models linking parasite prevalence (measured as the number of parasitized fish over the total
number of fish) to microhabitat variables in the descriptive approach realized in natura. Best
models refer to models having the lowest AIC and with no more than 4 points of differences in
AIC. The darker bars are the most important corresponding variables are.
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Chapitre 11 :
Roéle des déterminants environnementaux et génomiques dans la

répartition d’un parasite émergent
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Résumé

Apporter une meilleure compréhension des facteurs qui conditionnent la répartition des espéeces
est nécessaire afin de prévoir correctement les aires de répartition futures des espéces
colonisatrices. Cependant, cette tche s’avere difficile et tout particulierement pour les especes
impliquées dans des interactions étroites telles que les parasites. En effet, la distribution des
parasites est vraisemblablement faconnée par une interaction complexe entre des facteurs liés a
I'nbte, au parasite et & leur environnement commun. Nous avons développé dans cette étude une
approche originale combinant un modeéle de distribution d’espece (SDM) et des outils de
génomique des populations afin de déterminer si les conditions environnementales locales ou
bien le patrimoine génomique de I'hdte limitaient la colonisation d'un ectoparasite de poisson
d'eau douce émergent (Tracheliastes polycolpus). Nous avons émis I’hypothése que 1’absence de
T. polycolpus dans certaines zones pourrait étre due a un environnement défavorable dans ces
zones («hypothese de I’environnement favorable») ou a la présence d’hotes résistants dans ces
zones («hypothése du patrimoine génomique hote favorabley»). En utilisant un SMD a 1’échelle
spatiale de la France, nous avons d’abord constaté que les conditions environnementales des
zones non infectées étaient aussi favorables pour le parasite que celles des zones infectées. Par
ailleurs, en utilisant des données de polymorphisme nucléotidique (SNP) a I’échelle du génome
héte, nous avons démontré qu’il existait une forte association entre les occurrences spatiales du
parasite et le patrimoine génomique de I’hdte. En particulier, les zones dans lesquelles le parasite
était absent abritaient des populations hétes uniques du point de vue génomique et quatre-vingt-
dix SNP étaient associés de maniere significative a la prévalence du parasite au niveau individuel.
La distribution spatiale de T. polycolpus (et son potentiel de colonisation) s’avére donc plus
probablement due aux caractéristiques intrinséques de I'n6te associées a la résistance contre ce
parasite, plutdét qu'aux conditions environnementales locales. Cette étude illustre I'utilité de
combiner des approches de modélisation et de génomique des populations pour identifier les
facteurs déterminants dans la distribution des espéces et cela en vue d’améliorer les prédictions

concernant leurs futures aires de répartition.
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Abstract

Understanding the drivers of species distribution is required to properly predict the future
geographic ranges of colonizing species. Yet, this task is challenging, notably for species
involved in intimate interactions such as parasites, since their distribution is likely shaped by a
complex interplay between environmental-, host- and parasite-related factors. Here, we
developed an original approach combining species distribution models (SDMs) and population
genomics to test whether local environmental conditions or the host genomic background most
likely limit the colonization of an emerging freshwater fish ectoparasite (Tracheliastes
polycolpus). We hypothesized that the absence of T. polycolpus in some areas may be due to an
unsuitable environment in these areas (the “environmental suitability hypothesis™) or to the
presence of resistant hosts in these areas (the “genomic background hypothesis”). Using a SDM
set at the spatial extent of France, we first found that the environmental conditions of uninfected
areas were as suitable for the parasite as those of infected areas. Then, using Single Nucleotide
Polymorphisms (SNPs) data at the genome scale, we demonstrated that there was a strong
association between the spatial occurrence of parasites and the host genomic background. In
particular, areas in which the parasite was absent sustained unique host populations from a
genomic standpoint, and ninety SNPs were significantly associated to parasite prevalence at the
individual level. We concluded that the spatial distribution of T. polycolpus (and its colonization
potential) was more likely due to intrinsic host characteristics associated to parasite resistance,
rather than to the local environmental conditions. This study illustrates the usefulness of
combining modeling and genomic approaches to reveal the determinants of species distribution

and for improving predictions about their future ranges.
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Introduction

Unrevealing the factors limiting species ranges has long fascinated ecologists (Gaston 2009,
Wiens et al. 2010). This issue has recently gained particular attention because of the major
implications of assessing the future geographic ranges of species facing global change (Guisan
and Thuiller 2005, Moor et al. 2015, Narouei-Khandan et al. 2016). This is particularly true for
emerging parasites that have already been observed to expand (or shift) their ranges due to human
activities, which can have direct negative feedback on human health and biodiversity (Kutz et al.
2005, Morgan et al. 2009, Escobar et al. 2017). Nonetheless, parasites are involved in a triple
interaction between the parasite, the host and their common environment (Wolinska and King
2009). Hence, both the ecological conditions of the surrounding environment and factors related
to host defense or parasite virulence are likely to determine parasite spatial distribution (Grosholz

1994, Bozick and Real 2015).

The influence of environment, host- and parasite-related factors on parasite spatial distribution
has often been assessed separately. Studies on the environmental determinants of parasite
distribution generally focus on the abiotic features that are likely affecting the demographic
dynamics of parasites (Lachish et al. 2013, Pérez-Rodriguez et al. 2013, Pickles et al. 2013). For
instance, for many parasites, a higher temperature has been shown to be associated to a broader
seasonal window for an efficient transmission to hosts (including transmission via vectors),
which facilitates the colonization of new areas (Kutz et al. 2005, Paull et al. 2015, Caminade et
al. 2019). Recent modeling approaches tend nonetheless to integrate both abiotic factors and
biotic factors (notably host distribution) as potential determinants of the spatial distribution of

parasites (Giannini et al. 2013, Gehman et al. 2018, Byers et al. 2019).
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Alternatively, a surge of studies have aimed to understand the distribution of parasites by
focusing on the individual characteristics of hosts (physiology, behavior, immunity...) or
parasites (virulence factors) underlying infection levels. Notably, host genomic background, for
instance the diversity of genes involved in the Major Histocompatibility Complex, seems to be a
key determinant of individual infection level (Bernatchez and Landry 2003, Wegner et al. 2003,
Aguilar et al. 2016). Consequently, in geographic areas in which founder effects and/or
bottlenecks have led to an heterogeneous spatial distribution of alleles, parasite distribution could
be spatially limited because of the presence of specific alleles conferring resistance (Zhang et al.
2015, Charbonnel et al. 2019). Next-Generation Sequencing approaches have recently permitted
to go further by considering thousands of both non-coding and coding markers related to host
defense at the genome-wide level (Wenzel et al. 2015, Benavides et al. 2016, Zueva et al. 2018).
Although these studies are usually set at small spatial scales (but see Schwabl et al. 2017, Vajana
et al. 2018), they provide crucial complementary information to that gathered at larger spatial
scales from approaches linking environmental features to parasite distribution (Cardon et al.

2011, Fourcade et al. 2014, Vajana et al. 2018).

We focused on the fish ectoparasite, Tracheliastes polycolpus that has rapidly emerged in French
watersheds from northwestern Europe (Rey et al. 2015). Tracheliastes polycolpus is a non-native
species in France that was accidentally introduced in the Loire River Basin in the 1920’s, most
probably from Central Europe through the introduction of its main fish host, Leuciscus idus, for
aquaculture (Rey et al. 2015). From this location, it expanded its range within 15-20 years by
invading almost all French river basins (Rey et al. 2015). However, repeated surveys by local
managers never recorded infection by T. polycolpus in the northeastern river basins of France

such as the Seine, the Rhin and the Meuse River Basins (Fig. 1). This is highly surprising given
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that (i) the parasite has been able to rapidly colonize all other river basins in France (which
suggests a high propensity to disperse), and (ii) it is found in sites directly adjacent to these un-
invaded river basins (see the inset Fig.1) that are connected through man-made channels. Teasing
apart environmental- and host-related characteristics limiting the parasite’s range expansion is an

important, yet challenging, objective that could be fulfilled using integrative approaches.
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Figure 1: Map showing the distribution of sampled sites in the SDM approach for the two
Leuciscus species (dots, Leuciscus burdigalensis; squares, Leuciscus leuciscus), together with
their levels of parasite prevalence (expressed as percentage of parasitized hosts). The main
Leuciscus lineages are also displayed. Grey lines delimitate the main River Basin (and some are
indicated). The red line shows range delimitation between the two leuciscus species. Finally,
hatched area refers to area where hosts are consistently unparasitized. The L. leuciscus Lineage |
is not represented on this map since its range covers central Europe Rivers and is not present in
France (see Costedoat et al. 2014).
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Here, we aimed to test environmental and host-related factors that underlie the spatial distribution
of T. polycolpus, and that hence explain why its range expansion is currently limited.
Specifically, we tested two non-exclusive hypotheses. First, the “environmental suitability
hypothesis” states that environmental features (sensu largo) are driving the distribution of T.
polycolpus in France, and it can be predicted that environmental features of the unparasitized area
(Fig. 1) are unsuitable for the T. polycolpus life-cycle. Secondly, the “genomic background
hypothesis” states that the spatial distribution of T. polycolpus is driven by individual host
characteristics, and it can be predicted that the genomic background of hosts from the
unparasitized area are different from that of hosts from parasitized areas and likely confers a
resistance to T. polycolpus. To test these two, non-mutually exclusive, hypotheses, we combined
Species Distribution Modelling (SDM) approach and population genomic approach respectively.
The first approach aimed to statistically test whether or not the environment is suitable for
parasites in the unparasitized area. In contrast, the second approach aimed to test whether the
genomic structure of host populations underlines the difference in parasite prevalence among
geographic areas and whether some genomic regions are statistically related to parasite

prevalence measured at the individual level.

Material and Method

Biological models

Tracheliastes polycolpus is a crustacean copepod in which females are ectoparasite of freshwater
fishes (males are dwarf and free-living, Piasecki, 1839). Females anchor to the fins of fish where
they are fecundated by a single male and rapidly develop two egg sacs carrying about a hundred
of eggs (Loot et al., 2011). After hatching, free-living copepodids are released in the water; this

represents the infective stage of the parasite (Mazé-Guilmo, 2016). The feeding activity of the

93



parasite directly causes fin damage and inflammation which indirectly affect host fitness (growth

and survival, Blanchet et al. 2009b).

In French watersheds, Leuciscus burdigalensis and Leuciscus leuciscus (rostrum dace and
common dace respectively) are the main host species of T. polycolpus. Leuciscus leuciscus
inhabits rivers from the northern and eastern parts of France and extends its range far east in
Eurasia, whereas L. burdigalensis is endemic to rivers of southwestern France (Fig. 1). Previous
studies based on microsatellite and mitochondrial markers demonstrated that these two species
are structured into five lineages in France (i.e., three and two lineages for L. burdigalensis and L.
leuciscus in France respectively, Costedoat et al., 2014), that are well geographically structured
by French river basins (Fig. 1). Notably, the unparasitized area encompasses three river basins
(Rhin, Seine and Meuse, Fig. 1 and Fig. 2) that are inhabited by a single lineage of L. leuciscus
(hereafter referred to as “lineage Ill-unparasitized”, see Fig. 1), and this lineage also inhabits the
Normandy River Basin where the parasite is present (hereafter referred to as “lincage III-
parasitized”, see Fig. 1). Despite strong genetic differentiation, the two Leuciscus species have
very similar ecological requirements. They both live in running waters with moderate water
temperature (from 14°C to 24°C in warmer months), and they are gregarious species usually
feeding on benthic invertebrates. Tracheliastes polycolpus also has several alternative host
species including Parachondrostoma toxostoma, Gobio sp., Phoxinus phoxinus, Rutilus rutilus

and Squalius cephalus (Lootvoet et al. 2013).

94



MRPon * *i,’ Satusa
DRULas" DRUS1L

/ Range of T. polycolpus

~ [ parasitized area
Unparsaitized area

% Sampled sites

Leuciscus sp. lineages

Lineage II L. leuciscus
GUYSig Lineage III |
**GROLDU Lineage IV
VeV TR Lineage V | L. burdigalensis
A UBIHAS { Lineage VI

N\

Figure 2: Map showing the distribution of sampled sites in the population genomic approach.
Grey lines delimitate the main river basins and their names are indicated in white rectangles for
relevant ones. Hatched area refers to area where hosts are consistently unparasitized.

Testing the environmental suitability hypothesis.

We aimed to test whether environmental conditions could limit T. polycolpus distribution notably
in the host lineage Ill-unparasitized. We built a SDM at the spatial extent of France linking
environmental features to parasite prevalence measured at the sampling site level. Prevalence
always refers to the number of parasitized host over the number of total host. In this section we
considered prevalence measured at the site level, which corresponds to the number of parasitized
dace at one site over the number of dace caught at this site. We used the SDM to test which of the
environmental variables affect the distribution of T. polycolpus in France, and then used it to

predict prevalence as expected based on the actual environmental features. If the environment
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suitability hypothesis is verified, we expect the SDM to predict low parasite prevalence in the

lineage Ill-unparasitized.

Field data. 158 sites were sampled in French rivers from 2009 to 2011 (Fig. 1). Sites were
sampled using electric-fishing by the the Agence Francaise de la Biodiversité (AFB), the
Fédeérations Départementales de Péche et de Protection des Milieux Aquatiques (FDPPMA) or
directly by our own team. At each site, the number of dace sampled was recorded (n=1935, on
average 12 individuals per site), as well as their individual body length (mm) and the prevalence
of T. polycolpus measured at the site level (number of daces carrying at least one parasite on the
total number of daces sampled). In most sites, a piece of pelvic fin of each dace (5mm?) was

sampled and preserved in 95° alcohol.

Environmental data. We focused on thirteen abiotic and biotic variables that may explain the
spatial distribution of T. polycolpus. We focused on biotic variables measured at the individual
host level, biotic variables measured at the site level and abiotic variables measured at the site

level (see Table 1 for a detailed list).

Table 1: Summary of the variables used in the Species Distribution Model aiming to account for
T. polycolpus distribution in France. For each variable are indicated the organization level at
which the variable has been measured, the name of the variable and associated biological
hypotheses.

Level Explicative variables | Hypotheses
Individual Expected Global level of individual heterozygosity has been
level heterozygosity shown to impact parasite resistance in many host

species, including dace (Blanchet et al. 2009a, Cardon et

al. 2011)
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Dace body Larger hosts are expected to harbor more parasites
length because they are older (and less resistant) and have a
higher body surface (Cardon et al. 2011)
Species We expect that the two main hosts species (i.e., L.
identity leuciscus and L. burdigalensis) on which we measured
prevalence may differ in their intrinsic ability to resist
the parasite
Site level | Number of T. polycolpus is a generalist species (i.e. it can be found
(biotic) hosts species at lower prevalence on other cyprinid species than
Leuciscus sp., Lootvoet et al. 2013) and may be affected
by the dilution effect: the higher the host species
richness, the lowest the prevalence (Johnson et al. 2008)
Fish species “Fish species richness” refers to the same hypothesis
richness than above (the dilution effect) except than it focuses on
all species of the fish community since it can include
potential host species that are fully resistant (Roche et al.
2012)
Site level | Climatic variables
(abiotic): Temperature (PC1) Temperature affects several aspects of the parasite life-

cycle (Cardon et al. 2011, Mazé-Guilmo et al. 2016) and

may affect host resistance

Hydrographic variabl

€s

Hydrology (PC1)

We expect that the weakly mobile infective larvae may

be favored in waters with low velocities/discharges

Topology (PC2)

Different topologic characteristics (slope, altitude) could
define habitats that are more or less suitable to the
parasite: for instance sites at higher altitude may be less

suitable
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Landscape variables

Landscape 1 and Landscape composition around the site describe a
Landscape 2 particular level of anthropogenic pressures that can
(PC1 and PC2) affect the success of non-native species

Fragmentation variables

Dam density Dams affect water velocity/discharge and may influence

the survival of the infective larva

Weirs density In the same way, weirs affect water velocity/discharge
and may also influence the survival of the infective

larvae

Weirs position Weirs position relates to the same hypothesis than above

At the individual level, biotic variables were host body length (mm), expected heterozygosity
(He) computed from a set of microsatellite data (Mazé-Guilmo, 2016; Rey et al., 2015) and the
identity of the main host species of T. polycolpus on which we recorded infestations (i.e., either
L. burdigalensis or L. leuciscus, Table 1). These variables measured at the individual level were

then averaged at the site level before being included in the SDM.

At the site level, we first extracted biotic variables related to the fish community composition
using the AFB database (Poulet 2007, Blanchet et al. 2014). This database contains fish
occurrence data from yearly fish sampling in many sites evenly distributed across France. For
each sampling site we drew a list of fish species occurrence over the period 2009-2011, from
which we summed the total number of fish species (“fish species richness”) and the total number
of potential host species for T. polycolpus (“number of host species”, Table 1) defined according

to Lootvoet et al. (2013).
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We then extracted abiotic variables belonging to four main categories namely climatic variables,
hydrographic variables, landscape variables and habitat fragmentation variables (Table 1).
Climatic and hydrographic variables at each site were extracted from the Hydrographique
Théorique databases (Pella et al. 2012). Data on water temperature was not directly available at
this spatial scale. We therefore used four different proxies for water climatic conditions (Le
Moine 2002). Three of these proxies were air temperature extrapolated at the site level, averaged
at the annual level, for the months of January and July respectively (gathered using the RHT
database). The last proxy was a mean annual water temperature statistically inferred (and
extrapolated for each site) from annual air temperature (Chevalier et al. unpublished). Regarding
hydrographic variables, we extracted the following variables from the RHT database at each site:
altitude (m), river slope (%), riverine distance from the source (km), area of the upstream
watershed (km?), Strahler index (i.e., the hierarchical level in the hydrographic network of each
river), river width (m), river depth (m), average size of bed sediment (mm), minimum average
monthly river flow (m*s™) and average natural river flow (m*®s™®). We extracted Landscape

variables from the Corine land cover 2012 database (https://www.statistiques.developpement-

durable.gouv.fr/corine-land-cover-0) as percentages of main land cover types within a 10 km

radius around each site using the first level of land cover description (Agricultural land,
Artificialized lands, Forest and semi-natural lands and Wet lands grouped with Water bodies).
We then synthetized climatic, hydrographic and landscape variables using Principal Component
Analysis (one PCA per category) in order to avoid both collinearity and over-parametrization in
subsequent linear models (Figure S1 and Table S1). We conserved the first PCA axis (69% of
the total variance, see Fig. Sl-a and Table S1) for climatic variables (hereafter called
“Temperature”). For the hydrographic variables, we conserved the first two axes (58 % and 15 %

of the variance respectively, Fig. S1-B and Table S1) that we named “Hydrology” and
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“Topology” respectively. For landscape variables we conserved the first two axes (50 % and 28%
of the variance respectively, Fig. S1-c and Table S1) that we arbitrarily named “Landscape 1”
and “Landscape 2”. Finally, we extracted fragmentation variables from the “Référenticl des

Obstacles a [I'Ecoulement” database (ROE, http://www.onema.fr/REFERENTIEL-DES-

OBSTACLES-A-L) to quantify habitat fragmentation by weirs (number of obstacles being < 3m

height) or dams (number of obstacles being > 3m height) within a 10 km radius around each
sampling site. We further informed whether a weir was present directly upstream, downstream or
both upstream and downstream for each sampling site (within a 2km radius) to generate a more
direct estimate of fragmentation at the sampling site level (categorical variable: upstream,
downstream, both upstream and downstream or no weir at all). All abiotic characteristics were
extracted using a Geographic Information System (QGIS Development Team 2008) and PCA

were run using the R package ade4 (Dray et al. 2007).

Statistical analyses. We developed the SDM for T. polycolpus distribution at the site level by
relying on a spatially explicit model as we detected a strong signal of spatial autocorrelation for
T. polycolpus prevalence (Moran test, p-value<0.001). We thus used the R package spaMM
(Rousset and Ferdy 2014) and its function corrHLfit to specify geographic coordinates of each

sampling site into continuous random terms.

We first built a full model fitted on the dataset covering the current range of T. polycolpus (i.e,
parasitized areas, Fig. 1, n=128) to test the significance of each variable on parasite prevalence. It
included all explicative variables (Table 1) as well as the quadratic term for body length because
preliminary visual inspection suggested a non-linear relationship between prevalence and body
length. A binomial error terms distribution with a logit link function was fitted to the prevalence

data. Then, likelihood ratio tests based on PQL/L fits were performed by contrasting the full
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model to a model excluding the explicative variable of interest, so as to generate a 2 statistic and

its associated p-value for each explicative variable.

Secondly, we parametrized the model on a restricted dataset including 75% of the sampling sites
covering the current range of T. polycolpus (i.e., parasitized areas, Fig. 1). The parameterized
model allowed predicting T. polycolpus prevalence both on the remaining 25% of the dataset
covering the current range of T. polycolpus and in sites out of the range limit of T. polycolpus
(Lineage Ill-unparasitized, Fig. 1). This procedure was reiterated 100 times to increase prediction
accuracy. We finally compared predicted prevalence between lineages using contrast tests using

the R package Ismeans and a binomial generalized linear mixed model (Lenth 2016).

Testing the role of the genetic background.

We aimed to test whether genomic background of hosts could explain prevalence pattern of T.
polycolpus and hence its range limitation in the lineage Ill-unparasitized (Fig. 1). In this section
prevalence is measured at the individual level and hence refers to either parasitized or not
parasitized (i.e., total number of host equals one). We investigated whether some genomic
structure underlined the absence of T. polycolpus in the lineage Ill-unparasitized. Secondly we

investigated genomic variation associated to T. polycolpus prevalence at the individual level.

Data collection. DNA was extracted from the piece of pelvic fin sampled on 96 individual hosts
belonging to the species L. leuciscus so as to reflect the variability of parasite prevalence and the
different lineages (lineage II, lineage Ill-parasitized and lineage Ill-unparasitized). Overall, 28
individuals from the lineage 11 were sampled at four sampling sites belonging to the Rhone River
Basin (Fig. 2), and we selected half of them with parasites and the other half unparasitized. We

then sampled 28 individuals from the lineage Ill-parasitized at five sampling sites belonging to
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the Normandy River Basin (Fig. 2), and we selected half of them with parasites and the other half
unparasitized. Finally 40 individuals from to the lineage Ill-unparasitized were sampled at five
sampling sites localized in the Rhin, Seine and Meuse Rivers Basins (Fig. 2).

We used a paired-end restriction site-associated DNA sequencing approach (RAD-seq, Baird et
al., 2008) to sequence a reduced representation of the host genome into reads of 145 bp. The
sequencing was performed on one lane of an Illumina HISeq3000 containing the 96 independent
banks (one per individual), with a minimum of 200ng of DNA per bank and using the chemistry

V4 from Kits TruSeq (2x125 pb).

Data filtering and catalogue construction. We relied on the Stacks (version 2.3.4) pipeline to
both filter the raw dataset and identify SNPs genotyped at the individual level (Catchen et al.
2013). First, we quality filtered reads with unidentified bases and/or with low quality score
(below 20 phred33 quality score) using process_radtags. PCR duplicates were also removed
using clone_filter. To build our catalogue of loci, alleles and ultimately SNPs from the filtered
reads, we run the denovo_map.pl using as parameters value: m=3, M=2, n=4 (i.e., set of
parameters maximizing the number of SNPs having high likelihood according to preliminary
tests). Finally, populations was used to select loci with a minimum allele frequency above 3%,
with a likelihood over -20, with a minimum coverage depth greater than 3, occurring in the three
populations and in at least 40% of the individuals for each population. We also kept only one
SNP per locus to limit linkage disequilibrium between SNPs. When applied to the whole
database (i.e., 95 individuals because one individual was discarded as the sequencing quality was
poor), this parameter set resulted in a catalog of 14 255 SNPs. A final filtering excluded from
further analyzes SNPs with more than 30% of missing values using the library poppr in R

(Kamvar et al. 2014). This resulted in a final dataset of 2 543 SNPs on 95 individuals.

102



Population genetic structure. We investigated population structure and whether this structure
underlines prevalence patterns. A Discriminant Analysis of Principal Component (DAPC) was
conducted using adegenet (Jombart 2008) in R to first assess genetic structure without a priori
with the find.cluster function. All principal components were kept and the best number of clusters
was selected using the Bayesian Information Criterion (BIC). A second DAPC was then run
using 30 principal components (see Fig. S2) and the k number of clusters selected previously.
The k-1 discriminant functions (i.e., individuals’ scores extracted along the k-1 discriminant axes)
were then extracted. We finally constructed a generalized linear model (GLM) with a
quasibinomial error term linking parasite prevalence at the individual level to the k-1 discriminant
functions of the DAPC to test their significance. In this model, we also controlled for host body
length and individual level of genomic diversity (measured as expected heterozygosity, He,
calculated from allelic frequencies over all 2 543 SNPs using the adegenet R package). These
later variables were included as continuous explicative variables (together with their respective
quadratic terms) since they have been shown to be (sometimes non-linearly) related to individual

parasite prevalence in this host-parasite system (Blanchet et al. 2009a).

Genome wide association study. We used a genome wide association study (GWAS) approach to
test whether prevalence at the individual level was significantly related to some SNPs. We relied
on GLMs with a quasibinomial error term linking parasite prevalence at the individual level
(parasitized or unparasitized, response variable) to the genotype (coded as a categorical factor:
homozygote for allele a or b and heterozygote ab) of each SNP. One model per SNP marker (i.e.,
2 543) was run in which we controlled for population structure using the k-1 discriminant
functions previously established. We also included host body length and He as continuous co-

variable with their respective quadratic term. Type | Anovas with a Fisher statistic were used to
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extract the p-value associated to each SNP marker. P-values were then corrected for multiple
comparisons using a false discovery rate approach (FDR) and using the fdrtool R package

(Strimmer 2008).

The R software (version 3.5.3, R Core Team 2017) was used to run statistical analyses when no

other software is mentioned.

Results

Testing the environmental suitability hypothesis.

In the parasitized area, T. polycolpus prevalence was significantly related to host body length,
host species identity, temperature, hydrology, the first synthetic variable of landscape
composition and the position of weirs around the sampling site (Table 2). These relationships
suggested that T. polycolpus prevalence was higher in L. burdigalensis than in L. leuciscus and
that T. polycolpus prevalence was higher for hosts with intermediate body length than for
smallest and largest hosts (Table S2). Furthermore, T. polycolpus prevalence is higher in cold
sites localized in smaller rivers and preferentially associated to agricultural lands rather than
forest or semi-natural lands (Table 2, Table S2 and Fig. S1). Finally, fragmentation by weirs
appeared to have a significant impact on T. polycolpus prevalence, with highest prevalence

expected in site in which a weir is present downstream (Table 2 and Table S2).
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Table 2: Likelihood ratio tests [Chi-squared statistics (y2), degrees of freedom (d.f.) and p-
values] testing the significance of each explicative variables of the spatial linear model used to
explain and to predict the probability of T. polycolpus prevalence in French rivers.

X2 statistics  d.f. p-values
Expected Heterozygosity 0.128 1 0.721
Dace body length 14.704 1 <0.001
(Dace body length)? 5.980 1 0.014
Species identity 22.686 1 <0.001
Number of hosts species -0.042 1 1.000
Fish species Richness 3.267 1 0.071
Temperature 18.205 1 <0.001
Hydrology 4,527 1 0.033
Topology 2.869 1 0.090
Landscape 1 11.106 1 0.001
Landscape 2 0.633 1 0.426
Dams density 0.659 1 0.417
Weirs density 0.743 1 0.389
Weirs position 9.817 3 0.020
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In the five host lineages localized in the current range of T. polycolpus, prevalence predicted from
our model were very close to the observed prevalence (except in the lineage V1), which indicated
an overall good predictive power of the model (Figure 3). In the unparasitized area of the lineage
I11 (i.e., Lineage Ill-unparasitized, Fig. 3), the predicted parasite prevalence was high and similar
to prevalence values observed and predicted in areas and lineages in which T. polycolpus is
actually present (i.e., Lineage Il, Lineage Ill-parasitized, Lineage 1V, Lineage V, Lineage VI,
Figure 3). More specifically, in Lineage Ill-unparasitized, the predicted parasite prevalence was
not significantly different from the prevalence predicted in the Lineage Ill-parasitized (Contrast
test, p=0.875, Fig. S3) and significantly higher than the prevalence predicted in the lineage Il

(Contrast test, p=0.019, Fig. S3).
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Figure 3: Barplot showing the average prevalence for each dace lineage. Black bars correspond
to data measured in the wild. Grey bars correspond to values predicted by the SDM model
(averaged over 100 iterations). Errors-bars are standard deviation from the mean.

Testing the role of the genetic background.
Population genomic structure and GWAS. The clustering analysis based on 2 543 SNPs revealed

that the best clustering was achieved for k = 3 (Fig. S4). The subsequent DAPC realized with 3
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groups and based on 30 PCA components summarized 67.3% of the total variance along the two
axes (Figure 4). The first axis discriminated the two dace lineages (i.e., lineage Il and lineage I11),
as well as individuals of the lineage Il belonging to the parasitized area from individuals of the
same lineage but belonging to the unparasitized area (Fig. 4 and Fig. S5). Interestingly the second
axis discriminated individuals localized in the parasitized areas from individuals localized in the
unparasitized area (lineages Il and lineage Ill-parasitized vs. lineage Ill-unparasitized, Fig. 4).
This suggests that the genomic background of dace localized in the unparasitized area is different
from both the genomic background of dace belonging to the lineage Il and of dace belonging to
the lineage 111 but localized in the parasitized area. Furthermore, we found that both the first and
second discriminant function had a significant effect on individual prevalence (F=9.750; df=88,1;

p=0.002 and F=77.830; df=88,1; p<0.001 respectively).

Finally, when controlling for population structure, the GWAS revealed 90 SNPs significantly
associated to T. polycolpus prevalence measured at the individual level for L. leuciscus (at a FDR

threshold of 5%, Table S3).
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Discussion

In this study we aimed to tease apart the factors limiting the spatial distribution of an emerging
parasite in its invasive range. Combining Species Distribution Model and population genomics
approaches we suggest that host characteristics, notably the genomic background of individuals
living in the unparasitized area, are more likely than environmental features to explain the spatial

distribution of T. polycolpus, and hence why it has not invaded some areas.

Using a Species Distribution Modelling approach we first highlighted a complex role of
environmental factors involving multifactorial drivers of T. polycolpus spatial distribution.
Climate is one of the most studied driver in parasite distribution (Kutz et al. 2005, Barrett et al.
2012, Caminade et al. 2019). We consistently found a significant effect of temperature. In
particular, colder sites were associated with higher prevalence, which matches what we know
from the biology of this parasite species and also the host habitat preferences (see Mazé-Guilmo
et al. 2016, Franke et al. 2019). However, we also found significant effects of various
environmental drivers such as host related factors (host body length and host species), river
topography, surrounding landscape composition and fragmentation. Overall, these later findings
corroborate previous findings on this species. For instance, as in Blanchet et al. (2009a), we
found that intermediate body length favor parasite attachment, probably because of a trade-off
between the surface available to the parasite to anchor and age-related ability of hosts to
resist/tolerate the parasite (see also Cardon et al. 2011). Similarly, we found that sites localized in
small rivers with low stream velocity (negative effect of the “Hydrology” variable, see Fig. S1)
and surrounded by weirs were associated to higher prevalence. These type of effects were
expected as the free-living infective stage of this parasite requires low water velocity to develop

(Loot et al., 2004). More generally, such a multifactorial-environmental determinism of T.
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polycolpus distribution strongly supports the growing view that integrative models accounting for
multiple environmental drivers, including biological interactions, are particularly powerful for

predicting parasite spatial distribution (Lafferty 2009, Giannini et al. 2013, Marcogliese 2016).

Based on Species Distribution Model predictions, we further showed that environmental
suitability was unlikely to explain T. polycolpus range limitation. Prevalence predicted from
environmental conditions encountered in the area in which the parasite is currently absent were
similar to that reached in areas in which the parasite is recurrently observed, hence suggesting
suitable habitats for T. polycolpus. It could be argued that we may have missed some key
environmental variables actually predicting the occurrence of the parasite. Nonetheless, our
species distribution model reached very accurate predictions for all other host lineages
highlighting a very good predictive power. It is noteworthy that predicted parasite prevalence
was somewhat underestimated for the host lineage VI. Interestingly, the lineage VI is the most
phylogenetically differentiated lineage of L. burdigalensis and is actually considered as a separate
endemic species by some authors (L. bearnensis, Kottelat & Freyhof, 2007 but see Costedoat et
al., 2014). Discrepancy between model predictions and observed prevalence in this
phylogenetically divergent lineage and in the host lineage Ill-unparasitized suggest that other
factors than environmental suitability, notably host genomic background, could determine

parasite prevalence patterns and consequently their range limitation.

Using a population genomic approach based on 2 543 SNPs we were able to show that host
genomic background is associated with T. polycolpus distribution, both at the population level
and at the individual level. We first revealed an underlying host population structure in L.
leuciscus that spatially matched the distribution of T. polycolpus. We showed that the lineage 111

proposed by Costedoat et al. (2014) actually splits into a parasitized “sub-lineage” localized in
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the Normandy River Basin (Fig. 2) and unparasitized “sub-lineage” in the Rhin-Seine-Meuse
River Basins. Previous studies on the genetic structure of the Leuciscus species complex were
based on microsatellite, allozyme, and mitochondrial markers and covered a more extended
spatial scale but with fewer sampled individuals per location (Costedoat et al. 2006, 2014). Here,
the finer genetic structure that we were able to detect probably results from the higher resolution
of the SNP panel we uncovered, as well as from the more intensive sampling of the Leuciscus
species within lineages. Second, using a Genome Wide Association Study approach, we found
that 90 SNPs were associated with parasite prevalence measured at the individual level, even
when controlling for population structure. Both the genetic uniqueness of host populations
localized in the unparasitized area and the association of SNPs with individual prevalence suggest
that T. polycolpus range limitation is due to local host resistance, hence providing a strong

support to the “host genomic background hypothesis.”

The emergence of resistance against T. polycolpus in northeastern river basins is an intriguing
question and two main hypotheses can be formulated: one related to macro-evolutionary
processes and the other one related to recent and rapid adaptation to this invasive parasite. The
“macro-evolutionary” hypothesis assumes that resistance to T. polycolpus emerged during the
differentiation of Leuciscus lineages over time. Costedoat et al. (2006) dated the differentiation of
the lineage 111 back to the Pleistocene (~500 000 years ago), with the colonization of river basins
of Northern France from Eastern Europe. The differentiation between the Lineage Ill-parasitized
and Lineage Ill-unparasitized (and hence the emergence of resistance) may have consequently
occurred during late Pleistocene, probably after the former Channel River has retracted hence
causing a loss of connectivity between Normandy River Basin and Rhin-Seine-Meuse River

Basins (which occurred ~10-12 000 years ago, Antoine et al. 2007, Hugueny et al. 2011, Dias et
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al. 2014). Alternatively, the recent and rapid adaptation scenario assumes rapid adaptive changes
in hosts since the introduction of T. polycolpus in France during the 1920’s (Rey et al. 2015).
Some examples of rapid evolution to disease resistance in wild host populations have been
documented (Duffy and Sivars-Becker 2007, Bonneaud et al. 2011, Epstein et al. 2016), but these
examples remain rare. In the L. leuciscus-T. polycolpus system, adaptive evolution toward
resistance cannot be excluded since we found significant SNP-prevalence associations, but
whether emergence of resistance is either due to drift or to adaptive evolution, and whether this

occurred either far in the past or very recently are questions that would need to be fully tested.

Overall, our results demonstrated the importance of combining approaches for predicting the
distribution range of co-evolving and interacting species. Species Distribution Modelling
approaches focusing on parasite species have, so far, purely focused on environmental factors
(Ostfeld et al. 2005, Caminade et al. 2019). However, our results suggest that predictions of
future parasite distribution (notably northern range expansion as often predicted in climate
change contexts, eg., Altizer et al. 2013, Carter 2018), when only based on environmental drivers
should be carefully interpreted. Here, we indeed provided an empirical example in which the
presence of a parasite would have been expected in an area where the parasite never actually
achieved to parasitize local hosts. This suggests that ecological features alone are not sufficient to
explain the range and potential spread of emerging parasites (Pérez-Rodriguez et al. 2013,
Anderson 2017). Furthermore, the genomic-based approach allowed demonstrating that the host
genomic background was likely a critical factor for explaining T. polycolpus distribution both at
the population and the individual levels. Population genomic approaches allow accounting for
evolutionary processes leading to parasite resistance such as local adaptation, which, from our

results, appears to be a crucial process to take into account if improvements to predictions
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regarding the potential spread of emerging pathogens are to be made. To conclude, we aimed to
consider an extensive range of explicative factors related to both ecological and evolutionary
dynamics of host-parasite interactions. We thus illustrated and argue the usefulness of integrative
study to reveal the determinants of emerging pathogens at large spatial scales as well as to predict

future spread.
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Figure S2: Graphic showing the result of the cross-validation procedure that aimed to identify the number of PCA components that
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based on 150 iterations). The cross-validation here suggests that 30 PCA components should be retained.
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Figure S3: Forest plot showing the results of the contrast tests between predicted prevalence in
each Leuciscus lineage. Dots refer to mean predicted prevalence and bar shows confident
intervals. Non overlapping confident intervals mean that the difference between predicted
prevalence in different lineages is significant.
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Figure S4: Evolution of the Bayesian Information Criterion (BIC) according to the number of
cluster retained in the Discriminant Analysis of Principal Component (DAPC). The lowest BIC
(here k=3) indicates the number of cluster that is the more likely to describe the input dataset
(here allelic frequencies at 2543 Single Nucleotide Polymorphisms).
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Table S1: Summary of the three Principal Component Analysis realized on climatic variables,
hydrographic variables and landscape variables. Correlation of each raw variable with the two
first components is displayed (PC1 and PC2) as well as the range of each raw variable (Range).
Higher correlations are in bold and refer to the component associated to each variable.

Category Variables PC1 PC2 Range
Average January temperature 0.855 NA 0-7¢C°
Climatic Average July temperature 0.727 NA 16-23C°
Water temperature 0.775 NA 8-15C°
Air temperature 0.944 NA 8-15C°
Altitude 0.002 -0.752 3-571m
Slope -0.191 -0.557 0-48 %o
Distance from the source 0.920 0.055 3-394 km
vAv;et:rshecc)if the upstream 0.975 0.041 7-20 740 km?
Strahler index 0.715 -0.059 1-6
Hydrographic River width 0.982 -0.008 1-153 m
River depth 0.908 -0.005 0-2m
Average size of the bed 4551 0774 7-3
]Ic\l/loi\rll\jmum average monthly river 0848 0023 3436 m3/s
Average natural river flow 0.953 0.011 0-511 m3/s
Artificialized lands -0.262 0.706 0%—25%
Agricultural lands -0.964 -0.193 0%—96%
Landscape .
Forest and semi-natural lands 0.991 -0.057 0%—90%
Wet lands and water bodies 0.072 0.765 0%—17%
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Table S2: Table summarizing coefficient estimates, standard errors (SE) and associated t-value
for the SDM model adjusted on the dataset covering the current range of T. polycolpus (n=128
sites).

Estimate Cond. SE t-value

Hexp 0.725 1.35 0.536

(Dace size)? -1.09E-04 4.74E-05 -2.307

Number of hosts -0.044 0.263 -0.167

Hydrology -0.26 0.156 -1.674

Landscape 1 -0.523 0.164 -3.189

Dams -0.013 0.016 -0.808

species (L. leuciscus) -3.143 0.689 -4.56

weirs (upstream) -1.562 0.648 -2.409
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Table S3: Table synthetizing information for SNPs showing a significant association (a = 0.05)
with parasite prevalence measured at the individual scale (GWAS approach). We displayed for
each SNP, its name (number of the loci_position of the SNP) and the outputs from an analysis of
deviance: F statistic, degree of freedom, raw p-value and adjusted p-value using a false discovery
rate approach (FDR).

Loci F value Df pvalue FDR
30365_13 18.07E8 61,2 <0.001 <0.001
31247_45 39.792 61,2 <0.001 <0.001
20735_106 24.223 59,2 <0.001 <0.001
6830_17 33.182 60,1 <0.001 <0.001
9706_73 17.988 63,2 <0.001 <0.001
9473_86 30.338 60,1 <0.001 <0.001
14042_124 16.998 60,2 <0.001 <0.001
15789_21 16.215 61,2 <0.001 0.001
23160_22 15.267 59,2 <0.001 0.001
14397_60 15.123 59,2 <0.001 0.001
3163_102 14.005 63,2 <0.001 0.002
31547_125 13.688 66,2 <0.001 0.002
18121_75 13.444 68,2 <0.001 0.002
12378_47 13.293 65,2 <0.001 0.002
3881_89 13.296 59,2 <0.001 0.002
18955_50 13.033 65,2 <0.001 0.002
451_130 12.841 59,2 <0.001 0.003
32965_13 12.119 60,2 <0.001 0.004
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6084_110 11.866 60,2 <0.001 0.004

15517_29 11.734 60,2 <0.001 0.005

20777_89 11.505 59,2 <0.001 0.005

26600_107 17.674 67,1 <0.001 0.006

23585_10 10.423 63,2 <0.001 0.008

6225_83 10.435 60,2 <0.001 0.008

567_75 10.281 60,2 <0.001 0.009

13572_22 10.083 62,2 <0.001 0.01

4249_123 9.975 64,2 <0.001 0.01

41022_86 9.595 65,2 <0.001 0.012

18497_117 9.490 64,2 <0.001 0.012
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10039_82 9.232 67,2 <0.001 0.014

17689_63 9.328 61,2 <0.001 0.014

41153_8 8.982 63,2 <0.001 0.016

28298_104 8.503 64,2 0.001 0.021

13326_67 13.195 60,1 0.001 0.022

17321_81 8.388 60,2 0.001 0.023

25467_120 13.003 61,1 0.001 0.024

11384_48 8.242 60,2 0.001 0.025

20915_81 8.190 61,2 0.001 0.025

6311_24 7.976 63,2 0.001 0.027

19016_53 12.279 61,1 0.001 0.028
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34614_12 12.074 66,1 0.001 0.029

16630_129 7.777 61,2 0.001 0.03

19731_124 7.768 60,2 0.001 0.03

725_116 7.667 59,2 0.001 0.032

25353_20 7.579 59,2 0.001 0.034

4594_43 7.367 60,2 0.001 0.037

25438_128 7.238 63,2 0.001 0.039

29363_50 7.188 63,2 0.002 0.04

5853_56 7.123 65,2 0.002 0.041

2752_120 7.138 60,2 0.002 0.042

10393_72 7.044 59,2 0.002 0.044
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29939_90 10.594 64,1 0.002 0.044

11938_12 6.748 65,2 0.002 0.049

26335_72 6.748 64,2 0.002 0.05
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Chapitre 111 :
Role de la plasticité dans la capacité d’un parasite a exploiter

plusieurs especes hotes
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Résumé

La capacité¢ d’un parasite a exploiter et a s’adapter a de nouvelles especes hotes conditionne
fortement sa dynamique écologique et évolutive mais aussi ses effets pathogenes sur les
communautés hotes. Bien que chez de nombreux parasites il a été fait état de transfert vers de
nouvelles especes hotes, les processus permettant aux parasites de s’adapter a ces nouveaux hétes
restent encore a ce jour meconnus. Ici, nous avons testé I’hypothése selon laquelle la plasticité
serait un mécanisme qui peut promouvoir le transfert d’h6te chez les parasites. Nous avons
considéré le cas d’un parasite émergent (Tracheliastes polycolpus) capable d’infecter plusieurs
especes de poissons d'eau douce et nous avons réalisé une étude transcriptomique comparative
entre les parasites infectant ’espece héte principale et ceux infectant deux especes hdtes
alternatives. Nous avons trouvé 120 génes codant pour des protéines qui étaient exprimés de
maniére différentielle (DEG) entre des parasites infectant différentes espéces hétes. Le plus grand
nombre de DEG a été trouvé pour les comparaisons entre des parasites utilisant 1’espece héte
principale par rapport a des parasites utilisant les deux especes hétes alternatives, alors que seuls
quelques DEG ont été identifiés lors de la comparaison entre parasites provenant des deux
espéces hotes alternatives (7 DEG). Nous avons aussi montré que les principaux processus
biologiques associés a I’exploitation de différentes especes hotes étaient impliqués dans la
machinerie cellulaire, le métabolisme énergétique, l'activité musculaire et le stress oxydatif. En
contrepartie nous n‘avons trouvé aucune trace de sélection associée a la spécificité d'hdte parmi
les 55 645 SNP identifiés, ce qui suggere que l'adaptation a de nouvelles espéces hétes résulte
plus probablement de la plasticité que de processus sélectifs. Cette étude fournit un exemple
empirique unique concernant le réle de la plasticité comme mécanisme permettant aux parasites
d'utiliser et de s'adapter a des espéces hotes alternatives ce qui, pour cette espéce parasite en

particulier, faciliterait probablement sa dynamique d’invasion.
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Abstract

The ability of parasites to use and adapt to new host species strongly affects their ecological and
evolutionary dynamics, as well as their pathogenic effects on host communities. Although host
shift has been reported in many parasite species, very few are known about the processes
permitting parasites to adapt to alternative host species. Here, we tested the hypothesis that
plasticity is a key mechanism allowing host shift in parasites. Focusing on an emerging parasite
(Tracheliastes polycolpus) infecting freshwater fish species, we used a transcriptomic approach
to compare patterns of gene expression between parasites infecting their principal host species to
those of parasites infecting two alternative host species. We found 120 protein-coding genes that
were differentially expressed (DEGSs) between parasites infecting different host species. Most
DEGs were found between parasites using the principal host species compared to parasites using
the two alternative host species, whereas only a few DEGs were identified when comparing
parasites from the two alternative host species (7 DEGs). The main biological processes
associated with the exploitation of different host species were related to cellular machinery,
energetic metabolism, muscle activity and oxidative stress. We found no evidence for selection
associated with host specificity among the 55 645 identified SNPs, which rather suggests that
adaptation to alternative host species likely results from plasticity. This study provides unique
empirical evidence that plasticity is a key mechanism for parasites to use and adapt to alternative

host species, which probably facilitates invasion in this particular parasite species.
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Introduction

The degree of specificity of parasites and their potential ability to shift and use new alternative
host species strongly impact their ecological and evolutionary dynamics (Heath 1981, Hoberg et
al. 1997). Until recently, parasites were considered as highly specific to a given host species, and
the use of alternative host species was thus considered an exception rather than a rule (Ronquist
2003). However, accruing evidence indicate that many parasites display a larger host range than
previously thought, and that invasive and emerging diseases can rise from new species
associations, the so called parasite paradox (Poulin and Keeney 2008, Jones et al. 2008, Agosta
et al. 2010). Parasite ability to exploit another host species in addition to the principal host has
important consequences for parasite population sustainability and dynamics, but also for their
potential to establish and spread into new areas. This have recently raised public health and
agronomic concerns (eg., epizootic outbreaks, parasite spill-over and spill-back, (Thompson et al.
2009)) due to the strong impact of parasites on host populations and communities (Daszak 2000,
Dunn 2009, Moir et al. 2010). As such, although selection is expected to favor host-parasite
specificity, parasites seem to have maintained the potential for infecting new host species.

Elucidating this paradox remains an enigmatic question.

At the beginning of the 21th century, Claude Combes (Combes 2001) theoretically defined the
conditions that allow a parasite to infest a host based on the idea that parasites have to cross
“filters” for being able to infest a particular host species. First, the encountering filter (also
known as the concept of opportunity, (Araujo et al. 2015)) consists in the temporal and spatial
overlap between parasites and hosts that make their encountering possible. The second filter
relies on the compatibility between parasites and hosts, which can be defined as the ability of one

parasite lineage to durably exploit one host lineage (Combes 2001). Based on this concept,
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parasite host shift is expected to result from a relaxation of the encounter and/or the compatibility

filter (Lootvoet et al. 2013).

Moreover, according to the “ecological fitting” concept, parasite host shift also relies on the
physiological capacity of parasites to establish on the new host (Janzen 1985, Agosta et al. 2010).
More generally, when facing new biotic and abiotic environmental conditions (in this case a new
host species), organisms (here parasites) are expected to survive and reproduce, provided that
these new conditions belong to their reaction norms (Agosta et al. 2010). In this regard, two main
mechanisms of ecological fitting are likely to favor parasites’ host shift. First the ecological
fitting via “resource tracking” relies on the idea that parasite shifts from one host species to
another is mainly determined by the ability of parasites to cope with defense mechanisms and
resources that are similar. This process is associated with the relaxation of the compatibility filter
(Ricklefs and Fallon 2002). Second the ecological fitting via the “sloppy fitness space”
hypothesis relies on the idea that a plastic response of parasites infecting a new host species
would favor the emergence of an adaptive phenotype on this new host (De Fine Licht 2018).
Potential host range of parasites would hence be more likely determined by the opportunity to
found new potential host species in a common habitat (relaxation of the encountering filter)
(Timms, and Read, 1999, Cooper et al. 2012, Lootvoet et al. 2013). So far, studies have mainly
focused on demonstrating the existence of alternative host use in many parasite species (Edwards
and Vidrine 2006, Kvach and Sasal 2010, Poulin et al. 2011), and only a few of them have

investigated the factors facilitating/allowing host shift (Little et al. 2006, Lootvoet et al. 2013).

In particular, the role of phenotypic plasticity in facilitating parasite shifts from one main host
species to alternative host species has been yet empirically overlooked. Recent theoretical studies

have proposed an appealing theoretical framework for the understanding parasite host shift
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(Araujo et al. 2015, Nylin et al. 2018, De Fine Licht 2018). In particular, these studies have
extended the concept of ecological fitting by sloppy fitness space to parasitism and introduced the
role of plasticity as a mechanism allowing exploitation of new host species (Araujo et al. 2015,
Nylin et al. 2018, De Fine Licht 2018). For instance plasticity is expected to allow marginal
exploitation of new host species by parasite which at longer term can lead to adaptation through
selective processes and/or (epi-)genetic assimilation (De Fine Licht 2018, Danchin et al. 2019).
However, so far such a theoretical framework is lacking of empirical evidences (Little et al.
2006). This might be —at least partly— explained by the difficulty to measure plasticity related to
traits associated to host use. With the advance of Next Generation Sequencing approaches, we
have now the opportunity to more easily and accurately quantify parasite plastic responses at the
molecular level, notably at the gene expression level using transcriptomic approaches (De Fine
Licht 2018). Thus, transcriptomic approaches offer a new opportunity i) to assess the role of
parasite gene expression plasticity associated with the use of alternative host species and ii) to
identify the functions of the genes involved in host shift. Together, these two improvements are
likely to provide important insights for better understanding the evolutionary dynamics of
parasites. Within the current context of accruing emerging infectious diseases in both natural and
cultivar systems, this is of prime interests for predicting and addressing the general impact of

pathogens on host communities in both wild and domestic populations.

Here, we tested whether the ability to exploit different host species of an emerging parasite of
fish is associated to a plastic response, relying on a transcriptomic approach. We considered an
homogeneous parasite population regarding genetic differentiation (Mazé-Guilmo 2016) and thus
assessed plastic response of parasites exploiting different hosts species by measuring their gene

expressions. More specifically, we compared gene expression patterns between parasites from
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natural populations sampled on their principal host species and on two alternative hosts. We
investigated the molecular processes and searched for possible trace of selection associated with
these host shifts at the transcribed genome scale. We built our study on Tracheliastes polycolpus,
a recently introduced and emerging parasite that has successfully shifts on several local host
species/lineages over a relatively short period (i.e., less than 200 generations (Lootvoet et al.
2013, Rey et al. 2015, Mazé-Guilmo 2016)). Since T. polycolpus was shown to infect host
species having similar habitat and diet rather than similar defense mechanisms (Lootvoet et al.
2013), we predict that host shifts will rely on a plastic response rather than on selective process
(accordingly to the ecological fitting via “sloppy fitness space” hypothesis). More precisely, we
expect i) to identify differentially expressed genes in parasites exploiting different host species
and ii) that parasite transcriptomic adjustments will mainly differentiate parasites exploiting the
principal host from parasites using alternative hosts since parasites are assumed to be better
adapted to their principal host on which they perform better (Lootvoet et al. 2013, Araujo et al.
2015). Consequently we also expect to identify gene functions associated with the parasite
exploitation of either their main or alternative hosts, which include energy acquisition,
metabolism, growth and reproduction. In contrast, we expect to detect no genomic variation
under selection between parasites from different host species i) given we sampled a homogeneous
parasite population and ii) given the recent establishment of T. polycolpus populations in France,

which means that transcriptomic adjustments will indeed indicate plasticity.

Material and Method

Study model
Tracheliastes polycolpus is an Crustacean ectoparasite of freshwater fish that belongs to the

Copepoda order (Fryer 1982). This parasite originates from eastern Eurasia where it is mainly
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associated with the common ide (Leuciscus idus) but also occasionally with some other cyprinids
species (von Nordmann 1832, Monod and Vladykov 1931). During the 1920s’ due to fish trades,
T. polycolpus has reached western Europe and has rapidly spread over several watersheds in
England, France and Spain where it now constitutes an invasive species (Rey et al. 2015). This
invasive dynamics likely results from the ability of T. polycolpus to infect a large range of new
host species. For instance in France, the principal hosts of T. polycolpus are two Leuciscus
species (i.e., the common dace Leuciscus leuciscus in the northeastern part of France and the
rostrum dace L. burdigalensis in the southwestern part of France) but T. polycolpus is also
regularly found on five alternative host species: the toxostome (Parachondrostoma toxostoma),
the gudgeon (Gobio gobio and Gobio occitaniae), the common minnow (Phoxinus phoxinus), the

roach (Rutilus rutilus) and the chub (Squalius cephalus) (Lootvoet et al. 2013).

Tracheliastes polycolpus life cycle includes three development stages namely, the nauplius and
copepodite stages that are larvae stages and the adult stage (Fryer 1982). Males and larvae are
free-living forms whereas females are parasitic forms that complete their life cycle on one single
host (Fryer 1982). As many copepod parasites, only apparatus involved in anchoring (a disk-
shaped bulla), reproduction (two eggs sacs) and feeding (two maxilla) have been maintained in
females T. polycolpus. They usually attach to fish fins and feed on epithelial and mucus cells in
order to sustain their growth and the development of their egg sacs. This feeding activity results
in direct damages on their host such as partial to total fin degradation and secondary
inflammations (Loot et al. 2004), which can result on a decrease in host growth and a poorer

survival (Blanchet et al. 2009b).
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Sampling design and sequencing

The sampling design and molecular analysis up to the transcriptome assembly are detailed in
Mathieu-Begné et al.(2019). Briefly, five parasitized dace, four parasitized gudgeon and four
parasitized minnow were caught by electro-fishing the 11" of July 2013 in a single locality in the
Salat River (southwestern France, 43°04'43.0"N; 0°57'29.0"E) so as to avoid confounding
environmental and temporal effects. Five parasites on each host species were collected with
sterile forceps resulting in fifteen parasite samples directly stored in RNAlater for 24 hours and
then conditioned at -80°C before RNA extraction. To limit contamination with fish tissues, total
RNAs were extracted from the parasite trunk only (a part of the parasite that is not physically in
contact with the host). Individual libraries were obtained using the RNeasy Plus Mini Kit
(Qiagen) with a final elution volume of 40 uLRNAse-free water. A nanodrop ND-8000 (Thermo
Scientific) and a BioAnalyser (Agilent Technologies) were then used to assess the quality and
quantity of RNA extractions respectively. Finally, individual libraries were paired-end sequenced
using Illumina Hiseq 2000 technology. The sequencing resulted in about 420 million 2x100 bp
paired-end reads, with an average of 28 million paired-end reads per sample (see Mathieu-Bégné

et al. 2019 for more details).
Gene expression analyses

Quantification of genes expression levels

For each of the fifteen samples, the raw sequenced reads were first quality trimmed using
Trimmomatic (Bolger et al. 2014). For each gene, the number of transcripts was then guantified
using the reference transcriptome of T. polycolpus which includes 17 157 non-redundant protein-
coding genes (available on Genebank under Bioproject PRINA476682, (Mathieu-Bégné et al.

2019a)) and using the script align_and_estimate_abundances.pl from the Trinity platform
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(version 2014-07-17 (Haas et al. 2013)) which calls successively the aligner Bowtie2 (version 2.0
(Langmead and Salzberg 2012)) and the software RSEM (version 2.3.1 (Li and Dewey 2011)).
All parameters were set as default except for Bowtie2 in which we tolerated one nucleotide
mismatched and set the mismatch penalty to 2. These parameters were used in order to better
account for the potential genetic diversity existing in wild populations and improving the
mapping rate for each individual. Finally, the Trinity script abundance_estimates_to_matrix.pl
was used to set-up all transcript counts from all of the 15 samples into a single matrix for

subsequent analyses.

Identification of differentially expressed genes

We used the R package EdgeR (R version 3.4.2 (Robinson et al. 2010, R Core Team 2017)) to
identify significant differentially expressed genes between parasites associated to the three
different host species (i.e., L. burdigalensis, G. occitaniae and P. phoxinus). First, we filtered out
genes with too low expression levels based on their transcripts counts (i.e., with count of 5-10 in
each library according to EdgeR user guide, (Robinson et al. 2010)) using a copy per million
threshold of 0.4 in at least the five samples out of the fifteens thus resulting in a set of 12 357
genes. We then calculated the normalization factor using the trimmed mean of M-values (TMM)
normalization (Robinson and Oshlack 2010) to control for potential heterogeneity in library sizes
among individuals. Finally, common dispersion and tagwise dispersion (i.e., two dispersion
measures that allow accounting for heterogeneity of genes expression levels between genes) were

estimated and included in the subsequent models.

In order to compare gene expression levels between parasites from different host species we first
performed a multi-group comparison (i.e., an ANOVA-like test that detects genes differentially

expressed between any groups). A generalized linear model was adjusted using the glmFit
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function in EdgeR and likelihood ratio tests were performed using the EdgeR function gImLRT.
Additionally, pairwise comparisons were conducted between parasites from different host species
to refine differentially expressed genes between groups of parasites. No intercept was used, and
contrasts between groups were set so as to perform each pairwise comparison using the EdgeR
function exactTest (i.e., equivalent of Fisher exact tests but adapted for negative binomial
distributed data). For both the multi-group test and the pairwise comparisons, p-values were
corrected for multiple comparisons and significant differentially expressed genes were selected at
a False Discovery Rate (FDR) of 0.05 (Storey 2011). Finally, common significant DEGs
identified from either the multi-group or the pairwise comparisons were used in a clustering
approach analysis (per genes and per sample) on genes moderated log-counts-per-million. The

results obtained from this clustering approach were visualized through a heat map.

Functional analyses

We conducted a functional analysis at the whole transcriptome level in order to investigate the
relevant biological processes impacted during T. polycolpus host shift from its principal host L.
burdigalensis to alternative host species (i.e., G. occitaniae and P. Phoxinus). To do so, we
performed a Rank Based Gene Ontology Analysis (RBGOA, (Wright et al. 2015)) between
parasites from L. burdigalensis and parasites from G. occitanea and P. phoxinus respectively.
The RBGOA leverages on gene ontologies (GOs, i.e., functional categories associated to genes
and resulting from annotation) to investigate the most represented biological processes at the
whole transcriptome level and their content in differentially expressed genes. The RGBOA was
based on gene annotation from Mathieu-Bégné et al. (2019) and the differential expression of the
12 357 genes measured as Log Fold Change (LFC). Briefly, RBGOA first clusters GOs

according to their representative genes in order to identify the most meaningful GOs, and then
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ranks the identified biological processes according to their average expression levels (over all
representative genes). Finally, biological processes significantly enriched in differentially
expressed genes are identified through a Mann-Whitney rank test and applying a FDR correction

(FDR<0.001),

Variant calling and FST outlier analysis

In order to investigate signature of selection between parasites collected from different host
species we aimed to identify Single Nucleotide Polymorphism (SNPs) from RNA sequencing. To
do so we used the Genome Analysis Toolkit (GATK version 4.0.1.2 (McKenna et al. 2010)) and
followed the recommendations regarding variant calling based on transcriptome assembly of non-
model organisms presented in Eldem et al. (2017). Succinctly, quality trimmed reads were first
aligned on T. polycolpus transcriptome using the aligner Bowtie2 using the same parametrization
used for the transcript quantification (Langmead and Salzberg 2012). Picard (version 2.1.1.,
http://picard.sourceforge.net/) and SAMtools (version 1.3.1 (Li et al. 2009)) were then used to
conduct the following pre-processing steps: 1) Assign a read group to each sample, 2) sort
aligned reads, 3) remove duplicates and 4) merge ‘.bam’ alignment results in fifteen ready reads
files. After these pre-processing steps, we used the GATK tools to call potential variants. First,
the fifteen ready reads files were parsed to HaplotypeCaller to call variants in each sample. Each
genomic Variant Call Format (gVCF) files were then combined in one single gVVCF file using the
CombineGVCFs function. The GenotypeGVCFsfunction was next used to perform the joint
genotyping. Variants were filtered out when having a phred-scaled confidence threshold below
30. At this stage, since we were only interested in SNPs, we used the function SelectVariant to
sort SNPs and stored them in a raw SNPs gVCF file. We then filtered the variants using the

GATK hard filtering method (VariantFiltrationfunction) and self-defined parameters (QD < 5.0,
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FS > 30.0, MQ < 10.0, MQRankSum< -12.5, ReadPosRankSum< -8.0) resulting in a set of 94

403 SNPs.

To detect variants possibly under selection and that could differentiate parasites from different
host species we conducted a FST outlier analysis using the software Bayescan (version 2.0 (Foll
and Gaggiotti 2008)). First, the script make_bayescan_input.py provided in De Wit et al. (2012)
was run to format our set of SNPs in Bayescan format with the number of individual required per
population set to 4 and resulting in a set of 61 880 SNPs. Finally we removed from this set of
SNPs those having a low allelic frequency (i.e., minor alleles must be at least recorded twice
otherwise they likely corresponds to sequencing errors) using the option —d in Bayescan that
allows discarding any listed SNPs and finally run the FST outlier test on the resulting 53 645

high quality SNPs.

Results

Differentially expressed genes

The multi-group comparison (i.e., comparison of parasite genes expression between dace,
minnow and gudgeon parasites) of gene expression levels revealed a total of 120 significant
differentially expressed genes (DEGSs) out of the 12 357 studied genes. Moreover, according to
our pairwise comparison approach, 92 significant DEGs were found between parasites infecting
minnow and dace, among which 27 were under-expressed and 65 were over-expressed genes in
parasites infecting minnow compared to parasites infecting dace (Fig. 1-a). When comparing
parasites from gudgeon and dace, 17 significant DEGs were found, including 8 under-expressed
and 9 over-expressed genes in parasites from gudgeon compared to parasites from dace (Fig. 1-

b). Finally, only seven significant DEGs were found when comparing parasites from minnow and
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from gudgeon including three under-expressed and four over-expressed genes in parasites from
minnow compared to parasites from gudgeon (Fig.1-c). Overall, 100 DEGs were found in
common between these two approaches (i.e., the multi-group and the pairwise analyses). The
clustering approach conducted on these common 100 DEGs allowed segregating parasites
infecting daces from those associated with alternative host species, but failed to correctly

discriminate parasites infecting gudgeon from parasites infecting minnow (Fig. 2).
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Figure 1: Volcano plot showing the log transformed adjusted p-values (i.e., FDR) and the log
fold changes for the 17157 protein-coding genes of T. polycolpus transcriptome regarding a) the
comparison between parasites infecting dace and minnow respectively, b) the comparison
between parasites infecting dace and gudgeon respectively and c¢) the comparison between
parasites infecting minnow and gudgeon respectively. Black dots refer to differentially expressed
genes below a FDR of 5%. Red dots refer to differentially expressed genes at a FDR of 5%, green
dots refer to differentially expressed genes at a FDR of 1% and blue dots refer to differentially
expressed genes at a FDR of 1 %eo.
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Figure 2: Heat map showing gene expression profiles (higher Z-score refer to higher expression)
along with clustering between the different parasite genes and samples for the 100 DEG
commonly identified from the multi-group and the pairwise comparisons. “Leu” refers to
parasites infecting dace, “Gob” to parasites infecting gudgeon and “Phox” to parasites infecting
minnow.
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Functional analyses

According to our functional analyses, 101 and 125 GO significantly enriched (at a 0.001 FDR
threshold) with DEGs (either over- or under-expressed) were found for the pairwise comparisons
between parasites infecting minnow and dace and between parasites infecting gudgeon and dace
respectively (Fig. S1). In order to ease interpretation we focused on the 40 most significant GOs
for each comparison. The 40 GO most significantly enriched with over- or under-expressed genes
for the two comparisons between parasites from the principal host (i.e., dace) and the two
alternative hosts (minnow and gudgeon) were very similar (Fig. 3). For example, GO enriched
with under-expressed genes in parasites from minnow or gudgeon (i.e., alternative hosts)
compared to dace parasites (i.e., principal host) are both involved in cellular machinery (e.g., cell
division, DNA replication or RNA processing, Fig. 3-a and Fig. 3-b), whereas GO enriched with
over-expressed genes in parasites infecting minnow or gudgeon compared to parasites infecting
dace are both related to energetic metabolism (e.g., GO carbohydrate catabolic process,
carbohydrate derivative metabolic processor, small molecule catabolic process; Fig. 3-a and Fig.
3-b), to muscle activity (e.g., GO ion transport, transmembrane transport, actomyosin structure
organization; Fig. 3-a and Fig. 3-b) and to a lesser extent to oxidative stress (e.g., GO oxidation-

reduction process; Fig. 3-a and Fig. 3-b).
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Detection of selection

The outlier Fst analysis based on the 53 645 identified SNPs to compare the level of genetic
differentiation between parasites from the three host species revealed very low Fst values with an
average of 0.001+.001 (£SE). No Fst outliers —and consequently no trace of selection—were

identified among all the investigated protein-coding genes (Fig. 4).
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Figure 4: Plot showing Fst values and corresponding log transformed adjusted p-values for the

53 645 high quality SNPs identified from T. polycolpus RNA-sequencing. Black dots refer to
non-significant outliers.
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Discussion

In this study we aimed to test whether plasticity could underline the ability of an emerging
parasite to exploit new host species. Overall we provided strong support for the role of
transcriptomic plasticity in parasite ability to exploit alternative host species. We indeed showed
that parasites exploitation of either the principal host or alternative host was associated with
transcriptomic adjustments that likely reflect a plastic response rather than the result of selective
processes.

Using a variant calling approach we indeed showed that T. polycolpus ability to exploit
alternative host species was not the result of selection acting on protein-coding genes, and thus
transcriptomic adjustments would more likely reflect plasticity. However, the hypothesis of an
ongoing selection for host species in T. polycolpus cannot totally be excluded since we only
focused on protein-coding regions and not on the entire genome. As we observed differences in
genes expression between parasites from different host species, we might have missed some
(adaptive) genomic polymorphism occurring in non-coding regulatory regions (Chen and
Rajewsky 2007). Though, a weak genomic differentiation between parasites infesting dace,
minnow or gudgeon was expected in our case since i) all the parasites sampled in the present
study were collected at the same sampling site and ii) a previous microsatellite-based study
showed that southwestern T. polycolpus constitute an homogeneous population with no
differentiation between parasites feeding on different host species (which the average Fst value
under 0.001 we measured confirmed) (Mazé-Guilmo 2016). It is worth noting that, plasticity and
selection are actually not antagonist mechanisms regarding their theoretical role in parasite host
shift (De Fine Licht 2018). Notably, plasticity allows some variation in parasite phenotypes that

Is expected to provide the raw material for natural selection to shape the evolution of parasite
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specificity at longer timescales (Chevin et al. 2010, De Fine Licht 2018). Since T. polycolpus
recently emerged in France (Rey et al. 2015), it is likely that selection did not have enough time
or that there is not enough base genomic variation to lead T. polycolpus to specialization on the
alternative host.

In this context, the total of 120 significant differentially expressed genes we identified between
parasite infecting different host species give a strong support for the role of transcriptomic
plasticity in parasite ability to exploit alternative host species. Such a plastic response to different
host species was expected for T. polycolpus, and this meets the theoretical expectation of the
ecological fitting via sloppy fitness space hypothesis (Araujo et al. 2015, Nylin et al. 2018, De
Fine Licht 2018). Overall, our results are in line with previous studies suggesting that parasites
are able to cope with new environmental conditions through plasticity (Poulin and Hamilton
2000, Loot et al. 2008). However, contrary to previous studies that have investigated parasite
plasticity in response to environmental changes at the within-host scale (Cameron et al. 2013,
Birget et al. 2017, Shocket et al. 2018, but see Hébert et al. 2017 for an example of transcriptomic
adjustments during host transition within a heteroxenous parasite life cycle), we here provide
evidence that transcriptomic plasticity constitutes a key mechanism permitting parasites to shift
from their principal hosts to alternative hosts.

When specifically studying pairwise differences in gene expression between parasites sampled
from the three host species, our results revealed that more transcriptomic adjustments are
required from T. polycolpus when shifting from its main host to minnow than to gudgeon. The
largest amount of DEG was indeed found for the comparison between dace and minnow
parasites. Interestingly, T. polycolpus infecting minnow also display lower fitness (a reduced
body size and a fewer number of eggs) than those infecting dace, whereas T. polycolpus

maintains a fitness similar to that observed on dace when infecting gudgeon (Lootvoet et al.
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2013). We thus suggest that transcriptomic plasticity allows T. polycolpus shifting from its
principal host to the gudgeon better than to the minnow. We also argue that consistently to
theoretical expectations, plasticity can allow to cope with a new host resource without necessarily
being yet optimally adapted (Lootvoet et al. 2013, De Fine Licht 2018).

We further demonstrated that T. polycolpus is likely developing similar molecular strategies to
exploit alternative hosts irrespectively of the host species. Our results indeed show that when
accounting for the 100 DEGs commonly found in multi-group and in pairwise analyses, the
transcriptomic profiles between parasites infecting either one alternative host or the other were
indistinguishable. Moreover, very similar functions enriched in genes differentially expressed
between the main host and either of the two alternative hosts were identified (i.e., cellular
machinery, energetic metabolism, muscle activity and oxidative stress). These two results support
a similar—although not identical— plastic response to both alternative host species when compared
to the main host. We consequently propose that transcriptomics plasticity in T. polycolpus allows
exploitation of alternative host species but in a limited fashion, since T. polycolpus is constrained
to one similar strategy on both gudgeon and minnow. Such limitation could be explained by a
still standing compatibility filter when exploiting common alternative hosts, but that might
display different immune defenses compared to the principal host that is phylogenetically closer
to the original host T. polycolpus have co-evolved with (Kottelat and Freyhof 2007, Lootvoet et
al. 2013). Consequently, although minnow apparently constitute the host that requires the highest
plastic adjustment for T. polycolpus, parasite switching to minnow seem nonetheless constrained
to the expression of biological functions involved in a general host shift process (similar in
minnow and gudgeon) hence not yet specialized. In this regard, T. polycolpus only recently

settled in French River Basins (Rey et al. 2015), and the limited specific response to each host

153



species of T. polycolpus suggests that a longer interaction between parasite and alternative host
species would eventually be necessary to achieve more specific strategies.

The identified biological processes involved in parasite responses to host shift also suggest that
alternative host exploitation by the parasite is challenging and might turn out less efficient
compared to principal host exploitation (which is more manifest on minnow parasites). Parasites
using alternative host species displayed over-expression (compared to the main host) of genes
related to energetic metabolism, muscle activity and oxidative stress, and under-expression of
genes related to cellular machinery. Specifically, parasites infecting alternative host species seem
to invest more in energy intake but without being able to translate this energy to cellular
machinery. For instance, alternative host parasites displayed biological processes enriched in
over-expressed genes such as energetic metabolism but also muscle activity, which may refer to
maxilla movement during the T. polycolpus feeding activity (Fryer 1982). At the same time,
alternative host parasites display a lower investment in cell machinery, which is at the core of
their development. Fewer cell cycles in parasite using alternative host species is also congruent
with the smaller body size and a lower egg number that was observed in parasites infecting
minnow (Lootvoet et al. 2013). Interestingly on gudgeons T. polycolpus are not smaller than on
dace, so the under-investment in cell machinery is somehow overcome by the investment in
energy intake (Lootvoet et al. 2013). Finally, parasite using alternative hosts also over-expressed
genes involved in oxidative stress, which is a common response of many organisms to stressful
environments (Storz and Imlayt 1999). Hence, exploiting alternative hosts seems more
challenging for T. polycolpus than exploiting its main host. We consequently argue that parasites
using alternative host species are more prone to invest in energy intake, probably to overcome the

costs associated to a poorer exploitation of the resources provided by an alternative host species.
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Overall, this study is one of the first empirical essays strongly suggesting that plasticity has a
critical role in parasite ability to exploit new alternative host species. In particular, we showed
that adjusting the expression level of some specific genes allows the parasite to exploit alternative
hosts that might challenge the parasite with new defenses or resources, yet in a suboptimal
fashion. The suboptimal exploitation of alternative hosts might be explained by a limited range of
plastic response of T. polycolpus. Such a lower adaptation of parasite infecting alternative host is
in agreement with the ecological fitting via sloppy fitness space theory that expects marginal
adjustment which lead, at first, to suboptimal parasite fitness on alternative hosts (Araujo et al.
2015, De Fine Licht 2018). Hence, we argue that parasite plastic response enabling exploitation
of suboptimal alternative hosts could be critical at short time scale for population sustainability
making alternative hosts some potential reservoirs for the parasite when the principal host is not
(enough) encountered. Such evolutionary short-term process might provide the opportunity for
the emergence of more sustainable genetically-based phenotypic change in the parasites, and
hence could constitute the first step of a new co-evolutionary dynamics between parasites and

new host species at broader timescales.
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Figure S1: Differentially expressed genes Gene Ontologies (FDR<0.001) for the comparison between a) parasites
infecting minnow and dace and b) parasites infesting gudgeon and dace. Blue GOs refer to GOs enriched in under-
expressed genes between alternative host parasites compared to principal host parasites and red GOs refer to GOs
enriched in over-expressed genes between alternative host parasites compared to principal host parasites. The total
number of genes involved in each GO is given in brackets.
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Chapitre IV :
Réle des communautés bactériennes dans le processus d’infection

parasitaire
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Résumé

Selon plusieurs études récentes, les communautés microbiennes hotes se modifient apres et/ou au
cours d'une infection parasitaire, suggérant une interaction complexe et multipartite. Cependant,
nous ignorons a ce jour si les modifications du microbiote de I'néte sont une cause d'infection ou
bien une conséquence. Dans cette etude, nous avons cherché a déterminer si les modifications du
microbiote associé a I'n6te au cours de l'infection parasitaire par T. polycolpus, ectoparasite de
poissons d'eau douce, sont une cause ou une conséquence des infections chez son héte principal,
Leuciscus burdigalensis (un cyprinidé). Pour ce faire, nous avons mené un suivi individuel du
microbiote associé a I'hdte, au parasite (adulte et larve) et a I'environnement avant et apres
infection parasitaire et ceci en conditions naturelles via une expérience d’encagement. Nous
avons d'abord montré qu'avant l'infection, il n'existait aucune différence significative entre le
microbiote des nageoires des hotes susceptibles de contracter des parasites et les hétes restant en
bonne santé. Cependant, nous avons trouvé que linfection parasitaire provoquait des
changements importants au sein du microbiote associé a I'h6te au niveau des nageoires parasitées.
Nous avons en outre montré que les nageoires parasitées avaient une composition de microbiote
similaire a celle des larves de parasite, ce qui suggere une dynamique de co-infection avec les
bactéries associées aux parasites lors de I’infection parasitaire. La famille bactérienne des
Burkholderiaceae s'est avérée particulierement représentée au sein du microbiote associé a la fois
aux nageoires infectées et aux parasites, suggérant ainsi un réle clé de cette famille dans le
déroulement de l'infection. Nous suggérons donc que la composition du microbiote associé a
I’hote serait plutdt une conséquence qu'une cause de 1’infection parasitaire pour le systéeme T.
polycolpus-L. burdigalensis et que certaines bactéries associées au parasite pourraient avoir un

réle déterminant dans de déroulement de l'infection.
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Abstract

Many studies have recently demonstrated that host microbial communities change after and/or
during parasite infection, hence suggesting a complex multi-partite interaction. However, whether
changes in host microbiota are a cause of infection or a consequence has yet to be addressed. In
this study we aimed to decipher whether changes in host microbiota during parasite infection by
the ectoparasite of freshwater fish Tracheliastes polycolpus are a cause or a consequence of
infections in its main host Leuciscus burdigalensis (a cyprinid fish). To do so, we conducted an
individual survey of host, parasite (adult and larvae), and environmental associated microbiota
before and after parasite infection in natural conditions relying on a caging experiment. We first
showed that before infection there were no significant differences in host fin associated
microbiota between hosts that will contract parasites and host that will remain healthy. However,
we found that parasite infection triggered important changes in host-associated microbiota at the
fin level. We further showed that parasitized fins had similar microbiota composition to the one
of parasite larvae suggesting a co-infection dynamics with parasites associated bacteria during
parasite infection. The Burkholderiaceae bacteria family was particularly represented in
parasitized fin and parasite larvae microbiota, hence suggesting a key role of this family in
infection progress. We thus conclude that microbiota changes are rather a consequence than a
cause of parasite infection for the T. polycolpus-L.burdigalensis system and particularly
emphasize the potential role of some parasite-associated bacteria in infection outcomes and

progression.
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Introduction

Understanding the factors that shape host susceptibility to pathogens is of prime importance to
anticipate and predict disease risks. For a long time, infection risk was thought to mainly result
from complex interactions between parasites, hosts and environmental factors. For instance,
infection can result from intrinsic factors related to the interplay between parasite virulence and
host resistance, but at the same time is shaped by extrinsic environmental factors since host and
parasite share a common environment (Wolinska and King 2009). Recent studies demonstrated
that the occurrence of certain parasites was also associated to specific community of host
microbiota, hence suggesting that the interaction between parasites, hosts and the microbiota may
also be an important determinant of host pathology and disease progression (Reynolds et al.
2015, Bér et al. 2015, Aivelo and Norberg 2018, Portet et al. 2018). Differences in microbiota
among potential host individuals —before infection— provide a novel mechanistic framework to
understand and predict infection risk within host populations. More than a triple interaction
between hosts, parasites and their common environment, parasitism could rather be seen as a
multiple interaction including the role of host- and parasite-associated microbiota (Dheilly 2014,

Bordenstein and Theis 2015).

A key question regarding the role of host-associated microbiota in host-parasite interactions
relates to the role of the microbiota between parasites and their hosts, and in particular whether
differences in host microbiota are a cause of infection or a consequence (Bér et al. 2015). On the
one hand, it has be argued that difference in host microbiota before infection can cause the host
susceptibility to parasite infection, making the host microbiota central to predict individual
infection risks. For instance, host microbiota can increase host susceptibility by providing

optimum condition for parasite development (Hayes et al. 2010, but see Buffie and Pamer 2013,

167



Britton and Young 2014 for the inverse). On the other hand, differences in host microbial
communities can occur after parasite infection, making differences in host microbiota a
consequence of parasite infection. For instance, parasites can induce changes in the relative
abundance of certain microbial species that were already present within hosts before infection
(Lee et al. 2014, Beatty et al. 2017). Parasites can also favor the colonization of new species of
the microbiota coming from extrinsic sources, for instance because of a global decline in host
resistance that facilitate colonization by opportunist pathogens from the surrounding environment
(Decreasing colonization resistance strategy, Mooney et al. 2015). Changes in host microbiota
after infection can also be due to the colonization of new species harbored by the parasites itself,
leading to patterns of co-infection, which can ultimately increase the global pathogenic effects
(Weapon strategy, Reynolds, Finlay, and Maizels 2015; Dheilly, Poulin, and Thomas 2015).
Specific association between specific microbiota communities and parasites are common patterns
in the wild (Andre 2002, Boissiére et al. 2012, Stensvold and van der Giezen 2018), and a key
contemporary challenge is to tease apart between the different strategies (cause or consequence)

leading to these associations in wild populations.

A powerful approach to decipher whether host-associated microbiota is a cause or a consequence
of infection, is to survey individual hosts for their microbiota longitudinally, that is before and
after infection (Blanchet et al. 2009c, Jenkins et al. 2018, Afrin et al. 2019, Gaulke et al. 2019).
Nonetheless, most longitudinal surveys implying changes in host microbiota over time have
focused on changes occurring during or after parasite exposure, which strikingly limits our
understanding of mechanisms sustaining relationships between parasites, hosts and the
microbiota (but see Jenkins et al. 2018). Furthermore, in order to investigate the mechanisms

leading to changes in host microbiota after parasite infection (change in abundance of already
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existing bacteria within hosts, colonization of opportunistic bacteria from the environment, and
colonization of bacteria coming from the parasite microbiota), both host-associated microbiota
and microbiota from potential sources over the course of infection have to be investigated.
Hence, tackling the question of host-associated microbiota as a cause or a consequence of
infection is a challenging task but that could be achieved through a proper and original design.
This challenge is obviously trickier in wild setting in which the level of control is lower, although
this undoubtedly constitutes the only way to provide realistic and novel insights into the complex

links between parasites, hosts, the environments and the microbiota.

In this study, we tested for variation in host-associated microbiota along the process of parasite
infection, relying on a longitudinal and semi-natural experiment. We focused on a freshwater fish
ectoparasite (Tracheliastes polycolpus) that has recently emerged in Western Europe and that
infects several native fish species. The parasite anchored on fins where secondary infections by
bacteria or fungi are often observed (Blanchet et al. 2009a). These secondary infections could be
purely opportunistic and neutral for the parasite or on the contrary could be non-random and
actually favor —either before or after infection— the parasite. To tackle this important issue, we
tracked the microbiota of fin mucus of its main host species, the rostrum dace (Leuciscus
burdigalensis), both before and after infection at the individual (fin) host level. We first tested the
hypothesis that fin microbiota is a cause of T. polycolpus infection by comparing fin microbiota
before parasite infection between hosts that will become infected and others that will remain
healthy. We assumed that —if fin microbiota is a cause of infection— specific bacteria before
infection should be associated (or counter-associated) to future infection by T. polycolpus.
Secondly, we investigated the temporal dynamic of microbial communities during infection to

test whether the infection by T. polycolpus resulted in changes in fin microbiota composition, i.e.,
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whether fin microbiota is a consequence of infection. If so, we expect that, during infection, the
microbiota composition of infected host will strikingly shift away from that of healthy host, i.e.,
that the temporal evolution of the fin microbiota will differ between infected and healthy hosts.
Finally —and assuming that fin microbiota changes is a consequence of infection—, we will test
whether these changes after infection occurred because of the colonisation of opportunistic
bacteria from the environment (Opportunistic colonisation hypothesis) and/or because of the
colonisation of bacteria associated with the parasite (Co-infection hypothesis). We expect a

mixture of these two hypotheses to sustain potential changes in fin microbiota after infection.

Material and Method

Biological history of the interaction

In this study we considered the interaction between the ectoparasite of freshwater fish T.
polycolpus and its main host in southwestern France the cyprinid L. burdigalensis (the rostrum
dace). Tracheliastes polycolpus is a parasitic copepod that anchors to fish fin (and occasionally to
their body) causing fin degradation and secondary inflammation du to infections by bacteria or
fungi (Blanchet et al. 2009a). Only females are parasitic whereas males are microscopic free
living forms. Once anchored on fish fin the females T. polycolpus develop two egg sacs
containing up to one hundred of eggs (Mazé-Guilmo 2016). After few weeks eggs hatch and
release each one a single free living larvae that go through two larvae stages (nauplius stage and
then copepodite stage) before reaching the adult stage (Fryer 1982). Interestingly larvae are not in
direct contact with the environment until hatching and hence the microbiota of T. polycolpus
larvae likely reflects their own microbiota probably transmitted directly from the mother, which
makes this model particularly powerful to study parasite associated microbiota and its role during

parasitic infection of hosts.
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Microbiota survey of fish fins and environment

We used a semi-natural caging experiment to allow for an individual “before-after infection”
survey of fin microbiota of potential hosts. Twenty cages (30x50x80 c¢cm, and mesh of 1 cm),
each containing four rostrum dace (80 dace on total at the onset of the experiment) were set up
along a 200-m long section in the Arize River in southwestern France (X= 366422, Y= 4770813)
during summer 2018. Dace were F2 individuals from wild ancestors bred at the INRA hatchery
facility in Rennes (IE3, France). All experimental individuals were of the same age (2+ fish) and
genetic background, and were of similar in weight and body size (153 g and 1108 mm) so as to
limit confounding factors from the host status. They were brought back from Rennes in early
spring, raised in large outdoor tanks at the SETE laboratory (Moulis, France) and fed ad libitum
before the onset of the experiment. None of them have previously been exposed to T. polycolpus.
Fish were introduced in cages in early summer (9" of July 2018). Once every two days, cages
were brushed (to avoid mesh clogging) and daces were visually inspected for potential infections.
After ~3 weeks, dace were collected from their cages and a sampling of fin mucus was performed
to characterize fin microbiota before infection. This amount of time ensured their fin microbiota
shift toward to the local microbiota communities, while infection by T. polycolpus did not occur
(Schmidt et al. 2015, Mohammed and Arias 2015, Lokesh and Kiron 2016 and Chapter 1). All
individuals were anesthetized (using benzocaine) and a swab was sampled on each fin (anal,
caudal, dorsal, pelvic and pectoral) and on the body. Fish were also weighted, measured and
individually tagged using colored elastomers injected at fin insertions. Fish were then gently
replaced in their cage. From that period, cages were checked daily for infection, and a second
swab sampling was performed on surviving daces (68 dace including 21 infected dace) one to
three weeks after the first infections were observed (i.e. about one month and a half after fish

were introduces into the cages). Fish were collected from their cages, measured, weighted,
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closely checked for infection, and a swab was sampled on each fin and on the body (whether or
not they were parasitized) to characterize fin microbiota communities after infection. It is
noteworthy that fin microbiota from fish that remain healthy over time were also characterized,
and were used as “temporal control”. When a parasite was found (34 parasites in total), it was
gently removed and stored in a 50-ml vial containing water from the river for future inspection of
the microbiota of the parasite and of the infecting larvae (see hereafter) as they can be sources of
bacteria colonization during infection. We also collected a water sample at each cage to
characterize the environmental microbiota that can be a source of opportunistic colonization after

infection. All swab samples were stored at -40°C until extraction.

To sum up, the microbiota was sampled on each fin (and the body) before and after infection
occurred, and four main fin categories can be defined according to their status after infection: (i)
microbiota from infected fins (n = 19-22 fins from 14-16 fish), (ii) microbiota form healthy fins
sampled on an infected fish (n = 82-95 fins from 18-20 fish), (iii) microbiota from healthy fins
sampled on healthy fish in a cage where at least one infected fish was observed (n = 132-154 fins
from 21-24 fish), and (iv) microbiota from healthy fins sampled on healthy fish in cages where
no infected fish was observed (n = 60—71 fins from 12 fish). These four categories were surveyed

for their microbiota before and after infection (hence leading to a total of eight groups).

Microbiota of parasites

The microbiota of all parasites was sampled by sequencing bacteria found in the trunk of adult
parasite and in reared parasite larvae. When parasites carried mature egg sacs (7 parasites,
corresponding to 14 egg sacs), they were brought alive to the laboratory in order to obtain
parasite larvae. The two egg sacs were separated from each female parasite using sterile scalpels.

Trunks of adult parasites were store at -40°C until extraction and egg sacs were placed in single
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2mL well from a sterile 24-well plate (see Maze-Guilmo et al. 2016 for details). Wells were filled
with 2 mL natural mineral water (changed every day) until hatching. Well plates were stored in a
thermostat incubator at a temperature close to the one measured in natura during sampling (16°C
+ 1 °C). The thermostat incubator was enlightened every day from 8 am to 8 pm to approximate
natural hatching condition. Once egg sacs hatched, larvae were carefully collected, stored in 2mL
Eppendorf® and kept at -40°C until extraction (~225 larvae, pooled by egg sac). For each

hatching day, a swab sample of mineral water unexposed to the parasites was also collected.

DNA extraction and 16S rRNA gene amplicon sequencing

We followed the same DNA extraction and amplification protocol as Bestion et al. (2017).
Briefly, bacteria DNA of each samples was extracted using a standard protocol for the
purification of total DNA from gram-positive bacteria with the Qiagen DNeasy Blood & Tissue
Kit (Qiagen GmbH, Hilden, Germany). After extraction, the concentration of the resulting
genomic DNA was 10-20 ng/ul. DNA was then amplified using PCR realized in a final volume
of 20 pL including 2 pL of DNA, 10 pL of AmpliTag Gold™ 360 Master Mix (ThermoFisher
Scientific), 0.5 uM of each primer and 3,2 ug of bovine serum albumin. Initial denaturation was
realized at 95°C for 10 minutes followed by 30 cycles of denaturation (95°C for 30 s), annealing
(57°C for 30 s) and elongation (72°C for 90 s) and finally followed by a 7 min final elongation
step at 72°C. We specifically amplified the VV5-V6 region of the 16S rRNA gene (295 bp) using a
pair of universal bacteria primers (BACTB-F: GGATTAGATACCCTGGTAGT; and BACTB-R:
CACGACACGAGCTGACG, Fliegerova et al. 2014). Sample identification was achieved using
unique combination of 8-base tags added in 5” end of each primer. PCR products were purified
(QIAquick PCR purification Kit, Qiagen GmbH, Hilden, Germany) and pooled. A single library

of the amplicon multiplex was prepared accordingly to the MetaFast protocol. Finally sequencing
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was performed at the GeT-PlaGe facility (Toulouse, France) using the sequencer lllumina MiSeq
and 2x250 bp pair-end sequencing technology. Importantly, positive controls (Zymobiomics
Microbial Community DNA Stan) and negative controls (blanks, and air samples realized during
the sampling campaign and during extraction) were included in the sequenced multiplex in order
to investigate extraction and amplification success as well as marker universality, and potential
contamination, respectively. Overall, 842 samples were sequenced (see Table S1 for an overview

of the different type of samples and their number).

Bioinformatic analysis and filtering

Illumina sequencing data were first demultiplexed using the OBITools suite of scripts (Boyer et
al. 2016). Once one file of assembled reads per sample constituted, data were processed using
FROGS (Find Rapidly OTUs with Galaxy Solution, Escudié et al. 2017). Briefly, FROGS first
include one step of pre-processing that de-replicates and filters amplicons according to their
length. We set minimum amplicon size to 200 and maximum amplicon size to 350 so as to target
amplicons of size expected for the V5-V6 region (i.e., 295 bp length) of the bacterial 16S rRNA
gene. Clustering in Operation Taxonomic Units (OTU) was then realized using the swarm
algorithm implemented in FROGS with aggregation distance set to three (Mahé et al. 2014).
Chimera and singletons were removed. Finally, the taxonomic affiliation was performed per OTU
with blast against Silva database (v132, Quast et al. 2012). At the end of FROGS processing, our
OTUs dataset included 38 584 OTUs covering the 842 samples. Finally, using the R package
Phyloseq (McMurdie and Holmes 2013), OTU composition of each sample was rarefied at 2 000
sequences per OTUs to allow samples comparisons and hence discarding 86 samples from further

analysis due to too low OTUs abundances (including all the negative and blank controls). Finally,
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we filtered out OTUs being present in less than 3 samples and being under a frequency of 1%..

The final dataset hence resulted in 4 987 OTUs covering 738 samples.

Statistical analysis

Hypothesis 1: Fin microbiota as a cause of parasite infection

In order to test whether differences in microbiota associated with fin mucus existed prior to
parasite infection (fin microbiota as a cause of infection), we focused on fin microbiota sampled
before infection, and we discarded samples from cages in which all fish remained healthy to
avoid confounding effects due to differences in microhabitat (i.e., cages in which all fish
remained healthy could be in particular habitat with particular microbiota, see Chapter 1). We
expected that the microbiota of fins that will be infected should be different from the microbiota
of fins that remain healthy (differences occur at the fin level), or that the microbiota of fins from
an infected host (regardless whether all fins were indeed infected) should be different from the
microbiota of fins from a healthy host (differences occur at the host level). We used a random

forest classifier model to test these predictions.

We used the R package randomForest (Liaw and Wiener 2002) to build two specific models. In
the first model, we considered only fish that will be parasitized, and we compared the microbiota
of fins that will become infected to those of fins that will remain healthy. In the second model,
we considered —within a specific cage— both fish that will become parasitized and those that will
remain healthy, and we compared the microbiota of fins from a fish that will be infected to that of
fins from a fish that will remain healthy. In the first model we expect difference at the fin level
(within infected fish), whereas in the second model we expect differences at the individual fish

level (between fish that will or not be infected). In the model testing for microbiota differences at
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the fin level, we set the tree number to 4000 and best mtry value was estimated to 35 (assessed
using the tuneRF function). In the model testing for microbiota differences at the individual fish
level, we set tree number to 4000 and best mtry value was estimated to 70. Since each fin
category had heterogeneous number of samples, we constrained in each random forest model the
number of samples used to achieve classification to two third of the minimum sample size (i.e.,
11), and the remaining third was used to estimate error rate. Each time the model aimed to
classify samples in two classes (i.e., infected and healthy) based on OTU relative abundances and
difference extent was estimated base on model Out Of Bag (OOB) error. Finally, microbiota
differences were graphically illustrated using the first axis of a Discriminant Analysis of Principal

Components (DAPC).

Hypothesis 2: Fin microbiota composition as a consequence of parasite infection

In order to test whether parasite infection lead to changes in fin microbiota, we investigated the
temporal dynamics of fin microbial communities during infection. We expected that temporal
shifts (from before to after infection) in fin microbiota should be different between infected and
healthy fins, and that these shifts should be stronger in magnitude in infected- than in healthy
fins. To test these predictions, we considered both before and after infection samples, and healthy
fins from fish that were infected, from fish that remained healthy in cages with at least one
infected fish and from fish that remained healthy in cages where all fish remained healthy
(categories (ii), (iii) and (iv) as described above). Considering these three categories of healthy
fins allowed investigating several temporal “controls”. We conducted a Community Trajectory
Analysis (CTA, De Céaceres et al. 2019) based on a Discriminant Analysis of Principal
Component ran on OTU relative abundances using the R package adegenet (Jombart 2008). The

four categories of fins microbiota samples described above (infected fins and the three healthy
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fins categories), both before and after infection were used as grouping variables. Trajectories
trough time for each fin category were then drawn using the R package vegclust (De Caceres and
De Caceres 2010) and using the DAPC as projection plan. For each trajectory we extracted their
length and computed pairwise Euclidean distances between trajectories. We tested differences in
trajectory length using a Kruskall-Wallis test combined with a post-hoc test correcting for false
discovery rate. Similarly, we tested for differences in trajectory direction (relying on a
comparison of pairwise distances between trajectories) using a manova followed by a pairwise
permutation manova (10 000 permutations) and correcting for false discovery rate using the R

packages vegan and RVaideMemoire (Oksanen et al. 2011, Hervé 2019).

Potential source for host microbiota changes after infection

First we aimed to identify OTUs that most discriminated healthy and infected fins after infection
(i.e., healthy fins from fish in a cage where no infection occurred, and infected fins, in order to
compare the two most contrasted groups). To do so we built a random forest model that classified
healthy fins and infected fins according to their respective OTU relative abundances. We set the
number of tree to 4 000 and estimated the best mtry value to 1 120. As above, we constrained in
the random forest model the number of samples used to achieve classification to two third of the
minimum sample size (i.e., 14) and the remaining third was used to estimate OOB error. We then
assessed OTUs importance to the random forest classifier using the rfPermute R package and
computed p-values on a 1 000 permutations base (Archer 2019). Significant OTUs (i.e., candidate
OTU hereafter) were selected according to the mean decrease of Gini index and at a p-value
threshold of 5%. We further evaluated OTUs significance by building a second random forest

model (number of tree=4 000 and mtry=52) relying only on candidate OTUs in order to compare
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its OOB error to the first random forest including all OTUs. We kept this later model for further

analysis.

Secondly we tested for potential source for OTUs characterizing healthy and infected fins
associated microbiota, namely environmental bacteria (i.e., collected from water samples after
infections), bacteria associated to adult parasites and bacteria associated to parasite larvae. We
classified samples belonging to these three potential sources according to their relative
abundances observed on the set of candidate OTUs using the random forest model previously
established on candidate OTUs. If a source (environmental, adult parasite or parasite larvae)
significantly contributed to either the healthy or infected fin microbiota, we expected that the
random forest model will classify these source samples more often than randomness to the same
class as either healthy or infected fins (meaning they are similar in term of microbiota
composition). We performed a Chi-squared test to test whether these sources were randomly
attributed either to the same class than healthy or infected fins respectively by the random forest
model. We visualized differences between random expectation and observed attribution from the

random forest model using barplot.

Finally, in order to investigate the taxonomic composition of candidate OTUs, we represented
their relative abundances per bacteria family over the whole community for the different potential

source microbiota as well as for healthy fin and infected fins.

Results

Hypothesis 1: Fin microbiota as a cause of parasite infection
Random forest classifiers assuming microbiota differences either at the fin or at the host levels

achieved a low assignment success (OOB error rate, 40% and 66% respectively, Table 1). These
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results strongly suggest that there is no significant difference in host-associated microbiota before
infection between fins that will or not become infected. Based on the models, it is indeed almost
impossible to distinguish microbial communities from fins that will be infected from microbial
communities from fins that will remain healthy (model 1), or microbial communities from fins of
a fish that will be infected from microbial communities from fins belonging to a fish that will

remain healthy (model 2) (Table 1, Fig.1).

Table 1: Table summarizing the error rate per class and the OOB error for the two random forest
models testing microbiota differences before exposure at the fin and the host levels.

Hierarchical level of infection Contrasted groups Class error OOB error
. Infected fins from infected fish 0.653
Model 1 (“fin” level) 0.663
Healthy fins from infected fish 0.706
Fins from infected fish 0.310
Model 2 (“fish" level) 0.399
Fins from healthy fish 0.511
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Figure 1: Violin plot showing for microbiota collected on fins before infection the
corresponding scores on the first axis of a DAPC. NS stands for non-significant differences in
microbiota based on random forest models.
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Hypothesis 2: Host microbiota composition as a consequence of parasite infection

We found significant differences between microbiota trajectories associated with infected fins
and microbiota associated with the different categories of healthy fins, in term of trajectory length
(Kruskal-Wallis chi-squared = 61.067, df = 3, p-value <0.001) and in term of trajectory direction
(Manova F=115.6; df=239,3; p-value=0.001). Specifically, we found that changes —from before
to after infection— in microbial communities of infected fins were significantly stronger in
magnitude (i.e., difference in term of trajectory lengths) than changes measured in all other
healthy fin categories (Fig. 2, Table S2). In the same way, the trajectory direction observed for
the microbial communities of infected fins was significantly different form that of all other
categories of healthy fins (Fig. 2, Table S2). Overall these results suggest that parasite infection
strikingly modify the microbial communities of fins on which it anchored, and that these changes

are different from those that naturally occur over time in the wild (Fig 2).
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Figure 2: a) Scatter plot from the DAPC realized on OTU relative abundances and used as
projection plan to draw microbiota trajectories. b) Mean trajectory over the course of infection for
microbiota associated with infected fins and healthy fins (collected either from an infected fish,
from healthy fish in an infected cage or from a healthy fish in a healthy cage).
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Potential source for host microbiota changes after infection

The first random model classifier we built achieved a very high assignment success (OOB was
3.33% and class errors were 2.89% and 4.76% for healthy and infected fins respectively). Up to
172 OTUs significantly contributed to the decrease of Gini index, and hence to the purity of the
random forest model (Table S3). The significance of these candidate OTUs was further validated
by the second random forest model relying only on these 172 candidate OTUs, since the model
achieved an even lower OOB error (OOB was 2.22% and class errors were 1.45% and 4.76% for

healthy and infected fins respectively).

When considering candidate OTUs, we found that the Burkholderiaceae family was abundant in
both infected fin associated microbiota and parasite associated microbiota (16%, 15% and 4% in
relative abundance in infected fins, adult parasites and parasite larvae respectively), whereas this
family was rare (0.6% and 0.4% in relative abundance in the environment and healthy fins
respectively) in other samples (Figure 3-a). We further investigated the similarity of potential
source of bacteria (i.e., environmental microbiota and/or parasite associated microbiota including
adults and larvae) with either healthy fin or with infected fins using the random forest classifier
based on candidate OTUs. Attributions resulting from the random forest classifier were
significantly different from randomness (Chi-squared=8.956, df=2, p-value=0.011). Specifically,
we found that microbiota associated with parasite larvae was classified more often than chance in
the same class as infected fins (Chi-squared = 9.308, df = 1, p-value = 0.002, Fig. 4). The two
OTUs that mostly contributed to the purity of the random forest classifier indeed showed higher
relative abundances in infected fins and in parasites larvae and both belonged to the

Burkholderiaceae family (Fig. 3-b, Table S3).
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Figure 3: a) Microbiota composition, associated with infected fins, healthy fins, adult parasite,
parasite larvae and surrounding environment. Microbiota composition is drawn at the family
level and for candidates OTUs significantly discriminating healthy fin associated microbiota from
infected fin associated microbiota. Relative abundances over the total community are displayed.
b) Relative abundances (over candidate OTUs) of the two OTUs that had the most significant
effect in term of decrease of Gini index in the random forest classifying infected fin microbiota
and healthy fin microbiota.
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on the random forest model built on candidate OTUs and classifying microbiota associated with
healthy or infected fins. .

Discussion

In this study we aimed to test whether host-associated microbiota was a cause or a consequence
of parasite infection. We relied on a semi-natural experimental approach to monitor host-
associated microbiota over the course of infection. We showed that for the system T. polycolpus-
L. burdigalensis differences in fin associated microbiota did not exist prior to infection, neither at

the fin nor at the host level. On the contrary, parasitic infections triggered important changes in
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host-associated microbiota at the parasite anchoring site level (i.e., fin level). Furthermore, we
were able to demonstrate that the microbiota of infected fins was similar to the microbiota of
parasite larvae, hence suggesting that co-infection dynamics between parasite and their bacteria

could play an important role during the process of infection.

We demonstrated that differences in host-associated microbiota did not exist prior to infection.
Some studies suggested that specific host-associated microbiota prior to infection could favor
parasitic infection, for instance by providing suitable conditions for parasite development (Hayes
et al. 2010) or by impacting host resistance (Buffie and Pamer 2013, Britton and Young 2014).
However, in our case our random model classifiers were unable to properly distinguish
microbiota from either fin or host before exposure depending on whether or not they will be
infected later on. Since we have done comparisons within cages in which at least one fish
experienced parasitic infection over time, environmental conditions were controlled and
homogeneous at the cage level, hence limiting confounding environmental factors. Several
studies have suggested a link between environmental conditions or individual diet and their
associated microbiota (Schwab et al. 2011, Yun et al. 2014, Bergmann et al. 2015). It is thus
likely that microbiota was conditioned by the surrounding environment as defined by the cage
extent hence resulting in similar microbiota among all individuals from a cage and without this
microbiota specifically benefits future T. polycolpus infection. We consequently suggest that
host-associated microbiota is not a direct cause of future infection by T. polycolpus and thus T.

polycolpus infections are not favoured by pre-established host microbiota.

On the contrary, we showed that important changes in microbiota communities occurred
consequently to parasite infection at the fin level. Our Community Trajectory Analysis indeed

underlined significant microbial community changes through the infection course, notably at the
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fin level that is the anchoring site of the parasite. In the studies that have monitored host
microbiota over infection course, changes of host microbiota over time is a typical founding
(Afrin et al. 2019, Gaulke et al. 2019). Such microbiota changes could result from different
strategies notably the decreasing colonization resistance strategy or the weapon strategy (Swe et
al. 2014, Mooney et al. 2015, Reynolds et al. 2015). First, T. polycolpus could have weaken dace
for instance by triggering and/or disrupting host immune response (Lochmiller and Deerenberg
2000, Sandland and Minchella 2003) which could have eased colonization by opportunistic
bacteria from the environment (i.e., Decreasing colonization strategy) (Mooney et al. 2015). In
this case, if immune response decreases or is too costly in energetic demand, the general state of
the host might be impacted and bacteria colonization should be observed at all infected host fins.
Alternatively, T. polycolpus could have disrupted fin microbiota by feeding on fin mucus, and
notably while damaging on host tissues co-infection with T. polyvolpus bacteria could have
occurred (i.e. Weapon strategy) (Fryer 1982, Loot et al. 2004). In this case, local changes are
expected at the parasite anchoring site level (i.e., the infected fin only). Since, we observed that
parasite infection drove the composition of host microbiota in a singular direction at the infected
fin level rather than at the host level, we expect that host microbiota changes observed during T.
polycolpus infection would more likely follow the weapon strategy rather than decreasing

colonization resistance strategy.

We went further by showing that parasite larvae is the most likely source for the bacteria found
on parasitized fins. When investigating the potential sources of host-associated microbiota after
infection we indeed showed that infected fin displayed a microbiota similar to the microbiota
associated with parasite larvae. Such similarities between parasite microbiota and infected fin

microbiota could indicate a potential co-infection dynamics between parasite and its associated
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microbiota (Dheilly et al. 2015, Reynolds et al. 2015). An alternative hypothesis could be that it
is actually the bacteria on parasitized fins that colonize the parasite during infection hence
explaining the similarity between the two microbiota. However, interestingly, we showed that
parasites larvae but not adult parasites had a similar microbiota to those of parasitized fin. Since
parasite larvae were reared in a different and control environment and without being in contact
with host tissue, it is thus likely that parasite associated bacteria colonized infected fins rather
than the opposite. A taxonomic investigation of the most abundant bacteria families of candidate
OTU discriminating healthy and infected fin microbiota further revealed that the
Burkholderiaceae family was quite abundant in both infected fin microbiota and parasite (adult
and larvae) microbiota but not in healthy fin and environmental microbiota (Fig. 3). We
consequently suggest that T. polycolpus likely rely on a weapon strategy (Reynolds et al. 2015)
during infection process with notably a critical role of Burkholderiaceae bacteria. Future works
aiming to identify candidate bacteria species that are likely facilitating T. polycolpus infection
would nevertheless be of prime interest to better understand the role of parasite associated

microbiota in infection process.

To conclude we conducted one of the first studies providing an individual survey of host
microbiota over the course of parasitic infection in natural conditions. We showed that for the
system T. polycolpus-L. burdigalensis host microbiota composition was rather a consequence
than a cause of parasitic infection. We notably identified important host microbiota changes at
the fin level triggered by parasite infection and following a possible co-infection dynamics
between parasite and its associated bacteria. We thus suggest that a complex interaction between
host, parasite, environment and respective microbiota is shaping the infection process. We also

argue for further investigations of these complex interactions in natural setting in order to
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improve our knowledge of relative role of parasite-, host-, environment- and microbiota- related

factors in parasite infection process.
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Supplementary

Table S1: Number of samples per sample type.

Sample type Control Post-infection Pre-infection Replicates Total
Water (parasite rearing environment) 6 6
Water (natural environment) 24 18 42
Healthy fins (from a healthy fish in an 144 125 17 286
infected cage)

Healthy fins (from an infected fish) 89 79 9 177
Infected fins 21 19 1 41
Parasites (larvae) 13 2 15
Parasites (adults) 34 7 41
Negative control 18 18
Mock communities 9 9
Healthy fins (from a healthy fish in a 71 54 6 131
healthy cage)

Extraction control 35 35
Experimenter 2 2
Blank 29 29
Air (parasite rearing environment) 1 1
Air (during sampling campaign) 9 9




Table S2: P-values for the pairwise comparisons between microbial community trajectories
during parasitic infection in term of trajectory length and of pairwise distances

Trajectory length

Healthy fin
From a healthy fish
In a healthy cage

Healthy fin
From a healthy fish
In an infected cage

Healthy fin
From an infected fish

Healthy fin
From a healthy fish
In an infected cage

<0.001

Healthy fin from <0.001 0.169
an infected fish
Infected fin <0.001 <0.001 <0.001
Trajectory pairwise distances
Healthy fin Healthy fin Healthy fin

From a healthy fish
In a healthy cage

From a healthy fish
In an infected cage

From an infected fish

Healthy fin
From a healthy fish
In an infected cage

<0.001

Healthy fin <0.001 0.168 -

From an infected

fish

Infected fin <0.001 <0.001 <0.001
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Table S3: Candidates OTUs from the random forest model aiming at classifying healthy fin associated microbiota and infected fin
associated microbiota. For each candidate is displayed the mean decrease of Gini index, associated p-value, and taxonomic affiliation.

OTUs Mean p-value Kingdom | Phylum Class Order Family Genus Species
Decrease
Gini
Cluster_10 1.041 0.001 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Ideonella Multi-
eria bacteria eriales aceae affiliation
Cluster_15 3.609 0.001 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Multi- Multi-
eria bacteria eriales aceae affiliation affiliation
Cluster_15 0.004 0.001 | Bacteria Armatimon | Armatimonadi | Armatimonadal | Armatimon | Armatimon | unknown
37 adetes a es adaceae as species
Cluster_17 0.014 0.001 | Bacteria Acidobacte | Subgroup 17 unknown order | unknown unknown unknown
07 ria family genus species
Cluster_17 0.014 0.001 | Bacteria Actinobact | Actinobacteria | Pseudonocardia | Pseudonoc | Alloactinos | Actinosynne
9 eria les ardiaceae ynnema mataceae
bacterium
R19-10
Cluster_18 0.002 0.001 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | Chitinopha | unknown unknown
20 es gaceae genus species
Cluster_21 0.015 0.001 | Bacteria Planctomyc | Planctomyceta | Pirellulales Pirellulacea | unknown Multi-
69 etes cia e genus affiliation
Cluster_25 0.010 0.001 | Bacteria Armatimon | Armatimonadi | Armatimonadal | Armatimon | Armatimon | Multi-
22 adetes a es adaceae as affiliation
Cluster_32 0.001 0.001 | Bacteria Proteobact | Deltaproteoba | Desulfobacteral | Desulfobul | Multi- Multi-
45 eria cteria es baceae affiliation affiliation
Cluster_33 0.002 0.001 | Bacteria Verrucomic | Verrucomicrob | Pedosphaerales | Pedosphae | unknown Oikopleura
33 robia iae raceae genus dioica
Cluster_38 0.004 0.001 | Bacteria Acidobacte | Subgroup 17 unknown order | unknown unknown unknown
64 ria family genus species
Cluster_71 0.002 0.001 | Bacteria Proteobact | Deltaproteoba | Myxococcales Sandaracin | Sandaracin | unknown
46 eria cteria aceae us species
Cluster_11 0.019 0.002 | Bacteria Gemmatim | Gemmatimona | Gemmatimonad | Gemmatim | unknown unknown
97 onadetes detes ales onadaceae | genus species
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Cluster_2 0.393 0.002 | Bacteria Multi- Multi- Multi-affiliation | Multi- Multi- Multi-
affiliation affiliation affiliation affiliation affiliation
Cluster_22 0.002 0.002 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | Saprospirac | unknown unknown
00 es eae genus species
Cluster_27 0.279 0.002 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Leptothrix | Multi-
6 eria bacteria eriales aceae affiliation
Cluster_29 0.003 0.002 | Bacteria Bacteroidet | Bacteroidia Cytophagales Spirosomac | Arsenicibac | Cenchrus
75 es eae ter americanus
Cluster_12 0.006 0.003 | Bacteria Proteobact | Gammaproteo | Xanthomonadal | Xanthomon | Arenimona | Multi-
61 eria bacteria es adaceae s affiliation
Cluster_19 0.003 0.003 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Comamona | unknown
19 eria bacteria eriales aceae 3 species
Cluster_26 0.002 0.003 | Bacteria Actinobact | Thermoleophil | Gaiellales unknown unknown unknown
17 eria ia family genus species
Cluster_56 0.001 0.003 | Bacteria Bacteroidet | Bacteroidia Cytophagales Hymenoba | Hymenoba | unknown
45 es cteraceae cter species
Cluster_62 0.003 0.003 | Bacteria Actinobact | Actinobacteria | Streptomycetale | Streptomyc | E1B-B3-114 | Rhacophorus
3 eria S etaceae dennysi
Cluster_85 0.001 0.003 | Bacteria Proteobact | Gammaproteo | Gammaproteob | unknown unknown unknown
82 eria bacteria acteria Incertae | family genus species
Sedis
Cluster_94 0.017 0.003 | Bacteria Bacteroidet | Bacteroidia Cytophagales Microscillac | unknown Multi-
6 es eae genus affiliation
Cluster_1 0.379 0.004 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Neisseriace | Uruburuell | Multi-
eria bacteria eriales ae a affiliation
Cluster_14 0.008 0.004 | Bacteria Bacteroidet | Bacteroidia Cytophagales Spirosomac | Arcicella unknown
53 es eae species
Cluster_22 0.002 0.004 | Bacteria Proteobact | Alphaproteoba | Rhodobacterale | Rhodobact | Paracoccus | Multi-
33 eria cteria s eraceae affiliation
Cluster_22 0.002 0.004 | Bacteria Fusobacteri | Fusobacteriia Fusobacteriales | Leptotrichi | Hypnocycli | unknown
54 a aceae cus species
Cluster_59 0.002 0.004 | Bacteria Actinobact | Actinobacteria | Bifidobacteriale | Bifidobacte | Bifidobacte | Multi-
59 eria s riaceae rium affiliation
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Cluster_12 0.019 0.005 | Bacteria Proteobact | Gammaproteo | Salinisphaerales | Solimonada | unknown unknown
30 eria bacteria ceae genus species
Cluster_13 0.008 0.005 | Bacteria Proteobact | Deltaproteoba | Bdellovibrionale | Bacteriovor | Bacteriovor | unknown
68 eria cteria s acaceae ax species
Cluster_46 0.386 0.005 | Bacteria Proteobact | Gammaproteo | Oceanospirillale | Halomonad | Halomonas | Multi-
eria bacteria s aceae affiliation
Cluster_54 0.001 0.005 | Bacteria Verrucomic | Verrucomicrob | Pedosphaerales | Pedosphae | unknown unknown
60 robia iae raceae genus species
Cluster_72 0.010 0.005 | Bacteria Proteobact | Gammaproteo | Xanthomonadal | Rhodanoba | unknown unknown
9 eria bacteria es cteraceae genus species
Cluster_17 0.004 0.006 | Bacteria Proteobact | Deltaproteoba | Bdellovibrionale | Bdellovibri | Bdellovibri | unknown
76 eria cteria s onaceae o] species
Cluster_37 0.002 0.006 | Bacteria Proteobact | Alphaproteoba | Sphingomonada | Sphingomo | Sphingopyx | unknown
74 eria cteria les nadaceae is species
Cluster_51 0.006 0.006 | Bacteria Proteobact | Gammaproteo | Xanthomonadal | Rhodanoba | unknown unknown
2 eria bacteria es cteraceae genus species
Cluster_64 0.001 0.006 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Beijerinckia | Microvirga | Bradyrhizobiu
90 eria cteria ceae m sp.
Cluster_67 0.043 0.006 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Rhodocycla | C39 Multi-
2 eria bacteria eriales ceae affiliation
Cluster_20 0.007 0.007 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | Chitinopha | unknown unknown
53 es gaceae genus species
Cluster_24 0.001 0.007 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Nitrosomo | mlel-7 unknown
83 eria bacteria eriales nadaceae species
Cluster_24 0.001 0.007 | Bacteria Proteobact | Deltaproteoba | Syntrophobacte | Syntrophac | Desulfobac | unknown
89 eria cteria rales eae ca species
Cluster_49 0.001 0.007 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Rhizobiales | Phreatobac | unknown
51 eria cteria Incertae ter species
Sedis
Cluster_68 0.001 0.007 | Bacteria Patescibact | Saccharimona | Saccharimonada | unknown unknown unknown
33 eria dia les family genus species
Cluster_73 0.006 0.007 | Bacteria Actinobact | Actinobacteria | Corynebacterial | Corynebact | Corynebact | Multi-
6 eria es eriaceae erium affiliation
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Cluster_11 0.001 0.008 | Bacteria Proteobact | Gammaproteo | Pseudomonadal | Moraxellac | Alkanindige | unknown
25 eria bacteria es eae s species
Cluster_19 0.003 0.008 | Bacteria Bacteroidet | Bacteroidia Cytophagales Spirosomac | Arcicella Arcicella sp.
29 es eae
Cluster_48 0.215 0.008 | Bacteria Proteobact | Alphaproteoba | Rhodobacterale | Rhodobact | unknown unknown
eria cteria s eraceae genus species
Cluster_53 0.002 0.009 | Bacteria Acidobacte | Thermoanaero | Thermoanaerob | Thermoana | Subgroup unknown
6 ria baculia aculales erobaculac | 10 species
eae
Cluster_70 0.001 0.009 | Bacteria Proteobact | Alphaproteoba | Caulobacterales | Parvularcul | Amphiplica | unknown
04 eria cteria aceae tus species
Cluster_36 0.005 0.010 | Bacteria Multi- Multi- Multi-affiliation | Multi- Multi- Multi-
71 affiliation affiliation affiliation affiliation affiliation
Cluster_45 0.002 0.010 | Bacteria Actinobact | Actinobacteria | Corynebacterial | Mycobacte | Mycobacte | Multi-
7 eria es riaceae rium affiliation
Cluster_86 0.001 0.010 | Bacteria Proteobact | Deltaproteoba | Bdellovibrionale | Bdellovibri | Bdellovibri | unknown
62 eria cteria S onaceae o] species
Cluster_87 0.009 0.010 | Bacteria Proteobact | Alphaproteoba | Sphingomonada | Sphingomo | Novosphin | unknown
5 eria cteria les nadaceae gobium species
Cluster_92 0.001 0.010 | Bacteria Bacteroidet | Bacteroidia Sphingobacteria | AKYH767 unknown metagenome
64 es les genus
Cluster_28 0.001 0.011 | Bacteria Bacteroidet | Bacteroidia Cytophagales Microscillac | unknown unknown
12 es eae genus species
Cluster_29 0.030 0.011 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Massilia Multi-
8 eria bacteria eriales aceae affiliation
Cluster_50 0.001 0.011 | Bacteria Bacteroidet | Bacteroidia Flavobacteriales | Weeksellac | Chryseobac | Chryseobacte
66 es eae terium rium sp.
Cluster_14 0.002 0.012 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Nitrosomo | mlel-7 unknown
54 eria bacteria eriales nadaceae species
Cluster_16 0.002 0.012 | Bacteria Nitrospirae | Nitrospira Nitrospirales Nitrospirac | Nitrospira unknown
27 eae species
Cluster_23 0.001 0.012 | Bacteria Verrucomic | Verrucomicrob | Verrucomicrobi | Verrucomic | unknown unknown
68 robia iae ales robiaceae genus species
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Cluster_44 0.271 0.012 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Sphaerotilu | unknown
eria bacteria eriales aceae s species
Cluster_9 0.251 0.012 | Bacteria Proteobact | Gammaproteo | Multi-affiliation | Multi- Multi- Multi-
eria bacteria affiliation affiliation affiliation
Cluster_29 0.001 0.013 | Bacteria Bacteroidet | Bacteroidia Cytophagales Microscillac | unknown Sedum
84 es eae genus alfredii
Cluster_47 0.001 0.013 | Bacteria Actinobact | Actinobacteria | Corynebacterial | Corynebact | Corynebact | Multi-
96 eria es eriaceae erium 1 affiliation
Cluster_89 0.001 0.013 | Bacteria Planctomyc | Planctomyceta | Pirellulales Pirellulacea | Blastopirell | unknown
29 etes cia e ula species
Cluster_98 0.004 0.013 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Devosiacea | Devosia unknown
4 eria cteria e species
Cluster_19 0.002 0.014 | Bacteria Proteobact | Deltaproteoba | Oligoflexales Oligoflexac | Silvanigrell | Multi-
6 eria cteria eae a affiliation
Cluster_28 0.002 0.014 | Bacteria Actinobact | Actinobacteria | Propionibacteri | Nocardioid | Aeromicrob | Multi-
74 eria ales aceae ium affiliation
Cluster_42 0.003 0.014 | Bacteria Proteobact | Deltaproteoba | Myxococcales Haliangiace | Haliangium | unknown
7 eria cteria ae species
Cluster_74 0.017 0.014 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Variovorax | unknown
7 eria bacteria eriales aceae species
Cluster_15 0.001 0.016 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | unknown unknown
586 eria bacteria eriales aceae genus species
Cluster_19 0.001 0.016 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Nitrosomo | MND1 unknown
16 eria bacteria eriales nadaceae species
Cluster_22 0.007 0.016 | Bacteria Bacteroidet | Bacteroidia Flavobacteriales | Weeksellac | Chryseobac | Multi-
68 es eae terium affiliation
Cluster_26 0.005 0.016 | Bacteria Proteobact | Alphaproteoba | Rhodospirillales | Rhodospiril | unknown Multi-
95 eria cteria laceae genus affiliation
Cluster_29 0.001 0.016 | Bacteria Actinobact | Acidimicrobiia | unknown order | unknown unknown metagenome
39 eria family genus
Cluster_48 0.011 0.018 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | unknown unknown unknown
9 es family genus species
Cluster_49 0.006 0.018 | Bacteria Planctomyc | vadinHA49 unknown order | unknown unknown unknown
6 etes family genus species
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Cluster_10 0.001 0.019 | Bacteria Dependenti | Babeliae Babeliales Babeliacea | unknown Multi-
317 ae e genus affiliation
Cluster_17 0.001 0.019 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Nitrosomo | Ellin6067 unknown
60 eria bacteria eriales nadaceae species
Cluster_6 0.217 0.019 | Bacteria Firmicutes | Bacilli Lactobacillales Streptococ | Streptococ | Streptococcus
caceae cus varani
Cluster_69 0.013 0.019 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Rhizobiace | Mesorhizo | Multi-
9 eria cteria ae bium affiliation
Cluster_12 0.001 0.020 | Bacteria Proteobact | Alphaproteoba | Reyranellales Reyranellac | Reyranella | Multi-
41 eria cteria eae affiliation
Cluster_17 0.001 0.020 | Bacteria Acidobacte | Blastocatellia Blastocatellales | Blastocatell | unknown unknown
75 ria (Subgroup 4) aceae genus species
Cluster_18 0.010 0.020 | Bacteria Proteobact | Gammaproteo | Vibrionales Vibrionace | Photobacte | unknown
79 eria bacteria ae rium species
Cluster_20 0.001 0.020 | Bacteria Proteobact | Gammaproteo | Beggiatoales Beggiatoac | Beggiatoa metagenome
63 eria bacteria eae
Cluster_45 0.002 0.020 | Bacteria Actinobact | Thermoleophil | Solirubrobacter | Solirubroba | Conexibact | unknown
89 eria ia ales cteraceae er species
Cluster_75 0.002 0.020 | Bacteria Proteobact | Alphaproteoba | Rhodobacterale | Rhodobact | Paracoccus | Multi-
3 eria cteria s eraceae affiliation
Cluster_17 0.003 0.021 | Bacteria Acidobacte | Subgroup 6 unknown order | unknown unknown unknown
66 ria family genus species
Cluster_37 0.036 0.021 | Bacteria Gemmatim | Gemmatimona | Gemmatimonad | Gemmatim | unknown Multi-
1 onadetes detes ales onadaceae | genus affiliation
Cluster_55 0.001 0.021 | Bacteria Firmicutes | Bacilli Bacillales Bacillaceae | Bacillus Multi-
68 affiliation
Cluster_21 0.002 0.022 | Bacteria Proteobact | Deltaproteoba | Bdellovibrionale | Bdellovibri | Bdellovibri | Multi-
16 eria cteria s onaceae o] affiliation
Cluster_33 0.004 0.022 | Bacteria Proteobact | Alphaproteoba | Rickettsiales SM2D12 unknown unknown
32 eria cteria genus species
Cluster_83 0.004 0.023 | Bacteria Proteobact | Alphaproteoba | Rickettsiales Rickettsiac | Candidatus | unknown
1 eria cteria eae Megaira species
Cluster_32 0.002 0.024 | Bacteria Actinobact | Actinobacteria | Corynebacterial | Corynebact | Corynebact | Multi-
23 eria es eriaceae erium 1 affiliation
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Cluster_38 0.00 0.024 | Bacteria Proteobact | Alphaproteoba | unknown order | unknown unknown unknown
56 eria cteria family genus species
Cluster_15 0.004 0.025 | Bacteria Proteobact | Deltaproteoba | Bdellovibrionale | Bdellovibri | Bdellovibri | unknown
60 eria cteria s onaceae o] species
Cluster_69 0.008 0.025 | Bacteria Proteobact | Gammaproteo | Betaproteobact | SC-1-84 unknown unknown
7 eria bacteria eriales genus species
Cluster_16 0.001 0.026 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Chitinimon | Chitinivora | Multi-
93 eria bacteria eriales adaceae X affiliation
Cluster_14 0.001 0.027 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Multi- Multi-
77 eria bacteria eriales aceae affiliation affiliation
Cluster_25 0.002 0.027 | Bacteria Planctomyc | Planctomyceta | Gemmatales Gemmatac | unknown unknown
60 etes cia eae genus species
Cluster_48 0.001 0.027 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | unknown unknown
20 eria bacteria eriales aceae genus species
Cluster_16 0.002 0.028 | Bacteria Actinobact | Actinobacteria | Micrococcales Multi- Multi- Multi-
91 eria affiliation affiliation affiliation
Cluster_24 0.000 0.028 | Bacteria Proteobact | Alphaproteoba | Caulobacterales | Caulobacte | Caulobacte | Multi-
66 eria cteria raceae r affiliation
Cluster_25 0.000 0.028 | Bacteria Proteobact | Gammaproteo | Gammaproteob | unknown Candidatus | unknown
81 eria bacteria acteria Incertae | family Ovatusbact | species
Sedis er
Cluster_32 0.000 0.028 | Bacteria Planctomyc | Planctomyceta | Pirellulales Pirellulacea | unknown metagenome
60 etes cia e genus
Cluster_57 0.001 0.028 | Bacteria Actinobact | MB-A2-108 unknown order | unknown unknown unknown
54 eria family genus species
Cluster_62 0.009 0.028 | Bacteria Bacteroidet | Ignavibacteria | OPB56 unknown unknown unknown
9 es family genus species
Cluster_19 0.002 0.029 | Bacteria Planctomyc | Planctomyceta | Pirellulales Pirellulacea | Pirellula metagenome
56 etes cia e
Cluster_27 0.000 0.030 | Bacteria Verrucomic | Verrucomicrob | Pedosphaerales | Pedosphae | unknown unknown
07 robia iae raceae genus species
Cluster_11 0.003 0.031 | Bacteria Proteobact | Alphaproteoba | Sphingomonada | Sphingomo | Sphingomo | unknown
27 eria cteria les nadaceae nas species
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Cluster_16 0.003 0.031 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | Saprospirac | unknown unknown
52 es eae genus species
Cluster_5 0.178 0.031 | Bacteria Proteobact | Gammaproteo | Vibrionales Vibrionace | Salinivibrio | Multi-

eria bacteria ae affiliation
Cluster_66 0.001 0.031 | Bacteria Firmicutes | Clostridia Clostridiales Clostridiace | Multi- Multi-
38 ael affiliation affiliation
Cluster_69 0.002 0.031 | Bacteria Proteobact | Gammaproteo | Betaproteobact | T34 unknown metagenome
3 eria bacteria eriales genus
Cluster_63 0.000 0.032 | Bacteria Proteobact | Alphaproteoba | Rickettsiales Mitochondr | unknown unknown
77 eria cteria ia genus species
Cluster_96 0.010 0.032 | Bacteria Actinobact | Actinobacteria | Multi-affiliation | Multi- Multi- Multi-
6 eria affiliation affiliation affiliation
Cluster_13 0.001 0.033 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Hyphomicr | Hyphomicr | Multi-
90 eria cteria obiaceae obium affiliation
Cluster_35 0.001 0.033 | Bacteria Proteobact | Alphaproteoba | Acetobacterales | Acetobacte | unknown unknown
39 eria cteria raceae genus species
Cluster_11 0.002 0.034 | Bacteria Actinobact | Thermoleophil | Solirubrobacter | Solirubroba | Patulibacte | Patulibacter
39 eria ia ales cteraceae r brassicae
Cluster_11 0.000 0.034 | Bacteria Planctomyc | Planctomyceta | Gemmatales Gemmatac | unknown unknown
957 etes cia eae genus species
Cluster_14 0.007 0.034 | Bacteria Verrucomic | Verrucomicrob | Pedosphaerales | Pedosphae | unknown unknown
11 robia iae raceae genus species
Cluster_25 0.003 0.034 | Bacteria Acidobacte | Acidobacteriia | Solibacterales Solibactera | Bryobacter | unknown
49 ria ceae species

(Subgroup
3)

Cluster_39 0.001 0.034 | Bacteria Proteobact | Gammaproteo | Enterobacterial | Enterobact | Escherichia | unknown
0 eria bacteria es eriaceae -Shigella species
Cluster_55 0.001 0.034 | Bacteria Proteobact | Deltaproteoba | Myxococcales Sandaracin | unknown unknown
98 eria cteria aceae genus species
Cluster_72 0.000 0.034 | Bacteria Proteobact | Deltaproteoba | Oligoflexales Oligoflexac | unknown unknown
20 eria cteria eae genus species
Cluster_11 0.001 0.036 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Devosiacea | Devosia Multi-
79 eria cteria e affiliation
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Cluster_13 0.004 0.036 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Rhodocycla | unknown unknown
26 eria bacteria eriales ceae genus species
Cluster_19 0.003 0.036 | Bacteria Bacteroidet | Bacteroidia Sphingobacteria | env.OPS 17 | unknown unknown
66 es les genus species
Cluster_31 0.001 0.036 | Bacteria Proteobact | Gammaproteo | Oceanospirillale | Pseudohon | Blyil0 metagenome
66 eria bacteria s giellaceae

Cluster_40 0.000 0.036 | Bacteria Proteobact | Gammaproteo | Enterobacterial | Enterobact | Yersinia unknown
58 eria bacteria es eriaceae species
Cluster_79 0.001 0.036 | Bacteria Actinobact | Actinobacteria | Kineosporiales Kineosporia | Quadrispha | unknown
83 eria ceae era species
Cluster_94 0.001 0.036 | Bacteria Bacteroidet | Bacteroidia Bacteroidales Prolixibacte | unknown unknown
8 es raceae genus species
Cluster_15 0.002 0.037 | Bacteria Firmicutes | Bacilli Bacillales Paenibacill | Paenibacill | Multi-

50 aceae us affiliation
Cluster_24 0.001 0.037 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Hyphomicr | Pedomicro | unknown
88 eria cteria obiaceae bium species
Cluster_25 0.022 0.037 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Massilia Multi-

1 eria bacteria eriales aceae affiliation
Cluster_15 0.012 0.038 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Multi- Multi- Multi-

53 eria bacteria eriales affiliation affiliation affiliation
Cluster_17 0.002 0.038 | Bacteria Verrucomic | Verrucomicrob | Verrucomicrobi | Verrucomic | unknown unknown
50 robia iae ales robiaceae genus species
Cluster_19 0.007 0.038 | Bacteria Proteobact | Gammaproteo | Oceanospirillale | Halomonad | Halomonas | Multi-

49 eria bacteria s aceae affiliation
Cluster_22 0.003 0.038 | Bacteria Proteobact | Gammaproteo | Ga0077536 unknown unknown unknown
07 eria bacteria family genus species
Cluster_43 0.002 0.038 | Bacteria Gemmatim | Longimicrobia | Longimicrobiale | Longimicro | unknown unknown
1 onadetes S biaceae genus species
Cluster_48 0.001 0.038 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Neisseriace | unknown unknown
72 eria bacteria eriales ae genus species
Cluster_11 0.003 0.039 | Bacteria Bacteroidet | Bacteroidia Sphingobacteria | Sphingobac | Nubsella unknown
84 es les teriaceae species
Cluster_39 0.000 0.039 | Bacteria Planctomyc | OM190 unknown order | unknown unknown unknown
72 etes family genus species
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Cluster_40 0.065 0.039 | Bacteria Proteobact | Alphaproteoba | Caulobacterales | Caulobacte | Brevundim | Multi-
8 eria cteria raceae onas affiliation
Cluster_55 0.011 0.040 | Bacteria Bacteroidet | Bacteroidia Cytophagales Microscillac | unknown unknown
7 es eae genus species
Cluster_18 0.004 0.042 | Bacteria Proteobact | Deltaproteoba | Myxococcales mlel-27 unknown unknown
98 eria cteria genus species
Cluster_20 0.002 0.042 | Bacteria Firmicutes | Clostridia Clostridiales Peptostrep | Acetoanaer | Multi-
85 tococcacea | obium affiliation
e
Cluster_58 0.008 0.042 | Bacteria Proteobact | Alphaproteoba | Rickettsiales Anaplasmat | Neoricketts | unknown
9 eria cteria aceae ia species
Cluster_20 0.003 0.043 | Bacteria Proteobact | Gammaproteo | Xanthomonadal | Xanthomon | Lysobacter | unknown
23 eria bacteria es adaceae species
Cluster_28 0.002 0.043 | Bacteria Bacteroidet | Bacteroidia Sphingobacteria | NS11-12 unknown Multi-
39 es les marine genus affiliation
group
Cluster_29 0.000 0.043 | Bacteria Bacteroidet | Bacteroidia Bacteroidales Dysgonom | Dysgonom | Dysgonomon
44 es onadaceae | onas as sp.
Cluster_3 0.149 0.043 | Bacteria Actinobact | Actinobacteria | Actinomycetales | Actinomyce | Actinomyce | Actinomyces
eria taceae s marimammali
um
Cluster_26 0.002 0.044 | Bacteria Proteobact | Deltaproteoba | MBNT15 unknown unknown unknown
33 eria cteria family genus species
Cluster_64 0.001 0.044 | Bacteria Actinobact | Thermoleophil | Solirubrobacter | Solirubroba | Solirubroba | Multi-
7 eria ia ales cteraceae cter affiliation
Cluster_77 0.000 0.044 | Bacteria Actinobact | Acidimicrobiia | IMCC26256 unknown unknown unknown
09 eria family genus species
Cluster_63 0.001 0.045 | Bacteria Bacteroidet | Bacteroidia Flavobacteriales | Flavobacter | Ulvibacter | unknown
01 es iaceae species
Cluster_12 0.001 0.046 | Bacteria Chloroflexi | Ktedonobacter | C0119 unknown unknown unknown
384 ia family genus species
Cluster_16 0.000 0.046 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | Chitinopha | Dinghuibac | unknown
89 es gaceae ter species




S0¢

Cluster_57 0.021 0.046 | Bacteria Bacteroidet | Bacteroidia Flavobacteriales | Flavobacter | Flavobacter | unknown
7 es iaceae ium species
Cluster_62 0.002 0.046 | Bacteria Proteobact | Gammaproteo | Aeromonadales | Aeromonad | Tolumonas | bacterium
6 eria bacteria aceae YT0325
Cluster_24 0.002 0.047 | Bacteria Proteobact | Alphaproteoba | Rhodobacterale | Rhodobact | unknown metagenome
97 eria cteria s eraceae genus
Cluster_60 0.001 0.047 | Bacteria Proteobact | Alphaproteoba | Rhizobiales Rhizobiales | unknown unknown
34 eria cteria Incertae genus species
Sedis

Cluster_72 0.000 0.047 | Bacteria Bacteroidet | Bacteroidia Chitinophagales | unknown unknown metagenome
71 es family genus
Cluster_17 0.000 0.048 | Bacteria Proteobact | Alphaproteoba | Sphingomonada | Sphingomo | Novosphin | unknown
32 eria cteria les nadaceae gobium species
Cluster_19 0.001 0.048 | Bacteria Firmicutes | Bacilli Lactobacillales Enterococc | Enterococc | Enterococcus
9 aceae us lactis
Cluster_13 0.001 0.049 | Bacteria Bacteroidet | Rhodothermia | Rhodothermale | Rhodother | unknown unknown
17 es S maceae genus species
Cluster_77 0.114 0.049 | Bacteria Proteobact | Gammaproteo | Betaproteobact | Burkholderi | Pelomonas | Multi-

eria bacteria eriales aceae affiliation
Cluster_84 0.001 0.049 | Bacteria Actinobact | Actinobacteria | Actinomycetales | Actinomyce | Actinomyce | Multi-
7 eria taceae s affiliation
Cluster_87 0.001 0.049 | Bacteria Proteobact | Deltaproteoba | Oligoflexales Oligoflexac | unknown metagenome
26 eria cteria eae genus
Cluster_75 0.003 0.050 | Bacteria Proteobact | Gammaproteo | Legionellales Legionellac | Legionella Multi-

eria bacteria eae affiliation
Cluster_90 0.010 0.050 | Bacteria Proteobact | Gammaproteo | Oceanospirillale | Pseudohon | Blyil0 unknown
0 eria bacteria S giellaceae species
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Discussion génerale et Perspectives

Au cours de ma these, je me suis attachée a mieux comprendre le processus d’infection
parasitaire en milieu naturel. L’objectif ¢était d’identifier le role relatif des facteurs
environnementaux abiotiques, liés a 1’hote, au parasite et au microbiote dans le succés d’une
infection parasitaire. De maniére plus globale, j’espére avoir amené des éléments nouveaux et des
pistes de réflexion qui permettront de mieux appréhender les interactions entre espeéces,

notamment quant aux mécanismes évolutifs et écologiques les rendent possibles.

Les mécanismes de I’interaction parasitaire : effets environnementaux,

génomiques et effets des communautés bactériennes.

Le role de ’environnement a I’échelle micro-géographique sur la probabilité de rencontre

Un des apports originaux de ces travaux de thése porte sur I’étude du processus d’infection a
I’échelle micro-géographique, qui dans ce cas correspond a un trongon de riviere de quelques
centaines de metres structurée en plusieurs facies (radiés, zones calmes, profondes ou peu
profondes etc.). Une échelle spatiale aussi fine est trés rarement considérée que ce soit en ce qui
concerne 1’étude des interactions hote-parasite ou bien plus généralement en écologie évolutive
(Richardson et al. 2014). Dans le cadre de cette thése, j’ai pu mettre en évidence que certains
microhabitats au sein d’un trongon de riviére constituent des points chauds d’infection pour T.
polycolpus alors que d’autres, au contraire constituent des points froids (Chapitre I). Des patrons
spatiaux d’infections en points chauds et froids avaient déja été documentés a large échelle
spatiale (Ramirez-Sierra et al. 2010, Bousema et al. 2010, Murphy et al. 2012) ainsi qu’a
I’échelle locale (eg., a 1’échelle d’un parc, (Jennett et al. 2013) ou dans un rayon de 12 km

(Thamm et al. 2009)), mais je documente ici un des rares exemple d’une telle distribution a
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1I’échelle micro-geographique. Il est intéressant de souligner que les études qui mettent en avant
des points chauds d’infections a I’échelle locale portent elles aussi sur des ectoparasites
monoxenes tels que les tiques, les puces (Thamm et al. 2009, Jennett et al. 2013) ou d’autres
ectoparasites de poisson tels que les Argulus (Poulin and FitzGerald 1989). Ces parasites se
caractérisent, comme T. polycolpus, par de faible fécondité lorsque comparés a certains parasites
hétéroxénes ayant plusieurs phases multiplicatives (Turner et al. 1995, Mackinnon and Read
1999, Ebert et al. 2000). Aussi particulierement pour ces ectoparasites, la répartition des stades
infestants dans des (micro-)habitats favorables semble étre un mécanisme facilitateur de la

rencontre et qui pourrait compenser 1’absence d’autres stratégies.

Chez T. polycolpus il apparait que les microhabitats favorables a la rencontre sont des zones
d’eau profondes (entre soixante centimétres et un meétre) mais sont aussi des microhabitats qui
assurent un brassage de I’eau (vitesse du courant de 0.4 m/s a 1m/s). Les zones d’eau calmes
(généralement caractérisees par de faibles vitesses de courant mais ce peut étre aussi le cas des
zones profondes) sont supposées favoriser la survie mais également la transmission des stades
larvaires chez les parasites monogénes ou copépodes (Barker and Cone 2000b, Bjork and
Bartholomew 2009b). Toutefois il apparait qu’un certain brassage de 1’eau (tel que reflété par
I’effet de la vitesse du courant sur les risques d’infections) pourrait étre nécessaire, afin par
exemple d’accroitre les fréquences de contact entre T. polycolpus et ses hotes, notamment en
remettant en suspension les larves infestantes qui sont peu mobiles par elles-mémes (Samsing et
al. 2015). Quoi qu’il en soit, il est intéressant de souligner que les points chauds d’infection se
caractérisent par des facteurs environnementaux congrus dans le temps et I’espace. Ceci est un
apport nouveau par rapport aux attendus théoriques qui suggéraient jusqu’a lors qu’une

variabilité aléatoire de I’environnement pouvait suffire a ménager des zones de rencontre
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preférentielles (Gourbiere et al. 2015). Une congruence des caracteristiques environnementales
des microhabitats favorables a 1’infection sous-entend notamment qu’il serait possible d’établir
des prédictions quant aux risques d’infection a I’¢chelle micro-géographique basées sur la mesure

de variables environnementales.

Une perspective intéressante afin d’étudier le réle des facteurs environnementaux sur le processus
d’infection serait de replacer cette étude a 1’échelle micro-géographique dans une dynamique
temporelle. J’ai montré que d’une année sur I’autre les points chauds d’infections se situaient
dans les mémes zones du trongon de riviere considéré (notamment en aval des chaussées,
Chapitre 1). Toutefois, les rivieres sont des environnements particulierement dynamiques du fait
des variations du niveau d’eau qui peuvent affecter non seulement 1’abondance des espéces
localement (Taylor and Warren 2001) mais aussi la structuration spatiale en microhabitats. Ainsi,
une prochaine étape pourrait étre de tester comment la probabilité de rencontre entre hote et
parasite peut étre modulée par la dynamique spatiale et temporelle de I’environnement micro-
géographique. Ceci est particulierement pertinent dans le cadre des changements globaux actuels
qui aménent a des perturbations environnementales de plus grande amplitude mais aussi plus

difficiles a anticiper (Alley et al. 2003, Stireman et al. 2005, Bauder 2005).

Le role des facteurs génomiques de I’hdte et du parasite sur la compatibilité

Au cours de mes travaux de thése, j’ai par ailleurs considéré le role des bases moléculaires de la
compatibilité entre hote et parasite dans le processus d’infection. J’ai abordé ce théme sous deux
aspects : d’une part j’ai évalué le rdle de la structure et de la composition génomique des
populations hotes a large échelle spatiale sur le processus d’infection et plus particuliérement sur
I’acquisition de resistance, et d’autre part le réle de la plasticité transcriptomique des parasites sur

leur capacité a exploiter de nouvelles especes hotes alternatives (i.e., généralisme d’hote).
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Tracheliastes polycolpus présente une distribution hétérogéne au sein des bassins versants
francais. En dépit d’un fort potentiel colonisateur du parasite (Rey et al. 2015), les vandoises
situées dans les bassins versant Nord-Est ne sont pas infectées. En combinant un modeéle de
distribution d’espéces base sur des variables environnementales abiotiques (eg., température,
composition paysagere, fragmentation ...) ainsi que biotiques (i.e., se rapportant a I’hote du
parasite, eg., taux d’hétérozygotie, taille ...) et une approche de génomique des populations, j’ai
ainsi montré que la distribution actuelle de T. polycolpus était vraisemblablement limitée par le
patrimoine génomique de ses populations hétes plutdét que par les facteurs environnementaux
(Chapitre I1). En effet, les bassins versants ou aucune infection n’a été enregistrée a ce jour sont
occupés par une population de vandoises génomiquement différente des populations de vandoises
présentant des infections. D’autre part, en contrdlant pour la structure génomique des populations
hotes, 90 variations nucléotidiques présentes chez les hétes et directement associées aux patrons
de prévalence de T. polycolpus ont été identifiées. Ce résultat suggére que la structure et la
composition génomique des populations hotes peuvent conférer a certaines populations hotes une
résistance face a un parasite émergeant, ce qui peut contraindre en retour la dynamique

d’expansion du parasite.

En ce qui concerne les facteurs génomiques du parasite, j’ai mis en avant le role de la plasticité
transcriptomique dans la capacité d’un parasite a exploiter plusieurs espéces hotes (Chapitre IlI).
Cent vingt genes différentiellement exprimés ont été identifiés chez T. polycolpus selon I’espéce
hote exploitée. Une analyse des processus biologiques sous-jacents a également permis de mettre
en avant deux stratégies d’exploitation mises en place par le parasite suivant qu’il infecte une
espece hote principale ou bien une espéce hote alternative. Lorsque T. polycolpus infecte son hote

principal, les processus biologiques impliqués dans la machinerie cellulaire sont surexprimes, ce
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qui pourrait expliquer a terme que les parasites de vandoises sont géneralement de taille plus
importante et produisent plus d’ceufs que les parasites trouvés sur un hoéte alternatif tel que le
vairon (Lootvoet et al. 2013). Sur les hétes alternatifs, en revanche T. polycolpus semble investir
dans I’acquisition d’énergie en sur-exprimant des fonctions liées soit au métabolisme énergétique
soit a I’activité musculaire qui conditionne son activité de nutrition. L’investissement dans
I’acquisition énergétique des parasites presents sur les hotes alternatifs reflete vraisemblablement
un mecanisme compensatoire face a une ressource différente (Agosta et al. 2010). Ainsi
I’exploitation d’hotes alternatifs bien que permise par des ajustements plastiques resterait
néanmoins sub-optimale par rapport a 1’exploitation de 1’espéces hote principale (Araujo et al.

2015, De Fine Licht 2018).

Le réle de la plasticité dans la capacité d’un parasite a faire face a de nouvelles conditions
biotiques telle que représentées par une nouvelle espéce héte est un résultat en accord avec
plusieurs études théoriques (Agosta et al. 2010, Araujo et al. 2015, De Fine Licht 2018). La
plasticité est un mécanisme facilitateur qui a déja été documenté chez des parasites faisant face a
de nouvelles conditions biotiques et abiotique (eg., la condition de I'néte ou bien la température
ambiante, Cameron et al. 2013, Birget et al. 2017, Shocket et al. 2018). Par exemple, Hébert et al.
(Hébert et al. 2017) ont montré que chez un parasite hétéroxene (Schistocephalus solidus, qui
utilise successivement 1’épinoche et un oiseau piscivore), d’importants ajustements
transcriptomiques accompagnent la transition entre héte intermédiaire et hote définitif. En
particulier, des génes impliqués dans les voies neurales et la perception sensorielle sont
surexprimés chez 1’hdte intermédiaire, vraisemblablement pour soutenir les modifications
comportementales qu’occasionne ce parasite, tandis que chez I’hote définitif, une activation des

genes impliqués dans la reproduction est observée (Hébert et al. 2017). L’étude présentée en
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Chapitre 111 de cette these constitue quant a elle un des premiers exemples mettant en évidence le
role de la plasticité dans la capacité d’un parasite a utiliser des espéces hotes alternatives. Or, la
capacité d’un parasite a exploiter différentes especes hotes est a la base des phénomenes de
transfert d’hotes qui conditionnent fortement la dynamique d’adaptation de la plupart des

parasites emergents (spill-over, spill-back, (Thompson et al. 2009)).

Role des communautés bactériennes
Enfin, ces travaux de thése ont apporté de nouveaux éléments quant au réle des communautés
bactériennes (associées a 1’hdte, au parasite et/ ou a I’environnement) dans le processus

d’infection parasitaire (Chapitre 1V).

Certaines études suggéraient que la composition du microbiote de 1’héte pouvait influencer les
infections parasitaires en fournissant des conditions favorables au développement du parasite
(Hayes et al. 2010) ou bien en accroissant la résistance de I’hote contre les parasites (Buffie and
Pamer 2013, Britton and Young 2014). Dans le Chapitre IV de cette thése, j’ai considéré le
microbiote du mucus des vandoises, qui constitue la premiére barriére de défense contre les
pathogénes chez les poissons et les amphibiens (Subramanian et al. 2005, Alvarez-Pellitero
2008). Toutefois par le déploiement d’un suivi individuel, j’ai pu explicitement tester le role du
microbiote associ¢ a I’hdte avant infection dans le processus d’infection et montrer que le
microbiote des vandoises n’était pas une cause directe de I’infection par T. polycolpus. En
revanche les conditions environnementales a 1’échelle du microhabitat qui elles influencent de
maniere directe les probabilités d’infection (chapitre II) pourraient également influencer la
composition du microbiote qui s’établit chez les hotes sans pour autant que celui-Ci ne présage

des potentielles infections.
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Par ailleurs, j’ai mis en évidence que les infections parasitaires par T. polycolpus provoquent
d’importants changements au sein du microbiote associé a 1’hote et ceci de maniére tres localisée,
a savoir au niveau du site d’ancrage du parasite. J’ai également montré que la composition des
communautés bactériennes des larves de T. polycolpus est proche de celle des communautés
bactériennes associées aux nageoires parasitées. Ceci suggere que le microbiote du parasite
pourrait jouer un rdle important dans le processus d’infection probablement via une dynamique
de co-infection qui faciliterait 1’exploitation de 1’hdte par le parasite (Weapon strategy, (Dheilly
et al. 2015, Reynolds et al. 2015). J’ai notamment mis en évidence que la famille bactérienne des
Burkholderiaceae était abondante (4-16% du microbiote) a la fois dans les communautés de
nageoires parasitées et chez le parasite tant au stade larvaire qu’au stade adulte. Une prochaine
étape pour le futur serait donc de caractériser plus précisément certaines de ces bactéries, qui
semblent avoir un rdle important dans les infections par T. polycolpus, a la fois au niveau

taxonomique mais également au niveau fonctionnel.

De maniére générale, la prise en compte du microbiote associé a I’hdte, au parasite ou bien a leur
environnement commun est une thématique de recherche qui connait un essor récent. Nous
connaissons actuellement un changement de perspective quant aux interactions hote-parasites qui
tendent a non plus seulement étre considérées comme une interaction bipartite mais plutét comme
une interaction faisant intervenir un cortége de bactéries en plus du parasite (Dheilly 2014,
Bordenstein and Theis 2015). Cette nouvelle direction s’avére stimulante et prometteuse et
amenera vraisemblablement a une meilleure compréhension des facteurs qui modulent les

interactions parasitaires.
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Les mécanismes d’infection dans le contexte de I’agrégation parasitaire et des

maladies émergentes.

Meécanismes d’infection et agrégation parasitaire

Les distributions agrégées au sein des populations hotes sont une caractéristique commune a la
grande majorité des parasites (Crofton 1971, Shaw et al. 1998, Poulin 2007). En d’autres termes,
pour certains hotes les conditions permettant 1’infection parasitaire (i.e., ouverture du filtre de
rencontre et du filtre de compatibilité) sont particulierement favorables. Aussi il est intéressant de
se questionner sur la maniere dont les mécanismes présentés précédemment pourraient permettre
d’aboutir a ce phénoméne d’agrégation parasitaire. En considérant les différents résultats amenés
au cours de ces travaux de thése dans leur ensemble il est possible d’envisager des liens causaux
et/ou synergétiques entre plusieurs mécanismes qui favorisent 1’infection parasitaire et qui

pourraient ainsi aboutir a de I’agrégation parasitaire (Fig. 8).
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Figure 8 : Représentation d’un scénario possible pouvant amener a de 1’agrégation parasitaire
basé sur les résultats décrits dans cette these. Les fleches noires représentent les liens causaux et
les fleches orange les effets synergétiques. Les hexagones représentent les évenements de
colonisation de 1’hote. Les rectangles arrondis représentent les réponses de 1’hote et les signes (+
et -) indiquent de quels maniere cette réponse est affectée. Les rectangles entourés de pointillés
représentent selon quel processus les liens causaux peuvent se faire.

D’abord il est probable que les infections passées des hotes puissent influencer leur probabilité
d’étre réinfectés dans le futur et ainsi amener a des patrons d’agrégation parasitaire. Dans une
étude complémentaire a ces travaux de thése (Annexe 1), j’ai notamment montré que T.
polycolpus avait trés probablement des effets en cascade sur son héte. Les vandoises parasitées
par T. polycolpus sont de moins bonnes compétitrices face a des congéneres sains et ceci se

traduit au niveau de la niche trophique qui est différente entre vandoises saines et parasitees
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(Annexe I). Bien que la niche trophique ne se superpose pas a 1’habitat effectivement occupé, il
est néanmoins probable que les poissons parasités occupent alors des habitats de moins bonnes
qualités —a savoir les microhabitats identifiés comme favorables a I’infection parasitaire— du fait
de leurs plus faibles performances dans un contexte de compétition (Chapitre I, Annexe 1). Cette
hypotheése est renforcée par le fait que des points chauds d’infections ont été identifiés en milieu
naturel alors que dans ce cas le mouvement des hotes n’était pas entravé (Chapitre 1). Une telle
agrégation spatiale des hotes parasités en ces points chauds d’infections suggere que les hotes
parasités sont moins mobiles que les individus sains et se retrouvent alors confinés dans des
zones particulierement favorables aux infections (Poulin 2007, Paull et al. 2012, Gourbiére et al.
2015). Or les vandoises fortement parasitées font justement preuve d’une locomotion ralentie
lorsqu’elles sont mises en compétition avec des congénéres moins parasités (Annexe 1),
vraisemblablement a cause des dégradations de nageoires causées par T. polycolpus (Fig. 6, Loot
et al. 2004). Ainsi I’agrégation parasitaire pourrait résulter des modifications induites sur 1’hdte
une fois un premier parasite acquis ce qui favoriserait les conditions nécessaires a 1’acquisition de
parasites supplémentaires dans une dynamique de cercle vicieux (Fig. 8, (Beldomenico and

Begon 2010)).

D’autre part il pourrait exister des effets synergétiques notamment entre les infections parasitaires
a proprement parler et les infections par les bactéries associées au parasite (Chapitre 1V, Fig. 8).
Bien que nous ignorions a ce jour si certaines de ces bactéries sont pathogénes pour les hétes de
T. polycolpus, cette hypothese reste néanmoins fortement probable. En effet, une analyse de
I’expression des génes des vandoises parasitées par rapport a des vandoises saines (Annexe 1), a
réveélé que les vandoises parasitées exprimaient au niveau de la nageoire des fonctions impliquées

dans la réponse immunitaire dirigées a 1’encontre de bactéries (response to bacterium, Annexe |

216



Fig. 4-a). En conséquence la dynamique de co-infection entre T. polycolpus et certaines bactéries
potentiellement pathogénes pourrait contribuer a fragiliser les hotes parasités (notamment en
contribuant au colt de la réponse immunitaire) par rapport aux infections parasitaires futures.
Toutefois un examen plus approfondi du potentiel pathogenique des bactéries qui sont retrouvées
a la fois chez T. polycolpus et dans le mucus des nageoires des vandoises parasitées serait

nécessaire pour tester cet effet synergétique.

Mécanismes d’infection et maladies émergeantes

Tracheliastes polycolpus est un parasite émergent et invasif en France (Rey et al. 2015). Aussi
par rapport aux mécanismes modulant le succes d’infection que j’ai documenté dans cette these,
il est important de s’interroger sur la part des facteurs qui pourraient plus particulierement
expliquer la dynamique d’invasion de certains parasites émergents. Les parasites émergents
résultent bien souvent de leur introduction dans de nouveaux endroits via la translocation de
quelques hoétes originels (Bazsalovicsova et al. 2011, Arbetman et al. 2013, Rey et al. 2015,
Kuchta et al. 2018). Toutefois, le potentiel invasif de ces parasites requiert que le parasite
parvienne a exploiter de nouvelles especes hotes locales avec lesquelles il ne dispose pas d’une
longue histoire co-évolutive (Thompson et al. 2009). Ainsi, bien souvent si le filtre de rencontre
se trouve ouvert par I’introduction du parasite, les facteurs agissant sur le filtre de compatibilité

guant a eux sont déterminants pour la dynamique de colonisation du parasite.

Le patrimoine génomique des populations hétes est par exemple un facteur agissant sur le succes
d’infection qui se trouve étre particulierement déterminant pour un parasite invasif (Chapitre 11).
Le fait que les différences génomiques entre hotes puissent influencer le processus d’infection
parasitaire a 1’échelle individuelle (de I’hdte), n’est pas en soit un résultat nouveau (Bernatchez

and Landry 2003, Wegner et al. 2003, Aguilar et al. 2016). Pourtant la plupart des modéles de
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prediction des aires de distribution futures de parasites a ce jour se basent uniquement sur des
variables environnementales et tardent a prendre en compte les facteurs qui peuvent influencer la
compatibilité entre héte et parasite tel que le patrimoine génomique de 1’hote (Peterson et al.
2019, Razgour et al. 2019, Byers et al. 2019). De nombreux modeles de distributions d’espéces
appliqués a des parasites a ce jour prédisent par exemple des expansions des aires de distribution
des parasites ou de leurs vecteurs vers le Nord, consequemment aux évolutions des températures
(Loiseau et al. 2013, Altizer et al. 2013, Carter 2018). Il est intéressant de noter qu’en se référant
au modele de distribution d’espece pour T. polycolpus établi dans le chapitre Il, lui-méme basé
sur des variables environnementales, une expansion dans les bassins versants Nord-Est aurait été
prédite a tort, et cela bien que ce modéle prenne déja en compte un certain nombre de variables
décrivant 1’hdte en tant qu’environnement biotique du parasite (tel que la taille ou le niveau
d’hétérozygotie). Ainsi, la structure et la composition génomique des populations hotes parce
qu’elles conditionnent en partie la compatibilit¢ d’un parasite vis-a-vis de son hdte sont des
éléments a prendre en compte et particulierement pour considérer le succes des parasites

émergents.

De maniére analogue le réle de la plasticité transcriptomique mis en avant chez T. polycolpus
dans sa capacité a exploiter plusieurs especes hétes (Chapitre Ill) fait également partie des
mécanismes qui peuvent influencer le succes des interactions parasitaires en général mais aussi
tout particulierement le succés des parasites émergents. En effet pour les parasites natifs, une
longue histoire co-évolutive vis-a-vis de leurs especes hétes peut favoriser par sélection naturelle
une adaptation du parasite a ses hotes (Ebert 1994). Pour les parasites émergents a contrario si
leur espece hote n’est pas présente dans leur aire d’introduction alors leur survie et leur potentiel

colonisateur reposent sur leurs capacités a mettre en place des mécanismes a court terme leur
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permettant d’exploiter de nouvelles espéces hotes locales (Agosta et al. 2010, De Fine Licht
2018). Tracheliastes polycolpus a été introduit dans les bassins versants francais seulement
depuis les années 1920 (Rey et al. 2015), ce qui suppose une courte histoire évolutive, tout
particulierement préjudiciable vis-a-vis de ses hotes alternatifs qui constituent une ressource
¢éloignée de I’hote originel de T. polycolpus dans son aire native (i.e., Leuciscus idus, Galicka
and Penczak 1989, Sobecka et al. 2004, Lootvoet et al. 2013). Or, j’ai justement montré que T.
polycolpus parvenait a exploiter de nouvelles espéces hotes en s’appuyant sur la plasticité sans
pour autant que du polymorphisme génomique sous-sélection selon 1’espéce hote parasitée soit
détecté (Chapitre I11). La plasticité constituerait donc un mécanisme que les parasites émergents
peuvent déployer a court terme et de prime abord face a I’exploitation des espéces hétes locales
qui sont présentes dans I’aire d’introduction. Enfin il est important de mentionner que T.
polycolpus est un parasite généraliste dans son aire native (des cas d’infection par T. polycolpus
ont été également répertoriés chez L. walekii (Yamaguti 1940) ou encore L. cephalus (Barzegar
and Jalali 2009)). Il est donc possible que des parasites qui présentent déja un certain degré de
plasticité pour a minima exploiter plusieurs especes hotes soient plus 8 méme de s’établir et de se

propager en dehors de leurs aires natives.

Une prochaine étape stimulante pourrait concerner la conciliation du réle du patrimoine
génomique des populations hotes et de la plasticité chez le parasite dans les dynamiques
d’invasion. En effet, T. polycolpus s’avére limité dans sa dynamique d’invasion de certains
bassins versants frangais a cause de la divergence génomique d’une population hote locale
(population résistante) (Chapitre II). Cependant, par plasticité ce parasite s’avere capable
d’exploiter des hotes appartenant a des especes éloignées (Chapitre I1I, (Lootvoet et al. 2013)).

Une perspective, notamment pour le cas de T. polycolpus, pourrait ainsi étre de s’interroger sur
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les bénéfices (i.e., colonisation favorisée en s’appuyant sur plus d’espéces hotes potentielles) et
les codts (i.e., une exploitation sub-optimale de chaque espéce hote) associés a I’exploitation des
especes hotes alternatives et leurs roles dans la persistance et le processus de colonisation d’un
parasite émergent. Dans des travaux presentés en annexe (Annexe Ill), je renseigne en particulier
un déclin démographique et génétique drastique au sein d’une métapopulation de vandoises
présentant jusqu’a lors de trés forts taux de parasitismes par T. polycolpus (Lootvoet et al. 20133,
Mathieu-Begné et al. 2019b). Ce déclin démographique des populations hotes a également
occasionné une forte baisse de I’intensité parasitaire au sein des vandoises de cette
métapopulation de 2004 a 2014 (Fig. 9). Il serait particuliérement intéressant de s’interroger sur
I’intensité parasitaire de T. polycolpus sur ses especes alternatives suite a la diminution drastique
de I’abondance de son héte principal. Deux attendus peuvent étre formulés : soit la plasticité de
T. polycolpus n’est pas suffisante pour lui permettre de se maintenir sur les hotes alternatifs et
dans ce cas I’intensité parasitaire sur les hotes alternatifs devrait également décroitre au cours du
temps (attendu 1) ; soit la plasticité permet de soutenir les effectifs de T. polycolpus sur les
especes hotes alternatives et dans ce cas a mesure que ’intensité parasitaire sur I’hote principal
diminue, celle sur les especes alternatives devrait s’accroitre (attendu 2). L’attendu 1 pourrait étre
plus probable puisque j’ai montré que lorsque la population locale hote principale est résistance
(i.e., pas ou peu d’hotes principaux exploitables pour T. polycolpus) la distribution de T.
polycolpus est limitée (Chapitre 1) mais aussi parce que sa réponse plastique est sub-optimale sur
les hotes alternatifs (Chapitre III). Quoi qu’il en soit, une telle étude sur 1’exploitation des hotes
alternatifs suite a une diminution démographique drastique de 1’hdte principal pourrait
définitivement éclairer la compréhension genérale du réle du filtre de compatibilité dans la

persistance et la dynamique d’invasion de certains parasites.
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Figure 9 : lllustration a) du déclin démographique observé entre 2005 et 2014 de la méetapopulation de vandoises situee dans la riviéere
Viaur (par rapport a I’expansion démographique de la métapopulation de la riviere C¢lé) et b) du déclin de I’intensité parasitaire du
parasite T. polycolpus sur les vandoises du Viaur sur la méme période de temps. Les lignes pleines signifient des tendances temporelles
significatives et celle en pointillé une tendance non significative.



Echelle de travail et perspective holistique dans I’étude des interactions hote-

parasites

Une des constatations plus transversale qui ressort également de ces travaux de these est que
différentes échelles de travail révélent différentes facettes du processus d’infection parasitaire.

Dés lors, une vision holistique s’avére appropriée a 1’étude des interactions hotes-parasites.

Les interactions hote-parasite a différentes échelles spatiales

D’abord il est intéressant de remarquer que Si I’interaction hote-parasite est considérée a 1’échelle
micro-géographique (Chapitre I) ou bien a 1I’échelle macro-géographique (Chapitre 1) différents
facteurs influencant le succeés de I’infection peuvent étre mis en évidence. A I’échelle micro-
géographique, j’ai mis en évidence un réle important des facteurs environnementaux (tels que la
profondeur de la colonne d’eau et la vitesse du courant, Chapitre I) sur les patrons d’infection
spatiaux de T. polycolpus. A contrario a 1’échelle macro-géographique, cette fois les facteurs
environnementaux ne permettaient pas de rendre compte de la distribution spatiale de T.
polycolpus et j’ai plutot mis en évidence le role du patrimoine génomique des populations hotes
notamment dans la limite d’aire de distribution de T. polycolpus. L’étude du processus
d’infection parasitaire a plusieurs niveaux de résolution est donc primordiale afin de capturer les
différents facteurs qui conditionnent le succés de I’infection parasitaire et qui sont sensibles a

I’échelle spatiale.

Les interactions hote-parasite a différents niveaux d’organisation biologique

Une meilleure compréhension du processus d’infection parasitaire nécessite également une vision
globale pour mieux appréhender les interactions parasitaires dans un contexte écosystémique.
Dans une des annexes de cette thése (Annexe 1) je présente une étude intégrative des impacts de
T. polycolpus sur la vandoise rostrée de 1’échelle moléculaire a 1’échelle populationnelle. J’ai
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notamment mis en évidence que T. polycolpus déclenchait une réponse immunitaire générale
chez son hote trés probablement au détriment des processus métaboliques basaux. D’autre part, a
I’échelle populationnelle, les individus parasités présentaient également de plus faibles
performances dans un contexte de compétition mais aussi des niches trophiques différentes, sans
pour autant que les compétences a 1’échelle strictement individuelle ne soient influencées par le
parasite. En donnant ainsi une vision de [I’interaction hote-parasite a différents niveaux
d’organisation biologique, d’une part il a pu étre montré que les impacts des parasites sur leurs
hotes pouvaient étre dépendants des interactions que 1’hote entretient avec ses congéneres ou bien
avec ses proies. D’autre part une hypothése, quant aux liens causaux existant entre les effets
proximaux chez I’hote a 1’échelle moléculaire et leurs répercussions en effets indirects a plus
large échelle biologique, a pu étre formulée (i.e., des effets en cascade provoqués par le codt de la

réponse immunitaire, Annexe I).

Les interactions hote-parasite au-dela de I’interaction bipartite

Les interactions hote-parasites sont des interactions complexes qui, dans les populations
naturelles, s’intégrent a un contexte d’interactions plus larges. Plusieurs études ont déja suggeré
I’importance de prendre en compte les interactions hote-parasites en écologie des communautés
de par I’important role régulateur que les parasites peuvent avoir sur les autres interactions
(Bernstein et al. 2002, Wood et al. 2007, Sato et al. 2012). Toutefois, les interactions hote-
parasites sont également influencées par les autres interactions qu’entretiennent les hotes (Maller
2008). Au cours de ces travaux de thése j’ai par exemple montré que les effets d’un parasite sur
son héte peuvent étre exacerbés par les interactions de compétition que les hotes entretiennent
entre eux et se traduire au niveau de leurs interactions trophiques (Annexe I) avec de possibles

boucles de retroaction sur le succés des infections futures (Fig. 8). D’autre part, dans le chapitre
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IV il a été mis en évidence que les interactions de I’hote et du parasite vis-a-vis de leurs
communautés bactériennes respectives jouaient un réle important par rapport au déroulement du
processus d’infection parasitaire. Plusieurs études récentes proposent également de s’appuyer sur
la notion d’holobionte afin de considérer non seulement 1’interaction entre 1’hdte et son parasite
mais plus généralement d’y inclure I’interaction entre le cortége de bactéries qui leur sont
associées (Dheilly 2014, Bordenstein and Theis 2015). Deux perspectives intéressantes
concernant 1’étude du processus d’infection seraient ainsi d’une part la prise en compte des
interactions entre interactions (Mgller 2008) et d’autre part d’intégrer pleinement la notion

d’holobionte hote et holobionte parasite dans 1’étude des interactions parasitaires.

Vers une vision holistique et intégrative des interactions héte-parasites

De maniére générale, 1’étude des interactions parasitaires est un champ disciplinaire qui se
caractérise par la pluralité des approches qui y sont déployées afin de capturer la complexité de
ces interactions (Altizer et al. 2003, Schmid Hempel 2011, Clark and Clegg 2017). C’est
pourquoi au cours de ces travaux de these des approches variées telles que des approches
purement expérimentales (Annexe 1), des approches semi-expérimentales en populations
naturelles (Chapitre | et 1V), des approches descriptives (Chapitre 1T et III) et ’utilisation de
divers outils de génomiques (Rad-seq, RNAs-seq et Métabarcoding, Chapitre II, 111 et IV) ont été
combinées. L’étude des déterminants environnementaux et génomiques sous-jacents a la
distribution spatiale de T. polycolpus (Chapitre 11) comme 1’étude des impacts de T. polycolpus
sur son hoéte a différents niveaux d’organisations biologiques (Annexe 1) sont deux exemples
notables qui illustrent le pouvoir des approches intégratives a apporter une compréhension
approfondie du processus d’infection parasitaire. De plus en plus, la recherche en biologie

s’engage dans une vision plus intégrative necessitant le déploiement d’approches holistiques qui
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tendent & concilier plusieurs champs disciplinaires (Borer et al. 2011, Matthews et al. 2011,
Gunderson et al. 2017). Dans les années a venir, ceci constitue un enjeu majeur de la recherche
pour la compréhension des interactions hote-parasites (Restif et al. 2012), mais également pour la

compréhension de nombreux autres processus évolutifs et écologiques.

Les notions de filtre de rencontre et de compatibilité par-dela les interactions
hote-parasite

Les notions de filtres de rencontre et de compatibilité ont été centrales aux travaux exposés au
sein de cette these. Ces notions ont permis en particulier de comprendre a quel niveau du
processus d’infection parasitaire chaque facteur envisagé pouvait moduler son succes (eg.,
I’environnement micro-géographique qui agit sur le filtre de rencontre, la plasticité qui agit sur le
filtre de compatibilité). Les notions de filtres de rencontre et de compatibilité ont été développées
pour étre appliquées a la compréhension des interactions étroites et durables (Combes 2001).
Toutefois je pense que dans une certaine mesure, ces notions et les mécanismes sous-jacents qui
en découlent, peuvent également s’appliquer a la compréhension des conditions qui favorisent

bon nombre d’interactions du vivant (Fig. 10).
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Figure 10 : Schéma adaptée de Bartomeaus et a. (Bartomeus et al. 2016) qui illustre la place des
notions de filtre de rencontre et de filtre de compatibilité dans I’é¢tude des réseaux d’interaction en
général. En bleu sont indiqués les processus qui se réferent au filtre de rencontre (la filtration par
I’habitat qui conditionne 1’abondance et la co-occurrence des especes) et en orange les processus
qui se réferent au filtre de compatibilité (concordance des traits morphologiques, physiologiques
et comportementaux). L’ensemble de ces processus conditionne la possibilité de chaque
interaction et donc la structure du réseau d’interaction qui elle-méme peut avoir des effets

Network structure

rétroactifs sur la dynamique de la communauté d’espéces.
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Une question fondamentale en écologie des communautés est par exemple de comprendre
pourquoi les espéces entrent ou non en interaction. Quel que soit le type d’interaction considéré,
plusieurs auteurs s’accordent notamment sur le fait que la co-occurrence entre les espéces n’est
pas une condition suffisante (Poisot et al. 2015, Gonzalez-Varo and Traveset 2016, Bartomeus et
al. 2016). La co-occurrence entre les espéces n’en est pas moins une premiére condition
nécessaire a 1’interaction, et dans une certaine mesure, elle se superpose a la notion de filtre de
rencontre (Fig. 10). A ce jour en ce qui concerne les interactions du vivant au sens large, le filtre
de rencontre est surtout pris en compte du point de vue de la densité entre les individus de deux
espéces amenées ou non a interagir. Par exemple plus deux espéces sont abondantes plus leurs
probabilités d’interaction seraient élevées (Altizer et al. 2003, Paull et al. 2012, Bartomeus et al.
2016). Aussi une premicre étape pour mieux prédire l’interaction entre des espéces serait
d’affiner notre vision des facteurs qui vont moduler leur rencontre, par exemple en prenant en
compte les effets environnementaux (notion d’habitat filtering,(Bartomeus et al. 2016), Fig. 10)
et tout particuliérement a différentes échelles spatiales comme j’ai pu le montrer au cours de cette

thése.

D’autre part, certains auteurs suggerent que pour qu’une interaction entre espéces ou individus se
produise, leurs traits morphologiques, physiologiques et comportementaux doivent étre
compatibles (Fig. 10, (Gonzalez-Varo and Traveset 2016, Bartomeus et al. 2016)). Cette notion
de trait matching se superpose grandement a la notion de filtre de compatibilité et est
particulierement invoquée pour expliquer les liens manquants dans un réseau d’interaction (i.e.,
forbiden links,(Bartomeus et al. 2016), c’est-a-dire pourquoi bien que deux espéces puissent se
rencontrer celles-ci n'interagissent pas. Par exemple si le diamétre d’un fruit est trop grand, alors

la capacit¢ d’un prédateur a l’ingérer pourra étre entravée et ainsi empécher 1’interaction
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(Wheelwright 1985, Olesen et al. 2011). Dans ces travaux de thése, j’ai tout particuliérement mis
en avant les facteurs génomiques qui pouvaient moduler la compatibilité entre les acteurs d’une
interaction. Cette composante du filtre de compatibilité n’est pas inclue a ce jour dans la notion
de trait matching. Une prise en compte notamment de la variabilité et de la structure génomique
des populations, mais aussi de la plasticité transcriptomique au sein des espéces susceptibles
d’interagir pourrait étre également un élément prometteur pour améliorer notre compréhension

des conditions qui amenent certaines especes, populations ou individus a interagir.

Enfin quel que soit le type d’interaction auquel les notions de filtre de rencontre et de
compatibilité s’appliquent, il pourrait étre pertinent de tendre vers une vision moins binaire de ces
filtres. L’exemple du role de la plasticité dans 1’exploitation sub-optimale des espéces hotes
alternatives de T. polycolpus (Chapitre I11) suggére notamment que le filtre de compatibilité,
plutdt qu’un filtre ouvert ou fermé, pourrait étre envisagé comme un goulot d’étranglement qui
permet 1’exploitation d’espéces hotes de maniére plus ou moins efficace selon un gradient de
compatibilité. A un certain point le goulot d’étranglement pourrait se fermer lorsque la
population d’hote locale est totalement résistante au parasite (Chapitre II) ou bien I’espece hote
trop éloignée de la ressource principale du parasite pour lui permettre de 1’exploiter. Bien que
plus complexe cette vision graduelle des notions de filtres de rencontre et de compatibilité
pourrait permettre une compréhension plus fine des interactions du vivant telles qu’elles se

produisent dans la nature.

En conclusion, les notions de filtres de rencontre et de compatibilité sont des notions importantes
car elles donnent un cadre propice a I’identification des mécanismes qui sous-tendent certaines
interactions et tout particuliérement les interactions étroites et durables. Toutefois, ces notions

pourraient également étre affinées et intégrées a 1’étude des interactions du vivant en général,
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permettant ainsi d’améliorer notre compréhension des facteurs écologiques et évolutifs qui
conditionnent la propension des espéces a interagir. Or, comprendre les mécanismes qui
permettent aux interactions du vivant de se produire est un enjeu majeur pour tendre vers une
meilleure anticipation des conséquences des changements globaux sur la biodiversité et le

fonctionnement des écosystemes.

Conclusion

Les interactions du vivant sont une composante essentielle de la biodiversité. Comprendre les
mécanismes qui sous-tendent les interactions entre especes est au cceur d’une anticipation
éclairée de la réponse des individus, des populations et des communautés face aux changements
globaux actuels. Au cours de ces travaux de thése, je me suis plus particulierement penchée sur
les interactions hotes-parasites afin d’en étudier les mécanismes. Il ressort que le déploiement
d’approches intégratives est essentiel afin de considérer a la fois les facteurs écologiques mais
aussi évolutifs qui fagconnent les interactions hotes-parasites au travers différents niveaux de
complexité, a la fois en terme d’échelle spatiale, de niveaux d’organisation biologique, mais
aussi en terme de contexte interactif. J’espere par ces travaux avoir amené des €léments qui
permettront de mieux appréhender le processus d’infection parasitaire et tout particulieérement de
mieux anticiper les risques et les conséquences liés a I’émergence de pathogéenes qui sont au ceeur

des enjeux sociétaux actuels.
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Annexes

En annexe trois travaux complémentaires & ma these sont présentés.

L’Annexe | correspond a une étude a différents niveaux d’organisation de I’infection parasitaire
et de ses conséquences pour 1’hdte. Cette etude rassemble prés de dix ans de travaux sur le
systeme T. polycolpus-L. burdigalensis coordonnés par Géraldine Loot et Simon Blanchet. Cette
¢tude met particuliérement en exergue les potentiels effets en cascade d’un parasite sur son hote
et tente de faire le lien entre les effets directs et indirects des parasites sur leurs hotes en

proposant une vision englobante.

L’Annexe Il correspond a une note technique sur 1’assemblage du transcriptome de T.

polycolpus, qui constitue la ressource de base sur laquelle s’appuie le chapitre II de cette thése.

L’Annexe 111 correspond a un suivi démographique et génétique de deux métapopulations de
vandoises rostrées sur une période de dix ans (de 2004 a 2014). Cette étude renseigne notamment
I’association entre un déclin démographique dans 1’une des métapopulations de vandoises et la
perte de diversité génétique mesurée sur des marqueurs neutres. Enfin cette étude mets I’accent
sur I’impact de la structure en métapopulation et le role des populations locales —en tant que

source ou puit d’individus ou bien d’alleles— dans les déclins démographiques et génétiques.
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Abstract

Ecological interactions can be studied at different levels of biological organization, from
molecular to ecosystem levels. However, studies generally focus on one or a few levels of
organization at a time, hence limiting our ability to generate integrative predictions. Here, we
aimed at measuring the responses of a host to an ectoparasite, from the molecular level to the
population level using a set of complementary approaches. We used the ectoparasitic copepod
Tracheliastes polycolpus and its main host the rostrum dace (Leuciscus burdigalensis, a
freshwater fish species) as model species, and we tested whether —and how- this parasite
generates cascading effects from molecules to populations. Specifically we tested whether T.
polycolpus altered the whole gene expression (in three different tissues), the functional responses,
the competitive ability and the trophic niche of L. burdigalensis. We showed that parasitized
hosts —compared to healthy ones— over-expressed genes related to immune processes at the
expense of genes related to metabolism, suggesting an energetic trade-off imposed by the
parasite. We further showed that parasitized hosts were poorer competitors (i.e., they had a lower
access to feeding resources) compared to healthy hosts, although the functional response of hosts
was not affected. Finally, the parasite modified the trophic niche of its hosts, which suggests
potential impacts of the parasite at biological levels broader than the population. We concluded
that T. polycolpus has a strong effect at the molecular level (with a costly immune response
expressed in parasitized hosts) that generated cascading effects on other biological levels, notably
those concerning interactions with the prey community of hosts. By using complementary tools,
this study is one of the first at demonstrating how a parasite can affect the host biology at
multiple biological scales, which illustrates the usefulness of integrative studies for dissecting the

complexity of ecological interactions.

249



Introduction

Parasites have strong impacts on their host at several biological levels of organization, from the
molecular to the ecosystem levels. These levels are hierarchically structured, as within host
processes at the lowest level underlie among-host processes in populations, and host populations
interact with non-host populations in ecosystems. Depending on the biological level host-parasite
interactions are studied, host response to parasite usually refer to different outputs (Schmid
Hempel 2011). Having an overview of these interactions is a complex task but essential to
provide a deeper understanding of evolutionary and ecological processes governing the conflicts

between hosts and parasites.

At the molecular level, studies have mainly focused on how parasites can alter host gene
expression and notably induce activation of genes and molecular pathways related to host
immune defenses (Thompson and Kavaliers 1994, Richman 1997, Adamo 2002). Also, some
parasites were shown to directly regulate gene expression in host brain underlying a parasite
strategy that induces behavioral changes in the host to promote parasite transmission (Adamo
2013, Feldmeyer et al. 2016, Ontoria et al. 2018). At the individual level, parasite impacts on host
usually refer to direct phenotypic alterations that are eventually associated with a fitness cost for
the host (Lehmann 1993, Lafferty and Morris 1996, Wolinska et al. 2004). Some studies have
also focus on how parasites could alter the life-history traits of their hosts such as growth,
fecundity, behavior or dispersal (Agnew et al. 2000, Loot et al. 2004, Horky et al. 2014). Finally,
these direct effects on host phenotype and life-history traits are supposed to possibly modify
interactions between parasitized hosts and healthy conspecifics through 'parasitic arbitration’,
which ultimately modulate the community structure and the whole ecosystem functioning

(through top-down or bottom-up effects, Bernstein et al. 2002, Wood et al. 2007, Sato et al.
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2012). However, even if there are evidences of parasite impacts at the different biological levels
of organization, previous studies have mainly focused on one or a few levels at a time, hence

limiting our ability to reach a global overview of interactions between parasites and their hosts.

There are still some examples of multi-level studies that have brought a broader vision of the role
of parasites than the one restricted to pathogenic effects of parasites on hosts, and that stands at
the core of many definitions of parasitism (Hatcher et al. 2012). Multi-levels studies especially
highlighted trait-mediated effects of parasites at the community level, in addition to direct effects
on their hosts (Mouritsen and Poulin 2005, Wood et al. 2007, Sato et al. 2012). For instance, the
impact of some trematode parasites on the burying behavior of their cockle hosts have been
shown to positively affect the species richness of the whole community (Mouritsen and Poulin
2005). In another study, Sato et al. (2012) have shown that nematomorph parasites, by
manipulating their cricket hosts into committing suicides by jumping into water, released the
predation pressure of fish predators on benthic aquatic invertebrates which consequently
decreased the benthic algae biomass and increased the leaf break-down rate. Such multi-levels
and integrative studies have thus greatly improved our understanding of the role of parasites,

notably by identifying parasite-mediated effects on ecosystem functioning (Hatcher et al. 2012).

However, so far multi-level studies integrated parasite impacts on their hosts from the individual
level to the population level or to the community level, whereas parasite effects occurring at the
molecular level remain mainly studied independently (Bankers et al. 2017). At the molecular
level the impact of parasite is usually measured on the expression of genes or their resulting
proteins (Chetouhi et al. 2015, McTaggart et al. 2015). With the development of advanced
genomic-based approaches, more candidates (proteins and genes) not necessarily related to

immunity can now be addressed, which opens new avenue to study the proximate impacts of
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parasites on their hosts (Robledo et al. 2014, Feldmeyer et al. 2016). Nevertheless, relating these
proximate effects of parasites occurring at the molecular level to the consequences for host
fitness at broader levels remain difficult since it would require i) a reciprocal measure of host
response at the molecular level and of host fitness at other levels of organization, and ii) to
combine a set of appropriate experimental and descriptive approaches dedicated to each level of
biological organization. Usually molecular studies rely on the inference of the functional
processes in which specific genes or protein candidates are involved without measuring parasite
impacts on hosts at broader biological levels of organization (but pathogenic effects of parasite
on host, Chetouhi et al. 2015, McTaggart et al. 2015, Ronza et al. 2016). Hence, although
challenging, empirical multi-level studies are required to formulate solid hypotheses regarding
the causal links between proximate processes occurring at the molecular and/or individual levels

and trait-mediated processes that occur at the population or the community levels.

We aimed to conduct an integrative study in order to address the impacts of parasite on host at
different biological levels of organization. To do so we focused on the ectoparasitic copepod
Tracheliates polycolpus and its main host in southwestern France, the cyprinid Leuciscus
burdigalensis (i.e., the rostrum dace). Tracheliastes polycolpus usually anchors on the fins of its
host where it feeds on epithelium and mucus, hence causing fin degradation (Loot et al. 2004).
The T. polycolpus-L. burdigalensis system fits well our purpose since T. polycolpus is not
directly lethal for its host but have important pathogenic impacts (Loot et al. 2004, Blanchet et al.
2009a). Furthermore, the main host of T. polycolpus, the rostrum dace, is a gregarious fish
species (small shoal of 3-5 individuals usually) feeding on invertebrates. With such a model it is
thus possible to measure how both conspecific interactions and trophic interactions influence the

impact of the parasite on its hosts. Hence, both direct effects and indirect trait-mediated effects of
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T. polycolpus on its host can be investigated. Finally, Tracheliastes polycolpus is also an
emerging parasite in French River Basins (Rey et al. 2015a) hence constituting an interesting

model for the integrative study of emerging parasite impacts on local host populations.

More precisely, in this study we aimed to measure the impact of T. polycolpus on L.
burdigalensis through four main objectives each related to one level of organization (Fig. 1). At
the molecular level, we used a transcriptomic approach in order to test whether parasitized dace
had a different pattern of gene expression and use different molecular pathways compare to
healthy ones (O1). At the individual level we used an experimental approach to test whether T.
polycolpus could alter the functional response (i.e., the intake rate of a consumer as a function of
food density) of its hosts (O2). At the population level, we used an experimental approach to test
whether T. polycolpus can affect the competitive performances of its hosts (compared to healthy
conspecifics), notably in term of food exploitation and locomotion abilities (O3). Finally, we
went further by including potential interspecific interactions, using a Stable Isotope Analyses
(SIA) to test whether T. polycolpus can modulate the trophic niche of its hosts (O4). Since T.
polycolpus has strong pathogenic effects we expect to highlight an over-expression of immune-
related genes in parasitized dace compared to healthy conspecifics. We also expect this immune
response to be strong and costly since T. polycolpus is an emerging parasite, and L. burdigalensis
is still quite naive toward this parasite (Lee and Klasing 2004, Rey et al. 2015a). At the other
organization levels, we more likely expect indirect negative effects of T. polycolpus on its hosts,
due to a reallocation of energy from development toward immunity (Lochmiller and Deerenberg
2000). More precisely we expect to measure less efficient functional responses, lower

competitive performances and a different trophic niche in parasitized hosts compared to healthy
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conspecifics. This pioneer multi-scale study of host response should likely improve our ability to

formulate insightful integrative predictions regarding host-parasite relationship outcomes.

Objective: O1
Biological level of organization: Molecular level
Approach: Empirical, transcriptomic

Dependent variable: Gene expression level Conspecific Trophic

interactions interactions

Objective: 02

Biological level of organization: Individual level
Approach: Experimental (exp 1)

Dependent variable: Functional response

Objective: O3

Biological level of organization: Population level
Approach: Experimental (exp 2 & 3)
Dependentvariable: Food intake, Locomotion

Objective: 04

Biological level of organization: Population level
Approach: Empirical, Stable Isotope Analysis

Dependent variable: Trophic position, Carbon source used

Figure 1: Grapghical representation of the different objectives addressed in this study that aimed
to investigate the impacts of T. polycolpus on its main host at different biological levels of
organization. Each objective is set at a particular biological level (from molecular level to
population level) following a nested structure which include or not other interactions such as con-
specific or trophic interactions.
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Material and Method

Study model and sampling design

We focused on a crustacean ectoparasite T. polycolpus and its main host in southwestern France,
the rostrum dace (L. burdigalensis). Tracheliastes polycolpus is a monoxene parasite, meaning
that only one host is needed to fulfil the parasite life cycle. Only females T. polycolpus are
parasitic (males are dwarf and free-living). More specifically, T. polycolpus anchors to host fins
(sometimes to the body) where it feeds on epithelium and mucus hence causing fins degradation,
inflammations and favoring secondary infections by other pathogens such as bacteria, fungi and
viruses (Loot et al. 2004). Tracheliastes polycolpus has thus strong pathogenic impacts on their
hosts that were notably shown to decrease host growth rate (Loot et al. 2004, Blanchet et al.
2009a). Leuciscus burdigalensis is a cyprinid freshwater fish endemic from the southwestern
France, feeding on benthic or drifting invertebrates, and usually encountered in small shoals of 3-
5 individuals. Rostrum dace can reach 30 cm in length, and can live up to 10-12 years. They
reach maturity at ~2-3 years after which they can reproduce during spring and several times

along their life time (Keith et al. 2011).

Our study is based on two rivers belonging to the Garonne-Dordogne River Basin in
southwestern France, the Viaur and the Célé Rivers respectively (see map displayed in Fig. 1 in
Mathieu-Bégné et al. 2019). Parasite and dace populations from these two rivers are monitored
since 2005-2006. Here, we combined empirical and experimental approaches involving parasites
and hosts from the two rivers simultaneously or from one of the two rivers to reach several
objectives (i.e., O1, 02, O3 and 04, Fig. 1). For both empirical and experimental approaches,

fish were caught using electric-fishing, they were anesthetized using oil clove when necessary,
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they were measured to the nearest mm (fork length) and their parasite load (intensity) was
retrieved. Sampling and experiments were carried out according to national laws and appropriate
permits. We detailed hereafter the sampling details for each specific objective (see Table 1 for an

overview of sampling effort for each objective).
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Table 1: Summary of the sampling effort regarding each objectives

Objective Year River Site XL93 Y L93 Parasitic Health status Nbrof Size(mm) Weight (g)

load dace

o1 2012 Célé Bagnac 633254.96 6396550.58 5-18 Parasitized 4 165-217 43.05-

106.07

02 2009 célé Ami du 595010.93 6381008.37 1-8 Parasitized 3 183-225 NA

célé

AT

02 2009 Viaur  Saint 648686.99 6336533.14 0-0 Healthy 5 174-216 NA

Juste

03 2006 Viaur Bannes 672895.03 6352109.02 7-20 Highly 10 144.5- 25.3-95.4

parasitized 222.8
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Transcriptomic study: Unraveling the molecular pathways involved in L.

burdigalensis responses to T. polycolpus

Sampling design and data acquirement

In order to unravel the molecular pathways involved in L. leuciscus infestation by T. polycolpus
we aimed to compare gene expression levels between healthy and parasitized dace in three
different tissues. We based this analysis on the transcriptome assembly of L. Leuciscus previously
published in Rey et al. (2015b). Briefly, eight adult fish, similar in size and weight (26.9-106.7 g
and 140-217 mm, Table 1), were sampled in one site (Bagnac, Table 1) in the Céleé River in
2012. Four individuals were free from parasites and refer hereafter as healthy regarding T.
polycolpus infestation, and four individuals were parasitized (5, 7, 14 and 18 parasites).
Individuals were ethically sacrificed and three tissues, namely the cephalic kidney, the spleen
(two tissues known to be involved in fish immune response, Alvarez-Pellitero 2008) and a piece
of dorsal or anal fin (anchorage areas of T. polycolpus), were carefully collected and stored at -
80°C. RNA was extracted using the RNeasy Plus Mini Kit (Qiagen reference: 7413) and then
sequenced in short sequences of 100bp called reads through Illumina sequencing. Finally, RNA
extraction was dosed (to estimate concentration and contamination) using a nanodrop ND-8000
(Thermo Scientific) and quality of each extraction was recorded using a BioAnalyser (Agilent
Technologies). All details are provided in (Rey et al. 2015b, Genomic Resources Development

Consortium et al. 2015).
Transcriptome assembly improvement and RNA quantification

The transcriptome was previously assembled (meaning short sequences elaborated from reads

were assembled in longer sequences called contigs) and is available from Rey et al. (2015,
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Genomic Resources Development Consortium et al. 2015). However, the transcriptome was
rather large (~659 364 contigs), notably due to the presence of non-coding RNA as well as some
contigs being redundant with others (Eldem et al. 2017). Consequently, we first aimed at

reducing the size of the transcriptome.

First, only putative protein-coding contigs were conserved as we aimed to compare genes
expression levels. To do so, the Trinity plugging TransDecoder version 2.0.1 (Haas et al. 2013)
was used with default parameters in order to target contigs containing Open Reading Frames
(ORF). This step resulted in 318 812 contigs likely corresponding to protein-coding genes.
Secondly, in order to reduce the transcriptome redundancy, we used CD-HIT-EST version 4.6
(Huang et al. 2010) to cluster contigs according to their similarity (cutoff of 0.95) and retain only
the longest exemplary of each contig (i.e., the most representative contig). This later step resulted
in a transcriptome assembly of 55 545 contigs length, likely corresponding to protein-coding and

non-redundant genes.

Finally, we quantified genes expression level, through estimation of transcripts abundances.
Basically, raw reads were mapped back to genes of the transcriptome assembly (here our
improved version of the assembly), and then counted in order to evaluate gene expression levels
as transcript abundances. Gene expression levels were first estimated per individual using the
Trinity perl script align_and_estimate_abundances.pl that calls the short sequence aligner
Bowtie2 version 2.0 (Langmead and Salzberg 2012) and RSEM version 2.3.1 (Li and Dewey
2011) successively. Parameters were kept as default except for Bowtie 2 in which more mismatch
between reads and transcriptome was tolerated due to the previous clustering step (mismatch

penalty=2, allowed mismatch=1). Transcripts abundances of each individual were then gathered
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into expected raw count matrices (one per tissue) using the Trinity perl script

abundance_estimates_to_matrix.pl.

Identification of genes differentially expressed (DEG)

We used the R package EdgeR to test whether some genes were differentially expressed genes
(DEG) between healthy and parasitized fish and following EdgeR recommendations (Robinson et
al. 2010). We excluded genes for which transcripts had less than 0.01 copy per million in at least
four samples (or three samples regarding the spleen because an outlier individual had to be
removed) to exclude low expressed genes. To account for heterogeneity of library size and
heterogeneity of expression level between genes respectively, a normalization factor was
computed (trimmed mean of M-values method, Robinson and Oshlack 2010), common and
tagwise dispersions were estimated. Finally, exact tests using a negative binomial distribution
were performed to contrast the two conditions (healthy vs. parasitized). Differences in numbers of
expressed transcripts between the two conditions were considered as significant at the level a =

0.05 after a False Discovery Rate correction for multiple tests (Storey 2011).

Annotation and biological processes investigation

Annotations are functional information related to a set of genes or proteins, and that are usually
regrouped into Gene Ontologies (GO, i.e., referenced functional categories, The Gene Ontology
Consortium 2015). Here, we conducted a blastp query (Camacho et al. 2009) of the translated
gene sequences from our reduced transcriptome assembly against the SwissProt database of

referenced proteins (update of the 05/02/2015) so as to retrieve GO associated to each gene.

In order to investigate the biological processes related to health status we used a Rank Based

Gene Ontology Analysis (RBGOA, Voolstra et al. 2011, Wright et al. 2015). This analysis aimed
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to first cluster GO according to shared genes in order to gather the most specific GO for a set of
genes, and secondly test -through Mann and Whitney U tests- whether each specific GO is
significantly enriched in either over- or under-expressed genes based on their log fold change.
The main advantage of RBGOA is to search for GO enriched in DEG not only in significant

genes but at the whole transcriptome scale.

Laboratory experiment 1: Testing whether T. polycolpus alters the functional

response of L. burdigalensis

Sampling method

A total of fifteen parasitized dace and eleven healthy dace of similar body size (145-245 mm,
Table 1) were sampled in the Viaur and Célé rivers, and brought back to the laboratory. More
specifically, five healthy dace and nine parasitized dace with an average of four parasites (range
1-9) were sampled from a single site in the Viaur River (“Saint-Just”, Table 1), and six healthy
dace and six parasitized dace with an average of sixteen parasites (range 1-80) were sampled
from two sites in the Célé River (“Bagnac” and “Ami du Cél¢”, Table 1). All fish were
individually acclimatized in holding tanks at 16°C for twenty days before starting the

experiments.
Measure of functional responses

Functional responses of predators correspond to the ability of an individual to deplete resources
(prey) as the density of the resource increases (Holling 1959b). Here we measured the functional
response of each fish as the relationship between the feeding rate (measured as the time needed to

ingest the first four preys) and the density of available prey. We manipulated the density of
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available prey by increasing the number of prey (i.e., from 4 to 80 prey items) provided to each

fish in a given time slot.

The experiment consisted in placing a single fish in a well and continuously aerated 300 L tank
filled with 200 L of dechlorinated freshwater at 16°C. In each aquarium, a refuge was placed in a
corner to provide the opportunity for the target individual to hide, hence limiting potential stress
during the experiment. For each fish, the experiment lasted eighteen days. Once every two days,
we introduced into the aquarium 4, 8, 12, 16, 20, 30, 50, 60 or 80 alive maggots (the prey items)
in a random fashion regarding the prey density so as to measure the feeding rate of each fish over
a large range of prey density while taking into account the effect of satiety. Each trial was video
recorded, and we measured (from the video) the time —for each prey density and each individual—

needed to ingest the first four prey items, which was our measure of feeding rate.

Statistical analyses

To test whether the functional response of dace was related to the infection status of each
individual, we first assessed the type of functional response of dace across the whole dataset. We
compared the three most common types of functional response (types I, 1l & Il respectively,
Holling 1959a). The type | functional response is characterized by a linear relationship between

the feeding rate and prey density (Holling 1959a, Jeschke et al. 2004):

FR=a xD +p

Where FR stands for feeding rate, D, the prey density, a, the attack rate and £ the intercept. The
type Il functional response is characterized by a logarithmic relationship between the feeding rate
and prey density; for low prey densities the feeding rate increases sharply and linearly, while the

feeding rate saturates to attain a plateau for high prey densities (Holling 1959b):
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a XD

FR = 1+a xXh XD

Parameters estimated from the equation are the same than for type | functional response, with in
addition the handling time parameter (h). Finally, the type 11l functional response is similar to a
type Il functional response, except that for low prey densities the feeding rate increases less than

linearly (Holling 1959a, Deville et al. 2013):

axDs

FR = 1+ax h xDs

Parameters are the same than for the type II functional response, except for the “shape parameter”

s allowing a nonlinear relationship between FR and D for low prey density.

We fitted a parametric model linking the feeding rate to the different densities of available prey
for each type of functional response (type I, Il or Ill), and compared these models using the
Akaike Information Criteria (AIC) so as to select the model that best supported the data. For the
type | functional response, we adjusted a linear mixed model using the R package nlme (Tornge
et al. 2004). The identity of each dace was included as a random effect to account for repeated
measures (one measure per prey density). To test the type Il and type 111 functional responses, we
also used the nlme package to fit the nonlinear relationships corresponding to type Il and IlI
functional responses respectively. More specifically, nime allowed fitting functional responses
(type Il and 111) by specifying their formula and setting each parameter (a, D, h, and s) as fixed
effects in addition to prey density. The identity of each dace was also included as a random effect
in these two later models. Once the most likely functional response (i.e., nlme model) identified,
we fitted this model for parasitized and healthy dace respectively and estimated the parameters

(e.g. attack rate, handling time...) of the functional response of each group of dace (i.e., healthy
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vs parasitized). We compared these estimates between the two groups by testing to which extent

their 95% confidence intervals (Cls) overlapped.

Laboratory experiment 2: Testing whether T. polycolpus alters the competitive

ability for food resources of L. burdigalensis

Twenty adult rostrum dace from a single site in the Viaur River (Bannes, Table 1) were sampled,
brought back to the laboratory and acclimatized as described above. Our initial objective was to
compare competitive ability between healthy and parasitized hosts, but due to the difficulty to
sample enough healthy dace (prevalence at this period was over 90%), we compared competitive
ability between weakly and highly parasitized dace. We therefore constituted ten pairs of dace,
each of which comprising one healthy (or weakly) parasitized dace (average = 1.6; rang: 04
parasites per fish, Table 1) and one highly parasitized dace (average = 10.6; range: 720 parasites
per fish, Table 1). Pairs of dace were constituted so that the difference in parasite number within
each pair was always higher than six (range: 6-20). Each pair was introduced in a 200 L
aquarium filled with 170L of dechlorinated fresh water for four days before the experiment. On
the fifth day, five living maggots were introduced successively in the aquariums, and successful
feeding attempts were recorded during four minutes. The experiment was repeated twice per pair

of dace (four days after the first trial), and results of the two sessions were pooled per dace.
Statistical analysis

In order to test the effect of parasitic load on competitive ability for food resources, we built a
Generalized Linear Mixt Model (GLMM) using the R package gimmADMB (Bolker et al. 2012)

where the dependent variable was the food intake, the fixed effect was the health status of the fish
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(highly vs weakly parasitized), and we set body size as controlled variable. The identity of the

aquarium used was set as random effect. A Poisson error term distribution was used.

Laboratory experiment 3: Testing whether T. polycolpus alters the locomotion

ability of L. burdigalensis

The same pairs of dace used for testing competitive ability for food resources were used to test
for differences in locomotion performance and behavior between weakly and highly parasitized
dace. Two days after the second feeding trial, the locomotion behavior of each fish was video-
recorded for thirty minutes in a three-dimensional coordinate system using two cameras JVC GZ-
MG20e. Over the thirty minutes of recording, only ten minutes (from the fifteenth and the
twentieth minutes) were analyzed so as to minimize stress due to the settling of the camera. We
recorded four parameters to describe fish locomotion behavior: the average and maximal speed,
as well as maximal accelerations and decelerations (Harper and Blake 1990, Higham 2007). The
software RAD Video Tools Blink (Version 1.7d) was first used to extract one image per second
from the initial movie, thus resulting in six-hundred consecutive images. Then, a tracking system
elaborated by Dr. Maude Combe (Centre de Recherches sur la Cognition Animal, Paul Sabatier
University) was used to extract dace coordinates (Xt, Yt, Zt) for each image. We used these
coordinates to calculate the average and the maximal speed. Maximal accelerations and
decelerations were measured by the maximal difference between two successive swimming

speeds.
Statistical analysis

In order to test the effect of parasitic load on locomotion abilities we first performed a Principal

Component Analysis (PCA) using the R package ade4 to describe collinearity among the four
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locomotion parameters (Dray et al. 2007, Fig.S1). All four parameters were highly collinear and
strongly loaded on the first component the PCA (that explain 79% of the total variance, see Fig.
S1), and we extracted the coordinated of each dace on this first component as a synthetic
dependent variable. We then built a GLMM (with a Gaussian error term distribution) linking this
synthetic locomotion variable to dace body size and its health status (highly vs weakly

parasitized) as fixed continuous effects. The aquarium identity was included as a random term.

Stable isotope analysis: Testing whether T. polycolpus modifies isotopic niche

characteristics of L. burdigalensis

In order to compare trophic niche characteristics between parasitized and healthy L. burdigalensis
we conducted a Stable Isotope Analysis (SIA, Newsome et al. 2009, Layman et al. 2012). We
considered stable isotopes of nitrogen (5°N) and carbon (8*3C) that respectively describe the
trophic position of consumers (i.e., L. burdigalensis in this study) in the food web and the origin
of the trophic resources between allochthonous and autochthonous carbon sources (i.e., litter and

primary producers such as algae in stream ecosystems, Doucett et al. 1996, Post 2002, Fry 2006)

Sampling was carried-out during September 2009 in three sites located in the Viaur River (two
sites, Navech and La Capelle, Table 1) and in the Célé River (one site, Bagnac, Table 1).
Respectively, eighteen, twenty-one and nineteen dace were sampled by electro-fishing in each
site along a similar river length (see Table 1 for details). Number of T. polycolpus on each dace
as well as fin degradation level (from 0 to 4 on each fin corresponding to 0, 25, 50, 75 an 100%
of the fin surface eroded by the parasite and them summed at the host level to get a total level of
fin degradation, Blanchet et al. 2009) and inflammation level were recorded (from 0 to 3 on each

fin and them summed at the host level to get a total level of inflammation, see Loot et al. 2004
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and Fig. S2 for a picture of a damaged rostrum dace). Secondary inflammations due to bacterial
infections at the site of anchorage of the parasite are often visible on fins as red spots varying in
diameter (~from 1 to 7 mm). The higher the score for each spot, the redder and the larger it was.
Inflammations are always scored by the same person (SB) as it is a rather objective measure. A
piece of pelvic fin was collected, store in ice and frozen for SIA. Fishes were then gently returned
alive in their original site. In order to control for site variation in isotopic signature in subsequent
analysis (notably to assess the trophic position of dace), we also collected invertebrates generally
consumed by dace. More specifically, three Hydropsychidae and three Ephemeridae were

randomly collected along the stream in each site.

Statistical analysis

First values for the §'°N were corrected in order to get the trophic position of dace as followed:
TP=[(5"Naace-5""Nhydropsychidae)/3.4]+2

With TP corresponding to the trophic position of dace, 3.4 to the assimilation factor (from prey
item to consumer, Post 2002) and 2 corresponding to the trophic position of Hydropsychidae. We
then fitted a linear model (Gaussian error terms) with the trophic position of dace as the response
variable. The sampling site identity (categorical), the parasitic load (number of T. polycolpus), a
measure of fin alteration (sum of the degradation and inflammation scores at the individual level)
and the two-term interactions between the sampling site identity and each of the parasite-related
variables (load and alteration respectively) were included as explicative variables. Additionally,
dace body size was set as covariate since body size generally highly affects trophic position in
fish. We included a measure of fin alteration in addition to the parasite load in this model because

isotope signatures can reflect diet up to several weeks in fish tissues (Boecklen et al. 2011). Fin
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alteration is a good proxy of past exposures to T. polycolpus (whereas parasitic load accounts for
current exposures), and we expected that it may also reflect the isotope signatures. Regarding the
8'3C signatures, we used the same modelling framework than the one used for the trophic
position analysis (sampling site identity (categorical), the parasitic load, fin alteration and the
two-term interactions between the sampling site identity and each of the parasite-related variables
(load and alteration respectively) were included as explicative variables and body size as control

variable), but we used 8*3C as the response variable.

The R software ( version 3.4.2, R Core Team 2017) was used to run statistical analyses when no

other software is mentioned.

Results

Transcriptomic study: Unraveling the molecular pathways involved in L.

burdigalensis response to T. polycolpus

Genes differentially expressed and tissue specificity

We worked with a non-redundant transcriptome of 55 545 contig length. We found respectively
in the fin, the kidney and the spleen 72, 56 and 67 DEG (FDR threshold at 5%) between healthy
and parasitized dace (Fig. S3). Only four DEG were shared between the three tissues (Fig. S3).
More precisely, 30 genes were over-expressed (42 under-expressed) in the fin, 28 genes were
over-expressed (28 under-expressed) in the cephalic kidney and 22 genes were over-expressed

(45 under-expressed) in the spleen in parasitized dace compared to healthy dace (Figs. 2-a-c).
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Figure 2: Heatmap showing gene expression profiles (higher Z-score refer to higher expression) found in the a) the fin, b) the cephalic
kidney, and c) the spleen of parasitized and healthy dace.



Biological processes impacted during infection

We conducted a RBGOA separately for each tissue. Overall, 228, 74 and 632 GO significantly
enriched in over or under-expressed genes were identified in the fin, the cephalic kidney and the
spleen respectively (FDR threshold at 5%). To ease the biological interpretation we arbitrarily

focused on the 40 most significant GO in each tissue.

In the fin, two distinct groups were identified from the top 40 significant GO (Fig.4-a). On the
one hand, GO enriched in over-expressed genes in parasitized dace (compared to healthy dace)
were mainly involved in immunity (eg, innate immune response, defense response, antigen
processing and presentation of exogenous antigen, Fig. 3-a). On the other hand, GO enriched in
under-expressed genes (in parasitized dace compared to healthy dace) were involved in various
maintenance functions such as RNA processing (eg., RNA splicing, RNA processing, Fig. 3-a) or

morphogenesis (eg, Animal organ morphogenesis, Fig. 3-a).

A similar dichotomy was observed for the cephalic kidney (Fig.3-b). GO enriched in over-
expressed genes (in parasitized dace compared to healthy dace) were involved in processes
related to cell motility and transposition (eg., transposition, microtubule—based movement, Fig.
3-b). However, surprisingly knowing that cephalic kidney is involved in immune response, GO
related to immunity regulation (eg., positive regulation of immune system process, regulation of
cytokine production or regulation of programmed cell death, Fig. 3-b) were enriched in under-
expressed genes (in parasitized dace compared to healthy one, Fig. 3-b). Some other processes
were also under-expressed in parasitized fishes such as cell-division or positive regulation of

blood circulation.
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Figure 3: Top 40 of the most enriched in differentially expressed genes Gene Ontologies for the comparison between parasitized and
healthy dace investigated in a) their fin, b) their cephalic kidney and c) their spleen. Blue GO refer to GO enriched in under-expressed
genes in parasitized dace compared to healthy dace and red GO refer to GO enriched in over-expressed genes in parasitized dace
compared to healthy dace. The total number of genes involved in each GO is given in brackets.



Finally, in the spleen, the top 40 most significant GO divided in two groups of similar size (Fig.
3-c). GO enriched in over-expressed genes (in parasitized dace compared to healthy dace) were
related to immunity (eg., humoral and innate immune response, regulation of immune response,
antigen receptor—mediated signaling pathway, Fig. 3-c). GO categories enriched in under-
expressed genes (in parasitized dace compared to healthy dace) were mainly involved in
developmental processes (eg., regionalization, system development or regulation of cellular
response to growth factor stimulus, Fig. 3-c¢) including morphogenesis (animal organ

morphogenesis, Fig. 3-C).

Laboratory experiment 1: Testing whether T. polycolpus alters the functional

response of L. burdigalensis

Independently from the health status, the more likely functional response in dace was the type Il
functional response (Table 2). Thus, dace feeding rate saturates for high levels of prey density,
but for low level of prey density the relation between feeding rate and prey density is linear. In
the whole dataset (i.e., all dace combined) we estimated attack rate (a) at 0.320 (x0.139, p-
value=0.023) and handling time (h) at 1.068 (+0.124, p-value<0.001). However we found
overlapping attack rate and handling time estimates when adjusting on one hand on parasitized
dace and on other hand on healthy dace (Fig. 4) thus implying similar functional responses

between parasitized and healthy dace.
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Table 2: Table showing for each functional response the formula used to model the feeding rate
of dace (paratized and healthy), as well as the resulting AIC when each model was adjusted to the
data.

Functional response Feeding rate formula AIC
Type | axD+p 288
Type Il a xD 270
1+a Xh XD
Type 111 axD? 276
1+ax hxDs
B Healthy
Ell Parasitized
Handling time &
NS

£

© Handling time - ®

)

E

©

—

©

o Attack rate S

NS
Attack rate - ®
-0.5 0.0 0.5 1.0 1.5 2.0

Estimate values

Figure 4: Forest plot showing average estimates as well as 95% confidence intervals for the
parameters of the type Il functional response of parasitized and healthy dace respectively. NS
stands for Non-Significant at the level o= 0.05.
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Laboratory experiments 2 and 3: Testing whether T. polycolpus alters

competitive performances of L. burdigalensis

Regarding feeding ability in competing hosts, we found a significant effect of parasite load on the
food intake (Chisg= 9.1346; df=1,16; p-value=0.003 and Table S1). Highly parasitized dace ate
significantly less food items compared to weakly parasitized dace when competing for a limited
amount of food items (Fig. 5-a). Similarly, we found that locomotion behavior in host (speed
component) was significantly impacted by parasite load (F= 5.3256; df=1,15; p-value=0.036 and
Table S2). More precisely, highly parasitized dace had a slower locomotion compared to weakly

parasitized dace (lower speed and acceleration and higher decelerations, Fig. 5-b and Fig. S1).
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Figure 5: Plot showing estimates along with standard errors of a) the feeding rate and b) the
synthetic variable of locomotion between highly and weakly parasitzed dace respectively and
extracted from the corresponding GLMM. Stars indicate significant differences at the level o =

0.05.
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Stable isotope analysis: Testing whether T. polycolpus modifies isotopic niche

characteristics of L. burdigalensis

Regarding the trophic position, we found a significant and positive relationship between fin
alteration and the trophic position of dace (Table 3 and Fig. 6-a). Dace with high fin alteration
showed a significantly higher trophic position than dace with a weak or no fin alteration. We did
not detect significant relationship between parasitic load and the trophic position of dace, and
none of the interaction terms was significant (Table 3). Regarding the 5'°C, we detected a
significant interaction between the parasitic load of the dace and the site where they were
sampled (Table 4 and Fig. 6-b). However, we did not detect significant relationship between fin
alteration and the 8'3C signature of dace (Table 4). These results suggest that the origin of the
carbon source use by L. burdigalensis tended to vary according to the parasitic load of dace but
also accordingly to the site (likely due to site specific physicochemical characteristics influencing

dace carbon signature).

Table 3: Output of the linear model testing the relationship between the trophic position of dace
and their parasitic load and their fin alteration caused by T. polycolpus and controlling for host
size and site effects. Degree of freedom (Df), Fisher (F) statistics and p-values are displayed for
each fixed effect.

F Df P-value
Size 4575 1,48 0.038
Parasitic load 0.107 1,48 0.745
Fin alteration 4.877 1,48 0.032
Site 43.512 2,48 <0.001
Parasitic load : Site 2.592 2,48 0.085
Fin alteration : Site 0.620 2,48 0.542
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Table 4: Output of the linear model testing the relationship between the 5'*C of dace and their
parasitic load and their fin alteration caused by T. polycolpus and controlling for host size and
site effects. Degree of freedom (Df), Fisher (F) statistics and p-values are displayed for each fixed
effect.

F Df P-value
Size 5.762 1,48 0.020
Parasitic load 0.649 1,48 0.424
Fin alteration 0.435 1,48 0.513
Site 188.677 2,48 <0.001
Parasitic load : Site 4,349 2,48 0.018
Fin alteration : Site 2.835 2,18 0.069
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Figure 6: Graphical representation of the relationships between the a) trophic position and fin
alteration of dace and b) the 8*3C and the parasitic load of dace, in the three sites the SIA was
conducted. Points, squares and triangles refer to observations, lines refer to predictions from the
associated GLMMs while keeping other variables than fin alteration or parasitic load fixed to
their mean respectively.
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Discussion

In this study we aimed to conduct an integrative assessment of the impact of a parasite on its
main host from a molecular to an ecosystemic perspective. Overall, our study suggests that the
ectoparasite T. polycolpus leads to altered patterns of gene expression in parasitized hosts
compared to healthy hosts, with —as expected— immune-related genes being strongly over-
expressed in two out of the three tissues. This parasite-driven modulation of host transcriptomic
was not associated with notable change in host feeding behavior when hosts were isolated.
However, we detected a significant reduction of feeding and locomotion abilities of infected
hosts in a context in which intraspecific competition for food was elicited. In agreement with this
latter result, we also identified shifts in the isotope signature of parasitized hosts compared to that
of healthy hosts in natura. This potential shift in trophic niche of parasitized hosts in the wild
may scale up at the ecosystem level. In the following paragraphs, we develop further these

parasite effects on hosts at difference levels of organization, from molecular to ecosystems.
Molecular level: proximate response of hosts to parasitism

The first expected proximate response of hosts to parasitism is a modulation of their gene
expression. Accordingly, we showed that infection by T. polycolpus leads to general
transcriptomic adjustments in parasitized hosts. In particular, parasitized hosts differentially
expressed several genes compared to healthy hosts not only in the tissue in which the parasite is
anchored (i.e., the fin) but also in two tissues devoted to immunity in fish (the cephalic kidney
and the spleen, Alvarez-Pellitero 2008). This suggests that T. polycolpus induce a general rather
than a localized immune response of their hosts. Interestingly, we did find a tissue specific

response with few common significant DEGs between tissues but these genes were shown to be
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involved in similar biological processes (i.e., immunity and various maintenance functions such
as morphogenesis and development). We thus suggest that despite being an ectoparasite, T.
polycolpus have a profound impact on its host at the molecular level: Tracheliastes polycolpus
triggers a generalized response which suggests strong pathogenic effects, probably also
exacerbated by the naivety of local hosts facing an invasive parasite (Lee and Klasing 2004,

Charbonnel et al. 2019).

More precisely, we suggest that parasitized hosts mostly display an activation of immunity
associated to a repression of maintenance processes comparatively to healthy hosts. A consistent
pattern was indeed observed in the fin and the spleen of parasitized dace with GO enriched in
over-expressed genes involved in immune response, whereas GO enriched in under-expressed
genes were involved in morphogenesis and development. For instance, GO enriched in over-
expressed genes in the fin suggested a role of interleukin-1, I-kappa B and interferons-gamma
pathways (Fig. 3-a and Fig. 3 -c) that are known to be involved in inflammatory responses and
acute phase of infection (Verma et al. 1995, Jéru and Amselem 2011, Miller et al. 2014).
Similarly, GO enriched in over-expressed genes in the spleen of parasitized dace referred to the
activation of the complement that participates in inflammation but also enhances the adaptive
immune response (Carroll 2004). A systemic inflammatory response in parasitized hosts is
particularly relevant in T. polycolpus-L. leuciscus system since this parasite can cause virulent
inflammations when anchoring on fins, usually because of the co-development of opportunistic
bacteria (Loot et al. 2004). In parallel, maintenance processes (morphogenesis and development)
were enriched in under-expressed genes in the fin and the spleen of parasitized dace. Although,
processes enriched in over or under-expressed genes not necessary means that this related process

is up or down-regulated (du to potential repressor genes being involved), maintenance processes
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being enriched in under-expressed genes in parasitized dace echoes previous results showing that
parasitized dace have a reduce growth rate compared to healthy ones (Blanchet et al. 2009a).
Several studies suggest that activating an immune response is costly regarding energetic demands
(Soler et al. 2003, Chetouhi et al. 2015), and even more costly for naive hosts facing a new
pathogen such as in this case (Lee and Klasing 2004), although potential negative consequences
on other traits or processes are still debated (Lochmiller and Deerenberg 2000). We consequently
suggest that over-expression of immune related genes associated to down-expression of
maintenance related genes in the fin and spleen of parasitized dace could indicate a re-allocation
of energy from maintenance functions associated with growth (i.e., development, morphogenesis,

RNA processing) toward immunity (Lochmiller and Deerenberg 2000).

Interestingly, an opposite pattern was observed in the cephalic kidney of parasitized fish with
immune-related processes being enriched in under-expressed genes. At a first sight, such a down
expression of genes involved in immunity in an immune devoted organ during parasite infection
might seem surprising. However, a similar repression of immunity in the cephalic kidney was
already observed in turbot suffering enteromyxosis (Robledo et al. 2014). Robledo et al (2014)
interpreted such a repression of immunity in infested hosts as an evidence of immune evasion by
the parasite. In our case, repression of immune processes in the cephalic kidney of parasitized
dace could as well reflect some immunity disruption caused by the parasite itself or potentially by
some associated pathogens such as virus or bacteria (see GO referring to response to bacterium
and regulation of viral release from host cell, Fig. 3-a and Loot et al. 2004). We hence argue that
T. polycolpus could either directly or indirectly lead to a disruption of immune response or

inadequate immune response in the cephalic kidney of parasitized hosts.
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Overall, regarding our first objective (Fig. 1) aiming to unravel host response to T. polycolpus at
the molecular level, we suggest that infection by T. polycolpus leads to global transcriptomic
adjustments by its host. Notably, we argue that parasitized hosts display a strong immune
response and a possible disruption of this immune response in some tissue. Such a global
immunity related response could have potential cost associated to maintenance processes that we

expect to detect at other level of biological organization.

Individual and population levels: direct vs indirect parasite-mediated impacts

on host

We did not detect a direct impact of T. polycolpus on its host at the strict individual level but we
showed an impact of the parasite on its host when this later was confronted to competition with a
conspecific and under natural (and hence variable) conditions. Together these results suggest that
T. polycolpus induces an indirect rather than direct impact on its individual hosts. Our first
experimental approach (objective O2, Fig. 1) indeed revealed that T. polycolpus did not
significantly alter the functional response of isolated dace. More precisely, neither the attack rate
—usually interpreted as the volume of water inspected for a certain amount of time (Murray et al.
2013)—, nor the handling time —which refers to the time to process a prey (handling, ingestion,
digestion and resting during satiated condition, Jeschke et al. 2002)— appeared to be impacted by
parasitism. Thus, T. polycolpus does not impact individual feeding performance of its hosts at
least for these specific traits. These results differ from previous empirical observations that
parasitized hosts are less efficient at feeding, notably by displaying lower attack rate and higher
handling time (Haddaway et al. 2012, Toscano et al. 2014, Leaphart and Zelmer 2017).
Conversely, when accounting for intra-specific competition at the population level, we did show
that highly parasitized hosts displayed lower feeding competitive ability (i.e., lower feeding rate)
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as well as a slower locomotion compared to weakly parasitized hosts (objective O3, Fig. 1). We
thus suggest that T. polycolpus more likely impact host competitive performances rather than
individual host performances per se. Sandland and Minchella (2003) suggested that the impacts
of parasites on host traits, notably associated to the cost of host defense against parasite, could
depend not only on abiotic but also on biotic environmental factors, including competition and
predation (i.e., interactions occurring at the population or the community level). Here we
demonstrate and argue that the effect of an emerging parasite on the feeding behavior and the
locomotion of their hosts depends on intra-specific interactions at the population level
(Bedhomme et al. 2005, Vivas Mufioz et al. 2017).

Finally, our results also suggest that T. polycolpus induces some effects beyond the population
scale and that could affect the ecosystem by modifying the trophic niche of their hosts (objective
04, Fig. 1). In particular, using a Stable Isotope Analysis, we first showed that previously
parasitized dace (since we used fin alteration as a proxy of past infection) had a higher
hierarchical trophic level compared to healthy dace. Generally, a higher trophic position in the
trophic network usually reflects an elevation in this network by eating prey from higher trophic
levels (Post 2002). However, in a host-parasite context two (non-exclusive) hypotheses were
proposed to explain such a higher trophic position of parasitized hosts compared to healthy
individuals (Sanchez et al. 2013, Pulkkinen et al. 2016). First, Pulkkinen et al. (2016) suggested
that parasites might have a direct effect on their hosts by altering their nutrients assimilation since
they also deplete host tissues as resource for their own. For instance, Pulkkinen et al. (2016)
found a direct effect of a microsporidian parasite on the isotopic signature of their hosts Daphnia
in which the competitive performances of parasitized hosts were not impacted. Second, parasites
might induce indirect effects on the trophic position of their hosts lowering their ability to deplete

resources compared to healthy hosts (Pulkkinen et al. 2016). Indeed, when lacking of food supply
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organism usually catalyze their own proteins, hence resulting in a higher signature for §*°N, and
consequently a higher trophic position (Gaye-Siessegger et al. 2004, Haubert et al. 2005). In our
case, indirect effects of T. polycolpus on dace trophic position seems to be a more likely
hypothesis since —as shown here— highly parasitized hosts were less able to feed when competing
with conspecifics. We found similar results regarding the isotopic signatures of carbon: The §'*C
tends to vary according to the infestation level by T. polycolpus, hence suggesting that parasitized
dace are likely using different preys. Although, once again such a result could be explained by
direct parasite impact on host resource assimilation, the use of different prey items could
similarly result from competitive exclusion by healthy conspecifics (Miura et al. 2006, Britton et
al. 2011, Sénchez et al. 2013). Overall the Stable Isotope Analysis, interpreted congruently with
results of the objective O3 (Fig. 1), tends to suggest that T. polycolpus could lead to different
trophic niches between parasitized and healthy hosts such as use of less and/or different prey
species. In the light of these results, it is thus likely that T. polycolpus induces modifications on
its host that could impact the overall ecosystem functioning that would be worthy to investigate

(Bernstein et al. 2002, Wood et al. 2007, Sato et al. 2012).

Hypotheses regarding T. polycolpus multi-level impacts on its host

When interpreting our results as a whole, we hereafter propose an integrative hypothesis
regarding causal links of T. polycolpus impact L. burdigalensis. Tracheliastes polycolpus
infection probably triggers a proximate molecular response in its host notably the activation of
the acute phase of host immune response. Host response likely requires a reallocation of energy
from development toward immunity with a cost reinforced by parasite possible strategy to disrupt
host immune response. We argue that this reallocation of energy normally invested in

maintenance processes (as evidenced by lower growth rate of parasitized dace, Blanchet et al.
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2009) could be translated in indirect parasite-mediated impact notably on host competitive
performances (Hudson 1998). Finally indirect parasite-mediated effects on host competitive
performances are likely to have cascading impacts on host trophic niche which could ultimately
affect the ecosystem functioning. We consequently propose that even non-lethal parasites, such
as T. polycolpus, could have (cryptic) profound impacts on the receiving ecosystems without
displaying visible impact on their hosts at the individual level due to cascading effects.

Although our hypothesis of potential cascading effects linking parasite impact on its host through
different levels of biological organization remains to be tested, we evidenced and argue that to
fully investigate and measure parasite impact on its host, contextual interactions have to be taken
into account (Sandland and Minchella 2003). Many parasites trigger an immune response in their
host (except parasite relying on immune escape strategies, such as some malaria parasites, Gomes
et al. 2016). Hence, a cost of such an immune response observed at broader biological levels of
organization is likely a common associated cost of parasitism rather than a specificity of T.
polycolpus. However, it is also worth noting that T. polycolpus is an emerging parasite that only
arrived in French River Basins in 1920s through translocation of its original host the Common
Ide (Rey et al. 2015a). Tracheliastes polycolpus is thus lacking of a long term co-evolution
history with L. burdigalensis which could notably explain the strong and systemic immune
response we observed in parasitized hosts (Lee and Klasing 2004). Hence, whether such indirect
parasite impacts at broad organization levels triggered by a strong host immune response is a
specificity of emerging parasites or a common characteristic of many parasites remains an open
question. We consequently stand for more multi-levels studies on different host-parasite systems,
including both emerging and native parasites, in order to better understand in which extent the
contextual interactions such as competition or trophic interactions can exacerbate the impact of

parasites on host populations, communities and ecosystem functioning.
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Conclusion

Overall, we conducted here one of the first multi-level study that considered parasite impact on
host from the molecular level to the population level (but see Bankers et al. 2017). We
progressively approached in natura conditions by successively evaluating parasite impact on host
when considering no interaction, conspecific interaction and finally trophic interaction (Fig. 1).
Doing so, we identified both proximate host response and indirect parasite-mediated impacts on
host when conspecific and trophic interactions were included. We believe that this work, showing
that parasite impacts goes from host gene expression to host performance in ecosystems, allowed
(and hopefully will allow) formulating more realistic hypothesis to explain cascading impacts of

parasites on hosts and ultimately ecosystem functioning.
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Figure S1: Scatter plot of the Principal Component Analysis realized on the raw variables
describing locomotion of dace in the experiment related the objective 03. Bar plots indicate how

much of the variance is explained by each PCA axis.
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Figure S2: Pictures illustrating damages causes by Tracheliastes polycolpus on a rostrum dace
(Leuciscus burdigalensis). a) Dace on which several T. polycolpus have attached on dorsal and
caudal fin (indicated by white arrows, from (Blanchet et al. 2009b)). b) Severe inflammations
causes by T. polycolpus on the caudal fin of a dace. ¢) Fin degradation caused by T. polycolpus
on a dace, missing fin area are indicated by dashes.
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Figure S3: Venn diagramm displaying the number of DEGs between parasitized and healthy
hosts in their fin, their cephalic kidney and their spleen.
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Table S1: Anova table for the model linking host food intake to host size and health status (Objective
03). Degree of freedom (Df), Chi-squared (Chisq) statistics and p-values are displayed for each fixed
effect.

Df Chisq P-value
Body size 1,16 1.565 0.211
Health status 1,16 9.135 0.003

Table S2: Anova table for the model linking host locomotion synthetic variable to host size and
health status (Objective O3). Degree of freedom (Df), Fisher (F) statistics and p-values are
displayed for each fixed effect.

Df F P-value
Body size 1,15 1.119 0.307
Health status 1,15 5.326 0.036
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ARTICLE INFO ABSTRACT

Tracheliastes polycolpus is an ectoparasitic copepod that recently emerged in western Europe and that infects
several freshwater fish species. Its recent successful spread might be due to its fascinating ability to shift to new
host populations and/or species. Here, we present the first non-redundant and protein-coding de novo tran-
scriptome assembly for T. polycolpus along with a quality assessment and reliable transcript annotations. This
assembly was built from fifteen adult female parasites sampled from three different host species from a single
river in southwestern France. Overall, 17,157 non-redundant contigs likely corresponding to protein-coding
transcripts were identified, of which 13,093 (i.e., 76%) were successfully annotated. This assembly displayed
good representativeness since 65.8% of the raw reads properly aligned back to the assembly. Similarly, 90.5% of
the single copies of orthologues conserved across arthropods were retrieved in this assembly, which reflects a
very good completeness. Finally, this transcriptome assembly gathered 7979 T. polycolpus specific transcripts
when compared with the two closest referenced species (Lepeophtheirus salmonis and Caligus rogercresseyi), thus
constituting an original genomic resource. This high-quality transcriptome is an important genomic resource for
deciphering the molecular bases underlying host shifts in generalist parasites, and for studying the evolutionary
biology of copepods that are major biological components of both freshwater and marine ecosystems.

Keywords:

Copepods
Monoxenous parasite
Parasite specificity
Curation

1. Introduction

Tracheliastes polycolpus (Copepoda, Neocopepoda, Podoplea,
Siphonostomatoida, Lerneaopodidae) is a monoxene ectoparasitic co-
pepod of freshwater fish (Fryer, 1982). Only adult females have a
parasitic lifestyle, whereas males are microscopic and free-living or-
ganisms (Kabata, 1986). Adult females anchor on fish fins and feed on
their epidermal cells. This causes partial to total fin degradation, which
generally favours secondary infections by bacteria or/and viruses
(Fryer, 1982), and ultimately reduces the fitness of their hosts (Loot
et al., 2004; Blanchet et al., 2009).

In the 1920s, T. polycolpus was introduced from eastern Eurasia to
western Europe through fish trades, and has since spread over several
watersheds in England, France and Spain (Rey et al., 2015). In France,

T. polycolpus is primarily associated with the common dace and the
rostrum dace (Leuciscus leuciscus and L. burdigalensis), but is also com-
monly observed on several alternative cyprinid species (Lootvoet et al.,
2013). The recent invasion history of T. polycolpus, together with its
switch to new alternative host species, constitutes an unprecedented
opportunity to study the mechanisms underlying parasite specificity
and the rapid adaptive processes associated with host shifts (Lootvoet
et al., 2013; Dybdahl et al., 2014; De Fine Licht, 2018). Developing“-
omics” resources is a key step towards a better understanding of the
molecular bases of such processes, notably the role of plasticity and/or
selection associated with host shift based on gene expression profiles
(De Fine Licht, 2018; Hébert et al., 2017).

Here, we built a curated de novo transcriptome assembly for this
species. More specifically, we present the first non-redundant and
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Table 1

MIXxS specifications, Assembly description and Annotation statistics for T. polycolpus

de novo transcriptome assembly.

MixS descriptors

Investigation type

Project name

Organism

Geographical location name
Geographical location
Collection date
Environment (biome)
Environment (feature)
Environment (material)
Host-associated

Tissue type

Developmental stage

Sex

Assembly description

Sequencing method

Assembly

Coding-protein transcript selection
Assembly redundancy reduction

Eukaryote

Tracheliastes polycolpus Transcriptome
Tracheliastes polycolpus

The Salat River

43°04’43.0”N; 0°57°29.0"E
11/07/2013

Aquatic biome

River

Freshwater

Leuciscus budigalensis, Gobio occitaniae
and Phoxinus phoxinus

Trunk

Adult

Female

Ilumina HiSeq 2000

Trinity (version 2014-07-17)
TransDecoder

CD-HIT-EST (version 4.6)

Transcript number 17,157
Total assembled bases 20,355,465
N25 2676
N50 1599
N75 954
Average contig length 1186
Longest contig length 23,889
% GC 38.55
Annotation (total)
Predicted ORF 17,157
Complete protein (including start and 10,112
stop codons)
Swiss-Prot top BLASTP hit 12,343
Gene ontology in blastp 12,098
Pfam 11,751
KEGG 10,924
eggNOG 10,400
Gene ontology in Pfam 7641

protein-coding transcriptome assembly together with functional anno-
tations for T. polycolpus obtained from fifteen adult female parasites
sampled on three different host species. Only a few assemblies exist for
copepods and notably for parasitic copepods, although some have led to
novel discoveries (including mechanisms for toxin resistance, gene ex-
pression patterns associated with molting or development) (Lenz et al.,
2014; Nufiez-Acuna et al., 2014; Carmona-Antonanzas et al., 2015).
Consequently, this database constitutes an important genomic resource
for an emerging parasite in wild populations and for the diverse group
of Crustacean copepods.

2. Data description

2.1. Sampling

Fifteen adult females of T. polycolpus were sampled on three dif-
ferent fish host species at a single location in the Salat River in south-
western France on a single day to limit confounding environmental
effects (Table 1). The three host species were the rostrum dace (L.
burdigalensis) and two alternative hosts; the Occitan gudgeon (Gobio
occitaniae) and the European minnow (Phoxinus phoxinus). Fish were
caught by electric fishing using a DEKA® 7000, anaesthetized according
to a standardized protocol, and inspected for the presence of parasites.
Parasites were collected using sterile forceps as follows: five parasites
were sampled on five dace, five parasites were sampled on four gud-
geons, and five parasites were sampled on four minnows. The fifteen
parasites were immediately stored in RNAlater for 24 h and then con-
ditioned at —80 °C (to stabilize and protect cellular RNAs) until RNA
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extraction.

2.2. Sequencing

Total RNA from each parasite was extracted using the RNeasy Plus
Mini Kit (Qiagen) following the manufacturer's instructions from the
parasite trunk only—to minimize possible contamination with host
RNA—with a final elution volume of 40 uL RNAse-free water. The
quantity and quality of RNA extractions were assessed using a nanodrop
ND-8000 (Thermo Scientific) and a BioAnalyser (Agilent Technologies),
respectively. The individual RNA-seq libraries were prepared on a
Tecan EVO2000 using the IlluminaTruSeq Stranded mRNA protocol.
The individual libraries obtained were multiplexed then pooled and
sequenced on two lanes of an Illumina HiSeq 2000 (High Throughput
mode) using a paired-end read length of 2 x 100 bp. The reads were
demultiplexed, those that did not pass the chastity filter (i.e., internal
filtering procedure from Illumina sequencers) were filtered out (about
7% of the total reads), and the adapters were trimmed automatically at
this stage. The sequencing resulted in approximately 420 million
2 X 100 bp paired-end reads, with an average of 28 million paired-end
reads per sample. The library preparation, sequencing and pre-proces-
sing automatic filtering steps were performed at the GeT-PlaGe core
facility (Toulouse, France).

2.3. De novo transcriptome assembly and curation

Based on the reads obtained from all individuals, we first assembled
a raw de novo transcriptome using the Trinity pipeline (version 2014-
07-17) (Haas et al., 2013). Reads were trimmed using Trimmomatic
(Bolger et al., 2014) with default parameters to discard low-quality
and/or poorly informative reads. Then, each sample was parsed sepa-
rately as Trinity input, and the option “~SS_lib_type” was selected to
keep strand specificity information. Other parameters were set to the
default values. At this step the assembly contained a total of 101,636
contigs.

To curate the raw transcriptome assembly from non-protein-coding
contigs, we discarded contigs lacking an open reading frame (ORF) or
having an ORF shorter than 100 amino acids using the Trinity plugin
TransDecoder (Haas et al., 2013). This filtering step resulted in 33,984
contigs enriched with only messenger RNAs (putative protein-coding
genes). Finally, to reduce redundancy, we ran CD-HIT-EST (Version 4.6,
(Huang et al., 2010)) to cluster the resulting transcripts according to
their similarity with a minimum sequence identity set to 95%, (options
-c 0.95 -n 8, where c and n are “similarity threshold” and “word size”
parameters respectively). These filtering steps resulted in a final pro-
tein-coding and non-redundant assembly containing17157 transcripts
corresponding to as many putative unique protein-coding genes.

2.4. Annotation

Transcriptome functional annotation was performed using the
software suite Trinotate (version 3.1.0, (Haas et al., 2013)). Translated
sequences from the final assembly were used to perform a blastp search
on the Swiss-Prot database and a protein domain search on the Pfam
database (both uploaded from Trinotate version 3.1.10 on 07/03/
2016). Results were then integrated in Trinotate to retrieve functional
annotations leveraging eggNOG, GO and Kegg databases (Huerta-Cepas
et al., 2016; Gene Ontology Consortium, 2004; Kanehisa and Kegg,
n.d.). Only highly significant matches were reported in the annotation
file (i.e., those with an e-value < 10~ for the blast hits and the domain
noise cut-off for the Pfam domains). Overall, 13,093 contigs were an-
notated from at least one database. Details about the number of contigs
annotated on each database are given in Table 1. Transcript nucleotide
and amino acid sequences are also provided in the annotation file
(Supplementary S1).
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Quality scores for the raw assembly and the final assembly of Tracheliastes polycopus.

Raw assembly” Final assembly”

Representativeness Re-mapped reads (1 time)
Re-mapped reads (> 1 times)
Re-mapped reads (0 time)

Completeness Single-copy BUSCOs

Duplicated BUSCOs

Missing BUSCOs

Fragmented BUSCOs

Total BUSCOs groups searched

71.00% 65.77%
16.40% 6.89%
12.60% 27.34%
59.10% 90.50%
37.70% 5.70%
2.20% 2.60%
1.00% 1.20%
1066 1066

@ Tracheliastes polycolpus assembly generated from Trinity only.

Y Tracheliastes polycolpus reference assembly, resulting from curation steps.

Tracheliastes'polycolpus Caligus rogercresseyi

7 979 S92 315

58987,

1048 3643

23 365

Lepeophtheirus salmonis

Fig. 1. Venn plot showing the number of specific and shared genes between T.
polycolpus, C. rogercresseyi and L. salmonis, resulting from the RBH analysis.

2.5. Data validation and quality control

Quality of our final transcriptome assembly was evaluated based on
three main criterions (Table 2 and Fig. 1, (Haas et al., 2013; Hara et al.,
2015)). 1. The representativeness criterion refers to raw read content
represented by the assembly. 2. The completeness criterion is based on
evolutionary expectations of near-universal gene content that the as-
sembly includes. 3. Specificity refers to the number of genes that are
specific to T. polycolpus when compared to closely related species.

2.5.1. Representativeness

Representativeness was evaluated by measuring the percentage of
quality filtered reads that were properly re-aligned against the as-
sembly. To do so, the software Bowtie 2 (version 2.1.0, (Langmead and
Salzberg, 2012)) was used with default “end-to-end” alignment para-
meters. We estimated representativeness as the percentage of paired
reads that aligned back to the assembly exactly once and with respect to
the forward and reverse directions (Langmead and Salzberg, 2012). We
also reported the percentage of reads that mapped back more than once
(as an indication of redundancy or repeated sequences) and the per-
centage of reads that did not map back to the final assembly (i.e., the
proportion of non-represented reads within the assembly).

2.5.2. Completeness

Completeness was assessed by counting the percentage of ortholo-
gues conserved across arthropods that are present in the assembly using
the software BUSCO (Simao et al., 2015). However, if more than one
transcript was found to be aligned with the same orthologous gene,
then the assembly was therefore considered partially redundant. Thus,
to account for both the number of orthologues and redundancy, we
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quantified the number of orthologues conserved across arthropods that
were of a single copy within the assembly (i.e., BUSCOs: “Bench-
marking Universal Single-Copy Orthologs”, (Simao et al., 2015)).

2.5.3. Specificity

Specificity was assessed by quantifying the number of non-homo-
logous transcripts obtained for T. polycolpus when compared to
Lepeophtheirus salmonis and Caligus rogercresseyi, two parasitic copepod
species sharing the same order with T. polycolpus and for which tran-
scriptomic resources exist (available on Genbank under Bioproject
numbers PRJEB1804 and PRJNA234316 respectively). These tran-
scriptomes were obtained with comparable technologies to those we
used in this study and from different development stages including
adult females (Nufiez-Acufia et al., 2014; Carmona-Antonanzas et al.,
2015), which make the comparison relevant. We expect to find common
orthologs between the three species, but also a large amount of devel-
opment stage specific genes in the two sea lice species. We searched for
reciprocal blast hit (RBH) between the assembly of T. polycolpus (after
in silico RNA translation) and that of each of the two copepods species
using “tblastx”. The e-value threshold was set to 0.001 in order to select
the most significant matches (Camacho et al., 2009), and transcripts not
having a reciprocal match according to this criteria were considered
specific to T. polycolpus.

2.5.4. Quality control results & discussion

Regarding representativeness, we obtained a mapping rate of
65.8%, which is lower than expected for a Trinity assemblage (i.e.,
approximately 90% (Clarke et al., 2013)). Importantly, a large pro-
portion of raw reads (27.3%) could not be mapped back to the non-
redundant and protein-coding assembly (Table 2) likely because some
unique contigs were also lost during the filtering steps. Given that the
raw assembly size was reduced by almost a factor of six in the non-
redundant and protein-coding assembly, this assembly still displays a
good compromise between its informative content (representativeness)
and its complexity reduction. Indeed, when limiting redundancy and
removing chimaera contigs, usually up to 47% of reference genes are
retrieved in de novo assemblies conducted with several assemblers
(Yang and Smith, 2013). Furthermore, high completeness was achieved
with overall 90.5% of BUSCOs retrieved in the assembly and only 2.6%
of conserved orthologues across arthropods having being missed
(Table 2). Interestingly, the BUSCO analysis also confirmed that we
significantly limited redundancy during the curation process, as 37.7%
of BUSCOs were duplicated in the raw assembly and only 5.7% of du-
plicated BUSCOs were found in the final assembly (Table 2). Finally, we
found 6910 potentially specific transcripts in our T. polycolpus assembly
compared with the two most closely related species currently available
(Fig. 1). This high number of specific transcripts might be partly ex-
plained by the fact that the three species are from the same order but
different families, except for L. salmonis and C. rogercresseyi that share
the same family, which may explain their higher number of shared
genes (see also Supplementary Fig. S2 for similarity histograms of the
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shared genes between the three species). Overall, this highlights that
this assembly constitutes an original specific resource of interest. Our
quality assessment thus clearly revealed that the resulting non-re-
dundant and protein-coding assembly fulfilled the three criteria we
evaluated (i.e., representativeness, completeness and specificity). As
such, we propose this non-redundant and protein-coding transcriptome
assembly as a reference transcriptome assembly for T. polycolpus.

3. Conclusion

The transcriptome assembly reconstructed in this study is the most
complete genomic/transcriptomic resource available for T.polycolpus,
and more generally for freshwater copepods (Bron et al., 2009). As
such, this paves the way for future studies on this species, notably about
the molecular bases of host shift by this parasite. Beyond the studies on
this targeted species, this transcriptome will also open new avenues for
studying freshwater copepods that constitute cornerstone elements for
the biological functioning of freshwater ecosystems.

Availability of supporting data

Raw reads are deposited in Sequence Read Archive (GenBank)
under project number PRJINA476682. Accession numbers are
SRR7411022, SRR7411021, SRR7411024, SRR7411023, SRR7411026,
SRR7411025, SRR7411028, SRR7411027, SRR7411030, SRR7411029,
SRR7411019, SRR7411018, SRR7411017, SRR7411016, and
SRR7411020. This Transcriptome Shotgun Assembly project has been
deposited at DDBJ/EMBL/GenBank under the accession
GGQWO00000000. The version described in this paper is the first ver-
sion, GGQW01000000.
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Unraveling the relationship between demographic declines and genetic changes over
time is of critical importance to predict the persistence of at-risk populations and to
propose efficient conservation plans. This is particularly relevant in spatially struc-
tured populations (i.e. metapopulations) in which the spatial arrangement of local
populations can modulate both demographic and genetic changes. We used ten-year
demo-genetic monitoring to test 1) whether demographic declines were associated
with genetic diversity declines and 2) whether the spatial structure of a metapopula-
tion can weaken or reinforce these demographic and genetic temporal trends. We
continuously surveyed, over time and across their entire range, two metapopulations
of an endemic freshwater fish species Leuciscus burdigalensis: one metapopulation that
had experienced a recent demographic decline and a second metapopulation that
was stable over time. In the declining metapopulation, the number of alleles rapidly
decreased, the inbreeding coefficient increased, and a genetic bottleneck emerged
over time. In contrast, genetic indices were constant over time in the stable meta-
population. We further show that, in the declining metapopulation, demographic
and genetic declines were not homogeneously distributed across the metapopula-
tion. We notably identify one local population situated downstream as a ‘reservoir’ of
individuals and genetic variability that dampens both the demographic and genetic
declines measured at the metapopulation level. We demonstrate the usefulness of
long-term monitoring that combines both genetic and demographic parameters to
understand and predict temporal population fluctuations of at-risk species living in
a metapopulation context.

Keywords: conservation genetics, rescue effect, fragmentation
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Introduction

Understanding how demographic and genetic changes occur
over time is critical to resolve evolutionary and conservation
issues. Joint changes in demographic and genetic parameters
over time have often been investigated through snap-shot
approaches that investigate genetic changes between two (or
more) periods during which demographic parameters have
changed in the surveyed population (Schwartz et al. 2007,
Habel et al. 2014). Nonetheless, using continuous moni-
toring (i.e. monitoring characterized by a regular temporal
resolution) to conjointly study demographic and genetic
changes over time should provide complementary informa-
tion at a higher temporal resolution (Schwartz et al. 2007).
For instance, demographic monitoring can provide infor-
mation about the mechanisms responsible for temporal
demographic changes (such as the intrinsic growth rate or
density dependence, Hostetler and Chandler 2015), whereas
genetic monitoring provides information regarding the
evolutionary sustainability of populations (Schwartz et al.
2007). Thus, continuous real-time demo-genetic monitor-
ing is a promising approach that should provide fundamen-
tal insights for the long-term conservation of populations
(Hoban et al. 2014).

However, continuous real-time demo-genetic monitoring
is still rarely used (but see Devillard et al. 2011, Chen et al.
2016). Most continuous real-time demo-genetic monitoring
studies have focused on stable or increasing populations to
assess their long-term genetic viability (Hansson et al. 2000,
Kaeuffer et al. 2007, Devillard et al. 2011). Consequently,
association between decreases in abundance (demographic
collapses) and genetic diversity losses (genetic collapses) in
declining populations has rarely been investigated in the
wild. This is surprising given that association of demographic
collapses and genetic diversity losses may sustain extinction
vortices in at-risk populations. Particularly, Spielman et al.
(2004) have shown that a loss in genetic diversity is expected
to become critical before populations go extinct and this
has consequences for the mechanisms that underline demo-
graphic changes (Cappuccino and Price 1995, Hildner et al.
2003). For instance, a loss in genetic diversity such as higher
inbreeding depression in populations should decrease the
intrinsic growth rate of these populations, hence favor-
ing demographic declines (Cappuccino and Price 1995,
Hostetler et al. 2013).

Association between demographic decline and loss of
genetic diversity has been inidally tested in populations
homogenously distributed in space (Spielman et al. 2004),
but populations are often spatially structured across continu-
ous or discontinuous habitat patches (Hanski 1998). This
is the case for many natural ecosystems forming mosaics of
habitats, such as rivers or oceans, but also for many ecosys-
tems that are increasingly fragmented by human activities
(e.g. through deforestation or the building of infrastruc-
tures). In these spatially structured landscapes, ‘local’ popula-
tions are connected to one another to form metapopulations,
and some local populations may act as sources of individuals

and genes through emigration, whereas others may act as
sinks, receiving individuals and genes through immigration
(Gaggiotti 1996).

Predicting demo-genetic declines in metapopulations is
not straightforward since both demographic changes and the
distribution of genetic diversity are not necessarily spatially
homogeneous (Naranjo and Bodmer 2007, Morrissey and
de Kerckhove 2009). For instance, within a demographically
declining metapopulation, if local source populations failed
to provide enough individuals and genes to local sink popula-
tions, we can predict strong effects of genetic drift in local sink
populations, but not necessarily in local source populations
(Dunning et al. 1992, Spielman et al. 2004). As the popula-
tion size decreases, the intensity of genetic drift increases in
local sink populations, which may ultimately lead to local
decreases in genetic diversity due to the loss or the fixation of
particular alleles (Spielman et al. 2004, Potvin et al. 2017).
In contrast, genetic rescue effects may be expected in local
sink populations if they receive genetically distinct migrants
from source populations (Dunning et al. 1992, Carlson et al.
2014). By dampening declines in genetic diversity through
dispersal, local source populations may hence counteract
the pervasive genetic consequences of demographic declines
that occur at the metapopulation scale (Barson et al. 2009,
Jangjoo et al. 2016). Testing whether demographic and
genetic temporal changes are concomitant in declining meta-
populations is consequently an important prerequisite to pre-
dict the sustainability of metapopulations in the long term
(Vuilleumier et al. 2010, Palstra and Ruzzante 2011).

Here, we aimed to 1) test whether demographic declines
over time are associated with changes in genetic diversity in
the same timeframe in metapopulations and 2) identify to
which extent the spatial structure of metapopulations may
modulate these temporal trends. We focused on an endemic
freshwater fish species from southwestern France (the rostrum
dace, Leuciscus burdigalensis). We considered two metapopu-
lations that belong to two sub-river basins that were surveyed
demographically (by measuring local fish abundance) and
genetically (by assessing genetic variation using neutral mark-
ers) for ten years on a year-to-year basis. One metapopulation
underwent a sharp demographic decline during that period,
whereas the other was stable (or slightly increased) demo-
graphically over time. We first quantified these demographic
trends for both metapopulations and tested whether demo-
graphic changes were homogeneously distributed along the
upstream—downstream gradients of the riverscapes. Second,
we tested whether processes such as density-dependence and/
or the effect of the intrinsic growth rates underlay these demo-
graphic changes. Then, we tested whether the general demo-
graphic decline observed in one of the two metapopulations
was associated with a loss of genetic diversity over time. We
further tested whether genetic diversity was homogeneously
distributed along the upstream—downstream gradients of the
riverscapes to identify the putative sources of genetic diver-
sity. Finally, we evaluated the marginal impact of the spatial
structure of the metapopulation on temporal genetic trends,
notably by testing whether some local populations were
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dampening genetic diversity losses occurring in other local
populations by acting as reservoirs of individuals and genes.

According to Spielman et al. (2004), we predict a sharp
and general decline in genetic diversity in the demographi-
cally collapsing metapopulation. Notably we expected an
intrinsic negative growth rate underlying the demographic
collapse and a departure from the Hardy—Weinberg equilib-
rium (which represents a genetic equilibrium expected in a
stable population). However, riverscapes are strongly struc-
tured spatially and environmentally along the upstream—
downstream gradient, which influences the demo-genetic
dynamics of riverine metapopulations (Labonne et al. 2008,
Altermatt 2013, Paz-Vinas and Blanchet 2015). Specifically,
genetic diversity is generally higher in downstream local pop-
ulations compared to upstream local populations in dendritic
river networks (Paz-Vinas et al. 2015), and theory predicts
that local extinction rates should be higher in local popu-
lations situated in isolated upstream localities (Gotelli and
Taylor 1999, Mari et al. 2014). We can therefore expect that
downstream localities will be 1) more demographically stable
than upstream localities, and 2) potentially acting as reser-
voirs of genetic diversity, hence dampening (and potentially
rescuing) the overall genetic consequences of the demographic
decline (Fronhofer and Altermatt 2017).

Material and methods
Biological model and sampling design

Rostrum dace Leuciscus burdigalensis is a cyprinid species
living in running waters with intermediate water tempera-
ture (from 14°C to 24°C in warmer months). It is a gregari-
ous species living in small shoals of 3—5 individuals, and it
generally feeds on benthic or drifting invertebrates. During
the active season (June—October) dace forage in groups in
habitats characterized by moderate to high water veloc-
ity (10-70 cm s') and moderate water depth (20-60 cm
depth), two characteristics that are generally not uniformly
distributed across a whole stream. We can therefore con-
sider that dace form metapopulations along the upstream—
downstream gradient composed of discrete sub-populations
(i.e. in habitats suitable for foraging) connected by corridors
(i.e. unsuitable habitats for foraging). Dace can measure up
to 30 cm in length, and can reach the age of 10-12 years.
They are generally mature at ~2-3 years and they reproduce
(several times along its lifetime) during spring on gravel
beds of rivers, when the water temperature reaches ~9°C
(Keith et al. 2011).

We sampled dace in the Viaur and Célé Rivers, two similar
mid-size rivers (~150 km long) in the Garonne River Basin
(southwestern France, Fig. 1). The Viaur and Célé Rivers
are situated in two different sub-river basins (the Aveyron
and Lot sub-river basins, respectively) separated from each
other by more than 390 km of topological distance and by
several impassable dams. Contemporary dispersal between
the Viaur and Cél¢é Rivers is hence highly unlikely (if not
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impossible). Hence, we will hereafter consider that the local
dace populations we sampled in these two rivers constitute
two metapopulations whose contemporary dynamics are
independent. Sampling was conducted yearly during the
periods 2005-2014 and 20062014 for the Viaur and Célé
Rivers, respectively, at eleven localities (i.e. river stretches of
~200 m long covering favourable foraging habitats for dace,
Fig. 1). Sampled localities, which sustain local dace popula-
tions for each river, were separated by topological distance of
at least 3.5 km that were often characterized by less favour-
able habitats (e.g. lentic river sections with low velocity and
high water depth) that constitute dispersal corridors between
two adjacent local dace populations. Sampling localities
were distributed along the upstream—downstream gradient
of each river to sample the whole spatial structure of each
metapopulation. For logistical reasons, some localities were
not sampled each year, but an average of 8-9 localities was
sampled each year per metapopulation. Sampling was done
according to a standardized electrofishing protocol covering
a 500-2000 m* surface section depending on the sampled
locality. To ensure year-to-year comparisons, we did not vary
the sampling surface at the locality level over time. All dace
(N,,,=2264) were anaesthetized, counted (to quantify dace
abundance for each locality) and measured, and a piece of a
pelvic fin was removed and stored in ethanol for each indi-
vidual. All individuals were returned alive to their sampling
locality. Permit numbers from regional authorities (i.e. the
‘Directions Départementales des Térritoires’) are provided in
Supplementary material Appendix 1 Table Al.

Laboratory analyses and genetic diversity assessment

We extracted the total DNA from fins following Aljanabi
and Martinez (1997). Individual genotypes were obtained at
twelve microsatellite loci (Supplementary material Appendix 1
Table A2). We estimated the frequencies of null alleles
using the R package ‘PopGenReport’ (Adamack and Gruber
2014). We found a relatively high frequency of null alleles
in one marker (Rhca20, Supplementary material Appendix 1
Table A3). Analyses were therefore run with and without this
specific marker to ensure the reliability of results. Since there
were no significant differences between the results obtained
with and without Rhca20, we only present those with the
twelve markers.

Genetic diversity was quantified using seven genetic
indices. Five of them were calculated using the R package
‘adegenet’ (Jombart 2008) at the marker level: the num-
ber of alleles (NA), the allelic richness (AR, i.e. the mean
number of alleles across loci standardized for the lowest
sampling size using a rarefaction procedure), the inbreeding
coeflicient (Fis), the expected heterozygosity (He) and the
observed heterozygosity (Ho). We also estimated the M-ratio
(Garza and Williamson 2001) because this index efficiently
captures the signatures of recent genetic bottlenecks in
spatially structured populations potentially experiencing
downstream-biased asymmetric gene flow, such as riverine

populations (Paz-Vinas et al. 2013). The M-ratio detects
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Figure 1. Maps of the Viaur and Célé Rivers, together with the different sampling localities (11 per river) and their distribution along the

upstream—downstream gradient of each river.

genetic bottlenecks via a loss of alleles relative to the allelic
range, the latter of which is supposed to decrease slower than
the number of alleles during a demographic collapse (Garza
and Williamson 2001). Empirical M-ratio values that were
lower than a critical value of 0.68 indicate significant bot-
tlenecks (Garza and Williamson 2001). The M-ratio was
calculated at the marker level using a customized R script
(Mathieu-Bégné et al. 2018). Finally, we also estimated the
effective metapopulation size (Ne) for each year and each
metapopulation using the linkage disequilibrium method
implemented in the software NeEstimator V2.01 (Do et al.
2014) and a sliding window of three years corresponding to
the generation time of dace (Skrbinsek et al. 2012).

Statistical analyses

Temporal demographic trends and impact of the spatial
structure of metapopulation

We computed a generalized linear mixed model (GLMM) to
test whether there were significant temporal trends in dace
abundance and whether these trends varied between the two
metapopulations. Since the response variable was the num-
ber of dace caught per year and per locality, a Poisson error
term distribution was fitted. Explanatory variables (fixed
effects) were metapopulation identity (i.e. the Viaur or Célé
River), sampling year and the resulting two-term interaction.
Locality identity was included as an intercept-only random
variable.
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We further investigated whether temporal demographic
changes were homogeneously distributed across each meta-
population by testing the relationship between temporal
demographic changes measured at the locality level and
the spatial position of each locality along the upstream—
downstream gradient of each metapopulation. We specifi-
cally used an additive linear model that assumed a Gaussian
error term distribution, the distance from the river source of
each locality and metapopulation identity as explanatory
variables, and the strength of the temporal trend at the
locality level (i.e. the slope of the relationship between dace
abundance and year of sampling) as the response variable.

Population dynamics models and processes underlying
temporal demographic trends

We aimed at evaluating, for each metapopulation, whether
demographic changes observed over time resulted from
changes in the intrinsic growth rate (IGR) and/or in the
strength of density-dependence processes. To do so, we fit-
ted hierarchical N-mixture models (Hostetler and Chandler
2015) to the abundances recorded across localities in each
metapopulation, in order to estimate the two parameters
cited above for each metapopulation and for each sampling
year. These models are a class of state—space models integrat-
ing 1) a sampling process relating the observed abundances
(denoted N, i.e. the number of individuals detected during
a sampling event) to the true abundances (denoted X, i.e.
the actual number of individuals present during a sampling
event) and 2) a population dynamics process that describes
the evolution of abundances through time (De Valpine and
Hastings 2002). The observation process was described by a
binomial distribution:

Xi,z - Bin(Ni,z’Pi)

where p; is the probability of detection at locality i. To model
dace abundances at locality i and time t, we used a Poisson
distribution:

N,, ~Pois(£(N,,))
where E(N;,) is the expected dace abundance at locality i
and time t under a stock—recruitment Ricker model. On the
log-scale the model is represented by:

log(E(Nl.), )) = log(Ni,z—l)_'_ p—MXN,,

where p and 1 are fixed effects representing the intrinsic
metapopulation growth rate (i.e. the rate of metapopula-
tion increase when N, ;=0) and the strength of density-
dependence, respectively. Both parameters were assumed to
follow normal distributions centred on 0 with large standard
deviations. To allow for stochastic differences between locali-
ties in the IGR and for stochastic year effects common to
all localities, we introduced the parameters S, and T, to the
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model described above, representing the random locality and
random year effects, respectively. S, and T, were assumed to
follow normal distributions centred on 0, with standard devi-
ations 6 and o representing the magnitude of the variability
among localities and years, respectively. Half-Cauchy distri-
butions were used as priors for 6 and 6, (Gelman 20006).
Finally, the priors for the initial values N, of each time series
were Poisson distributions with means equal to the average
number of individuals captured during the survey, increased
by one (Kéry and Schaub 2012). To obtain posterior distribu-
tions of parameters (Clark and Bjernstad 2004), we adopted
a Bayesian approach using JAGS 3.3.0 (Plummer 2003)
run through the R package ‘R2jags’ (Su and Yajima 2012).
Convergence was visually assessed and confirmed using the
Gelman and Rubin statistic for all parameters (Gelman and
Rubin 1992), and highest posterior density (HPD) intervals
were used as 95% credible intervals.

Temporal genetic diversity trends

We computed independent GLMMs or GLMs to test the
effect of temporal trends on each genetic index (i.e. NA,
AR, Fis, Ho, He, M-ratio and Ne used as response vari-
ables). Gaussian error term distributions were assumed for
all indices but NA and Ne, for which a Poisson error term
distribution and a Quasi-Poisson error term distribution
(to deal with overdispersion) were assumed, respectively.
Metapopulation identity, sampling year and the resulting
two-term interaction were set as fixed effects. The marker
identity was set as a random intercept for each genetic index
except for Ne, for which we used a simple GLM (because
Ne was not calculated at the marker level). Additionally,
we tested whether rare alleles were more likely to be lost
(rather than common alleles) in the Viaur metapopulation,
as expected theoretically in declining populations (Nei et al.
1975). To do so, we used a Wilcoxon rank-sum test compar-
ing for the Viaur metapopulation 1) the allele frequencies
measured across the first four years of the study (2005—
2008, i.e. before the population collapse) for alleles that are
still present in the four last years of the survey (2011-2014,
i.e. after the population collapse) to 2) allele frequencies
measured across 2005-2008 for alleles that have been lost
in the last four years of the survey. Finally, we plotted direct
relationships between temporal demographic and genetic
diversity variations for each genetic diversity index, and
tested their relationships using Mantel correlation tests con-
ducted for each metapopulation independently (i.e. result-
ing in twelve Mantel tests). The significance of each Mantel
test was evaluated using Spearman correlation coeflicients
and 1000 permutations. Mantel tests were performed using
the R package ‘vegan’ (Oksanen et al. 2011).

The impact of metapopulation spatial structure on temporal
trends of genetic diversity

To investigate the impact of the metapopulation spatial
structure on genetic diversity trends, we first tested the
spatial distribution of the ‘initial’ genetic diversity (i.e. the



genetic diversity observed for the first year of the survey)
using GLMs that assumed Gaussian error term distributions.
Initial genetic diversity was computed for NA, Fis, He, Ho
and the M-ratio at each locality for the first monitoring year
(2005 for the Viaur River metapopulation and 2006 for the
Célé River metapopulation) and used as response variables
in separated models. The explanatory variables were meta-
population identity and the distance from the source of each
locality.

Second, we evaluated the marginal impact of each local
population on changes in temporal genetic diversity in the
declining metapopulation. To do so, we re-ran the analyses
in order to test for temporal trends in the genetic diversity
presented above, but by iteratively removing data from one
locality from the whole dataset (from the most upstream
locality to the most downstream locality, i.e. localities were
not randomly removed). For each combination (all localities
sampled in each year minus one being excluded) we calcu-
lated genetic indices for each year at the marker level and used
GLMMS with the marker as a random effect as described
above to estimate the slopes of the relationships between
genetic diversity indices and the year of sampling, together
with its standard error. We excluded Ne from this analysis
to allow robust models with information at the marker level.
We finally compared these slope estimates to the estimate
calculated when all localities are included in the analyses. If
the removal of one specific locality leads to a slope estimate
steeper than the slope estimated from the whole dataset, one
can consider that the population in this specific locality may
serve as a genetic reservoir (and potentially as a source) in
the metapopulation, since this local population actually pro-
vides some marginal genetic diversity to the metapopulation,
hence dampening the expected genetic diversity loss.

All statistical analyses were done using the R software
(ver. 3.4.2 <www.r-project.org>), and all GLMMs were
ficted using the package ‘glmmADMB’ (Bolker et al. 2012).

Data deposition

Raw data and scripts required for statistical analyses are avail-
able at <https://doi.org/10.6084/m9.figshare.5999171>.

Results

Temporal demographic trends and impact of the spatial
structure of metapopulations

As expected, we found that demographic trends over time
significantly varied between the two metapopulations
(Table 1la). Dace displayed a slight but significant increase
in metapopulation size over time in the Célé River, whereas
dace abundance severely declined in the Viaur River (Fig. 2a).
We further detected a positive relationship between the
magnitude of the demographic changes measured at the local
population level and their distance from the river source in

both metapopulations (F=5.916, df=1,15, p-value=0.029,

Table 1. Output of GLMMs (a—f) and GLM (h) testing the effect of
metapopulation identity, year, and the resulting interaction (included
only when significant) on (a) dace abundance, (b) allelic richness,
(c) expected heterozygosity, (d) observed heterozygosity, (e) number
of alleles, (f) Fis, (g) M-ratio and (h) effective population size.

dfs Statistic® p-value

a) Number of dace®

Year 1,156 56.333 < 0.001

Metapopulation 1,156 177.34 < 0.001

Year: metapopulation 1,156 171.875 < 0.001
b) Allelic richness?

Year 1,223 0.098 0.754

Metapopulation 1,223 256.637 < 0.001
c) Expected heterozygosity®

Year 1,223 0.786 0.376

Metapopulation 1,223 65.885 < 0.001
d) Observed heterozygosity”

Year 1,223 0.837 0.361

Metapopulation 1,223 35.224 < 0.001
e) Number of alleles®

Year 1,223 3.185 0.074

Metapopulation 1,223 16.694 < 0.001

Year: metapopulation 1,223 14.693 < 0.001
f) FisP

Year 1,222 4.187 0.042

Metapopulation 1,222 6.471 0.012

Year: metapopulation 1,222 6.473 0.012
g) M-ratio®

Year 1,222 1.157 0.283

Metapopulation 1,222 7.921 0.005

Year: metapopulation 1,222 8.014 0.005
h) Effective population size ®

Year 1,15 141.270 < 0.001

Metapopulation 1,15 263.639 < 0.001

Year: Metapopulation 1,15 15.817 < 0.001

3Degrees of freedom at the numerator and denominator, respectively.
PStatistics used in these models are Fisher statistics.
cStatistics used in these models are y?-statistics.

Fig. 2b). This correlation indicated that demographic declines
in the Viaur metapopulation were stronger in upstream sites
than in downstream sites (where the most downstream local
population was actually demographically stable, Fig. 2b) and
that demographic increases in the Célé metapopulation were
stronger in downstream sites than in upstream sites.

Population dynamics models and processes underlying
temporal demographic trends

In support of previous demographic temporal trend analyses,
we found a positive IGR with HPD intervals that did not
overlap zero for dace from the Célé River, whereas a nega-
tive IGR was measured for dace from the Viaur River,
although the HPD intervals overlapped zero (Fig. 3a). Our
metapopulation dynamics models further revealed significant
regulation through density-dependence processes for the
Célé River metapopulation (positive value of 1), whereas a
slight negative value of  was found for the Viaur River meta-
population (Fig. 3b). In both metapopulations, we found
strong year-to-year variations in the IGR. More specifically,
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IGR values were always positive for the Célé River meta-
population, with HPD intervals that never overlapped zero
(Fig. 3¢). In contrast, IGR values were negative for most years
for the Viaur River metapopulation, with five years specifi-
cally showing significant negative IGR values (2007, 2009—
2011, 2013, Fig. 3¢).

Temporal genetic diversity trends

He, Ho and AR were, on average, 7—26% lower for the Viaur
River metapopulation than from the Célé River metapopula-
tion (Table 1b—d, Supplementary material Appendix 1 Fig.
Al), although we did not detect any significant temporal
trends for these genetic indices (Table 1b-d). In contrast,
significant interaction terms between ‘metapopulation iden-
tity’ and ‘sampling year’ were detected for NA, Fis and the
M-ratio (Table le—g), indicating that temporal trends vary
between metapopulations for these three genetic parameters.
For both NA and M-ratio, we detected a strong and signifi-
cant decrease over time in the Viaur River metapopulation,
whereas these two genetic parameters were stable over time
in the Célé River metapopulation (Fig. 4a-b). Interestingly,
the values observed for the M-ratio for the Viaur River
metapopulation were always lower than 0.68 (Fig. 4b). Fis
significantly increased over time in the Viaur River metapop-
ulation, whereas it significantly decreased in the Célé River
metapopulation (Fig. 4c). Temporal trends in Ne estimated
from genetic markers to lesser extent mirrored the tempo-
ral trends in dace abundance highlighted from demographic
data: Ne increased sharply and significantly over time in
the Célé River metapopulation, whereas Ne remained very
low and stable over time in the Viaur River metapopula-
tion (Table 1h, Fig. 4d). Ne values estimated for the Viaur
River metapopulation never exceeded ~50 individuals and
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were always smaller than values estimated in the Célé River
metapopulation (Table 1h, Fig. 4d).

Furthermore, alleles that were lost in the last four years
had lower initial frequencies than alleles that were still pres-
ent in the last four years, indicating that, as expected, rare
alleles were first lost during the decline (W=5237, p-value
< 0.001, Supplementary material Appendix 1 Fig. A2).
Finally, the observed relationship between temporal demo-
graphic and genetic variations for NA and the M-ratio
also supports that the demographic decline observed in the
Viaur metapopulation is associated with genetic diversity
loss (Supplementary material Appendix 1 Fig. A3). Notably,
we identified significant relationships between temporal
demographic and genetic variations, implying both NA and
the M-ratio in the Viaur metapopulation, and a significant
relationship between temporal demographic and genetic vari-
ations for NA in the Célé metapopulation (Supplementary
material Appendix 1 Table A4).

The impact of metapopulation spatial structure on
temporal trends of genetic diversity

We found that initial genetic diversity was spatially
structured for two indices (NA and AR). We indeed high-
lighted a positive trend between these two indices and the
distance from the source of each locality (Fy,=6.023,
df,=1,12, p-value,,=0.030, F,;=5.246, df;=1,12,
p-value,,=0.041, Fig. 5), indicating that genetic diversity
tended, as expected, to be higher downstream.

Regarding the impact of metapopulation spatial structure
on temporal trends of genetic diversity, we found that the
dace population from one locality of the Viaur River meta-
population (‘La Calquiére’, localized in the most downstream
part of the river, Fig. 1) had a marginal impact on the loss
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of genetic diversity measured over time for several indices.
More precisely, when this local population was removed from
the whole dataset, steeper slope estimates (compared to the

estimates based on the whole dataset) were detected for the
relationship between NA and year of sampling (Fig. 6a) for
the relationship between Fis and year of sampling (Fig. 6e)
and for the relationship between He and year of sampling
(Fig. 6f). These results suggest that this most downstream
local population likely acts as a genetic diversity reservoir in
the Viaur River metapopulation.

Discussion

We confirmed the incidence of a severe demographic decline
during the monitoring period in the dace metapopulation
from the Viaur River, corresponding to an ~80% abundance
decrease that occurred in less than ten years. Meanwhile,
dace abundance increased over time in the Célé River
metapopulation. We further show that the intrinsic growth
rates of dace metapopulations were mostly negative in the
Viaur River, whereas they were always positive in the Célé
River, thus confirming the contrasting demographic trends
observed for these two and supporting an expected decline
of genetic diversity in the Viaur metapopulation (Reed et al.
2007, Hostetler et al. 2013). Second, our study highlights
that the demographic decline observed in the Viaur River was
not homogeneous among local populations. We specifically
demonstrate that the most downstream local dace popula-
tion sampled in this riverscape was actually stable over time
(a tendency also observed in the Célé River Fig. 2b). This
finding is in line with the general idea that upstream popula-
tions are more prone to local extinctions than downstream
populations in riverine networks (Gotelli and Taylor 1999,
Fagan 2002, Mari et al. 2014).

At the genetic level, our longitudinal survey revealed
that, contrary to the stable Célé River metapopulation, the
collapsing metapopulation was suffering a genetic bottle-
neck, as it was experiencing a loss of genetic diversity and
an increase of its inbreeding coefficient (generally associated
with higher extinction risk, Frankham 1995). This global
loss of genetic diversity in the Viaur River metapopulation
seems to be intrinsically associated with the demographic
collapse we identified as documented by Spielman et al.
(2004). For instance, the decrease in the number of observed
alleles is directly linked to the loss of individuals observed in
many localities of the Viaur River. We indeed found that rare
alleles were more prone to disappear from the Viaur meta-
population compared to common alleles, as it is expected in
collapsing populations (Nei et al. 1975), and we can there-
fore assume that these alleles will only be recovered if indi-
viduals from peripheral populations immigrate (Chen et al.
2016). We further found that the inbreeding coefficient
decreased over time in the Célé River metapopulation,
which indicates that this metapopulation became closer to
the Hardy—Weinberg equilibrium. This may be attributed to
the significant increase in dace abundance detected in this
metapopulation, and shows that a slight increase in meta-
population abundance may help reduce inbreeding in wild
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metapopulations. In contrast, departure from the Hardy—
Weinberg equilibrium was stronger over time in the declin-
ing metapopulation, which probably reflects the higher risk
of inbreeding due to the extremely low and declining num-
ber of effective breeders measured in this metapopulation
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and likely resulting in the negative intrinsic growth rate we
identified (Waples 2002, Reed et al. 2007).

Interestingly, not all genetic diversity indices co-varied
with this demographic decline, as we failed to detect
temporal changes for heterozygosity and allelic richness. This
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Figure 5. Relationship between the initial genetic diversity measured as the allelic richness (a) and the number of alleles (b) in each local
population and the distance from the source of each locality. Grey areas are confidence intervals of the predictions (lines) from linear

models.
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probably reflects the differential sensitivity of genetic indices
to demographic declines, which was recently demonstrated
theoretically (Hoban et al. 2014). Some indices could be
characterized by non-linear temporal changes that may be
detectable only once a threshold is reached (Scheffer et al.
2001), which may require a longer time series to be attained
(Antao et al. 2011). In any cases, genetic diversity was glob-
ally lower in the Viaur than in the Célé metapopulation and
both effective metapopulation sizes and the M-ratio were
extremely low in the Viaur metapopulation, even before the
beginning of the demographic decline.

Finally, we exemplified how metapopulation structure
could dampen the loss of genetic diversity at the metapopu-
lation scale, notably through source local populations, such
as the one sampled at the most downstream locality (‘La
Calquiere’) in the Viaur River. We notably found that if this
local population would not have sustained large dace abun-
dances over time (i.e. would have critically declined instead
of being stable, as we actually observed) the decrease in the
number of alleles at the metapopulation scale would have
been much steeper over this 10-year period. Similarly, this
local population also contributed to limit deviation from the
Hardy—Weinberg equilibrium and reduced the bottleneck
signal observed at the metapopulation scale. Indeed, with-
out this local population, we would have recorded increasing

expected heterozygosity over time, together with a constant
number of heterozygotes (measured by Hobs, Fig. 6¢, f), which
is generally interpreted as a signal of bottleneck (Luikart and
Cornuet 1998). This downstream local population was both
the most stable demographically and the most diverse geneti-
cally, hence contributing to the explanation of its marginal
influence at the metapopulation scale. This demonstrates
that the spatial variation between demographic parameters
and genetic parameters observed in certain metapopulations
(such as those living in riverscapes) may dampen the tempo-
ral variation observed at the metapopulation scale (‘portfolio
effect’, Doak et al. 1998, Anderson et al. 2013). However, the
high level of fragmentation by dams and weirs in the Viaur
River might limit potential genetic and demographic rescue
effects provided by emigration from downstream localities to
upstream localities (Chen et al. 2016). Thus, any genetic and
demographic rescue effect in the Viaur River would be only
possible through human-assisted migration.

It is worth noting that in this study the two metapopula-
tions were analyzed from a linear perspective, i.e. along the
upstream—downstream gradient of the main stem. In stream
metapopulations, however, we can expect specific demo-
graphic and genetic dynamics arising from the dendritic
structure of the network (Paz-Vinas et al. 2015, Morrissey
and de Kerckhove 2009). For instance, tributaries can in some
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cases serve as genetic reservoirs that sustain the entire genetic
diversity observed downstream through ‘genetic mass effects’
(Kunin 1998, Campbell Grant et al. 2007, also known as
‘downstream-biased gene flow’, Paz-Vinas et al. 2015). This is
nonetheless unlikely in our case study since dace (in the two
sub-river basins considered in this study) mainly live the main
stem and rarely use tributaries as main habitats (because they
are generally too cold and too steep for dace). In both the Célé
and Viaur metapopulations, higher levels of genetic diversity
observed downstream are hence more likely to be the produce
of a past upstream-directed colonization process or of higher
effective population sizes downstream rather than from mass
effects from upstream to downstream (as observed in many
river systems for many organisms, Paz-Vinas et al. 2015). We
hence reasonably assume that the demographic and genetic
dynamics observed in the most downstream locality of the
Viaur River likely reflect a ‘reservoir’ in this area, rather than
a sink resulting from a ‘mass effect’. Nonetheless, we argue
that further long-term demo-genetic monitoring should be
conducted in dendritic river networks to better understand
the role of spatial structures in shaping the demographic
and genetic stability of the metapopulations inhabiting these
specific ecosystems (Anderson et al. 2013).

To conclude, our study demonstrates, in a continuous
real-time demo-genetic design, that a demographic decline
of a wild metapopulation can be associated with a significant
loss in genetic diversity over a period as short as ten years.
This shows the usefulness of continuous real-time monitoring
to quantify, at a fine time-scale, both the genetic and demo-
graphic changes occurring in declining populations, which
has strong implications for the prediction and prevention of
extinction vortices in the wild. Continuous real-time moni-
toring combining genetic and demographic indicators is still
rarely used (Habel et al. 2014), but we demonstrate that these
indicators can jointly vary over short time scales. Moreover,
we demonstrate how the spatial arrangement and the speci-
ficity of local populations within a landscape can modulate
both local extinction rates and local genetic diversity distri-
butions, which may dampen the pervasive genetic effects of
demographic declines at the metapopulation scale. We call
for more integrated monitoring programmes, because they
can realistically inform both the ecological and evolutionary
viability of endangered metapopulations.
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