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« Le dur et le rigide accompagnent la mort, le souple et le délicat
accompagnent la vie. »

Tao Te Ching



RESUME :

Dans le contexte du réchauffement climatique actuel, les récifs coralliens subissent des
stress thermiques de plus en plus fréquents et intenses menant a des événements de
blanchissement de masse. Ces événements de blanchissement sont dus a la rupture de la
symbiose entre I'hote corallien et son algue endosymbiotique. Cette algue, du genre
Symbiodinium, fournit au corail plus de 90% de ses besoins nutritifs grace auxquels il peut
élaborer un squelette calcaire formant le support physique de I'écosystéme corallien. Sous I'effet
d’un stress thermique, I'algue produit un excés de molécules oxydantes que I'hote corallien et
son symbionte ne sont plus capables d’éliminer. L’algue devient alors toxique et est éliminée ou
expulsée de 'endoderme du corail. Lors d’un stress thermique, on observe également un grand
bouleversement dans la communauté bactérienne associée au corail, ce qui favorise I'émergence
de maladies infectieuses. Malgré ces phénomenes responsables de mortalités de masse,
certaines espéces/populations de corail montrent une thermotolérance supérieure a la moyenne
et sont capables de résister ou résilier face a ces situations de stress thermique. D’apres la
théorie évolutive de '’hologénome, tous les compartiments de I'holobionte, c’est a dire I'hote et
les microorganismes symbiotiques associés, peuvent jouer un role sur le phénotype de I'hbte et
donc sur la thermotolérance de ces populations particulierement résistantes. Ceci a été
démontré pour l'algue symbiotique dont on sait que certains clades ont une influence sur la
thermotolérance, la photo-tolérance et la croissance du corail. D’apres les théories évolutives et
les nombreuses observations faites depuis l'accélération du réchauffement climatique, le
mécanisme adaptatif le plus efficace face a des changements environnementaux brutaux serait
une augmentation de la plasticité phénotypique, qui permettrait de générer un éventail de
phénotypes plus large a partir d'un méme génotype. En théorie, elle serait favorisée chez des
populations expérimentant un environnement plus fluctuant. Dans le but de vérifier cette
hypothese, nous avons comparé la réponse au stress thermique de deux populations de
Pocillopora sp. soumises soit a un régime thermique peu fluctuant (population thermo-sensible)
soit a un régime beaucoup plus fluctuant (population thermo-tolérante). Tous les
compartiments biologiques pouvant avoir une influence sur la thermotolérance de I'holobionte
corallien ont été pris en compte dans cette analyse: la composition en Symbiodinium, la
composition de la communauté bactérienne et le transcriptome de I'hote corallien. Les résultats
montrent une composition des micro-organismes symbiotiques stable pendant le stress et
cohérente avec la littérature. Au travers de I'étude du transcriptome de I'h6te, nous avons pu
montrer une plus grande plasticité transcriptomique chez la population thermo-tolérante ainsi
qu'un mécanisme de « frontloading » (expression constitutive et plus forte d'un certain nombre
de génes de résistance au stress thermique dans la population thermo-tolérante). L’analyse de la
fonction des génes régulés dans la population thermo-tolérante a montré une induction des
fonctions attendues pour la réponse au stress thermique (HSPs, réponse au stress oxydant ou
apoptose), ainsi que la répression d’autres fonctions par un mécanisme de trade-off. De maniére
intéressante, on observe une forte induction des genes impliqués dans la régulation
épigénétique chez cette méme population ; elle pourrait expliquer la plasticité transcriptomique
observée. Au vu de ces résultats, nous proposons I'hypothese selon laquelle le frontloading
observé chez la population thermo-tolérante pourrait correspondre a une «assimilation
génétique » de la plasticité, favorisée par un environnement fluctuant. Cette plasticité serait
générée grace aux mécanismes épigénétiques fortement actifs chez cette population.

Dans un second temps, nous avons cherché a identifier certains parameétres génétiques
(haplotype de I'hote) ou environnementaux (régime thermique) qui pourraient influencer la
composition des communautés bactériennes et de Symbiodinium chez P. damicornis. Pour cela,
nous avons comparé les communautés microbiennes (bactéries et Symbiodinium) en milieu
naturel chez des colonies de P. damicornis provenant de 4 régions géographiques aux régimes
thermiques tres contrastés : la Polynésie francaise, la Nouvelle-Calédonie, Djibouti et Taiwan. Le
séquencage de l'haplotype mitochondrial a révélé 2 clades d’hotes: clade 1 pour Taiwan,
Polynésie Francaise et Nouvelle-Calédonie et clade 2 pour Djibouti qui semblent avoir une
influence aussi bien sur la communauté bactérienne que sur les Symbiodinium. La composition




du microbiote, analysée en métabarcoding 16S, s’est révélée trés variable entre les échantillons
mais un core bactérien émerge dans 'ensemble des populations (les genres Endozoicomonas,
Acinetobacter et Arcobacter). La température influence également la composition de la
communauté bactérienne, bien que I'effet soit plus faible que celui de I'haplotype de I'hote. En ce
qui concerne 'assemblage des Symbiodinium, on retrouve un seul clade majoritaire pour chacun
des échantillons avec une grande diversité de clades tres faiblement abondants (<1%). Les
différences tres marquées entre populations (clade D1 a Djibouti et Polynésie Francaise, clade
C1 a Taiwan et Nouvelle-Calédonie) sont principalement influencées par les températures
minimales des régimes thermiques subis. On observe ainsi par exemple une corrélation négative
entre l'association avec le clade D, connu pour étre thermo-tolérant, et les températures
minimales. Ce nouveau résultat conforte que les communautés microbiennes, et notamment de
Symbiodinium, sont une résultante de l’adaptation de P. damicornis a son environnement
thermique.

A lissue de ce travail, nous avons pu déterminer le role majeur de I'hote dans la
thermotolérance. En revanche, méme si la structure du microbiote est stable en situation de
stress, des études méta-transcriptomiques devront étre menées pour mieux appréhender sa
fonction dans ces situations. Il serait également intéressant de débrouiller le poids des
mécanismes génétiques et épigénétiques dans la thermotolérance et la plasticité phénotypique.
En effet, des études de génomique des populations permettraient d’identifier un certain nombre
de loci candidats qu'il serait intéressant de comparer a ceux que nous avons identifiés. Il serait
également pertinent d’approfondir le poids des mécanismes épigénétiques en étudiant I'impact
de stress récurrents sur des populations clonales de coraux, afin d’évaluer les modifications
épigénétiques induites et leur lien avec une éventuelle amélioration de la thermotolérance.
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Figure 1: Evolution de la température annuelle moyenne du globe en surface par
rapport a la période 1986-2005. Les séries chronologiques des projections et une mesure
de l'incertitude (parties ombrées) sont présentées pour les scénarios RCP2,6 (en bleu) et
RCP8,5 (en rouge). Les RCP représentent « des profils représentatifs d’évolution de
concentrations », c’est-a-dire des scénarios dans lesquels on prédit différentes valeurs
pour les futures émissions ou concentrations de gaz a effet de serre, aérosols et autres
facteurs anthropiques, selon les politiques climatiques mises en place d’ici 2100. Ici, les
RCP 2.6 et 8.5 représentent le scénario le plus optimiste (CO2 atteignant 421 ppm en
2100, pour environ 390 ppm aujourd’hui) et le plus pessimiste (CO2 atteignant 936 ppm)
respectivement. Le noir (couleur grise) représente I’évolution historique. Modifiée
d’apres (Stocker et al. 2013)



1. INTRODUCTION :

1.1. LE CHANGEMENT CLIMATIQUE : QUELLES CONSEQUENCES SUR LA BIODIVERSITE ?

Le GIEC (Groupe d'experts Intergouvernemental sur 1'Evolution du Climat ou
IPCC, Intergovernmental Panel on Climate Change) est un organisme
intergouvernemental chargé d’évaluer le changement climatique, aussi bien les causes
que les conséquences passées, présentes et futures. Créé en 1988 par le Programme des
Nations Unies pour l'environnement (PNUE) et par I'Organisation météorologique
mondiale (OMM), il se réunit depuis chaque année et a déja fourni cinq rapports
scientifiques complets sur I’état des lieux, aussi bien d’'un point de vue climatologique,
qu’écologique et sociologique (IPCC 2013). Toutes les données relatives au changement
climatique dans la présente introduction seront donc tirées du 5¢me rapport du GIEC
2013.

Lorsque le GIEC parle de changement climatique, il englobe dans ce terme tout
changement du climat persistant durant plus d’'une décennie, qu'’il soit attribuable aux
processus naturels internes ou externes (cycle solaire, éruptions volcaniques,
changement de la composition de 'atmospheére et de la nature des sols par l'activité
anthropogénique), contrairement a 'UNFCCC (United Nations Framework Convention
on Climate Change) qui définit le changement climatique comme un changement du
climat attribuable directement ou indirectement aux activités humaines (Planton 2013).
Le changement climatique est caractérisé par une augmentation de la concentration des
gaz a effet de serre (+40% de dioxyde de carbone depuis 1850, dont 30% absorbés par
les océans, menant a une acidification des eaux de -0.1 du pH), une fonte des neiges et de
la glace, une augmentation du niveau de la mer et surtout un réchauffement de
I'atmosphere et des océans.

La particularité de ce réchauffement réside dans la rapidité du processus
comparé aux changements climatiques les plus récents de la planéte. En effet, durant la
derniere déglaciation, il y a 11650 ans, 'augmentation moyenne de la température était
de 0,3°C a 0,8°C par millier d’'années avec deux périodes plus rapides, entre 1°C et 1,5°C
par millier d’années (Shakun et al. 2012). En comparaison, et comme le montre la Figure

1 ci-contre, la température de surface, des eaux et des océans a déja augmenté de 0,85°C
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durant la période 1880 a 2012. Selon les différents scénarios, 1°C a 4°C d’augmentation

sont estimés pour les cents prochaines années (Stocker et al. 2013).

L’influence de I'étre humain sur ce changement climatique est clairement établie.
Il serait causé a hauteur de plus de 50% par I'augmentation de la concentration des gaz a
effet de serre dans I'atmosphere liée notamment a l'utilisation des énergies fossiles
(Stocker et al. 2013). Quand bien méme un arrét des émissions de CO2 surviendrait, la
plupart des facteurs engendrant le changement climatique persisteront pendant encore
plusieurs siecles. C’est ce qu’on appelle I'inertie du changement climatique (Stocker et al.
2013).

Ces modifications rapides du climat, et en particulier le réchauffement climatique,
ne sont pas sans conséquences sur I’équilibre écologique de la planéte. En effet, de
nombreuses études ont déja montré des changements de comportement de nombreuses
especes depuis le début du changement climatique, il y a une centaine d’années (Merila
& Hendry 2014):

- La distribution spatiale de nombreuses espéces a été modifiée, avec un
changement (Perry 2005; I.-C. Chen et al. 2011) ou une réduction (Parmesan et al. 1999)
de leur aire de répartition afin de conserver un environnement optimal, soit vis-a-vis
des températures soit vis-a-vis de leur source de nourriture. Ces changements de
distribution mettent en contact des especes jusque la séparées géographiquement,
induisant une augmentation de la compétition pour les ressources, ainsi que
I'introduction de nouvelles maladies (Capinha et al. 2013), mais aussi des phénomenes
d’hybridations plus ou moins bénéfiques selon l'espéce concernée (Canestrelli et al.
2017; Muhlfeld et al. 2014; Becker et al. 2013; Hegarty 2012).

- On observe également des modifications au niveau de la phénologie de
nombreuses especes, c’est-a-dire une modification de la synchronisation des
événements clés de la fitness des especes, comme la floraison chez les plantes
(Chmielewski & Rotzer 2002), ou la migration chez les oiseaux (M@ller & Merila 2004),
les poissons (Crozier & Hutchings 2014) et les mammiféres (Inouye et al. 2000).
Certaines modifications sont clairement attribuables au réchauffement climatique
induisant, par exemple, I'avancement du printemps de 2,8 jours par décennie (Parmesan
2007). Méme si on pouvait voir dans certains phénomeénes une adaptation des especes

au changement climatique, cela cause un déreglement des réseaux trophiques par une
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Figure 2: Moyenne des changements de répartition par km et par décennie des

différents groupes taxonomiques marins (observations de 1900 a 2010). Les
changements positifs correspondent a des migrations dues au réchauffement (migration
vers des eaux auparavant plus froides, généralement en direction des pdles). Les
nombres entre parentheses correspondent aux nombres de résultats analysés. Modifiée
d’apres (Field et al. 2014)
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désynchronisation des espéces en interaction, notamment pour les relations
proies/prédateurs (Thackeray et al. 2010).

- Le changement climatique entraine également des modifications phénotypiques
adaptatives comme la couleur brune du plumage chez la chouette hulotte (Strix aluco)
en adaptation a la fonte des neiges (Karell et al. 2011), la réduction de la taille de
nombreuses espéces suivant la regle de Bergman (tendance a la corrélation négative
entre la masse corporelle et la température chez les animaux endothermes) (Teplitsky
et al. 2008), mais aussi non-adaptatives comme le changement de sex-ratio de la plupart
des reptiles qui produisent de moins en moins de males au fur et a mesure que les
températures augmentent (Ewert et al. 2005; Rhen & W . Lang 1998; Janzen 1994).

- On assiste également a de nombreuses mortalités et une quantité notable
d’extinctions ont été relevées durant les cent dernieres années (Regan et al. 2001). En
revanche, ces extinctions ne sont pas attribuables qu’au changement climatique car
d’autres facteurs, comme la destruction directe des niches écologiques par I'étre
humain, sont fortement impactant (Settele et al. 2014). Dans une étude de Cahill et al
(2013), 136 extinctions sont analysées afin de déterminer leurs causes. Parmi elles,
seulement 7 sont attribuables au changement climatique et aucune a I'augmentation de
la température directement, mais plutét aux nouvelles interactions interspécifiques et
au manque de nourriture (Cahill et al. 2013). Le changement climatique et ses impacts
sur la biodiversité affectent également la productivité primaire par la dégradation et le
déreglement des écosystemes (Quéré & Raupach 2009).

Il est donc évident que la composition et le comportement des especes changent
depuis un siecle ; méme si d’autres facteurs ont une influence (comme la dégradation
directe des écosystemes par I'étre humain, la pollution des eaux, l'introduction de
nouvelles espéces, etc.), les changements observés sur le fonctionnement des différents
écosystemes est largement attribuable a 'augmentation des températures. Or, c’est dans
I'océan que 90% de cette énergie s’est emmagasiné, avec un réchauffement des 75
premiers metres de 0.11°C par décennie depuis 1971 (Stocker et al. 2013). Ce
réchauffement et, dans une moindre mesure la variation des autres parametres physico-
chimiques des océans, ont profondément perturbé les écosystemes marins. On observe
notamment un déplacement des organismes marins vers les latitudes plus élevées,
comme le résume la Figure 2 tirée du GIEC 2013, ou vers des profondeurs plus

importantes, ainsi que des modifications de leur phénologie.
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Figure 3: carte représentant la répartition géographique des récifs coralliens
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Administration) (NOAA Sites 2017)
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Figure 4 : Photographie d'un récif frangeant de Moorea en Polynésie francaise,
modifié d’apres (runkle 2017).
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Parmi les écosystemes marins, I'écosystéme des récifs coralliens est 'un des plus
touchés par le réchauffement climatique. 11 a subi de nombreux épisodes de

blanchissement de masse et de mortalités (Cramer et al. 2014).

1.2. L’ECOSYSTEME CORALLIEN

1.2.1. Le récif corallien

Les récifs coralliens sont des infrastructures bioconstruites dont les principaux
producteurs sont des coraux durs (classe des anthozoaires, ordre des scléractiniaires).
Formés de I'accumulation des squelettes de carbonate de calcium de ces animaux, les
récifs finissent par constituer un rempart contre la houle autour de nombreuses iles
situées essentiellement dans les océans tropicaux et subtropicaux (généralement dans

les 70 premiers metres des eaux chaudes et oligotrophes, Figure 3).

Ces barrieres naturelles, en plus de protéger les cotes contre I'érosion (Figure 4),
fournissent un abri pour d'innombrables espéces marines et constituent un réservoir de
biodiversité. En effet, couvrant a peine 0,1% des océans, elles abritent pourtant plus
d’'un quart de toutes les especes de poissons marins, ainsi que beaucoup d’autres
organismes marins. On estime entre 1 et 3 millions le nombre d’espéces abritées par les

récifs coralliens mondiaux (Spalding et al. 2001; Ormond & Roberts 1997).

Les récifs sont donc d'une grande importance écologique, mais également
économique, pour plus d'un demi-milliard de personnes dans le monde via la péche et le
tourisme (Heron et al. 2017). On estime que les récifs coralliens rapportent plus de 352

$/ha/an en 2011 (Costanza et al. 2014).

1.2.2. L’holobionte corallien

A la base de ces immenses structures que sont les récifs coralliens, il y a
I'’holobionte corallien, c’est-a-dire le corail et ses micro-organismes symbiotiques. Le
terme d’holobionte, énoncé pour la premiere fois par Lynn Margulis en 1991, a été
popularisé plus tardivement chez les coraux par Rohwer en 2002 (Rohwer et al. 2002;
Margulis & Fester 1991). L’holobionte corallien désigne un méta-organisme constitué de

I'hdte corallien, de I'algue endosymbiotique (la zooxanthelle), ainsi que de I'ensemble
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Figure 6 : présence de Symbio_dinium dans les tissus d’'un polype de corail (El-Awady
2015)
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des micro-organismes associés. Ainsi, on englobe les protistes (W. W. Toller et al. 2001),
les champignons (Bentis et al. 2000), les algues endolithiques (Odum & Odum 1955;
Shashar et al. 1997; Bentis et al. 2000) et tout autre composante potentielle, y compris
les virus (Rohwer et al. 2002). Tous ces micro-organismes pourraient contribuer a la
fitness de leur hote par la protection contre les pathogeénes (Rohwer et al. 2002; Shnit-
Orland & Kushmaro 2009), I'apport et le recyclage des nutriments (Lesser et al. 2004;
Wegley et al. 2007).

1.2.2.1. Le cnidaire hote

L’appellation corail désigne généralement des cnidaires de l'ordre des
scléractiniaires. L'embranchement des cnidaires regroupent des animaux marins
constitués de seulement deux couches de cellules monostratifiées : 'ectoderme et
I'’endoderme. Elles sont séparées par la mésoglée qui est une couche acellulaire riche en
collagéne. Sous forme de polype, ils possedent des tentacules creux autour de la bouche
et des cellules urticantes caractéristiques de I'embranchement: les cnidoblastes (Figure
5). Ces cellules sont formées d’une capsule (cnidocyste) contenant du venin et d'un
filament urticant se terminant par un harpon. Elles permettent a 'animal de capturer
des proies et de se défendre. Leurs systemes nerveux et digestif sont rudimentaires et
n‘ayant pas de systeme respiratoire, les échanges gazeux se font au niveau de chaque
cellule (I'oxygene dissous dans I'’eau de mer diffuse selon le gradient de concentration a
travers la membrane cellulaire et le CO2 produit diffuse dans I'autre sens) (Vimal 2007).
Les scléractiniaires sont capables de produire un exosquelette calcaire composé a 90%
de carbonate de calcium sous forme d’aragonite.

Une colonie corallienne est composée d’'une multitude de polypes issus de
reproduction asexuée (et donc a priori clonaux) et reliés entre eux par le coenosarque
(tissu de liaison a l'origine du squelette). C’'est donc I’ensemble des polypes qui
participent a générer le squelette calcaire dont la forme dépendra principalement de
I'espéce.

Pour construire ces immenses et riches infrastructures dans des eaux pauvres en
nutriments, les coraux ont besoin d’'une grande quantité d’énergie. Cette énergie, ils la
puisent de I’énergie solaire grace a la photosynthése. La photosynthése est assurée par
une algue symbiotique unicellulaire du genre Symbiodinium (aussi appelée

zooxanthelle) au sein méme des cellules de I'’endoderme des coraux (Figure 6). C'est



Cnidocytes Eaude mer

Ectoderme
Mésoglea

Endoderme

Endoderme

Mésoglea

Ectoderme

Eaude mer

Figure 7 : schéma histologique et localisation des algues Symbiodinium dans les tissus
du polype corallien : A) polype de corail dont les algues Symbiodinium sont visibles a 1'ceil
nu, modifié d’apreés (El-Awady 2015); B) représentation schématique d’'une coupe de
tentacule, modifié d’apres (LaJeunesse et al. 2012) ; C) représentation schématique d’'une
cellule de I'endoderme contenant un symbiosome. HN : Noyau de la cellule hote, HPM :
Membrane plasmique de la cellule hote, HSM=Membrane du symbiosome issue de la
membrane du phagosome produit lorsque I'hote récupere le symbionte via la
phagocytose, SSM=Membrane du symbiosome supposément issue de vésicules produites
par le symbionte qui servent a la production des plaques de la theque a I'état libre
(Kazandjian et al. 2008), SPM : Membrane plasmique du Symbiodinium, SN : Noyau de
I'algue symbiotique du genre Symbiodinium, Chl: Chloroplaste, histologie des
coenosarques composés de tissu oral et aboral modifié d’apres (Garrett et al. 2013)
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d’ailleurs cette méme algue, via ses pigments photosynthétiques, qui confére aux coraux
leur couleur. Dans cette association symbiotique, le symbionte va fournir a son hote
jusqu’a 95% de sa production en sucres, acides aminés et peptides (Muscatine & Porter
1977) rendant ainsi I'holobionte corallien quasiment autotrophe. Le polype est
également capable de récupérer des nutriments via une filtration passive et/ou la
capture de proies (zooplancton) grace notamment a ses tentacules contenant les

cnidocystes.

1.2.2.2. L'algue symbiotique

Comme mentionné précédemment, 1'algue du genre Symbiodinium apporte au
corail scléractiniaire suffisamment d’énergie pour lui permettre d’élaborer son squelette
calcaire (Barnes & Chalker 1990; Pearse & Muscatine 1971). Pour favoriser un échange
de nutriment rapide et efficace, I'algue est contenue dans une vacuole a I'intérieur méme
des cellules de I'h6te (celles de I'endoderme) (Figure 7) (Wakefield & Kempf 2001;
Colley & Trench 1983). Cette vacuole, appelée symbiosome, est issue de la phagocytose
du symbionte et est caractérisée par un enchevétrement de membranes bien particulier
(Kazandjian et al. 2008).

Le genre Symbiodinium est subdivisé en neuf clades (de A a I), eux méme
subdivisés en différents sous-clades. Ces subdivisions ont été faites a partir du
séquencage de différentes régions de I’ADN ribosomique nucléaire [18S (Rowan &
Powers 1992), 28S (Pochon et al. 2001; Coffroth & Santos 2005), séquences inter-
géniques transcrites 1 et 2, ITS1 et ITS2 (Pochon et al. 2001)] ou chloroplastique
[cp23S-ADNr (Pochon et al. 2004; Rowan 2004; Pochon & Gates 2010)].

Chacun des clades posséde une répartition géographique et/ou un spectre d’hote
assez bien défini. Chez les coraux scléractiniaires, on retrouve essentiellement les clades
A, B, C et D (Rowan & Powers 1991; Pochon et al. 2001; Baker 2003; Coffroth & Santos
2005),mais les clades F et G peuvent également étre présents (Pochon et al. 2006) ainsi
que le clade H, récemment retrouvé chez Pocillopora damicornis (Schmidt-Roach et al.
2012). Les clades H et I sont quasiment exclusivement retrouvés chez les foraminiferes
(Pochon et al. 2006), le clade E est essentiellement retrouvé a I’état libre (Pochon et al.
2006; Pochon & Gates 2010).

Le clade A est le plus ancestral (Pochon et al. 2006), le clade C est la lignée
dominante chez les coraux (toutes especes confondues) du Pacifique (plus d’une

centaine de sous-clades décrits), et co-dominante avec le clade B chez les coraux
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d’Atlantique (LaJeunesse et al. 2003; Abrego et al. 2008). Le clade D (une dizaine de
sous-clades décrits) est plus rare, mais retrouvé en association avec d’autres clades et
souvent présent a moins de 10% (Lajeunesse 2005; Stat et al. 2013). Les clades A, B et F
sont plus communs dans les hautes latitudes, tandis que le clade C est plus abondant
dans les latitudes tropicales (Baker 2003).

En termes d’especes, certains coraux montrent une spécificité de clade de
Symbiodinium alors que d’autre abritent différents clades et sous-clades leur permettant
de faire varier les proportions au gré des variations environnementales (Rowan &
Knowlton 1995; Baker 2003; Ulstrup & Van Oppen 2003; Mieog et al. 2007; Berkelmans
& van Oppen 2006).

Les symbiontes peuvent étre acquis de deux manieres: par transmission
maternelle (transmission verticale dans I’ceuf), ou bien par transmission horizontale, qui
est I'acquisition du symbionte via la colonne d’eau au stade larvaire (planula) ou polype
(Oppen 2001). La transmission verticale pourrait favoriser la spécificité et la
coévolution entre les deux partenaires (Douglas 1998), tandis que la transmission
horizontale, si la composition endosymbiotique differe de celle de la colonne d’eau, peut
révéler des mécanismes de sélection par I'’hote (Huang et al. 2013; Berkelmans & van
Oppen 2006; Pochon & Gates 2010) ou favoriser la survie des coraux qui acquiérent le
Symbiodinium local, adapté aux conditions environnementales (Cumbo et al. 2013;

Blackall et al. 2015).

1.2.2.3.  Le microbiote bactérien
Le microbiote des coraux, qui difféere de celui de la colonne d’eau aussi bien au
niveau de sa composition que de son abondance, se répartit en plusieurs niches (Bourne
& Munn 2005; Koren & Rosenberg 2006), chacune arborant une communauté
bactérienne bien spécifique (Sweet et al. 2011):

- Le mucus, également nommé SML (Surface Mucus Layer), est essentiellement
composé de glycoprotéines polymériques et de lipides qui favorisent la croissance des
bactéries(Rohwer et al. 2002). Malgré un contact constant avec |'eau et les sédiments, il
présente une communauté bactérienne tres différentes de celle de son environnement,
tant au niveau de sa diversité que de son abondance (Koren & Rosenberg 2006; Bourne
& Munn 2005; Glasl et al. 2016; Kooperman et al. 2007); il constitue la premiere barriere
physique contre les pathogénes et est renouvelé régulierement par les mucocytes

(Brown & Bythell 2005), ce qui permet une évacuation des déchets et/ou des éventuels
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pathogenes ainsi que le renouvellement du microbiote (Glasl et al. 2016; Rohwer et al.
2002).

- Les tissus arborent également un microbiote abondant, mais différents de celui
du mucus dans sa composition (Koren & Rosenberg 2006; Bourne & Munn 2005; Lesser
etal. 2004).

- Le squelette contient des cyanobactéries pouvant assurer I'apport de matiere
organique via la photosynthese. Cet apport pourrait compenser celui des zooxanthelles
lorsque le corail blanchit (Schlichter et al. 1995).

Certaines bactéries du squelette et des tissus, telle que des cyanobactéries
(Lesser et al. 2004) et des diazotrophes (bactéries et archéobactéries fixatrices de
nitrogeéne) majoritairement du groupe rhizobia (Lema et al. 2012), sont essentielles a la
physiologie de 'hote corallien, fournissant en association avec les zooxanthelles plus de
50% des besoins en azote du corail (Ferrer & Szmant 1988; Lesser et al. 2004; Radecker
et al. 2015). D’autres, telles que des alphaprotéobactéries du genre Roseobacteria (Miller
et al. 2004) ou de 'ordre de SAR11 (Tripp et al. 2008), permettent le recyclage des
composés sulfurés produits par la zooxanthelle et dont les produits pourraient jouer le
role d’antioxydants et d’antibactériens (Raina et al. 2010). L'apport d’antibiotiques
produits par les bactéries du mucus serviraient a la défense contre les pathogénes
(Ritchie 2006; Koh 1997).

On retrouve également parmi cette communauté de micro-organismes des
archées dont la composition est similaire a la colonne d’eau environnante (Kellogg
2004), ce qui suggere une faible sélection de la part de I'hote. Des virus ont également
été retrouvés chez les coraux, dont une grande diversité dans le mucus (Nguyen-Kim et
al. 2014), mais également dans les tissus (Wilson et al. 2005) et en association avec les
zooxanthelles (Wilson et al. 2001). Lors de divers stress chez Porites compressa, il a été
montré que l'abondance du virus Herpesviridae augmente significativement (Vega
Thurber et al. 2008). (Bettarel et al. 2015) proposent d’ailleurs I'hypothese selon
laquelle les virus pourraient étre en partie responsables du controle de la composition
de la communauté bactérienne et, lors de stress environnementaux, du déclin de
certains groupes bactériens (via des bactériophages) et méme du blanchissement via

des phytophages.
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C’est la composition du microbiote bactérien qui a été la plus étudiée, notamment
en fonction des différents facteurs environnementaux biotiques ou abiotiques :

- Les saisons (C.-P. Chen et al. 2011; Ceh et al. 2011; Kimes et al. 2013; Li et al.
2014) : bien qu'’il soit difficile d’estimer lequel des parametres environnementaux
influe sur cette dynamique.

- Les précipitations affecteraient la composition du microbiote en apportant des
bactéries retrouvées habituellement dans le sol (C.-P. Chen et al. 2011)

- Le régime thermique: une expérience de transplantation réciproque a montré
que les communautés bactériennes de deux populations d’'une méme espece, mais
expérimentant des régimes thermiques différents (hautes variations contre faibles
variations) présentaient des différences significatives dans la composition de leur
microbiote bactérien (Ziegler et al. 2017) qui ont disparu apres 17 mois de
transplantation. En revanche, d’autres travaux n’ont pas mis en évidence de lien entre
la composition du microbiote et le régime thermique (C.-P. Chen et al. 2011). Le
régime thermique ne semble donc pas avoir une influence systématique sur la
composition de la communauté bactérienne. Il serait intéressant de distinguer
I'amplitude des variations et la température maximale et minimale dans les
différentes études, afin de déterminer lequel ou lesquels de ces parameétres
influencent le microbiote bactérien.

- L’hote peut avoir un effet sur la composition du microbiote. On releve notamment
une spécificité du microbiote pour l'espece (méme entre populations éloignées
géographiquement), mais également, a 'intérieur d’'une espece, pour chaque colonie (C.-
P. Chen et al. 2011; Rohwer et al. 2002; Morrow et al. 2012; Ritchie & Smith 1997).

- Il a également été montré que le clade de la zooxanthelle pouvait influencer la
stabilité de la composition bactérienne lors d'un stress thermique (Littman et al. 2010).
Il est toutefois difficile de distinguer I'influence directe du symbionte sur la communauté
bactérienne de l'influence indirecte, via la physiologie de I'h6te perturbée par un
changement de symbionte, qui peut entrainer une susceptibilité différente face au stress
thermique (mécanisme décrit dans la partie 1.3.).

Différents parametres biotiques et abiotiques vont donc influencer la
composition du microbiote, ce qui va influencer I'état de santé du corail ainsi que sa

capacité a réagir et résister aux variations environnementales.
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1.3. LE BLANCHISSEMENT CORALLIEN

Les événements de blanchissement observés durant les cinquante dernieres
années se sont produits lorsque les températures locales ou régionales dépassaient les
maximas typiques des mois d’été durant quelques semaines (Baker et al. 2008; Hoegh-
Guldberg et al. 2007). Or, depuis 1980, les événements de blanchissement corallien de
masse se produisent a un taux et une fréquence sans précédent (Heron et al. 2017;
Burke, World Resources Institute., Mark Spalding, et al. 2011) et sont souvent suivis de
mortalités de masse (Baker et al. 2008). Trois années ont été particulierement critiques
(1998, 2010 et 2014), avec de fortes températures concomitantes au phénomene El
Nifio, porteur de courants chauds induisant jusqu’a 70% de blanchissement des coraux a
’échelle du globe (année 2014). Le réchauffement climatique n’est pas le seul facteur
induisant des dommages aux récifs coralliens: la baisse de la qualité des eaux, le
développement cotier, 'augmentation de la péche, et méme le tourisme ont également
été impliqués dans le déclin des communautés coralliennes dans les cinquante dernieres
années (Bruno et al. 2007). Etant donnée la synchronisation des derniers événements de
blanchissement de masse avec les températures élevées et les connaissances sur
I'impact des stress thermiques sur les coraux qui s’accumulent ces dernieres années, on
peut affirmer que le changement climatique joue un réle majeur dans la dégradation des
écosysteémes coralliens (Cramer et al. 2014).

Au cours du siecle a venir, selon le pire scénario du GIEC (RCP8,5), ce sont deux
blanchissements de masse par décennie que devront subir plus de 86% des coraux du
monde (Heron et al. 2017). Les récifs coralliens sont, et vont donc continuer a étre,
fragilisés par le réchauffement climatique et ceci, ajouté a d’autre facteurs naturels ou
anthropiques, pourrait mener a terme a la destruction totale de ces écosystémes
écologiquement et économiquement précieux (Hoegh-Guldberg et al. 2007).

Cependant, les coraux ne sont pas tous sensibles au blanchissement de la méme
facon, et ce méme au sein d’une espece. Il existe, notamment dans le golfe persique, des
populations capables de résister longtemps a des températures tres importantes. Ces
mémes populations n’ont d’ailleurs pas ou peu subi les événements de blanchissement
de masse les plus importants (Riegl et al. 2011). Comprendre les mécanismes de
résistance au stress thermique de ces coraux pourrait permettre de prédire I'évolution
future de ces organismes et d’envisager des mesures de sauvegarde efficaces pour les

populations les plus fragiles. Pour cela, il est important de connaitre tous les éléments
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qui peuvent influencer la thermo-tolérance des différentes especes et populations de

coraux.

1.3.1. Le symbionte et le stress thermique

Abriter et maintenir un organisme photosynthétique demande a I’'hdte corallien
un certain nombre de mécanismes de protection qui deviennent vite insuffisants
lorsqu’un stress environnemental intervient. Lors d’un stress thermique ou lumineux, ce
fragile équilibre est rapidement rompu et le corail, qui n’est plus apte a maintenir son
symbionte devenu trop toxique, va alors expulser l'algue de ses cellules. C’est ce qu'on
appelle le blanchissement corallien. En effet, la photosynthese, en plus de nécessiter une
forte exposition a la lumiere, produit des molécules oxydantes appelées ROS (Reactive
Oxygen Species), qui en exces, peuvent endommager les membranes plasmiques et
I’ADN du corail (Muller-Parker et al. 2015; Weis 2008).

Ces ROS peuvent provenir de différents déreglements de la machinerie de la
photosynthese. La dénaturation de la protéine D1 (Warner et al. 1999) et/ou le
dysfonctionnement de la RUBISCO (Lesser 1996) induisent un maintien du
photosysteme Il dans son état excité. L'endommagement de la membrane des
thylakoides (Tchernov et al. 2004) va induire la rupture de la chaine de transport des
électrons et entrainer un dysfonctionnement des deux photosystémes. Le déreglement
de la machinerie de la photosynthese va empécher la production d’ATP et de NADPH,
mais pas la production d’électrons, qui vont générer des ROS en se liant a diverses
molécules. Par exemple, I'ion superoxyde O en se liant avec du dioxygene. Ce dernier
peut étre réduit par la superoxyde dismutase (SOD) en H20: (peroxyde d’hydrogene)
moins réactif mais qui peut réagir avec I'ion ferreux (Fe?*) et former I'ion hydroxyle (OH-
). Ces ROS vont continuer a endommager la machinerie et induire la production d’autres
ROS. En addition de cette surproduction de ROS par I'algue symbiotique, des ROS sont
également produites en exces par la mitochondrie de I’héte lors de stress thermique ou
lumineux (Dykens et al. 1992). En plus d’endommager la machinerie photosynthétique
et de bloquer la production d’énergie, les ROS sont des molécules capables
d’endommager protéines, lipides et membranes cellulaires, mais également ’ADN
(Richier et al. 2005). Leur élimination est donc cruciale pour le symbionte et son hote,
mais les ROS étant alors en quantité trop importante pour étre pris en charge par les

différents systemes de détoxification de I'hote (ROS scavenger, SOD, peroxydase,
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catalases, gluthation), le seul moyen de réduire leur production va étre d’éliminer le
symbionte (Downs et al. 2002).

Pour cela, le corail hote peut procéder a la destruction directe de I'algue au sein
de ses cellules (par nécrose, apoptose (Perez & Weis 2006; Richier et al. 2006) ou
digestion (Downs et al. 2009; Brown et al. 1995)), a 'expulsion de I'algue par exocytose
(Steen & Muscatine 1987; Brown et al. 1995) ou au détachement de la cellule hote
contenant son symbiote (Gates et al. 1992). Plusieurs facteurs biotiques et abiotiques
peuvent mener a I'expulsion de I'algue symbiotique : la lumiére (Gleason & Wellington
1993; Brown et al. 1995) ; la salinité (Goreau 1964; Van Woesik et al. 1995), I'hyper-
sédimentation, la pollution aux métaux lourds (Mitchelmore et al. 2002; Hashimoto et al.
2004), mais le facteur le plus étudié reste la température (Glynn & D’Croz 1990; Rowan
2004; Baker et al. 2008; Obura 2009; Penin et al. 2013) pour lequel on connait
maintenant assez bien le processus menant a I'expulsion du symbionte. La perte du
symbionte n’est pas létale en soi si elle ne dure pas plus de quelques semaines. Le corail
est en effet capable de récupérer des algues symbiotiques une fois le stress
environnemental passé. C’est ce qu’on appelle la résilience (Rodrigues et al. 2008).

Par ailleurs, les différents clades de Symbiodinium peuvent avoir des
performances photosynthétiques différentes et répondre a 'environnement de maniere
trés spécifique influencant ainsi la valeur sélective de I’'hote (Knowlton & Rohwer
2003):

- Les clades A, B et D sont retrouvés a de faibles profondeurs (0 a 6 m), ou
l'irradiation solaire est importante (Baker 2003; Rowan & Knowlton 1995; W. W. Toller
et al. 2001). La photo-protection du clade A serait due a la production d’acides aminés
de type mycosporines (T. Banaszak, et al. 2000). Le clade C est retrouvé a plus grande
profondeur (3 a 14 m) et plus faible irradiation (Rowan et al. 1997).

- Le clade C serait plus productif a faible température que le clade D mais cette
tendance s’inverse lors d’'une augmentation de 24 a 30°C chez Pocillopora damicornis
(Little et al. 2004; Jones & Berkelmans 2010) .

- Le clade D est généralement retrouvé chez des coraux soumis a des conditions
non supportées par les autres clades de Symbiodinium. C'est le cas par exemple en
profondeur a 35 m chez Montastraea franski (W. W. Toller et al. 2001), dans les sites
exposés aux sédiments anthropiques (W W Toller et al. 2001; Ulstrup & Van Oppen

2003), ou bien chez des coraux résilients suite a un blanchissement (Baker 2001; W. W.
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Toller et al. 2001). Le clade D est donc considéré comme généraliste ou opportuniste
(Baker 2003). C’est également un clade thermorésistant (Stat & Gates 2011; Berkelmans
& van Oppen 2006; Baker 2003), comme chez Pocillopora, ou, lors de I’'événement El
Nifio de 1998, les coraux de I'est du Pacifique associés majoritairement au clade D n’ont
pas blanchi contrairement aux coraux associés a différents sous-clades du clade C (Glynn
etal. 2001).

Les coraux peuvent arborer un mélange de plusieurs types de Symbiodinium
(clades ou sous-clades) et montrer des variations de cette composition, notamment au
niveau de leur abondance relative, selon les fluctuations environnementales au cours
des saisons ou au cours des stress environnementaux (Jones et al. 2008; Hsu et al. 2012).
Par exemple, Isopora palifera a Taiwan est associée aux clades Dla et C3 et semble
pouvoir adapter 'abondance relative de ces deux clades en fonction des conditions
environnementales. Le clade Dla est majoritaire lorsqu’il est soumis a de hautes
températures ou suite a un événement de blanchissement mais on observe un retour au
clade C3 lorsque les températures redeviennent stables (Hsu et al. 2012). De tels
changements de symbiontes pourraient permettre une acclimatation des colonies aux
variations des conditions environnementales (Jones et al. 2008; Berkelmans & van
Oppen 2006). Cette forme de plasticité a donné lieu a 'émergence de la théorie du
blanchissement adaptatif (Buddemeier & Fautin 1993) suite a différents constats :

- Les coraux provenant d'habitats plus variables ont tendance a étre moins
sensibles au blanchissement que les coraux d’habitats plus stables (Buddemeier &
Fautin 1993).

- Dans un méme habitat, on observe a la fois des especes plus sensibles au
blanchissement et d’autres plus résistantes et des individus d’'une méme espece plus
sensibles que d’autres (Buddemeier & Fautin 1993).

- Les zooxanthelles différent biochimiquement selon I’h6te dans lequel elles sont
abritées et différentes zooxanthelles auront différents effets sur un méme hote.

- Plusieurs especes de zooxanthelles ainsi que de coraux hotes sont présents dans
les récifs, avec de nombreuses combinaisons possibles.

- Le blanchissement donne l'opportunité a 'héte corallien d’étre repeuplé par
différents types de Symbiodinium; des stress fréquents tendent a favoriser une

combinaison résistante au stress.
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- Des conditions environnementales altérées (incluant des fréquences anormales
d’événements stressants et des types de stress anormaux) favorisent I’établissement de
combinaisons de symbiontes qui étaient moins adaptés aux conditions précédentes.

- Les combinaisons sensibles au stress peuvent avoir des avantages compétitifs en
absence de stress (par mécanisme de trade-off), ce qui implique un retour progressif a
des associations sensibles au stress, mais avantageuses dans des environnements
stables et en I'absence de stress.

Selon cette théorie, méme si le blanchissement représente une instabilité a court
terme, il favorise une stabilité a long terme en augmentant les chances de survie du
symbionte et de son hote dans des conditions qui ne sont pas celles de I’environnement
précédent le stress (Buddemeier & Fautin 1993). Tous les coraux n’ont pas la méme
capacité de plasticité symbiotique. Chez une population de Pocillopora en Californie,
seulement 3% des colonies ont montré un changement de clade aprés un événement de
blanchissement induit par un refroidissement de I'eau (McGinley et al. 2012). Dans une
autre étude chez cette méme espece en Australie, on observe pourtant des changements
de symbionte (avec intégration de nouveaux clades) a partir des Symbiodinium de sa
biosphére «rare » (c’est a dire présents a moins de 1%) suite a deux événements de
blanchissement (hausse des températures) jusqu’a finalement remplacer le clade
dominant 18 mois plus tard par un de ces clades préalablement tres faiblement
abondants (Boulotte et al. 2016). Ces observations montrent que les interactions entre
Symbiodinium et corail hote peuvent étre tres différentes en fonction des espéces de
corail et méme des différentes populations (Blackall et al. 2015).

Les symbiontes ne sont pas les seuls micro-organismes abrités par I'hote
corallien. De nombreuses bactéries peuplent également les tissus, mais aussi le mucus et
le squelette du corail (Bourne & Munn 2005; Koren & Rosenberg 2006). Un déreglement
de cet autre compartiment lors d’un stress thermique peut d’ailleurs étre lui aussi
responsable d’'une rupture de I’homéostasie et entrainer un blanchissement de la

colonie corallienne (Bourne et al. 2008).

1.3.2. Le microbiote bactérien et le stress thermique

Lors d’un stress thermique, il est connu que la communauté bactérienne connait
un profond changement dans sa composition, pouvant mener a I’émergence de maladies

(Bourne et al. 2008; Mao-Jones et al. 2010). Cela a déja été montré pour de nombreuses
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especes de Vibrio (Littman et al. 2010; Munn 2015), pathogeénes responsables de
diverses maladies chez les coraux :

- Vibrio shilonii responsable du blanchissement saisonnier de Oculina patagonica
(Rosenberg & Falkovitz 2004).

- Vibrio coralliilyticus responsable de blanchissements et nécroses chez Pocillopora
damicornis (Ben-Haim et al. 2003).

- Vibrio harveyi impliqué dans le syndrome de la bande jaune et celui de la bande
blanche chez plusieurs espéces de coraux scléractiniaires dont Pocillopora
damicornis (Luna et al. 2009)

- La présence seule d’'une espéce de Vibrio ne suffit pas toujours, et on retrouve
notamment toute une population de Vibrio dans le cas du syndrome de la bande
jaune chez les coraux de 'indopacifique : Vibrio rotiferianus, Vibrio harveyi, Vibrio

alginolyticus et Vibrio proteolyticus (Cervino et al. 2008).

Cette liste non-exhaustive illustre I'importante implication des especes de Vibrio
dans de nombreuses maladies coralliennes, mais ce genre bactérien est également
présent dans de moindres proportions dans le microbiote des coraux sains. Vibrio est
alors présenté comme un pathogene opportuniste dont I'émergence serait induite dans
certaines conditions environnementales comme un réchauffement des eaux (Munn
2015). 11 a également été montré que Vibrio shilonii produisait des SOD (Super Oxide
Dismutases) extracellulaires ce qui pourrait expliquer son émergence lorsque les
températures augmentent puisque les zooxanthelles sont alors amenées a produire
davantage de ROS qu’a la normale. Les bactéries capables de s’en protéger seraient donc
favorisées par cet environnement (Banin et al. 2003).

Il existe de nombreuses autres bactéries causant les diverses maladies
coralliennes qui accompagnent les stress thermiques, comme la maladie de la bande
noire causée par un consortium bactérien dont des cyanobactéries (Cooney et al. 2002),
la peste blanche causée par Aurantimonas corallicida (Denner et al. 2003), ou encore la
variole blanche chez Acropora palmata causée par Serratia marcescens (Patterson et al.
2002).

Pour mieux comprendre l'implication possible du microbiote dans la thermo-
tolérance et la résistance face aux pathogenes, il faut savoir que les coraux ont un

systéme immunitaire inné. Leur systeme de défense consiste en une barriere physique
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(I'épiderme et le mucus qui est renouvelé régulierement), des phagocytes, des acides et
des produits antibactériens solubles (Rosenberg & Loya 2004). Comme tous les
invertébrés, ils n’ont pas de systeme immunitaire adaptatif et donc ne produisent pas
d’anticorps, mais une grande partie des bactéries du mucus synthétisent des
antibiotiques (Ritchie 2006; Koh 1997). De ce phénomene provient I’émergence de
I’hypothese probiotique, qui expliquerait le réle du microbiote bactérien dans la
résistance de certains coraux aux pathogenes et aux hautes températures. Quatre
constatations supportent cette hypothese: 1. les coraux hébergent une communauté
bactérienne importante (mucus et tissus), 2. qui leur apporte plusieurs bénéfices
(photosynthese, fixation de I'azote et antibiotiques), 3. le microbiote change quand les
facteurs environnementaux changent, 4. les coraux sont capables de développer une
résistance contre les pathogenes. Ces éléments ont abouti a la formation de la théorie
évolutive de 'hologénome (Reshef et al. 2006; Rosenberg et al. 2007) (voir plus bas).

Finalement, il a été montré de profondes modifications des communautés
bactériennes au cours d’un stress thermique avec, comme le récapitule McDevitt-Irwin
dans son article de 2017, 'augmentation de I'abondance de nombreux taxons, dont
plusieurs ayant un pouvoir pathogene (Vibrionales (Tout et al. 2015; Bourne et al. 2008;
Frydenborg et al. 2014; Lee et al. 2016), Flavobacteriales (Gignoux-Wolfsohn & Vollmer
2015) et Rhodobacterales (Welsh et al. 2015)) et la diminution d’autres connus pour
avoir un réle dans la physiologie de 1'hote corallien (Oceanosprillales (Pantos et al.
2015)) (McDevitt-Irwin et al. 2017). Cela suggere que lors d’'un stress, le microbiote
bactérien est fortement impacté (McDevitt-Irwin et al. 2017). La composition du
microbiote bactérien peut étre spécifique a une espéce, a une population voire méme a
une colonie corallienne (Rohwer et al. 2002; Morrow et al. 2012; Neave, Rachmawati, et
al. 2016). Cet ensemble de données suggere que I'h6te pourrait étre, au moins en partie,
responsable de la sélection de son microbiote bactérien et que la capacité du corail a
réguler son microbiote aurait tendance a diminuer lors d’un stress.

L’h6te semble donc jouer un réle important dans le maintien et la stabilité de son
microbiote, mais le microbiote lui-méme semblerait jouer un role dans la résistance au
stress. En effet, lors d’'une transplantation réciproque de deux populations issues d'un
environnement faiblement variable ou hautement variable, les communautés
bactériennes initialement différentes entre les deux populations ne présentaient plus de

différence significative avec celles des populations natives apres 17 mois dans le nouvel
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environnement. La population provenant de l’environnement le moins variable et
transplantée dans un environnement variable présente un microbiote stable et peu ou
pas de blanchissement, a l'inverse de la population provenant d’'un environnement
hautement variable transplantée dans un environnement faiblement variable (Ziegler et
al. 2017). Une étude fonctionnelle des taxons bactériens des deux populations a
également montré que la population de l'environnement variable présentait un
enrichissement des processus cellulaires pouvant améliorer la résistance au stress du
microbiote (carbohydrate metabolism, nitrogen-fixation protein, ferredoxin, bacterial
chaperonin). Cette étude montre la possible implication du microbiote dans la

thermotolérance de I'hote, ainsi que la capacité d’adaptation des coraux a adapter leur

microbiote a un environnement variable (microbiote plastique).

1.3.3. L’héte cnidaire et le stress thermique

Lors du stress thermique, I'hote doit assurer la « gestion» de ses micro-
organismes symbiotiques, comme décrit précédemment, mais il est également capable
de mettre en place un certain nombre de mécanismes de défenses macroscopiques
et/ou moléculaires.

L'une des premiéres réactions physiologiques observable lors d'un stress
(biotique ou abiotique) chez les coraux est la fermeture des polypes. Ce réflexe lui
permet de diminuer sa surface d’exposition aux UV (en cas d’un stress thermique et/ou
lumineux) ou a toute substances néfastes (en cas de pollution ou sédimentation) ou bien
encore face a d’éventuels prédateurs (B.. Brown et al. 2002).

De tres nombreuses études se sont intéressées a la réponse au stress thermique
des coraux (Cikala et al. 1999; Townsend et al. 2002; Weis 2008; Granados-Cifuentes et
al. 2013; Richier et al. 2006; Bellantuono et al. 2012; Barshis et al. 2013). Les principaux
mécanismes moléculaires mis en avant par ces travaux sont les suivants :

- L’exocytose, I'apoptose et la nécrose, qui sont des mécanismes induits pouvant
permettre I’élimination des symbiotes devenus toxiques ou tout simplement des cellules
endommagées. Les molécules les plus caractéristiques de I'apoptose sont les TNF, TNRF,
NFKB et les caspases (Ainsworth et al. 2011; Barshis et al. 2013; Maor-Landaw & Levy
2016; Chen 2005).

- La production de Heat Shock Proteins (protéines de choc thermique), dont les

HSP 70, qui permettent de protéger la structure tridimensionnelle des protéines et
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préservent ainsi les fonctions cellulaires les plus importantes (B. Brown et al. 2002;
Carpenter et al. 2010; Maor-Landaw & Levy 2016).

- La production de molécules détoxifiantes qui permet d’éliminer les ROS produits
par les symbiotes mais aussi par les mitochondries de la cellule corallienne (ROS
scavenger, SOD, peroxydase...) (DeSalvo et al. 2010; Maor-Landaw et al. 2014; Yoda
2006).

- Des changements dans l'utilisation des ressources énergétiques avec, entres
autres, la dégradation des acides gras servant de réserves d’énergie en cas de perte des
symbiontes (induction de la dégradation des lipides, régulation du transport des lipides,
répression de la syntheése des lipides) avec, en contrepartie, une diminution de la
dégradation des sucres (Lehnert et al. 2014).

- Un changement de mode de nutrition avec le passage d’'un mode autotrophe a un
mode hétérotrophe (Anthony & Fabricius 2000; Grottoli et al. 2006; Houlbreque &
Ferrier-Pages 2009).

- La fermeture des polypes et la rétractation des tissus, ainsi que le passage a un
mode hétérotrophe (capture de proies), peuvent également induire une activité
nerveuse et musculaire plus importante (Lecléere & Rottinger 2017; Anctil 2009; Fisher
et al. 2009; Vargas-Angel et al. 2006).

- On observe souvent un arrét de la production du squelette calcaire, de la
reproduction et de la croissance par un mécanisme de «trade-off » permettant de
réallouer l’énergie aux fonctions métaboliques les plus utiles dans ce nouvel
environnement stressant (Barshis et al. 2013; Kenkel et al. 2013; Debiasse & Kelly 2016;
Vidal-dupiol et al. 2009).

1.4. LA THEORIE DE L’HOLOGENOME

Face au réchauffement climatique, c’est donc un holobionte dans son ensemble
qui est amené a s’adapter aux changements de conditions environnementales.
L’adaptation peut se faire au niveau de I'h6te et/ou des communautés microbiennes
symbiotiques. Il est donc important de prendre en compte toutes ces composantes
lorsque I'on s’intéresse a I’évolution des coraux. C’est dans cette logique que la théorie
de I'hologénome a vu le jour. Elle est énoncée pour la premiere fois par Rosenberg dans
une revue s’intéressant au réle des micro-organismes sur la santé et I'’évolution du corail

en 2007. C'est un an plus tard (Zilber-Rosenberg & Rosenberg 2008) que Rosenberg
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formula sa théorie pour I'’ensemble de la biosphere suite a quatre constats : I'ensemble
de la faune et de la flore possédent des microorganismes symbiotiques ; qui peuvent
étre transmis entre générations; qui affectent la fitness de I'holobionte différemment
selon les environnements, et I'ensemble des génomes de 1'holobionte, forment un
hologénome tres variable puisque sa variabilité peut étre induite par un changement
génétique de I'hote et des microorganismes (Zilber-Rosenberg & Rosenberg 2008).

Les variations génétiques de I'hOte passent par un brassage génétique, des
mutations ou un réarrangement chromosomique qui doivent se produire sur les lignées
germinales pour étre transmis et intervenir sur plusieurs génes pour impacter le
phénotype de 'hote. Selon le temps de génération de 'hote, I'évolution du génome peut
donc étre assez lente, notamment dans le contexte des changements climatiques qui
entrainent des variations rapides de l’environnement. Les microorganismes passent
bien sur par ces mémes mécanismes pour altérer leurs génomes, mais étant donné leur
cycle de vie, la variation du génome est bien plus rapide. On a également tendance a
considérer les différents génomes des microorganismes présents dans la communauté
bactérienne comme un tout, un méta-génome. Ainsi, ce méta-génome peut varier par
modifications individuelles des génomes présents, mais également par amplification
d’'un des microorganismes (changement dans la proportion des différents génomes), par
acquisition d’'un nouveau microorganisme (donc d’'un nouveau génome) et par transferts
horizontaux entre les différentes especes (avec un microorganisme de passage, par
exemple, ce qui permet l'inclusion d'un nouveau gene dans ’hologénome). Tout cela
facilite I'acquisition tres rapide de nouvelles fonctions.

Ces quatre observations, en plus des découvertes majeures du 20¢me siecle
[I'origine bactérienne des différents organelles comme la mitochondrie ou le
chloroplaste (Margulis 1993); 'omniprésence des microorganismes (McFall-Ngai et al.
2013; McFall-Ngai et al. 2005)] ont donc mené Rosenberg a proposer la théorie de
I’hologénome, selon laquelle I'’holobionte et son hologénome (somme de I’ensemble des
génomes des partenaires en interaction) doivent étre considérés comme la véritable
unité de la sélection naturelle (Webster & Reusch 2017; Zilber-Rosenberg & Rosenberg
2008).

Cette théorie met en avant qu’au cours de I’évolution, ce n’est pas un génome qui

est sélectionné, mais le génome de I'hote et de l'ensemble des génomes de son



28

microbiote (également modulés, en composition, abondance relative et activité, par

I'environnement expérimenté).

1.5. LES STRATEGIES EVOLUTIVES DANS UN ENVIRONNEMENT CHANGEANT

Face a des modifications profondes et durables de leur environnement, les
organismes peuvent soit modifier leur aire de répartition afin de retrouver ailleurs les
conditions environnementales initiales, soit faire varier leur phénotype (changement de
phénologie, de taille, couleur, sex-ratio, etc.) (Chevin et al. 2013; Gienapp et al. 2008)

afin de s’adapter au nouvel environnement.

1.5.1. Changement d’aire de répartition et dispersion larvaire

Face un environnement changeant, le corail étant est un animal sessile, il ne peut
pas migrer vers des conditions environnementales plus favorables. A 'image des arbres
qui disséminent leurs graines aux grés des vents, les coraux peuvent se « déplacer » via
la dispersion larvaire. En effet, méme si la reproduction sexuée n’est pas le mode de
reproduction privilégié des coraux (McFadden 1997; Richmond & Hunter 1990), elle a
ce double intérét d’augmenter la diversité génétique grace au mélange des gametes et de
permettre a I'espece de conquérir de nouvelles aires géographiques.

Cependant, de nombreux obstacles peuvent entraver cette entreprise :

- Lalarve nageuse, la planula, est soumise a la prédation.

- Elle a une durée de vie limitée, variable selon I'espece, durant laquelle elle doit
survivre, trouver un support pour se fixer, et ce dans un environnement
favorable.

- Une fois développée en colonie adulte, elle reste vulnérable plusieurs années et
va mettre 3 ou 4 ans avant d’atteindre a son tour la maturité sexuelle.

La dispersion larvaire, peut donc étre une solution pour la survie de 'espece a
long terme mais reste une entreprise risquée avec une forte probabilité d’échec. De plus,
un récif corallien met des dizaines de milliers d’années a se former. Etant donné la
rapidité du réchauffement climatique actuel, de nombreuses especes abritées par les
récifs coralliens mourront avant de pouvoir s’abriter dans des récifs coralliens
nouvellement formés. De plus, ces récifs coralliens nouvellement formés seront
également soumis au réchauffement climatique qui continue son ascension. Cette

stratégie parait donc trés incertaine en ce qui concerne les récifs coralliens.
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1.5.2. Moaodifications du phénotype

bY

Dans une population, les modifications phénotypiques peuvent étre dues a
différents mécanismes d’évolution adaptative : la sélection de gene ou génotypes déja
existant, la sélection de nouveaux geénes (mutation, hybridation) ou bien des

changements d’expression des génes (via les mécanismes épigénétiques par exemple).

1.5.2.1. L’adaptation et la microévolution

L’adaptation, c’est l'apparition chez un organisme d’'un caractére nouveau et
maintenu par la sélection naturelle (Antonovics 1987).

Si la sélection de genes déja existants et le changement d’expression des genes
sont deux mécanismes rapides pouvant se mettre en place en seulement quelques
générations, la sélection de nouveaux geénes est un mécanisme beaucoup plus long et
aléatoire et demande généralement plusieurs dizaines de générations. Or, dans le
contexte du changement climatique, c’est bel et bien de temps qu'’il est question puisque
I'on assiste a des variations, notamment thermiques, dix fois plus rapides que celles
rencontrées durant les derniers milliers d’années (Settele et al. 2014). La sélection de
geénes ou génotypes déja existants correspond a une échelle micro-évolutive et est basée
sur une sélection directionnelle rapide (Hoffmann et al. 2011). On peut citer comme
exemple la sélection de trait pour une performance thermique sous un environnement

stressant thermiquement (Logan et al. 2014).

1.5.2.2.  La plasticité phénotypique

Les changements d’expression des geénes représentent de la plasticité
phénotypique, définie comme étant la capacité d’'un génotype a générer des phénotypes
différents en réponse a des changements environnementaux. Ceci ne doit pas étre
confondu avec le Bet-hedging, qui consiste a générer un phénotype différent a partir
d’un seul génotype mais de maniere completement aléatoire afin de créer 'opportunité
d’étre adapté au futur environnement.

Il est difficile de prévoir I'apparition et I’'évolution de la plasticité phénotypique
car les mécanismes controlant cette capacité ne sont pas clairement définis. Ce que 1'on
sait sur la plasticité phénotypique, c’est que malgré sa capacité avantageuse a générer
une réponse adaptée a un changement environnemental, son colit serait plus important
que I'expression constitutive de ce méme trait (Kaplan & Pigliucci 2001; DeJong 2005).

La plasticité phénotypique ne devrait donc pas étre favorisée ou conservée si la
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population ne subit pas suffisamment de variations environnementales (Aubin-Horth &
Renn 2009). La capacité d'un individu a étre plastique devrait donc évoluer
différemment chez les différentes especes/populations selon les pressions de sélection
auxquelles elles doivent faire face (Suzuki & Nijhout 2006).

D’apres Bradshaw, la plasticité phénotypique serait favorisée par un
environnement variable lorsqu’elle concerne des traits non directement liés a la fitness
(morphologique ou physiologique) (Bradshaw 1965; Liefting et al. 2009). Les traits
directement liés a la fitness comme la reproduction ou la survie sont fixés méme dans un
environnement variable (Félix & Wagner 2008).

La plasticité et la microévolution sont réguliéerement mis en opposition dans les
nombreuses études s’intéressant aux changements phénotypiques observés lors des
cinquante dernieres années (Merild & Hendry 2014). Bien que ces deux mécanismes ne
soient pas completement opposables (la plasticité peut elle aussi étre soumise a une
micro-évolution) (Franks et al. 2014), il apparait que la plasticité phénotypique serait la
stratégie évolutive qui expliquerait le plus grand nombre de ces variations
phénotypiques (Gienapp et al. 2008). D’ailleurs, d’apres Hofmann & Todgham (2010), a
une échelle de temps de la génération ou de quelques générations, c’est cette stratégie
évolutive qui devrait étre favorisée par un environnement changeant (Hofmann &
Todgham 2010). Etant donné le nombre d’extinctions d’espéces de ces derniéres années
(Regan et al. 2001), la question qui se pose alors est: quelles sont les especes et/ou
populations capables de générer de la plasticité phénotypique et donc d’augmenter leurs
chances de survie dans un contexte d’environnement changeant tres rapidement comme

celui du changement climatique.

1.6. MON MODELE D’ETUDE DE LA THERMOTOLERANCE DES CORAUX : POCILLOPORA

DAMICORNIS

Pour répondre a cette problématique d’évolution dans un environnement
changeant, le modele corallien est optimal car :

- Cest un animal sessile. Vivant fixé il n’a pas la possibilité d’échapper aux
perturbations environnementales. La mise en place d’'un phénotype optimal est
donc primordial pour sa survie.

- Cest un animal longévive. Certaines colonies peuvent atteindre plusieurs

centaines d’années. Du fait de cette longévité, le corail expérimente forcément
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une ou plusieurs perturbations environnementales au cours de sa vie, qui vont

avoir une influence sur son phénotype a plus ou moins long terme.

- 1l possede plusieurs modes de reproduction. On peut générer des individus
clonaux a partir du bouturage.

L’espece utilisée dans mes différentes études est Pocillopora damicornis. Cette
espece tres abondante est retrouvée sur l'ensemble des récifs de I'Indo-Pacifique, y
compris ceux de la Mer Rouge et du Golfe Persique (Veron 2000). En tant qu’espece
pionniere, c'est 'une des premieres a coloniser de nouveaux milieux et a fournir, grace a
sa croissance rapide, un support pour la colonisation d’autres espéces coralliennes. Les
colonies de P. damicornis, habituellement d’'un diameétre d’une trentaine de centimetres,
peuvent atteindre jusqu’a plusieurs meétres de diametre dans certains récifs (Hoeksema
2017).

P. damicornis est un corail hermaphrodite « brooder », c’est-a-dire que lors de la
reproduction sexuée le polype libere directement la larve nageuse (la planula), la
fécondation est donc interne. Les planulas, qui sont émises a une périodicité lunaire
(Richmond & Jokiel 1984), contiennent déja leur algue symbiotique. On a donc une
transmission verticale du symbionte. Les Symbiodinium généralement associés a P.
damicornis appartiennent aux clades A, B, C et D, mais on retrouve également du clade G.
La larve, grace a I’énergie fournit par son symbionte, peut nager une centaine de jours
pour aller se fixer sur un support et générer le premier polype. Ce laps de temps permet
une dispersion des larves sur une longue distance (R. H. Richmond 1987). Il faut en
moyenne trois a quatre ans pour qu'une colonie issue d’'une planula arrive au stade
adulte et soit mature sexuellement. Comme beaucoup de scléractiniaires, P. damicornis
procede essentiellement a une reproduction asexuée par fragmentation,
bourgeonnement ou émission de larves parthénogénétiques (Harrison & Wallace 1990;
Yeoh & Dai 2010), beaucoup moins couteuse en énergie que la reproduction sexuée
(Robert H. Richmond 1987). Parmi les scléractiniaires, P. damicornis est un modele
relativement bien étudié avec de nombreuses publications sur sa physiologie, ses modes
de reproduction ou sa diversité génétique (Schmidt-roach et al. 2014; Magalon et al.
2005; Adjeroud & Tsuchiya 1999; Adjeroud et al. 2014). Au niveau moléculaire,
quelques études sur son protéome (Mayfield et al. 2017) et son transcriptome (Vidal-

dupiol 2011; Vidal-Dupiol et al. 2013; Vidal-Dupiol et al. 2014; Traylor-Knowles et al.
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2011; Yuan et al. 2016; Mayfield et al. 2014) ont été publiées et le séquencage du

génome est en cours de publication.

1.7. OBIJECTIFS DE LA THESE : L’EVOLUTION DE LA PLASTICITE DE L’HOLOBIONTE

CORALLIEN DANS LE CONTEXTE DU RECHAUFFEMENT CLIMATIQUE :

Comme décrit dans cette introduction, on assiste depuis plus d ‘un siécle a un
changement climatique sans précédent dans I'histoire de la planéte. L’augmentation des
gaz a effet de serre, principal moteur de ce bouleversement climatique, a notamment
induit un réchauffement climatique de la surface terrestre et des eaux marines de
surface de 1°C. Cette augmentation des températures a déja eu de lourdes répercussions
sur la biodiversité avec des extinctions de masse et la perturbation (voire dégradation)
de nombreux écosystemes. La dégradation des récifs coralliens par des événements de
blanchissement de masse répétés des coraux scléractiniaires (support physique des
écosystémes coralliens) est probablement 'une des conséquences les plus alarmantes
du réchauffement climatique. Malheureusement, la hausse des températures continue et
devrait accélérer et atteindre une augmentation de 1°C d’ici I'année 2100 dans le
meilleur des cas et 4°C si on en croit les prédictions les plus pessimistes.

Des mesures de sauvegarde des récifs coralliens sont donc plus que nécessaires
pour prévenir les futurs événements de blanchissement de masse et les mortalités
associées. L'un des espoirs de sauvegarde des récifs réside dans I'existence d’especes,
populations ou individus qui présentent des phénotypes trés résistants au stress
thermique.

La problématique principale de cette these est donc de comprendre comment,
chez 'holobionte corallien, des phénotypes thermo-tolérants ont pu étre sélectionnés et
quels sont les mécanismes qui conferent cette thermo-tolérance.

Pour ce faire, nous avons mené des approches comparatives de coraux issus de
différentes populations soumises a des régimes thermiques différents. Dans un premier
chapitre, nous présenterons une approche holistique comparative de la thermotolérance
de deux populations de P. damicornis soumises a des régimes thermiques contrastés.
Dans un deuxiéme chapitre, nous avons étudié le lien entre régime thermique et la
composition du microbiote (bactérien et zooxanthelles) entre différentes populations de

la méme espece.
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A. Caractérisation de la thermo-tolérance d’holobiontes coralliens provenant
d’environnements thermiquement contrastés chez I'espece Pocillopora sp.

Dans ce premier chapitre, je pose 'hypothése que les populations coralliennes
thermo-tolérantes devraient présenter une plus grande plasticité phénotypique que les
autres.

Cette hypothése est formulée a partir du constat des nombreux changements
phénotypiques déja observés dans le milieu naturel dans la seconde moitié du siecle
dernier; et des principales théories sur I’évolution de la plasticité phénotypique. Ces
dernieres prédisent que la plasticité phénotypique serait favorisée dans des
environnements fluctuants, car malgré son colit énergétique présumé important, elle
apporterait un avantage pour la survie des organismes en leur permettant la mise en
place du phénotype le plus optimal dans chacun des environnements.

Pour vérifier cette hypothése, nous avons choisi de procéder a une étude
comparative (via la comparaison de deux populations issues d’environnements
thermiquement contrastés) et intégrative (tous les compartiments de ’holobionte sont
pris en compte) de la réponse au stress thermique chez I’holobionte corallien en

utilisant des méthodes s’appuyant sur le séquengage a haut débit.

B. Analyse de l'influence du clade hote, de la géographie et du régime thermique sur
les communautés bactériennes et de Symbiodinium du corail scléractiniaire
Pocillopora damicornis sensu lato.

L’holobionte corallien est un assemblage d’'une multitude d’organismes : corail
hote, algue symbiotique et bactéries pour ne citer qu’eux. Selon la théorie de I'évolution
de 'hologénome, ils peuvent tous avoir un impact sur le phénotype de I’h6te et donc sur
sa valeur sélective. Bien que la nature des algues symbiotiques a déja montré son
influence sur la thermo-tolérance, la photo-tolérance et la croissance, on ne connait
encore que peu de choses sur ce qui influence I'association entre une espece corallienne
et tel ou tel clade de Symbiodinium. 11 en va de méme pour la communauté bactérienne,
pour laquelle on ne sait pas dans quelle mesure sa composition pourrait influencer la
thermo-tolérance de I'h6te, mis a part le fait qu'une rupture de cette composition peut
favoriser I'apparition et/ou 'augmentation des communautés bactériennes pathogenes

et engendrer des maladies.
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C’est donc toujours dans l'optique de mieux comprendre 'origine et la nature
d’'une meilleure thermo-tolérance chez I’holobionte corallien, que dans ce chapitre, nous
avons cherché a connaitre les différents parametres biotiques (haplotype de 1'hote) et
abiotiques (géographie, température) qui pourraient influencer la distribution des
micro-organismes symbiotiques du corail et dans quelle mesure ces communautés
symbiotiques pourraient avoir une influence sur la plasticité phénotypique de

I'holobionte corallien face a un environnement thermique variable.
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2. CHAPITRE 1: CARACTERISATION DE LA THERMO-TOLERANCE
D’HOLOBIONTES CORALLIENS PROVENANT
D’ENVIRONNEMENTS THERMIQUEMENT CONTRASTES CHEZ
L’ESPECE POCILLOPORA SP.

Ce chapitre correspond a un article soumis a BMC genomics (2017).

Dans le contexte du réchauffement climatique actuel, les récifs coralliens
subissent des événements de blanchissement de masse de plus en plus fréquents et
intenses. Malgré ces phénomeénes entrainant des mortalités de masse, certaines
especes/populations ou individus, parmi les coraux scléractiniaires, sont capables de
résister ou résilier face a ces situations de stress. D’apres les théories de I’évolution et
les nombreuses observations faites depuis I'accélération du réchauffement climatique, le
meécanisme adaptatif le plus efficace face a ces changements brutaux serait la plasticité
phénotypique. Cette capacité a générer différents phénotypes a partir d'un seul
génotype et en fonction des variations environnementales pourrait étre favorisée chez
des populations expérimentant un environnement plus fluctuant. Dans le but de vérifier
cette hypothese et de comprendre les mécanismes sous-jacents qui permettent la mise
en place d’'une thermo-tolérance chez I'holobionte corallien, nous avons sélectionné
deux populations de Pocillopora sp. provenant chacune d’un récif corallien soumis a un
régime thermique peu fluctuant (population thermo-sensible) ou beaucoup plus
fluctuant (population thermo-tolérante). Afin de comparer ces populations dans leur
réponse maximale au stress thermique, elles ont été soumises a un stress thermique
écologiquement réaliste en milieu contro6lé correspondant au régime thermique de leur
milieu naturel. L’holobionte corallien a ensuite été analysé pour trois colonies de chaque
population en condition contrdle (température moyenne des mois chauds) et en
condition de stress (température maximale avant I'apparition du collapse
physiologique). Tous les compartiments biologiques, pouvant avoir une influence sur la
thermo-tolérance de l'holobionte, ont été pris en compte dans cette analyse: la
composition en Symbiodinium (condition In Situ, contréle et stress), la composition de la
communauté bactérienne (condition In Situ, contrdle et stress) et le transcriptome de
I'hdte corail (condition controle et stress). La composition du microbiote de chaque

population est cohérente avec celles des autres études (dominance du genre
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Endozoicomonas parmi les gamma-protéobactéries hautement majoritaires) et reste
stable durant le stress thermique ; tout comme les populations de Symbiodinium dont les
clades D1a et C1, qui sont respectivement retrouvés chez la population thermo-tolérante
et thermo-sensible. Etant donné la stabilité des communautés symbiotiques au cours du
stress et I'absence de blanchissement, la réponse au stress de I'hote corallien ne sera pas
due a une rupture de l'intégrité de I'’holobionte, mais bien a une réponse au stress
thermique. Au travers de I'’étude du transcriptome de ’hote, nous avons pu montrer une
plus grande plasticité transcriptomique chez la population thermo-tolérante (plus de
genes régulés et des fluctuations d’expression plus importantes pour les genes modules
chez les deux populations) ainsi qu'un mécanisme de « frontloading » (une expression
basale constitutive et plus forte chez la population thermo-tolérante pour la majorité
des génes qui sont induits chez la population thermo-sensible). L’analyse de la fonction
de ces genes régulés a montré qu'’ils correspondaient a des fonctions attendues comme
des protéines impliquées dans l'induction de lI'apoptose (TNRF et TRAF) ou des
protéines chaperonnes HSPs. Nous avons également mis en évidence un mécanisme de
« trade-off » avec, par exemple, la répression de la biominéralisation. De maniere
intéressante, on observe une forte induction des genes impliqués dans la régulation
épigénétique et une augmentation de I’expression de génes de rétrotransposons chez la
population thermo-tolérante. Au vu de ces résultats, notre hypotheése est que le
frontloading observé chez la population thermo-tolérante serait une assimilation de la
plasticité favorisée par un environnement fluctuant. Nos résultats suggerent que cette
plasticité serait générée grace aux mécanismes épigénétiques fortement actifs chez cette
population. Il serait intéressant d’approfondir ces aspects en étudiant I'impact de stress
récurrents sur des populations clonales de coraux afin d’évaluer les modifications
épigénétiques induites et leur lien avec une éventuelle amélioration de la thermo-
tolérance. De telles études, ainsi que les résultats obtenus dans le cadre de notre travail,
pourrait permettre d’orienter des mesures futures de sauvegarde des récifs coralliens
au travers de transplantations (de populations thermo-tolérantes) ou bien encore

d’inductions artificielles de thermo-tolérance par des stress thermiques répétés.
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ABSTRACT

Background: Ecosystems worldwide are being affected by climate change. For example, the
diverse ecosystems of coral reefs are globally threatened by increasing sea surface
temperatures. However, phenotypic plasticity provides the potential for organisms to respond
rapidly and effectively to environmental change, and is predicted to be favored in variable
environments. In this study we investigated the thermal stress response of Pocillopora sp. corals
from contrasting thermal environments (more stable in New Caledonia, more variable in Oman)
by exposing them to an ecologically realistic thermal stress. We compared the physiological
state, bacterial and Symbiodinium communities (using 16S and ITS2 metabarcoding), and gene
expression levels (using RNAseq) of control corals (held at the mean temperature of the warmer
months in their respective natural environments) with corals exposed to thermal stress
conditions (the temperature just below the first signs of physiological collapse).

Results: Corals of the two populations remained apparently normal and had open and
colored polyps during exposure to the experimental thermal stress, and no change in bacterial
and Symbiodinium community composition was found. In contrast, the populations differed in
their transcriptome responses. The corals from the thermotolerant population had a more
plastic transcriptome, having more differentially expressed genes, greater changes in expression
levels, and frontloaded genes (genes having a higher and constant expression level) compared
with those from the thermosensitive population. In terms of biological function we observed a
trade-off between stress response (including induction of tumor necrosis factor receptor, heat
shock proteins, and detoxification of reactive oxygen species) and morpho-anatomical functions.
Gene regulation (transcription factors, chromatin modeling, mobile elements) appeared to be
highly enhanced, indicating possible epigenetic regulation.

Conclusion: These results provide new insights into the balance between plasticity and
frontloading, and provides insights into the origin and evolution of these strategies.

Keywords: phenotypic plasticity, frontloading, coral holobiont, Pocillopora sp., Symbiodinium,
RNAseq, metabarcoding, thermal stress
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2.1. BACKGROUND

In the context of global warming, biodiversity has been subject to environmental
changes that have never occurred previously. For example, since the last deglaciation
(11,650 years ago) the temperature has increased on average by 0.3-0.8°C per thousand
years, with two extreme values of 1°C and 1.5°C per thousand years (Shakun et al.
2012). In comparison, the land and ocean surface temperatures have increased by
0.85°C since 1880, and a 1-4°C increase is expected over the next 100 years (Stocker &
T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia 2015). The
recent increase in temperature has already led to a changes in biocenosis, and therefore
in ecosystems (Parmesan 2006).

These temperature increases have had major impacts on species of great
ecological importance, including reef-building corals, which are the biological and
physical support of the coral reef ecosystem. These corals support a large diversity of
marine organisms (~600 coral species, ~2000 fish species, and ~5000 mollusk species
(Veron & Stafford-Smith 2000; Reaka-Kudla 1997)), but are exceptionally vulnerable to
climate change (Wilkinson & Network 2008; Burke, World Resources Institute., M.
Spalding, et al. 2011). In recent decades the increased frequency and severity of
abnormally high temperatures have been responsible for mass bleaching events
(expulsion of the symbiotic alga Symbiodinium), and have resulted in the permanent
degradation of > 20% of coral reefs worldwide (Burke, World Resources Institute., M.
Spalding, et al. 2011; Bellwood et al. 2004; Hoegh-Guldberg et al. 2007).

However, some closely related coral populations have been found to be more
tolerant of heat stress than others, providing some hope for coral survival based on the
capacity of these organisms to adapt (Palumbi et al. 2014; Dixon 2015). The mechanisms
underlying coral thermotolerance have been investigated at small spatial scales using
transplantation experiments in which the responses of corals in a highly fluctuating
and/or high temperature environment were compared with corals in a lesser fluctuating
and/or lower temperature environment. These studies have highlighted the
fundamental role of phenotypic plasticity in coral adaptation and acclimation (Palumbi
et al. 2014; Dixon 2015). However, the “universality” of these mechanisms and the
extent of adaptation possible in a population needs to be defined. Populations of some
species subject to extreme temperatures and temperature variations can be found at the

limits of their geographical range. The mechanisms underlying thermotolerance and the
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extent of adaptability in such coral populations can be investigated by comparisons with
populations inhabiting areas having optimal temperature conditions (Riegl et al. 2011).
All partners (bionts) involved in a stable symbiosis effectively form the
entire organism, and constitute what is referred to as the holobiont (Margulis & Fester
1991). A decade after this term was defined its use has been particularly popularized in
reference to corals (Rohwer et al. 2002), and subsequent research has led to the
hologenome theory of evolution (Rosenberg et al. 2007; Zilber-Rosenberg & Rosenberg
2008). In this context the hologenome is defined as the sum of the genetic information of
the host and its symbiotic microorganisms. Phenotypes are thus the product of the
collective genomes of the holobiont partners, which constitute the unit of biological
organization and thus the object of natural selection (McFall-Ngai et al. 2013;
Bordenstein et al. 2015; Guerrero et al. 2013), although the role of the coral-associated
microbes and their potential to modify holobiont adaptability remain unclear. It is clear
that the genotype, or association of genotypes, of the photosynthetic mutualist
Symbiodinium sp. plays a key role in the thermotolerance of the holobiont (Hume et al.
2015). There is less certainty about the involvement of the coral bacterial community,
although some studies revealing differences in function of the disease states(Créquer et
al. 2013; Meyer et al. 2016; Sato et al. 2010) or the environmental conditions (Webster
& Bourne 2007; Pantos et al. 2015; Hernandez-Agreda et al. 2017) highlights the need
for further investigations. In this context, it is necessary to consider the coral microbial
community in studies of the adaptability and thermotolerance of the coral holobiont.
The aim of the present study was to investigate the molecular mechanisms
underlying the thermotolerance of coral holobionts adapted to different temperature
regimes. We undertook an integrative analysis of the response of two populations from
environments having contrasting temperature conditions. We used the scleractinian
coral Pocillopora damicornis sensu lato as a model species because it has a broad spatial
distribution throughout the Indo-Pacific (Veron & Stafford-Smith 2000), enabling access
to populations subject to high and fluctuating temperatures and populations having
optimal temperatures for coral reef development (lower temperatures and smaller
fluctuations). In addition, this species is considered to be one of the most
environmentally sensitive corals (van Woesik et al. 2011) but its widespread
distribution suggests exceptional potential for adaptation. To avoid biases inherent in

transplantation-based field experiments resulting from environmental factors other



Table 1 : Temperature regime in the natural environment of the two coral populations

New Caledonia Oman
Mean SST (°C) 24.8 27.9
Variance (°C) 2.7 9.5
Min SST (°C) 22.6 22.1
Max SST (°C) 27.1 33.2
Mean SST of warmer 268 313
M;a;‘nfﬁz (‘f,go"ler 22.8 23.8
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than temperature, we undertook our comparative study in a controlled environment in
which we imposed ecologically realistic conditions to study the thermal stress response.
This approach included holding both populations of corals under the same
environmental conditions for a long period (six months) prior to initiating the
experiments, to enable acclimation of the corals following collection from the field. To
characterize the holobiont response we used an RNA-seq approach to follow the host
response at the population level, and used a metabarcoding approach to study changes

in the holobiont microbial community (Symbiodinium sp. and bacterial populations).

2.2. METHODS

2.2.1. Coral sampling and maintenance

The sampling was designed to enable the study of populations derived from two
contrasting temperature environments. To distinguish population and individual
impacts on thermotolerance, we sampled 3 colonies from each population.

For each population, Pocillopora sp. colonies were collected in June 2014 from
three sampling sites in Oman (Om), representing the population subject to a variable
thermal environment, and in December 2014 from three sampling sites in New
Caledonia (NC), representing the population subject to a more stable temperature
environment (see Table 1 for the temperature regime of each population).

To decrease the probability of collecting colony clones (Adjeroud et al. 2014), the
colonies (20 cm in diameter) chosen for sampling at each site were separated by at least
10 m. Immediately following collection a 1 cm tip of each colony was excised, rinsed
three times in filtered seawater (0.22 pm), and placed in RNAlater solution (Sigma
Aldrich) for the in situ microbiota analysis. The remainder of the colony was fragmented
into 20 branches each of 10 cm length, and these were individually placed in plastic bags
containing oxygenated seawater, and transported by aircraft to the research aquarium
of the Banyuls-sur-Mer oceanographic observatory (France). The coral branches were
maintained in artificial seawater (Seachem Reef Salt) at 26°C, and supplied daily with
Artemia nauplii to satisfy their heterotrophic demand. The conditions in the
maintenance tank were controlled to reproduced the physicochemical parameters of
coral reefs (pH: 8.2; salinity: 36 g/L; light Intensity: 150 to 250 photons/m?/s;
photoperiod: 14h night/10h day; kH: 6-7.5 dkH; calcium concentration: 410-450 mg/L;
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inorganic phosphate concentration: < 0.1 mg/L; magnesium concentration: 1300-1400
mg/L; nitrate concentration: < 5mg/L).

Following acclimation of the coral branches for at least two months under these
maintenance conditions the branches were cut to produce several clones from each
colony. This involved cutting nubbins from the mother colony using a stainless steel
clamp to provide fragments < 3 cm in length. These were individually fixed to a support
(here a p1000 tip) using an epoxy adhesive. To facilitate healing (evident as tissue
extending to cover the epoxy adhesive) prior to use in the experiment, the nubbins were
maintained under the above maintenance conditions for at least one month following

cutting.

2.2.2. Host haplotype

To assess the extent to which the two populations were phylogenetically related
we analyzed the mitochondrial variable open reading frame (ORF) sequence of each
colony, and aligned these against known sequences.

The ORF was amplified using FATP6.1 and RORF primers (Flot & Tillier 2007).
The product was sequenced using Sanger sequencing, and the corresponding protein
coding sequences were analyzed using MEGA version 6 (Tamura et al. 2013). Sequence
alignment was performed using Muscle. The best model (Hasegawa-Kishino-Yano) was
selected for the lowest BIC (Bayesian Information Criterion). A maximum likelihood tree

was generated from the best model using 1000 bootstrap replicates.

2.2.3. Ecologically realistic thermal stress

The aim of this experiment was to compare the response to thermal stress of two
coral populations having the same physiological state, to investigate the molecular
mechanisms involved during the stress exposure.

The experimental design comprised eight tanks of 53 L volume (four for each
population) in which the seawater was continuously recycled. The water was sterilized
using UV (rate 3200 1/H) and renewed twice per hour in each tank (recirculation rate:
100 L/h in each tank). The eight tanks shared the same seawater but were individually
controlled (HOBBY Biotherm Pro, model 10892; 500W AquaMedic titanium heater), and
the temperature was monitored using a HOBO TidbiT v2 logger. At least two nubbins
(depending on the number of clones available) from three colonies per population were

randomly placed in each tank (four per population) and acclimated for 2 weeks at 26°C.
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In the subsequent stress experiment, three tanks (stress condition) per population were
subjected to a gradual temperature increase during the experiment, while the fourth
tank (control) was maintained at the control temperature (Fig. 1). The control
temperature was the mean water temperature for the three warmer months at the coral
source location (Table 2): 31°C for the population from Om, and 27°C for the population
from NC. In the stress treatment tanks the temperature was gradually increased by 1°C
over 5 h each week until physiological collapse of the corals became evident (polyps
closure, bleaching or necrosis), as described by Vidal-Dupiol et al. 2009 (Vidal-dupiol et
al. 2009). Samples that were used to perform analyses were those samples in each tank
just before the first increase of temperature from the control temperature, and just
before the temperature that produced the first signs of physiological collapse (stress
temperature). Thus, for each condition (control and stress) we obtained three replicates
of each colony (three colonies per population) to give a total of 36 samples (2
populations x 3 colonies x 2 conditions x 3 replicates).

During the experiment a photographic record was kept to evaluate the general
health of the nubbins at the various temperatures. This involved photographing one
nubbin of each colony in each tank at noon each day (just prior to feeding) throughout

the period of the experiment.

2.2.4. Microbial community analysis using MiSeq 16S and ITS2 metabarcoding
The aim of this analysis was to investigate the composition and dynamics of the
two principal symbiotic coral communities (bacterial and Symbiodinium) during thermal

stress.

2.2.4.1. DNA extraction
At each sampling occasion a coral tip (1 cm) was excised for metabarcoding
analysis (bacterial and Symbiodinium assemblages). The fragment was washed three
times in filtered seawater, placed in RNAlater solution (Sigma Aldrich) at 4°C for 24 h,
then stored at -20°C until DNA extraction. Extractions were performed using the
DNeasy blood and tissue kit (Qiagen) following the manufacturer’s instructions. DNA

was quantified by spectrophotometry (NanoDrop).

2.2.4.2.  Amplicon Sequencing
A bacterial 16S rDNA amplicon library was generated for each of the 42 samples

(one in situ condition, three control conditions and three stress conditions per colony,
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three  colonies per population, two  populations), using the 341F
(CCTACGGGNGGCWGCAG) and 805R (GACTACHVGGGTATCTAATCC) primers, which
target the variable V3/V4 loops (Klindworth et al. 2013). Symbiodinium assemblages
were analyzed using ITS2 (internal transcribed spacer of the ribosomal RNA gene)
amplicon libraries and specific primers targeting a sequence of approximately 350 bp
(ITS2-F GTGAATTGCAGAACTCCGTG; ITS2-R CCTCCGCTTACTTATATGCTT) (Lajeunesse
& Trench 2000; Quigley et al. 2014). For both markers, paired-end sequencing using a
250bp read length was performed on the MiSeq system (Illumina) using the v2
chemistry, according to the manufacturer’s protocol. A paired-end fragment library (2 x
250 bp) was constructed and sequenced on the I[llumina MiSeq platform at the Centre

d'innovation Génome Québec and McGill University, Montreal, Canada.

2.2.4.3.  Bioinformatic analysis

The FROGS pipeline (Find Rapidly OTU with Galaxy Solution) implemented on a
Galaxy platform (http://sigenae-workbench.toulouse.inra.fr/galaxy/) was used for data
processing (Escudié et al. 2015). In brief, paired reads were merged using FLASH
(Magoc & Salzberg 2011). After de-noising and removal of primer/adapters using
cutadapt (Martin 2011), de novo clustering was performed using SWARM. This uses a
local clustering threshold with an aggregation distance (d) of 3. Chimeras were removed
using VSEARCH (Rognes et al. 2016). We filtered the dataset for singletons and
performed affiliation using Blast+ against the Silva database (release 128, September
2016) for 16S amplicons (Altschul et al. 1990). For ITS2Z metabarcoding, the
Symbiodinium type was assessed using Blast+ against an in-house database of
Symbiodinium reference sequences. An OTU table in standard BIOM format with
taxonomic affiliation was produced for subsequent analysis.

For community composition analysis we used the phyloseq R package
(McMurdie et al. 2013) to infer alpha diversity metrics at the OTU level, and beta
diversity (between sample similarity) from the OTU table. Community similarity was
assessed by Principal Coordinate Analysis (PCoA) using the Bray-Curtis distance
matrices.

We performed one-way ANOVAs to compare alpha or beta diversity metrics
among the groups of samples. Corrections based on multiple testing were performed
using the Benjamini-Hochberg false discovery rate procedure (Benjamini & Hochberg

1995). For all analyses, the threshold significance level was set at 0.05.
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2.2.5. Transcriptome analysis
The aim of this analysis was to compare the transcriptomes of the two
populations under the two different temperature conditions (control and stress), and to
identify specific molecular markers for each population based on its temperature

history.

2.2.5.1. RNA extraction
Total RNA was extracted from each coral sample using TRIzol reagent
(Invitrogen), according to the manufacturer's protocol. The quantity and integrity of the
total RNA extracted was checked using an Agilent 2100 Bioanalyzer (Agilent
Technologies) (mean RIN = 7.5). The paired-end fragment library (2 x 100 bp) was
constructed and sequenced on the Illumina HiSeq 2000 platform at the Centre

d'Innovation Génome Québec and McGill University, Montreal, Canada.

2.2.5.2.  Bioinformatic analysis

Fastq read files were processed on a local Galaxy platform (Afgan et al. 2016).
Quality control and initial cleaning of the reads was performed using the filter by quality
program (version 1.0.0) based on the FASTX-toolkit (Blankenberg et al. 2010). Reads
having fewer than 90% of bases having a Phred quality score < 26 were discarded
(probability of 2.5 incorrect base call out of 1000, and a base call accuracy of 99.75%).
Adaptors used for sequencing were removed using the cutadapt program version 1.6
(Martin 2011). All paired-end reads were aligned using RNAstar software under default
parameters, with at least 66% of the bases being required to align to the reference, and a
maximum of ten mismatches per read (Dobin et al. 2013). The Pocillopora reference
genome used in this study (manuscript in preparation) consisted of a draft assembly of
25,553 contigs (352 Mb total) and N50 = 171,375 bp. The resulting transcriptome
served as the reference for reads mapping, and a GTF annotation file was constructed
using cufflink/cuffmerge (Trapnell et al. 2010). HTseq was used to produce count files
for genes (Anders et al. 2015). The DESeq2 package was used to estimate the
normalized abundances of the transcripts, and to calculate differential gene expression
for samples between the control temperature and the stress temperature for each
population (Love et al. 2014), using default parameters. To analyze these genes by
expression pattern, the genes were grouped manually according to their differential

expression levels in one or both populations. Six groups were generated: common
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overexpressed genes, NC-specific overexpressed genes, Om-specific overexpressed
genes, common underexpressed genes, NC-specific underexpressed genes, and Om-
specific underexpressed genes. Cluster 3.0 (de Hoon et al. 2004) and Treeview

(Saldanha 2004) were used to build the heatmap.

2.2.5.3.  Discriminant analysis of principal components (DAPC)

Our aim was to quantify differences associated with thermal stress in genome-
wide transcriptome plasticity between coral populations from Om and NC. To achieve
this we performed a discriminant analysis of principal components (DAPC) approach
based on a log-transformed transcript abundance matrix (containing 26,600 genes)
obtained from the 36 individuals (i.e. 9 control and 9 stressed replicates per population),
as described previously (Kenkel & Matz 2016b). Specifically, we ran a DAPC analysis
using the resulting log2 transformed dataset for the coral populations from NC and Om
reared in controlled conditions as predefined groups in the adegenet package
implemented in R (Jombart et al. 2010). Only 2 principal components and a single
discriminant function were retained. We then predicted the position of stressed
individuals from both populations (Om and NC) onto the unique discriminant function of
the DAPC.

To compare the genome-wide gene expression plasticity of the populations in
response to heat stress we compared the absolute mean DAPC scores between
populations for each experimental group (control versus thermal stress) using the non-
parametric Wilcoxon test. We also ran a general linear model (GLM) using the DAPC
scores as the dependent variable, and accounted for the population of origin (NC and
Om), the conditions (control and thermal stress), and the interaction between
populations and conditions as explanatory variables. In particular, as an indicator of
significant differences in the genome-wide gene expression reaction norms between
populations we tested for significant effects of the interaction between the population

and the condition effects.

2.2.5.4. GO enrichment of differentially expressed genes
The transcriptome was annotated de novo using a translated nucleotide query
(blastx; (Altschul et al. 1990)) against the non-redundant protein sequence database
(nr). The 25 best hits were then used to search for gene ontology terms using the

Blast2Go program (Conesa et al. 2005). Lists of significantly up-regulated and down-
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regulated genes were subjected to GO enrichment analysis by comparison with all

expressed gene using a Fischer exact test and a FDR value of 0.05.

2.3. RESULTS

2.3.1. Host haplotype
To evaluate the phylogenetic relatedness of the two Pocillopora sp. populations
used in the study we analyzed the mitochondrial variable open reading frame (ORF) for
each individual analyzed (3 colonies for each population). Sequence alignment with
referenced haplotypes (Schmidt-roach et al. 2014) showed that the colonies from the NC
population belonged to clade 1, whereas colonies from the Om population belonged to

clade 2.

2.3.2. Ecologically realistic thermal stress

Following collection from the field the corals from the different populations were
acclimated in the same controlled conditions prior to exposure to an ecologically
realistic thermal stress. Firstly, the individuals from NC and Om were maintained at
27°C and 31°C, respectively, which correspond to the mean temperature of the warmer
months (Fig. 1). In the thermal stress treatments the temperature was then increased by
1°C every week until the first signs of physiological collapse occurred. Visual and
photographic monitoring was used to assess coral health. The first sign of coral stress
was the closure of polyps at day 30 for both populations, which occurred at 30°C and
34°C for the NC and Om populations, respectively. These temperatures corresponded to
the warmest temperature experienced by these populations in the field (Table 1). No
signs of stress were observed in control corals throughout the experiment.

To measure the response of the holobiont of each population to a temperature
just less than that causing physiological stress we sampled NC and Om colonies at 29°C
and 33°C, respectively. NC and Om control coral colonies were collected from the tanks

maintained at 27°C and 31°C, respectively.

2.3.3. Microbiota composition
To assess the effect of thermal stress on the microbial assemblages of the coral
holobionts we characterized the structure and dynamics of the bacterial and
Symbiodinium communities during stress exposure using 16S and ITS2 metabarcoding,

respectively, and compared these with barcoding for the appropriate controls. In situ
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sampling was performed for each individual and each population to verify that the
microbiota were not altered by the transfer of corals from their natural environment to

the test tanks.

2.3.3.1.  Bacterial communities

Analysis of the bacterial community structure and dynamics during exposure to
stress was performed using 16S V3-V4 metabarcoding on 42 samples (one in situ, three
control and three stress samples per colony).

Following cleaning and singleton filtering, we obtained a total of 5,308,761
sequences corresponding to 15,211 OTUs. The class composition is shown in Figure S1.
In all samples the class Gammaproteobacteria was dominant (77.7%), particularly the
genus Endozoicomonas (44.7% of the sequences); this genus is known to be an
endosymbiont of numerous scleractinians (Neave, Rachmawati, et al. 2016). The PCoA of
Bray-Curtis distances for all colonies (Fig. 2) showed no grouping based on conditions.
We observed a loose grouping based on population and colony, especially for colony
NC1, which appeared to have a more specific microbiota composition, as it had a
different grouping associated with the first axis, which explained 22.3% of the variance.
The one-way ANOVA for alpha diversity (Shannon index) revealed significant
differences in the microbiota diversity between populations (p = 0.00258) and colonies
(p = 0.00129), but no differences among the in situ, control, and stress conditions (p =
0.885). Similar results were obtained for the ANOVA for beta diversity (Bray-Curtis
distance) (between populations: p = 0.001; between colonies: p = 0.001; between
conditions: p = 0.554); the ANOVA results are summarized in Additional File 2. Thus, the
bacterial composition appeared to be relatively specific to each colony within each
population, but remained stable during the transition from the natural environment to

artificial seawater, and during thermal stress exposure.

2.3.3.2.  Symbiodinium assemblages
Analysis of the Symbiodinium composition was performed using ITS2
metabarcoding, which facilitated intra-clade resolution.
Removal of those OTUs having an abundance of < 1% left only 4 OTUs for all
samples. Two of these corresponded to clade C1, while the other two corresponded to
clade D1a. Clade D1a was highly dominant in the Om colonies, whereas clade C1 was

almost exclusive to the corals from NC (Fig. 3). In contrast to the bacterial community,
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the Symbiodinium community was very specific to each population, and remained stable

during the transition from the field to the test tanks, and during stress exposure.

2.3.4. Host transcriptome analysis

We generated 36 transcriptomes corresponding to triplicate samples for 3
colonies for each population at the control (C) and stress (S) temperatures.

In total, the transcriptome sequencing of these 36 samples yielded 1,970,889,548
high quality [llumina paired reads of 100 bp. Depending on the sample, 40-70% of reads
could be mapped to the Pocillopora sp. reference genome (40-64% for the Om
population, and 59-70% for NC population).

The better alignment of the NC samples to the reference genome can be explained
by the phylogenetic relationships between the different genotypes used in the present
study and the one used for genome sequencing. The genotype of the NC colonies
corresponded to clade 1, which is the same clade as that used for genome sequencing.
The aligned reads could be assembled in 99,571 unique transcripts (TCONS),
representing putative splicing variants of 26,600 genes identified as “XLOC” in the
genome (FASTA sequences available in Additional File 3).

The transcriptomes from each population grouped together, providing further
evidence of genetic differences between the NC and Om genotypes (Fig. 4). The
transcriptomes also grouped by colony, indicating that the transcriptomes were
genotype specific, and by condition replicates. An exception was the clustering of the
transcriptomes for NC2 and NC3; for these the transcriptomes for the stress and control
conditions clustered together, suggesting they may have been clones. As Pocillopora sp.
can generate numerous clones over small spatial scale (Adjeroud et al. 2014), we
analyzed the genotypes of these two colonies using five microsatellite markers (PV2,
PV7 (Magalon et al. 2004), Pd3-002, Pd3-004, and Pd3-005 (Starger et al. 2008)) that
have previously been shown to be polymorphic in Pocillopora sp. This microsatellite
analysis confirmed that these two colonies share the same alleles (Additional File 4).

Differential gene expression analysis was performed using DEseq2, which
enabled gene expression comparison between stress and control samples. For each
population the 9 control samples and the 9 stress samples (3 replicates per temperature
and per colony) were considered to be replicates. Full results of the comparisons
between stressed and controls (log2-fold change and adjusted p values) are provided in

Additional File 5. In total, 5287 genes were differentially expressed (adjusted p value <
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0.05) in the Om population and 1460 were expressed in the NC population. The heatmap
generated to visualize the expression pattern of each gene in the populations is shown in
Figure 5.

Among these genes, 350 were overexpressed and 498 were underexpressed in
both populations; 272 were overexpressed and 294 were underexpressed only in the NC
population; 2082 were overexpressed and 2311 were underexpressed only in the Om
population; 24 were overexpressed in the NC population but underexpressed in the Om
population; and 22 were underexpressed in the NC population but overexpressed in the
Om population.

Among those genes that were modulated following stress in both populations the
differential expression level was significantly higher (Wilcoxon test; p value = 2.2 x 10-
16) for the Om corals (Fig. 6). Among the 498 overexpressed genes, 358 were more
induced in coral samples from Om than those from NC (log2-fold change Om > NC; Fig.
6), and of the 350 underexpressed genes, 259 were more repressed in Om corals
(Additional File 6). The mean of the log2-fold change for common overexpressed genes
was 0.9 for Om samples vs. 0.6 for NC samples (variance: 0.6 for Om; 0.2 for NC), and for
the common underexpressed genes was -1.2 for Om samples vs. -0.8 for NC samples
(variance: 1 for Om; 0.3 for NC).

These first results revealed a greater transcriptome change in the Om population
(4393 differentially expressed genes for the Om population vs. 566 genes for the NC
population).

2.3.5. Discriminant Analysis of Principal Components (DAPC):

To quantify the transcriptome plasticity at the gene expression level we
performed a DAPC analysis, which enabled identification of the axis in the multivariate
space along which the difference between pre-specified sample groups was maximized.
Multidimensional gene expression vectors for additional samples were then projected
onto this axis to quantify genome-wide differences in gene expression in the context of
the pre-specified contrast.

The DAPC analysis clearly discriminated the two populations based on their
overall gene expression patterns (Fig. 7). We also found that populations significantly
differed in their gene expression plasticity in response to heat stress (Wilcoxon tests;
control p value = 0.73, stress p value < 0.01). This result was corroborated by the

significance of the interaction term between the population and temperature effects in
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the GLM (p = 0.04), which indicated that the slope of the reaction norm was different
between populations. More particularly, the Om population responded to a greater
extent than the NC population, and thus showed significantly higher gene expression

plasticity in response to thermal stress.

2.3.6. Analysis of gene function:

To investigate the functions associated with the differentially expressed genes we
performed a blastx annotation of transcripts followed by a GO term annotation to
determine to which protein each gene (XLOC) corresponded most closely, and the
biological process, molecular function, and cell compartment localization of the protein.
Differentially expressed genes associated with the control and stress conditions
(adjusted p value < 0.05) clustered into 6 groups according to their expression patterns
in both populations (see host transcriptome analysis section). We performed a Fischer
exact test to determine what biological processes were significantly (FDR < 0.01)
associated with each cluster, by comparison with the entire set of annotated genes
(Additional File 7). We used REVIGO to visualize the enhanced biological processes
(Supek etal. 2011).

For the 498 common overexpressed genes, 139 biological processes were
enhanced compared with the entire set of annotated genes. The most significant
biological process identified in the REVIGO analysis was stress response, which was
associated with the lowest FDR value (2.1 x 10-%8). Following this sequentially were
cellular metabolism (FDR = 3.7 x 10-49), positive regulation of biological processes (FDR
= 2.4 x 10-43), cell death (FDR = 2.5 x 10-33), cellular localization (FDR = 8.4 x 10-2%), and
pigment metabolism (FDR = 2.1 x 10-21). For the overexpressed genes in NC corals, 38
biological processes were enhanced and the REVIGO analysis showed that organic acid
catabolism (FDR = 1.6 x 10-22), protein transport (FDR = 1.8 x 10-16), stress response
(FDR = 4.8 x 10-13), and cellular metabolism (FDR = 3 x 10-12) were the four most
significantly enhanced biological processes. Among the genes overexpressed in Om
corals the REVIGO analysis showed that 160 enhanced biological processes grouped
together, with the most significant being ncRNA metabolism (FDR = 8.9 x 10-303),
cellular metabolism (FDR = 4.4 x 10-79), carbohydrate derivative biosynthesis (FDR =

5.9 x 10-%4), and organic substance transport (FDR = 2 x 10-44).
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Figure 8: Visualization and summary of the GO enrichment following analysis by

REVIGO. Each enhanced biological process is represented by a bar proportional to the
log10(FDR). The colors corresponds to the 3 categories of genes (common: black; Om-
specific: grey; NC-specific: white) that were overexpressed (left panel) or underexpressed
(right panel).
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For the 350 common underexpressed genes, 48 biological processes were
enhanced compared with the entire set of annotated genes. The REVIGO analysis
grouped these genes into five biological processes: nitrogen compound transport (FDR =
5.4 x 10-89), localization (FDR = 8.1 x 10-10), regulation of neurotransmitter levels (FDR
= 1.2 x 10-8), system development (FDR = 8.8 x 10-¢), and single organism process (FDR
= 0.0004). Among the underexpressed genes in NC corals, only one biological process
(anatomical structure/morphogenesis) was found to be enhanced (FDR = 0.00937).
Among the underexpressed genes in Om corals the REVIGO analysis grouped 139
enhanced biological processes, with the most significant being ion transmembrane
transport (FDR = 7.6 x 10-104), single multicellular organism process (FDR = 7.5 x 10-53),
regulation of biological quality (FDR = 6 x 10-48), cell-cell signaling (FDR = 1.5 x 10-23),
single organism process (FDR = 1.1 x 10-18), multicellular organism process (FDR = 1.5 x
10-16), biological regulation (FDR = 2.3 x 10-15), response to abiotic stimulus (FDR = 6.2
x 10-13), and localization (FDR = 4.6 x 10-12).

Regarding others Gene Ontology annotations, the common overexpressed genes
were correlated with enhancement of 41 cellular components that were associated in
the REVIGO analysis with cellular compartments including the mitochondria (FDR = 1.5
x 10-180), cells (FDR = 1.5 x 10-19), organelles (FDR = 2.5 x 10-15), endomembrane
systems (FDR = 6.5 x 10-7), the membrane-enclosed lumen (FDR = 0.0002), the entire
membrane (FDR = 0.0019), the membrane raft (FDR = 0.009), and the membrane (FDR =
0.009). The genes overexpressed in NC corals were associated in the REVIGO analysis
with 23 cellular compartments, with the mitochondria (FDR = 2.5 x 10-82), cells (FDR =
4.9 x 10-7), organelles (FDR = 6.9 x 10-%), and the envelope (FDR = 0.009) being the four
most significant. The genes overexpressed in Om corals were associated in the REVIGO
analysis with 70 cellular components, the most significant of which were the
intracellular organelle lumen (FDR = 1 x 10-560), organelles (FDR = 9.9 x 10-8), cells (2.7
x 10-46), the membrane-enclosed lumen (FDR = 1.2 x 10-19), macromolecular complexes
(FDR =1 x 10-16), the endomembrane system (FDR = 2.7 x 10-11), the envelope (FDR = 3
x 10-?), and the membrane (FDR = 0.0008).

The common underexpressed genes were associated in the REVIGO analysis with
13 cellular components including the plasma membrane (FDR = 1.1 x 10-44), membrane
(FDR = 2.4 x 10-11), neurons (FDR = 0.0003), presynapse (FDR = 0.0004), and synapse
(FDR = 0.007). The genes underexpressed in NC corals were associated in the REVIGO



53

analysis with 7 biological processes in cellular components amongst which the plasma
membrane region (FDR = 8.5 x 10-9), cell periphery (FDR = 0.001), the membrane (FDR
= 0.002), and membrane part (FDR = 0.009) were the four most significant. The
underexpressed genes in Om corals were associated in the REVIGO analysis with 26
cellular components, the most significant of which included the integral component of
the plasma membrane (FDR = 3.1 x 10-81), the periphery (FDR = 1.2 x 10-22), the
membrane (FDR =6.2 x 10-17), the transmembrane transporter complex (FDR = 1.5 x
10-14), the extracellular region (FDR = 4.5 x 10-9), the cell (FDR = 9.5 x 10-°), synapses
(FDR = 1.9 x 10-5), and the synapse part (FDR = 4.4 x 10-3).

To investigate whether the thermotolerant population in our study displayed a
frontloading strategy, as previously described in scleractinians (Barshis et al. 2013), we
compared the constitutive expression levels (in control conditions) between the two
populations for those genes that were overexpressed in the NC population (Additional
File 8). This analysis showed that the basal expression level was often greater in the
more thermotolerant population (Om). Among the 794 genes that were overexpressed
in the NC population, 484 were constitutively more expressed in the Om than the NC
control conditions. Among these genes, 301 were overexpressed in the Om population,
20 were underexpressed in the Om population, and 163 were not differentially
expressed between the control and stress temperature in the Om population, reflecting
true frontloading based on the definition of Barshis et al. 2013 (Barshis et al. 2013).
These 3 categories of genes (overexpressed, down-regulated, and frontloaded) were
submitted to enhancement analysis. No significant results were found for the down-
regulated genes. The frontloaded genes were enhanced in the biological processes
cellular respiration (FDR = 4.4 x 10-23), cellular component organization (FDR = 0.002),
homeostatic process (FDR = 0.005), cellular component organization or biogenesis (FDR
= (0.007), cofactor metabolism (FDR = 0.009), and stress response (FDR = 0.009), and in
the cellular compartments including the mitochondrion (FDR = 1.6 x 10-%%), envelope
(FDR = 0.0002), cell (FDR = 0.0002), and organelle (FDR = 0.0009). Most interestingly,
for genes associated with a higher basal expression level and overexpression in the Om
colonies, the most enhanced biological processes included stress response (FDR = 1.2 x
10-26), pigment metabolism (FDR = 5.1 x 10-24), regulation of phosphate metabolism
(FDR = 3.2 x 10-15), cellular metabolism (FDR = 2.7 x 10-11), and protein folding (FDR =
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7.3 x 10-%). Among the 43 overexpressed genes involved in the response to stress in the

NC population, 23 were frontloaded in the Om population.

2.4. DISCUSSION

2.4.1. An ecologically realistic thermal stress

The aim of the present study was to characterize and compare the response to
thermal stress of corals from populations from two contrasting temperature
environments. The thermal stress applied was ecologically realistic, with the individuals
of each population being subjected to the upper annual limit of the temperature ranges
to which they were naturally exposed, up to a level just below that at which signs of
physiological collapse were observed. To avoid other confounding effects the coral
colonies from the two populations were transferred to tanks and acclimated for 6
months in standardized controlled conditions in artificial seawater. Consequently, the
only variable in the stress experiments was temperature. During the temperature
increase, the first observable modification of the phenotype (polyp closure) was
observed for all genotypes of the two populations at the upper temperature they were
subject to in their natural environments (30°C and 34°C for NC and Om corals,
respectively). This result confirmed that our stress was ecologically realistic and that the
physiological status of the corals was similar and comparable for both populations at the
different temperatures. To assess the response of healthy corals at elevated temperature
we performed a molecular analysis to compare the transcriptome of corals stressed at
29°C and 33°C (for the NC and Om colonies, respectively) with the transcriptomes of
control corals maintained at the mean temperature of warmer months in their
respective natural habitats (27°C and 29°C for the NC and Om colonies, respectively).
Any change in the holobiont was therefore a response to the thermal stress and not

because of disruption of the coral integrity.

2.4.2. Symbiotic community: bacterial and Symbiodinium composition
We used 16S and ITS2 metabarcoding to characterize the coral bacterial and
Symbiodinium communities respectively. For the bacterial community we identified
significant differences between populations and genotypes but no difference between
the conditions (in situ, control, and stress). The microbiota composition of all samples
was consistent with previous studies, showing a high proportion of

Gammaproteobacteria and dominance of the symbiotic genus Endozoicomonas genus
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(Bourne & Munn 2005; Kvennefors et al. 2012; Peixoto et al. 2017; Rohwer et al. 2001;
Neave, Apprill, et al. 2016).

For the Symbiodinium community the ITS2 metabarcoding analysis enabled intra-
clade resolution (Quigley et al. 2014) . Four OTUs dominated; these corresponded to the
two distinct subclades D1a and C1, which represent the majority of sequences in the Om
and NC corals, respectively. Nine genotype clades (A through I) have been identified in
the genus Symbiodinium (Baker 2003). The Symbiodinium type can strongly influence
the holobiont fitness, with clade D providing tolerance to higher temperatures
(Berkelmans & van Oppen 2006) and C1 enhancing coral growth rates (Little et al.
2004). We found that subclade D1a was dominant in the Oman corals in the present
study, which is consistent with the results of previous studies (Berkelmans & van Oppen
2006).

Although the microbial community (both bacterial and Symbiodinium) differed
between the NC and Om populations, the composition did not change during transition
from the field to the artificial seawater conditions, and also remained stable during the
experimental temperature increase. This shows that the coral holobiont assemblage was
stable over the course of the experiment, with no changes in the Symbiodinium
community (no bleaching and no shift), and no change in the bacterial community
leading to the occurrence of potential pathogens, as has been observed during thermal

stress in Acropora tenuis (Littman et al. 2010).

2.4.3. Host transcriptomic response

2.4.3.1.  Plasticity analyses:

Given the symbiotic community stability during the thermal stress, we assumed
that most of the response was attributable to the coral host. We thus performed a
qualitative and quantitative comparison of gene expression changes for both
populations in control and thermal stress conditions. The coral samples from the Om
population showed greater regulation of gene expression levels, having a much higher
number of differentially expressed genes between the control and the stress conditions
(5287 genes for Om corals vs. 1460 genes for NC corals). In addition, for the same set of
genes differentially expressed in the same way in both populations, the absolute value of
the log2-fold changes was higher in the Om population for 73% of those genes. The
DAPC analysis showed that the thermotolerant Om corals exhibited a higher level of
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transcriptome plasticity than those from the thermosensitive NC population. These
findings are consistent with a recent study that identified greater transcriptome
plasticity for a most thermotolerant off-shore population compared with an in-shore
population, as predicted from the theory that greater plasticity is expected for
populations in a more variable environment (Kenkel & Matz 2016b). A recently
described alternative strategy for thermotolerance, termed frontloading, involves a
constitutive and higher level of expression of genes specific to the response to thermal
stress, with no or little regulation compared with the thermosensitive population
(Barshis et al. 2013). In our study, among the 794 genes overexpressed in NC corals, 483
also had a higher basal level of expression (in control conditions) in Om corals than in
NC corals, with 300 showing overexpression in Om corals (211 more than in NC corals)
and 163 (20.5%) displaying a constant level of expression during the thermal stress

(true frontloaded genes) (Barshis et al. 2013).

The thermotolerant Om corals thus exhibited both greater plasticity compared
with the thermosensitive NC corals, as well as frontloading. It has been proposed that
occurrence of plasticity vs. frontloading strategies can depend on the frequency of the
stress, with frequent perturbations promoting frontloading strategies, and less frequent
perturbations promoting plasticity strategies (Kenkel & Matz 2016b). In this study we
observed the occurrence of both strategies. We hypothesize that frontloading could
reflect assimilation of plasticity, whereby a plastic gene expression becomes fixed
following very frequent stresses (Waddington 1953). In this context, the Om population
would be in an intermediate state between plastic gene expression and frontloading,

with assimilation in progress.

These two strategies are only useful if they facilitate a more efficient response. To
investigate the role of plastic and frontloaded genes in the thermal stress response, we
performed an enrichment analysis that highlighted numerous significant biological
processes for which we inspected each gene to discuss hereafter those whose biological
function would be relevant in this context. We thus aimed to identify the molecular

mechanisms underlying greater thermotolerance in Om corals.
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2.4.3.2.  Functional analyses:

Response to stress:

Reactive Oxygen Species (ROS) detoxification:

One of the first consequences of thermal stress is the production of reactive
oxygen species (ROS), which are associated with protein, membrane and DNA damage.
These oxidative molecules are produced in excess by the symbiont and mitochondria
during the respiration process, and cells produce several enzymes to detoxify them to
limit cellular damage (Weis 2008). Down-regulation of the calcium-binding messenger
protein calmodulin is a sign of oxidative stress (Schallreuter et al. 2007; Townsend et al.
2002); this protein had more isoforms that were differentially expressed in Om corals,
together with one calcium calmodulin-dependent kinase. Quinone oxidoreductases were
also specifically underexpressed in Om corals. These proteins are known to be involved
in the generation of ROS (Porté et al. 2009). The thioredoxin gene was up-regulated in
both populations, but with higher fold changes in Om corals. This enzyme detoxifies
oxidized molecules and is often implicated in coral heat stress (DeSalvo et al. 2010;
Maor-Landaw et al. 2014). Polyamine oxidase is a key component of the oxidative burst
in plants, and is involved in the induction of apoptosis (Yoda 2006). Two genes, one
underexpressed in Om corals and one overexpressed in NC corals, were found to be

regulated in our experiment.

Apoptosis:

Among the differentially regulated genes we found were numerous genes
involved in apoptosis, which is known to be implicated in coral responses to thermal
stress (Ainsworth et al. 2011). Among these, TNFR and TRAF genes code for receptors
and receptor-associated components of the tumor necrosis factor (TNF), which is known
to participate in the apoptosis pathway. Ten TNFR genes and 3 TRAF genes were found
to be overexpressed following thermal stress in both populations, and there was a
higher basal level of expression in the Om corals for 10 of the 13 genes. A second set of 5
TNFR and 11 TRAF genes were specifically overexpressed in the Om corals, indicating
more intense regulation of the apoptosis pathway in the thermotolerant corals. In a
previous study TNFR genes were found among frontloaded genes, and TRAF genes were
overexpressed in response to thermal stress, which is consistent with our results

(Barshis et al. 2013). Furthermore, 4 TNFs were found to be specifically underexpressed
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in the Om corals, whereas TNFAIP3 was specifically overexpressed. The TNFAIP3 gene
(TNF alpha-induced protein 3) is known to inhibit the NFkB process (inflammatory
response) and apoptosis (Opipari et al. 1990). This further suggests that Om corals are
capable of greater regulation of apoptosis. Caspase 8 and caspase 3 were specifically
overexpressed in the Om corals. Caspases constitute the effector core of the apoptotic
process (Nicholson & Thornberry 1997), and caspase 3 has commonly been implicated
in the heat stress response in corals (Maor-Landaw & Levy 2016). Interestingly, Fem-1
homolog B, which is involved in the apoptotic process as a death receptor-associated

protein, was frontloaded in Om corals.

DNA repair:

Overproduction of ROS subsequent to thermal stress is responsible for cellular
and DNA damage (Yakovleva et al. 2009; Jena 2012). Numerous genes coding for DNA
repair enzymes including DNA excision repair, DNA ligase, and DNA polymerase were
overexpressed in both population. Among these, in Om corals 3 showed higher basal

expression levels and 2 were frontloaded.

HSPs:

Heat shock proteins (HSPs) are involved in protein folding and protein damage
repair in all organisms. Several HSPs were found to be overexpressed in both coral
populations (Hsp60, Hsp70, and Hsp71). Among these Hsp70 was more overexpressed
(log2-fold change of 3.2 in Om corals vs. 1.3 for NC corals), and Hsp60 and Hsp71
showed higher basal expression levels in the Om corals. Furthermore, Hsp105, Hsp75,
Hsp90, and Hsp71 were overexpressed only in Om corals. Hsp70 is one of the most
documented protein chaperones in coral heat stress (Barshis et al. 2013), but Hsp60 (B.
Brown et al. 2002), Hsp90 (Carpenter et al. 2010), and Hsp40 (Maor-Landaw & Levy
2016) are also known to be involved in stress response in these organisms. We also
found that chaperones of the Hsp40 family (also known as DNAj) were also regulated
during our heat stress experiment; 3 of these were overexpressed in both populations
but there was a higher basal expression level in the Om corals, whereas 5 were
overexpressed only in the Om corals. These proteins seem to be implicated in protein
folding during early thermal stress in Porites, and are highly expressed prior to

bleaching and tissue peeling (Maor-Landaw & Levy 2016).
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We also found specific Om overexpression of the pyrexia gene, which codes for a
transient receptor-activated cation channel, and had been shown to protect flies from

high temperatures (Lee et al. 2005).

Energetic metabolism:

Mitochondrial functions:

A high number of regulated genes were mitochondrial (either mitochondria- or
nuclear-encoded); this is evident in the cellular component enrichment histogram,
especially for common and NC-specific genes. Nevertheless, the mitochondrial
compartment was also well represented among genes displaying a higher
overexpression level or frontloading in Om corals.

The mitochondria are central to numerous important biological processes
including energy-generating respiration, but can be the source of oxidative molecules
involved in apoptosis.

Among mitochondrial associated genes a number were specifically or more
intensively regulated in Om corals, including those coding for 2-oxoglutarate
dehydrogenase, which catalyzes the conversion of 2-oxoglutarate to succinyl-CoA and
CO2 in the Krebs cycle), and several monocarboxylate transporters for lactate or
pyruvate, which have been shown to be essential for regulation of energy metabolism in
Aiptasia (Halestrap & Meredith 2004; Lehnert et al. 2014).

Several other genes known to participate in energy metabolism were
overexpressed, including galactose-1-phosphate uridylyltransferase (overexpressed in
both populations) and succinate dehydrogenase [ubiquinone] flavo mitochondrial-like
(overexpressed in NC corals and showing frontloading expression in Om corals). This
suggests the involvement of energy metabolism and/or a changes in resource usage, as
has been proposed in symbiotic vs. aposymbiotic Aiptasia (Lehnert et al. 2014). Energy
metabolism in corals is highly dependent of their symbiotic algae, which is the major
source of glucose generated by photosynthesis. During thermal stress the symbiotic
algae can decrease in density and/or display a reduced capacity to generate energetic
compounds, thus obliging the coral host to use alternative sources of energy, such as
fatty acids (Karim et al. 2015).

In this context we also observed a high level of regulation of lipid metabolism in

the Om corals. The apolipo A (a constituent of lipoprotein associated with lipid
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dissolution) and dLp HDL-BGBP precursor (which has lipid transporter activity) genes
were specifically overexpressed in the Om corals, and could facilitate the transport and

assimilation of lipids.

Symbiont regulation:

Perturbation of energy metabolism and a decrease in the efficiency of energy
production by symbiotic algae can be linked to the modulation of genes associated with
symbiont maintenance. In our experiment three Rab-11 isoforms were found to be
overexpressed, including: one having a higher basal expression level in both populations
and a higher fold change in the Om corals; one that occurred in NC corals and showed
frontloading expression in Om corals; and one induced only in the Om corals. This
recycling regulatory protein has been shown to regulate phagosomes containing
Symbiodinium cells in the Aiptasia-Symbiodinium symbiosis (Chen et al. 2005),
suggesting a potential role in Symbiodinium exclusion during bleaching process.

Calumenin was also overexpressed in both populations, but was expressed at a
higher rate in Om corals. This protein is known to be a signal intermediate for sym32, a
signaling protein involved in symbiont recognition by the coral host (Ganot et al. 2011).

In addition, three lectins exhibited differential expression in the Om corals: one
was overexpressed (with a log2-fold change of 4.1) and two were underexpressed (log2-
fold change of -2.8 and -2.5). It has been reported that lectins regulate the symbiosome
(Vidal-dupiol et al. 2009).

Morpho-anatomic processes and reproduction:

Skeleton and muscle cells:

Some enzymes potentially involved in skeleton formation and muscle contraction
were down-regulated in corals from Om.

A single chain carbonic anhydrase and 4 carbonic anhydrase genes (1, 12, 2, and
7) were found to be underexpressed in Om corals. Carbonic anhydrases catalyze the
interconversion of CO; and water to bicarbonate and protons, enabling maintenance of
the acid-base balance (Tashian 1989). In hard corals, carbonic anhydrases are also
involved in biomineralization processes involved in skeleton formation (Le Goff et al.
2016). Two hephaestin genes were also underexpressed in Om corals. These copper-
dependent ferroxidases were identified in the skeleton of Acropora millepora (Gitschier

et al. 1999), where they can be involved in the incorporation and regulation of iron in
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the bicarbonate skeleton (Ramos-Silva et al. 2013). Several myosin related proteins
similar to myosin light chain kinase or myosin regulatory light polypeptide 9 were found
to be specifically underexpressed in the Om corals. Actin-binding LIM partial, potentially
involved in Z-disk activity of muscles, and several genes having the LIM domain were
also found to be underexpressed in Om corals. In eumetazoans including cnidarians,
these protein are involved in regulation of muscle activity (for a review see (Leclére &
Rottinger 2017)). In addition, the genes for the acetyl choline receptor “43 kDa receptor-
associated of the synapse-like” and the “calcium-activated potassium channel subunit
beta-like” proteins, both of which down-regulate muscle contraction, were
overexpressed in Om, which is in accordance with a global decrease in functioning of the
contractile apparatus.

We hypothesize that down-regulation of skeleton formation and muscle
contraction could be a trade-off in energy allocation during the response to thermal

stress.

Cnidocytes:

We observed a higher level of regulation of genes involved in the functioning of
cnidocytes (also known as nematocytes) in Om corals. These ectodermal cells are
specific to cnidarian, and are involved in environment sensing, defense, and predation.

Three cytosolic phospholipase A2 (cPLA2) genes were specifically overexpressed
in Om corals. In cnidocytes, the corresponding proteins are involved in venom efficacy
by promoting prey lysis (Argiolas & Pisano 1983),(Nevalainen et al. 2004). One MAC
perforin domain-containing gene had a higher basal expression level in Om corals. This
gene encodes for a membrane attack complex/perforin-domain containing protein, and
is found in gland cells and nematocytes in Nematostella, suggesting a potential role in
prey Kkilling (Miller et al. 2007). Conversely, we found underexpression of a gigantoxin
homolog, which is a cytolysin (actinoporin) found abundantly in cnidocytes (or
nematocytes) (Hu et al. 2011; Frazdo et al. 2012). Several polycystic kidney disease gene
(PKD1 and 2) isoforms were also found to be underexpressed in the Om corals. These
proteins are localized in tentacles in Hydra, and seem to be involved in cnidocyte
discharge (McLaughlin 2017). These changes could have been promoted by notch
signaling (with overexpression of one notch homolog 2); this pathway is essential for

cnidogenesis in Nematostella vectensis (Marlow et al. 2012).
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A switch to heterotrophic nutrition is consistent with a decrease in Symbiodinium
cell numbers, and could be linked to higher levels of resistance to thermal stress, as has
been described in other scleractinian corals (Hughes & Grottoli 2013; Kisten 2014;
Aichelman et al. 2016).

Nervous system:

Many genes involved in nervous system functioning were differentially regulated,
with some being overexpressed (e.g. neuronal acetylcholine receptor and VWFA, which
regulate the calcium dependent voltage chain), and others being underexpressed,
including a proton myo-inositol cotransporter, SCO-spondin (axon guidance), sodium-
and chloride-dependent GABA and taurine transporters (neurotransmission), sodium-
dependent phosphate transport 2B, and synaptotagmin. Many transcription factors that
could be involved in morpho-anatomic integrity, including numerous forkhead box
homologs implicated in cell growth, proliferation, and differentiation were
overexpressed in Om corals. All these may be involved more globally in the regulation of

morpho-anatomic processes (muscle contraction, cnidocytes).

circadian clock / reproduction:

Several photoreceptors were differentially expressed in the corals. A
cryptochrome gene was frontloaded in Om. These flavoproteins are found in plants,
animals, insects, and cnidarians, and in corals it has been shown that cryptochrome can
synchronize the circadian clock and the reproductive system (Reitzel et al. 2013). Three
melatonin receptors were also found to be regulated in Om corals (2 overexpressed and
1 underexpressed). As in vertebrates, where melatonin has been well characterized, in
cnidarians it is also involved in the circadian clock (Peres et al. 2014). Similarly, 2
underexpressed and 3 overexpressed opsin-like genes were identified. The protein is a
homolog of the photoreceptor melanopsin, and in Acropora is involved in circadian cycle

regulation (Vize 2009).

Taken together, changes in morpho-anatomic regulation and perturbations in
circadian cycles and reproduction could also reflect a trade-off mechanism in the Om
stress response. This trade-off is consistent with greater plasticity, and intensive and not

fully specific gene regulation activity.
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Epigenetic processes:

Two histone acetyltransferase genes were overexpressed in Om corals. These
enzymes, which are also found in the sea anemone Nematostella, are involved in
epigenetic gene regulation by modifying the nucleosome structure, and thus the
transcription of genes (Sterner & Berger 2000; Karmodiya et al. 2014). Several histone-
lysine N-methyltransferases were also identified, 5 of which were underexpressed (four
PRDM6 and one setd3 isoform) and 3 of which were overexpressed in Om corals. As
with histone acetyl-transferase, these enzymes are involved in gene expression
regulation through their influence on chromatin structure (Huang 2002; Vervoort et al.
2016). One lymphoid-specific helicase-like (HELLS) gene was frontloaded in Om corals.
This protein is known to participate in epigenetic processes, and interacts with DNMT1
(cytosine methyl-transferase) for maintenance of or de novo methylation (Dabe et al.
2015; Myant et al. 2011). We identified underexpression of 2 SID-1 transmembrane
family member genes involved in dsRNA regulation (Sapozhnikova & Barannik n.d.).

Many reverse transcriptase homologs, including RNA-directed DNA polymerase
from a jockey-like mobile element, were differentially expressed or more intensely
regulated during thermal stress in the Om corals. These reverse transcriptases are
typical of the retro-transposon activity known to be activated or less controlled during
general stress (Grandbastien 1998). The loss of inhibition of retro-transposon activity
may reflect a trade-off with more important functions, but could also be an SOS survival
mechanism, enabling rapid genome changes in a threatening environment (Wessler

1996; Maumus et al. 2009).

2.5. CONCLUSION

Comparison of the response of corals from two contrasting temperature
environments to exposure to an ecologically realistic thermal stress shed light on the
molecular basis of thermotolerance. We found that during stress exposure the symbiotic
community was stable in both coral populations, but we identified major differences in
gene regulation processes between the two populations. The more thermotolerant
population displayed (i) a more plastic transcriptome response involving more
differentially expressed genes and higher fold expression changes; and (ii) a constitutive
and higher level of expression for a range of genes (frontloaded genes). If frontloading is
a consequence of assimilation processes, plasticity could originate from epigenetic

processes, which were clearly induced in the thermotolerant population. In the context
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of global warming, which is predicted to cause abnormal and rapid temperature
increase (Settele et al. 2014), phenotypic plasticity and capacity for rapid adaptation
through assimilation could increase the chances of coral survival. Our results contribute
to understanding of coral evolution under variable environments, and suggest that
management measures including coral transplantation or hybridization between
sensitive and resistant populations may be approaches to increasing the

thermotolerance of coral populations as sea surface temperatures increase in the future.
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3. CHAPITRE 2 : ANALYSE DE L'INFLUENCE DU CLADE HOTE, DE LA
GEOGRAPHIE ET DU REGIME THERMIQUE SUR LES
COMMUNAUTES BACTERIENNES ET DE SYMBIODINIUM DU
CORAIL SCLERACTINIAIRE POCILLOPORA DAMICORNIS SENSU
LATO.

Ce chapitre correspond a un article soumis a Microbiome, numéro spécial « Host-
microbiota interactions: from holobiont theory to analysis » (2017)

D’apres la théorie évolutive de I'hologénome, tous les compartiments de
I’holobionte, c’est a dire I'hOte et les microorganismes symbiotiques associés, jouent un
role sur le phénotype de I'hote et donc sur sa valeur sélective. C’est d’autant plus vrai
chez les coraux scléractiniaires, chez qui l'influence des assemblages de Symbiodinium
sur la thermo-tolérance, la photo-tolérance et la croissance a été montrée dans de
nombreuses études. Considérer I'holobionte comme la véritable unité d’évolution
implique une coévolution entre ’hdte et ses symbiotes. L’évolution d’'un organisme dans
un environnement fluctuant et les conséquences sur son adaptabilité, prédite pour étre
favorisée dans de tels environnements, dépendrait donc de I’h6te mais également de sa
communauté symbiotique. Dans le chapitre précédent, nous avons montré une plus
grande plasticité transcriptomique de I'hote corallien chez la population la plus thermo-
tolérante. Bien que les communautés symbiotiques (bactéries et Symbiodinium) aient
montré de la spécificité pour chacune des populations (voire méme des génotypes pour
la communauté bactérienne), ces expérimentations ne permettent pas de conclure quant
a leur influence sur la thermo-tolérance de I'hdte corallien. Dans ce second chapitre,
nous avons cherché a identifier quels parameétres biotiques (haplotype de I'héte) ou
abiotiques (géographie ou régime thermique) pouvaient influencer la distribution des
communauté bactériennes et de Symbiodinium chez Pocillopora damicornis sansu lato.
Pour cela, nous avons comparé les communautés microbiennes (bactéries et
Symbiodinium) en milieu naturel (échantillons de colonies de morphotype Pocillopora
damicornis) provenant de quatre régions géographiques aux régimes thermiques tres
contrastés: la Polynésie francaise, la Nouvelle-Calédonie, Djibouti et Taiwan. Le

séquencage de I'’haplotype mitochondrial a révélé deux clades d’hotes: clade 1 pour
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Taiwan, Polynésie Francaise et Nouvelle-Calédonie et clade 2 pour Djibouti La
composition des communautés bactériennes, analysée en métabarcoding 16S, s’est
révélée tres variable entre les échantillons, mais un core bactérien émerge dans
I’ensemble des populations. Les bactéries du genre Endozoicomonas (endosymbionte de
nombreux organismes marins) sont majoritaires, tel que décrit chez de nombreuses
especes de corail. Les genres Acinetobacter et Arcobacter qui sont également présents
dans tous les échantillons, pourraient étre d’apres la littérature des bactéries
opportunistes lors de pathogénicité. Les analyses statistiques montrent que c’est
I'haplotype de T'h6te qui contraint le plus la composition des communautés
bactériennes, tandis que les température ont un effet plus faible. En ce qui concerne
'assemblage des Symbiodinium, on retrouve un seul clade majoritaire pour chacun des
échantillons avec des différences trés marquées entre populations: le clade D1 est
dominant a Djibouti et en Polynésie Francaise, alors que le clade C1 est le plus abondant
a Taiwan et en Nouvelle-Calédonie. On observe également une grande diversité de
clades tres faiblement abondants (<1%) dans toutes les populations. Pour la premiere
fois, nous avons montré que les communautés de Symbiodinium sont principalement
influencées par les températures minimales. On observe ainsi par exemple une
corrélation négative entre I'association avec le clade D, connu pour étre thermo-tolérant,
et les températures minimales.

Ce travail suggere donc que les communautés microbiennes et notamment de
Symbiodinium participent aux capacités d’adaptation de Pocillopora damicornis a des
modifications de température. En revanche la grande diversité des Symbiodinium
« cryptiques » pourrait permettre des changements de thermo-tolérances de I’h6te en
fonction des variations de l'’environnement via le mécanisme du blanchissement
adaptatif, et ainsi participer a la plasticité de I'hote. Bien que les communautés
bactériennes soient, elles aussi, faiblement corrélées avec les températures moyennes,
des études supplémentaires sur la réponse au stress thermique des différents
microbiomes sont nécessaires pour conclure sur l'influence du microbiome sur la
thermo-tolérance de I'h6te. De plus, nous n’avons pas mis en évidence d’effet de la
géographie sur la composition des communautés microbiennes alors qu’elle est corrélée
a I'haplotype héte, ce qui soutient I'hypotheése d’'une coévolution entre 'hote et ses

partenaires symbiotiques.
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ABSTRACT

Background : Although the term holobiont has been popularized in corals with the advent of
the hologenome theory of evolution, the underlying concepts are still matter of debate. Indeed,
the relative contribution of host and environment in shaping the microbial communities should
be examined carefully to evaluate the potential role of symbionts for holobiont adaptation in the
context of global changes. As a sessile, long-lived, symbiotic and environmentally sensitive
organism, the reef-building coral Pocillopora damicornis is a good species to address these
issues.

Results : We sampled Pocillopora damicornis colonies corresponding to two different
mitochondrial lineages in different geographic areas displaying different thermal regimes:
Djibouti, French Polynesia, New Caledonia and Taiwan. The Symbiodinium and bacteria
communities were characterized using high throughput sequencing of Internal Transcribed
Spacer ITS2 and 16S rRNA gene. Bacterial microbiota was very diverse with high prevalence of
Endozoicomonas, Arcobacter and Acinetobacter in all samples. While Symbiodinium clade C1 was
dominant in Taiwan and New Caledonia, D1 was highly abundant in Djibouti and French
Polynesia. Moreover, we also identified a high background diversity (i.e. with abundances <1%)
of Al, C3, C15 and G subclades. Using redundancy analyses, we found that the effect of
geography was very low for both communities, and that host genotypes and temperatures
differently influenced Symbiodinium and bacterial microbiota. Indeed, while the constraint of
host haplotype was higher than temperatures on bacterial composition, we showed for the first
time a strong relationship between the composition of Symbiodinium communities and minimal
sea surface temperatures.

Conclusion : Because Symbiodinium assemblages are more related to thermal regimes than
bacterial communities, we propose that their contribution to adaptive capacities of the
holobiont to thermal regimes might be higher than the influence of bacterial microbiota.
Moreover, the link between Symbiodinium communities and minimal temperatures suggested
low relative fitness of clade D at lower temperatures. This observation is particularly relevant in
the context of climate change, since corals will face increasing temperatures, as well as much
frequent abnormal cold episodes in some areas of the world.

Keywords: coral holobiont, microbiota, bacterial communities, Symbiodinium assemblages,
thermal adaptation.
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3.1. BACKGROUND

All partners (bionts) involved in a stable symbiosis, and thus being part of the
entire organism, constitute the holobiont (Margulis & Fester, 1991). A decade after this
term has been defined, it has been popularized in corals (Rohwer, Seguritan, & Azam,
2002), and subsequently led to the hologenome theory of evolution (Jefferson, 1994;
Rosenberg, Koren, Reshef, Efrony, & Zilber-Rosenberg, 2007) (Zilber-Rosenberg &
Rosenberg, 2008). The hologenome is defined as the sum of the genetic information of
the host and its symbiotic microorganisms. In this context, phenotypes are the product
of the collective genomes of the holobiont partners, being the true unit of biological
organization and thus the object of natural selection (McFall-Ngai et al, 2013)
(Bordenstein & Theis, 2015; Guerrero, Margulis, & Berlanga, 2013). This concept has
gained increased attention for many issues on the functioning, homeostasis or evolution
of living organisms, extending our knowledge of microbial community associated to
them (see (Bosch & McFall-Ngai, 2011) for a review on metaorganisms).

Microbial communities of corals are considered as the most diverse studied to
date (Blackall, Wilson, & van Oppen, 2015), forming a complex consortium composed by
the cnidarian host, as well as microbial eukaryotes (including the dinoflagellate
endosymbiont Symbiodinium), prokaryotes (bacteria and archae), and viruses. The
symbiosis between scleractinian corals and dinoflagellate algae of the genus
Symbiodinium provides the foundation for the ecological success of coral reefs over
millions of years (Muscatine & Porter, 1977). In this phototrophic and potentially
mutualistic association, the coral host provides inorganic nutrients in exchange of
photosynthetically fixed carbon (photosynthates), and amino acids from the algal
symbiont (Muscatine & Porter, 1977) (DeSalvo et al., 2010) (Davy, Allemand, & Weis,
2012). Algae from the Symbiodinium genus are classified into nine clades (from A to I)
(Baker, 2003) (Coffroth & Santos, 2005), and the physiology of the coral holobiont is
affected by the clade of the symbiont (Mieog, van Oppen, Cantin, & Stam, 2007; Rouzé,
Lecellier, Saulnier, & Berteaux-Lecellier, 2016). Although the establishment of a specific
symbiosis occurs during early stages of host larvae colonization (Weis, Reynolds,
deBoer, & Krupp, 2001), some coral species can switch endosymbiotic algae during their
lifetime especially after bleaching events (Baker, Starger, McClanahan, & Glynn, 2004a)
(Jones, Berkelmans, van Oppen, Mieog, & Sinclair, 2008), although the long-term

persistence of such changes is matter of debate (Thornhill, Lajeunesse, Kemp, & Fitt,



Table 1 : Samples of Pocillopora damicornis sensu lato used in this study (n=94)

Region Locality Code Latitude Longitude Nb
Djibouti Moucha DJMI 11°43'49. 43°13'26. 7
Island 27"N 69"E
Ras Korali DJRK 11°46'46. 42°55'27. 8
15"N 65"E
Sable DJSB 11°34'57. 42°47'45. 12
Blanc 41"N 86"E
French Moorea - FPMP 17°29'31. 149°52'8. 6
Polynesia Papetoai 72"S 34"0
Moorea - FPMT 17°29'22. 149°53'4 5
Tiahura 90"S 8.65"0
Raiatea - FPRA 16°47'22. 151°23'3 8
Avera 00"S 0.63"0
Tahaa - FPTT 16°36'51. 151°32'3 5
Tapuamu 03"S 3.91"0
Tahaa - FPTV 16°40'36. 151°27'1 9
Vaitoare 26"S 8.92"0
Tahiti FPTP 17°34'27. 149°37'1 7
Papeete 93"S 1.07"0
New- Baie de NCBS 22°17'35. 166°28'1 4
Caledonia Ste Marie 86"S 4.44"E
Baie de NCBM 22°11'45. 166°20'2 4
Ma’'a 17"S 3.67"E
Grande NCGR 22°14'38. 166°25'7. 6
Rade 63"S 58"E
Taiwan Outlet TWOU 21°55'48. 120°44'4 6
4"N 1.9"E
Hobihu TWHO 21°56'18. 120°44'4 4
6"N 5.7"E
Wanliton TWWA 21°59'37. 120°42'2 3
7"N 2.7"E
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2006). Bacterial communities associated to corals have also been extensively studied,
comparing different species (Littman et al., 2009; Rohwer et al., 2002), disease states
(Créquer, Bastidas, Elliott, & Sweet, 2013; Meyer, Rodgers, Dillard, Paul, & Teplitski,
2016; Sato, Willis, & Bourne, 2009), or environmental conditions (Bourne et al.,, 2007)
{Pantos:2015co} (see also (Hernandez-Agreda, Gates, & Ainsworth, 2016) for a review).

Despite this large corpus of studies, none addressed the effect of natural thermal
regimes on microbial assemblages in stony corals. However, sea surface temperature
increase is the main factor of ongoing climate changes affecting reef-building corals,
(32.8% of species being considered at risk of extinction) (Carpenter, Abrar, Aeby, &
Aronson, 2008) with massive bleaching and mortality events (Hughes et al., 2017).

In this study, we investigated the effect of thermal regimes, as well as host clade
and geographical distances on the bacterial and Symbiodinium assemblages in the
complex Pocillopora damicornis sensus lato (Veron & Pichon 1976), a functional group of
environmentally sensitive scleractinian corals (van Woesik, Sakai, Ganase, & Loya, 2011)
that was recently split into 5 clades (Pinzén et al, 2013; Schmidt-Roach, Miller,
Lundgren, & Andreakis, 2014). High-throughput metabarcoding allowed us to access for
the first time the whole diversity of both bacterial communities and Symbiodinium

assemblages.

3.2. METHODS

3.2.1. Sampling sites and study design

Colonies of Pocillopora damicornis sensus lato growing between 1 to 5 m depth
were sampled by snorkeling within four regions (Djibouti, Taiwan, New Caledonia and
French Polynesia (Adjeroud et al., 2013)) in 15 localities (Table 1). The tip (1-2 cm) from
one healthy branch of each colony was cut and disposed individually in a plastic bag held
in seawater during the sampling cruise. Samples were subsequently transferred into
modified CHAOS buffer (4M guanidium thiocyanate, 0.5% N-lauryl sarcosine sodium
25mM Tris-HCI pH 8, 0.1M b-mercaptoethanol) as already described (Flot, 2007).

Thermal regime descriptors were compiled from weekly mean sea surface
temperature data collected from IGOSS: Integrated Global Ocean Services System
Products Bulletin (http://iridl.ldeo.columbia.edu/SOURCES/.IGOSS/) for quadrats of 1°
longitude X 1° latitude and from 1982 to the year of sampling (2008-2009).
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3.2.2. DNA extraction
DNA extraction was performed using CTAB (Cetyl TrimethylAmmonium

Bromide)-based extraction method (Winnepenninckx, Backeljau, & De Wachter, 1993).

3.2.3. Host haplotype identification

The mitochondrial variable open reading frame (ORF) was amplified with
FATP6.1 and RORF primers (Flot & Tillier, 2007), and submitted to sanger sequencing
(GenBank Accession Numbers ###). Protein-coding sequences were analyzed using
MEGA version 6 (Tamura, Stecher, Peterson, Filipski, & Kumar, 2013). Sequence
alignment was performed using muscle. The best model (Kimura-2 parameters with
uniform substitution rates) was selected for the lowest BIC (Bayesian Information
Criterion). Maximum-likelihood tree was computed with the best model and the

robustness of the tree was tested with 1000 bootstrap replicates.

3.2.4. 16S rRNA gene and Internal Transcribed Spacer ITS2 metabarcoding

For bacterial communities, 16S rRNA gene libraries were generated using the
341F (5’-CCTACGGGNGGCWGCAG-3") and 805R (5-GACTACHVGGGTATCTAATCC-3’)
primers targeting the variable V3V4 loops (Klindworth et al., 2012).

Symbiodinium assemblages were analyzed using ITS2 (internal transcribed
spacer of the ribosomal RNA gene) amplicon libraries with specific primers targeting a
~350 bp sequence: ITS2-F (5-GTGAATTGCAGAACTCCGTG-3’) and ITS2-R (5'-
CCTCCGCTTACTTATATGCTT-3’) (Lajeunesse & Trench, 2000; Quigley et al., 2014).

For both 16S and ITS2 markers, paired-end sequencing with 250 bp read length
was performed on the MiSeq system (Illumina) using the v2 chemistry according to the
manufacturer’s protocol. Sequencing was performed at the McGill University in the

Génome Québec Innovation Centre, Montréal, Canada.

3.2.5. Sequence analysis of metabarcoding datasets

The FROGS pipeline (Find Rapidly OTU with Galaxy Solution) implemented on a
galaxy instance (http://sigenae-workbench.toulouse.inra.fr/galaxy/) was used for data
processing (Escudié et al, 2015). In brief, paired reads were merged using FLASH
(Magoc & Salzberg, 2011). After denoising and primer/adapters removal with cutadapt
(Martin, 2011), de novo clustering was done using SWARM that uses a local clustering
threshold, with aggregation distance d=3 after denoising. Chimera were removed using

VSEARCH (Rognes, Flouri, Nichols, Quince, & Mahé, 2016) . We filtered the dataset for
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singletons and performed affiliation using Blast+ against the Silva database (release 128,
september 2016) for 16S amplicons. For ITS2 metabarcoding, the Symbiodinium clade
was assessed using blastn best hit against the nr/nt database of the NCBI (Altschul, Gish,
Miller, Myers, & Lipman, 1990). To confirm blast identification, we performed
phylogenetic analysis using MAFFT to produce sequence alignment and FastTree
(GTR+CAT model) to compute tree with the approximately maximum likelihood method.

Finally, OTU tables were produced in standard BIOM format for subsequent analyses.

3.2.6. Statistical analyses
All statistical analyses were done using R v3.3.1 ((Team, 2012) http://www.R-

project.org). We used the phyloseq R package for community composition analysis
(McMurdie & Holmes, 2013) to infer alpha diversity metrics at the OTU level, as well as
beta diversity (between sample distance) from the OTU table. Community similarity was
assessed by Principal Coordinate Analysis (PCoA) using the Bray-Curtis dissimilarities.

We performed one-way ANOVA or non-parametric Kruskal-Wallis tests (when
normality of residuals and homogenity of variances were rejected (Shapiro and Bartlett
test, respectively)) to compare alpha diversity metrics. When ANOVA or Kruskal-Wallis
tests were significant, we then computed pairwise comparisons between group levels
(post-hoc analyses) with Bonferroni corrections for multiple testing using pairwise-t-
tests or Dunn test, respectively.

Redundancy analysis (Ramette, 2007) (hereafter named RDA) was used to
investigate the variations of the different bacterial OTU/Symbiodinium clades under the
constraint of the environmental variables. Bacterial OTUs and Symbiodinium clades were
Hellinger-transformed before performing RDAs (Legendre & Gallagher, 2001) on
datasets of geography, temperature and host genotypes (Supplementary Table S1). Then
significant variables (i.e. variables that significantly explained changes in the
distribution of OTUs/clades) were identified using a forward-selection procedure (999
permutations), implemented in the R "vegan" package and in the "rda", "ordiR2step"

functions. For all analyses, the threshold significance level was set at 0.05.

3.3. RESULTS

3.3.1. Sampling sites display diverse and contrasted thermal regimes
To have a precise view of the thermal regimes in the different sampling sites, we

extracted several descriptors over a long-term continuous monitoring (weekly) of mean



Table 2 : Thermal regime descriptors of the four sampled regions.

Djibouti French New Taiwan
Polynesia Caledonia
Mean 28.60 27.67 24.77 26.56
temperature
(°c)
Max 32.20 29.95 28.78 30.83
temperature
(°c)
Min 25.11 25.25 21.28 21.40
temperature
(°C)
Mean of 30.46 28.75 26.82 29.14
the warmer
months (°C)
Mean of 26.32 26.51 22.81 23.88
the colder
months (°C)
Variance 3.17 1.05 3.04 4.56

(°c)
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sea surface temperature data. We computed annual mean temperature, minimum and
maximum temperatures, as well as mean temperatures for the three warmer or colder
months over these time-series records, and annual temperature variance (Table 2). We
had very contrasted thermal regimes between the sampled regions with high and low
annual variations in Taiwan and French Polynesia, respectively. The minimal
temperatures were lower in New Caledonia and Taiwan compared to Djibouti and
French Polynesia. Maximum temperatures were less contrasted with a more continuous

increase from New Caledonia to French Polynesia, then Taiwan and Djibouti.

3.3.2. Pocillopora damicornis sensu lato morphotypes corresponded to 2 different
clades

Analysis of mitochondrial ORF for all samples revealed two clades corresponding
to Pocillopora types 3c 3e, 3g, 3h and 7a (clade 2) for all samples from Djibouti, and
Pocillopora type 5 (clade 1) for samples from New Caledonia, Taiwan and French
Polynesia (Pinzén et al., 2013) (Schmidt-Roach et al., 2014) (Supplementary Figure S1
and Supplementary Table S1). This is consistent with the known geographical
distribution of Pocillopora lineages with a wide distribution of clade 1 i.e. types 4 and 5
namely Pocillopora damicornis and Pocillopora acuta (respectively) throughout the
Pacific Ocean, and the presence of type 3 and 7 (P. damicornis sensu lato morphotype) in
the Western Indian Ocean (Schmidt-Roach et al.,, 2014) (Gélin, Postaire, Fauvelot, &
Magalon, 2017b).

3.3.3. Symbiodinium assemblages revealed high specificity as well as high background
diversity

The relative abundances of Symbiodinium types in each coral sample were
analyzed using high-throughput sequencing method. ITS2 amplicon sequencing with
MiSeq yielded 45,000 informative clusters per sample in average. After clustering and
filtering for OTUs containing less than 100 sequence tags, 53 clusters of ITS2 were
obtained (Supplementary Table S2). Taxonomic affiliation was performed using blastn
comparison to NT followed by phylogenetic analysis. Maximum-Likelihood trees
confirmed the presence of clades A1, C1, C3, C15, D1 and G with largely unresolved
polytomies in the clade C (Supplementary Figure S2), such as observed previously
(Lajeunesse, 2004). Nevertheless, the topology is congruent with previous works on the
molecular taxonomy of Symbiodinium (Pochon, Montoya-Burgos, Stadelmann, &

Pawlowski, 2006).
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OTU richness assessed by Chaol index was slightly higher in New Caledonia and
Taiwan. Moreover, Shannon diversity index was significantly higher for Djibouti
compared to the others regions (Figure 1A). Only one Symbiodinium clade was highly
abundant per sample (accounting for more than 95% of sequences) (Figure 1B),
suggesting high specificity for each association. In New Caledonia and Taiwan,
Symbiodinium clade C1 was almost exclusively present in all samples. Clade D1 was
dominant in French Polynesia samples (except for 2 samples), whereas a more diverse
pattern is observed in Djibouti with a majority of clade D1 as well as a substantial
proportion of clade Al, either as the main Symbiodinium clade or in association with D1.
Accordingly, principal coordinate analysis based on Bray-Curtis dissimilarities followed
this partitioning with two main groups (French Polynesia and Djibouti vs. Taiwan and
New-Caledonia) separated along the first axis (which explained 56.1% of the total
variation) (Figure 2). Samples from Djibouti forming a separate group along the second
axis are hosting Symbiodinium clade Al. Samples from different host clades were

overlapping on both axes.

3.3.4. Bacterial microbiota was highly diverse with a few number of core taxa

The bacterial microbiota of each coral sample was analyzed using 16S (V3V4)
amplicon sequencing with MiSeq. It yielded 70,000 informative clusters per sample in
average. After singleton filtering, we obtained 33,649 OTUs (representing a total of
7,108,067 sequences) that could be annotated using the Silva 16S database. After
filtering for chloroplast and non-bacterial sequences, we obtained 31,076 OTUs
(Supplementary Table S3) representing 6,569,797 sequences. Notably, the 100 most
abundant OTUs represented more than 90% of the whole sequences.
OTU richness assessed by Chaol index was higher in French Polynesia and slightly
higher in Djibouti compared to samples of New Caledonia and Taiwan (Figure 3A,
Supplementary File S4). Moreover, Shannon diversity index was significantly higher for
Djibouti compared to the others regions. These results indicated a high number of rare

OTUs in French Polynesia and higher evenness in Djibouti.

Phylum-level assignment of bacterial OTUs indicated the dominance of
Proteobacteria in all samples (Figure 3B). Within this phylum, the majority of sequences
were affiliated to the genus Endozoicomonas (Family Hahellaceae) representing 66.9%

of the overall sequences (Supplementary File S5). Three other genera, Arcobacter,



.
r .
C
FP .
0.00-
U
Region
8 .-

= A ®rr

X

o DJ @® N

s .

025 ® ® @™

i Ge B

L A Host clade
@ cladet
A cae2

-0.50
A
-04 0.2 0.0 0.2 0.4 06
Axis. 1 [55.1%]

Figure 2 : Principal coordinate analysis of Bray-Curtis dissimilarities (ITS2)
between all pairs of samples (colored by region of origin and shaped by
Pocillopora host haploplype). DJ: Djibouti, FP: French Polynesia, NC: New
Caledonia, TW: Taiwan. These axes represent the two synthetic variables
explaining the most variation of the dataset.



Jaqo

9L
EUBJOBqOBI0I] -
sajaafwoioueid [

euBlORqNOIEY .

SO}OpRUOWIBWIWSS .
sejnojwl4 .
eusioeqoueko [
eephwena [
saiepiosaioeg [
s@jepeuoLnewY .
BUAORGOUNDY -
euaioeqopy I
wnjAyd

drdwes aad uonisoduiod Aprunwwod [PAI[-wn[Ayd (g

"UeMIe], :M L ‘BIUOpa[e)-MIN DN ‘BISdUAjod Youa.a] :df ‘Inoqi(q [ ‘S9T uo

paseq suoigda. 3y} wo.Jj sajdures usamiaq uosriedurod xapui (uouueys pue goeyn) Aisraarp-eydy (v
:A}ISIDAIP [eLId)OEY : € 9InS1]

7

2ouepunqy

-00'k

M5
oN F
dd [
ra B9

uolbai

uolbal
@ }
bl
- 000L
4 =
Ll g
_ o
Lz : Fo00Z F
@,
& + .M
[¢]
()
w
3
- 000€
Fe
- 000%
4
uouueys Loeyo <




Table 3 : Number of samples for each region for core taxa (shared by at least
50% of samples within each region and 50% of the overall samples) at the family
and genus levels. The total number of samples for each region is indicated into
brackets. The family ranks also corresponding to the core genus are indicated in

bold.
Rank Taxa DJ (27) FP (40) NC (14) TW (13) Total
(94)
Family Hahell 27 40 14 13 94
aceae
Moraxe 25 37 13 12 87
llaceae

Comam 26 36 13 10 85

onadaceae
Campyl 25 34 13 12 84

obacterace

ae

Rhodob 25 36 11 9 81

acteraceae
Caulob 24 30 9 7 70

acteraceae
Sphingo 23 26 9 8 66

monadacea

e
Genus Endozoi 27 40 14 13 94
comonas
Acineto 26 35 13 12 86
bacter

Arcoba 27 33 12 12 84

cter
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Acinetobacter and Sphingomonas were present at appreciable relative abundance (6.6%,
1.9% and 1% of total phyla tags, respectively). Arcobacter (Campylobacteraceae) was
particularly abundant in samples from Djibouti (25% of sequence tags), whereas
Acinetobacter (Moraxellaceae) represented 9.4% of the sequence tags in New Caledonia.

Among 227 families and 513 genera in the whole dataset, only the genus
Endozoicomonas was common to all samples. We also considered as core phylotypes (at
the family and genus level) the taxa shared by 50% of the individuals within each region
(Table 3). Two additionnal genera, Arcobacter and Acinetobacter, fall into this category
in addition to Endozoicomonas. At the family level, 4 supplementary families namely
Comamonadaceae, Rhodobacteraceae, Caulobacteraceae and Sphingomonadaceae were
shared by at least 50% of samples. In all cases, core taxa were among the 10 most
abundant in the whole dataset (14 families and 6 genera were shared by at least 50% of
the overall samples) (Supplementary File S5).

Considering each region independently, strikingly much more taxa were shared
between at least 50% of samples from Djibouti (27 families and 46 genera)
(Supplementary File S5), which could be linked to higher equitability. Twelve families
and 5 genera were core to French Polynesia samples, 12 families and 4 genera for New
Caledonia, whereas only 7 families and 3 genera were shared by at least 50% of samples

from Taiwan (Supplementary File S5).

Lastly, principal coordinate analysis based on Bray-Curtis dissimilarities showed
a partitioning of bacterial communities by both host haplotype and region (Figure 4).
Samples from Djibouti (Pocillopora clade 2) and New Caledonia (Pocillopora clade 1)
formed separate groups, whereas Taiwan and French Polynesia samples (clade 1)

overlapped on the two principal axes.

3.3.5. Symbiodinium communities were mostly influenced by minimal temperatures,
whereas bacterial community structure was associated to host haplotype and
mean temperatures.

To disentangle the influence of biogeography, temperature and host haplotype
(Supplementary Table S1) on coral communities of both Symbiodinium and bacteria, we
computed redundancy analysis (RDA) and forward-selection procedures. First, we
performed RDAs on the whole dataset (geography, thermal regime and host haplotype).
A very high proportion (85%) of Symbiodinium clade distribution was explained by the



A 2a
A
A} A
0.24 A B
A DJ &
arA
A A ® Region
@ ® o
9 ® FPH ®re
< 004 ) @® ne
o A
o~
é’ TQ e Host clade
A ® ® @® cadet
. A clade2
-0.24 ‘e ®
3
@®
C
044
06 04 02 0.0 02 04
Axis.1 [33.4%]

Figure 4 : Principal coordinate analysis of Bray-Curtis dissimilarities (16S)
between all pairs of samples (colors and shapes indicate region of origin and
Pocillopora host haploplype, respectively). Axes represent the two synthetic
variables explaining most variation in the dataset (about 46 %).
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Figure 5: Cumulative variations explained by the addition of significant
variables for the reduced models identified using RDA and forward selection
procedures. Min: Minimal temperature; Mean: Mean temperature; Haplotype:
coral haplotype.
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variables used in this study; this proportion was lower although important (36%) for
the bacterial OTU distributions (Figure 5, Supplementary Table S6). Forward selection
procedures were carried-out on the whole dataset to identify the significant variables
(Supplementary Table S1) constraining the distribution of both communities. This study
highlighted (i) that minimal temperature followed by host haplotype mostly constrained
Symbiodinium distribution in the 94 samples (p = 0.001), and (ii) that in contrast, host
haplotype followed by mean temperature then latitude mostly constrained bacteria

distribution (p = 0.001).

3.4. DISCUSSION

3.4.1. Diversity of P. damicornis sensu lato samples

In this study, we sampled P. damicornis sensu lato colonies in four regions and
phylogenetic analyses revealed a complex pattern. Samples from French Polynesia, New
Caledonia and Taiwan corresponded to Pocillopora clade 1 (more precisely type 5,
newly assigned to Pocillopora acuta sensu stricto (Schmidt-Roach et al.,, 2014) (Pinzén et
al,, 2013)). Samples from Djibouti corresponded to Pocillopora clade 2 (types 3 and 7)
later assigned to SSH12 and SSH13 and all consistent with Pocillopora damicornis
morphotype (Gélin, Postaire, Fauvelot, & Magalon, 2017b). Morphological characters
have been shown to be insufficient to discriminate species in the Pocillopora damicornis
complex and genetic markers are necessary to discriminate the species (Pinzo6n et al,,
2013). This species complex displays in addition high phenotypic plasticity and cryptic
lineages (Gélin, Postaire, Fauvelot, & Magalon, 2017b). Nevertheless, as we used a single
mitochondrial marker for Pocillopora clade identification, we cannot completely rule out
the possibility of mitochondrial introgression or hybridization that seem to be common
among this genus (Combosch & Vollmer, 2015; Combosch, Guzman, Schuhmacher, &
Vollmer, 2008). Finally, although it was proposed that Symbiodinium assemblages may
be useful for integrative taxonomy of Pocillopora species (Pinzén & LaJeunesse, 2010),
we found in this study that Symbiodinium communities did not discriminate Pocillopora

haplotypes.

3.4.2. Diversity of coral microbiota
The core microbiome can be broadly defined as the stable and consistent
taxonomic groups associated to a particular habitat (Shade & Handelsman, 2011). These

commonly associated microbial communities are likely of ecological and functional
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importance in the holobiont fitness. The definition of the core micobiome in corals is
variable among authors, ranging from 30% to 100% of shared bacterial phylotypes at all
different taxonomic levels from Kingdom to strain (reviewed in (Hernandez-Agreda et
al, 2016)). These studies already highlighted the high diversity and variability of
microbial communities in corals. We defined here the core microbiome as taxa
(OTUs/genera/families) present in at least 50% of samples within each population, and
thus reflecting stable associations with Pocillopora damicornis sensu lato.

All core taxa of bacteria were among the most abundant in the dataset, which is in
contradiction with previous study identifying rare taxa as ubiquitous endosymbionts (D
Ainsworth et al, 2015). Bacteria of the Endozoicomonas genus were present in all
samples and were the most abundant in the whole dataset, making up from 33.3% of the
total number of sequence tags in Djibouti (consistent with a higher evenness) to 87.4%
in French Polynesia where rare OTUs were the most diverse. This group has been
described for the first time only recently in marine slugs (Kurahashi & Yokota, 2007). So
far, they have been identified in numerous coral species and are now considered as
ubiquitous endosymbionts of many marine host species (see (Neave, Apprill, Ferrier-
Pages, & Voolstra, 2016a) for a review). Notably, comparative genomic analysis of
different strains of Endozoicomonas from different hosts suggest a common role in
carbohydrate cycling with potential specificities in amino-acid synthesis (Neave, Michell,
Apprill, & Voolstra, 2017). In addition, Acinetobacter and Arcobacter were respectively
present in 86 and 84 samples over 94, and were the third and second most abundant
genus after Endozoicomonas. Although considered as a terrestrial bacteria, Acinetobacter
(gamma-proteobacteria) can be dominant in bleached corals (Koren & Rosenberg,
2008). It has also been identified in healthy corals where it can be abundant (C.-P. Chen,
Tseng, Chen, & Tang, 2011) (Morrow, Moss, Chadwick, & Liles, 2012) (Li et al., 2014),
but its function remains elusive. Bacteria of the genus Arcobacter (epsilon-
proteobacteria) are associated to a wide range of habitats, as free-living or pathogenic,
and is especially abundant in marine environments (W. G. Miller et al., 2006) and have
been identified specifically in diseased corals in some studies (Frias-Lopez, Zerkle,
Bonheyo, & Fouke, 2002), sometimes also in healthy samples (de Castro et al.,, 2010),
and has been show to increase during pathogenesis (Séré et al., 2015; Sweet & Bythell,
2012). Arcobacter has also been found in high abundances in necrotic sponges (L. Fan,

Liu, Simister, Webster, & Thomas, 2013) as well as moribund oysters (Lokmer & Mathias
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Wegner, 2014) where it is associated with decreased bacterial diversity and may act as
an opportunistic pathogen. Although detectable at background abundances in the
majority of samples, Arcobacter was highly abundant in all samples from Djibouti (25%
of sequence tags vs. less than 1% in the other regions), indicating that this genus can also
be abundant in healthy hosts, and moreover associated with high bacterial diversity.

Metabarcoding targeting ITS2 provides highly sensitive and quantitative
measurements of Symbiodinium diversity (Quigley et al. 2014). It was used with 454-
pyrosequencing (Boulotte et al,, 2016; L. Thomas, Kendrick, Kennington, Richards, &
Stat, 2014) and more recently with [llumina MiSeq sequencing (Ziegler, Seneca, Yum,
Palumbi, & Voolstra, 2017). Although we did not find ubiquitous clades for the whole
samples, we showed using MiSeq sequencing striking differences in terms of
Symbiodinium associations between populations. Clade D1 was dominant in French
Polynesia. This is consistent with a recent study in Moorea, that showed association with
Symbiodinium clade D and few clade C (Rouzé et al., 2017).

Colonies from Djibouti were also mainly associated with clade D1, while clade C1
was dominant in Taiwan and New Caledonia. To our knowledge, this is the first study of
symbiotic communities associated with Pocillopora in Djibouti, New Caledonia and
Taiwan. A comparative study of Symbiodinium clades associated with hard corals from
the Persian Gulf with annual temperatures from 16°C up to 36°C revealed the
dominance of clade C3 associated with a lower proportion of A1 and minor quantities of
C15, whereas clade D was not detected (Hume et al., 2013).

Even if one single clade was dominant in almost all samples, we detected
background abundances of the other clades in all regions constituting the so called
“Symbiodinium rare biosphere” (Boulotte et al., 2016). The cryptic diversity that we
reported here is actually very high (H" Shannon index up to 0.6 for Djibouti samples,
Figure 1A) and falls into a similar range such as reported in the latter work for two
Pocilloporid species as well as for P. verrucosa (Weber, DeForce, & Apprill, 2017). Such
high diversity can potentially confer higher adaptive potential to their hosts through
redundant or complementary symbiotic functions, and/or potential for symbiont
switching or shuffling (Fabina, Putnam, Franklin, Stat, & Gates, 2013). High-throughput
methods (ITS metabarcoding using 454) applied to the generalist and environmentally

sensitive Acropora species also revealed the same pattern across Western Australia with
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clade C being dominant in all samples with background abundances of other clades (L.

Thomas etal., 2014).

Finally, bacterial communities in corals may also be shaped by the presence of
photosymbionts (Bourne et al.,, 2013) through the use of DMSP released by the algae
(Raina, Dinsdale, Willis, & Bourne, 2010), but at a finer scale we could not find any
relationship for the same host species between Symbiodinium type and bacterial

communities.

3.4.3. Influence of geography on coral microbiota is very low

Because we found different microbiota composition between samples, we used
redundancy analyses in order to identify variables that significantly constrained their
composition. We first found that the influence of geography was low, since longitude had
no significant effect and the effect of latitude in our dataset was null for Symbiodinium
assemblages and was marginal on bacterial communities (less than 1% when added to
the variance explained by host haplotype and mean temperature). In contradiction with
this result, geographic clustering of symbionts is expected to be high in brooding species
with vertical transmission, compared to horizontal transmission that would in contrary
favor settlement of locally adapted symbionts. Pocillopora damicornis is a
hermaphrodite brooder (T. Y. Fan, Lin, Kuo, Soong, & Liu, 2006; Harrison & Wallace,
1990) thus transmitting its symbionts vertically (Baird, Guest, & Willis, 2009), and is
able to release sexual as well as parthenogenetic larvae (Whitaker, 2006; Yeoh & Dai,
2009). However, these results are similar to others studies showing that bacterial
communities associated with different coral species are stable through space and time
(Rohwer et al. 2002). Thus, we hypothesize that low parental effect on symbiont
communities may be explained by the relatively high connectivity and long-range
dispersal for this species compared to other brooders (Adjeroud et al,, 2013) (Gélin,
Fauvelot, Mehn, Bureau, Rouzé, et al, 2017a), which would mitigate the effect of

geography and allow higher symbiont mixing with the local microbial environment.
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3.4.4. Influence of host haplotype is higher for bacterial communities than for
Symbiodinium

Although we did not find significant link between microbiota and geography, we
highlighted links with host haplotypes, particularly for bacterial microbiota. As the two
host clades sampled in this study were from potentially different microbial
environments, we cannot rule out a confounding effect between host haplotype and
environmental communities present in the seawater at the time of larvae settlement and
bacterial microbiota acquisition. Nevertheless, others studies observed that host
genotypes might influence bacterial microbiota, since (i) different coral species
harboured different microbiota composition (Rohwer et al. 2002), (ii) differential
specificity between closely related corals and abundant Endozoicomonas endosymbionts
were found across global scales (Neave et al., 2016b).

In contrast, we found a significant but less important link between Symbiodinium
and host haplotype. This observation might also be linked to the adaptive bleaching
hypothesis, which proposes that coral bleaching is an adaptive mechanism through the
modification of Symbiodinium composition (Buddemeier & Fautin, 1993). For example,
endosymbiotic flexibility (the ability of a coral species to associate with multiple
Symbiodinium clades) was observed to be associated with resistance (Baker, 2003). In
addition, Pocillopora is a generalist host, displaying a high intraspecific and interspecific
flexibility in terms of Symbiodinium assemblages (mainly among clades A, C and D)

(Putnam, Stat, Pochon, & Gates, 2012).

3.4.5. Influence of temperature is higher for Symbiodinium than for bacterial
microbiota

Although host genotypes mostly constrained bacterial assemblages, we also
found a significant link with mean temperatures. Interestingly, reciprocal transplants of
Acropora corals at a reduced geographic scale revealed as well that their microbiome
were different across thermally variable habitats and changed over time after
transplantation (Ziegler et al., 2017). As a consequence, bacterial communities might be
linked to heat-tolerance of their coral hosts, but further studies of their dynamics during
a thermal stress are needed to understand their contribution to the holobiont response.

Strikingly, redundancy analysis revealed that most variation in Symbiodinium
communities was actually explained by annual minimal temperatures (70%), whereas

we observed no significant correlation with mean, maximal or annual fluctuations of
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temperatures. In Acropora, it has been shown experimentally that Symbiodinium type
alters larvae settlement in a temperature-dependent fashion (Winkler, Pandolfi, &
Sampayo, 2015). In the latter work, lower temperatures and not higher temperatures
adversely affected recruitment by reducing larval survival and settlement. Accordingly,
we propose that host / Symbiodinium associations are stable in space at a regional scale,
and are actually more sensitive to a minimal, threshold temperature, than to annual
variations or to maximal temperatures.

In particular, clade D is common in all areas colonized by scleractinian corals
(Knowlton & Rohwer, 2003) and many studies have shown that it confers higher
thermotolerance to its host through photoprotection (Jones & Berkelmans, 2012;
Rowan, 2004b), and that it increases in proportion after bleaching events (Baker,
Starger, McClanahan, & Glynn, 2004b; Fabricius, Mieog, Colin, Idip, & van Oppen, 2004;
Rowan, 2004a). Clade D is thus commonly considered as stress-resistant and potentially
opportunistic for compromised corals facing stressful conditions (Stat & Gates, 2011).
Nevertheless and in accordance to the link we observed with minimal temperatures,
some studies have revealed that cold stress may be detrimental for coral harboring this
symbiont (Roth, Goericke, & Deheyn, 2012; Tsang & Ang, 2015). More recently, it has
been shown experimentally that clade Dla suffered more photodamages at low
temperatures than clade C3 (Silverstein, Cunning, & Baker, 2017). Thus, it seems that
clade D may not display higher plasticity in terms of thermal range, but rather that it is
only adapted to hot thermal environments. Because climate changes will not only be
associated with global increase of sea surface temperatures, but also to extreme thermal
events including cold episodes (Kim et al, 2013), further studies are required to
understand the potential response of coral reef in the future, particularly for regions

with highly fluctuating thermal regimes and low temperature thresholds.

3.5. CONCLUSIONS

The hologenome theory of evolution reboots elements of Lamarckian evolution
and has been thus matter of much debate (reviewed in (Theis et al., 2016) (Bordenstein
& Theis, 2015)). Although the host genome follows a Mendelian framework, potential
changes in microbial assemblages may be inherited to the next generation. Conversely,
for the selection to operate on holobiont phenotypes at evolutionary scales, specificity of

the interaction through coevolution between partners would be expected.
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Using combined high throughput barcoding approaches for both bacterial and
Symbiodinium communities, we showed that variation in Symbiodinium composition is
mostly explained by thermal regime especially minimal temperatures, whereas bacterial
communities are much less related to temperature modifications. In this context, we
propose that Symbiodinium types might confer more enhanced adaptive capacities to
temperature modifications than the bacterial microbiota. However, Symbiodinium clade
D was known to be adapted to high temperature, and we found a negative relationship
with low temperatures, suggesting low plasticity for this clade. Such low plasticity might
limit the adaptive capabilities of coral associated to clade D and living in highly variable
thermal regime. However, a high background diversity of Symbiodinium was also
observed, providing the potential for coral colonies to adapt or acclimatize to future
environmental changes via symbiont shuffling (i.e. changes in the relative abundance of
Symbiodinium types constituting the within host community).

Our study may thus contribute to new insights into the importance of microbial
(i.e. bacterial and Symbiodinium) communities for holobiont functioning as well as the

relative importance of host and environmental factors in shaping the interaction.
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4. DISCUSSION GENERALE :

4.1. EVOLUTION ET IMPLICATION DU MICROBIOTE BACTERIEN DANS LA THERMO-
TOLERANCE CHEZ POCILLOPORA DAMICORNIS :

L’'implication du microbiote dans la fitness de 1'hOte, au travers de différents
apports (apport de matiere organique, azote et antibiotiques), n’est plus a démontrer,
notamment pour le genre Endozoicomonas qui est prédominant dans les coraux
scléractiniaires sains. Il produirait des antibiotiques et participerait au recyclage des
matieres azotées (Bourne et al. 2016; Bayer et al. 2013; Neave, Rachmawati, et al. 2016;
Neave et al. 2014; Rohwer et al. 2002). Celui-ci est d’ailleurs retrouvé en tres grande
proportion dans nos deux études (33,3 a 87,4%).

En revanche, le role direct du microbiote dans la thermo-tolérance des coraux fait
encore débat. On sait que I'impact d'un stress thermique sur le microbiote des coraux
thermo-sensibles induit un profond changement dans la composition du microbiote
(augmentation de I'abondance de plusieurs taxons, souvent pathogenes et diminution
du genre Endozoicomonas), menant souvent a I'’émergence de maladies (Bourne et al,
2007; Mao-Jones et al, 2010). D’apres une revue de 2017 résumant 45 articles
s'intéressant a l'impact des changements globaux sur I'holobionte corallien, il a été
montré que la richesse bactérienne augmentait dans 60% des cas lors d'un stress
environnemental. Ceci suggere une invasion de pathogénes non-résidents, initialement,
facilitée par la fragilisation du microbiome commensal (dont la diversité beta augmente,
ce qui signifie un changement dans la composition et les proportions des taxons
bactériens, signe d'une déstabilisation), plutét qu’'une augmentation de bactéries a
pouvoir pathogene déja présentes dans le microbiome (McDevitt-Irwin et al. 2017;
Welsh et al. 2015). Malheureusement, malgré les nombreuses données récoltées ces cing
dernieres années, il est encore tres difficile de déterminer si ce bouleversement du
microbiote est la cause ou la conséquence d'un affaiblissement et d’'une diminution des
capacités immunitaires de I'hOte, accompagnée de la colonisation des tissus du corail par
des pathogenes.

Par ailleurs, il a été montré que le microbiote bactérien était tres différent en
composition et abondance de la composition bactérienne de la colonne d’eau (Bourne &

Munn 2005; Koren & Rosenberg 2006; Glasl et al. 2016) et pouvait étre spécifique a une
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espece, une population voir méme une colonie (C.-P. Chen et al. 2011; Morrow et al.
2012; Rohwer et al. 2002). On pourrait en déduire une sélection active de la part du
corail ainsi qu'une différence de niche écologique, avec certaines especes bactériennes
se multipliant plus facilement dans le mucus que dans |'eau et vice versa.

Nous n’avons pas pu recueillir le microbiote de la colonne d’eau pour nous en
assurer, mais étant donné la généralité de ce phénomene, on peut supposer que le
microbiote de nos échantillons ne soit pas identique a celui de la colonne d’eau, ne
serait-ce que par rapport aux nombreuses différences de conditions qu’offrent ces deux
niches écologiques (Wild et al. 2005). En revanche, dans nos deux études, on constate
bien une spécificité du microbiote pour son espece, son clade et méme sa colonie. Cette
spécificité, retrouvée notamment dans I'étude de Chen et al. (2011), nous donne des
indications quant aux questions soulevées précédemment (C.-P. Chen et al. 2011). En
effet, cette spécificité suggere une coévolution entre I'hOte et son microbiote. La
perturbation du microbiote lors d’un stress thermique, pourrait donc étre, au moins en
partie, due a I'hote corallien qui n’est alors plus apte a réguler son microbiote.

Dans notre étude présentée au chapitre 2, nous avons également relevé une
influence du régime thermique (et plus précisément, la température moyenne dans la
région échantillonnée) sur la composition du microbiote. Dans I'étude de la thermo-
tolérance de I'holobionte corallien (chapitre 1), on ne constate aucun changement du
microbiote lors de la montée en température pour les deux populations coralliennes
portant chacune des microbiotes différents et étant issues de régimes thermiques
différents. La température, a cette échelle de temps, n’a donc pas eu d’influence sur la
composition du microbiote. L'influence de la température n’est pas toujours constatée
dans la littérature (C.-P. Chen et al. 2011; Ziegler et al. 2017), et pourrait dépendre de
I'amplitude des différences de température que l'on compare. Dans notre analyse
(chapitre 2), nous avons testé la corrélation entre le régime thermique et le microbiote,
mais peut-étre qu’a beaucoup plus petite échelle, si nous avions pu tester le lien avec les
températures au moment de I’échantillonnage, nous aurions eu des résultats plus
marquants. Enfin, se pose la question de la réponse fonctionnelle du microbiote. En effet,
nous nous sommes uniquement intéressés au cours de ce travail de thése aux variations
des communautés bactériennes au niveau taxonomique. Or, dans le contexte de
I’hologénome, ce n’est pas uniquement l'espece des bactéries qui a un intérét pour la

physiologie de I'holobionte, mais aussi et surtout les différents genes qu’elles expriment
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au cours du temps et des stress et dont 'activité va induire différents phénotypes
(Zilber-Rosenberg & Rosenberg 2008). Plusieurs études se sont intéressées aux genes
contenus dans le microbiote bactériens via une approche métagénomique, révélant des
activités métaboliques différentes entre corail sain et corail stressé (Littman et al. 2011;
Thurber et al. 2009). Un shift des communautés, aussi bien bactéries que virus, archeae,
champignons et micro-algue, est alors observé accompagné d’une augmentation des
genes de virulences (Littman et al. 2011; Thurber et al. 2009) et d'un passage au mode
hétérotrophe plutdt qu'autotrophe en association avec les métabolismes des acides gras,
protéines, carbohydrates, phosphore et sulfure (Littman et al. 2011; Thurber et al.
2009). En revanche, dans ces deux dernieres études, 'activité du microbiote est analysée
au cours du collapse physiologique que subit ’holobionte corallien au cours d’un stress,
c’est-a-dire au moment du blanchissement et donc de la rupture de 'homéostasie. Il
serait intéressant d’étudier de la méme facon la composition du microbiote et son
activité avant I'apparition des collapses afin de décoder tout le processus qui mene a la
rupture de la symbiose et a I'apparition des pathogenes.

D’autres expériences pourraient répondre aux nombreuses questions que I'on se
pose encore sur l'interaction entre le corail et son microbiote dans un environnement
changeant :

- Obtenir, a plus grande échelle, le microbiote des coraux pour avoir une plus
grande puissance statistique et établir davantage de corrélations entre facteurs
biotiques et abiotiques et communauté bactérienne liée aux coraux. Dans cette optique,
les résultats de la mission TARA Pacific sont tres attendus, en plus de ceux déja publiés
sur le microbiome des océans (Sunagawa et al. 2015).

- Manipuler le microbiote : via 'utilisation de larves axéniques qu’on associerait
avec différents sets de bactéries (Peixoto et al. 2017), ou bien en utilisant des
antibiotiques ou des bactériophages qui sont capables d’éliminer les bactéries
résidentes comme cela a déja été fait sur les pathogenes Vibrio coralliilyticus et
Thallassomonas loyana, respectivement responsables de blanchissements chez
Pocillopora damicornis et de la maladie des plaques blanches chez Favia favus (Efrony et
al. 2007; Efrony et al. 2009; Teplitski & Ritchie 2009). Ces techniques nous
permettraient d’étudier la réponse de 'hote face au stress thermique avec ou sans son

microbiote ou avec un microbiote différent. Déterminer la gamme de températures
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auxquelles il peut survivre pourrait nous renseigner sur le rdle direct potentiel du
microbiote dans la thermo-tolérance de I’holobionte.

- Utiliser la métatranscriptomique en parallele de la métagénomique afin de
caractériser la réponse fonctionnelle du microbiote lors d’expériences de stress
thermique et définir les mécanismes qui permettent le maintien des interactions entre
I’hdte et son microbiote (Bashiardes et al. 2016; Littman et al. 2011; Thurber et al.
2009).

La thermo-tolérance de la communauté bactérienne et la stabilité de sa
composition durant un stress thermique peuvent également étre influencée par le clade
de Symbiodinium hébergé par I'hdote. En effet, dans son étude utilisant des larves
d’Acropora tenuis infectée par les clades C1 ou D, Littman montre que le microbiote des
coraux en symbiose avec le clade C est différent et plus stable durant un stress
thermique que celui de ceux hébergeant le clade D (Littman et al. 2010). En revanche, il
est important de signaler que le clade C est habituellement plus avantageux pour cette
espece corallienne, car il lui procure une croissance plus rapide ainsi qu'une meilleure
thermo-tolérance. La stabilité du microbiote en fonction du clade de zooxanthelle
pourrait donc étre la conséquence de la physiologie de I'h6te qui aurait plus d’énergie a
allouer a la gestion de son microbiote lorsqu’il est associé au clade C1 plutot qu’au clade
D. Dans notre étude (chapitre 2), nous n’avons pas trouvé de corrélation entre le clade
de Symbiodinium et le microbiote, mais le clade de la zooxanthelle ayant son influence
sur I'hote, il est important de prendre en compte chacun des compartiments de

I’holobionte lorsque I'on s’intéresse a sa thermo-tolérance et sa fitness en général.

4.2. EVOLUTION ET IMPLICATION DE L’ASSEMBLAGE DES ZOOXANTHELLES DANS LA
THERMO-TOLERANCE CHEZ POCILLOPORA DAMICORNIS

Parmi les populations de Pocillopora damicornis que nous avons étudiées dans
nos deux chapitres, nous avons identifié les clades majoritaires suivants:

- Le clade C1 de Symbiodinium chez les coraux de Nouvelle-Calédonie (chapitre 1 et
2) et de Taiwan qui appartiennent a l'haplotype du clade 1 de Pocillopora
damicornis.

- Le clade D1 en Polynésie Frangaise ou les coraux appartiennent tous a
I’haplotype du clade 1.

- Le clade D1 a Oman et Djibouti ou les coraux appartiennent au clade 2 de

Pocillopora damicornis.
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La présence des clades C1 et D1 chez Pocillopora damicornis est cohérente avec la
littérature, puisque cette espeéce peut héberger les clades A, B, C, D et G (Putnam et al.
2012; Blackall et al. 2015; Cunning et al. 2013; Pinzon & LaJeunesse 2011). Dans le
chapitre 1, étant donné le nombre de populations étudiées et le plan expérimental, nous
ne pouvions pas établir une quelconque corrélation entre les parametres biotiques ou
abiotiques et I'assemblage de Symbiodinium. Néanmoins, le clade D étant reconnu
comme augmentant la thermo-tolérance chez Pocillopora damicornis (Cunning et al.
2013), ces deux combinaisons (population thermo-tolérante en symbiose avec le clade D
et population thermo-sensible en symbiose avec le clade C) sont également cohérentes
avec la littérature (Pinzon & LaJeunesse 2011). Au vu des résultats du chapitre 2, on se
rend bien compte que les combinaisons ne sont pas si binaires, puisque les deux régions
dont le régime thermique est le plus variable (Djibouti et Taiwan) ont des assemblages
tres différents, avec le clade D1 majoritaire pour l'une et le clade C1 majoritaire pour
I'autre. De méme, on retrouve le clade D1 majoritaire dans une population
expérimentant de faibles variations mais avec une température moyenne élevée
(Polynésie Francaise). Les variations annuelles de températures ne semblent donc pas
avoir d’influence sur la répartition des zooxanthelles. D’apres les analyses statistiques
de corrélation du chapitre 2, ce serait en fait, la température basse qui influencerait le
plus la répartition des clades de Symbiodinium. La corrélation négative entre les
températures basses et le clade D thermo-résistant pourrait paraitre étonnante. En effet,
le clade D confére une thermo-tolérance accrue méme en petites proportions chez de
nombreuses espéces scléractiniaires, et il présente un fort opportunisme a la suite
d’épisodes de blanchissement (Baker et al. 2004; Rowan 2004; Fabricius et al. 2004; Stat
& Gates 2011; Rouzé et al. 2016). C’est donc un clade avec un grand spectre d’hote et
une tolérance importante pour les changements environnementaux, ce qui lui vaut la
place de favori pour la résistance au stress thermique (Stat et al. 2013; Pettay &
LaJeunesse 2009). Cependant d’autres études ont montré une sensibilité des coraux
abritant le clade D face a des températures basses [défaut de croissance (Roth et al.
2012; Tsang & Ang 2015), photosensibilité (Silverstein et al. 2017), défaut de croissance
des larves (Weis et al. 2001)]. Le clade D ne présenterait donc pas plus de plasticité en
terme de régime thermique mais serait seulement mieux adapté aux hautes

températures.
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Ce résultat soutient le fait que chaque clade permet a son hote d’acquérir des
compétences diverses en fonction de son environnement: le clade C1 aura tendance a
améliorer la croissance dans un environnement thermiquement stable (Little et al.
2004; Jones & Berkelmans 2010), le D aura tendance a améliorer la thermo-tolérance
pour les températures anormalement hautes (Stat & Gates 2011), le clade A produit un
pigment particulier permettant une photo-protection chez les coraux fortement exposés
(Reynolds et al. 2008; Kramer et al. 2012). D’ailleurs a la suite d’un blanchissement et de
la résilience du corail, comme déja mentionné plus haut, la proportion des différents
clades aura tendance a changer via le mécanisme de blanchissement adaptatif
(Buddemeier & Fautin 1993). Ainsi apres un blanchissement, le corail aura la possibilité
d’étre colonisé par un clade différent (« symbiont switching »), ou bien par un clade déja
présent mais a I’état cryptique (« symbiont shuffling ») qui lui conférera des capacités
physiologiques différentes et il sera mieux adapté au nouvel environnement (Bosch &
McFall-Ngai 2011; Baker 2003; Rouzé et al. 2017). C’est d’autant plus vrai pour
Pocillopora, qui est un hote généraliste abritant une grande diversité de Symbiodinium
(Putnam et al. 2012; Blackall et al. 2015). Dans nos différentes populations, on a
d’ailleurs une grande diversité de clades cryptiques (détectés a moins de 1%
d’abondance) notamment pour la population de Djibouti qui pourrait ainsi avoir une
meilleure plasticité dans 'assemblage des Symbiodinium. Il est également important de
signaler que pour l'étude de la thermo-tolérance, au chapitre 1, les coraux des
populations d’'Oman et de Nouvelle-Calédonie, ont été maintenus pendant plusieurs
mois dans un méme aquarium et que malgré cette cohabitation et les stress subis par ces
coraux (transport par avion de plus de 48h), aucune variation de I'assemblage des
Symbiodinium pour aucune des populations n’a été observée. Dans notre expérience de
stress thermique, nous n’avons pas atteint le blanchissement, ce qui pourrait expliquer
pourquoi il n'y a pas eu de changement de clades au sein des populations. Il serait
intéressant d’utiliser ces deux mémes populations pour expérimenter des stress
thermiques récurrents lors desquels nous irions jusqu’au collapse physiologique
(blanchissement). A la suite de cela, nous laisserions le temps aux coraux de résilier
avant de les resoumettre a un stress thermique. Cette expérience nous permettrait
d’étudier la mise en place de la thermotolérance au sein des deux populations et, via des
analyses de type métabarcoding ITS2, d’observer une éventuelle modification des

assemblages en relation avec une augmentation de la thermotolérance.
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Comme pour le microbiote, on retrouve également une corrélation significative
entre les Symbiodinium et le clade hote pouvant révéler une spécificité d’association
(chapitre 2). P. damicornis étant un corail hermaphrodite « brooder », les planulas
émises suite a la reproduction sexuée contiennent déja leur algue symbiotique. On a
donc ici une transmission verticale du symbionte qui pourrait favoriser la spécificité et
la co-évolution entre les deux partenaires (Douglas 1998), ce qui est cohérent avec le
résultat obtenu. Les populations thermo-tolérantes d’Oman et Djibouti ont un profil
similaire en termes d’haplotype hote et d’assemblage de Symbiodinium. 11 est difficile
d’en conclure un profil d’holobionte thermo-tolérant car ces deux populations ne sont
pas géographiquement éloignées. On peut supposer que des échanges larvaires de
Pocillopora damicornis et de ses symbiontes ont pu avoir lieu étant donnée la grande
capacité de dispersion larvaire de cette espece (R. H. Richmond 1987). Une étude
publiée par Cunning et al. en 2013 s’est intéressée, pour 'espéce Pocillopora damicornis,
au sein de différents récifs de 'est du pacifique tropical, a la répartition des clades de
Symbiodinium en fonction de I’haplotype et de la thermo-tolérance du corail hoéte
(susceptibilité au blanchissement) (Cunning et al. 2013). D’apres leurs résultats, le type
1 [correspondant au clade 3 (Schmidt-roach et al. 2014)] de Pocillopora damicornis était
majoritaire dans le site qui avait subi le plus grand nombre de stress thermiques
(événements de blanchissement), suggérant que le type 1 serait plus thermo-tolérant et
aurait été sélectionné au cours des perturbations thermiques successives. Les autres
sites présentaient 77% et 37% de type 1, le reste correspondant au type 3
(correspondant au clade 2 (Schmidt-roach et al. 2014)). En ce qui concerne les
Symbiodinium, ils ont retrouvé les clade C et D associés aux deux haplotypes, tour a tour
majoritaires ou uniques, mais sans réelle spécificité contrairement a ce qui avait pu étre
montré par Pinzon et LaJeunesse en 2011, c’est a dire une association préférentielle du
type 1 de Pocillopora avec le clade D de Symbiodinium (Pinzon & LaJeunesse 2011).

Au travers de notre travail et des données de la littérature, on se rend bien
compte de toute la complexité des associations entre corail hote et Symbiodinium,
notamment pour Pocillopora. Malgré la spécificité du symbionte pour son hote observée
dans nos travaux, l'histoire de vie et notamment les variations anormales de
température (voir d’autres stress environnementaux) ont pu altérer cette spécificité en
faveur du mécanisme de blanchissement adaptatif. L’interaction entre ces deux

mécanismes complique alors I'interprétation des données et met en avant I'importance
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d’un suivi sur le long terme des populations afin de collecter un maximum de données
sur I'histoire de vie de chacune d’elle. Il est donc difficile de prédire avec quel clade de
Symbiodinium un corail thermo-tolérant sera plus particulierement associé, tant de
nombreux parametres biotiques et abiotiques peuvent influencer cette association. En
revanche, le génotype de I'hote peut avoir une grande influence sur la thermo-tolérance
de I'holobionte. Le clade 2 retrouvé dans les régions d’Oman et Djibouti, présente
d’ailleurs toutes les spécificités requises comme candidat potentiel a la thermo-
tolérance : présent dans des environnements tres variables et en symbiose avec un clade

de Symbiodinium résistant aux fortes augmentations de température.

4.3. EVOLUTION DE LA THERMO-TOLERANCE DE POCILLOPORA DAMICORNIS DANS UN
ENVIRONNEMENT FLUCTUANT :

Nous avons vu dans les deux sections précédentes que chacun des
compartiments microbiens de 'holobionte pouvait avoir un lien avec le génotype de
I'hote, ainsi qu'avec l'environnement thermique. Néanmoins, lors d'un stress
écologiquement réaliste, la structure des communautés de bactéries et zooxanthelles
reste stable. La stabilit¢ des micro-organismes symbiotiques est un parametre
important pour I'état de santé de I'’holobionte, car lorsque cette stabilité est rompue
(blanchissement ou dysbiose bactérienne), I'état de santé se dégrade avec une perte de
I’homéostasie et des nécroses se développent liées (ou pas) a un processus infectieux.

Dans notre étude de la thermo-tolérance de I’holobionte corallien, nous avons
comparé la réponse au stress thermique de deux populations, 'une provenant d’'un
environnement thermiquement stable (Nouvelle-Calédonie, avec des températures
allant de 22 a 29°C), I'autre soumise a un environnement plus variable (Oman, avec des
températures allant de 22 a 33°C). La réponse au stress a ensuite été analysée pour
chaque population, a la suite d’'une montée en température jusqu’aux limites
supérieures de la thermo-tolérance de chacune de ces populations. A l'issue de ce stress
thermique, I'étude des communautés symbiotiques a montré une stabilité, c’est-a-dire
pas de changement de la composition des communautés de bactéries et de
Symbiodinium. Méme si les réponses fonctionnelles du microbiote restent a étudier,
cette stabilité suggere que I'hdte devrait jouer un réle dans la réponse au stress
thermique.

Plusieurs autres travaux suggerent que la thermo-tolérance serait principalement

due a I'hote corallien lui-méme plutét qu'a sa communauté de micro-organismes
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symbiotiques et notamment de Symbiodinium. 11 a été montré chez Pocillopora dans le
Pacifique tropical, que l’environnement le plus variable abrite spécifiquement un
haplotype de Pocillopora damicornis (le clade 3),lequel n’est pas associé a un clade de
Symbiodinium particulier (soit C soit D pour un méme environnement thermique)
(Cunning et al. 2013). D’autre part, le pré-conditionnement a une température haute,
mais non stressante, génere une thermo-tolérance a de plus hautes températures chez le
corail Acropora millepora (Bellantuono et al. 2011). Or, aucun changement de la
communauté symbiotique (aussi bien bactéries que Symbiodinium) n’est constaté entre
colonies pré-conditionnées et non conditionnées. Ce résultat suggere que I’hote corallien
est au moins un des artisans de la thermo-tolérance.

Chez Porites astreoides, la comparaison de I'activité transcriptomique de I'héte et
des zooxanthelles n’a révélé aucune réponse spécifique face au stress thermique chez les
Symbiodinium des coraux les plus thermotolérants (Kenkel & Matz 2016a). Une forte
réponse de I’héte avec une quasi-absence de réponse du symbionte a également été
décrite chez Acropora aspera durant une expérience de blanchissement (Leggat et al.
2011). De méme, 'expression des genes de deux clades de Symbiodinium (C et D) au sein
de I'hdte corallien Acropora hyacinthus n’a révélé aucun changement au cours d'un
stress thermique (Barshis et al. 2014). Les zooxanthelles sont pourtant capables
d’exprimer une réponse au stress comme le montre I'étude du transcriptome de
Symbiodinium en culture en condition de stress, avec une induction de ROS scavenger et
de chaperones, deux familles de protéines impliquées dans la réponse au stress
thermique (Levin et al. 2016). Pour expliquer ce résultat, Kenkel et Matz suggerent que
le maintien de l'activité des zooxanthelles en cas de stress thermique serait due a
'activité de I'hote corallien et non pas a des mécanismes intrinseques de réponse au
stress du symbionte (Kenkel & Matz 2016a).

A travers l'étude de l'expression des génes de I'hdte corail, nous avons pu
montrer une plus forte plasticité transcriptomique (plus de génes différentiellement
exprimés, et pour un gene donné, une régulation plus forte) chez la population thermo-
tolérante par rapport a la population thermo-sensible, ainsi que du frontloading (une
expression constitutive et plus forte chez la population thermo-tolérante des genes
induits chez la population thermosensible). Ces deux mécanismes, considérés comme
mutuellement exclusifs (Barshis et al. 2013; Kenkel & Matz 2016a), ont donc été mis en

évidence au sein de la méme population au cours de ce travail. D’apres Kenkel et Matz
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(2016), la plasticité transcriptomique serait mise en place chez les populations
expérimentant un environnement stressant, mais dont la fréquence des stress est faible
(annuelle) et le frontloading serait mis en place chez les populations expérimentant des
stress plus fréquents. Notre hypothese pour expliquer la présence de ces deux
mécanismes au sein de notre population thermo-tolérante est que le frontloading
résulterait d’'une assimilation permettant de réduire le cout de la régulation des genes
dans un environnement ou ils sont réguliéerement sollicités (Waddington 1953; Gibert
2017). 1l faut noter que les mécanismes impliqués restent a découvrir.

En ce qui concerne la fonction des génes plastiques ou frontloadés, la population
thermo-tolérante montre une induction des réponses au stress classiquement mises en
évidence chez les coraux (Voolstra et al. 2009; Desalvo et al. 2008; Seneca & Palumbi
2015; Palumbi et al. 2014; Kenkel & Matz 2016a): une induction de genes codant des
protéines anti-oxydantes (la thioredoxine, par exemple) et une répression de geénes
codants des protéines participant a la production de ROS (quinone
oxydoreductase) (DeSalvo et al. 2010); une induction de la régulation de l'apoptose
(TNFR, TRAF), car le stress thermique et les molécules oxydantes induisent des
dommages irréversibles sur les membranes et ’ADN, ce qui nécessite une élimination
des cellules endommagées (Barshis et al. 2013); une induction des protéines
chaperonnes de type HSPs, qui permettent de réduire la dénaturation des protéines par
la chaleur (Maor-Landaw & Levy 2016; B. Brown et al. 2002); et finalement une
induction des genes impliqués dans la réparation de I'’ADN (DNA ligase, DNA
polymerase) suite aux dommages provoqués par les molécules oxydantes (Yakovleva et
al. 2009). Quelques fonctions qui participent a la physiologie de base sont en revanche
réprimées, comme la synthese du squelette calcaire (carbonic anhydrase (Le Goff et al.
2016)) ou le développement des muscles [myosin related protein (Leclere & Rottinger
2017)] probablement via un mécanisme de trade-off (Roff & Fairbairn 2007). Toutes ces
fonctions caractéristiques de la réponse au stress chez les coraux suggerent fortement
que la plasticité transcriptomique et le frontloading mis en évidence dans cette étude
sont adaptatifs et non pas le fruit du hasard (Ghalambor et al. 2007). En effet, on
pourrait observer une plus grande plasticité transcriptomique sans que celle-ci ne
permette une réponse plus efficace. Dans ce cas, elle serait la résultante d’'une stratégie

de « bet hedging » (Olofsson et al. 2009) mais pas d’'une adaptation a I’environnement
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thermique. Compte tenu du nombre important de genes modulés ne rentrant pas dans
les catégories sus-cités, cette seconde hypothese de « bet hedging » ne peut étre écartée.

Parmi les génes différentiellement exprimés chez la population thermo-tolérante
un certain nombre participent aux mécanismes de régulation épigénétiques. En effet, on
a pu montrer une régulation accrue de geénes impliqués dans les modifications
d’histones et dans la méthylation de I'’ADN, deux mécanismes connus comme pouvant
moduler I'expression des genes dans de nombreux modeles (Jaenisch & Bird 2003). Ces
mécanismes de régulation des génes pourraient étre en partie responsables de la
plasticité transcriptomique que l'on observe chez la population thermo-tolérante
(Duncan et al. 2014). Nous avons également identifié chez la population thermo-
tolérante un grand nombre de transcrits codant des transcriptase inverses de rétro-
transposons (Finnegan 2012). L’activité des rétro-transposons a longtemps été
considérée comme néfaste car ces fragments d’ADN ont la capacité de se copier et de
s’intégrer n'importe ou dans le génome, pouvant induire I'inactivation ou la modification
de l'expression de genes. Chez les plantes, c’est toutefois un mécanisme qui peut
également apporter une résistance au stress en générant de la variabilité phénotypique
(Galindo-Gonzalez et al. 2017). D’apres ces différents constats, on peut émettre
plusieurs hypotheses :

- L’activité accrue des rétro-transposons en réponse au stress thermique
permettrait de générer de la variabilité phénotypique et de multiplier les chances
d’adaptation a un futur environnement stressant par une sorte de « Bet-Hedging
transcriptionnel » (Olofsson et al. 2009).

- Les rétro-transposons auraient pu induire la surexpression de certains genes, se
retrouvant ainsi eux-mémes constitutivement exprimés, ce qui pourrait étre a
I'origine du frontloading (Galindo-Gonzalez et al. 2017).

- La structure chromatinienne étant plus permissive pour permettre la régulation
plastique des genes, I'activité des rétro-transposons s’en trouve par conséquent
accélérée ou, du moins, moins réprimée sans réel intérét pour l'organisme

(Goodier 2016).

Il serait intéressant de tester ces différentes hypotheéses, mutuellement non
exclusives, par des expériences de stress thermiques récurrents qui permettraient de

suivre la mise en place de la thermo-tolérance et d’en comprendre les mécanismes:
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- Est-ce que des modifications épigénétiques pourraient permettre la mise en place
rapide de la thermo-tolérance (étude de la méthylation, des modifications
d’histones et des rétro-transposons) ?

- Est-ce qu'une sélection s’opere au fur et a mesure des stress entre différents
génotypes potentiels au sein des mémes colonies, c’est-a-dire via par exemple des
modifications des genes par les rétro-transposons et/ou des mutations
spontanées?

- Est-ce qu'on observe un changement des communautés symbiotiques au cours
des stress récurrents (metabarcoding 16S et ITS2) ?

- Est-ce que les larves issues des parents exposés au stress sont plus thermo-
tolérantes (mécanisme de plasticité trans-générationnelle) (Putnam & Gates

2015; Torda et al. 2017).

D’'un point de vue génétique, il apparait que la population thermo-tolérante
d’Oman appartient au clade 2, qui correspond a une population plus thermo-tolérante
avec une réponse plus efficace face au stress thermique que le clade 1 de Nouvelle-
Calédonie. D’apreés nos résultats sur la biogéographie des différents haplotypes de
Pocillopora damicornis au travers des différents régimes thermiques, le clade 2 est
retrouvé dans deux populations a fortes variations de températures (Oman et Djibouti)
et dont la température moyenne haute est la plus forte (31,27°C avec un maximum de
33,15°C pour Oman et 30,46°C avec un maximum de 32,20°C pour Djibouti); le clade 1
est lui retrouvé en Nouvelle-Calédonie, en Polynésie-Francaise et a Taiwan, trois régions
aux régimes thermiques contrastés (faible et forte variations), mais dont la température
ne dépasse pas 30,8°C (maximum de Taiwan). Ceci pourrait suggérer que la répartition
des clades de Pocillopora pourrait dépendre des régimes thermiques mais ce serait la
température haute plutét que les variations de température qui influencerait cette
répartition (Taiwan présente une variance supérieure a celle de Djibouti). En revanche,
dans l'étude qui a permis la classification des différentes especes de Pocillopora en
quatre clades, on retrouve chacun de ces deux clades (1 et 2) dans toutes les régions que
nous avons étudiés. Il n’y aurait donc pas de clade plus thermo-tolérant que les autres.
Les différentes especes de Pocillopora ont un niveau de différenciation spécifique sur la
base du marqueur moléculaire mitochondrial et ont donc pris des trajectoires

d’évolution indépendantes. Cependant, la faible divergence nucléaire indique que des
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hybridations introgressives doivent avoir eu lieu, méme entre especes éloignées. Cela
suggere, comme décrit dans l'article de Torda et al. (2017), qu’une propagation d’alléles
adaptative (ici liées a la thermo-tolérance) ait pu avoir lieu, permettant d’augmenter les
capacités d’adaptation de certaines espéces a la hausse des températures et d’en réduire
le risque d’extinction (Schmidt-roach et al. 2014; Torda et al. 2017). Cette observation
nous permet d’émettre I'hypothese qu’'un ou plusieurs génes, communs a toutes les

populations thermo-tolérantes de Pocillopora damicornis, pourraient étre a I'origine de

leur capacité a résister au stress thermique.

Pour identifier ces génes qui pourraient étre associés a la thermo-tolérance chez
Pocillopora damicornis, une recherche de signaux d’adaptation locale a été entreprise.
Un échantillonnage de masse a été réalisé sur différentes populations de Pocillopora
damicornis expérimentant un environnement thermique contrasté et, sur plusieurs sites
par population, trente fragments distants d'une dizaine de metres ont été prélevés et
blanchis afin d’en extraire I’ADN. Le but de cet échantillonnage est ensuite de mettre en
évidence, via une analyse RAD-séquencage (qui permet de séquencer un grand nombre
de fragments d’ADN générés par une enzyme de restriction pour mettre en évidence des
SNPs), un ou plusieurs loci sous sélection, communs a I'’ensemble des échantillons des
populations soumises aux mémes régimes thermiques. L’analyse des résultats de cette
expérience n’a pas encore commencée mais une étude similaire a été effectuée chez
I'espéce Corallium rubrum, un octocoralliaire de Méditerranée. Des populations de
surface (régime thermique variable) et de profondeur (régime thermique plus stable)
sur différents sites ont été échantillonnées afin d’étudier de potentiels loci sélectionnés
((Pratlong et al. n.d.) soumis). Des marqueurs potentiels d’adaptation locale a la
profondeur ont été identifiés pour certains sites, mais aucun n’est commun a toutes les
populations profondes (article soumis, Pratlong M et al 2017). Cela s’explique par le
faible potentiel de dispersion de Corallium rubrum, ce qui n’est pas le cas pour
Pocillopora damicornis.

Finalement, méme si ’h6te semble avoir une incidence majeure sur la réponse de
I'holobionte face a un stress thermique et sur la sélection des micro-organismes
symbiotiques, beaucoup d’expériences sont encore nécessaires pour élucider le poids de

chacun des compartiments de ’holobionte dans la thermo-tolérance et sur sa mise en
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place dans le modele corallien Pocillopora damicornis. Le poids relatif des mécanismes

génétiques et épigénétiques sous-jacents devra également étre étudié.

5. CONCLUSION GENERALE :

Comme nous l'avons vu tout au long de ce travail de these, les coraux

scléractiniaires, et en particulier Pocillopora damicornis, sont des modeles biologiques
aussi complexes qu’'intéressants. Que ce soit en matiére d’échantillonnage, de
maintenance ou d’analyse moléculaire, beaucoup de mises au point ont du étre réalisées
afin de mener a bien notre projet. La premiere année de thése a permis de lever un
certain nombre de verrous méthodologiques et nous avons été confronté a des
problémes inattendus pour récupérer le populations a étudier. En effet, nous avons
perdu a trois reprises les coraux échantillonnés sur le terrain, soit lors du transit vers le
laboratoire, soit a cause de problémes liés a la maintenance en aquarium.

La complexité de P. damicornis va bien au dela de son utilisation en tant que
modele biologique. Il est complexe de par la multitude de parameétres biotiques
(Symbiodinium, bactéries, virus, champignons et autre invertébrés commensaux) et
abiotiques (luminosité, température, pH, sédiments, polluants) avec lesquels il interagit
pour créer, avec les nombreuses autres especes de coraux scléractiniaires, ces immenses
structures bioconstruites abritant une multitude d’especes de poissons, de mollusques
et d’'invertébrés marins. Et c’est aussi ce qui en fait un modele intéressant, car malgré sa
simplicité en tant qu'organisme diploblastique, ses multiples symbioses lui ont permis
d’acquérir de nombreuses fonctionnalités : 'algue unicellulaire du genre Symbiodinium
lui apporte l'énergie nécessaire a la construction de son squelette calcaire et sa
communauté bactérienne lui apporte protection contre les pathogenes, nutrition et
dégradation des déchets.

C’est pour toutes ces particularités, que 1'étude de ce modele est primordiale,
notamment dans le contexte du réchauffement climatique, qui a cruellement impacté les
récifs coralliens.

Lors de ce travail de these, je me suis intéressée tout particulierement au modele
Pocillopora damicornis et aux parametres biotiques et abiotiques qui pouvaient favoriser

sa thermo-tolérance. J’ai pu montrer que:
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- La thermo-tolérance dépendait au moins en partie de I'h6te corallien. Ce dernier
montre une grande plasticité dans la régulation de ses génes ainsi qu'une expression
constitutive de certains autres probablement régulés griace a des mécanismes
épigénétiques et une forme d’assimilation dont les mécanismes devront étre étudiés.

- Ces mécanismes de régulation des genes mis en place au cours de I'évolution
dans un environnement fluctuant sont adaptatifs puisqu’ils permettaient une meilleure
gestion de la réponse au stress.

- La composition des communautés symbiotiques, Symbiodinium et bactéries était
influencée par I'haplotype de I'héte.

- La répartition géographique des différents clades de Symbiodinium était
influencée par la température minimale des régions étudiées.

Ces différents résultats nous permettent d’en savoir un peu plus sur les
mécanismes qui permettent une meilleure thermo-tolérance chez Pocillopora
damicornis, mais des études complémentaires devraient nous apporter des éléments
d’information cruciaux:

= L’utilisation de stress thermiques récurrents sur clones afin d’étudier la réponse

de I'h6te corallien (génétique, transcriptomique et épigénétique) et de ses

symbiontes (génétique et transcriptomique) au cours des stress et de la mise en
place de la thermo-tolérance. En effet, d’apreés plusieurs études sur 1’évolution
des récifs coralliens face au stress thermiques récurrents, induits par le
réchauffement climatique, on observe la mise en place d'une
acclimatation/adaptation des différents récifs qui se constate par la diminution

de I'amplitude des blanchissements (Coles & Riegl 2013; Guest et al. 2012;

Maynard et al. 2008; Berkelmans 2009; Penin et al. 2013). Cette expérience de

stress thermique répétés a été réalisée au sein de notre laboratoire sur une

colonie unique de Pocillopora damicornis. Elle a consisté a amener les coraux
jusqu’au blanchissement grace a un stress thermique, a les laisser résilier
pendant une année, puis a les soumettre a nouveau a un stress thermique
jusqu’au blanchissement, et ce, sur deux années consécutives. Plusieurs

échantillonnages ont été réalisés durant I’expérience permettant d’accéder a

I'hologénome par séquencage du génome corallien et métabarcoding ITS2, mais

aussi a son activité transcriptomique par RNA-seq ainsi qu’aux marques

épigénétiques par séquencage bisulfite (méthylation de '’ADN). Cette expérience
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a permis de démontrer 'augmentation de la thermotolérance apres des stress
récurrents sur une méme colonie, mais les mécanismes sous-jacents sont encore
al’étude (Vidal-Dupiol et al, en préparation).

= L’étude des marqueurs de l'adaptation locale qui a consisté a séquencer des
fragments d’ADN pour mettre en évidence des SNPs chez deux populations de
Pocillopora damicornis expérimentant des environnements thermiques
contrastés. Cette technique devrait permettre de mettre en évidence des loci sous

sélection dans les environnements favorisant la thermo-tolérance.

Dans un contexte plus large de I'étude de I’évolution des cnidaires, j’ai également
participé au cours de ma these, a plusieurs projets d’études sur le modele Corallium
rubrum dans le cadre du projet ANR ADACNI (Processus adaptatifs chez les cnidaires:
étude intégrative de la réponse au stress thermique et au changement climatique, des
génes aux populations) et dont une partie des travaux sont développés dans la these de
Marine Pratlong (Pratlong 2016). Le corail rouge est un cnidaire de la classe des
anthozoaires et de la sous-classe des octocoralliaires (contrairement a Pocillopora qui
est un hexacoralliaire). Séparé évolutivement de pres de 250 millions d’années, ces deux
sous-classes sont éloignées phylogénétiquement et physiologiquement car le corail
rouge n’est pas « zooxanthellé » et vit en zone tempérée. On le retrouve essentiellement
dans le bassin méditerranéen, et jusqu’a 800 m de profondeur. Il est malgré tout
intéressant de comparer ces deux modeles, car ce sont tous deux des cnidaires impactés
par le réchauffement climatique, qui présentent le méme phénotype de collapse
physiologique face au stress thermique, c’est-a-dire la fermeture des polypes suivi de
nécroses (et/ou de blanchissement pour Pocillopora), et les mémes techniques d’étude
ont été employées (analyse des marqueurs d’adaptation locale par RAD-séquencage et
analyse de la plasticité transcriptomique par RNA-seq suite a un stress thermique
écologiquement réaliste). Que les résultats soient similaires ou non, la comparaison de
ces deux modeles apportera des informations essentielles sur les capacités d’adaptation
au réchauffement climatique des cnidaires.

Vous trouverez en annexe les articles publiés ou soumis correspondant aux

différentes études réalisées sur Corallium rubrum. .
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ANNEXE 1: IDENTIFICATION DE LOCUS D’ADAPTATION LOCALE
DANS UN CONTEXTE DE FORTE STRUCTURE GENETIQUE
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ABSTRACT

The study of local adaptation is of major concern in a context of global change. Genome scans
are promising approaches in this context. In the marine environment they have been applied to
various species characterized by very low levels of genetic structure. No such empirical study
has been developed yet on marine species with strong genetic structure, despite their
theoretical interest in this context. The red coral (Corallium rubrum, Cnidaria) is a highly
genetically structured species and a promising model for the study of local adaptation along a
depth gradient. Here, we used RAD-Sequencing in order to identify signals of local adaptation
to depth and thermal regime in the red coral. We designed a sampling scheme with (i) pairs of
'shallow vs deep' populations for which local adaptation may occur according to previous
studies of thermotolerance in this species and (ii) three geographical regions as replicates. Our
results showed significant genomic differentiation among locations and among depths. The
tests of association between genetics and temperature enabled to identify candidate loci under
selection but with a potentially high rate of false positives. We discuss the methodological
obstacles and biases encountered for the detection of selected loci in such a strongly
genetically structured species. On this basis, we discuss the robustness of the candidates for

local adaptation detected in each geographical region.

KEYWORDS: Local adaptation, Cnidarians, Population genomics, Ecology
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MAIN TEXT

Introduction

Different mechanisms may explain the life and evolution in contrasted environments of
species with large ecological range. The balance between environmental conditions,
biological traits and evolutionary constrains will shape the output of the interaction between
genetic and plastic responses for each species facing different environmental conditions. In
the absence of other evolutionary pressures (migration, genetic drift), and if the environmental
gradient is persistent for an extended period of time, each local population submitted to local
selection could become genetically adapted to the corresponding local environment (Gagnaire
& Gaggiotti, 2016; Kawecki & Ebert, 2004). In the case of plasticity or acclimatization, a
given genotype can develop during its lifetime morphological or physiological responses
allowing an increase in fitness in different environments (DeWitt et al., 1998; Pigliucci,
2001). Although particular situations favoring local adaptation or acclimatization are
documented, it is often difficult to disentangle the effects of these two mechanisms and
establish their relative contributions to adaptability (Palumbi et al., 2014). In addition,
understanding these mechanisms has a fundamental interest in the current context of climate
change for improving predictive models and proposing management strategies (Gagnaire &
Gaggiotti, 2016; Mumby et al., 2011).

Gene flow is generally considered to be a key factor opposing local adaptation through the
input in a population of potentially maladapted individuals (migration load; Lenormand,
2002). This consideration, based on the hypothesis of random gene flow, does not take into
account the possibility of habitat selection through which individuals can choose to settle in

habitats that maximize their fitness (Edelaar & Bolnick, 2012; Edelaar et al., 2008; Ravigné et
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al., 2009; Szulkin et al., 2016). Furthermore, several theoretical studies have shown that gene
flow can counteract the effect of genetic drift and promote local adaptation (Alleaume-
Benharira et al., 2006; Felsenstein, 1975; Hastings & Rohlf, 1974; Nagylaki, 1978; Slatkin &
Maruyama, 1975). These results were confirmed in several studies in both marine and
terrestrial environments, where signals of local adaptation have been detected in presence of
high gene flow (Conover et al., 2006; Gagnaire & Gaggiotti, 2016; Muir, et al., 2014; Nielsen
et al.,, 2009; Pespeni & Palumbi, 2010; Szulkin et al., 2016). Contrary to expectations, no
study were dedicated to the search of local adaptation signal in marine species with very
strong genetic structure, based on genome scan methods. Indeed, several such studies have
been conducted at very large scale on highly dispersive teleost species (Bernardi et al., 2016;
Bradbury et al., 2010; Guo et al., 2016; Limborg et al., 2012; Milano et al., 2014; Wang et al.,
2013), while others focused on benthic invertebrates with a highly dispersive, planctonic
larvae stage (Araneda et al., 2016; Bay & Palumbi, 2014; Benestan et al., 2016; Chu et al.,

2014). The study of local adaptation in a context of high genetic structure may be difficult
from a methodological point of view: high average Fgt values can lead to a high number of
false positives in outliers tests for the detection of selection by the corresponding increase in
the variance of Fg values (Bierne et al., 2013; Hoban et al., 2016). Furthermore, in a context

of high average genomic differentiation, it could be difficult to identify selected loci with a
higher differentiation than expected under the neutral model. Finally, if genetic drift is strong,
it can generate outlier loci with apparent correlation with an environmental variable outside
any selective effect (Coop et al., 2010; Hofer et al., 2009; Kawecki & Ebert, 2004). Therefore
the empirical study of local adaptation in this case remain often unexplored and challenging.

Marine coastal environments offer particularly interesting conditions for studies of local
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adaptation, because of the gradual changes in environmental conditions along coastline at
small scale, the more or less gradual vertical changes from shallow to deep water and the
patchy distribution of contrasted habitats at different scales (Lundgren et al., 2013; Sanford &
Kelly, 2011; Wrange et al., 2014). Recently, following worries on global change and the
increase in mortality events potentially linked to anthropogenic pressures (Doney et al., 2012;
Reusch & Wood, 2007; Somero, 2010; Somero, 2012; Walther et al., 2002), studies of local
adaptation became more frequent in coastal ecosystems (Ayre, 1995; Barshis et al., 2010;
Barshis et al., 2013; Bay & Palumbi, 2014; Bongaerts et al., 2011; D’Croz & Maté, 2004;
Haguenauer et al., 2013; Jin et al., 2016; Kersting et al., 2013; Ledoux et al., 2015; Lundgren
et al., 2013; Mayfield et al., 2012; Oliver & Palumbi, 2011; Palumbi et al., 2014; Pivotto et
al., 2015; Potts, 1984; Pratlong et al., 2015; Sherman & Ayre, 2008; Smith et al., 2007,
Ulstrup & Van Oppen, 2003; Walsh & Somero, 1981; Ziegler et al., 2014). By studying the
genetic basis of the adaptation to different current environmental conditions, one might expect
understanding the possibility of adaptation to expected future climate conditions. However,
few examples confirmed the role of local adaptation in the observed physiological differences
between individuals from contrasted environments and the role of individual acclimatization
can rarely be excluded (Barshis et al., 2013; Bay & Palumbi, 2014; Jin et al., 2016; Ledoux et
al., 2015; Lundgren et al., 2013). In this context, genome scans are powerful approaches to
explore adaptive processes in natural populations (Manel et al., 2016).

The red coral (Corallium rubrum) is an asymbiotic temperate octocoral distributed from 5 to
1 000 m depth in the Mediterranean sea and the near Atlantic (Boavida et al., 2016, Costantini
et al., 2011). It is a sessile and long-living species (more than 100 years), with low growth and

recruitments rates (Marschal et al.,, 2004; Santangelo et al., 2012). The red coral is a
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particularly low disperser, with populations separated by fewer than 10 m detected as
genetically differentiated (Ledoux et al., 2010a; but see Martinez-Quintana et al., 2015). The
shallowest populations, above the seasonal thermocline, are submitted to high maximum
temperatures and to frequent and intense thermal fluctuations in summer (Haguenauer et al.,
2013). The intensity and frequency of extreme thermal events decrease with depth, and the
deepest populations are submitted to stable thermal regimes. Only individuals below the
maximum depth of seasonal thermocline are expected to be completely naive concerning heat
stress. Since the observation of mass mortality events affecting this species during thermal
anomalies occuring during summer 1999 and 2003, the relationship between the red coral and
its thermal environment has been intensively studied in the region of Marseille (France)
(Garrabou et al., 2009; Garrabou et al., 2001). Common garden experiments performed in
aquarium highlighted differences in polyp activities, calcification rate, necrosis response and
expression of HSP70 between shallow and deep individuals facing thermal stress
(comparisons 11 / 40 m in Torrents et al., (2008), 20 / 40 m in Ledoux et al., (2015) and 5 /
20 / 40 m in Haguenauer et al., (2013)). Ledoux et al., (2015) conducted reciprocal transplant
between individuals from 20 m and 40 m around Marseille and observed a local adaptation
signal with a response validating the “local vs. foreign criterion” (Kawecki & Ebert, 2004)
The same trend was not observed in Corsica. Finally, transcriptomes of individuals from 5 and
40 m in Marseille were compared after a common garden acclimatization and several genes
were detected as differentially expressed in a basal state (without the application of any stress;
Pratlong et al., 2015).

Together, these studies highlighted thermotolerance (i.e. phenotypic) differences between

individuals from different depths in Marseille, but we still do not know if these differences are
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the result of local adaptation or of individual acclimatization, or both. Previous works on this
species enabled us to have a precise idea of the geographic scale at which local adaptation
may occur, and will be useful to optimize our sampling design. Because populations from
different regions may have evolved similar responses to thermal stress, through similar or
different genetic basis, it is interesting to investigate local adaptation in pairs of 'shallow vs
deep' populations submitted to contrasted thermal regimes in geographical distinct regions
(Hoban et al., 2016; Jones et al., 2012). Finally, the study of neutral genetic structure is
essential for a good interpretation of outliers tests for the detection of selection, considering
the biases highlighted above.

Here we applied Restriction site Associated DNA sequencing (RAD-seq) to individuals from
pairs of 'shallow vs. deep' populations in three geographical regions of the Mediterranean Sea
and corresponding to distinct genetic clusters. The goal of this study was to characterize the
neutral and adaptive genomic variation in this species and to test the possibility of local
adaptation to depth through a genome scan approach. Our results enable us to discuss first the
neutral genetic structure of the red coral. In a second time, we highlight the methodological
obstacles expected in the detection of local adaptation in the context of such genetic structure
and how to handle them. Finally, we discuss the robustness of the candidates of local

adaptation detected in each geographical region.

Material and methods
Sampling and DNA extraction
Corallium rubrum colonies were collected by scuba diving at two depths of two sites in three

geographical regions (Marseille, Banyuls, Corsica) between February and August 2013
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(Fig. S1, Table 1). The two depths of each sites presented contrasted thermal regimes (surveys
from March 2012 to October 2014; Table 2). The three geographical regions presented
different annual variations of temperatures between the two studied depths: a difference of
3.8 °C between the maximum observed at the two depths in Marseille, 1.7 °C in Corsica and
0.5 °C in Banyuls (Table 2). Thirty individuals per site and depth were collected (total 360
individuals), preserved in 95 % ethanol and stored at -20 °C until DNA extraction. Total
genomic DNA was extracted according to the protocol of Sambrook et al., (1989), followed
by a purification using Qiagen DNeasy blood and tissue spin columns (Qiagen). Genomic

DNA concentration was quantified using a Qubit 2.0 Fluorometer (Life Technologies).

RAD-Sequencing

Twelve RAD libraries were prepared according to the protocol described in Etter et al.,
(2011), with small modifications. Briefly, 1 pg of genomic DNA for each sample was digested
using high-fidelity Pstl during 60 min at 37 °C. P1 adapters, with 4-6 bp individual barcodes
were then ligated to each sample using 0.5 pL of T4 DNA ligase (NEB), 0.5 pL of rATP
100 mM (Promega), 1 pL. of DTT 500 mM (Promega), 1 pL. of 10X T4 ligase buffer (NEB)
and incubated during 60 min at 22 °C, 10 min at 65 °C and 1 min at 64 °C. DNA samples
were pooled by 32 (generally by location), sheared, size selected and P2-barcoded. Final PCR
for RAD-tags enrichment were performed with 16 cycles and primers dimers were removed
during a final AMPure Beads Purification (Agencourt). Libraries were sequenced on an
[llumina HiSeq2000 using 100 bp single-end reads, at the Biology Institute of Lille (IBL,
UMR 8199 CNRS) and at the MGX sequencing platform in Montpellier (France).

The STACKS pipeline (Catchen et al., 2013; Catchen et al., 2011) was used for the loci de
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novo assembly and genotyping. Quality filtering and demultiplexing were performed with the
process_radtags module with default parameters which enables us in particular to remove any
read with uncalled base and to performe a phred-33 quality filtering of raw reads. Exact-
matching RAD loci (putative orthologous tags) were individually assembled using ustacks
with a minimum depth of coverage of five reads per allele (m = 5) and a maximum of five
nucleotide mismatches between allele (M =5). Cstacks was used to build a catalogue of
consensus loci from all individuals, with five mismatches allowed between individuals at the
same locus (n =5). Matches of individual RAD loci to the catalogue of loci were searched
using sstacks. Finally, the population module was used to obtain the loci that were
successfully genotyped in at least 75 % of individuals from all populations. Because of the
increased of error rates toward the end of the reads, we observed an increase in the number of
SNPs from position 86 bp to 91 bp and we removed these positions from the analysis. In order
to filter for poor-quality SNPs and artifacts due paralogous sequences, we used VCFtools
(Danecek et al., 2011) to remove SNPs that were not at the Hardy-Weinberg equilibrium
within at least one of the 12 populations with a p-value threshold of 0.01. SNPs with a minor
allele frequencies below 0.01 were removed using VCFTools. Individuals with more than
30 % of missing genotypes were discarded. Finally, only the first SNP of each RAD-tag was

kept for further analysis.

Diversity and neutral genetic structure
Global Fis over alleles and gene diversity were estimated using GENEPOP and ARLEQUIN
v.3.5 (Excoffier & Lischer, 2010; Rousset, 2008). The C. rubrum genetic structure was first

analyzed by principal component analysis (PCA) using the package adegenet in R (Jombart,
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2008; R Core Team, 2016). This analysis was performed on the total dataset (12 populations)
and inside each of the three studied geographical regions (four populations in each). The
dataset was centered and missing data were replaced by the mean allele frequency for each
locus. In a second step, we performed a Bayesian population clustering implemented in the
program STRUCTURE v.2.3.4 (Falush et al., 2003, 2007; Hubisz et al., 2009; Pritchard et al.,
2000). We performed ten independent replicates from K =1 to 10 with a burn-in of 50 000
and a number of MCMC iterations after burn-in of 100 000, with the model allowing for
admixture and correlated allele frequencies between clusters. We calculated the AK statistic of
Evanno et al., (2005) to help in the choice of the most appropriate number of genetic clusters.
We used CLUMPAK to summarize the STRUCTURE results from the ten independent runs
(Kopelman et al., 2015). The global and pairwise populations Fsr and exact tests for
population differentiation were calculated with GENEPOP (Rousset, 2008). The correlation
between the spatial distance between the two depths of the same site and the corresponding
population pairwise Fsr was tested with the correlation test of Spearman implemented in R (R
Core Team, 2016). Finally, we conducted an analysis of molecular variance (AMOVA) in
ARLEQUIN v.3.5 (Excoffier & Lischer, 2010) with 10 000 permutations. The hierarchy for
this analysis was chosen to follow the three geographical regions of our samples (Marseille,
Corsica and Banyuls). This choice was justified by the PCA on the overall dataset. Finally, we
performed the PCA and Fsr calculation using a dataset comprising only putatively neutral

SNPs (without the SNPs detected as outliers by Fsr outlier methods, see below).

Detection of local adaptation

In order to search for loci potentially involved in local adaptation, we first used
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BAYESCENV (Villemereuil & Gaggiotti, 2015). This method identifies Fsr outlier loci that
show a relationship between genetic differentiation and environmental differentiation. Runs
were performed using default parameters, except the number of pilot runs that was set at 40.
The maximal temperature recorded in each site was used as environmental variable (Table 2).
We tested other descriptors of the thermal regime and we got similar results (data not shown).
The convergence of runs was checked with the Gelman and Rubin's diagnostic using the R
package coda (Plummer et al., 2006).

Second, we searched for Fsr outliers among red coral populations using ARLEQUIN v.3.5
(Excoffier & Lischer, 2010; Hofer et al., 2009). Because hierarchical genetic structures are
known to lead to a high number of false positives in the search of outlier loci (Hofer et al.,
2009), we performed this analysis independently in the three geographical regions in order to
down a level in the structure. With this method, a distribution of Fsr across loci as a function
of heterozygosity between populations is obtained by performing simulations under a
hierarchical island model that is more appropriate than the island model in the case of the
genetic structure of the red coral (two depths in one site and two sites in one geographical
region). Outliers were identified as loci being in the tails of the generated distribution
(p <0.01). We selected among these candidate loci, those linked with depth differentiation by
searching, inside each geographical regions, loci with significant differences in genotypic
frequencies between depths (p <0.01). We corrected the obtained p-values using a false
discovery rate of 0.05 (Benjamini & Hochberg, 1995)

Finally, we used the R package pcadapt to search for outliers loci by taking into account
population structure and individual admixture (Luu et al., 2017). This method is

recommended in cases of hierarchical genetic structure for a better control of the false
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positive rate. By identifying outliers loci linked with a particular principal component,
pcadapt enabled us to focus on candidates linked with our biological question. From the
pcadapt analyses, we selected outliers candidates linked with the relevant principal

components with a g-value cutoff of 0.01.

Functional annotation and enrichment tests

The RAD tags were aligned on the red coral transcriptome (Pratlong et al., 2015) using the
Burrows-Wheeler Alignment Tool (BWA) (Li & Durbin, 2009). Blast2GO was used for the
annotation of resulting contigs and functional enrichment analyses (Conesa et al., 2005). First,
a blastp was first performed on the NCBI nr database with an e-value threshold of 10
(Altschul et al., 1990). Then, Blast2GO retrieved Gene Ontology (GO) terms associated with
the obtained BLAST hits. Finally, in order to identify function potentially over-represented in
outliers, we performed an enrichment analysis using a Fisher's exact test corrected using a

false discovery rate of 0.05 (Benjamini & Hochberg, 1995).

Results

RAD-Sequencing and genotyping

An average of 191 + 21 millions of reads by library was obtained after sequencing. After the
demultiplexing and cleaning processes of the STACKS's process_radtags module, an average
of 180 + 22 millions of reads by library was obtained. From these reads, we were able to
assemble 138 810 unique consensus RAD-tags present in at least 75 % of our 360
individuals. After all quality filter steps (Table 3), 27 461 SNPs were available. Finally, we

removed six individuals presenting more than 30 % of missing data (one individual from the
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MEJ40 population, two from the BANN40 population, two from the GAL20 population and
one from the GAL40 population). Our final dataset used for further analysis consisted in 354

individuals genotyped on 27 461 SNPs.

Genetic diversity

Multilocus values of the F;s ranged between 0.005 (ELV12) and 0.065 (BANS40) (Table 4).
Expected heterozygosity varied from 0.12 (GAL20) to 0.18 (all populations of Marseille)
(Table 4). Populations of Marseille had higher values of expected heterozygosity than

populations from Corsica and Banyuls (p = 0.02, Wilcoxon—Mann—Whitney test).

Population structure analysis

The positioning of individuals with respect to the first two principal components (PCA1 and
PCA2) reflected the geographical and depth origin of the individuals (Fig. 1A). Individuals
from Marseille and from Banyuls formed two clear and homogeneous clusters while
individuals from the two sites of Corsica formed two different clusters with an important
distance between them on the second axis. The first PCA axis (PCA1) explained 7.44 % of the
total genotypic variance and separated individuals from Marseille from individuals from
Banyuls and Corsica. The second axis (PCA2) explained 4.61 % of the total genotypic
variance and separated individuals from the Porto site in Corsica from other individuals.
Interestingly the fifth axis of the PCA separated all individuals according to their sex,
independently from their geographical origin (Pratlong et al., 2017). Concerning PCA inside
geographical regions, individuals from the two sites of Marseille and Corsica (north and

south) were separated along the first axis (7.02 % and 14.09 % of the total genetic variance
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respectively; Fig. 1B and 1C). The second axis (2.85 % of the total genetic variance)
separated populations from the two depths of the south site of Marseille (FIG-MOR), and
individuals from the two depths of the north site (ELV-MEJ). In Corsica and Banyuls, no PCA
axis showed evident association with depth. Individuals from the two depths of the Galeria
(GAL) site of Corsica were separated along the second axis (4.13 % of the total genetic
variance) but this was not the case for individuals from the two depths of the Porto site
(POR). Finally, individuals from Banyuls showed much less structure than individuals from
Marseille and Corsica (Fig. 1D). The first axis (3.11 % of the total genetic variance) separated
individuals from the two sites (north and south). The second axis (2.33 % of the total genetic
variance) separated individuals according to their sex (Pratlong et al., 2017). The PCA on the
overall dataset and inside each geographical region were identical to those results when only
putatively neutral SNPs were considered (Fig. S2).

The delta(K) criterion (Evanno et al., 2005) indicated K = 2 as the best number of clusters for
the STRUCTURE analysis. We present here the results for K = 2 to K = 4 which captured the
main information of the results (Fig. 2). In all cases, all clusters corresponded the main
geographical boundaries and the two depths of each sites were always clustered together. For
K =2, a clear separation between the Marseille regions and the Corsica/Banyuls regions was
observed, confirming the separation of populations along the first PCA axis (Fig. 1). K=3
separated the three geographical regions in 7/10 replicates, and the remaining replicates
grouped either one or the other Corsican sites with Banyuls populations (Fig. S3). Finally,
K = 4 separated the two Corsican sites.

The overall Fsr of the total dataset was 0.13. Pairwise Fsr values ranged from 0.01 (BANS20

vs BANS40, BANS20 vs BANN40 and BANN40 vs BANS40) to 0.24 (ELV12 vs GAL20



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

15

and FIG8 vs GAL20) (Table 5). Genetic differentiation was highly significant for all pairwise
comparisons (p < 0.001), even for populations separated by 10 m (Fsr = 0.022 for BANN20
vs BANN40, Fsr = 0.012 for BANS20 vs BANS40 and Fsr =0.10 for GAL20 vs GAL40).
Considering the between-depths Fsr, high Fsr values can be observed for different loci and
different samples comparisons (Fig. S4). The average Fsr between the two depths of the same
site was 0.04 in Marseille, 0.08 in Corsica and 0.02 in Banyuls (0.04 for the total dataset).
Considering only putatively neutral loci (see below for outliers loci), the overall Fsr of the
total dataset was 0.12 and pairwise Fsr values ranged from 0.01 (BANS20 vs BANS40,
BANS20 vs BANN40 and BANN40 vs BANS40) to 0.23 (ELV12 vs GAL20) (Table S1).
There was no correlation between the distance between two depths of the same site and the
corresponding population pairwise Fsr (p = 0.75). We obtained the same result (p = 1) if we
removed the four populations of Marseille whose sampling sites for the two considered depths
were not exactly the same (653 m between FIG8 and MOR40 and 995 m between ELV12 and
MEJ40). Finally, the Fsr between the two shallow sites inside a geographical region was in all
three cases higher than those between the two deep sites of the same region (0.10 vs 0.058 in
Marseille, 0.20 vs 0.14 in Corsica and 0.025 vs 0.014 in Banyuls, p <1.10™ in all three
comparisons). In a similar way, the Fsr between two shallow sites of two different
geographical regions were in all cases higher than those between the two corresponding deep
sites, except for the comparisons between the Porto sites and the Banyuls sites (p = 0.38 and
p = 0.02 for the POR/BANN and POR/BANS comparisons respectively; p < 1.10™'® for the
other comparisons).

The AMOVA indicated a similar percentage of the molecular variance explicated by

differences among group and within groups (7.8 and 7.07 % respectively) and approximately
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85 % of variance explicated by differences within populations (Table 6). There was significant
genetic differentiation at the three studied levels (Fsr = 0.15, Fsc = 0.08, Fcr = 0.08 ; p < 0.001

in the three cases).

Outliers SNPs

We identified 82 outliers with BAYESCENYV. However, we noticed that all these outliers
seemed to be driven by the divergence between particular populations, with one allele being
always fixed in one or several populations without logical association with depth.
ARLEQUIN detected 563 loci potentially under selection in Marseille, 869 in Corsica and
397 in Banyuls. Among these SNPs, all were potentially under divergent selection in
Marseille and Banyuls and 207 of the 869 were potentially under balanced selection in
Corsica (the remaining 662 were potentially under divergent selection). Considering only
these outliers, the overall Fsr of the total dataset was 0.25 and pairwise Fsr values ranged from
0.02 (BANS20 vs BANS40) to 0.42 (GAL20 vs POR40) (Table S2). The 207 loci potentially
under balanced selection in Corsica were linked with sex differentiation and were not further
analyzed here (Pratlong et al., 2017). Eight outlier SNPs were detected both in Marseille and
Banyuls, 12 both in Marseille and Corsica and 12 both in Corsica and Banyuls. No SNP was
detected as potentially under divergent selection and common in the three regions. The
complementary chi2 test of genotypic frequencies differences between depths inside each
geographical region detected 162 candidate loci in Marseille, 1 371 in Corsica and 3 in
Banyuls, of which 35, 248 and 2 where also respectively detected with the ARLEQUIN
analysis. These numbers of candidate loci were correlated with the variance and the average

of Fsr values inside each geographical regions (correlation coefficient of 0.97). The second
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axis of the PCA using the Marseille individuals showed apparent association with depth and
appeared to be influenced by the variation of the candidates for local adaptation to depth
detected by ARLEQUIN: 51 % of these loci were in the top 1 % of the axis contributions, and
86 % were in the top 5 %.

Because the Marseille region is the only one presenting a principal component linked with the
depth (Fig. 1B), the pcadapt results obtained for the Corsica et Banyuls regions have poor
biological relevance for our biological question. We chose thus to present only the pcadapt
results obtained for the Marseille region. pcadapt detected 58 outliers loci linked with the
second PCA axis, the one which was linked to depth differentiation. All these candidates were
detected by the ARLEQUIN analyses and 20 were also common with the chi2 test presented

above.

Functional annotation

Among the 27 461 analyzed RAD-tags, 6 376 had hits on the red coral transcriptome
(23.2 %). Concerning SNPs detected as outliers by ARLEQUIN and contributing to the depth
divergence, 8 on the 35 detected in Marseille had hits on the transcriptome, 46 on the 248
detected in Corsica and 2 on the 2 detected in Banyuls (Table S3). We did not observed any
GO term enriched in coding regions among candidates SNPs, nor any functional enrichment

in these outliers.

Discussion
Genetic diversity and structure

Our results confirm the high genetic structure of the red coral, which was already observed
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with microsatellite loci (Costantini et al., 2007; Ledoux et al., 2010b). These results could be
the consequence of reduced mean larval dispersal distance (but see Martinez-Quintana et al.,
(2015). Genetic incompatibilities could also contribute to the observed differentiation at least
for some loci (see discussion on outliers below; Kulmuni & Westram, 2017). Our analysis of
the genetic structure of the red coral revealed several clusters mainly corresponding to the
geographical distributions of individuals. This structure is close to the one evidenced by
Ledoux et al. (2010b) by using microsatellites with similar sampling locations, and suggested
that it may partly be the result of the absence of suitable habitats between these regions and of
reduced dispersal (bathymetric barrier between Corsica and the continent and few shallow
rocky substrates between Marseille and Banyuls). The relative and unexpected proximity of
the populations from Banyuls and the two populations of Porto (POR20 and PORA40)
according to the first component of our PCA was also suggested in the STRUCTURE analysis
of microsatellite data (Ledoux et al., 2010b). We now confirm this at the genomic level. A
high differentiation was observed here with PCA and STRUCTURE between the two sites of
Corsica separated by around 22 km. This was observed with microsatellites as well, but for
populations separated by around 15 km by Ledoux et al. (2010b). This pattern of genetic
structure could be explained by a putative barrier to gene flow (e.g. currents or lack of
suitable habitats) between Porto and the Punta Mucchilina in the south of the natural reserve
of Scandola. Another hypothesis would be that different lineages are present in this area. Such
lineages could have evolved in allopatry during past climatic fluctuations. This could explain
that the differentiation in Corsica was higher than the differentiation observed between the
two sites of Marseille despite a similar distance at sea. In addition the partial genetic

similarity between Porto and Banyuls could be the result of sporadic gene flow between the
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two clusters but which did not extend further than the putative barrier in Corsica.

We reported here a significant vertical genetic structure between the two depths of the same
site (populations separated by less than 20 m). This fine-scale genetic structure has been
repetitively reported for the red coral with microsatellites (Costantini et al., 2011; Ledoux et
al., 2010a; b). Contrary to Prada et al., (2008) who showed the existence of two cryptic
lineages at two different depths in a tropical octocoral, the populations of red coral from the
two studied depths clearly correspond here to the same species, as the differentiation between
depth was lower than the differentiation between sites and regions. This structure may be the
result of both inherent life history traits (negative-phototropism of larvae) and environmental
variables. Weinberg (1979) has described a negative geotropism for the planulae of C.
rubrum, and Martinez-Quintana et al., (2015) demonstrated that this was an active behavior.
Depending on the orientation of the substrate, this might limit the connectivity between
depths. A physical barrier could also hinder the vertical connectivity: this could be the result
of a seasonal stratification during the larval emission (which can occur from June to
September in the Marseille region, Haguenauer A., pers. comm., Santangelo et al., 2003).
Differences in the spawning period have been proposed as potentially contributing to the
vertical differentiation as well (Costantini et al., 2011). Nevertheless even if the local thermal
conditions induce such shifts, if larvae dispersed randomly according to depth, this would not
lead to an important and stable differentiation. According to these hypotheses, the larval
behavior and putative vertical barriers should lead to a genome-wide neutral differentiation
between depths. The strength of this genetic structure between two depths of the same site
was more or less pronounced according to the considered site, without correlation with the

spatial distance between the two depths. Thus, even if inherent life history traits (dispersal
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abilities, larval behavior) may have a significant impact on the genetic differentiation of such
close populations, it seems that the differentiation between the two depths was influenced
partly by local environmental constraints.

The horizontal genetic differentiation between the two shallow sites was higher than those
between the two deep sites, at the scale of a geographical region, but also for comparisons
between regions. This suggests a higher connectivity or lower rate of genetic drift for deep
populations compared to shallow ones. Low effective population size, repeated bottlenecks
and founder events are known to lead to an impoverishment of gene diversity and higher
genetic structure (Brussard, 1984; Hoffmann & Blows, 1994). The repeated colonization of
shallow depths from deeper ones or the higher harvesting pressure on shallow populations
compared to deep one could lead to higher genetic drift and differentiation (Cannas et al.,
2016; Rossi et al., 2008). Nevertheless we did not observe here a reduction in gene diversity
for shallow populations. Connectivity differences then seem to be more probable in
explaining the observed differences of genetic differentiation. Interestingly, Rossi et al. (2008)
observed a higher frequency of patches of red coral below 50 m compared to above 50 m: if
such pattern is present in other areas, then it could modify the connectivity levels through
stepping stones migration. In a dedicated study of the vertical genetic structure of red coral in
two western Mediterranean sites (Cap de Creus, Spain and Portofino, Italia), Costantini et al.,
(2011) observed a drop in connectivity around 40 — 50 m depth with a level of genetic
diversity declining with depth. Our sampling scheme did not allow us to specifically test the
same hypotheses but it would be interesting to extend our RAD Seq study along a depth

gradient to better understand the genetic structure of this species.
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Potential biases in the search of outlier loci

High Fsr values can be observed in our dataset for different loci and different sample
comparisons, and not only for comparisons between depths (Fig. S4). It is highly improbable
that all these loci and comparisons are shaped by divergent selection, because adaptive
polymorphism is expected to be quite rare at the genome scale. It therefore indicates that
neutral processes (i.e. mainly drift) alone generate high differentiation and high variance in
Fsr in the red coral. Such patterns can then easily lead to false signals of divergent selection.
The methods of detection of outlier loci used here are well suited for the detection of loci
presenting high allele shifts between populations (adaptive traits controlled by few genes with
large effects; Pritchard & Di Rienzo (2010), Gagnaire & Gaggiotti (2016)). The high number
of outliers detected here in the three geographical regions by these methods raised thus
concern on the biological relevance of these candidates. Apart from this effect, both the
hierarchical genetic structure and the average level of differentiation of the red coral are
known to lead to a high number of false positives and make the interpretation of results
difficult (Bierne et al., 2013; Hoban et al., 2016). In this study, we set up a sampling design of
pairs of geographically close 'shallow vs deep' populations in order to reduce signals from loci
not under selection and to limit the effects of strong genetic structure on the detection of
outliers (as recommended by Hoban et al. (2016)). Thanks to this sampling we could
demonstrate a positive correlation between the number of outliers detected and both the
variance and average of Fsr values inside each geographical region, with the strongest effect
in Corsica. Such approach is then useful to envision the putative impact of false positive in
this context.

The use of reduced representation approach such as RAD-seq raises another difficulty: the
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markers density may be insufficient to detect a RAD-tag in linkage disequilibrium with a
selected locus (Lowry et al., 2016, Catchen et al., 2017, McKinney et al., 2016). With 138 810
detected SNPs and a genome size of about 500 Mb, we expected in the case of the red coral, a
SNP sampling of 1 for 3,60 kb (278 SNPs per Mb) and 1 for 18 kb after the SNPs filtering
steps (55 SNPs per Mb). Without a reliable estimation of the linkage disequilibrium in our
species, we are not able to estimate properly the proportion of the genome covered by our
RAD-tags. The level of linkage disequilibrium is unknwon in the red coral, but the reduced
gene flow and high genetic drift probably lead to much higher linkage disequilibrium (maybe
a few kb) than in most other marine invertebrates. The genomic architecture of adaptation is
also unknown but considering these observations, we expected that our RAD-tags may at least
detect a signal of genetic adaptation, even if we did not detect a certain number of genomic
regions under selection.

The strength of differences in allele frequencies between populations from different depths as
a result of divergent selection should be correlated to the strength of divergent selective
pressures between the two environments. In the red coral, it seems that the number of days
spent above a threshold temperature is an appropriate variable to predict mortality events
(Coma et al., 2009, Crisci et al., 2011). We did not report this variable in Table 2 because it is
highly correlated with the standard deviation (Pearson correlation of 0.76, p value = 0.0045).
Thus, if the temperature is a selective pressure in red coral population, it seems reasonable to
consider its standard deviation as a crude estimate of its strength. In our case, the differences
of standard deviation of temperature between the studied depths were higher in the Marseille
sites than in the Corsican ones, and were very low in the Banyuls sites (Table 2). If, as

hypothesized here, the local adaptation to depth in the red coral is driven by the thermal
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environment of individuals, we expected therefore to observe a stronger signal of selection in
Marseille than in Corsica and Banyuls, as it is the case here. Thus, the number of candidates
detected in the three geographical regions could be related to the rate of false positives, which
is correlated to the global genetic structure (see above); but also to the difference in selective
pressure between the two studied depths. Unfortunately, in our study, the ecological and
genetic distances were paired in such a way that we couldn't precisely evaluate the respective
impact of false positives and true positives in the number of outliers detected.

Considering these limits, and in order to identify the most promising candidate genes, we
applied a combination of different methods and a careful evaluation of the general structure
and of the loci shaping differences between depths. But other approaches could be used which
would take into account genomic information for the study of adaptation (Manel et al., 2016).
Daub et al.,, (2013) developed a method to study polygenic adaptation: this could be useful
here as it may be less sensitive to single locus stochastic effects. Nevertheless the genomic
information on red coral are not precise enough for such approach. Studying the genomic
distribution of parameters such as Fsr or nucleotide diversity, or the link between candidate
SNPs and genes, would also be interesting complementary approaches (e.g. Hohenlohe et al.,
2010) but a reference genome is still lacking for the red coral.

Apart from the detection of selected loci, the observed levels of genetic structure raises an
interrogation on the evolution of local adaptation. Indeed whereas the red coral displays life
history traits potentially favorable to the evolution of local adaptation (i.e. reduced dispersal
limiting gene swamping; Lenormand (2002), but see Alleaume-Benharir et al., (2006)), its
genetic characteristics hinder the detection of adaptive loci: this species probably displays

metapopulations with small, isolated, local populations. In each local population the reduced
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effective size could lead to important genetic drift (Ledoux et al., 2010b). Genetic drift can
counteract the effects of local selection and could limit differences in allele frequencies for
low to moderately selected loci. High genetic drift has been proposed to limit local adaptation
to temperature in the Mediterranean octocoral Paramuricea clavata which displays a genetic
structure similar to red coral (Crisci et al., 2017; Mokhtar-Jamai et al., 2011). A less discussed
point is that among the candidate loci detected here, some could be linked not to local
adaptation but to intrinsic genetic incompatibilities whose allelic frequencies could be coupled
with environmental barriers (Bierne et al., 2011). This could especially be the case between
the two sites in Corsica. The frequency of genetic incompatibilities in marine populations is
largely unknown and probably under-estimated (Plough et al., 2016). Even if not directly
linked to local adaptation, such loci are part of the genomic landscape of this species along

heterogeneous environments.

Local adaptation to depth in the red coral

By keeping in mind the aforementioned potential biases, we focused on candidate loci
meeting the following criteria: i) detection with ARLEQUIN and pcadapt, ii) presence of a
strong signal of differentiation between depth, iii) function relevant to the adaptation to
thermal regime. These are the most promising loci for the study of genetic adaptation

The absence of candidate SNPs common to the three geographical regions could indicate that
the adaptation to comparable shallow environmental pressures in these independent regions
are based on different genetic pathways, or on non-genetic mechanisms (Putnam & Gates,
2015). However, the RAD-Sequencing enables to sequence a reduced proportion of the

genome and the probability to observe convergent positions is small, simply because they
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may not be sequenced. Furthermore, differences in the strength of selective pressure in the
three regions could also explain the differences in the detected loci. In Marseille we evidenced
a clear signal of differentiation between depths according to multivariate analysis, which was
confirmed by outlier loci. This detection of a signal of local adaptation in the Marseille region
is consistent with the observations from studies of thermotolerance differences in this region
(Haguenauer et al., 2013; Ledoux et al., 2015; Pratlong et al., 2015; Torrents et al., 2008). In
the case of the Marseille region there are then strong evidences of the existence of adaptive
differentiation at a scale of few tens of meters only. Concerning Corsican populations, Ledoux
et al. (2015) reported no phenotypic signal of local adaptation after reciprocal transplant
experiment. However, Ledoux et al., (2015) studied a phenotypic trait, diameter growth,
which may not be linked to adaptive abilities in all regions and genetic contexts. The most
promising candidate for the adaptation to thermal regime detected in Corsica, is an
homologous to an allene oxide synthase-lipoxygenase which is known to be involved in the
response to thermal stress in octocorals (Lohelaid et al., 2015). Finally, the detection of only
two candidates to local adaptation to depth in the Banyuls region was consistent with the
selective pressure that should be weaker in this region (see above, Table 2). Moreover, the
Banyuls populations were also the ones with the lowest genetic structure between populations
from the two depths, a strongest effect of migration load can thus also limit the evolution of
local adaptation and allelic differences on selected loci (but see Alleaume-Benharira et al.,
(2005)).

The life in different environments can also rely on acclimatization. Until now, the role of local
acclimatization has mostly been highlighted in thermotolerance differences studies in

Cnidaria, probably because of the high plasticity abilities often observed in coral species
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together with the difficulty to demonstrate the impact of genetic adaptation (Haguenauer et
al., 2013). Here, we showed that local adaptation seems to play a role in the observed
thermotolerance differences between individuals separated by only several meters in the red
coral. Local adaptation could lead to different acclimatization abilities between populations as
well. A similar pattern of correlation between gene sequences and thermal environment has
been discovered by Bay & Palumbi (2014) in Acropora hyacinthus, between non
differentiated sites of American Samoa but none of the functions highlighted were detected in
our study. We conducted common garden experiment and transcriptome sequencing of
individuals from two depths of a site in the Marseille region (Pratlong et al., 2015). We
detected several genes differentially expressed and others presenting alleles differentially
fixed between individuals from the two depths, but none of these genes were common with
the present analysis. However, differentially expressed genes may result from acclimatization
differences between individuals linked to epigenetic differences, sequence polymorphisms in
a control region or related to a transcription factor as well as sequence polymorphism in the
coding regions. Without a sequenced genome, we couldn't infer the potential physical
association between outlier loci and genes (i.e. are they inside or near coding or regulatory

regions), unless it is positioned in the coding region, which is rare.



589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

27

Conclusion

To our knowledge, the red coral presented the highest level of differentiation among studies of
local adaptation thought genome scans approaches in marine environment (Araneda et al.,
2016; Bay & Palumbi, 2014; Benestan et al., 2016; Bernardi et al., 2016; Bradbury et al.,
2010; Chu et al., 2014; Guo et al., 2016; Limborg et al., 2012; Milano et al., 2014; Wang et
al., 2013). This study enabled us to empirically emphasize the limitations in the detection and
the interpretation of signals of local adaptation using usual statistical methods in this strongly
structured species. Both neutral an adaptive processes studied here highlighted the genetically
singularity of shallow populations of the red coral, especially in the Marseille region were the
shallowest populations are found. Together, the strong genetic structure we observed between
shallow populations, the low dispersal abilities of the red coral and the local adaptation of
these individuals to the highly variable thermal conditions they experiment raised strong
concerns about the evolution of shallow populations and the possibility of loss of adaptive
variations in case of local extinctions (Garrabou et al., 2001; Garrabou et al., 1998; Garrabou
& Team, 2003; Torrents et al., 2005). From a methological point of view, although the extend
of linkage disequilibrium should be considered in this type of study, it cannot be the only
parameter invoked to decide whether or not to conduct a local adaptation experiment as other
biological and genomic characteristics obviously play a significant role in the complexity of

the analysis (Catchen et al., 2017).
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Figure 1. Principal component analysis (Axes 1 and 2) of A) the 12 red coral populations
(n = 354 individuals, 27 461 SNPs), B) the four red coral populations from Marseille (n = 119
individuals, 27 461 SNPs), C) the four red coral populations from Corsica (n =117
individuals, 27 461 SNPs), D) the four red coral populations from Banyuls (n =118
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1030  Figure 2. Results from Bayesian individual clustering with STRUCTURE for K =2 to K =4.

1031 For K=2 and K =4, all ten replicates produced the same structure. For K =3, the major
1032  mode presented here was the result of 7/10 replicates. Minor modes are presented in Fig. S3.
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1033 Table 1. Characteristics of red coral sampling sites.

1034

Population =~ Geographic Site Depth (m) GPS GPS
region

FIG8 Marseille Marseille South 8 43°12.330'N = 5°26.790'E
MOR40 Marseille Marseille South 40 43°12.060N = 5°27.100E
ELV12 Marseille Marseille North 12 43°19.780N = 5° 14.210'E
MEJ40 Marseille Marseille North 40 43° 19.700'N 5° 13.480'E
BANN20 Banyuls Banyuls North 25 42° 26.890'N 3°10.330'E
BANN40 Banyuls Banyuls North 35 42°26.890N  3°10.330'E
BANS20 Banyuls Banyuls South 26 42°26.390'N = 3°10.790'E
BANS40 Banyuls Banyuls South 36 42°26.390N  3°10.790'E
POR20 Corsica Porto 21 42°16.292'N = 8°41.255'E
POR40 Corsica Porto 33 42°16.292’N = 8°41.255'E
GAL20 Corsica Galeria 26 42°28.210'N 8° 38.950'E
GAL40 Corsica Galeria 36 42°28.210'N = 8°38.950'E

1035 Table 2. Temperatures characteristics of the red coral sampling sites from March 2012 to
1036  October 2014.

1037

41

Standard
Minimum Maximum Mean

Deviation
BANN20 12.22 24.29 17.20 2.63
BANN40 9.41 23.83 14.49 2.45
BANS20 12.22 24.29 17.20 2.63
BANS40 9.41 23.83 14.49 2.45
ELV12 11.81 26.70 16.60 3.24
MEJ40 11.86 22.87 15.29 2.18
FIG8 12.63 26.92 17.03 3.52
MORA40 12.73 23.06 15.40 2.11
GAL20 12.46 25.09 17.13 3.13
GAL40 12.56 23.83 16.26 2.45
POR20 12.51 25.91 17.51 3.41
POR40 12.56 23.83 16.26 2.45




1038 Table 3. Counts of SNP loci after each step of filtering.

Step Number of SNPs Software
After assembly Stacks (Catchen et al., 2013;
138 810
raw data Catchen et al., 2011)

Excluding loci not

in within 86 520 VCFtools (Danecek et al., 2011)
population HWE
MAF 1 % 56 844 VCFtools (Danecek et al., 2011)

One SNPs per
27 461
RAD-tag

1039

1040 Table 4. Measures of Fis and gene diversity of the red coral populations based on 27 461
1041 SNPs.

Population Fis Gene diversity
BANN20 0.018 0.15
BANN40 0.012 0.15
BANS20 0.019 0.15
BANS40 0.065 0.13

ELV12 0.005 0.17
MEJ40 0.053 0.18

FIGS8 0.005 0.18
MOR40 0.036 0.18
GAL20 0.013 0.09
GAL40 0.019 0.13
POR20 0.023 0.13
POR40 0.009 0.15
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Table 5. Pairwise Fsr estimates. All comparisons were highly significant. Intra-region comparisons are highlighted.

BANN20 BANN40 BANS20 BANS40 ELV12 A MEJ40 FIG8 MOR40 | GAL20 |GAL40 |POR20

BANN40 | (.02

BANs20 0.03 0.01
BANs40 (0.03 0.01 0.01

ELV12 0.13 0.13 0.13 0.13

MEJMO (0.11 0.11 0.11 0.11 0.03

FIG8 0.14 0.13 0.13 0.13 0.10 0.08

MOR4 0.11 0.10 0.10 0.10 0.08 0.06 0.05
Garo (0.18 0.17 0.17 0.17 0.24 0.22 024 0.21

GaL4  0.11 0.10 0.10 0.10 0.19 0.16 0.18 0.15 0.10

POR20  0.14 0.13 013 0.13 0.17 0.16 0.17 0.14 0.20 0.13

POR40  0.14 0.13 013 0.13 0.17 0.5 0.17 0.14 0.21 0.14 0.05

Table 6. Percent of the variation explained by grouping populations according to their
geographical region on the analysis of molecular variance (performed with ARLEQUIN).

Source of variation d.f. Percentage of variation
Among groups 2 7.80
Among populations within groups 9 7.07
Within populations 696 85.13
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1048 Figure S1. Location of the sampling sites of the red coral among the three studied
1049 geographical regions.
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1056 Figure S3. Results from Bayesian individual clustering with STRUCTURE for K = 3. The
1057  three figures correspond to major and minor modes detected.
1058

2/10

1/10

QV’@
s
Gy, (10

2,
0@70

04
|
08

0.3
0.6

FST MEJ4O/ELV12
02
|
04

FST GAL40/GAL20
FST BANS40/BANS20
02
|

0.1

02

0.0

0.0

I I [ [ I
00 02 0.4 06 00 0.1 0.2 03 04 05 00 0.1 02 03 04
FST MOR40/FIGS FST POR40/POR20 FST BANN4O/BANN2O
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1060  Table S1. Pairwise Fsr estimates using only putatively neutral SNPs. All comparisons were highly significants. Intra-region comparisons are
1061  highlighted.
BANN20 BANN40 BANS20 BANS40 ELV12 'MEJ40  FIG8 MOR40 GAL20 | GAL40 POR20

BANN40 | 0.02

BANS20 | 0.02 0.01

BANS40 | 0.02 0.01 0.01

ELV12 0.13 0.12 0.12 0.12

MEJ40 0.11 0.10 0.10 0.10 0.03

FIG8 0.13 0.12 0.12 0.12 0.09 0.07

MOR40 0.10 0.10 0.09 0.09 0.07 0.05 0.04

GAL20 0.17 0.16 0.16 0.16 0.23 0.21 0.22 0.20

GALA40 0.11 0.09 0.09 0.09 0.18 0.16 0.18 0.15 0.10

POR20 0.13 0.12 0.12 0.12 0.17 0.15 0.16 0.14 0.17 0.11

POR40 0.13 0.12 0.12 0.12 0.16 0.15 0.16 0.14 0.18 0.12 0.04

1062
1063 Table S2. Pairwise Fsr estimates using only outlier SNPs from the ARLEQUIN analysis. All comparisons were highly significants. Intra-
1064  region comparisons are highlighted.
BANN20 BANN40 BANS20 BANS40 ELV12 MEJ40  FIG8 MOR40 | GAL20 | GAL40 POR20

BANN40 | 0.04

BANS20 | 0.06 0.03

BANS40 | 0.06 0.03 0.02

ELV12 0.19 0.18 0.19 0.18

MEJ40 0.16 0.14 0.15 0.15 0.04

FIG8 0.19 0.17 | 0.18 0.18 0.23 0.19

MOR40 0.14 0.12 0.13 0.13 0.19 0.14 0.08

GAL20 0.27 0.27 0.28 0.27 0.37 0.35 0.36 0.32

GAL40 0.15 0.13 | 0.15 0.13 0.26 0.24 0.26 0.22 0.17

POR20 0.23 0.21 0.21 0.21 0.26 0.22 0.22 0.18 0.41 0.30

POR40 0.24 0.23 0.24 0.23 0.26 0.23 0.23 0.19 0.42 0.31 0.07
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ANNEXE 2 : MISE EN EVIDENCE D’UN DETERMINISME GENETIQUE
DU SEXE CHEZ LE CORAIL ROUGE
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Sexual reproduction is widespread among eukaryotes, and the
sex-determining processes vary greatly among species. While
genetic sex determination (GSD) has been intensively described
in bilaterian species, no example has yet been recorded among
non-bilaterians. However, the quasi-ubiquitous repartition
of GSD among multicellular species suggests that similar
evolutionary forces can promote this system, and that these
forces could occur also in non-bilaterians. Studying sex
determination across the range of Metazoan diversity is
indeed important to understand better the evolution of this
mechanism and its lability. We tested the existence of sex-
linked genes in the gonochoric red coral (Corallium rubrum,
Cnidaria) using restriction site-associated DNA sequencing. We
analysed 27461 single nucleotide polymorphisms (SNPs) in
354 individuals from 12 populations including 53 that were
morphologically sexed. We found a strong association between
the allele frequencies of 472 SNPs and the sex of individuals,
suggesting an XX/XY sex-determination system. This result
was confirmed by the identification of 435 male-specific loci.
An independent test confirmed that the amplification of these
loci enabled us to identify males with absolute certainty. This is
the first demonstration of a GSD system among non-bilaterian
species and a new example of its convergence in multicellular
eukaryotes.

© 2017 The Authors. Published by the Royal Society under the terms of the Creative Commons
Attribution License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted
use, provided the original author and source are credited.
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1. Introduction

Sexual reproduction is ubiquitous among eukaryotes [1], and there is a wealth of literature on the
evolutionary advantages of sex [2]. Although sex is widely shared, the corresponding mechanisms and
the sex-determination systems vary greatly among species [3,4]. In gonochoric species, the sexual identity
of individuals is defined by sex-determination systems, going from purely genetic sex determination
(GSD), to purely environmental sex determination (ESD) where the same genotype can produce both
male and female phenotypes depending on environmental conditions [3]. GSD is observed, for example,
in mammals, where sex chromosomes are present. The echiurian Bonellia viridis gives an example of ESD,
where larvae recruiting on a female will develop into males, but otherwise become female [5]. While GSD
has been intensively studied in bilaterian species, one example has been recorded so far among non-
bilaterians such as Porifera, Cnidaria and Ctenophora [3,4]. However, the quasi-ubiquitous repartition
of GSD among eukaryotes suggests that similar evolutionary forces repeatedly led to the evolution of
GSD, and these forces could occur also in non-bilaterians. This lack of evidence of GSD in non-bilaterians
is probably the consequence of a reduced number of model organisms in these groups, and sometimes
of the difficulty to identify separate sexes. Nevertheless, studying sex determination along the range of
Metazoan diversity is important to understand better the evolution of this mechanism and its lability. For
example, understanding the ancestral state of sex-determination systems in Metazoans requires studying
them in the main branches of the phylogenetic tree.

Cnidarians display various sexual systems, from hermaphrodism (simultaneous or sequential) to
gonochorism, and sexual reproduction can take place at different stages, polyp or medusae [6]. The
corresponding system determinations are poorly known: a few ESD examples have been reported but
no examples of GSD have so far been confirmed among non-bilaterians [6]. A cytogenetic analysis
has shown a clear evidence of potential sex chromosomes in a scleractinian [7] but the role of these
chromosomes in sex determination remains to be studied as this species is hermaphroditic. Gonochorism
is highly predominant in octocorals (89% of the species [8]), even if cases of rapid transition between
gonochorism and hermaphrodism have been demonstrated in the genus Alcyonium [9]. The relative
stability of gonochorism in octocorals makes them interesting models for the study of sex-determination
systems. This could, for example, correspond to an evolutionary trap, which would stabilize a sex-
determination system [4], or, conversely, to a variety of sex-determination systems, but with a selective
pressure for gonochorism.

The red coral (Corallium rubrum) is a long-lived gonochoric octocoral, with an age at first reproduction
of around 7-10 years [10,11]. This harvested species is the object of ecological and population genetic
studies [12,13] for conservation and management purposes. Although hermaphrodite colonies have
been mentioned in the first description of the reproduction of this species [14], it is considered
to be gonochoric. Red coral individuals from the two sexes are morphologically identical at the
macroscopic scale, and the sex can be identified microscopically after dissection only during the
period of gametogenesis (from May to September) [15]. Elucidating the sex-determination factors in
this species would be useful for a better understanding of its biology and of its potential response to
environmental change. It would also widen our knowledge of sex-determination systems in cnidarians.
The identification of GSD may be difficult in groups where cytogenetic analyses are problematic to
implement, as is often the case in non-model species, or when species lack visually heteromorphic sex
chromosomes [16,17]. Thus, our goal here was to test the existence of sex-linked genes in the precious red
coral, with a population genomic approach. We used restriction site-associated DNA sequencing (RAD-
Seq) applied to sexed individuals, as proposed in [6]. Our results point to an XX/XY sex-determination
system in this species, and we developed a polymerase chain reaction (PCR)-based protocol
for sexing.

2. Material and methods
2.1. Sampling and DNA extraction

Corallium rubrum colonies were collected by scuba diving at two depths of two sites in three geographical
regions of the Mediterranean Sea (Marseille, Banyuls, Corsica) between February and August 2013
(electronic supplementary material, figure S1 and table S1). Thirty individuals per site and depth were
collected (360 individuals), preserved in 95% ethanol and stored at —20 °C. To validate our results, 40
additional individuals were collected in one site near Marseille in June 2016 and conserved in both 95%
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ethanol and formaldehyde. Total genomic DNA was extracted according to the protocol of [18], followed
by a purification using Qiagen DNeasy blood and tissue spin columns.

2.2. Morphological sex identification

Samples fixed in 95% ethanol from the Corsica populations were decalcified in 10% EDTA adjusted to a
pH of 7.4 with NaOH for 48 h and dehydrated in graded alcohols, cleared in xylene substitute (Neo-clear
VWR) and embedded in paraffin wax. Sections (7 pm) were cut using a rotary microtome. Sections were
stained using trichrome of Masson variant of Goldner protocols and examined using a Leica DMLB. The
sex of individuals from the Marseille population collected in June 2016 and preserved in formaldehyde
was identified under a dissecting microscope after dissection.

2.3. Restriction site-associated DNA sequencing

Twelve RAD libraries were prepared according to the protocol described in [19], with small modifications
(see the electronic supplementary material, methods). Libraries were sequenced on an Illumina
HiSeq2000 using 100bp single-end reads, at the Biology Institute of Lille (IBL, UMR 8199 CNRS) and
at the MGX sequencing platform in Montpellier (France). The Stacks pipeline [20,21] was used for the
loci de novo assembly and genotyping. We applied several filters to the resulting dataset in order to
filter for poor-quality single nucleotide polymorphisms (SNPs) and artefacts due paralogous sequences
(electronic supplementary material, table S2 and methods).

2.4. |dentification of sex-linked loci

The presence of sex-linked loci, i.e. loci common to the two sex chromosomes but presenting differences
in allele frequencies between sex (figure 1a), was explored by performing a principal component analysis
(PCA) using the package adegenet in R [22,23]. This analysis was performed on the total dataset
(12 populations). The dataset was centred and missing data were replaced by the mean allele frequency
for each locus.

2.5. ldentification of sex-specific loci

We filtered the Stacks catalogue in order to search among morphologically sexed individuals for loci
present in all individuals from one sex (one read or more by individual) and absent in all individuals
from the other sex (no read detected) (i.e. sex-specific loci; figure 1a).

2.6. Real-time polymerase chain reaction

Primers were designed for six putative male-specific sequences using IDT online tool (http://eu.idtdna.
com/Primerquest/Home/Index) (primer sequences in electronic supplementary material, table S3). To
avoid a specific hybridization, we selected loci presenting no blast hit results other than themselves
against the Stacks catalogue. The presence or absence of target genomic sequences was assessed by real-
time PCR on 1ul of the same DNA extracts of the 58 morphologically sexed individuals from Corsica
used for RAD-Seq, and for the 39 supplementary morphologically sexed individuals from Marseille (see
the electronic supplementary material, methods). The difference of amplification between males and
females was tested with a Wilcoxon-Mann-Whitney test in R [23].

3. Results and discussion

3.1. Morphological identification of sex

The sexing of the 58 individuals from four populations in Corsica was undertaken on the basis of gonad
analysis. Among them, 25 males and 28 females were formally identified (hereafter called morphological
males and females). Five individuals were sexually undetermined because of the quality of the tissues, or
due to a sexually immature stage of development. Among the 40 individuals from the sampling of June
2016 in Marseille, we identified 15 males and 24 females (one individual was sexually undetermined).
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Figure 1. (Opposite.) (a) Example of a genetic sex-determination system. Sex-specific markers (blue) are present on the Y chromosomes n
inthe XX/XY system and in the W chromosome in the ZW/ZZ system. Sex-linked markers (green) are common to the two sex chromosomes
but should present differences in allele frequencies between sex because of the recombination arrest (adapted from [15]). (b) Mean allele
frequencies expected in the case of sex-linked markers fixed on the X/Z and on the Y/W chromosomes. For those markers, individuals
of the heterogametic sex (males in the XX/XY system, females in the ZW/ZZ system) should be heterozygous and individuals of the
homogametic sex (females in the XX/XY system, males in the ZW/ZZ system) should be homozygous. (c) Mean allele frequencies of
loci with the highest contribution to the PCA fifth axis observed in PCA-identified males and females. (d,e) Distribution of loci absent in
all morphologically sexed individuals of one sex in morphologically sexed individuals of the opposite sex. (f) Results of the real-time PCR
amplification (threshold cycle Ct) of one male-specificlocus (Locus_139082) on morphologically sexed males and females from the Corsica
populations. The Ct indicates the number of PCR cycles necessary to reach a threshold value; a low Ct value indicates a high amplification
rate from the corresponding sample. Results for the six loci tested were similar (electronic supplementary material, figure S3). () Result
of the real-time PCR amplification (threshold cycle Ct) of one male-specific locus (Locus_139082) on morphologically sexed males and
females from the Marseille population. Results for the six loci tested were similar (electronic supplementary material, figure 54).

3.2. RAD-tag sequencing and quality filtering
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RAD-tag sequencing generated an average of 187421 million reads per library before any quality
filtering. The quality filtering step enabled us to remove an average of 2.02% of reads without a correct
restriction enzyme cut site, an average of 1.69% of reads with ambiguous barcodes and an average of
1.61% of reads with low quality score. An average of 183 + 22 million reads per library (95% of total
reads) were retained (electronic supplementary material, table S4) with an average of 5.7 million reads
per individual. After assembly (see details in electronic supplementary material, methods), 138810
SNPs were successfully genotyped in at least 75% of individuals from all populations (electronic
supplementary material, table S2). Individuals were sequenced with a mean coverage of 37 reads per
individual per locus. Morphologically sexed females presented a mean coverage of 37.9 reads per
individual per locus, and males 45.6 reads per individual per locus. A total of 27 461 SNPs remained
after several steps of filtration (electronic supplementary material, table S2 and methods).

3.3. Identification of sex-linked loci

While the first four principal components of the PCA highlighted neutral population genetic
differences [24], the fifth axis (1.58% of explained variance) separated individuals from all populations
in two clear groups that matched the male/female repartition of morphologically sexed individuals
(figure 2). Only three individuals that were morphologically female appeared among males in the
PCA. From this PCA, we identified potential females and males among individuals for which sex
determination was not performed on the basis of the visible separation in two groups. Considering
this separation, we postulate that the dataset comprised 169 females and 185 males, corresponding to a
balanced sex ratio (p = 0.40, electronic supplementary material, table S5). The sex ratio was balanced also
inside each population, except in ELV12, where it was significantly biased towards male individuals (70%
of males; p =0.03, electronic supplementary material, table S5). There were 472 SNPs with a contribution
to the fifth axis of the PCA higher than 1% (electronic supplementary material, figure S2); these loci
displayed the same allele fixed in almost all morphological females, and were at the heterozygous
state in almost all morphological males. This observation was confirmed with PCA-identified males
and females (figure 1b,c). The genotypes of these 472 SNPs enabled the sexing of 95% of individuals
for the whole dataset. Among these SNPs, when considering only morphologically sexed individuals,
379 SNPs were fixed in all females, 59 were at the heterozygous state in all males (the remaining SNPs
were at the heterozygous state in almost all males). Fifty-five SNPs were in these two categories and
were therefore diagnostic of sex for the morphologically sexed individuals. Identification of such SNPs
that were homozygous in females and heterozygous in males suggested an XX/XY sex-determination
system in the red coral, with a non-recombining XY-like region. Of the SNPs leading the fifth PCA axis,
347 were fixed in all PCA-identified females. However, none of these SNPs was at the heterozygous
state in 100% of PCA-identified males. SNPs that were strictly homozygous in females and heterozygous
in males were found inside each population and geographical region, but none was common to the
three geographical regions. Furthermore, even if we did not observe markers that were heterozygous
in 100% of males, these markers remain at the heterozygous state in the majority of males: 303 of these
472 sex-linked markers were at the heterozygous state in more than 70% of all males. The absence of
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Figure 2. Principal component analysis (axes 1 and 5) of the 12 red coral populations (n =354 individuals, 27 461 SNPs). Colours
correspond to the (a) population of individuals (light blue: BANN20, dark blue: BANN40, dark orange: BANS20, yellow: BANS40, brown:
ELV12, grey: MEJ40, dark green: FIG8, light green: MOR40, red: GAL20, light orange: GAL40, dark purple: POR20, light purple: POR40; see
electronic supplementary material, figure S1and table S1) and (b) sex of individuals determined morphologically (red: females, blue:
males).

markers diagnostic of sex in the overall dataset may indicate that these loci were submitted to a low
but non-null recombination rate, as is the case when sexual chromosomes have recently diverged, or
near the boundary of pseudoautosomal regions, where recombination is more frequent than in fully sex-
linked regions [25,26]. It could also be the result of polymorphism within the restriction sites on the Y
chromosome (i.e. allele dropout) making it impossible to observe the Y allele with RAD-Seq in some
populations [27]. A low rate of mutation, recombination or allele dropout could suffice to make a marker
go from diagnostic (heterozygous in 100% of males) to sex-linked but not diagnostic (heterozygous in
less than 100% of males). For these different reasons, it may be difficult to identify strictly diagnostic
loci common to all populations for such species with a strong genetic structure. Nevertheless, even if
diagnostic markers of sex were not found at the scale of the overall dataset, the multilocus analysis
enabled us to identify clearly males and females. Sex-linked polymorphisms identified by RAD-Seq
have been found in the pistachio (Pistacia vera) and the salmon louse (Lepeophtheirus salmonis), where
authors identified markers being heterozygous in females and homozygous in males, and suggested a
ZW /ZZ system [28,29]. These polymorphisms have also been found in the Atlantic halibut (Hippoglossus
hippoglossus), the Nile tilapia (Oreochromis niloticus) and the date palm (Phoenix dactylifera), where an
XX/XY system was suggested [30-32]. Here, we highlighted a strong signal of sex-linked markers in
our population genomic dataset. Considering the pattern of allele frequencies of these loci, they may be
detected as being under balanced selection, which can easily lead to a misinterpretation of the signal
when these loci are not expected (especially in species whose sex-determining system is unknown).

3.4. |dentification of sex-specific loci

We identified 435 loci present in all 25 morphological males and absent in the 28 morphological
females (figure 1a,d,e). To avoid any bias caused by an eventual misidentification of the sex of the three
misclassified females, these individuals have not been taken into account for this analysis. To confirm
the male specificity of these 435 loci, we targeted six of them in real-time PCR of morphologically
sexed individuals. The six loci could be amplified in 100% of morphologically sexed males. Almost
no amplification signal was observed in 100% of morphologically sexed females (figure 1f; electronic
supplementary material, figure S3; p < 0.01 in all tests, electronic supplementary material, table S6). The
presence of male-specific loci supports our previous hypothesis of a system with male heterogamety
(i.e. XX/XY) [16,17,33]. Finally, in order to confirm that the male-specific markers identified from only
one geographical region were not the result of random divergence between sexes, we applied the
real-time PCR test to the 40 individuals from the additional June 2016 sampling in Marseille. The six
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Figure 3. Plot of the number of male-specific loci possessed by an individual as a function of the individual coordinate on the fifth axis
of the PCA. Morphologically sexed individuals are indicated (red: females, blue: males).

male-specific primer pairs enabled us to amplify 100% of morphologically sexed males by real-time
PCR. Almost no signal was observed in 22 of the morphologically sexed females (figure 1g; electronic
supplementary material, figure S4; p < 0.01 in all tests, electronic supplementary material, table S6). Two
females presented an amplification profile of the six markers similar to that of the males, as was also
the case for three females from Corsica. This confirms that these loci are male-specific, and that they are
conserved between the two distant populations.

3.5. Cross-validation

Finally, as a validation test, we crossed the results obtained by PCA and by sex-specific loci by searching
the presence of the 435 male-specific loci in all 354 individuals (figure 3). Twenty-four per cent of PCA-
identified males possessed all 435 male-specific loci and 80% of the individuals possessed 90% of these
loci. Some of these loci may have been lost during library preparation and sequencing, or due to allele
dropout, thereby explaining their absence in some of the males. Furthermore, the male-specific loci have
been found from 25 individuals, and it is likely that some of them have been detected erroneously if
the pattern of technical missing data for a locus followed by chance the male/female distribution. All of
the 435 male-specific loci were absent in 40% of PCA-identified females, and 97% of PCA-identified
females contained less than 1% of male-specific loci. Figure 3 illustrates the correlation between the
three methods of sex identification presented here (coordinate on the fifth axis of the PCA, number
of male-specific loci and morphological identification). We observed an extremely good correlation
between these three methods, the groups of males and females being well defined in each case. The
three misclassified females identified from the PCA also possessed a high number of male-specific loci,
and seemed to be genetically male. Such incongruence between sex genotype and phenotype may result
from an environmental sexual reversal during sexual differentiation [34], or from the existence of females
with the XY genotype, as already described in several mammals [35]. Finally, four individuals that have
not been sexed morphologically presented female genotypes but between 15 and 65 male-specific loci.
Further analysis is needed to determine the sexual identity of these individuals.

The number of sex-specific markers should depend on the size of the non-recombining region and on
the divergence between X and Y, from a minimal Y-specific region for homomorphic sex chromosomes to
several sex-specific markers in heteromorphic sex chromosomes [33]. The 435 male-specific loci detected
here suggested at least 218 male-specific Pstl sites, which is far higher than the number of sex-specific loci
in other similar studies based on RAD-Seq [17,33,36]. However, considering the specificity of each study
(genome size, frequency of the restriction site and parameters used for the loci assembly), we could not
directly compare the number of sex-linked markers or the number of male-specific markers.
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Finally, the functional annotation of loci in the Stacks catalogue (see the electronic supplementary
material, methods) enabled us to identified a homologue of a double-sex and mab3-related transcription
factor (Dmrt). The Dmrt family of transcription factors is involved in sex determination in numerous
metazoans, and the conservation of this function in cnidarians has recently been shown [37,38]. In our
case, this gene was neither a sex-specific marker nor a sex-linked marker, which remains compatible with
a role in sexual differentiation.

4. Conclusion

In summary, the exploration both of sex-linked polymorphisms and of sex-specific loci enabled us to
identify an XX/XY genetic sex-determination system in the red coral. This is the first time such an
identification has been made for non-bilaterian species, and is a new example of the evolution of GSD
in multicellular organisms [3,39]. As gonochorism is predominant among octocorals [8], they constitute
a promising group for further exploration of GSD among Cnidaria. In hexacorals, the sister-group of
octocorals [40,41], there is apparently a higher diversity of reproduction systems than in octocorals [6].
Extending our study to other anthozoans would be useful in order to test scenarios of evolution of
reproduction systems in this group [6]. Furthermore, our study has shown that signal of GSD, if it is
unexpected, can be misinterpreted in non-model organisms (for example because sex-linked markers
could be detected as being under balanced selection). Our research also emphasizes that population
genomic datasets should be analysed and interpreted by taking into account the possibility of GSD
in non-model organisms. We provide here real-time PCR primers that will enable the identification of
red coral males and females, and that will facilitate the monitoring of the population dynamics of this
emblematic species, which is being increasingly submitted to anthropic pressures such as harvesting and
global change [42-44].
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RESUME

Dans le contexte du réchauffement climatique, les récifs coralliens subissent des stress
thermiques de plus en plus fréquents et intenses. Dans le but de mieux comprendre les
mécanismes de la thermo-tolérance des coraux, j’ai développé une approche intégrative sur
I’holobionte corallien (méta-organisme composé de I'hote corallien, son algue symbiotique et
son microbiote). Pour cela, j'ai réalisé une expérience de stress thermique écologiquement
réaliste sur une espéce de corail, Pocillopora damicornis. Cette espéce étant présente dans
I'ensemble de I'Indo-Pacifique, j’ai pu comparer la réponse de deux populations dont la
thermotolérance est différente puisqu’elles sont soumises a des régimes thermiques contrastés.
J'ai analysé, pour chacune d’entre-elles, la réponse de I'hote corallien (par RNAseq), ainsi que la
structure et les changements au niveau des microbiotes algaux et bactériens (par
métabarcoding). Les résultats obtenus montrent qu'alors que la structure du microbiote n’est
pas influencée par le stress, le corail y répond de facon tres différente selon la population
étudiée. La population issue d'un environnement plus fluctuant met en place une réponse plus
efficace et plus plastique, probablement grace a I'intervention de mécanismes épigénétiques.
Une autre étude réalisée sur différentes populations de P. damicornis dans le cadre de cette
these montre que la composition du microbiote est influencée par le génome de I'héte ainsi que
par le régime thermique. Un des clades de I'algue symbiotique connu pour améliorer la thermo-
tolérance de I'hote corallien semble plus sensible aux basses températures que les autres.

SUMMARY

In the context of global warming, coral reefs are experiencing thermal stresses which are
becoming more frequent and intense. In order to get a better understanding of the mechanisms
of coral thermo-tolerance, I developed an integrative approach on the coral holobiont (meta-
organism composed of the coral host, its symbiotic algae and microbiota). For this, I performed
an ecologically realistic thermal stress experiment on a coral species, Pocillopora damicornis.
This species is widespread in the Indo-Pacific area. I compared the response of two populations
whose thermotolerance is different since they are subjected to contrasting thermal regimes. I
analyzed, for each of them, the response of the coral host (by RNAseq), as well as the structure
and changes in the algal and bacterial microbiota (by metabarcoding). The results show that,
while the structure of the microbiota is not influenced by stress, coral responds very differently
depending on the population studied. The population from a more fluctuating environment
displays a more effective and more plastic response, probably thanks to the involvement of
epigenetic mechanisms. Another study carried out on different populations of P. damicornis
showed that the composition of the microbiota is influenced by the host genome and the thermal
regime. One of the clades of the symbiotic algae, known to improve the heat-tolerance of the
coral host, appears more sensitive to low temperatures than the others.




