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Résumé

Les symbioses ont un réle majeur dans le fonctionnement et I'équilibre des
écosystemes. Dans les océans, qui couvrent prés de 70 % de la surface de la planete, vivent
une multitude d'organismes incapables de lutter contre les courants et la plupart sont
microscopiques, il s'agit du plancton. Les organismes du plancton, comme ceux d'autres
¢cosystémes, entretiennent des symbioses, mais la nature et I'ampleur de ces interactions sont
encore mal connues dans le plancton du fait la petite taille de ces organismes et de la difficulté
d'échantillonnage des écosystémes planctoniques, surtout dans les zones les plus éloignées des
cotes. Les principaux objectifs de cette thése sont de donner un apercu global de la place
occupée par ces symbioses dans le plancton et de proposer des méthodes originales permettant
leur détection. Les travaux présentés dans ce manuscrit s'appuient sur 'analyse des données
générées lors de l'expédition Tara Oceans (2009-2013) pendant laquelle 210 stations
océaniques ont ét¢ échantillonnées a travers le monde. Ils concernent plus précisément le jeu
de données environnemental obtenu grace au séquencage a haut débit (Illumina) de la région
hypervariable V9 (130 nucléotides) de la sous-unité 18S de I'ADN ribosomique des
organismes eucaryotes (metabarcoding). Dans un premier temps, un état des lieux de la
diversité¢ et de la structure des communautés du pico-nano-micro-mesoplancton (0,8-2000
um) eucaryote de la zone photique des océans tempérés a tropicaux est réalisé. Il met en
évidence la place importante occupée par les symbiotes au sein de ces communautés. Ensuite,
I'étude de deux cas de symbiose (Blastodinium-Copépodes et Symbiodinium-Tiarina) montre
les difficultés inhérentes a la détection de couples symbiotiques a partir d’un jeu de données
issue d'études par metabarcoding du plancton (flexibilité de la spécificité des symbioses dans
le plancton), mais aussi la possibilité de distinguer les différentes phases de vie des symbiotes
(libres et symbiotiques) lorsque les échantillons étudiés ont été fractionnés. Enfin, un
ensemble de méthodes est proposé afin d'améliorer l'efficacité de la détection de symbioses
dans le cadre d'études par réseau de cooccurrences des communautés planctoniques. L'analyse
de la distribution des metabarcodes le long des fractions de taille (piconano- (0.8-5 pm),
nano- (5-20 pm), micro- (20-180 pm), et meso-plancton (180-2000 pm)) permet de
différencier ceux provenant d'organismes symbiotiques de ceux d'organismes libres, sans a
priori. De plus la comparaison de 1'abondance de groupes génétiques définis a différents
niveaux de résolution permet de détecter des associations symbiotiques peu spécifiques et

d'apprécier leur niveau de spécificité.
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Introduction

Introduction

Les océans, qui couvrent 70 % de la surface la planéte, constituent le plus grand
¢cosystéme de la planéte. Les organismes les peuplant vivent pour la plupart en suspension
dans la colonne d'eau et sont incapables de lutter contre les courants. Il s’agit du plancton qui
est composé de virus, de bactéries, d'archées et d'eucaryotes (uni et multicellulaires). Les
organismes photosynthétiques du plancton océanique (phytoplancton), regroupant des
bactéries et des eucaryotes unicellulaires (protistes) sont a I'origine de pres de la moitié de la
production globale de dioxygéne et initient la pompe biologique du carbone (Falkowski,
2012). Dans un contexte de changement globaux, 1'é¢tude du plancton, acteur majeur du cycle
global du carbone, revét une importance capitale. Il est en effet impossible d'anticiper les
effets de I'¢1évation de la concentration du dioxyde de carbone atmosphérique sans avoir une

connaissance fine de la structure et de la dynamique de ces écosystémes.

Un écosysteéme, c'est un ensemble d'organismes vivants et de leur environnement
physico-chimique interagissant en tant que systéme. Jusqu'a la naissance du concept de boucle
microbienne (Azam et al., 1983), la vue des écosystemes planctoniques se limitait aux
grandes especes phytoplanctoniques (principalement des dinoflagellés et des diatomées), dont
la croissance est dépendante de la lumiére et des nutriments disponibles et qui servent de
nourriture au zooplancton, principalement des copépodes (Steele, 1974). Depuis, 'é¢tude du
plancton a mis a jour une forte intensité¢ d'interactions dans ces €cosystémes, ou virus,
bactéries, archées, protistes et métazoaires tiennent des roles prépondérants (Worden et al.,
2015). Les protistes, du fait de leur large gamme de taille (4 ordres de grandeur de 102 a 10°
m) et leurs modes de nutrition diversifiés (autotrophie, mixotrophie, hétérotrophie,
symbioses) sont présents a tout les niveaux des écosystemes planctoniques. Le développement
de techniques moléculaires permettant de s'affranchir de la mise en culture des organismes
¢tudiés (clonage, séquencage a haut débit, PCR quantitative) a permis de dévoiler une
immense diversité de protistes du pico- et du nanoplancton aux modes trophiques diversifiés
(Moon-van der Staay et al., 2001; Diez et al., 2001; Lopez-Garcia and Rodriguez-Valera,
2001). Cependant la biogéographie et la distribution des protistes du plancton reste assez peu
connue du fait des difficultés inhérentes a leur étude, organismes microscopiques dans un
environnement gigantesque et difficilement accessible. De plus, les connaissances actuelles de
la diversité des interactions qui s'établissent entre ces protistes (symbiose, prédation,
compétition), généralement acquises suite a la mise en culture de ces organismes, sont encore

plus minces.
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La symbiose chez les protistes planctoniques

La symbiose est une association intime et durable entre deux especes différentes, selon
la définition de Anton de Bary (de Bary, 1879). Elle englobe toutes les associations allant du
parasitisme au mutualisme. Les symbioses (mutualisme, parasitisme et commensalisme)
constituent avec la prédation et la compétition la majorité des interactions entre organismes.
La description, I'analyse et la compréhension de ces interactions biotiques sont indispensables

a 1'é¢tude de la structure et du fonctionnement des écosystemes (Lidicker, 1979).

Dans le cas du parasitisme, un des partenaires (le parasite) tire profit de I'association
aux dépens de l'autre (I'hdte). Le commensalisme caractérise une association dont 1'un des
partenaires tire profit sans que l'autre partenaire ne soit affecté ni positivement ni
négativement. Lorsque les deux partenaires bénéficient de la symbiose, il s'agit de
mutualisme. Il n'existe pas de fronticres strictes entre ces différentes catégories, les symbioses
s'inscrivent plutdt dans un continuum. La nature d'une symbiose entre deux organismes peut
varier au cours du temps, soit du fait d'un changement des paramétres du milieu ou de 1'état

physiologique d'un des partenaires (Johnson et al., 1997; van Ommeren and Whitham, 2002).

Alors que dans les environnements terrestres et aquatiques (benthiques) de nombreux
travaux ont étudié¢ 1'écologie des symbioses au sens large, le role écologique des symbioses
planctoniques marines est relativement peu étudié. Quelques travaux ont cependant souligné
I'importance des photosymbioses dans les cycles biogéochimiques globaux, dont celui du
carbone. Dans les déserts océaniques ou l'acces aux nutriments est limité (zones oligotrophes),
de grands protistes hétérotrophes (Acanthaires, Spumellaires, Collodaires) vivent en
association avec des micro-algues (Haptophytes, Dinoflagellés, Chlorophytes). Cette
association permet a ces méta-organismes de dominer ces environnement trés pauvres ou ils
participent grandement a l'export de carbone vers les environnements profonds (Anderson,
1983; Lampitt et al, 2009). Peu de symbiotes ont ¢été caractérisés a la fois
morphologiquement et génétiquement, empéchant ainsi une bonne compréhension de la
dynamique de ces écosystemes et de leur participation au cycle global du carbone. Les
parasites semblent également tenir un role prépondérant dans le fonctionnement des
écosystémes planctoniques. Alors que les vrais parasites diminuent la valeur sélective de leur
hote comme le parasite de copépodes Blastodinium (Dinoflagell¢) (Skovgaard et al., 2012),

les parasitoides quant a eux peuvent induire d'importantes mortalités chez les populations
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d'hotes. Certaines espéces du genre Amoebophrya (Syndiniales) peuvent avoir un impact
important sur la dynamique des efflorescences de dinoflagellés jusqu'a dans certains cas les

contrecarrer (Chambouvet et al., 2008).
Phototrophie acquise

L'acquisition de la phototrophie par séquestration d'algues endosymbiontiques ou de
leurs plastes est assez répandue parmi les protistes phagotrophes du plancton. La plupart de
ces protistes sont alors capables de combiner hétérotrophie et phototrophie, ils sont alors
mixotrophes. Les protistes mixotrophes, comprenant également les protistes ayant des
chloroplastes permanents et acquérant une partie de leur énergie par phagotrophie, sont une
composante majeure des protistes planctoniques. Leur abondance remet d'ailleurs en question
l'application de la dichotomie phytoplancton-zooplancton, inspirée des €cosystémes terrestres
(dichotomie plantes-animaux) (Flynn et al., 2013), a 1'écologie marine. Cependant, ces
protistes sont encore peu connus, ce qui les rend difficiles a intégrer a des modéles
¢cologiques. Seule une étude approfondie des différents modes de nutrition mixotrophes et de
la biogéographie de ces organismes permettrait de réaliser des modélisations des écosystémes
planctoniques plus proches de la réalit¢ que celles uniquement basées sur la dichotomie

phytoplancton-zooplancton (Davidson, 2014).
Rétention d'organites

La rétention d'organites est un phénomeéne répandu chez les protistes mais est
relativement limitée chez les métazoaires. Ce phénomene est plus fréquent dans les habitats
marins que dans les habitats dulgaquicoles et est plus souvent observé dans les écosystémes
productifs (Stoecker et al, 2009). La rétention d'organites, implique généralement
l'enlévement de plastides grace a une modification du comportement de prédation et est alors
appelée kleptoplastie. Ce mécanisme peut ¢&également impliquer l'assimilation de
mitochondries, du cytoplasme, d'organites du syst¢tme endomembranaires, voir du noyau des
proies (Johnson et al., 2007; Koike and Takishita, 2008). Parmi les protistes, les champions de
la rétention d'organites sont les ciliés et les dinoflagellés, tous deux appartenant aux alvéolés.
L'un des cas de rétention d'organites le plus emblématique est le complexe Cryptophyte -
Myrionecta rubra - Dinophysis spp.. Myrionecta rubra dépend de l'ingestion de cryptophyte
pour survivre. Suite a l'ingestion de proies, le cilié séquestre les plastes mais aussi le

cytoplasme et les mitochondries en les entourant d'une membrane provenant de 1'hdte. L'hote
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séquestre également un noyau permettant de réguler le fonctionnement des plastes.
Dynophysis spp., qui est un dinoflagellé¢ toxique, se nourrit de Myrionecta rubra par
myzocytose. Il récupere alors les plastes de sa proie, a 1'origine provenant de cryptophytes,

pour les séquestrer a son tour (Nowack and Melkonian, 2010).

Endosymbiose

Dans les écosystémes marins planctoniques, alors que la rétention d'organites chez les
protistes est caractéristique des milieux eutrophes, les endosymbioses, pour la plupart
photosynthétiques (on parle alors de photosymbioses), sont quant a elles caractéristiques des
milieux oligotrophes (Stoecker et al., 2009). L'endosymbiose est en général a 1'origine d'une
amélioration de la productivité de 1'écosysteme et d'une meilleure accumulation de la
biomasse algale grace a 1'hote qui fournit une protection contre la prédation et qui permet un
recyclage plus efficace des métabolites (Trench, 1979). Les photosymbioses planctoniques
impliquent généralement de grand protistes phagotrophes (Foraminifeéres et Radiolaires),
hétes de diverses micro-algues tels des dinoflagellés, des haptophytes et des prasinophytes.
Quelques especes de dinoflagellés sont également connues pour étre hotes de micro-algues en
milieu pélagique marin. C'est le cas d'Amphisolenia spp. en symbiose avec des pelagophytes
(Daugbjerg et al., 2013) et Noctiluca scintillans en symbiose avec un prasynophyte
(Pedinomonas noctilucae). Ce dernier grace a son symbiote peut former des efflorescences
méme dans des milieux oligotrophes (Madhu and Jyothibabu, 2012). Afin de maintenir de
telles associations, 1'hdte peut acquérir ses symbiotes par deux mécanismes. Soit par
transmission verticale, c'est a dire que les symbiotes sont transmis a la cellule fille par la
cellule meére lors des divisions mitotiques ou par le biais des gametes, ou alors par
transmission horizontale auquel cas les symbiotes sont directement acquis a partir du milieux
environnant. La transmission horizontale serait le principal mode d'acquisition de symbiotes
dans les écosystémes planctoniques étant donné que de nombreux hotes planctoniques ne
possédent pas de symbiotes au début et a la fin de leur cycle de vie (Shaked and de Vargas,
2006; Decelle et al., 2012). Contrairement aux photosymbioses des habitats benthiques,
comme celles entre les coraux et le dinoflagellé Symbiodinium, dans les habitats pélagiques
oligotrophes, les populations de micro-algues symbiotiques en phase libre sont plus
importantes que celles in hospite, trés probablement pour faciliter la transmission horizontale
dans un milieu ou les chances de rencontre entre organismes sont faibles (Decelle, 2013). Les
pressions de sélection sur les populations de micro-algues seraient donc plus importantes

lorsqu'elles sont en phase libre. Ce qui expliquerait pourquoi la spécificité des
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photosymbioses tend a étre plus faible en milieu planctonique, ou seules quelques especes de
micro-algues ont été décrites en symbiose avec une diversit¢ importante d'hotes (Decelle et

al.,2012; Probert et al., 2014).
Parasitisme

Le parasitisme est considéré comme le mode de consommation le plus fréquent dans la
nature et prés de la moitié des especes sur Terre pourrait étre parasitique (Meels and Renaud,
2002; Windsor, 1998). A 1'échelle des écosystémes, la biomasse de parasites est loin d'étre
négligeable et peut dépasser celle des superpredateurs dans les ecosystémes aquatiques (Kuris
et al., 2008). Alors que d'importants efforts ont été investis dans 1'é¢tude de 1'écologie et de
'évolution des parasitoses du phytoplancton (Kagami et al., 2007; Rasconi et al., 2012) et du
zooplancton (Burns, 1989; Decaestecker et al., 2005) dulgaquicole, assez peu d'études ont
abordé 1'importance écologique du parasitisme dans le plancton marin a 1'échelle des océans.
Pourtant les protistes parasites y sont abondants, diversifiés et y infectent une large gamme
d'hotes (Skovgaard et al., 2012; Jephcott et al., 2016; Scholz et al., 2016). On distingue
généralement les vrais parasites, qui n'induisent pas directement la mort de leur hotes, des
parasitoides qui induisent systématiquement la mort de leur hote pour achever leur cycle de

vie.
Epibiontes

Dans les écosystéemes planctoniques, des protistes sont couramment observés vivant
sur d'autres organismes, généralement des crustacés planctoniques. Il s'agit généralement de
ciliés (Zoothamnium spp., Paracineta spp.) et de diatomées (Pseudohimantidium spp.). La
densité d'épibiontes par hote peut devenir trés importante réduisant ainsi la motilité¢ de ce

dernier. Il est alors plus difficile pour 1'h6te d'échapper a ses prédateurs.
Vrais parasites

Dans le plancton marin, les vrais parasites sont toujours associés a des métazoaires.
Les copépodes qui sont d'important consommateurs de protistes planctoniques (diatomées,
ciliés et dinoflagellés principalement), avec plus de 2500 especes planctoniques marines
(Razouls et al., 2005), représentent un important réservoir d'hdtes pour ces parasites. Ils sont
associés a une diversité¢ élevée de protistes parasites (Ho and Perkins, 1985), principalement

parmis les Alvéolés comme par exemple Blastodinium spp. (dinoflagell¢) (Skovgaard et al.,
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2012), les Ellobiopsidae (Protalveolata) (Walkusz and Rolbiecki, 2007), les ciliés apostomes
(Ohtsuka et al., 2004; Guo et al., 2012) et Cephaloidophora spp. (Apicomplexe) (Gobillard,
1964). Alors que les espéces appartenant au genre Blastodinium ne sont associées qu'avec des
copépodes planctoniques, les autres infectent d'autres crustacés planctoniques comme le krill
(Euphausiacea) mais aussi des crustacés benthiques (Balanus spp.) dans le cas de
Cephaloidophora spp.. Méme si ces parasites n'induisent pas directement la mort de leur héte,
il diminuent la valeur sélective (fitness) de leur hote, généralement en les privant d'une partie
de leur énergie. Certains parasites sont qualifiés de castrateurs, c'est a dire qu'ils empéchent
leur hote de se reproduire. C'est le cas par exemple des femelles copépodes qui, lorsqu'elles

sont infectées par Blastodinium spp., ne peuvent plus produire d’ceufs.

Parasitoides

Les protistes parasitoides sont trés abondants et treés diversifiés dans le plancton. Ils
peuvent étre associés a des métazoaires et a d'autres protistes. Du fait de la vitesse de leur
développement et de leur capacité a produire un nombre important de spores, ces parasites
peuvent étre trés virulents et ont de ce fait un réle trés important dans la régulation des
populations de protistes et de métazoaires planctoniques (principalement les copépodes). En
environnement planctonique cdtier, d'importants efforts ont été investis dans 1'étude de la
diversité et de la dynamique des protistes parasitoides infectant des micro-algues a 1'origine
d'efflorescences toxiques tel Alexandrium spp., Karenia spp. et Dinophysis spp. (Park et al.,
2004). 11 a ainsi ét¢ démontré que Amoebophrya spp. (Syndiniales) et Parvilucifera spp.
(Perkinsea) sont capables d'inhiber les efflorescences de leurs hdtes (Chambouvet et al.,
2008). Des parasites morphologiquement décris comme appartenant au genre Amoebophrya
sont également connus pour infecter d'autres protistes comme des radiolaires et des ciliés
(Cachon, 1964). D'autres especes de syndiniales ont été décrite en milieux planctonique. C'est
le cas par exemple de Syndinium turbo, parasite de copépodes et le genre Euduboscquella,
parasite de ciliés. De récentes analyses de séquences environnementales d'ADN ribosomique
ont permis de dévoiler une importante diversité de ribotypes assignés a des syndiniales, ce qui
suggere un role majeur de ces organismes dans les écosystémes planctoniques a l'instar des

virus (phages) régulant les populations de bactéries.
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Etude du plancton océanique et des symbiotes qui le
composent

Contraintes de I'environnement pélagique

L'une des raisons expliquant une meilleure connaissance des symbioses des
environnements terrestres et cotiers est la relative facilité d'échantillonnage des organismes les
peuplant. Les écosystémes planctoniques océaniques nécessitent des moyens importants pour
étre échantillonnés. Ainsi nous ne disposons généralement que de quelques instantanés de ces
¢cosystémes particuliers ou les organismes sont trés dilués. Ces derniers sont caractérisés par
des taux métaboliques ¢levés et des durées de vie relativement courtes par rapport aux
organismes terrestres. Les cellules phytoplanctoniques vivent quelques jours voir quelques
semaines alors que les plantes terrestres vivent en général plusieurs mois (Smetacek, 2012). Il
est donc relativement difficile dans le plancton d'observer des associations symbiotiques,
durables a 1'échelle des organismes impliqués, mais éphémeres a notre échelle. La petite taille
des organismes du plancton et parfois le manque de caractéres morphologiques permettant
leur identification sont également un frein a l'identification d'associations symbiotiques. Les
symbioses le plus souvent observées dans le plancton impliquent des hdtes de grande taille,
ayant une durée de vie relativement longue et/ou pour lesquels 1'association est obligatoire

(Rhizariens, copépodes).
Barcoding et metabarcoding

Le barcoding moléculaire (DNA barcoding) fut proposé en 2003 comme méthode
permettant 1'identification d'especes (Hebert ef al., 2003). Cette méthode utilise de trés courtes
séquences génétiques d'une partie rigoureusement sélectionnée du génome (barcode) et les
compare a des bases de données de référence afin de définir l'identit¢ de l'organisme
¢chantillonné. La région de géne utilisée comme barcode standard pour presque tous les
animaux est une partie de 648 paires de bases du géne mitochondrial de la cytochrome ¢
oxydase (COI). Chez les plantes, la COI n'évolue pas assez vite et des régions des genes
chloroplastiques de la maturase K (matK) et de la grande unité de la Rubisco (rbcL) sont alors
classiquement utilisés. Avec l'avénement du séquengage a haut débit (454 et Illumina) le
concept de metabarcoding fut formalisé (Taberlet and Coissac, 2012). Cette technique, a la
différence du barcoding classique, vise a séquencer l'ensemble des barcodes d'un échantillon

environnemental et non d'un organisme. Les protistes se caractérisent par une trés importante
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diversité phylogénétique, avec des lignées plus éloignées génétiquement entre elles que les
plantes des animaux. Afin de couvrir I'ensemble des eucaryotes il est nécessaire de définir un
marqueur génétique suffisamment conservé pour étre présent chez tous les eucaryotes et assez
résolutif pour différencier des genres voire des especes. Il doit étre également relativement
court du fait de la faible taille des séquences obtenues par séquencage a haut débit (quelques
centaines de nucléotides). Au début des années 2010, la région V9, une région hypervariable
du gene ribosomique 18S, d'environ 130 nucléotides, est apparue comme un bon compromis
pour étudier par metabarcoding les communautés eucaryotes provenant d'échantillons
environnementaux (Amaral-Zettler et al., 2009). Cet outil utilisable pour des échantillons
anciens et actuels, a révolutionné le champ de 1'écologie, et plus particuliérement les études de
la biodiversité des micro-organismes. En plus de fournir une mesure de la richesse génétique
des communautés étudiées, le metabarcoding permet, grace au nombre de lectures associé a
chaque metabarcode, d'obtenir leur abondance relative. Il est alors possible d'adapter les
techniques d'écologie numérique a ce type de données afin d'en tirer des hypotheses sur la

diversité et la dynamiques des communautés étudiées (Ji et al., 2013).
Détection statistique des associations

Dans le contexte d'une étude de communautés naturelles par metabarcoding, il est
possible, a partir des données d'abondance, de prédire des relations entre organismes en
faisant le postulat que des patrons de distribution fortement non aléatoires sont induits par des
processus €cologiques (Faust and Raes, 2012). Prédire des associations a partir de ce principe
est relativement aisé : quand deux especes (ou entités génétiques) sont distribuées de manicre
similaire parmi différents échantillons, que leurs abondances sont positivement corrélées, il
s'agit d'une association positive ; lorsque les distributions sont anti-corrélées, on parle
d'association négative. Il est cependant difficile de faire le lien entre ces deux types
d'association statistiques et les processus écologiques a leur origine. On peut cependant
présumer, sans trop de risque de se tromper, que deux organismes en symbiose, c'est a dire
formant une association intime et durable, devraient former une association statistiquement
positive. Il semble cependant difficile de capturer des associations entre des parasitoides et
leurs hotes de cette maniere car ils produisent un nombre considérable de propagules et leur
association est relativement courte dans le temps. Ils peuvent donc étre trés abondants sous
forme de propagules sans qu'il n'y ait d'hotes a infecter. La comparaison des patrons

d'abondance des entités génétiques issus d'études par metabarcoding apparait, malgré ses
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limites actuelles, comme étant une voie prometteuse pour la détection de nouvelles
symbioses, en s'affranchissant d'une partie des contraintes de temps et d'argent inhérentes a
I'étude des communautés planctoniques océaniques. Cependant ces techniques ne suffisent pas
a elles seules a décrire de nouvelles symbioses. La description de nouvelles symbioses entre
micro-organismes doit passer systématiquement par une observation directe du phénomeéne au
microscope. Il est donc trés important, lorsque 1'on souhaite détecter de nouvelles symbioses a
partir de données de metabarcoding, de disposer en parall¢le d'échantillons biologiques fixés.
La validation morpho-génétique d'une association statistique peut alors étre exécutée
rapidement en concentrant l'isolement et le séquencage des organismes correspondant a
l'assignation taxinomique des metabarcodes corrélés dans I'échantillon ou ces metabarcodes

sont les plus abondants.
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Matériel et objectifs

Le sujet de la thése présentée dans ce manuscrit est 1'étude de 1'écologie des symbioses
eucaryotes des écosystemes planctoniques de la zone photique des océans. Ce vaste sujet a pu
étre abordé grace aux données générées lors de l'expédition 7ara Oceans (2009-2012) pendant
laquelle 210 stations océaniques ont été échantillonnées a travers le monde. Les analyses ont
¢été réalisées a partir des données obtenues a la suite du séquengage a haut débit (Illumina) de
la région hypervariable V9 (~130 nucléotides) de la sous-unité 18S de I'ADN ribosomique des
organismes eucaryotes (metabarcoding). Ce court fragment d'ADN, également appelé
metabarcode, a été séquencé a partir d'échantillons fractionnés par tailles d'organismes
couvrant la majorité des protistes du plancton, c'est a dire le piconano, le nano, le micro et le
meso-plancton correspondant respectivement aux gammes de taille 0.8-5, 5-20, 20-180 et
180-2000 um. Les échantillons proviennent pour la plupart de deux profondeurs, la surface et
la DCM (Deep Chlorophyll Maximum), cette derniére étant la profondeur, apres la surface, a
laquelle la concentration de chlorophylle est maximale. Quelques échantillons proviennent de
la zone mésopélagique des océans, mais leur analyse ne sera pas abordée dans ce manuscrit.
Pour chaque échantillon, le séquencage a haut débit a été réalisé de telle sorte qu'environ deux

millions de lectures de metabarcodes (fragment V9) soient obtenues.

Il est communément accepté de partitionner les metabarcodes en groupes
génétiquement homogenes (Blaxter et al.,, 2005; Caron et al., 2009) appelés OTUs
(Operational Taxonomic Units) pour mesurer la diversit¢ des organismes étudiés. Ce
partitionnement est nécessaire car plusieurs metabarcodes peuvent étre associés a une seule
espece du fait de leur variabilité naturelle et des erreurs générées lors du séquencage a haut
débit. Les metabarcodes eucaryotes de l'expédition 7ara Oceans ont été partitionnés en
utilisant 1'approche originale Swarm (Mahé ef al., 2014). Alors que les méthodes classiques de
partitionnement génétique utilisent généralement un seuil global de partitionnement (global
clustering threshold), incompatible avec la variabilité¢ de la vitesse d'évolution des différentes
lignées du vivant, Swarm assemble les OTUs itérativement en utilisant un seuil local de
partitionnement jusqu'a atteindre leurs limites naturelles. Le nombre de copies du géne codant
pour 1'ARN ribosomique 18S dans le génome n'est pas le méme dans toutes les especes
eucaryotes. Il est donc difficile de relier le nombre de lectures d'un metabarcode ou d'une

OTU a un nombre d'individus, d'autant plus que chez les métazoaires le nombre de cellules
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constituant un individu est variable. Cependant nous avons observé qu'il existe une relation
linéaire entre le nombre de copies de ce geéne et le volume des cellules des organismes (de
Vargas et al. 2015a). Le nombre de lectures d'un metabarcode est donc un indicateur du
volume biologique (biovolume) de l'organisme associé. Par commodité, dans ce manuscrit, le

terme abondance est utilisé pour faire référence au nombre de lectures.

Les travaux présentés dans les deux premiers chapitres de la thése se basent sur
l'analyse d'un jeu de données partiel, correspondant au séquengage de 334 échantillons
provenant de 47 stations et rendu public lors de la publication des deux articles présentés dans
le premier chapitre. Les deux articles en préparation, présentés dans le dernier chapitre de

thése, reposent sur l'analyse du méme jeu de données étendu a 903 échantillons (126 stations).

Le DNA metabarcoding est une méthode majeure nous permettant d'appréhender la
complexité des écosystemes marins planctoniques. J'ai cherché pendant ma thése a identifier
des moyens permettant d'étudier spécifiquement la diversité et I'abondance des symbioses
eucaryotes des écosystémes marins planctoniques a partir de données de metabarcoding. J'ai
dans un premier temps participé a la réalisation de deux articles publiés dans la revue Science
dans le cadre d'un numéro spécial consacré a la présentation des premieres données acquises
suite a l'expédition 7ara Oceans (2009-2012). Le premier article, « Eukaryotic plankton
diversity in the sunlit ocean » décrit la diversité et la biogéographie des eucaryotes du
plancton (0.8-2000 pm) des océans tempérés a tropicaux et le second article, « Determinants
of community structure in the global plankton interactome », décris la structure globale
des communautés planctoniques des océans a partir d'un réseau de cooccurrences
(interactome) intégrant eucaryotes, procaryotes, virus et paramétres abiotiques. Ma
participation a ces deux articles, présentés dans le chapitre I de ce présent manuscrit, a
particuliérement concerné I'¢tude des symbiotes eucaryotes, parasites et mutualistes, et de

leurs hotes.

J'ai ensuite étudi¢ 1'écologie de la symbiose parasitique entre les dinoflagellés
appartenant au genre Blastodinium et leurs hotes, les copépodes planctoniques : « Size-
fractionated global DNA metabarcoding reveals ecological significance of the planktonic
dinoflagellate parasite Blastodinium in sunlit oceans. ». En plus d'étre la premicre étude
concernant I'écologie de cette symbiose a 1'échelle des océans, ce travail a permis de mettre en
¢vidence le fait que le cycle de vie des symbiotes expliquerait une distribution particuliére des

lectures des metabarcodes associés au travers des échantillons fractionnés par tailles
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d'organismes. J'ai eu l'occasion de participer a 1'é¢tude d'un cas de mutualisme entre le cilié
Tiarina sp. et la microalgue Symbiodinium sp.. Ces travaux ont été réalisés dans le cadre du
stage de Master 2 de Solenn Mordret et publiés dans la revue The ISME Journal :
« Symbiodinium in endosymbiosis within the ciliate Ziarina ». 11 s'agit du premier cas de
mutualisme décrit entre un protiste planctonique et le genre Symbiodinium. Chacun des deux
partenaires de l'association est représenté par plusieurs fragments V9 différents ayant chacun
une biogéographie distincte. Ces deux cas d'é¢tude, présentés dans le chapitre I1, montre que
des caractéristiques des symbioses tel le cycle de vie particulier des symbiotes et la spécificité

d'interaction peuvent étre capturés par le metabarcoding.

Enfin, j'ai cherché a développer des méthodes, complémentaires a l'inférence de
réseaux de cooccurrences, dédi€es a la détection de symbioses et de leur niveau de spécificité.
J'ai ainsi développé un filtre basé sur la distribution des lectures des metabarcodes parmi les
fractions de taille étudiées et permettant de distinguer les metabarcodes provenant
d'organismes symbiotiques de ceux provenant d'organismes non symbiotiques. J'ai également
mis au point une méthode permettant de partitionner génétiquement les metabarcodes en
groupes génétiques imbriqués définis a différents niveaux de résolution. Ces méthodes ont été
utilisées pour la préparation de deux articles, le premier visant a les valider et a identifier de
nouveaux cas de photosymbioses dans le plancton, « Unveiling photosymbiotic associations
across phylogenetic gradients in world-wide marine plankton based on massive
eukaryotic rDNA metabarcoding ». Dans le second article, les abondances des
metabarcodes assignés a des groupes taxinomiques parasitiques sont comparées a celle d'hotes
potentiels afin de mettre en avant la diversité des interactions parasitiques dans le plancton,
« Parasites diversity and abundance in the Tara Oceans metabarcoding dataset
challenge classic views on marine plankton ecology ». Ces deux articles en préparation sont

présentés dans le chapitre III de ce manuscrit.
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Chapitre I

Chapitre 1

Diversité et structure des communautés planctoniques
eucaryotes de la zone photique des oceans

N. Le Bescot & C. de Vargas
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Dans ce chapitre, un état des lieux de la diversité et de la structure des communautés
du pico-nano-micro-meso-plancton (0,8-2000 um) eucaryote de la zone photique des océans
tempérés a tropicaux a été réalisé. Ensuite une méthode de détection des interactions biotiques
a large échelle est appliquée, nous permettant ainsi de valider le concept de détection de
symbioses par metabarcoding. Afin de mieux estimer la place des interactions symbiotiques
au sein de communautés planctoniques des océans, j'ai mené un important travail
bibliographique aboutissant a la constitution d'une liste des associations symbiotiques décrites
dans le plancton impliquant des protistes comme symbiotes (non hotes) et 1'assignation
fonctionnelle de la base de références taxinomiques V9 PR2 utilisée pour 1'assignation des
metabarcodes de 7ara Oceans. Cette base de références découle de 'extraction des fragments
V9 de la base de références de génes 18S PR2 (Guillou et al., 2013) a laquelle des
modifications concernant la taxinomie associée aux séquences ont été apportées. La liste
d'interactions provenant de la littérature regroupe 574 symbioses dont 408 (71 %) sont
parasitiques. Chaque association est répertoriée au maximum de résolution taxinomique et ou
génétique possible. Pour certaines interactions, la résolution taxinomique maximale retrouvée
de 1'un des deux partenaires est la classe (par exemple Dinophyceae ou Pelagophyceae) alors
que dans d'autres cas la résolution atteinte est intraspécifique et la séquence 18S
correspondant au partenaire est reportée. Il y a 168 interactions différentes lorsque 1'on
considére les deux partenaires au niveau du genre et dans ce cas, les interactions pour
lesquelles le genre de 1'un des deux partenaires n'est pas connu ne sont pas prises en compte.
Lorsque 1'on représente cette liste d'interactions sous la forme d'un réseau ou chaque nceud
correspond a une espece et chaque arréte a une association symbiotique, on peut observer la

présence de deux grandes communautés (Figure 1).
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Dinoflagellés
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Figure 1: Réseau des associations symbiotiques entre eucaryotes du plancton marin décrites
dans la littérature. Pour chaque association, au moins un des deux partenaires est un protiste.
Chaque nceud en noir correspond a une espéce et chaque arréte correspond a une association
symbiotique, parasitique en rouge ou mutualiste en vert. Les deux encarts sont les deux plus
grandes communautés de ce réseau. Dans la premiére, les hotes sont exclusivement des
métazoaires et dans la seconde les hotes sont, a I'exception de deux noeuds, des dinoflagellés.

L'une regroupe des métazoaires et leurs parasites eucaryotes et l'autre des dinoflagellés
et leurs parasitoides. Il semblerait que les précédents travaux concernant les symbioses se sont
principalement concentrés sur 1'étude de ces groupes et que les autres cas ont été répertoriés
plus anecdotiquement. L'assignation fonctionnelle de la base de références taxinomiques a été
réalisée de la fagon suivante. Chaque séquence de référence hérite de trois caractéres
fonctionnels au regard de 'organisme qui lui est associé. Ces caractéres sont la présence ou
non chez l'organisme de chloroplastes permanents, la capacité de celui-ci a former des
symbioses en tant que parasite, mutualiste ou commensal et la capacit¢ de I'organisme a
héberger a l'intérieur de ses cellules des organismes photosynthétiques dont il exploite les
produits de la photosynthese. L'assignation de ces deux derniéres catégories a été grandement
facilitée par la liste d'interactions symbiotiques présentée précédemment. La combinaison de
ces trois caracteres a permis de définir des fonctions trophiques pour chacune des séquences

de référence.
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Le premier article de ce chapitre, « Eukaryotic plankton diversity in the sunlit
ocean » illustre a partir des données de metabarcoding de l'expédition 7ara Oceans les
patrons de diversité des eucaryotes du pico-nano-micro-mesoplancton a 1'échelle des océans
tempérés a tropicaux. Il décrit également le processus expérimental et informatique ayant
abouti a la production de ces données. Les échantillons étudiés ici proviennent de 47 stations
de la zone photique des océans, et ont €té collectés a deux profondeurs différentes, la surface
et la Deep Chlorophyll Maximum (DCM) c'est a dire la profondeur a laquelle la concentration
de chlorophylle est maximale. Ces échantillons ont ét¢ fractionnés en 4 gammes de taille
d'organismes, 0,8-5, 5-20, 20-180 et 180-2000 um. Des courbes de raréfaction représentant la
détection de nouvelles OTUs en fonction du nombre de lectures générées ont été calculées par
¢chantillon, par fraction ainsi que pour l'ensemble des échantillons. Leur analyse montre que
globalement un séquengage plus profond ne nous aurait pas permis de découvrir beaucoup
d'OTUs supplémentaires. Considérant notre effort de séquengage, le séquencage de 100,000
lectures supplémentaires ne produit plus qu'une OTU supplémentaire pour I'ensemble du jeu
de données. Le constat est similaire lorsque 1'on considére les courbes construites pour chaque
fraction de taille, méme si l'on constate qu'il resterait un nombre plus important d'OTUs a
découvrir dans le piconano-plancton ou la diversité est la plus importante. Moins de 1 % des
OTUs détectées sont identiques a une séquence de référence et la majorité (85 %) est assignée
a des lignées de protistes. Ceci suggere qu'un nombre trés important d'especes de protiste reste
a décrire formellement et que le nombre d'especes de protiste du plancton serait trés loin des
~11 200 especes décrites jusque la. Il faut garder a l'esprit que toutes les espéces décrites ne
disposent pas nécessairement de séquences de référence et que certaines de ces dernieres
correspondent a des lignées environnementales, il est donc délicat de faire le lien entre le
nombre d'OTUs détectées et un nombre d'especes. Parmi les 85 lignées eucaryotes identifiées
dans les données de metabarcoding, onze ont été caractérisées de « hyperdiversifiées », c'est a
dire qu'elles contiennent plus de 1000 OTUs. Sept de ces lignées contiennent des especes
parasites et deux d'entre elles seraient exclusivement composées d'especes parasites, il s'agit
des Marine Alveolates I et II (MALV I et MALV II) toutes deux appartenant aux syndiniales.
L'assignation fonctionnelle des OTUs nous permet d'explorer les modes trophiques de 1'océan,
et de montrer que les protistes hétérotrophes, dont les parasites, tiennent une place importante

dans les écosystémes planctoniques tant en terme de diversité que d'abondance.

Dans le second article de ce chapitre, «Determinants of community structure in the

global plankton interactome », la structure globale des communautés planctoniques des
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océans est étudiée a partir d'un réseau de cooccurrences global (interactome). Cet interactome
a été produit a partir des abondances provenant de différents types de données suivant le type
d'organisme considéré (virus, procaryotes ou eucaryotes) mais aussi des mesures physico-
chimiques réalisées lors de I'expédition 7ara Oceans. Les données concernant les virus sont
obtenues par partitionnement de contigs metagénomiques, les données bactériennes par
extraction des séquences d'ARN 16S présentes a l'intérieur de contigs metagénomiques
(mitags), et les données eucaryotes par metabarcoding (V9) correspondent a celles décrites
dans le premier article. Différents réseaux de cooccurrences (23) ont été inférés séparément
pour deux profondeurs (surface et DCM), quatre fractions de taille (0,8-5, >0,8, 20-180 et
180-2000 um) et leurs combinaisons, la fraction de taille procaryote (0,2-1,6 et 0,2-3 um) et
ses combinaisons avec chaque fraction de taille eucaryote et de virus (<0,2 um). Ces réseaux
ont été construits comme dans (Faust er al., 2012), les abondances ont été comparées en
utilisant deux mesures de dissimilarité, le rho de Spearman (p) et la divergence de Kullback-
Leibler, les p-values ont été calculées par permutation, renormalisation et bootstrapping,
unifiées grace a la méthode de Brown (Brown, 1975) et corrigées pour des tests multiples par
la méthode de Benjamini-Hochberg (Benjamini & Hochberg, 1995). Ces réseaux ont été
ensuite assemblés en un réseau global, appelé interactome. L'étude de l'interactome montre
que la structure des communautés planctoniques est peu influencée par I'environnement
abiotique et qu'elles seraient donc expliquées par les associations entretenues entre les
organismes les constituant. Les associations entre eucaryotes dominent l'interactome (67 % de
I'ensemble des associations) et parmi celles-ci, 35 % impliquent des parasites. La liste
d'interactions symbiotiques constituée a partir de la littérature et présentée précédemment a
¢été utilisée comme étalon pour estimer la propension de ce type de réseau a détecter des
associations symbiotiques. Au niveau du genre, 42% des interactions présentes dans cette liste
ont été¢ retrouvées. Parmi les interactions prédites par ce réseau, une association entre un
metabarcode assigné au genre Tetraselmis (microalgue chlorophyte) et un metabarcode
assigné au genre Symsagittifera (acoel), a particuliérement retenu notre attention car elle
rappelle la symbiose mutualiste entre cette microalgue et Symsagittifera roscoffensis,
observée en milieu benthique. Cette association a été validée expérimentalement par
microscopie confocale et séquencage de la région V9 a partir d'individus isolés des
¢chantillons biologiques de l'expédition 7ara Oceans ou les metabarcodes correspondants
étaient les plus abondants. Cet article met donc en évidence la possibilité, a partir d'un réseau

de cooccurrences, de retrouver des interactions symbiotiques malgré leur complexité et, en
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retournant aux échantillons biologiques, de les valider grice a une caractérisation

morphogénétique des deux partenaires.
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Eukaryotic plankton diversity in the sunlit ocean
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Abstract

Marine plankton support global biological and geochemical processes. Surveys of

their biodiversity have hitherto been geographically restricted and have not accounted for the
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full range of plankton size. We assessed eukaryotic diversity from 334 size-fractionated
photic-zone plankton communities collected across tropical and temperate oceans during the
circum-global 7ara Oceans expedition. We analysed 18S rDNA sequences across the
intermediate plankton size spectrum from the smallest unicellular eukaryotes (protists,
>(0.8um) to small animals of a few millimeters. Eukaryotic ribosomal diversity saturated at
~150,000 Operational Taxonomic Units (OTUs), about one third of which could not be
assigned to known eukaryotic groups. Diversity emerged at all taxonomic levels, both within
the groups comprising the ~11,200 catalogued morphospecies of eukaryotic plankton, and
amongst twice as many other deep-branching lineages of unappreciated importance in
plankton ecology studies. Most eukaryotic plankton biodiversity belonged to heterotrophic

protistan groups, particularly those known to be parasites or symbiotic hosts.
Introduction

The sunlit surface layer of the world’s oceans functions as a giant biogeochemical
membrane between the atmosphere and the ocean interior (/). This biome includes plankton
communities that fix CO, and other elements into biological matter, which then enters the
food web. This biological matter can be remineralized or exported to the deeper ocean, where
it may be sequestered over ecological to geological time scales. Study of this biome has
typically focused on either conspicuous phyto- or zoo-plankton at the larger end of the
organismal size spectrum, or "microbes" (prokaryotes and viruses) at the smaller end. Here,
we studied the taxonomic and ecological diversity of the intermediate size spectrum (from
0.8um to a few mm), which includes all unicellular eukaryotes (protists) and ranges from the
smallest protistan cells to small animals (2). The ecological biodiversity of marine planktonic
protists has been analyzed using Sanger (e.g. (3-3))and high-throughput (e.g. (6-7))
sequencing of mainly ribosomal DNA (rDNA) gene markers, on relatively small taxonomic
and/or geographical scales, unveiling key new groups of phagotrophs (&), parasites (9), and
phototrophs (/0). We sequenced 18S rDNA metabarcodes up to local and global saturations
from size-fractionated plankton communities sampled systematically across the world tropical

and temperate sunlit oceans.
A global metabarcoding approach

To explore patterns of photic-zone eukaryotic plankton biodiversity, we generated

~766 million raw rDNA sequence reads from 334 plankton samples collected during the
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circum-global 7ara Oceans expedition (/7). At each of 47 stations, plankton communities
were sampled at two water-column depths corresponding to the main hydrographic structures
of the photic zone: subsurface mixed-layer waters and the Deep Chlorophyll Maximum
(DCM) at the top of the thermocline. A low-shear, non-intrusive peristaltic pump and plankton
nets of various mesh-sizes were used on board 7ara to sample and concentrate appropriate
volumes of seawater to theoretically recover complete local eukaryotic biodiversity from four
major organismal size fractions: piconano-plankton (0.8-5um), nano-plankton (5-20um),
micro-plankton (20-180pm), and meso-plankton (180-2000um) (see (/2) for detailed Tara

Oceans field sampling strategy and protocols).

We extracted total DNA from all samples, PCR amplified the hyper-variable V9 region
of the nuclear gene that encodes 18S rRNA (/3), and generated an average of 1.73+0.65
million sequence reads (paired-end I//lumina) per sample (/7). Strict bioinformatic quality
control led to a final dataset of 580 million reads, of which ~2.3 million were distinct,
hereafter denoted metabarcodes. We then clustered metabarcodes into biologically meaningful
OTUs (/4), and assigned a eukaryotic taxonomic path to all metabarcodes and OTUs by
global similarity analysis with 77,449 reference, Sanger-sequenced V9 rDNA barcodes
covering the known diversity of eukaryotes and assembled into an in-house database called
V9 PR2 (15). Beyond taxonomic assignation, we inferred basic trophic and symbiotic
ecological modes (photo- versus hetero-trophy; parasitism, commensalism, mutualism for
both hosts and symbionts) to 7ara Oceans reads and OTUs, based on their genetic affiliation
to large, monophyletic and monofunctional groups of reference barcodes. We finally inferred
large-scale ecological patterns of eukaryotic biodiversity across geography, taxonomy, and
organismal size-fractions based on rDNA abundance data and community similarity analyses,

and compared them to current knowledge extracted from the literature.

The extent of eukaryotic plankton diversity in the photic-zone of the world

ocean

Sequencing of ~1.7 million V9 rDNA reads from each of the 334 size-fractionated
plankton samples was sufficient to approach saturation of eukaryotic richness at both local
and global scales (Fig. 1A,B). Local richness represented on average 9.7+4% of global
richness, the latter approaching saturation at ~2 million eukaryotic metabarcodes or ~110,000
OTUs (16). The global pool of OTUs displayed a good fit to the truncated Preston log-normal

distribution (/7), which, by extrapolation, suggests a total photic-zone eukaryotic plankton
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richness of ~150,000 OTUs, of which ~40,000 were not found in our survey (Fig. 1C). Thus
we estimate that our survey unveiled ~75% of eukaryotic ribosomal diversity in the globally
distributed water masses analyzed. The extrapolated ~150,000 total OTUs is much higher than
the ~11,200 formally described species of marine eukaryotic plankton (see below), and likely
represents a highly conservative, lower boundary estimate of the true number of eukaryotic
species in this biome given the relatively limited taxonomic resolution power of the 18S
rDNA gene. Our data indicate that eukaryotic taxonomic diversity is higher in smaller
organismal size fractions, with a peak in the piconano-plankton (Fig. 1A), highlighting the
richness of tiny organisms that are poorly characterized in terms of morpho-taxonomy and
physiology (18). A first-order, super-group level classification of all 7ara Oceans OTUs
demonstrated the prevalence, at the biome scale and across the >4 orders of size-magnitude
sampled, of protist rDNA biodiversity with respect to that of classical multicellular
eukaryotes, i.e., animals, plants, and fungi (Fig. 2A). Protists accounted for >85% of total
eukaryotic ribosomal diversity, a ratio that may well hold true for other marine, freshwater,
and terrestrial oxygenic ecosystems (/9). The latest estimates of total marine eukaryotic
biodiversity based on statistical extrapolations from classical taxonomic knowledge predict
the existence of 0.5 to 2.2 million species (including all benthic and planktonic systems from
reefs to deep-sea vents (20, 21), but do not take into account the protistan knowledge gap
highlighted here. Simple application of our ‘animal to other eukaryotes’ ratio of ~13% to the
robust prediction of the total number of metazoan species from (20) would imply that 16.5
million and 60 million eukaryotic species potentially inhabit the oceans and the Earth,

respectively.
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Fig. 1: Photic-zone eukaryotic plankton ribosomal diversity. (A) V9 rDNA OTUs rarefaction
curves and overall diversity (Shannon index, inset) for each plankton organismal size fraction.
Proximity to saturation is indicated by weak slopes at the end of each rarefaction curve (e.g.
1.2/100,000 means 1.2 novel metabarcodes obtained every 100,000 rDNA reads sequenced). (B)
Saturation slope versus number of V9 rDNA reads for all of the 334 samples (dots) analyzed herein; a
slope of 0.02 indicates that 2 novel barcodes can be recovered if 100 new reads are sequenced.
Samples are colored according to size-fraction. (C) Global OTU-abundance distribution and fit to the
Preston log-normal model. Most OTUs in our dataset were represented by 3 to 16 reads, while fewer
OTUs presented less or more abundances. Quasi-Poisson fit to octaves (red curve) and maximized
likelihood to log2 abundances (blue curve) approximations were used to fit the OTU-abundance
distribution to the Preston log-normal model. Overall, the global (A) and local (B) saturation values
indicate that our extensive sampling effort -in terms of spatio-temporal coverage and sequencing
depth- uncovered the majority of eukaryotic ribosomal diversity within the photic layer of the world
tropical to temperate oceans. Calculation of the Preston Veil, which infers the number of OTUs that we
missed (or were veiled) during our sampling (~40,000), confirmed that we captured most of protistan
richness, thus allowing extraction of holistic and general patterns of eukaryotic plankton biodiversity
from our dataset.
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Phylogenetic breakdown of photic-zone eukaryotic biodiversity

About one third of eukaryotic ribosomal diversity in our dataset did not match any
reference barcode in the extensive V9 PR2 database (‘unassigned’ category in Fig. 2A). This
unassignable diversity represented only a small proportion (2.6%) of total reads, and
increased in both richness and abundance in smaller organismal size fractions, suggesting that
it may correspond in part to rare and minute taxa that have escaped previous characterization.
Some may also correspond to divergent rDNA pseudogenes, known to exist in eukaryotes
(22, 23), or sequencing artefacts (24), although both of these would be expected to be present
in equal proportion in all size-fractions (details in (/6)). The remaining ~87,000 assignable
OTUs were classified into 97 deep-branching lineages covering the full spectrum of
catalogued eukaryotic diversity amongst the 7 recognized super-groups and multiple incertae
sedis lineages (/5) whose origins go back to the primary radiation of eukaryotic life in the
Neo-Proterozoic. Although highly represented in the V9 PR2 reference database, several
well-known lineages adapted to terrestrial, marine benthic, or anaerobic habitats (e.g.
Embryophyta, apicomplexan and trypanosome parasites of land plants and animals,
amoeboflagellate Breviatea, several lineages of Amoebozoa, Excavata and Cercozoa) were
not detected in our metabarcoding dataset, suggesting the absence of contamination during the
PCR and sequencing steps on land, and reducing the number of deep branches of eukaryotic

plankton to 85 (Fig. 3).
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Fig. 2: Unknown and known components of eukaryotic plankton biodiversity. (A) Phylogenetic
breakdown of the entire metabarcoding dataset at the eukaryotic supergroup level. All Tara Oceans V9
rDNA reads and OTUs were classified amongst the 7 recognized eukaryotic supergroups plus the
known but unclassified deep-branching lineages (incertae sedis). The treemaps display the relative
abundance (upper part) and richness (lower part) of the different eukaryotic supergroups in each
organismal size fraction. Note that ~5% of barcodes were assigned to prokaryotes, essentially in the
pico-nano fraction, witnessing the universality of the eukaryotic primers used. Barcodes are
"unassigned" when sequence similarity to a reference sequence is <80%, and "undetermined" when
eukaryotic supergroups could not be discriminated (at similarity >80%). (B) Ribosomal DNA diversity
associated with the morphologically known and catalogued part of eukaryotic plankton. The total
number of morphologically described species in the literature (red bars, based on (25-27)) and the
corresponding total number of Tara Oceans V9 rDNA OTUs (blue bars) are indicated for each of the
35 classical lineages of eukaryotic phyto-, protozoo-, and metazoo- plankton. The 5 classical groups
that were found to be significantly more diverse than previously thought (from 38 to 113-fold more
OTUs than morphospecies) are highlighted. Note that in the classical, morphological view, phyto- and
metazoo-plankton comprise ~88% of total eukaryotic plankton diversity.
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We then extracted the metabarcodes assigned to morphologically well-known
planktonic eukaryotic taxa from our dataset, and compared them with the conventional, 150
year-old morphological view of marine eukaryotic plankton that includes ~11,200 catalogued
species divided into three broad categories: ~4,350 species of phytoplankton (microalgae),
~1,350 species of protozooplankton (relatively large, often biomineralized, heterotrophic
protists) and ~5,500 species of metazooplankton (holoplanktonic animals) (25-27). A
congruent picture of the distribution of morpho-genetic diversity amongst and within these
organismal categories emerged from our dataset (Fig. 2B), but typically 3 to 8 times more
rDNA OTUs were found than described morphospecies in the best-known lineages within
these categories. This is within the range of the number of cryptic species typically detected in
globally-distributed pelagic taxa using molecular data (28, 29). The general congruency
between genetic and morphological data in the catalogued compartment of eukaryotic
plankton suggests that the protocols used, from plankton sampling to DNA sequencing,
recovered the known eukaryotic biodiversity without significant qualitative or quantitative
biases. However, OTUs related to morphologically described taxa represented only a minor
part of the total eukaryotic plankton ribosomal and phylogenetic diversity. Overall, <1% of
OTUs were strictly identical to reference sequences, and OTUs were on average only ~86%
similar to any V9 reference sequence (Fig. 3F and (/6)). This shows that most photic-zone
eukaryotic plankton V9 rDNA diversity had not been previously sequenced from cultured
strains, single-cell isolates, or even environmental clone library surveys. The Tara Oceans
metabarcode dataset added considerable phylogenetic information to previous protistan rDNA
knowledge, with an estimated mean tree length increase of 453%, reaching >100% in 43
lineages (/6). Even in the best-referenced groups such as the diatoms (1,232 reference
sequences, Fig. 3B), we identified many new rDNA sequences both within known groups and

forming new clades (/6).
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Fig. 3: Phylogenetic distribution of the assignable component of eukaryotic plankton ribosomal
diversity. (A) Schematic phylogeny of the 85 deep-branching eukaryotic lineages represented in our
global-oceans metabarcoding dataset, with broad ecological traits based on current knowledge: red =
parasitic; green = photoautotrophic; blue = osmo/saprotrophic; black = mostly hetero/phagotrophic
lineages. Lineages known only from environmental sequence data were colored in black by default.
For simplicity, 3 branches (*) artificially group a few distinct lineages (details in (/5). (B) Number of
reference V9 rDNA barcodes used to annotate the metabarcoding dataset (grey = with known
taxonomy at the genus and/or species level; light blue = from previous 18S rDNA environmental clone
libraries). (C) Tara Oceans V9 rDNA OTU richness; the dark-blue thicker bars indicate the 11 hyper-
diverse lineages containing >1,000 OTUs. Yellow circles highlight the 25 lineages that have been
recognized as significant in previous marine plankton biodiversity and ecology studies using
morphological and/or molecular data (see also (/5)). (D) Eukaryotic plankton abundance expressed as
numbers of TDNA reads (the red bars indicate the 9 most abundant lineages with >5 million reads). (E)
Proportion of rDNA reads per organismal size fraction, with light blue = piconano-; green = nano-;
yellow = micro-; red = meso-plankton. (F) Percentage of reads and OTUs with [80-85%], [85-90%],
[90-95%], [95-<100%], [100%] sequence similarity to a reference sequence. (G) Slope of OTU
rarefaction curves. (H) Mean geographic occupancy (average number of stations in which OTUs were
observed, weighted by OTU abundance).
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Fig. 4: llustration of key eukaryotic plankton lineages. (A) Stramenopila; a phototrophic diatom
Chaetoceros bulbosus, with its chloroplasts in red (scale bar 10um). (B) Alveolata; a heterotrophic
dinoflagellate Dinophysis caudata harboring kleptoplasts (in red, arrow head, scale bar 20um (75)).
(C) Rhizaria; an acantharian Lithoptera sp. with endosymbiotic haptophyte cells from the genus
Phaeocystis (in red, arrow head, scale bar 50um (417)). (D) Rhizaria; inside a colonial network of
Collodaria, a cell surrounded by several captive dinoflagellate symbionts of the genus
Brandtodinium (arrow head, scale bar 50um (33)). (E) Opisthokonta; a copepod whose gut is
colonized by the parasitic dinoflagellate Blastodinium (red area are nuclei, arrow head, scale bar
100pm (57)). (F) Alveolata; a cross-sectioned, dinoflagellate cell infected by the parasitoid
alveolate Amoebophrya (MALV II). Each blue spot (arrow head) is the nucleus of future free-living
dinospores; their flagella are visible in green inside the mastigocoel cavity (arrow) (scale bar Sum).
The cellular membranes were stained with DiOC6 (green), DNA and nuclei with Hoechst (blue)
(the dinoflagellate theca in B was also stained by this dye), chlorophyll autofluorescence is shown
in red (excepted for E), an unspecific fluorescent painting of the cell surface (cyan) was used to
reveal cell shape for A and F. All specimens come from 7ara Oceans samples preserved for confocal
laser scanning fluorescent microscopy. Images were 3D reconstructed with Imaris (Bitplane).
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Eleven ‘hyper-diverse’ lineages each contained >1,000 OTUs, together representing
~88% and ~90% of all OTUs and reads, respectively (Fig. 3C). Amongst these, the only
permanently phototrophic taxa were diatoms (Fig. 4A) and about a third of dinoflagellates
(Fig. 4B-F), together comprising ~15% and ~13% of hyper-diverse OTUs and reads,
respectively (30). Most hyper-diverse photic-zone plankton belonged to three super-groups,
the Alveolata, Rhizaria, and Excavata, about which we have limited biological or ecological
information. The Alveolata, which consist mostly of parasitic (MALVs, Fig. 4F) and
phagotrophic (ciliates and most dinoflagellates) taxa, were by far the most diverse super-
group, comprising ~42% of all assignable OTUs. The Rhizaria are a group of amoeboid
heterotrophic protists with active pseudopods displaying a broad spectrum of ecological
behavior from phagotrophy to parasitism and mutualism (symbioses) (3/). Rhizarian diversity
peaked in the Retaria (Fig. 4C, D), a subgroup including giant protists that build complex
skeletons of silicate (Polycystinea), strontium sulfate (Acantharia, Fig. 4C), or calcium
carbonate (Foraminifera), and thus comprise key microfossils for paleoceanography.
Unsuspected rDNA diversity was recorded within the Collodaria (5,636 OTUs), polycystines
which are mostly colonial, poorly silicified or naked, and live in obligatory symbiosis with
photosynthetic dinoflagellates (Fig. 4D) (32, 33). Arguably the most surprising component of
novel biodiversity was the >12,300 OTUs related to reference sequences of diplonemids, an
excavate lineage that has only two described genera of flagellate grazers, one of which
parasitizes diatoms and crustaceans (34, 35). Their ribosomal diversity was not only much
higher than that observed in classical plankton groups such as foraminifers, ciliates, or
diatoms (50-fold, 6-fold, and 3.8-fold higher, respectively), but was also far from richness
saturation (Fig. 3E). Eukaryotic tDNA diversity peaked especially in the few lineages that
extend across larger size fractions (i.e. metazoans, rhizarians, dinoflagellates, ciliates,
diatoms; Fig. 3E). Larger cells or colonies not only provide protection against predation via
size-mediated avoidance and/or construction of composite skeletons, but also support for
complex and coevolving relationships with often specialized parasites or mutualistic

symbionts.

Beyond this hyper-diverse, largely heterotrophic eukaryotic majority, our dataset also
highlighted phylogenetic diversity of poorly known phagotrophic (e.g., 413 OTUs of
Katablepharidophyta, 240 OTUs of Telonemia), osmotrophic (e.g., 410 OTUs of Ascomycota,
322 OTUs of Labyrinthulea), and parasitic (e.g., 384 OTUs of gregarine apicomplexans, 160
OTUs of Ascetosporea, 68 OTUs of Ichthyosporea) protist groups. Amongst the 85 major
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lineages presented in the phylogenetic framework of Fig. 3, less than a third (~25) have been
recognized as significant in previous marine plankton biodiversity and ecology studies using
morphological and/or molecular data (Fig. 3C and (/5)). The remaining ~60 branches had
either never been observed in marine plankton, or were detected through morphological
description of one or a few species and/or the presence of environmental sequences in
geographically restricted clone library surveys (/5). This understudied diversity represents
~25% of all taxonomically assignable OTUs (>21,500) and covers broad taxonomic and
geographic scales, thus representing a wealth of new actors to integrate into future plankton

systems biology studies.
Insights into photic-zone eukaryotic plankton ecology

Functional annotation of taxonomically-assigned V9 rDNA metabarcodes was used as
a first attempt to explore ecological patterns of eukaryotic diversity across broad spatial scales
and organismal size-fractions, focusing on fundamental trophic modes (photo- vs. hetero-
trophy) and symbiotic interactions (parasitism to mutualism). Heterotroph (protists and
metazoans) V9 rDNA metabarcodes were significantly more diverse (63%) and abundant
(62%) than phototroph metabarcodes that represented <20% of OTUs and reads across all
size-fractions and geographic sites, with an increasing heterotroph to phototroph ratio in the
micro- and meso-plankton (Fig. 5A, confirmed in 17 non-size-fractionated samples (30)).
These results challenge the classical, morphological view of plankton diversity, biased by a
terrestrial ecology approach, whereby phyto- and metazoo-plankton (the plant/animal
paradigm) are thought to comprise ~88% of eukaryotic plankton diversity (Fig. 2B) and
heterotrophic protists are typically reduced in food web modeling to a single entity, often

idealized as ciliate grazers.
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An unsuspected richness and abundance of metabarcodes assigned to monophyletic
groups of heterotrophic protists that cannot survive without endosymbiotic microalgae was
found in larger size fractions (‘photosymbiotic hosts’ in Fig. 5SA). Their abundance and even
diversity were sometimes greater than those of all metazoan metabarcodes, including those
from copepods. Most of these cosmopolitan photosymbiotic hosts were found within the
hyper-diverse radiolarians Acantharia (1,043 OTUs) and Collodaria (5,636 OTUs, Figs. 3, 4B
and 5D), which have often been overlooked in traditional morphological surveys of plankton-
net collected material because of their delicate gelatinous and/or easily dissolved structures,
but are known to be very abundant from microscope-based and in situ imaging studies(36-38).
All 95 known colonial collodarian species described since the 19th century (39) harbour
intracellular symbiotic microalgae and these key players for plankton ecology are protistan
analogues of photosymbiotic corals in tropical coastal reef ecosystems with no equivalent in
terrestrial ecology. In addition to their contribution to total primary production (36, 38), these
diverse, biologically complex, often biomineralized, and relatively long-lived giant
mixotrophic protists stabilize carbon in larger size fractions and likely increase its flux to the
ocean interior (38). Conversely, the microalgae that are known obligate intracellular partners
in open-ocean photosymbioses (33, 40-42) (Fig. 5B) were neither very diverse nor highly
abundant, and occurred evenly across organismal size fractions (Fig. 5C). However, their
relative contribution was greatest in the meso-plankton category (10%) (Fig. 5C), where the
known photosymbionts of pelagic rhizarians were found (together with their hosts Fig. 5B).
The stable and systematic abundance of photosymbiotic microalgae across size fractions (a
pattern not shown by non-photosymbiotic microalgae, see (30)) suggests that pelagic
photosymbionts maintain free-living and potentially actively growing populations in the
piconano- and nano-plankton, representing an accessible pool for recruitment by their
heterotrophic hosts. This appears to contrast with photosymbioses in coral reefs and terrestrial
systems where symbiotic microalgal populations mainly occur within their multicellular hosts

(43).
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Fig. 6: Community structuring of eukaryotic plankton across temperate and tropical sunlit
oceans. (A) Grouping of local communities according to taxonomic compositional similarity (Bray-
Curtis distances) using Non-linear Multi-Dimensional Scaling. Each symbol represents one sample
or eukaryotic community, corresponding to a particular depth (shape) and organismal size fraction
(color). (B) Same as in A., but the different plankton organismal size-fractions were analyzed
independently and communities are distinguished by depth (shape) and ocean basins’ origin (color).
An increasing geographic community differentiation along increasing organismal size-fractions is
visible and confirmed by Mantel test (p-value = 10-3, Rm=0.36, 0.49, 0.50, 0.51 for the highest,
piconano- to meso-plankton correlations in Mantel correlograms; see also (54)). In addition,
samples from the piconano-plankton only were discriminated by depth (Surface vs. DCM; p-
value=0.001, r2 =0.2). The higher diversity and abundance of eukaryotic phototrophs in this

fraction (Fig. 5A) may explain overall community structuring by light, and thus depth.
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On the other end of the spectrum of biological interactions, rDNA metabarcodes
affiliated to groups of known parasites were ~90 times more diverse than photosymbionts in
the piconano-plankton, where they represented ~59% of total heterotrophic protistan
ribosomal richness, and ~53% of abundance (Fig. 4; Fig. 5C), although this latter value may
be inflated by a hypothetically higher rDNA copy number in some marine alveolate lineages
(18). Parasites in this size fraction were mostly (89% of diversity and 88% of abundance,
across all stations) within the MALV-I and II Syndiniales (30), which are known exclusively
as parasitoid species that kill their host and release hundreds of small (2 to 10 pm), non-
phagotrophic, dinospores (44, 9) that survive for only a few days in the water column (45).
Abundant parasite-assigned metabarcodes in small size fractions (Fig. 5B, C) suggest the
existence of a large and diverse pool of free-living parasites in photic-zone piconano-
plankton, mirroring phage ecology (46), and reflecting the extreme diversity and abundance
of their known hosts, essentially radiolarians, ciliates, and dinoflagellates (Fig. 3) (9, 47-49).
Contrasting with the pattern observed for metabarcodes affiliated to purely phagotrophic taxa,
the relative abundance and richness of putative parasite metabarcodes decreased in the nano-
and micro-planktonic size fractions, but increased again in the meso-plankton (Fig. 5C),
where parasites are most likely in their infectious stage within larger-sized host organisms.
This putative in hospite parasites richness, equivalent to only 23% of that in the piconano-
plankton, consisted mostly of a variety of alveolate taxa known to infect crustaceans: MALV-
IV such as Haematodinium and Syndinium, dinoflagellates such as Blastodinium (Fig. 4E),
and apicomplexan gregarines, mainly Cephaloidophoroidea (Fig. 5B) (9, 50, 51). This pattern
contrasts with terrestrial systems where most parasites live within their hosts, and are
typically transmitted either vertically or through vectors since they generally do not survive
outside their hosts (52). In the pelagic realm, free-living parasitic spores, like phages, are
protected from dessication, dispersed by water diffusion, and are apparently massively

produced, which likely increases horizontal transmission rate.
Community structuring of photic-zone eukaryotic plankton

Clustering of communities by their compositional similarity revealed the primary
influence of organism size (p-value = 107, r* = 0.73) on community structuring, with
piconano-plankton displaying stronger cohesiveness than larger organismal size fractions
(Fig. 6A). Filtered size fraction-specific communities separated by thousands of kilometers

were more similar in composition than they were to communities from other size fractions at
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the same location. This was emphasized by the fact that ~36% of all OTUs were restricted to a
single size category (53). Further analyses within each organismal size fraction indicated that
geography plays a role in community structuring, with samples being partially structured
according to basin of origin, a pattern that was stronger in larger organismal size fractions (p-
value=0.001 in all cases, r* = 0.255 for piconano-plankton, 0.371 for nano-plankton, 0.473 for
micro-plankton and 0.570 for meso-plankton) (Fig. 6B). Mantel correlograms comparing
Bray-Curtis community similarity to geographic distances between all samples indicated
significant positive correlations in all organismal size-fractions over the first ~6,000 km, the
correlation breaking down at larger geographic distances (54). This positive correlation
between community dissimilarity and geographic distance, expected under neutral
biodiversity dynamics (55), challenges the classical niche model for photic-zone eukaryotic
plankton biogeography (56). The significantly stronger community differentiation by ocean
basin in larger organismal size fractions (Fig. 6B) suggests increasing dispersal limitation
from piconano- to nano-, micro-, and meso-plankton. Thus, larger-sized eukaryotic plankton
communities, containing the highest abundance and diversity of metazoans (Fig. 2A and Fig.
5B), were spatially more heterogeneous in terms of both taxonomic (Fig. 6) and functional
(Fig. 5A) composition and abundance. The complex life-cycle and behaviors of
metazooplankton, including temporal reproductive and growth cycles and vertical migrations,
together with putative rapid adaptive evolution processes to mesoscale oceanographic features
(57), may explain the stronger geographic differentiation of meso-planktonic communities. By
contrast, eukaryotic communities in the piconano-plankton were richer (Fig. 1A) and more
homogeneous in taxonomic composition (Fig. 6), representing a stable compartment across

the world’s oceans (58).

Even though protistan communities were diverse, the proportions of abundant (>1%)
and rare (<0.01%) OTUs were more or less constant across communities, as has been
observed in coastal waters (6). Only 2 to 17 OTUs (i.e. 0.2 to 8% of total OTUs per and
across sample) dominated each community (54), suggesting that a small proportion of
eukaryotic taxa are key for local plankton ecosystem function. On a worldwide scale, an
occurrence vs. abundance analysis of all ~110,000 7ara Oceans OTUs revealed the hyper-
dominance of cosmopolitan taxa (Fig. 7A). The 381 (0.35% of the total) cosmopolitan OTUs
represented ~68% of the total number of reads in the dataset. Of these, 269 (71%) OTUs had
>100,000 reads and accounted for nearly half (48%) of all rDNA reads (Fig. 7A), a pattern

reminiscent of hyper-dominance in the largest forest ecosystem on Earth, where only 227 tree
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species out of an estimated total of 16,000 account for half of all trees in Amazonia (59). The
cosmopolitan OTUs belonged mainly (314 of 381) to the 11 hyper-diverse eukaryotic
planktonic lineages (Fig. 3C), and were essentially phagotrophic (40%) or parasitic (21%),
with relatively few (15%) phytoplanktonic taxa (54), 25% of the cosmopolitan OTUs, which
represent organisms that are likely amongst the most abundant eukaryotes on Earth, had poor
identity (<95%) to reference taxa, and 11 of these OTUs could not even by affiliated to any
available reference sequence (Fig. 7B and (54)).
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Fig. 7: Cosmopolitanism and abundance of eukaryotic marine plankton. (A)
Occurrence/Abundance (x/y axis) plot including the ~110,000 Tara Oceans V9 tDNA OTUs.
OTUs are colored according to their identity with reference sequence, and a fitted curve
indicates the median OTU size value for each OTU geographic occurrence value. The red
rectangle encloses the cosmopolitan and hyper-dominant (>105 reads) OTUs. (B) Similarity
to reference barcode and taxonomic purity (a measure of taxonomic assignment consistency
defined as the % of reads within an OTU assigned to the same taxon; see (13)) of the 381
cosmopolitan OTUs, along their abundance (y axis).
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Conclusions and perspectives

We used rDNA sequence data to explore the taxonomic and ecological structure of
total eukaryotic plankton from the photic oceanic biome, and integrated these data with
existing morphological knowledge. We found that eukaryotic plankton are more diverse than
previously thought, especially heterotrophic protists which may display a wide range of
trophic modes (60) and include an unsuspected diversity of parasites and photosymbiotic taxa.
Dominance of unicellular heterotrophs in plankton ecosystems likely emerged at the dawn of
the radiation of eukaryotic cells, together with arguably their most important innovation:
phagocytosis. The onset of eukaryophagy in the Neoproterozoic (61/) likely led to adaptive
radiation in heterotrophic eukaryotes through specialization of trophic modes and symbioses,
opening novel serial biotic ecological niches. The extensive co-diversification of relatively
large heterotrophic eukaryotes and their associated parasites supports the idea that biotic
interactions, rather than competition for resources and space (62), are the primary forces
driving organismal diversification in marine plankton systems. Based on rDNA, heterotrophic
protists may be even more diverse than prokaryotes in the planktonic ecosystem (63). Given
that organisms in highly diverse and abundant groups such as the alveolates and rhizarians
can have genomes more complex than those of humans (64), eukaryotic plankton may contain
a vast reservoir unknown marine planktonic genes (65). Insights are developing into how
heterotrophic protists contribute to a multi-layered and integrated ecosystem. The protistan
parasites and mutualistic symbionts increase connectivity and complexity of pelagic food
webs (66, 67) while contributing to the carbon quota of their larger, longer-lived, often
biomineralized, symbiotic hosts, which themselves contribute to carbon export when they die.
Decoding the ecological and evolutionary rules governing plankton diversity remains
essential for understanding how the critical ocean biomes contribute to the functioning of the

Earth system.

Materials & Methods

V9-18S rDNA for eukaryotic metabarcoding

We used universal eukaryotic primers (68) to PCR amplify (25 cycles in triplicate) the
V9-18S rDNA genes from all 7ara Oceans samples. This barcode presents a combination of
advantages for addressing general questions of eukaryotic biodiversity over extensive

taxonomic and ecological scales: (i) it is universally conserved in length (130+4bp) and
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simple in secondary structure, thus allowing relatively unbiased PCR amplification across
eukaryotic lineages followed by /llumina sequencing, (ii) it includes both stable and highly-
variable nucleotide positions over evolutionary time frames, allowing discrimination of taxa
over a significant phylogenetic depth, (iii) it is extensively represented in public reference
databases across the eukaryotic tree of life, allowing taxonomic assignment amongst all

known eukaryotic lineages (/3).

Biodiversity analyses

Our bioinformatic pipeline included quality-check (phred score filtering, elimination
of reads without perfect forward and reverse primers, chimera removal) and conservative
filtering (removal of metabarcodes present in less than 3 reads and 2 distinct samples). The
~2.3 million metabarcodes (distinct reads) were clustered using an agglomerative,
unsupervised single-linkage clustering algorithm, allowing OTUs to reach their natural limits
while avoiding arbitrary global clustering thresholds (/3, 14). This clustering limited
overestimation of biodiversity due to errors in PCR amplification or DNA sequencing as well
as intragenomic polymorphism of rDNA gene copies (/3). Tara Oceans metabarcodes and
OTUs were taxonomically assigned by comparison to the 77,449 reference barcodes included
in our V9 PR2 database (/5). This database derives from the Protist Ribosomal Reference
(PR2) database (69) but focuses on the V9 region of the gene and includes the following re-
organizations: (i) extension of the number of ranks for groups with finer taxonomy (e.g.
animals), (i7) expert curation of the taxonomy and re-naming in novel environmental groups
and dinoflagellates, (iii) resolution of all taxonomic conflicts and inclusion of environmental
sequences only if they provide additional phylogenetic information, (iv) annotation of basic
trophic/symbiotic modes for all reference barcodes assigned to the genus level (see (53) and
(15) for details). The V9 PR?2 reference barcodes represent 24,435 species and 13,432 genera
from all known major lineages of the tree of eukaryotic life (/5). Metabarcodes with >80%
identity to a reference V9 rDNA barcode were considered assignable. Below this threshold it
is not possible to discriminate between eukaryotic supergroups given the short length of V9
rDNA sequences and the relatively fast rate accumulation of substitution mutations in the
DNA. In addition to assignment at the finest-possible taxonomic resolution, all assignable
metabarcodes were classified into a reference taxonomic framework consisting of 97 major
monophyletic groups comprising all known high-rank eukaryotic diversity. This framework,
primarily based on a synthesis of protistan biodiversity (/9), also included all key, but still

unnamed planktonic clades revealed by previous environmental rDNA clone library surveys
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(70) (e.g. MALV ‘marine alveolates’, MAST ‘marine stramenopiles’, MOCH ‘marine
ochrophytes’, RAD ‘radiolarians’ (/5). Details of molecular and bioinformatics methods are
available on a companion web site at http://taraoceans.sb-roscoff.fr/EukDiv/ (53).We
compiled our data into two databases including the taxonomy, abundance, and size-

fraction/biogeography information associated to each metabarcode and OTU (71).

Ecological inferences

From our 7ara Oceans metabarcoding dataset, we inferred patterns of eukaryotic
plankton functional ecology. Based on a literature survey, all reference barcodes assigned to at
least the genus level that recruited 7ara Oceans metabarcodes were associated to basic trophic
and symbiotic modes of the organism they come from (/5), and used for a taxo-functional
annotation of our entire metabarcoding dataset with the same set of rules used for taxonomic
assignation (53). False positive were minimized by (i) assigning ecological modes to all
individual reference barcodes in V9 PR2, (ii) inferring ecological modes to metabarcodes
related to mono-modal reference barcode(s) (otherwise transfer them to a ‘NA - non
applicable’ category), and (iii) exploring broad and complex trophic and symbiotic modes that
involve fundamental reorganization of the cell structure and metabolism, emerged relatively
rarely in the evolutionary history of eukaryotes, and most often concern all known species
within monophyletic and ancient groups (see (/5) for details). In case of photo- versus hetero-
trophy, >75% of the major, deep-branching eukaryotic lineages considered (Fig. 3) are ‘mono-
modal’ and recruit ~87% and ~69% of all Tara Oceans V9 rDNA reads and OTUs,
respectively. For parasitism, ~91% of Tara Oceans metabarcodes are falling within
monophyletic and major groups containing exclusively parasitic species (essentially within
the major MALVs groups). Although biases could arise in functional annotation of
metabarcodes relatively distant from reference barcodes in the few complex poly-modal
groups (e.g. the dinoflagellates that can be phototrophic, heterotrophic, parasitic, or
photosymbiotic), a conservative analysis of the trophic and symbiotic ecological patterns
presented in Fig. 3, using a >99% assignation threshold, shows that these are stable across
organismal size fractions and space independently of the similarity cutoff (80% or 99%),

demonstrating their robustness across evolutionary times (30).

Note that rDNA gene copy number varies from one to thousands in single eukaryotic
genomes (72, 73), precluding direct translation of rDNA read number into abundance of

individual organisms. However, the number of rDNA copies per genome correlates positively
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to the size (73) and particularly to the biovolume (72) of the eukaryotic cell it represents. We
compiled published data from the last ca. 20 years, confirming the positive correlation
between eukaryotic cell size and rDNA copy number across a wide taxonomic and organismal
size range (see (74), note however the ~1 order of magnitude of cell size variation for a given
of tDNA copy number. To verify whether our molecular ecology protocol preserved this
empirical correlation, light microscopy counts of phytoplankton belonging to different
eukaryotic supergroups (coccolithophores, diatoms, dinoflagellates) were performed from 9
Tara Oceans stations from the Indian, Atlantic, and Southern Oceans, transformed into
biomass and biovolume data and then compared with the relative number of V9 rDNA reads
found for the identified taxa in the same samples (74). Results confirmed the correlation
between biovolume and V9 rDNA abundance data (r*=0.97, p-value=1.e-16;), although we

cannot rule out the possibility that some eukaryotic taxa may not follow the general trend.
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Abstract

Species interaction networks are shaped by abiotic and biotic factors. Here, as part of
the Tara Oceans project, we studied the photic zone interactome using environmental factors
and organismal abundance profiles. We found associations across plankton functional types
and phylogenetic groups to be non-randomly distributed on the network. We identified

interactions among grazers, primary producers, viruses and (mainly parasitic) symbionts, and
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validated network-generated hypotheses using microscopy to confirm symbiotic relationships.
We have thus provided a resource to support further research on ocean food webs and

development of ocean models.

Introduction

The structure of oceanic ecosystems results from the complex interplay between
resident organisms and their environment. In the world’s largest ecosystem, oceanic plankton
(composed of viruses, prokaryotes, microbial eukaryotes, phytoplankton and zooplankton)
form trophic and symbiotic interaction networks (/-4) that are influenced by environmental
conditions. Ecosystem structure and composition are governed by abiotic as well as biotic
factors. The former include environmental conditions and nutrient availability (5), while the
latter include grazing, pathogenicity and parasitism (6, 7). Historically, abiotic factors have
been considered to have a stronger effect, but recently appreciation for biotic factors is
growing (8, 9). We sought to develop a quantitative understanding of biotic and abiotic
interactions in natural systems where the organisms are taxonomically and trophically diverse
(10). We used sequencing technologies to profile communities across trophic levels,
organismal sizes, and geographic ranges, and to predict organismal interactions across biomes
based on co-occurrence patterns (/7). Previous efforts addressing these issues have provided

insights on the structure (/2, /3) and dynamics of microbial communities (/4-16).

Here we analyze data from 313 plankton samples the 7ara Oceans expedition (/7)
derived from 7 size-fractions covering collectively 68 stations at 2 depths across 8 oceanic
provinces (Table S1). The plankton samples spanned sizes that include organisms from
viruses to small metazoans. We derived viral, prokaryotic and eukaryotic abundance profiles
from clusters of metagenomic contigs, mitags and 18S rDNA V9 sequences, respectively (10,
18, 19) (Table S1) and collected environmental data from on-site and satellite measurements
(17, 20, 21). We used network inference methods and machine learning techniques to
disentangle biotic and abiotic signals shaping ocean plankton communities, and to construct
an interactome that described the network of interactions among photic zone plankton groups.
We used the interactome to focus on specific relationships, which we validated by

microscopic analysis of symbiont pairs and in silico analysis of phage-host pairings.
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Evaluating the effect of abiotic and biotic factors on community structure

We first re-assessed the effects of environment and geography on community
structure. Using variation partitioning (22) we found that on average, the percentage of
variation in community composition explained by environment alone was 18%, by
environment combined with geography 13%, and by geography alone only 3% (23, 24). In
addition, we built random forest-based models (25) to predict abundance profiles of the
Operational Taxonomic Units (OTU) using a) OTUs alone, b) environmental variables alone,
c) OTUs and environmental variables combined, and tested for each OTU whether one of the
three approaches outcompeted the other (see Methods). These analyses revealed that 95% of
the OTU-only models are more accurate in predicting OTU abundances than environmental
variable models, while combined models were no better than the OTU-only models (26, 27).
This suggests that abiotic factors have a more limited effect on community structure than

previously assumed (8).

To study the role of biotic interactions, we developed a method to identify robust
species associations in the context of environmental conditions. Twenty-three taxon-taxon and
taxon-environment co-occurrence networks were constructed based on 9,292 taxa,
representing the combinations of two depths, seven organismal size ranges and four
organismal domains (Bacteria, Archaea, Eukarya, viruses) (28). To reduce noise and thus false
positive predictions, we restricted our analysis to taxa present in at least 20% of the samples
and used conservative statistical cutoffs (see Methods). We merged the individual networks
into a global network, which features a total of 127,995 unique edges, of which 92,633 are
taxon-taxon edges and 35,362 are taxon-environment edges (Table 1). Node degree does not
depend on the abundance of the node (28). As such this network represents a resource to

examine species associations in the global oceans (28-31).

Table 1. Properties of the merged taxon network. The positive subset of the network was clustered
with the leading eigen vector algorithm (91).

. Number of
- . Average Modularity -
Positive edges Negative H Average . Average e modulesin
Nodes Edges © edges clustgr_mg path length Diameter betweenness of positive positive
coefficient network
network
9169 92633 68856 (74.33) 23777 0.229 3.43 12 11024 0.51 51

Next, we assessed how many of the taxon links represented ‘niche effects’ driven by

geography or environment (such as when taxa respond similarly to a common environmental
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condition). We examined motifs consisting of two correlated taxa that also correlate with at
least one common environmental parameter (“environmental triplets” to identify associations
that were driven by environment) using three approaches (interaction information, sign
pattern analysis, and network deconvolution (32)). We identified 29,912 taxon-taxon-
environment associations (32.3% of total). Among environmental factors, we found that PO,
temperature, NO, and mixed layer depth were frequent drivers of network connections (Fig.
1A). While the three methodologies pinpoint indirect associations; only interaction
information directly identifies synergistic effects in these biotic-abiotic triplets. Exploiting
this property, we disentangled the 29,912 environment-affected associations into 11,043 edges
driven solely by abiotic factors (317, 33) (excluded from the network for the remainder of the
study) and 18,869 edges whose dependencies result from biotic-abiotic synergistic effects.

Thus, we find that a minority of associations can be explained by an environmental factor.
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Fig. 1. Global oceanic taxon-environment interaction network properties. (A) Major
environmental factors affecting abundance patterns. Phosphate concentration (PO,), Temperature and
Nitrite concentration (NO,) are the top 3 parameters driving abiotic associations followed by Mixed
Layer Depth (MLD, assessed by temperature change), Particulate beam attenuation measured at 660
nm, Silica concentration (Si), Nitrite+Nitrate concentration (NO,NO;), MLD-sigma (Mixed Layer
Depth, assessed by density change), Pressure, Nitracline, and others corresponds to the agglomerated
contribution of the rest of parameters tested. (B) Number of inter-domain and intra-domain
copresences and mutual exclusions. (C) Distribution of edges across size fractions: 0.2-1.6(3),
prokaryote-enriched fractions 0.2-1.6 um and 0.2-3 um; > 08 pum, non-size-fractionated samples; 08-5
pm, piconano-plankton; 20-180 pum, micro-plankton; 180-2000 um, meso-plankton; interfrac, includes
interfraction networks 08-5 um versus 20-180 pm, 08-5 um versus 180-2000 pm, 20-180 pm versus
180-2000 um and 0.2-1.6(3) um versus < 0.2 um (virus-enriched fraction).

Evaluation of predicted interactions

Co-occurrence techniques have heretofore been mainly applied to bacteria. We

detected eukaryotic interactions based on analysis of sequences at the V9 hypervariable
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region of the 18S rRNA gene. We built a literature-curated collection (34) of 573 known
symbiotic interactions (including both parasitism and mutualism) in marine eukaryotic
plankton (30, 35). From 43 genus level interactions represented by OTUs in the abundance
pre-processed input matrices, we found 42% (18 genus pairs; 47 % when limiting to parasitic
interactions) represented in our reference list. The probability of having found each of these
interactions by chance alone was <0.01 (Fisher exact test, average pval = 4e-3, median pval =
5e-7). Based on this sensitivity and a false discovery rate averaging to 9% (computed from
null models; see Methods), we estimate the number of interactions among eukaryotes present
in our filtered input matrices to be between 53,000 and 139,000. Most of the false negative
interactions were due to the strict filtering rules we used to avoid false positives; this hampers
detection when, for example, interactions are facultative or when interaction partners may
vary among closely related groups depending on oceanic region (4). False positives could
represent indirect interactions between species (bystander effects) or environmental effects

caused by factors not captured in this study (36, 37).
Biotic interactions within and across kingdoms

The integrated network contained 81,590 predicted biotic interactions (30) that were
non-randomly distributed within and between size fractions (Figure 1B, C) (38). Positive
associations outnumbered mutual exclusions (72% versus 28%), and we observed a non-
random edge distribution with regard to phylogeny (Fig. 2A), with most associations derived
from syndiniales and other dinoflagellates (see Fig. 3A below for examples), and exclusions
involving arthropods. Certain combinations of phylogenetic groups are over-represented (39).
For instance, we found a clade of syndiniales (the MALV-II Clade 1 belonging to
Amoebophrya (3)) enriched in positive associations with tintinnids (P = 2e-4), amongst the
most abundant ciliates in marine plankton (40). The tintinnid Xystonella lohmani was
described in 1964 to be infected by Amoebophrya tintinnis (41) and tintinnids can feed on
Amoebophrya free-living stages (42). Other found host-parasite associations included the

copepod parasites Blastodinium, Ellobiopsis and Vampyrophrya (41, 43-45).

On the other hand, Maxillopoda, Bacillariophyceae and collodarians, three groups of
relatively large sized organisms whose biomass can dominate planktonic ecosystems, are rich
in negative associations among them (33). Collodarians and copepods are abundant in,
respectively, the oligotrophic tropical and eu/meso-trophic temperate systems (70, 46). The

decoupling of phyto- and zooplankton in open oceans by diatoms anti-correlating to copepods
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(47, 48) is attributed to growth rate differences and to the diatom production of compounds
harmful to their grazers (49). The combination of these effects could lie at the basis of this
observation, which contrasts with other free-living autotrophs represented in the network

(cyanobacteria and prymnesiophytes), which display primarily positive associations (Fig. 2A).
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Fig. 2. Taxonomic and geographic patterns within the co-occurrence network. (A) Top 15
interacting taxon groups depicted as colored segments in a CIRCOS plot, where ribbons connecting
two segments indicate copresence and exclusion links, on left and right, respectively. Size of the
ribbon is proportional to the number of links (copresences and exclusions) between the OTUs assigned
to the respective segments, and color is the one of the segment (of the two involved) with more total
links. Links are dominated by the obligate parasites syndiniales and by Arthropoda and Dinophyceae.
(B) Tara Oceans sampling stations grouped by oceanic provinces. (C) Frequency of local co-
occurrence patterns across the oceanic provinces, showing that most local patterns are located in MS.
(D to G) Taxonomic patterns of co-occurrences across MS (D), SPO (E), 10 (F) and RS (G). Edges are
represented as ribbons between barcodes grouped into their taxonomic order as in A. Links sharing the
same segment are affiliated to the same taxon (Order), showing that the connectivity patterns across
taxa are conserved at high taxonomic ranks. The local specificity of interactions at higher resolution
(OTUs) is apparent by thin ribbons (edge resolution) with different starts and end positions (different
OTUs) within the shared (taxon) segment, section color and ordering correspond to those in panel A.
SO-specific associations are mainly driven by bacterial interactions (53).
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Cross-kingdom associations between Bacteria and Archaea were limited to 24 mutual
exclusions. Within Archaea, Thermoplasmatales (Marine Group II) co-occur with several
phytoplankton clades. Links between Bacteria and protists recovered 5 out of 8 recently
discovered interactions from protist single-cell sequencing (50). Associations between
Diatoms and Flavobacteria agreed with their described symbioses (57). We also observed co-
ocurrence of uncultured dinoflagellates with members of Rhodobacterales (Ruegeria), in
agreement with a symbiosis between Ruegeria sp. TM1040 and Pfiesteria piscicida around

the ability of Ruegeria to metabolize dinoflaggelate-produced DMSP (52).
Global versus local associations

We further investigated whether our network was driven by global trends or is defined
by local signals. To this aim, we divided our set of samples into 7 main regions:
Mediterranean Sea (MS), Red Sea (RS), Indian Ocean (I10), South Atlantic (SAO), Southern
Ocean (SO), South Pacific Ocean (SPO) and North Atlantic Ocean (NAO), and assessed the
‘locality’ of associations by comparing the score with or without that region (see Methods).
We found that association patterns were mostly driven by global trends as only 14% of edges
were identified as local (Figure 2B, C). Approximately two thirds of local associations occur
in MS (7,215) followed by SPO (1,058), while the rest are contributed by SO (901), IO (894),
RS (889), SAO (163) and NAO (60) (Fig. 2C-G). MS was the region with most sampling
sites, which allowed us to recover more local patterns. Nevertheless, Figures 2C-G show that
although the same major groups (order level) interact in both the global and local networks,

each local site has its own specific interaction profile (Pval < 1e-8) (33, 39, 53).
Parasite impact on plankton functional types

Parasitic interactions are the most abundant pattern present in the network, which is
also eminent by repeated microscopic observation of parasitic interactions from the Tara
samples (Fig. 3A). We focused on predicted parasitic interactions and assessed their potential
impact on biogeochemical processes by exploring a functional sub-network (21,572 edges) of
known and novel plankton parasites (/0) together with classical ‘plankton functional types’
(PFTs (54)). PFTs group taxa by trophic strategy (e.g., autotrophs vs. heterotrophs) and role in
ocean biogeochemistry (Figure 3A) (55). The relationship between the different PFTs
(network density of 0.65) highlights strong dependencies between phytoplankton and grazers.

We find that all PFTs are associated with parasites, but not always to the same extent. Most
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links involve syndiniales MALV-I and MALV-II clades associated to zooplankton and, to a
lesser extent, to microphytoplankton (excluding diatoms). This emphasizes the role of
alveolate parasitoids as top-down effectors of zooplankton and microphytoplankton
population structure and functioning (3) - although the latter group is also affected by grazing
(I). The meso-planktonic networks contain known syndiniales targets (Dinophyceae,
Ciliophora, Acantharia and Metazoa; Figure 3B) (56). In large size fractions, we found
interactions between known parasites and groups of organisms that in theory are too small to
be their hosts (57); 32% of these associations involved the abundant and diverse marine
stramenopiles (MAST) and diplonemids (other Discoba and Diplonema) (/0). Eco-physiology
studies (58, 59) suggest a parasitic role for these lineages. The association of these groups
with other parasites would be explained by putative co-infection of the same hosts.
Contrasting with the above observations, we find phytoplankton silicifiers (diatoms)
displaying a variety of mutual exclusions. One possible interpretation of this is that diatom
silicate exoskeletons (60) and toxic compound production (49) could act as efficient barriers

against top-down pressures (617).
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Figure 3. Top-down interactions in plankton. (A) Three different dinoflagellate specimens from
TARA samples display an advanced infectious stage by syndiniales parasites. The cross-section of the
cell shows the typical folded structure of the parasitoid chain, which fills the entire host cell. Each
nucleus (blue) of the coiled ribbon corresponds to a future free-living parasite. (DNA is stained with
Hoechst (blue), membranes are stained with DiOC6 (green) and specimen surface is cyan; scale bar is
5 wm) (B) Subnetwork of metanodes that encapsulate barcodes affiliated to parasites or Plankton
Functional Types (PFTs). The PFTs mapped onto the network are: phytoplankton dimethyl sulfide
(DMS) producers, mixed phytoplankton, phytoplankton silicifiers, pico-eukaryotic heterotrophs,
proto-zooplankton and meso-zooplankton. Edge width reflects the number of edges in the taxon graph
between the corresponding metanodes. Over-represented links (multiple-test corrected Pval < 0.05) are
colored in green if they represent copresences and in red if they represent exclusions; grey means non
over-represented combinations. When both copresences and exclusions were significant, the edge is
shown as copresence. (C) Parasite connections within micro- and zooplankton groups. (D) Number of
hosts per phage (inset: phage associations to bacterial (target) phyla). (E) Putative Bacteroidetes
viruses detected by co-occurence and detection in a single-cell genome (SAG). On the left, viral
sequences from a Flavobacterium SAG (top) and Tara Oceans virome (bottom), displaying an average
of 89% nucleotide identity. On the right is the correspondence between the ribosomal genes detected
in the same SAG (top) and the 16S sequence associated to the 7ara Oceans contig based on co-
occurence (79% nucleotide identity). For clarity, a subset of contig ARTD0100013 only (from 10,000
to 16,000 nucleotides) is displayed. This sequence was also reverse-complemented. PurM:
Phosphoribosylaminoimidazole synthetase, DNA Pol. A: DNA polymerase A.

Phage-microbe associations

We investigated phage-microbe interactions, another major top-down process affecting

global bacterial/archaeal community structure (7). Here, surface (SRF) and deep chlorophyll
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maximum (DCM) virus-bacteria networks revealed 1,869 positive associations between viral
populations and 7 of the 54 known bacterial phyla (specifically — Proteobacteria,
Cyanobacteria, Actinobacteria, Bacteroidetes, Deferribacteres, Verrucomicrobia and
Planctomycetes), and one archaeal phylum (Euryarchaeota). These 8 phyla represent most of
abundant bacterial/archaeal groups across 37 investigated samples (Fig. 3D), suggesting that
the networks are detecting abundant virus-host interactions. Additionally, these interactions
include phyla of microbes lacking viral genomes in RefSeq databases including
Verrucomicrobia, and non-extremophile Euryarchaeota, hinting at genomic sequences for
understudied viral taxa (Fig. 3E) (39, 62, 63). Among the phage populations in the network,
we found 8 corresponding to phage sequences available in GenBank (>50% of genes with a
>50% amino acid identity match). In all 8 cases, the predicted host from the network
corresponded to the annotated host family in the GenBank record, which is significantly

higher than expected by chance (P=0.001; see methods) (62).

Next, we evaluated viral host range, fundamental for predictive modeling and thus far
largely limited to observations of cultured virus-host systems that insufficiently map complex
community interactions (64). Our virus-host interaction data suggest that viruses are very host
specific: ~43% of the phage populations interact with only a single host OTU, and the
remaining 57% interact with only a few, often closely related OTUs (Fig. 3D). These
networks are modular at large scales (65), suggesting that viruses are host-range-limited
across large sections of host space. Nestedness analysis showed inconsistent results across

algorithms (see methods).
Microscopic validation of predicted interactions

Our data predicted a photosymbiotic interaction between an acoel flatworm
(Symsagittifera sp.) and a green microalga (7etraselmis sp.). We validated this by Laser
Scanning Confocal Microscopy (LSCM), 3D reconstruction, and reverse molecular
identification on flatworm specimens isolated from 7ara Oceans preserved morphological
samples (see Methods). We observed microalgal cells (5 to 10 um diameter) within each of
the 15 isolated acoel specimens (Fig. 4) (66). The 18S sequence from several sorted
holobionts matched the metabarcode pair identified in the co-occurrence global network.
Thus, molecular ecology, bioinformatics and microscopic analysis can enable the discovery of

marine symbioses.
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Figure 4. Experimental validation of network-predicted interaction (photosymbiosis). Guided by
the predictions from the co-occurrence network and abundance patterns, acoel flatworms
(Symsagittifera sp.) together with their photosynthetic green microalgal endosymbionts ( Tetraselmis
sp.) were collected in microplankton samples from 7ara Oceans Station 22 in the Mediterranean Sea.
Pictures show a 3D reconstructed specimen from LSCM images (Green channel: cellular membranes
(DiOC6); Blue channel: DNA and the nuclei (Hoechst33342); Red channel: chlorophyll
autofluorescence). (A) Co-occurrence plot of Symsagittifera and Tetraselmis related OTUs along Tara
Oceans stations, showing the relatively high abundance of the holobiont at Station 22. (B) Dorsal
view of the entire acoel flatworm specimen (~300pum). The epidermis (green) is completely covered
with cilia and displays some pore holes. (C) The removal of the green channel reveals the widespread
distribution of small unicellular algae (red areas) inside the acoel body. The worm’s nuclei display a
clear signal (compact round blue shapes) while the algal nuclei are dimmer. A dinoflagellate theca
(arrow head) is located in the central syncytium likely indicating predation. (D) Cross-section along a
ZY plane allows localization of the algae, beneath the epidermis in the parenchyma. Only the external
cell layer (green signal) from the dorsal view is visible, due to the thickness and opacity of the worm.
Scale bar: 50 um.
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Conclusion

The global ocean interactome can be used to predict the dynamics and structure of
ocean ecosystems. The interactome reported here spans all three organismal domains and
viruses. The analyses presented emphasize the role of top-down biotic interactions in the
epipelagic zone. This data will inform future research to understand how symbionts,
pathogens, predators and parasites interact with their target organisms, and ultimately help
elucidate the structure of the global food webs that drive nutrient and energy flow in the

ocean.

Methods

Sampling

The sampling strategy used in the 7ara Oceans expedition is described in (67) and
samples used in the ©present study are listed in Table S1 and
http://doi.pangaea.de/10.1594/PANGAEA.840721. The Tara Oceans nucleotide sequences are
available at the European Nucleotide Archive (ENA) under projects PRJEB402 and
PRJEB6610.

Physical and environmental measurements

Physical and environmental measurements were carried out with a vertical profile
sampling system (CTD-Rosette) and data collected from Niskin bottles. We measured
temperature, salinity, chlorophyll, CDOM fluorescence (fluorescence of the colored dissolved
organic matter), particles abundance, nitrate concentration and particle size distribution (using
an Underwater Vision Profiler). In addition, mean mixed layer depth (MLD), maximum
fluorescence, vertical maximum of the Briint-Véisédld Frequency N (s—1), vertical range of
dissolved oxygen, and of change of nitrates were determined. Satellite altimetry provided the
Okubo-Weiss parameter, Lyapunov exponent, mesoscale eddie retention and sea surface
temperature (SST) gradients at eddie fronts (/9). Data are available at http://www.pangaea.de
(http://doi.pangaea.de/10.1594/PANGAEA.840718).
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Abundance table construction

Prokaryotic 16S rDNA metagenomic reads were identified, annotated and quantified
from Illumina sequenced metagenomes (hereafter nitags) as described in (68) using the SILVA
v.115 database (19, 69, 70). The abundance table was normalized using the summed read
count per sample (79, 71). Quality-checked V9 rDNA metabarcodes were clustered into
swarms as in (/0, 72), and annotated using the V9 PR2 database (73). PR2 barcodes were
associated to fundamental trophic modes (auto- or hetero-trophy) and symbiotic interactions
(parasitism and mutualism) based on literature (Taxonomic and trophic mode annotations are
available at http://doi.pangaea.de/10.1594/PANGAEA.840718 and
http://doi.pangaea.de/10.1594/PANGAEA.840722). Swarm abundance and normalization was
performed as in (/0, 72). Bacteriophage metagenomes were obtained from the < 0.2um
fractions for 48 samples and contigs were annotated and quantified as in (/8). The abundance

matrix was normalized by total sample read count and contig length.

In all cases, only OTUs with relative abundance > 1 and detected in at least 20 % of
samples were retained. Because sample number in the input tables ranged from 17 to 63,
prevalence thresholds varied (from 22% to 40%). The sum of all filtered OTU relative
abundances was kept in the tables to preserve proportions. Abundance tables are available at

http://www.raeslab.org/companion/ocean-interactome.html.
Random forest-based models

Eukaryotic, prokaryotic and environmental matrices were merged into two matrices
(Deep Chlorophyll Maximum layer (DCM) and surface water layer (SRF)). For each of the
three models (OTU versus other OTUs (MOTU), environmental factors (MENV) or
combined (MOTU+ENYV)), regressions were perfomed with OTU abundance as dependent
and the abundances of other OTUs or environmental factors as independent variables. For
each regression, up to 20 independent variables were selected using the minimum
Redundancy Maximum Relevance (mRMR) filter-ranking algorithm. Random forest
regression (25) was followed by a leave-one-out cross-validation. The variable subset with the
minimum leave-one-out NMSE (Normalized Mean Square Error) was selected. To identify
the best model for a given target OTU, the significance of the NMSE difference was tested on
the absolute error values (paired Wilcoxon test adjusted by Benjamini-Hochberg FDR
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estimation (74)). NMSE computed on random data are larger than those from original data. In

addition, MENV outperformed MOTU when OTU abundances were randomized.

Variance partitioning

Environmental variables were z-score-transformed; spatial variables (MEM
eigenvectors) were calculated based on latitude and longitude (75). Forward selection (76)
was carried out with function forward.sel in R-package packfor. Significance of the selected
variables was assessed with 1000 permutations using functions rda and anova.cca in vegan.
Variance partitioning (77) was performed using function varpart in vegan on Hellinger-
transformed abundance data, the forward-selected environmental variables, and the forward-

selected spatial variables and tested for significance with 1000 permutations.

Network inference

Taxon-taxon co-occurrence networks were constructed as in (78), selecting Spearman
and Kullback-Leibler dissimilarity measures. To compute p-values, we first generated
permutation and bootstrap distributions, with 1,000 iterations each, by shuffling taxon
abundances and resampling from samples with replacement, respectively. The measure-
specific p-value was then obtained as the probability of the null value (represented by the
mean of the permutation distribution) under a Gauss curve fitted to the mean and standard
deviation of the bootstrap distribution. Permutations computed for Spearman included a
renormalization step, which mitigates compositionality bias (ReBoot). Measure-specific p-
values were merged using Brown's method (79) and multiple-testing-corrected with
Benjamini-Hochberg (74). Finally, edges with an adjusted p-value above 0.05, with a score
below the thresholds (30) or not supported by both measures after assessment of significance

were discarded.

Taxon-environment networks were computed with the same procedure, starting with
8,000 initial positive and negative edges, each supported by both methods. For computational
efficiency, we computed 23 taxon-taxon and taxon-environment networks separately, for two
depths (DCM and SRF), four eukaryotic size fractions (0.8-5 pm, >0.8 pm, 20-180 um and
180-2000 um) and their combinations, the prokaryotic size fraction (0.2-1.6pum and 0.2-
3.0um) and its combination with each of the eukaryotic and virus (< 0.2 um) size fractions.
We then generated 23 taxon-environment union networks for environmental triplet detection

and merged the taxon-taxon networks into a global network with 92,633 edges.
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Estimation of false discovery rate

We estimated the false discovery rate (FDR) of network construction with two null
models. The first shuffles counts while preserving overall taxon proportions and total sample
count sums, but removing any dependencies between taxa. For the second, we fitted a
Dirichlet-Multinomial distribution to the input matrix using the dirmult package in R (80) and
generated a null matrix by sampling from this distribution, preserving total sample count
sums. Null matrices were generated from count matrices (0.8-5pum, 20-180 um and 180-2000
um eukaryotic and prokaryotic size fraction as well as bacteriophage-prokaryotic composite,
SRF and DCM). Network construction was performed with the 20 null matrices and
thresholds applied to the original matrices (28). From edge numbers in the original and the

null networks, we estimated an average FDR of 9% (26).
Indirect taxon edge detection

For each taxon-environment union network, node triplets consisting of two taxa and

one environmental parameter were identified. For each triplet, interaction information II was

computed as: /[ =CI(X,Y [2)-I(X,Y) where CI is the conditional mutual information

between taxa X and Y given environmental parameter Z and I the mutual information between
X and Y. CI and I were estimated using minet (8/). Taxon edges in environmental triplets
were considered indirect when II<0 and within the 0.05 quantile of the random II distribution
obtained by shuffling environmental vectors (500 iterations). If a taxon was part of more than

one environmental triplet, the triplet with minimum interaction information was selected.

For each environmental triplet, we also checked whether its sign pattern (the
combination of positive and/or negative correlations) was consistent with an indirect
interaction. From 8 possible patterns, 4 indicate indirect relationships (e.g. two negatively

correlated taxa correlated with opposite signs to an environmental factor).

Network deconvolution (32) was carried out with beta=0.9. We considered an
environmental triplet as indirect according to network deconvolution if any of its edges were

removed.

All (11,043) negative interaction information triplets were consistent with an indirect
relationship according to their sign patterns and a majority (8,209) was also supported by

network deconvolution.
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Influence of ocean regions on co-occurrence patterns

Samples were divided into groups according to region membership. The impact of
each sample group on the Spearman correlation of each edge in the network was assessed by
dividing the (absolute) omission score (OS; Spearman correlation without these samples) by
the absolute original Spearman score. To account for group size, the OS was computed
repeatedly for random, same-sized sample sets. Nonparametric p-values were calculated as
the number of times random OSs were smaller than the sample group OS, divided by number
of random OS (500 for each taxon pair). Edges were classified as region-specific when the
ratio of OS and absolute original score was below 1 and multiple-testing-corrected p-values

(Benjamini-Hochberg) were below 0.05.

Over-representation analysis

Significance of taxon—taxon counts at high taxonomic ranks was assessed with the
hypergeometric distribution implemented in the R function phyper. Mutual exclusion vs
copresence analysis was performed using the binomial distribution implemented in the R
function pbinom, with the background probability estimated by the frequency of edges in the

network.

Oceanic region analysis was also assessed using R's pbinom function, with the
background probability estimated by dividing total ocean-specific edge number by total edge
number. The p-value was computed as the probability of obtaining the observed number of
ocean-specific edges among the edges of a taxon pair. The same procedure was repeated for
each oceanic region separately, with region-specific success probabilities. Edges classified as

indirect were discarded before the analysis.

In all tests, P-values were adjusted for multiple testing according to Benjamini,

Hochberg and Yekutieli (BY), implemented in the R function p.adjust.
Extracting functional groups from the global plankton interactome

Functional groups consist of a mix of major monophyletic lineages of parasites,
together with classical polyphyletic Plankton Functional Types (PFT), as defined in (10, 54,
55). Metabarcodes in the network were sorted into 15 parasite groups and 7 PFTs (55) based

on their (i) taxonomical classification, (77)) membership in a given size fraction, (iii) trophic
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mode, and (iv) biogeochemical role in DMS production or silicification. After mapping the
metabarcodes and their edges onto PFTs and parasites, edges are weighted by the number of
links they represent. Over-representation of the number of links included in each edge was

assessed with the hypergeometric distribution.

Parasite links in large fractions may point to parasite-host connections. We extracted
all edges in the large fractions (20-180um and 180-2000um) between barcodes annotated as
parasites and non-parasitic barcodes. Partners of parasites comprised potential hosts (Fig 3B)
but also organisms that are either too small or without size information. The former may
represent unknown parasites (e.g. co-infecting a host with known parasites) while the latter

may represent novel hosts.
Nestedness and modularity analysis

The analysis was carried out for 1,869 positively correlated phage-prokaryotic pairs.
Modularity was computed with the LP (Label propagation) BRIM algorithm (82) in BIMAT
(83) with 100 permutations. Nestedness of the host-phage network as quantified with the
NODF (nestedness with overlap and decreasing fill) algorithm (84) in BiIMAT with 100

permutations (preserving edge number and degree distribution) was significant, but not with
the NTC algorithm (85). We also tested the impact of random removal or addition of 5%,
10%, 15% and 20% edges. After random addition/deletion of edges modularity and

nestedness (according to NODF) remained significant.
Confirmation of predicted viruses-host associations

Two different approaches were used to confirm virus-host associations predicted by
the co-occurrence network. First, the network host prediction was compared to the “known”
host for viral populations closely related to an isolated virus, i.e. populations with more than
50% of predicted genes affiliated to the same phage reference genome (based on a BLASTp
against RefseqVirus, threshold of 10 on e-value and 50 on bit score (/8)). Known phages
corresponded to viruses infecting SAR11, SAR116 and Cyanobacteria, so that a predicted
host was considered correct if affiliated to Alphaproteobacteria, Alphaproteobacteria and
Cyanobacteria, respectively (the lowest rank for which there was taxonomic assignment for
those bacterial OTUs (69)). This procedure was repeated on 1000 randomized networks (with

same degree distribution) to calculate the significance of the results. Second, contigs of
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putative hosts predicted by co-occurrence analysis were compared with BLAST to a set of
viral sequences detected in draft and single-cell genomes with  VirSorter
(https://pods.iplantcollaborative.org/wiki/display/DEapps/VIRSorter+1.0.1).  One  contig
(36DCM 3902, Figure 3E) displayed significant similarity to one contig detected in a single-
cell genome (AA160PO2DRAFT scaffold 31.32). In order to compare the putative host
associated to each contig, rRNA genes were predicted in the single-cell amplified genome
(SAG) contigs with meta-rRNA (86). Sequences were annotated based on BLAST against the

non-redundant (nr) database, and the comparison plot was generated with Easyfig (87).

Literature-based evaluation of predicted protist interactions

A panel of 4 experts, 2 specialized in the study of planktonic mutualistic protists (Dr
C. de Vargas and Dr J. Decelle) and 2 specialized in the study of planktonic parasitic protists
(Dr C. Berney and N. Henry), screened literature looking for symbiotic interactions occurring
among eukaryotic plankton. From this search, they built a list of 573 known symbiotic
interactions sensu lato (i.e., parasitism and mutualism, at least 1 protist partner) in marine
eukaryotic plankton, covering 197 eukaryotic genera, described in 76 publications since 1971.
The experts extracted only symbiotic interaction cases described either from direct
observation of both interacting partners through microscope (45%), sequence from symbiont
isolated from the observed host (14%) or both (41%). Direct observation of partners
interacting (86%) provides high confidence for the interaction, while the symbiont sequence
allows its taxonomic identification. The protocol to build the list was the following: 1) the
experts manually screened 3170 publications associated to each PR2 db sequence (http://ssu-
rrna.org/doc_bibliography.html); 2) the experts screened 293 publications retrieved from Web
of Science with the following query: 'TOPIC:(plankton* AND (marin* OR ocean*)) AND
(parasit* OR symbios* OR mutualis*)'; 3) the experts screened GenBank 18S rDNA
sequences of symbionts for which the 'host' field was known. They labeled these interactions
as 'Unpublished'. Finally, the experts discussed any observed discordance until agreement was
reached. The final table of literature-curated interactions includes a column indicating the type
of evidence gathered about the interaction: 1 for only getting symbiont sequence, 2 for direct

observation, and 3 for both. Symbiont GenBank host field belongs to category 1.
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Experimental validation of a predicted interaction

V9 pairs were searched for organisms of suitable size to allow its isolation from
morphological samples. This way, we targeted a predicted photosymbiosis between an acoel
flatworm (V9 rDNA metabarcode 83% similar to Symsagittifera psammophila (88) and a
photosynthetic microalga (7ara Oceans V9 metabarcode 100% similar to a Tetraselmis sp)

(89).

Fifteen acoel specimens (hosts) were isolated from formaldehyde-4% microplankton
samples of station 22 (A100000458), where both partner OTUs displayed high abundances.
Prior to imaging, specimens were rinsed with artificial seawater, then DNA and membrane
structures were stained for 60 minutes with 10uM Hoechst 33342 and 1.4uM DiOC6(3) (Life
Technologies). Microscopy was conducted using a Leica TCS SP8 (Leica Microsystems)
confocal laser scanning microscope and a HC PL APO 40x/1.10 W motCORR CS2 objective.
The DiOC6 signal (ex488nm/em500-520nm) was collected simultaneously with the
chlorophyll signal (ex488nm/em670-710nm), followed by the Hoechst signal (ex405
nm/em420-470nm). Images were processed with Fiji (90), and 3D specimens were

reconstructed with Imaris (Bitplane).

To obtain the sequences of the metabarcodes of each partner, seven acoels were
isolated from ethanol-preserved samples from station 22 (TARA A100000451), individually
rinsed in filtered seawater, and stored at -20°C in absolute ethanol. DNA was extracted with
MasterPureTM DNA/RNA purification kit (Epicenter) and PCR amplified using the
universal-eukaryote primers (forward 1389F and reverse 1510R) from (7/0). Chlorophyte-
specific primers (Chloro2F: 5'- CGTATATTTAAGTTGYTGCAG-3' and Tetra2-rev 5'-
CAGCAATGGGCGGTGGC GAAC-3") were designed to amplify the microalgae V9 rDNA
as in (4). Purified amplicons were subjected to poly-A reaction and ligated in pCR®4-TOPO
TA Cloning vector (Invitrogen), cloned using chemically competent E. coli cells and Sanger-
sequenced with the ABI-PRISM Big Dye Terminator Sequencing kit (Applied Biosystems)
using the 3130x1 Genetic Analyzer, Applied Biosystems.
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Chapitre 11

Cas spécifiques de symbioses eucaryotes planctoniques

Copépode infecté par Blastodinium spp. S. Colin
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Les articles présentés dans le chapitre précédent montrent que les symbiotes
représentent une part importante de la diversit¢ et de I'abondance des eucaryotes des
¢cosystémes marins planctoniques (premier article) et que les symbioses, comme les autres
interactions biotiques, seraient les forces majeures expliquant la structure des communautés
de ces écosystemes (second article). Dans ce chapitre deux cas de symbiose eucaryote
planctonique : un cas de parasitisme entre le dinoflagellé parasite Blastodinium et des
copépodes et un cas de mutualisme (photosymbiose) entre le dinoflagellé photosynthétique
Symbiodinium et le cili¢ Tiarina. L'étude de cas spécifiques de symbioses m'est apparu
indispensable afin d'identifier de quelle maniére se répercute les spécificités des interactions
symbiotiques dans des données de metabarcoding. Quelques unes de ces spécificités sont
identifiées dans ce chapitre et seront prises en compte dans le troisiéme et dernier chapitre de

ce manuscrit.

Le premier article « Symbiodinium in endosymbiosis within the ciliate Tiarina »
met en évidence une nouvelle photosymbiose impliquant le dinoflagellé Symbiodinium et une
nouvelle espéce de cili¢ calcifiant du genre Tiarina. 11 s'agit de la premicre observation dans le
plancton d'une interaction symbiotique entre un protiste et le genre Symbiodinium qui, jusque
la, n'avait été observé qu'en association avec des hotes ayant au moins une phase de leur vie
benthique, principalement des cnidaires et des mollusques. L'observation d'une division active
des symbiotes a l'intérieur des ciliés suggere que 1'association est durable. De plus, a l'instar
de la plupart des photosymbioses planctoniques, cette association est principalement observée
dans les environnements oligotrophes, ce qui laisse a penser qu'il s'agit d'une association
mutualiste permettant a I'hote cilié d'obtenir une partie de son énergie grace a son symbiote
dans un environnement ou la disponibilité en proies est limitée. Des études moléculaires
réalisées a partir de séquences d'ADN ribosomique 18S, ITS2 et 28S sur les symbiotes de
Tiarina ont permis de mettre en évidence une toute nouvelle diversité a l'intérieur du genre
Symbiodinium. Chacun de ces nouveaux génotypes a une distribution particuliére a travers les
différentes stations 7ara Oceans et plusieurs de ces génotypes ont été¢ décrits avec le méme

génotype hote (Figure 2).
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Figure 2: Diversité génétique (A) et biogéographie (B) des metabarcodes séquencés a partir des
individus de Tiarina et de Symbiodinium en symbiose. Les réseaux d'haplotypes (A) sont constitués de
nceuds correspondant aux metabarcodes et dont la taille est proportionnelle a leur nombre de lecture
dans la gamme de taille 20-180 um. Les arrétes correspondent a une mutation génétique. Le réseau
d'haplotypes de Tiarina, en violet, comprend le metabarcode associé¢ a l'espéce non symbiotique,
Tiarina fusus. Les abondances de ces metabarcodes parmi les stations 7ara Oceans, dans la gamme de
taille 20-180 um, sont représentées par un gradient de couleur, les couleurs claires étant pour des
faibles abondances. Le blanc indique 1'absence du metabarcode dans la station correspondante.

Ces résultats montrent que le niveau de spécificité de cette interaction est relativement
lache tout comme d'autres cas précédemment décrits de photosymbiose (Decelle et al., 2012;
Probert et al., 2014). Ceci renforce la nécessité de prendre en compte la présence, dans le
plancton, de symbioses peu spécifiques lors de tentatives de détections statistiques de ces

dernieres, sujet qui sera abordé dans le dernier chapitre.

Le second article « Size-fractionated global DNA metabarcoding reveals ecological
significance of the planktonic dinoflagellate parasite Blastodinium in sunlit oceans. »
décrit la diversité, I'écologie et la biogéographie du dinoflagellé Blastodinium, parasite de
copépodes, a I'échelle des océans tempérés a tropicaux, a partir des données de metabarcoding
Tara Oceans. La distribution du nombre de lectures des metabarcodes assignés a
Blastodinium parmi les fractions de taille est comparée a celles d'Azadinium et d'Alexandrium

(deux genres de dinoflagellés a priori non parasites). Tandis qu'dzadinium, de petite taille

83



Chapitre 11

(~10-20 pm), est abondant dans les fractions de taille 0.8-5um et 5-20um et décline dans la
fraction 20-180um jusqu'a presque disparaitre dans la fraction 180-2000um, Alexandrium,
plus gros (~100 um), est peu abondant dans la fraction 0.8-5um, abondant dans les fractions
5-20um et 20-180um, et de nouveau peu abondant dans la fraction 180-2000um.
Blastodinium, quant a lui, est abondant dans les fractions 0.8-5um et 5-20um, relativement
moins dans la fraction 20-180um et de nouveau abondant en 180-2000um. Il y a la une
signature du style de vie parasitique de Blastodinium, abondant dans sa forme libre (0.8-5um
et 5-20pm), mais que l'on retrouve également dans la plus grande fraction de taille,
probablement associ¢ a son hote. Toutefois, cette distribution varie légérement entre les
différents groupes de Blastodinium ce qui suggere une légere variabilité¢ de leurs cycles de
vie. Lorsque les abondances des metabarcodes assignés a Blastodinium sont comparées a
celles des copépodes pour la fraction de taille correspondant a la phase parasitaire du
dinoflagellé (180-2000 pm), la spécificit¢ d'interaction décrite dans la littérature est
globalement respectée. Cet article suggere que I'é¢tude de la distribution des lectures associées
a un organisme parmi différentes fractions de taille adjacentes peut nous renseigner sur son
style de vie. De plus il semble pertinent, dans l'optique de détecter des associations
symbiotiques, de comparer les abondances (nombre de lectures) des metabarcodes dans les
fractions de taille ou sont présents les hotes en symbiose. Dans le cas de Blastodinium, il s'agit

de la gamme de taille 180-2000 pm.
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Abstract

Symbiotic partnerships between heterotrophic hosts and intracellular microalgae are
common in tropical and subtropical oligotrophic waters of benthic and pelagic marine
habitats. The iconic example is the photosynthetic dinoflagellate genus Symbiodinium that
establishes mutualistic symbioses with a wide diversity of benthic hosts, sustaining highly
biodiverse reef ecosystems worldwide. Paradoxically, while various species of photosynthetic
dinoflagellates are prevalent eukaryotic symbionts in pelagic waters, Symbiodinium has not
yet been reported in symbiosis within oceanic plankton, despite its high propensity for the
symbiotic lifestyle. Here we report a new pelagic photosymbiosis between a calcifying ciliate
host and the microalga Symbiodinium in surface ocean waters. Confocal and scanning electron
microscopy, together with an 18S rDNA-based phylogeny, showed that the host is a new
ciliate species closely related to Tiarina fusus (Colepidae). Phylogenetic analyses of the
endosymbionts based on the 28S rDNA gene revealed multiple novel closely-related
Symbiodinium clade A genotypes. A haplotype network using the high-resolution ITS2 marker
showed that these genotypes form eight divergent, biogeographically structured, sub-clade
types, which do not seem to associate with any benthic hosts. Ecological analyses using the
Tara Oceans metabarcoding dataset (V9 region of the 18S rDNA) and contextual
oceanographic parameters showed a global distribution of the symbiotic partnership in

nutrient-poor surface waters. The discovery of the symbiotic life of Symbiodinium in the open
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ocean provides new insights into the ecology and evolution of this pivotal microalga and

raises new hypotheses about coastal-pelagic connectivity.

Introduction

Symbiosis is central to the evolution and ecology of ecosystems, and is present in
virtually all living organisms (Maynard Smith, 1989; Margulis and Fester, 1991). This
intimate and long-term association between organisms of different species can range from
parasitism, where one partner benefits at the expense of the other, to mutualism, where both
partners benefit (de Bary, 1879). Photosymbiosis, defined as a close symbiotic relationship
with a photosynthetic partner (generally the symbiont), has led to the acquisition of transient
and even permanent photosynthesis in different eukaryotic lineages (Keeling, 2010). In
marine and freshwater ecosystems, this type of symbiosis is common (Stoecker et al., 2009)
and is considered mutualistic: the symbiont transfers photosynthetic products to its host,
which in turn provides a nutrient-rich micro-environment and protection from parasites and
predators (Muscatine et al., 1984; Yellowlees et al., 2008; Davy et al., 2012). One of the best-
known examples of marine photosymbiosis involves the photosynthetic dinoflagellate
Symbiodinium that lives within a wide diversity of benthic hosts, including metazoans (e.g.
corals, jellyfishes, anemones, sponges, mollusks) and protists (e.g. ciliates and foraminiferans;
LaJeunesse, 2001) in tropical reef ecosystems. Symbioses involving Symbiodinium are
ecologically and economically important as on the one hand they sustain the very productive
and biologically diverse reef ecosystems worldwide (Stanley, 2006), and on the other hand
provide close to $375 billion in goods and services each year (Costanza et al., 1997). The
genus Symbiodinium is genetically diverse, having evolved throughout the Cenozoic into nine
divergent lineages or clades (A to I), each containing several sub-clade genotypes that can
have distinct physiological capacities, spatial distribution and host spectra (Rowan, 2004;

Coftroth and Santos, 2005; Pochon and Gates, 2010).

Photosymbioses are also pervasive in planktonic ecosystems, especially in tropical and
sub-tropical oligotrophic waters (Taylor, 1982; Stoecker et al., 2009; Decelle et al., 2015), but
remain poorly studied compared to benthic ecosystems. Due to their mixotrophic capacity,
photosymbiotic protists play a significant dual role as primary producers and predators in
pelagic ecosystems (Michaels et al., 1995; Swanberg and Caron 1991). Many hosts build
mineral skeletons of calcium carbonate, silica, or strontium sulfate, hence contributing to the

biogeochemical cycles of these elements (Bernstein ef al., 1987). For instance, the rhizarian
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Radiolaria and Foraminifera are known to develop obligate photosymbioses in surface waters
with diverse eukaryotic microalgae, such as photosynthetic dinoflagellates (e.g.
Brandtodinium, Pelagodinium) and haptophytes (e.g. Phaeocystis) (Gast and Caron, 2001;
Shaked and de Vargas, 2006; Decelle et al., 2012; Probert et al., 2014). Some heterotrophic
dinoflagellates have also been found to host prasinophyte (Sweeney, 1976) or pelagophyte
(Daugbjerg et al., 2013) microalgae. Paradoxically, while several photosynthetic
dinoflagellate taxa have been described to be common symbionts in the oceanic plankton, to
date the ubiquitous coastal symbiont Symbiodinium has never been found in symbiosis in the

pelagic realm.

Ciliates are also known to acquire phototrophy through photosymbiosis with
eukaryotic or prokaryotic microalgal cells (Stoecker ef al., 2009; Esteban et al., 2010;
Dziallas et al., 2012). In freshwater habitats, many ciliate species (e.g. Paramecium bursaria,
Coleps hirtus viridis) are found in symbiosis with the green alga Chlorella, while in marine
ecosystems rare examples of photosymbiosis with eukaryotic microalgae have been reported
(Stabell et al., 2002; Stoecker et al., 2009; Johnson, 2011). The benthic ciliates Maristentor
dinoferus and Euplotes uncinatus host Symbiodinium endosymbionts in coral reefs (Lobban et
al., 2002, 2005) and some Oligotrichida ciliates associate with green algae (prasinophytes) in
estuarine environments (Stoecker et al., 1988-1989). These photosymbiotic ciliates almost
exclusively dwell in coastal waters or benthic habitats, whereas there are virtually no
examples of symbiotic partnerships involving eukaryotic microalgae in the surface open
ocean. In this study, we used a combination of microscopy and molecular tools to characterize
a novel pelagic photosymbiosis between a calcifying ciliate host and Symbiodinium
endosymbionts. Exploration of this symbiosis in the samples and metabarcoding dataset of the
worldwide 7ara Oceans expedition (Karsenti et al., 2011; de Vargas et al., 2015) allowed us

to study the global specificity, biogeography and ecology of this novel interaction.

Materials and Methods

Morphological identification of the host

Plankton samples and metadata used in this study originated from the 7ara Oceans
expedition (2009-2012) (Karsenti et al., 2011; de Vargas et al., 2015). From ethanol-
preserved plankton samples, 20 ciliate cells were isolated and cleaned under microscopy, and

individually placed on a polycarbonate filter without any chemical fixatives for scanning
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electron microscopy observations (Table 1). Additional cells (n = 11) from formaldehyde-
preserved samples were also imaged with Confocal Laser Scanning Microscope (CLSM,
Leica TCS SPS8), equipped with an HC PL APO 40x/1.10 W motCORR CS2 objective.
Multiple fluorescent dyes were used sequentially to observe the cellular components of the
ciliate (host) and the intracellular microalgae (symbionts), such as the nuclei (blue) and the
cellular membranes (green) with Hoechst (Ex405/Em420-470) and DiOC6 (Ex488/Em500-
520), respectively. Red autofluorescence of the chlorophyll (Ex638/Em680-700) was also
visualized to highlight the chloroplasts of the symbiotic microalgae. Image processing and 3D
reconstructions were conducted with Fiji (Schindelin ef al., 2012) and IMARIS ® (Bitplane)
software. Live observations in brightfield microscopy of several ciliate cells (> 50) from the
Mediterranean Sea (Villefranche-sur-Mer, France, and Naples, Italy) were also conducted and
two individual cells were specifically sampled for molecular investigation (Med 2 and Med

3).

Table 1 Information about the ciliate cells (7iarina sp.) isolated in this study for morphological
investigation using different transmitted light and electron microscopy techniques and molecular
analyses.

Sampling location Date Bright field Scanning  Confocal laser  Molecular
microscopy electron scanning analyses
microscopy Microscopy

Nov. 2011 > 50 live cells

Mediterranean Sea -Villefranche-sur-

Mer (France) 2 cells
Mediterranean Sea - Naples FromNov. to
MareChiara (LTER-MC) Jan. 2014-2015 10-20 live cells
Red Sea - station Tara_32 Jan. 2010 2 cells
North Indian Ocean - station Tara_41 Mar. 2010 8 cells 7 cells 7 cells
South Indian Ocean -station Tara_ 52 May 2010 1 cell
South Indian Ocean - station Tara 64 Jul. 2010 1 cells
South Atlantic Ocean - station Tara 72  Oct. 2010 2 cells

- 12 cells 5cells
South Pacific Ocean - station
Tara_122 Jul. 2011 2 cells

Phylogenetic identification of the symbiotic partners

a) Sampling and PCR amplifications

Ciliate cells were isolated from ethanol-preserved surface samples collected by a
plankton net (20 um mesh-size) at five Tara Oceans stations in the Red Sea and Indian,

Pacific and Atlantic Oceans (Table 2, and see Pesant ef al., 2015 and de Vargas et al., 2015 for
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more details). In addition, two individual ciliates (Med 2 and Med 3) were also collected from
live samples in 2011 in the bay of Villefranche-sur-Mer (Mediterranean Sea, France). Cells
observed with scanning electron and confocal laser scanning microscopy were not subjected
to molecular studies. Ciliate cells were individually isolated using a glass micropipette,
carefully washed in three successive baths of 0.22um-filtered and sterile seawater, transferred
into a sterile microtube, and preserved in lysis buffer (Tissue and Cell Lysis Solution from
MasterPure™ DNA and RNA Purification Kit, Epicenter) at -20°C. DNA extraction was then
performed following the protocol of the MasterPure™ DNA and RNA purification kit
(Epicenter). In order to obtain different phylogenetic ribosomal markers, single cell PCR
amplifications were conducted with the Phusion® High-Fidelity DNA Polymerase
(Finnzymes). The PCR mixture (25uL final volume) contained 0.5 ng (1uL) of DNA, 0.35
uM (final concentration) of each primer, 3% of DMSO and 2X of GC buffer Phusion
MasterMix (Finnzymes). Amplifications were conducted in a PCR thermocycler (Applied
Biosystems™) with the following PCR program: initial denaturation step at 98°C for 30 sec,
followed by 36-38 cycles of 10 sec at 98°C, 30 sec at the annealing temperature of the primer
sets (Supplementary Table S1), 30 sec at 72°C and final elongation step at 72°C for 10 min.
For the nested PCR approach, the amplicons obtained in the first PCR (with 25 cycles) were
re-amplified with 40 cycles using internal primers. PCR amplicons were visualized on
agarose gels, purified with the ExoStar purification kit (Illustra™ Exostar™ 1 Step, GE
Healthcare Bio-Sciences Corp.), and Sanger sequenced using the ABI-PRISM Big Dye
Terminator Sequencing kit (Applied Biosystems). Amplicon sequences were visualized and
assembled using Chromas Pro (version 1.7.5). In addition to washing and rinsing ciliate cells
to remove any contaminants, different negative controls were used during the single cell DNA
extraction (a sample with no cell) and the PCR amplifications (a sample without DNA
template) to confirm that the PCR products were only from the DNA of the ciliate and the
intracellular microalgae. DNA from different phytoplankton cultures, including

Symbiodinium, was used to control the primer specificity

For the ciliate (host), a 640 bp-long fragment of the 18S rRNA gene was PCR-
amplified using the ciliate-specific primers Cil 384F and Cil 1147R (Dopheide et al., 2008).
A second 2000 bp-long fragment, that includes the hypervariable V9 region of the 18S rRNA
gene, was obtained with a nested PCR using newly designed specific primers: TiaV4-F1 and
Cil28S-R1 (PCR 1) and the internal primers TiaV4-F2 and Cil28S-R2 (PCR 2) (see

Supplementary Table S1 and Figure S1 for more information about the primers used in this
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study). Contigs of the different amplicons were obtained and a matrix of 18S rDNA
sequences was built with these new sequences and public sequences from GenBank (release

203.0, supplementary Table S2).

In order to identify the lineage of the endosymbiotic microalgae, a cloning approach
was first adopted on the 18S and 28S rRNA genes using the TOPO TA Cloning kit
(Invitrogen) and universal eukaryotic primers: 63F and 1818R (Lepére et al, 2011) and D1R
and D2C (Scholin et al., 1994) for 18S and 28S rDNA, respectively (Figure S1). Specific
primers and direct sequencing were subsequently employed for the rest of the isolated ciliates
to obtain the 28S rRNA gene (D1-D3 domains; with primers ITS-Dino and LO from Pochon
et al., 2001) and the rDNA Internal Transcribed Spacer (ITS; with primers Din464F and ITS-
DinoRev from Gomez et al., 2001 and this study, respectively) of the microalgal symbionts
(Figure S1). For the ciliates, a matrix of 18S rDNA sequences was built with the new
sequences obtained and public sequences from GenBank (release 203.0, supplementary Table
S2). Matrices of 28S rDNA and ITS2 sequences were then constructed with reference
sequences from previous studies (Supplementary Tables S3 and S4, LaJeunesse et al., 2009,
Pochon et al., 2014). Sequences obtained in this study have been deposited in GenBank
(accession numbers are given in Table 2 and in the supplementary Tables S2 (18S rDNA), S3
(28S rDNA), S4 (ITS2), S5 (V9 rDNA).

b) Phylogenetic analyses based on ribosomal gene markers

The three matrices of 18S rDNA (host ciliate), and the 28S rDNA and ITS2
(intracellular microalgae) were aligned with MUSCLE from the Seaview software (Edgar,
2004; Gouy et al., 2010), and phylogenetic analyses were conducted with the TOPALI
software (Topali V2, Milne et al., 2009). According to Modeltest v0.1.1 (Posada, 2008), the
general time-reversible (GTR) and the Tamura-Nei (TrN) models of nucleotide substitution
were selected for the symbiont 28S rDNA (56 taxa; 795 nucleotide positions) and the ciliate
18S rDNA (34 taxa; 1419 nucleotide positions) alignments, respectively. Phylogenetic
inference by Maximum Likelihood (ML) was then performed with PhyML v3.0 (Guindon and
Gascuel, 2003), and robustness of inferred topologies was assessed by performing 100 non-
parametric bootstraps. Final trees were rooted with outgroups and visualized with FigTree (v.
1.4; http://tree.bio.ed.ac.uk/software/figtree/). For the ITS2 sequences of the symbiont (239-

bp long fragment), a statistical parsimony network was constructed with the TCS software (95
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% connection limit, 10 or less connection steps, gaps considered as fifth state) (Clement et al.,

2000), and visualized and edited with Cytoscape software (Shannon et al., 2003).

Ecological significance of the symbiosis

For both the host ciliate and endosymbiotic microalgae, the hypervariable V9 region of
the 18S rRNA gene was specifically extracted from multiple sequence alignments using the
primers 1389F and 1510R (Amaral-Zettler et al., 2009) in order to interrogate the V9
metabarcoding dataset obtained dataset from 47 stations of the 7ara Oceans expedition
(Karsenti et al., 2011; de Vargas et al., 2015). This publicly available metabarcoding dataset
includes millions of V9 rDNA sequences of eukaryotic planktonic organisms obtained by
PCR with universal eukaryotic primers and sequenced with Illumina technology. In this study,
samples corresponding to the micro-plankton size fraction (20-180 pm) collected at
subsurface mixed-layer waters, where the ciliates were found and isolated, were specifically
analyzed. Only V9 reads that were 100% identical to the V9 sequence of the ciliates and the
symbiont were retrieved in the Tara Oceans barcode table (doi: 10.1594/PANGAEA.843018).
Contextual oceanographic parameters, such as temperature, salinity, nitrite and nitrate
concentrations, silica and chlorophyll a concentrations, oxygen minimum and Deep
Chlorophyll Maximum (DCM) depths, and Photosynthetically Active Radiation (PAR), were
also used for statistical analyses (Supplementary Table S6). In order to assess co-occurrence
patterns between host and symbiont, and the effect of abiotic parameters, multiple pairwise
comparisons were performed using Spearman's rank correlation tests based on environmental
physico-chemical parameters, and the distribution and abundance of V9 reads of both
partners. P-values were adjusted using the False Discovery Rate (FDR) approach (Benjamini
and Hochberg, 1995). Correlation between pairs of variables were considered significant
when p-values were lower than 0.05. Statistical analyses were performed in the R
environment (R Development Core Team 2008), and correlations between variables were

visualized as a network using the Cytoscape software (Shannon et al., 2003).

Results and Discussion

Morphological identity of the host ciliate

Live observations in light microscopy showed that the ciliates were actively

swimming with the help of numerous cilia around the cell (Supplementary Figure S2). From
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20 cells, various morphological characters were observed with scanning electron microscopy,
notably an armored skeleton composed of calcium carbonate plates (Figure 1A-B), indicating
that the ciliate belongs to the family Colepidaec Ehrenberg, 1838 (class Prostomatea, order
Prorodontida; Lynn, 2008; Chen et al., 2012). A morphological comparison with six
previously described ciliate species from the family Colepidae (Coleps hirtus, Nolandia
nolandi, Apocoleps magnus, Levicoleps biwae, Tiarina meunieri and Tiarina fusus) indicated
that 7. fusus is the species that most closely resembles the ciliate isolated in this study
(Supplementary Table S7). Both taxa live in marine waters and display a fusiform and
elongated body with large longitudinal rows of calcium carbonate plates arranged in six
different regions (called "tiers"), as well as a wing-like structure that is absent in other
Colepidae species (Figure 1A-B; Chen et al, 2012). These morphological commonalities,
which are typically used for genus recognition within the Colepidae (Foissner et al., 2008),
lead us to argue that the newly isolated ciliate belongs to the genus Tiarina, Berg 1881. In
addition to 7. fusus, the genus Tiarina is composed of several species including 7. meunieri, T.
borealis, T. antarctica and T. levigata, but these have very old, incomplete morphological
descriptions without reference microscopy images or molecular data. Only 7. fusus (Chen et
al., 2012) and T. meunieri (previously named Stapperisa fusus, observed in the Arctic and the
North Sea; Meunier, 1910; Kahl, 1930) are taxonomically recognized species. Compared to 7.
fusus, the newly isolated ciliate has a larger length-to-width ratio (1.5 times more), lacks
armor spines, and possesses long somatic cilia arranged in 18 or more ciliary rows (7. fusus
has 15-17 longitudinal rows; Supplementary Table S7). As shown by brightfield (on more
than 50 cells) and confocal (on 11 cells) microscopy images (Figure 1D-E; Supplementary
Figure S2), another distinct morphological character of the isolated ciliate is the presence of
10 to 25 intracellular microalgal cells, which has never been reported in 7. fusus (Foissner,
2008; Lynn, 2008; Chen et al, 2012). Kahl (1930) observed “ingested dinoflagellates”
("Nahrung kleine Peredineen") in the arctic species 7. meunieri but this old and succinct
description has not been confirmed in the literature. In the newly isolated ciliate, the ovoid
microalgae of about 10 um in diameter tend to be located next to the macronucleus and the
micronucleus of the host (both highlighted in cyan), and seem to be intact as shown by the
presence of non-degraded nuclei and plastids, in blue and red respectively (Figure 1D-E).
Based on these confocal images, it is not possible to distinguish whether there is a single
reticulated or several chloroplasts in each microalgal cell. A very small fraction of cells
seemed to be degraded, possibly as a consequence of preservation biases and/or host

digestion. Several observations indicate cell division for some of the microalgae (Figure 1E;
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Supplementary Figure S2). The cellular features observed in CLSM on several host
individuals (n=11), collected in the Mediterranean Sea and Indian and Atlantic Oceans (7ara
Oceans stations 22, 41, 64, 72), suggest that the relationship between Tiarina sp. and its
symbionts of eukaryotic origin is a putative mutualistic endosymbiosis, rather than predation

or kleptoplastidy.
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Figure 1 Microscopy images of the photosymbiosis between the ciliate Ziarina sp. (the host) and its
intracellular symbiotic microalgae collected in surface oceanic waters. (A, B) Scanning electron
microscopy images reveal the calcified skeleton of the ciliate composed of six different tiers:
circumoral (COT), anterior secondary (AST), anterior main (AMT), posterior main (PMT), posterior
secondary (PST) and caudal (CT). (B) The arrow indicates the wing-like structure that is a
morphological feature of the genus Tiarina within the Colepidae family. (C—E) The three-dimensional
(3D) reconstructions of symbiotic specimens imaged with confocal laser scanning microscopy
(CLSM). (C) The ciliate exhibits numerous cilia, highlighted in green (DiOC6). (D, E) The nuclei of
the ciliate (cyan) and the symbiotic microalgae (blue) were reconstructed from the Hoechst
fluorescence signal, and the chloroplasts of the microalgae are highlighted by the red chlorophyll
autofluorescence. (E) The arrows indicate putative cell division events. Scale bar=20 pum.
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Phylogenetic identification of the host ciliate

Partial 18S rDNA sequences (i.e. a 1419 bp-long fragment from the V3 to the V9
regions) were obtained from 15 individual ciliates collected in six oceanic regions: the
Mediterranean Sea (n=2), and the Indian (n=6), Atlantic (n=5) and Pacific (n=2) Oceans
(Table 2). The majority of the 18S rDNA sequences were identical irrespective of their
geographic location (which we subsequently call genotype 1), except for four sequences
(Med 2, Med 3, TI 381 and TI 382) that have one nucleotide difference in the V9 region
(which we call genotype 2). While Tiarina sp. genotype 1 was found in most plankton
samples, genotype 2 was specifically observed in the Mediterranean Sea and the South
Atlantic Ocean. In the latter region (e.g. station 72), both genotypes were found. Based on
BLAST analyses, we found no environmental Sanger sequences identical to the newly
isolated Tiarina sp. (both genotypes) in GenBank (release 207.0; April 2015); the closest

sequence corresponded to the ciliate Tiarina fusus (FJI858217).

Table 2 Information about the geographic origin and sequence data obtained for each symbiotic ciliate
(Tiarina sp., named hereafter TI XX) and their associated endosymbiotic microalgae (the
dinoflagellate genus Symbiodinium)

Holobiont Sampling station Oceanic region Coordinates Host (the Symbiont
D ciliate Tiarina (Symbiodinium)
sp.) 185 rDNA ITS2 28S rRNA
TI 355 Tara 41 North Indian Ocean 14°36°N; 69°54’E KR022062 KR022044
TI 356 Tara 41 North Indian Ocean 14°36°N; 69°54’E  KR022031  KR022063 KR022045
TI 357 Tara_41 North Indian Ocean 14°36°N; 69°54’E KR022032  KR022064 KR022046
TI 358 Tara 41 North Indian Ocean 14°36°N; 69°54’E KR022065 KR022047
TI 363 Tara 41 North Indian Ocean 14°36°N; 69°54’E  KR022033  KR022066 KR022048
TI 365 Tara 41 North Indian Ocean 14°36°N; 69°54’E  KR022034
TI 366 Tara_41 North Indian Ocean 14°36°N; 69°54°E  KR022035  KR022067 KR022049
TI 371 Tara 52 South Indian Ocean 16°53’S; 54°00’E  KR022036  KR022068 KR022050
TI 376 Tara_72 South Atlantic Ocean ~ 8°35°S; 17°54°W  KR022037  KR022069 KRO022051
TI 377 Tara 122 South Pacific Ocean 8°58°S; 139°11’W  KR022038  KR022070 KR022052
TI 378 Tara_122 South Pacific Ocean 8°58°S; 139°11’W  KR022039  KR022071 KR022053
TI 379 Tara 72 South Atlantic Ocean ~ 8°35°S; 17°54’W  KR022040  KR022072 KR022054
TI 380 Tara_72 South Atlantic Ocean ~ 8°35°S; 17°54’W  KR022041  KR022073 KR022055
TI 381 Tara_72 South Atlantic Ocean ~ 8°35°S; 17°54°W  KR022042  KR022074 KR022056
TI 382 Tara_72 South Atlantic Ocean ~ 8°35°S; 17°54’W  KR022043  KR022075 KR022057
TI 392 Tara 32 Red Sea 23°24°N; 37°12'E KR022078 KR022060
TI 393 Tara 32 Red Sea 23°24°N; 37°12'E KR022079 KR022061

Med 2 Villefranche-sur-Mer (France) Mediterranean Sea 43°42'N; 7°18'E KR022029  KR022076 KR022058
Med_3 Villefranche-sur-Mer (France) Mediterranean Sea 43°42'N; 7°18'E KR022030  KR022077 KRO022059

In the 18S rDNA phylogenetic tree (Figure 2), sequences of genotypes 1 and 2
grouped together and were placed within a highly supported monophyletic clade (Bootstrap
values (BV) = 100%), which corresponds to the family Colepidae, confirming the
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morphological identification. The monophyly of the Colepidaec was also recovered in a
previous study (Yi et al., 2010). Within this family, phylogenetic analyses showed that
sequences of our new ciliate grouped with 7. fusus and an environmental clone (EF526888) in
a highly supported monophyletic sub-clade (BV= 100%) that likely corresponds to the genus
Tiarina. However, the isolated Tiarina sp. is genetically clearly different from Tiarina fusus,
as it 1s distinguished by 10 and 11 nucleotide differences in the 18S rDNA for genotypes 1
and 2, respectively. These molecular results corroborate the morphological dissimilarities
highlighted above and provide further evidence that the new ciliate is a novel Tiarina species

that requires formal description.

AF060454 Platyophrya vorax
X65150 Furgasonia blochmanni
AM12525 Balanion masanensis Balanionidae
AF351579 Cryptocaryon irritans Urotichidae
— U97111 Holophrya ovum
100 | AB486009 Pelagothrix alveolata
U97109 Coleps hirtus
rﬁ'ngzm 2Coleps spetai
100 AM292311 Coleps hirtus hirtus
78 DQ487194 Coleps sp.
AM292313 Nolandia nolandi
AB354737 Levicoleps biwae
FJ858215 Nolandia like sp.
FJ858214 Apocoleps sp.
100 HM747137 Apocoleps sp.
FJ858213 Apocoleps magnus
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Figure 2 Maximum likelihood phylogeny inferred from partial 18S rDNA sequences of the ciliate
order Prorodontida (1419 aligned nucleotide positions) and the Tamura—Nei (TrN) model of nucleotide
substitution. Sequences of individual cells of Tiarina sp. obtained in this study are colored according
to their geographic origin. Bootstrap percentages based on 100 pseudoreplicates are indicated at each
node when support values are >50%.
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Phylogenetic identification of the microalgal symbiont

Ribosomal gene sequencing was also performed to reveal the identity and diversity of
the intracellular eukaryotic microalgae observed in the ciliate Tiarina sp.. Amplification of the

18S and 28S rRNA genes with universal eukaryotic primers followed by a cloning procedure
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showed that the microalgae of different isolated host cells systematically belonged to the
dinoflagellate genus Symbiodinium. Twenty partial sequences of the 28S rRNA gene (a 795
bp-long fragment covering the DI1-D3 regions) were subsequently obtained with
Symbiodinium-specific primers (Figure 3). The phylogenetic tree, which has the same
topology as in previous studies (Pochon ef al., 2012, 2014), demonstrated that Symbiodinium
isolated from all ciliates (genotypes 1 and 2) collected in different oceanic regions belong to
clade A (maximum support: BV=100%), the earliest branching Symbiodinium lineage. Within
this clade, the new sequences of Symbiodinium are different from any known reference
sequences, and separate analyses with shorter 28S rDNA sequences showed that they also do
not belong to the "Temperate A" sub-clade (Savage et al., 2002; Casado-Amezua et al., 2014;
Supplementary Figure S3). These new 28S rDNA sequences of Symbiodinium display genetic
dissimilarities (five to nine polymorphic sites) according to their sampling location. This
means that the host ciliate Tiarina sp. is systematically found in symbiosis with
Symbiodinium clade A worldwide, but can associate with different types or sub-clades
depending on the oceanic region (e.g. Mediterranean Sea and South Pacific Ocean; Figure 3).
However, up to three different Symbiodinium types can also be found at the same location
(e.g. station 72 in the south Atlantic Ocean and station 41 in the North Indian Ocean). From
station 72, we note that host genotypes 1 and 2 are associated with different but genetically
close Symbiodinium types (3 nucleotide differences out of 795 bp of the 28S rDNA sequence),

indicating a symbiont specificity within the same location.
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Figure 3 Maximum likelihood phylogeny of the genus Symbiodinium inferred from 28S rDNA

sequences (D1-D3 regions) and the general time-reversible (GTR) model of nucleotide substitutions.
Novel Symbiodinium sequences obtained in this study are colored according to their geographic origin,
and the name of their corresponding host is given (for example, TI 363). Bootstrap percentages based
on 100 pseudoreplicates are indicated at each node when support values are >50%.

The earliest diverging clade A is found within several benthic hosts (e.g. mollusks,
corals, anemones and jellyfish) in temperate and tropical waters of the Atlantic, Pacific,
Indian Oceans, and Red Sea (Franklin etz al., 2012; Goulet et al., 2008). Our results raise the
question of whether the novel diversity of Symbiodinium associated with a planktonic ciliate
in the open ocean can also live within benthic hosts from coastal waters. A complex genetic
diversity composed of 15 common sub-clade types has been recognized in clade A with the
highly resolutive ITS2 marker (LaJeunesse et al., 2001; 2009; Franklin ef al., 2012; Lee et al,.

2015). This marker was therefore used in this study to assign the new Symbiodinium
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sequences at the sub-clade level, and thus to provide a better understanding of the identity of
the Tiarina symbiont and the specificity of the symbiotic partnership (LaJeunesse, 2001). A
statistical parsimony network using the ITS2 sequences (239 bp-long) was constructed
including Symbiodinium sequences obtained from Tiarina sp. and those of 14 described sub-
clade types from different hosts and oceanic regions (Figure 4, Supplementary Table S3).
Sub-clade A2 was not included in the network because it was too divergent (over 10
polymorphic sites). Confirming the 28S rDNA phylogeny, ITS2 sequences of Symbiodinium
found in Tiarina sp. did not match any previously described clade A sequence types, and
instead represented 8 novel divergent sub-clade types (7 of which have > 2 nucleotide
differences). Remarkably, this Symbiodinium diversity from a single host taxon is relatively
high, and equivalent to the diversity described so far from about 50 benthic host taxa in reef
ecosystems worldwide (Franklin ef al., 2012). The ITS2 diversity of Symbiodinium from
Tiarina sp., like that of the 28S rRNA gene, is partly structured by geography, whereby
sequences from the same oceanic region tend to be similar (South Pacific Ocean, and
Mediterranean and Red Seas). However, the converse also occurs in the Indian and South
Atlantic oceans, where up to three highly divergent Symbiodinium sub-clade types (over 10
polymorphic sites) can co-exist at the same location. Overall, the ITS2 haplotype network
showed a clear genetic separation between Symbiodinium from benthic hosts and
Symbiodinium from the pelagic Tiarina sp.. For instance, in the Pacific Ocean, Symbiodinium
from benthic hosts (sub-clades A5, A6, A7, A8, and Al2, in light blue) are very distinct from
Symbiodinium found in Tiarina sp. (TL 377 and TI 378). With two nucleotide differences in
the ITS2 sequence, the closest sub-clade type to the ciliate Symbiodinium is A4. In corals, this
sub-clade type is known for its high photosynthetic efficiency and resistance to photodamage
when exposed to temperature stress (Warner et al., 2006). Symbiodinium A4 has also been
found in the jellyfish Linuche unguiculata, which alternates between the benthic (polyp stage)
and planktonic compartments during its life history (Trench and Thinh, 1995; Montgomery
and Kremer, 1995; Laleunesse, 2001). Therefore, sub-clade A4 could represent an
evolutionary and ecological transition between the benthic and pelagic environments, where

different selective pressures have caused evolutionary changes within Symbiodinium.
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Figure 4 Statistical parsimony network with ITS2 sequences of the different subclades of
Symbiodinium clade A. Published sequences and those obtained in this study from the planktonic
ciliate Tiarina sp. are represented by a square and a circle, respectively (see Supplementary Table S4
for the GenBank accession numbers). Based on the GeoSymbio database (Franklin et al., 2012), the
geographic origin and host spectrum for each Symbiodinium subclade are indicated by a color and a
letter, respectively. All of the previously described subclade types (A1-A16 in squares) were found in
benthic coastal hosts (~50 host species).

Ecological significance of the symbiosis between the ciliate Ziarina and Symbiodinium

To explore the geographical distribution of the symbiotic relationship over large
spatial scales, the two V9 sequences of the host ciliate (genotypes 1 and 2, differentiated by a
single nucleotide) were used to interrogate the V9 rDNA Tara Oceans metabarcoding dataset
(de Vargas et al., 2015). V9 metabarcodes that were 100% identical to the V9 of genotypes 1
and 2 were detected in 32 stations across the oceans, mainly at equatorial, tropical and
subtropical latitudes (Figure SA-B). The highest abundances of V9 reads occurred in the Red
Sea (station 32), and the Indian (station 41) and South Atlantic (station 72) Oceans, and they
were not detected in the Southern Ocean. Both genotypes co-existed in 21 stations in the
Mediterranean and Red Seas, and the Indian, Atlantic and Pacific Oceans. Genotype 1 was

more cosmopolitan and abundant (10 to 100 times more, in terms of the relative proportion of
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reads in a given sample), compared to genotype 2, which was detected in fewer stations

(Figure SA-B).

Tiarina sp. (Genotype 1) B

__Tiarina sp. (Genotype 2)
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Symbiodinium
in Tiarina sp.

POy /7’_ Positive correlation
NOZ NO3 / Negative correlation
NO2
Chla
: / \

Tiarina sp. Tiarina sp.

Genotype 1 DCM
Genotype 2 Depth

Tiarina fusus

Salinity

Figure 5 Geographic distribution and ecology of the photosymbiosis between the host ciliate Tiarina
and the microalga Symbiodinium. (a, b) Mapping of the relative abundance of rDNA V9 reads
identical to the V9 sequences of Tiarina genotype 1 (a) and Tiarina genotype 2 (b) in Tara Oceans
stations (surface samples in the 20—180 um size fraction). The color gradient indicates the relative
abundance of V9 reads from green to red for low to high values, respectively. Black dots indicate that
no V9 reads were detected at the given station. (¢) Network showing the different correlations
(statistically significant; P<0.05) between the V9 read abundances of Symbiodinium (represented by
five distinct V9 sequences), Tiarina genotypes 1 and 2, T. fusus and several physicochemical
parameters (see Supplementary Tables S6 and S8 for the data used and the P-values of the different
correlations, respectively).

The ecological preferences of the symbiosis between Tiarina sp. and Symbiodinium
were investigated through correlation network analyses including different contextual
oceanographic parameters and the relative abundance of V9 reads of Symbiodinium
(representing five distinct V9 sequences), Tiarina sp. (genotypes 1 and 2), and Tiarina fusus
(Figure 5C, Supplementary Tables S6 and S8). This analysis revealed a positive correlation
between Symbiodinium and both genotypes of Tiarina sp., demonstrating that there is an

intimate ecological interaction between these taxa in surface ocean waters. In addition,
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Symbiodinium V9 reads correlated negatively to the concentration of some nutrients (NO-,
PO,) and chlorophyll a. Reads of genotypes 1 and 2 of the ciliate 7iarina sp. significantly co-
occurred and displayed negative correlation with chlorophyll a. Reads of genotype 2 also
displayed negative correlations with some nutrients (NO,, PO,, Si), while those of genotype 1
had positive correlations with the depth of the DCM. Thus, the correlation patterns between
the host, its symbiont and their abiotic environment clearly indicate that the symbiotic
partnership predominantly occurs in oligotrophic conditions (typically characterized by a deep
DCM and low chlorophyll and nutrient concentrations), mirroring the ecology of other known
planktonic photosymbioses (Stoecker et al, 2009; Decelle et al., 2012; de Vargas and
Shacked, 2006). More specifically, we note that genotype 2 positively correlated with salinity,
very likely because of its prevalence in the Mediterranean Sea. No significant correlations
were detected between 7. fusus and Symbiodinium, nor between 7. fusus and different
oceanographic parameters, showing that the life mode and the ecology of 7. fusus and the
novel Tiarina sp. are distinct. To date, 7. fusus has been reported essentially from coastal and
productive marine waters, such as European fjords (Smetacek, 1981; Dale and Dahl, 1987;
Lynn, 2008; Chen et al., 2012), where it can dominate ciliate abundance and/or biomass
(maximum density reported: 34 000 cells.m™). 7. fusus is particularly known for its significant
grazing activity on a variety of toxic and/or red-tide microalgae (Jeong et al., 2002). In this
study, V9 reads assigned to 7. fusus (100% identical to the reference sequence) were only
detected in low abundance in coastal stations in the Adriatic and Red Seas, and in the Indian
and Atlantic Oceans (Supplementary Figure S4). According to the ecological species concept
(Boenigk et al., 2012), these results therefore provide additional evidence that the symbiotic

Tiarina sp. is a novel species distinct from 7. fusus.
Conclusion and Perspectives

Our study identified and characterized a novel and widespread pelagic photosymbiosis
between an undescribed calcifying ciliate (7iarina sp.) and the dinoflagellate Symbiodinium.
Consistent microscopy observations on multiple specimens, systematic PCR detection of
Symbiodinium within the ciliate, and the geographic distribution in surface oceans together
provide evidence in favor of a long-term mutualistic symbiosis rather than predation or
kleptoplastidy. This newly described partnership is relevant not only because the host is a
previously unknown planktonic protistan species, but also because the occurrence of

Symbiodinium as a symbiont in the open ocean was previously unknown, despite the fact that
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Symbiodinium is one of the most extensively studied microalgal genera. We revealed a novel
and highly diverse assemblage within Symbiodinium clade A composed of 8 sub-clade types,
which appear to be endemic to pelagic waters as they have not been reported from hosts in
benthic-coastal habitats so far (e.g. tropical reefs, temperate coastal areas). Selective pressures
inherent to the pelagic realm and host specialization might have created a distinct ecological
niche and driven the tempo and mode of Symbiodinium diversification in the open ocean.
Given that clade A is the earliest branching lineage and colepid fossils date back to the
Triassic (220 million year ago, Schmidt et al., 2006), it is possible that the Tiarina-

Symbiodinium symbiosis occurred relatively early in the evolution of the two lineages.

This cosmopolitan symbiosis likely plays multi-faceted biogeochemical roles in
pelagic ecosystems by contributing to primary production and calcium cycling through the
Symbiodinium photosynthesis and host calcification, respectively. Automatic and in situ
imaging techniques could be used in the future to properly quantify this interaction, and thus
to determine its ecological impact in the environment. The active motility of the cilia-bearing
host, which is absent in the "passive" photosymbiotic rhizarian Radiolaria and Foraminifera,
makes the partnership highly original and may indicate a chemotactic behavior for finding
symbiotic partners, suitable light conditions, and food or nutrient patches, as hypothesized in
the photosymbiotic ciliate Mesodinium rubrum (Wilkerson and Grunseich, 1990; Fenchel and
Blackburn, 1999). Given the metabolic capacities of Symbiodinium in reef ecosystems
(Yellowlees et al., 2008; Godinot et al., 2009; Pernice et al., 2012), Tiarina sp. very likely
benefits from a significant source of carbon, nitrogen, phosphate and other key nutrients for
growth and reproduction that are otherwise limiting in the open ocean. In addition to its
nutritional role, Symbiodinium could also play a critical role not only in the calcification of
the ciliate's skeleton, as shown in scleractinian corals (Allemand et al., 2011; Davy et al.,
2012), but also in UV protection in transparent open ocean waters, since clade A is known to
produce a significant amount of UV-absorbing mycosporine-like amino acids (MAAs) in
comparison with other clades (Banaszak et al., 2000). Clade A is also known for its tolerance
for high irradiance and high temperatures, likely explaining why it is commonly found in
shallow-water benthic hosts (Warner et al., 2006; Kemp et al., 2014, 2015) or in the free-
living environment (Pochon et al., 2014). Thus, the physiological features of clade A would
seem to make this Symbiodinium lineage particularly well suited to be a symbiont within

single-celled hosts in oligotrophic transparent waters. Future studies should aim to better
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understand the nature, ecological role and life cycle of this new photosymbiosis, and explore

whether other Symbiodinium clades can be found in the open ocean.
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Supplementary information

Table S1. Information about the primer sets used in this study for PCR amplification of ribosomal
genes of the host 7iarina sp. and the symbiotic microalga Symbiodinium.

Target and Primers Sens Sequence (5’-3°) Tm (°C) Source
Ciliophora 18S rRNA gene
Cil-384F F YTB GAT GGT AGT GTA TTG GA 56 Dopheide et al, 2008
Cil 1147R R GAC GGT ATC TRA TCGTCT TT 60 Dopheide et al, 2008

Tiarina sp. 18S rRNA gene
(external primers)

TiaV4-F1 F CTT CTG AAT GTT GCG ACA GTG 47.3 This study
Cil28S_R1 R ACG ATT TCA AGT CTT TTA ACC 41.4 This study
Tiarina 18S rRNA gene (internal
primers)
TiaV4-F2 F CGG TCG TTG TAA TGG CAT TCA 47.3 This study
Cil28S_R2 R GCT TTA GAA GAA GTT TAT CTC 41.3 This study
Dinophyceae 18S rRNA gene +
ITS
Din_464F F TAA CAA TAC AGG GCA TCC AT 51 Gomez et al. 2011
ITS dinoRev R GTG AAT TGC CAG AAC TCC GTG 49 Pochon et al., 2001
Dinophyceae 28S rRNA gene
ITS_dinoF F GTG AAT TGC AGA ACT CCG TG 60 Pochon et al, 2001
LO R GCT ATC CTG AGR GAA ACT TCG 49.2  Shaked & de Vargas, 2006
Eukaryotic 18S rRNA gene
63F F ACG CTT GTC TCA AAG ATT 67 Lepere et al., 2011
1818R R ACG GAA ACCTTG TTA CGA 65 Lepere et al,, 2011
Eukaryotic 28S rRNA gene
DIR F ACC CGC TGA ATT TAA GCA TA 59 Scholin et al.,, 1994
D2C R CCT TGG TCC GTG TTT CAA GA 56 Scholin et al., 1994
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Table S2. 18S rDNA sequences of ciliates (order Prorodontida) used for
phylogenetic analyses. GenBank accession numbers in bold indicate the

sequences of Tiarina sp. produced in this study.

Gene Taxon GenBank Accession number
18S rRNA  Platyophyra vorax AF060454
18S rRNA  Furgaosonia blachmanni X65150
18S rRNA  Balanion masanensis AM12525
18S rRNA  Crytocaryon irritans AF351579
18S rRNA  Holophrya ovum U97111
I18S rRNA  Pelagothrix alveolata AB486009
18S rRNA  Levicoleps biwae AB354737
18S rRNA  Nolandia nolandi AM292313
18S rRNA  Coleps hirtus U97109
I8StRNA  Coleps spetai AM?292312
18S tRNA  Coleps hirtus hirtus AM292311
18S rRNA  Coleps sp. DQ487194
18S rRNA  Nolandia like sp. FJ858215
18S rRNA  Apocoleps sp. FJ858214
18S rRNA  Apocoleps sp. HM747137
18S rRNA  Apocoleps magnus FJ858213
18S rRNA  Uncultured eukaryote NA21F11 EF526888
18S rRNA  Tiarina fusus FJ858217
18S rRNA  Tiarina fusus - Moore transcriptome MMETSP0472
18S rRNA  Tiarina sp. Cilie 2 KR022029
18S rRNA  Tiarina sp. Cilie 3 KR022030
18S rRNA  Tiarina sp. TI 356 KR022031
18S rRNA  Tiarina sp. T1_357 KR022032
18S rRNA  Tiarina sp. TI_363 KR022033
18S rRNA  Tiarina sp. TI_365 KR022034
18S rRNA  Tiarina sp. T1_366 KR022035
18S rRNA  Tiarina sp. TI_371 KR022036
18S rRNA  Tiarina sp. T1_376 KR022037
I8S rRNA  Tiarina sp. T1_377 KR022038
18S rRNA  Tiarina sp. T1_378 KR022039
18S rRNA  Tiarina sp. TI_379 KR022040
18S rRNA  Tiarina sp. TI 380 KR022041
18S rRNA  Tiarina sp. TI 381 KR022042
18S rRNA  Tiarina sp. TI 382 KR022043
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Table S3. 28S rDNA sequences of Symbiodinium (clades A-H) used for phylogenetic analyses.
GenBank accession numbers in bold indicate the sequences of Symbiodinium clade A produced in

this study.

Gene marker Clade ITS2 subclade type Host taxon GenBank Accession number
28S rRNA C Cal1 Sorites sp. IN558048
28S rRNA C C90 Sorites sp. IN558045
28S rRNA C Cl15 Amphisorus hemprichii IN558042
28S rRNA C Cl Amphisorus hemprichii IN558040
28S rRNA H H1 Sorites sp. INS558051
28S rRNA H Hla Sorites sp. JN558053
28S rRNA F2 F2 Sorites sp. J1Q247043
28S rRNA F2 F2a Sorites sp. 1Q247044
28S rRNA F3 F3.2 Amphisorus hemprichii 1Q247046
28S rRNA F3 F3.1a Amphisorus hemprichii 1Q247045
28S rRNA F4 F4.8 Sorites sp. JQ247048
28S rRNA F4 F4.1 Sorites sp. 1Q247047
28S rRNA F5 F5.2¢g Montastraea faveolata IN558072
28S rRNA F5 F1 Montipora verrucosa IN558066
28S rRNA F5 F5.1d Sinularia sp. IN558069
28S rRNA F5 F5.1 Meandrina meandrites IJN558063
28S rRNA B B2 Eunicea flexuosa JN558060
28S rRNA B Bl Plexaura kuna IN558057
28S rRNA B B19a Plexaura kuna IJN558055
28S rRNA I 12 Sorites sp. FN561560
28S rRNA I 11 Sorites sp. FN561559
28S rRNA D1 Dla unknown anemone IN558078
28S rRNA DI D1 Acropora sp. IN558075
28S rRNA D2 DI1.1 Marginopora vertebralis JQ247049
28S rRNA D2 D1.2 Haliclona koremella IN558081
28S rRNA G2 G2.2* Cliona orientalis JQ247051
28S rRNA G2 G2.1* Cliona orientalis JQ247050
28S rRNA Gl QG2 Marginopora vertebralis JN558089
28S rRNA Gl G2b Marginopora vertebralis IN558088
28S rRNA E El Anthopleura elegantissima IN558084
28S rRNA A A2 2 Gorgonia ventallina JN558100
28S rRNA A A2 1 Bartholomea annulata IN558097
28S rRNA A A3 Pseudoplexaura porosa IN558091
28S rRNA A Al3 Plexaura kuna IN558094
28S rRNA A Al17 Tiarina Genotype 1- TI_376 KR022051
28S rRNA A Al7 Tiarina Genotype 1- TI_379 KR022054
28S rRNA A Al8 Tiarina Genotype 2- TI_381 KR022056
28S rRNA A Al18 Tiarina Genotype 2- TI_382 KR022057
28S rRNA A A19 Tiarina Genotype 1- TI_380 KR022055
28S rRNA A A20 Tiarina Genotype 1- TI_392 KR022060
28S rRNA A A20 Tiarina Genotype 1- TI_393 KR022061
28S rRNA A A2l Tiarina Genotype 1- TI_356 KR022045
28S rRNA A A21 Tiarina Genotype 1- TI_357 KR022046
28S rRNA A A2l Tiarina Genotype 1- TI_363 KR022048
28S rRNA A A22 Tiarina Genotype 1- TI_355 KR022044
28S rRNA A A22 Tiarina Genotype 1- TI_358 KR022047
28S rRNA A A22 Tiarina Genotype 1- TI_366 KR022049
28S rRNA A A22 Tiarina Genotype 1- TI_371 KR022050
28S rRNA A A23 Tiarina Genotype 2- Med_2 KR022058
28S rRNA A A23 Tiarina Genotype 2- Med_3 KR022059
28S rRNA A A24 Tiarina Genotype 1- TI_377 KR022052
28S rRNA A A24 Tiarina Genotype 1- TI_378 KR022053
28S rRNA Outgroup  Polarella glacialis - JN558108
28S rRNA Outgroup  Protodinium simplex - IN558103
28S rRNA Outgroup  Pelagodinium beii - IN558106
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Table S4. ITS2 sequences of different Symbiodinium sub-clade
types within clade A used for haplotype network reconstruction.
GenBank accession numbers in bold indicate the sequences

produced in this study.

Sub-clade type Host origin GenBank Accession number
Al - AF333505
A3 - EU074857

A3a - EU449035
A3b - EU449043

A4 - AF333508
Ada - AF499778

A5 - AF333508

A6 - AF186058

A7 - AY239360

AS - EU449038

A9 - EU449028
A10 - EU792882
All - EU449041
Al2 - EU792883
Al3 - AF333504
Al5 - EU792884
Al5a - EU792885
Al15b - EU792886
Al5c - EU792887
Alé6 - EU792888
Al7 Tiarina TI_376 KR022069
Al7 Tiarina TI_379 KR022072
Al8 Tiarina TI_381 KR022074
Al8 Tiarina TI_382 KR022075
Al19 Tiarina TI_380 KR022073
A20 Tiarina TI_392 KR022078
A20 Tiarina TI_393 KR022079
A21 Tiarina TI_356 KR022063
A21 Tiarina TI_357 KR022064
A21 Tiarina TI_363 KR022066
A22 Tiarina TI_355 KR022062
A22 Tiarina TI_358 KR022065
A22 Tiarina TI_366 KR022067
A22 Tiarina TI_371 KR022068
A23 Tiarina Med_2 KR022076
A23 Tiarina Med_3 KR022077
A24 Tiarina TI_377 KR022070
A24 Tiarina TI_378 KR022071
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Table S5. V9 rDNA sequences of Tiarina sp. (host) and the corresponding
symbiont Symbiodinium used to interrogate the Tara Oceans metabarcoding dataset.

Holobiont ID Host (the ciliate Tiarina sp.) | Symbiont (Symbiodinium)
TI 355 - KR817711
TI 356 KR817696 KR817712
TI 357 KR&817697 KR817713
TI 358 - KR817714
TI 361 - KR817715
TI 363 KR817698 KR817716
TI 365 KR817699 KR817717
TI 366 KR817700 -

TI 371 KR8&17701 KR817718
TI 376 KR817702 KR817719
TI 377 KR&17703 KR8&17720
TI 378 KR817704 -
TI 379 KR817705 -
TI 380 KR817706 KR817721
TI 381 KR817709 -
TI 382 KR&17710 -
TI 392 - -
TI 393 - -
Med 2 KR817707 KR817722
Med 3 KR817708 KR817723
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Table S6. Contextual oceanographic parameters and the relative abundance of V9 reads of Symbiodinium (representing five distinct V9 sequences), Tiarina sp.

(genotypes 1 and 2), and Tiarina fusus at each Tara Oceans station to perform correlation network analyses.

Station Total Tiarina 98.33% Tiarina 99.17%  Tiarina fusus Mean Mean Depth Mixed Layer Mean Depth Euphotic zone Day Oxygen Oxygen Salinity AMODIS PAR8d AMODIS PARm Mean NO2 PO4 NO2NO3 SI
Symbiodinium  genotype2 genotypel 100% Latitude Max Fluom mean MLD Sigma m depth duration Depth min O, Depth max O, Depth 10m Einsteinsm2.d* Einsteins.m2.d* Depth Max
temperature °C integrated N2 m
Chla g.m?

100 6.68E-03 0.00E+00 2.47E-03 0.00E+00 1.30E+01 6.09E+01 2.53E+01 3.46E+01 2.19E+01 7.09E+02 1.80E+00 2.16E+02 3.58E+01 4.18E+01 4.24E+01 5.14E+01 1.40E-01 6.80E-01 6.20E+00 1.20E+00
102 5.73E-05 0.00E+00 1.15E-04 0.00E+00 5.25E+00 3.66E+01 2.48E+01 1.77E+01 2.35E+01 7.18E+02 8.36E-01 2.07E+02 3.47E+01 4.21E+01 4.47E+01 3.61E+01 3.20E-01 1.00E+00 1.26E+01 5.00E+00
109 6.03E-05 0.00E+00 0.00E+00 0.00E+00 1.99E+00 2.84E+01 2.75E+01 9.29E+00 2.49E+01 7.32E+02  1.59E+00 2.04E+02 3.34E+01 5.16E+01 4.24E+01 4.24E+01 4.00E-02 2.70E-01 9.00E-01 1.70E+00
11 1.61E-04 0.00E+00 0.00E+00 0.00E+00 4.17E+01 NA NA NA NA 7.08E+02 NA NA NA NA NA NA NA NA NA NA
111 4.51E-03 0.00E+00 5.29E-03 0.00E+00 1.70E+01 8.25E+01 2.27E+01 6.70E+01 1.84E+01 6.71E+02  4.61E+00 2.09E+02 3.60E+01 3.44E+01 3.76E+01 7.99E+01 4.00E-02 5.00E-01 2.68E+00 1.00E+00
122 3.00E-03 1.97E-04 5.51E-03 0.00E+00 9.00E+00 9.92E+01 2.66E+01 7.14E+01 NA 7.01E+02 2.27E+01 1.88E+02 3.54E+01 4.02E+01 4.16E+01 1.07E+02 1.20E-01 5.70E-01 5.46E+00 2.19E+00
123 4.09E-03 0.00E+00 2.05E-03 0.00E+00 8.91E+00 3.50E+01 2.66E+01 8.79E+01 2.25E+01 7.03E+02 3.42E+01 1.89E+02 3.54E+01 4.52E+01 4.32E+01 1.22E+02 1.40E-01 5.30E-01 4.90E+00 2.22E+00
124 4.35E-04 0.00E+00 5.22E-04 0.00E+00 9.15E+00 3.30E+01 2.65E+01 9.17E+01 NA 7.04E+02  4.31E+01 1.90E+02 3.54E+01 NA 4.33E+01 1.15E+02 1.60E-01 6.30E-01 6.18E+00 2.52E+00
125 8.25E-04 0.00E+00 1.36E-03 0.00E+00 8.88E+00 4.36E+01 2.68E+01 9.50E+01 2.09E+01 7.06E+02  4.18E+01 1.88E+02 3.54E+01 NA NA 1.04E+02 1.90E-01 5.60E-01 3.73E+00 1.80E+00
18 2.34E-03 3.90E-04 3.34E-03 0.00E+00 3.58E+01 8.35E+01 2.14E+01 3.85E+01 1.15E+01 6.41E+02 1.74E+02 2.35E+02 3.79E+01 2.20E+01 1.95E+01 5.70E+01 1.83E-02 2.60E-02 1.20E-01 5.60E-01
20 1.56E-02 2.05E-03 1.39E-03 0.00E+00 3.45E+01 9.25E+01 2.14E+01 6.05E+01 1.97E+01 6.27E+02  2.37E+02 2.73E+02 3.84E+01 2.36E+01 2.04E+01 7.00E+01 6.30E-03 1.31E-02 2.00E-02 5.40E-01
22 6.19E-03 1.47E-04 8.35E-04 6.34E-03 3.98E+01 1.77E+01 1.70E+01 9.00E+00 1.35E+01 5.98E+02 1.77E+02 2.22E+02 3.77E+01 1.61E+01 1.32E+01 5.63E+01 7.00E-02 2.00E-02 2.10E-01 2.03E+00
23 1.98E-02 1.14E-04 3.63E-03 2.33E-03 4.22E+01 5.43E+01 1.69E+01 9.33E+00 1.66E+01 5.82E+02 1.92E+02 2.26E+02 3.82E+01 7.74E+00 1.03E+01 5.47E+01 1.00E-02 6.00E-03 4.00E-02 1.38E+00
24 1.41E-02 3.25E-04 2.68E-03 1.30E-03 4.25E+01 4.35E+01 1.82E+01 4.00E+00 1.10E+01 5.75E+02  1.90E+02 2.25E+02 3.81E+01 6.42E+00 1.04E+01 4.70E+01 1.40E-02 6.00E-03 9.00E-02 2.18E+00
25 2.19E-03 2.05E-04 6.83E-05 0.00E+00 3.94E+01 5.40E+01 1.83E+01 2.87E+01 1.30E+01 5.87E+02  1.73E+02 2.30E+02 3.82E+01 1.36E+01 1.37E+01 3.77E+01 4.50E-03 6.50E-03 3.00E-02 1.05E+00
26 5.12E-03 6.87E-04 5.00E-04 0.00E+00 3.85E+01 5.60E+01 1.90E+01 4.55E+01 1.26E+01 5.90E+02  1.83E+02 2.29E+02 3.84E+01 1.76E+01 1.47E+01 5.65E+01 6.00E-03 8.50E-03 6.50E-03 1.03E+00
30 1.14E-02 1.10E-03 5.27E-03 0.00E+00 3.39E+01 7.70E+01 2.03E+01 4.13E+01 1.23E+01 5.95E+02  1.66E+02 2.16E+02 3.94E+01 1.39E+01 1.53E+01 6.57E+01 0.00E+00 0.00E+00 5.00E-02 8.20E-01
31 1.51E-04 0.00E+00 1.51E-04 0.00E+00 2.72E+01 8.40E+01 2.50E+01 4.50E+01 1.23E+01 6.32E+02  4.91E+01 1.91E+02 4.00E+01 2.82E+01 2.78E+01 8.95E+01 1.35E-02 2.40E-02 3.00E-02 8.20E-01
32 2.81E-03 1.06E-04 2.23E-02 5.30E-05 2.34E+01 8.03E+01 2.58E+01 3.53E+01 1.13E+01 6.49E+02  2.42E+01 1.88E+02 3.97E+01 2.47E+01 2.95E+01 1.42E+02 1.40E-02 1.75E-02 0.00E+00 8.70E-01
33 4.02E-04 6.69E-05 1.34E-04 1.34E-04 2.20E+01 5.25E+01 2.72E+01 2.65E+01 1.57E+01 6.54E+02 2.22E+01 1.85E+02 3.90E+01 3.18E+01 3.40E+01 7.90E+01 2.00E-03 5.30E-02 4.50E-03 1.15E+00
34 4.54E-03 5.54E-05 1.66E-04 5.54E-05 1.84E+01 4.25E+01 2.76E+01 2.55E+01 1.59E+01 6.72E+02  2.15E+01 1.86E+02 3.86E+01 3.54E+01 3.52E+01 7.80E+01 2.00E-02 1.90E-01 3.00E-02 3.91E+00
36 3.17E-02 1.19E-03 0.00E+00 0.00E+00 2.08E+01 2.10E+01 2.54E+01 6.67E+00 1.79E+01 7.17E+02  4.27E+00 1.89E+02 3.65E+01 4.25E+01 4.65E+01 2.30E+01 5.00E-02 3.70E-01 1.30E-01 1.20E+00
38 3.16E-03 1.24E-04 0.00E+00 0.00E+00 1.90E+01 3.15E+01 2.61E+01 1.06E+01 1.79E+01 7.21E+02  2.71E+00 1.89E+02 3.66E+01 4.77E+01 4.47E+01 1.08E+02 1.40E-02 3.20E-01 6.00E-02 1.18E+00
39 6.51E-03 0.00E+00 0.00E+00 0.00E+00 1.86E+01 3.49E+01 2.71E+01 8.50E+00 1.85E+01 7.24E+02 2.62E+00 1.92E+02 3.63E+01 4.69E+01 4.67E+01 8.29E+01 5.00E-03 2.30E-01 3.00E-02 1.44E+00
41 1.89E-01 7.26E-05 1.90E-02 6.17E-04 1.46E+01 6.52E+01 2.91E+01 5.00E+00 1.09E+01 7.35E+02 2.65E+00 1.94E+02 3.60E+01 4.76E+01 4.85E+01 5.68E+01 3.00E-03 1.40E-01 9.00E-02 1.47E+00
42 1.11E-02 1.63E-04 6.75E-03 5.44E-05 6.03E+00 7.57E+01 3.00E+01 2.13E+01 1.17E+01 7.31E+02  5.95E+00 1.91E+02 3.46E+01 5.17E+01 4.68E+01 1.03E+02 0.00E+00 8.00E-02 3.00E-02 2.21E+00
45 6.44E-05 0.00E+00 0.00E+00 0.00E+00 4.57E-03 4.80E+01 3.05E+01 1.40E+01 1.31E+01 7.27E+02  4.59E+01 1.85E+02 3.52E+01 3.39E+01 4.84E+01 4.70E+01 2.00E-02 1.94E+00 2.86E+01 1.51E+01
52 5.80E-03 1.13E-04 3.83E-03 0.00E+00 1.70E+01 7.10E+01 2.79E+01 4.70E+01 1.75E+01 6.78E+02 1.17E+02 2.23E+02 3.46E+01 3.39E+01 3.79E+01 6.90E+01 0.00E+00 1.20E-01 0.00E+00 2.67E+00
64 3.14E-02 3.35E-03 4.38E-03 7.97E-05 2.95E+01 5.22E+01 2.22E+01 7.12E+01 1.50E+01 6.20E+02 1.51E+02 2.19E+02 3.53E+01 1.50E+01 1.86E+01 1.61E+02 4.00E-03 8.00E-02 0.00E+00 1.77E+00
65 3.38E-03 2.57E-04 1.46E-03 0.00E+00 3.52E+01 2.62E+01 2.16E+01 4.70E+01 1.59E+01 5.97E+02 1.52E+02 2.11E+02 3.54E+01 9.21E+00 1.54E+01 8.92E+01 NA NA NA NA

66 0.00E+00 0.00E+00 0.00E+00 5.14E-04 3.49E+01 2.20E+01 1.49E+01 9.00E+01 2.27E+01 6.01E+02 2.02E+02 2.39E+02 3.53E+01 1.43E+01 1.65E+01 1.04E+02 3.00E-01 3.40E-01 3.34E+00 2.74E+00
67 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.21E+01 9.75E+00 1.28E+01 1.22E+01 2.54E+01 6.97E+02 2.90E+01 1.69E+02 3.48E+01 3.77E+01 3.41E+01 252E+01 1.71E-01 1.02E+00 7.09E+00 1.39E+01
68 0.00E+00 0.00E+00 0.00E+00 0.00E+00 3.11E+01 3.71E+01 1.66E+01 1.87E+02 2.35E+01 7.10E+02  1.70E+02 2.34E+02 3.57E+01 3.41E+01 3.61E+01 2.00E+02 2.50E-01 2.29E-01 1.30E+00 2.60E+00
7 1.88E-03 3.86E-04 0.00E+00 0.00E+00 3.70E+01 4.43E+01 NA 1.80E+01 NA 7.27E+02 NA NA 3.75E+01 2.99E+01 3.52E+01 4.05E+01 0.00E+00 6.00E-02 3.00E-02 5.20E-01
70 1.84E-04 4.61E-05 0.00E+00 0.00E+00 2.04E+01 5.44E+01 1.97E+01 1.47E+02 2.22E+01 7.25E+02 1.42E+02 2.15E+02 3.64E+01 4.82E+01 4.59E+01 1.54E+02 5.40E-02 3.64E-01 9.86E-01 1.36E+00
72 9.66E-02 3.32E-03 9.95E-03 0.00E+00 8.78E+00 9.71E+01 2.50E+01 7.47E+01 1.23E+01 7.33E+02  8.36E+01 1.99E+02 3.64E+01 3.75E+01 4.60E+01 9.83E+01 3.00E-03 1.04E-01 1.80E-02 8.68E-01
76 2.31E-03 1.61E-04 3.76E-04 0.00E+00 2.09E+01 1.29E+02 2.32E+01 3.43E+01 8.13E+00 7.55E+02  1.67E+02 2.08E+02 3.71E+01 NA NA 1.54E+02 1.00E-03 5.60E-02 NA 8.14E-01
78 1.55E-03 2.42E-04 4.84E-05 0.00E+00 3.01E+01 1.13E+02 1.99E+01 3.35E+01 1.12E+01 8.02E+02  1.98E+02 2.22E+02 3.63E+01 NA NA 4.07E+01 0.00E+00 0.00E+00 1.70E-02 4.81E-01
82 0.00E+00 0.00E+00 0.00E+00 0.00E+00 4.72E+01 4.53E+01 7.24E+00 2.93E+01 3.20E+01 9.45E+02  1.66E+02 3.08E+02 3.40E+01 2.75E+01 3.57E+01 6.23E+01 1.51E-01 1.30E+00 1.82E+01 1.82E+00
84 0.00E+00 0.00E+00 0.00E+00 0.00E+00 6.02E+01 6.85E+01 1.50E+00 4.20E+01 2.14E+01 1.12E+03  1.68E+02 3.43E+02 3.37E+01 3.62E+01 3.21E+01 8.75E+01 2.66E-01 1.72E+00 2.53E+01 1.66E+01
98 1.72E-03 5.54E-05 2.99E-03 0.00E+00 2.58E+01 1.76E+02 2.51E+01 5.32E+01 6.04E+00 7.07E+02  1.56E+02 2.22E+02 3.64E+01 4.49E+01 3.96E+01 7.25E+01 0.00E+00 2.00E-01 5.00E-02 3.80E-01



Table S7. Comparison of different morphological characters of seven ciliates within the Colepidae family, including the newly isolated ciliate Tiarina sp.

Coleps hirtus Nolandia nolandi Levicoleps biwae Apocoleps magnus Tiarina meunieri Tiarina fusus Novel ciliate
Body Shape Oval Cylindrical Oval Fusiform Fusiform Twisted Fusiform Fusiform
Body Length (um) 40-60 40-65 65-81 80-120 ~80 60-135 140.2 £ 18.1
Body Width (um) - - 42-60 30-45 no data 28-36 23.1+ 3.8
Length-Width Ratio ~19 ~2.5 ~1.5 ~2.5 ~4-45 ~4 ~6
Tiers (n) 6 6 6 8 6 6 6
Ciliary rows 15-16 12-14 20-27 22-24 no data 15-17 ~18
Macronucleus length (um) - - 12.4 14.4 no data 14.6 20
Wing-like structure absent absent absent absent no data present present
Armor spines present present absent present absent present absent
Symbionts Chlorella sp. no no no - no Symbiodinium clade A
Habitat Freshwater Marine Freshwater Marine Marine Marine Marine
Molecular data available yes yes yes yes no yes yes
References for morphology Foissner, 1999, 1984; Che[;sgszl;lezrmz(());oéou, Foissner et al., 2008 Chen et al., 2009 Kahl, 1930; Chen et al, Chen et al., 2012 This study

References for molecular data

Lemloh et al, 2013
Yiet al, 2010

Barth et al., 2008

Foissner et al., 2008

Foissner et al., 2008

2012

Yiet al., 2010

This study
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Table S8. Significant P-values of the different correlations between environmental physico-chemical
parameters and the distribution and relative abundance of V9 rDNA reads of ciliates and Symbiodinium.

Total Tiarina Tiarina 99.17% Tiarina fusus Mean Mean Mixed Layer Mean Euphotic  Day
Symbiodinium 98.33% genotypel 100% Latitude Depth Max mean Depth MLD zone depth duration
genotype2 Fluo m temperature Sigma m integrated
°C Chla g.m?
Total Symbiodinium | 4 ;¢ 599 3.5E-05 3.5E-05 7.8E02 6.9E-01  3.4E-01 23E01  28E0L 27E-02  L15E-0L
Tiarina 98.33% 3.5E-05 0.0E+00 2.9E-02 43E01 19E0L 1.1E-0L 63E01  69E0L  6.7E-04  12E0L
genotype2
E:r:glt;pgegiﬂ% 3.5E-05 2.9E-02 1.1E-299 9.2E-02 3.0E0L 24E-03 19E-01  3.3E01 15E-03  7.8E-02
Tiarina fusus 100% 7.8E-02 4.3E-01 9.2E-02 0.0E+00  3.4E-01  4.3E-01 9.9E-01 8.8E-02 18E-01  6.3E-02
Oxygen Depth Oxygen Salinity Depth AMODIS AMODIS Mean NO2 PO4 NO2NO3  SI
min O, Depth max 10m PAR8d PARmM Depth Max
o, Einsteins.m- Einsteins N2 m
2,d? .m2dt
Total Symbiodinium 8.6E-01 9.9E-01 7.1E-02 7.2E-01  9.9E-01  8.2E-01 6.9E-03 1.7E-02  7.6E-03  1.4E-01
Tiarina 98.33% 5.9E-02 3.1E-01 1.2E-02 6.3E-02 9.9E02 6.0E-01 1.5E-04 3.1E05 12E-04  3.6E-03
genotype2
E:r:g‘t;p?iﬂ% 9.7E:01 9.1E-01 3.2E-01 51E01  6.6E01 2.8E-0L 6.3E02  7.0E02 7.7E02  26E-0L
Tiarina fusus 100% 5.4E-01 9.9E-01 2.8E-01 13E01 1.0E-01 9.2E-01 6.2E-01 6.3E-02  18E-01  3.2E-01
18S rRNA 5,85 28S rRNA
sesue == ITS1 ITS2 p==m——mmmm————
I va 1vo Bii| = b= Bk .;
s Lol HEE  Uomnasaanoaes
= e ————— < - <
63F 1818R DIR D2C
. Attt <
Cil-384F Cil-1147R
PCR 1
TIAVAF1 B o o o o e CHI28S_R1
TaVAF2 =i PCR 2 Nested & Cio8s R?
D rmmmmmm——————— <
11S_Dino LO
D - L
Din_464F ITS_dinoRev

= Fyukaryotic primers

= Ciliate specific primers

= Tiarina specific primers === Dinoflagellates specific primers

Figure S1. Schematic diagram of the ribosomal operon (18S and 28S rRNA genes, and ITS)
showing the position of the different primers used in this study to PCR amplify sequences of the
ciliate Tiarina and the symbiotic microalgae Symbiodinium.
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Figure S2. Microscopy images of the photosymbiosis between the ciliate Tiarina sp. (the host) and its
intracellular symbiotic microalgae collected in surface oceanic waters. A: One live cell of Tiarina sp.
collected in the Mediterranean Sea (Naples, Italy) in brightfield microscopy (Image courtesy of Diana
Sarno). The ciliate is swimming with the help of numerous cilia at the surface of the cell, and harbours
microalgal cells in the cytoplasm (golden cells). B-D: 3D reconstructions of symbiotic specimens
imaged with Confocal Laser Scanning Microscopy (CLSM). B: Cilia of the ciliate are highlighted in
green (DiOC6). C: The nuclei of the ciliate (cyan) and the symbiotic microalgae (blue) have been
reconstructed from the Hoechst fluorescence signal, and the chloroplasts of the microalgae are
highlighted by the red auto-fluorescence of the chlorophyll. D: Putative cell division events of
Symbiodinium cells are surrounded and could have occurred at the early (a), middle (b) and late (¢)
stage of the cycle.

120



Chapitre 11

AYS88466
e ThY 588467
AY588473
KF809729_Algerian Basin
” KF809730_Algerian Basin
HKF809731_Algerian Basin
KF809732_ Algerian Basin
KF809728 Balearic Sea
KF809727Balearic Sea Temperate clade A
KF809736_Algerian Basin
KF809735_Algerian Basin
[AY074940_North Wales
_lkrsogmjalearicSea
KF886574_Algerian Basin
— AY074975_Ttaly

rAYO749767F rance
KF886575_BalearicSea

100 IN558097_A2_Barbados
INS58100_A2 Bermuda
- AJ308903 R Indian Ocean
AY074941_Bermuda

INS58091_A3_Panama
AF349556_Austriala
AFO0GO896_Symbiodinium_microadriaticum
AJ311946_Eilat-Red Sea
IN558094_A13_Panama

AY074949_Bermuda

TI356_St41_Indian Ocean
TI357_St41_Indian Ocean
TI_363_Std1_Indian Ocean
TI376_St72-South Atlantic Ocean
TI379_St72-South Atlantic Ocean
TI381_St72-South Atlantic Ocean
'TI382_St72-South Atlantic Ocean
Cilie2_Mediterranean Sea

100

100

Host:
Cilie3_Mediterranean Sea ,,
TI392_St32_Red Sea Tiarina sp.
TI393 S132 Red Sea
TI380_St72
TI355_St41_Indian Ocean
TI371_St52_Indian Ocean
TI366_St41 Indian Ocean
TI358_St41_Indian Ocean
TI377_St122_Pacific Ocean
TI378_St122_Pacific Ocean
IN558084_clade El
OUTGROUP IN558108 Polarella glacialis CCMP1383

0.02

Figure S3. Phylogenetic tree (BioNJ) inferred from partial 28S rDNA sequences of
Symbiodinium clade A (477 aligned nucleotide positions) with 100 pseudo-replicates.
Compared to the 28S rDNA phylogenetic tree in Figure 3, the "temperate clade", only
represented by relatively short sequences, was specifically included here to investigate

whether Symbiodinium associated to the ciliate Tiarina (sequences in bold) belongs to this
clade.

0.1
0.01
0.001
1e-04

Figure S4. Mapping of the relative abundance of rDNA V9 reads strictly identical to the V9
sequence of the ciliate Tiarina fusus in Tara Oceans stations (surface samples and 20-180 um
size fraction). The color gradient indicates the relative abundance of V9 reads from green to

red for low to high values, respectively. Black dots indicate that no V9 reads have been
detected in the station.
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Abstract

The recent advent of massive DNA metabarcoding surveys of environmental samples
across large spatio-temporal and taxonomic scales offers a new tool to study ecological
patterns of microbial organisms. Here we use a dataset of ~766 million raw rDNA sequence
reads generated from 47 open ocean stations from the 7ara Oceans circum-global expedition
to explore the diversity and ecology of the dinoflagellate genus Blastodinium across four
organismal size fractions, from piconano- to mesoplankton, and to test patterns of co-
occurrence with their hosts (copepods). Little is known about the diversity and the host
specificity of Blastodinium in open oceans, in part because most of the limited observations
have been conducted in coastal waters, largely in the Mediterranean Sea. We describe the
biogeography of Blastodinium across oceanic basins and we produce the first world-wide
Blastodinium/copepod interactome. Our analysis reveals that the Blastodinium genus is highly
diverse, in terms of both ecology and phylogeny. The most abundant Blastodinium
metabarcodes in mesoplankton display high association scores with copepods with respect to
previously observed specificities. Overall, our analysis suggests that rDNA metabarcoding
data can be used to explore symbiont life style, diversity and host specificity amongst the

wealth of microorganisms in the world plankton.
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Introduction

The biodiversity of marine pelagic ecosystems appear to be dominated by protistan
lineages, characterized by highly diverse interaction and symbiotic patterns (Smetacek, 2012;
de Vargas et al., 2015; Lima-Mendez et al., 2015). In particular, protistan parasites have been
observed in morphological studies of plankton communities dating back over a century
(Apstein, 1911; Chatton, 1920; Cachon and Cachon, 1987), with a renewed interest associated
with the use of DNA-based, molecular ecology protocols (Kiihn et al., 2004; Figueroa et al.,
2008; Alves-de-Souza et al., 2012; Guo et al., 2012; Skovgaard et al., 2012). However,
despite significant efforts invested in detection and identification of symbionts -sensu lato- in
marine plankton, the diversity and host specificity of parasites are often poorly known, as the
discovery of new symbioses often begins with direct observations under a microscope, a time-

consuming and not easily scalable process.

The marine photosynthetic dinoflagellate genus Blastodinium was described infecting
copepods in the early 20" century by the French protozoologist Edouard Chatton (Chatton,
1906). Based on morphological characters, and later confirmed by molecular studies, the
Blastodinium genus, which is not always monophyletic in phylogenetic analysis (Skovgaard
et al., 2007; Alves-de-Souza et al., 2011), was separated into three morphologically and
genetically coherent entities: the contortum, spinulosum and mangini groups (Chatton, 1920;
Skovgaard et al., 2012). After being ingested by a copepod, the Blastodinium free-living cell
stage, called the dinospore and measuring between 5 and 30 pum, develops inside the gut
lumen host to form the parasitic stage (trophont). The trophont stage consists of an
arrangement of several hundreds of cells surrounded by a common cuticule, the whole
package reaching a length of more than 1 mm (Chatton, 1920). Since copepods are a key
trophic link in pelagic food webs (Schminke, 2007), Blastodinium infections should exert a
strong impact on plankton ecosystems (Fields et al., 2015). Only 78 copepod/Blastodinium
pairs (at the species level) have been described (Skovgaard et al., 2012) whereas there are 13
accepted species of Blastodinium and more than 2500 marine planktonic copepod species
(Razouls and de Bovée, 2005). Previous work based on morpho-genetic observations has
shown a broad pattern of specificity, in which the contortum and spinulosum groups infect
Calanoida copepods whereas the mangini group mainly infects Cyclopoida copepods
(including Poecilostomatoida (Boxshall and Halsey, 2004)) and to a lesser extent Calanoida

copepods. Little is known about its diversity and host specificity in the open ocean, in part
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because most observations of Blastodinium have been conducted in coastal waters, especially
in the Mediterranean sea (Skovgaard ef al., 2012). Nevertheless, this symbiotic interaction
which occurs worldwide is one of the better described in the marine planktonic realm, in

terms of both morphology and genetics.

Nowadays, the use of environmental DNA metabarcoding is transforming the field of
microbial ecology. This approach, based on High Throughput Sequencing methods, allows
rapid and massive sequencing of a DNA fragment used as a proxy for assessing organismal
diversity in an entire community, and has been used for the study of viral, prokaryotic and
eukaryotic populations (de Vargas et al., 2015; Sunagawa et al., 2015). In addition to being
used for biodiversity studies, metabarcoding data have been increasingly used in the field of
systems ecology, especially for bacteria (Faust et al., 2012) but also for eukaryotes (Lima-
Mendez et al., 2015). In this context, a worldwide metabarcoding dataset of V9 sequences (a
region towards the 3' end of the eukaryotic 18S ribosomal DNA gene sequence) from size-
fractionated marine plankton communities has been generated as one of the outcomes of the
Tara-Oceans expedition (Karsenti et al., 2011; de Vargas et al., 2015). Here, we used this
large scale Tara-Oceans metabarcoding dataset to explore the diversity and ecology of
Blastodinium across four organismal size fractions from piconano- to meso- plankton (0.8 um
to 2mm) piconano- to meso-plankton. We describe the phylogenetic diversity and
biogeography of Blastodinium at a worldwide scale, and show that comparing abundances of
metabarcoding data among organismal size fractions generates insights into the parasites’ life
cycles. We produce the first global Blastodinium/copepod interactome and provide directions
for future studies to detect symbiotic interactions in plankton from large scale and size-

fractionated environmental metabarcoding datasets.

Materials and methods

Data

Data used in this study is part of the primary 7ara-Oceans V9 rDNA metabarcoding
dataset (de Vargas et al., 2015), which consists of ~766 million raw rDNA sequence reads
from 334 size-fractionated plankton samples collected at 47 open ocean stations and 2 depths
during the circum-global 7ara Oceans expedition (Karsenti et al, 2011). Material and
methods used for plankton sampling, DNA extraction, V9 rDNA amplification and

sequencing, as well as the bioinformatic pipeline used for metabarcodes quality check

127



Chapitre 11

filtering, clustering, and taxonomic assignation are described in (Pesant et al., 2015) and (de
Vargas et al., 2015). All V9 rDNA metabarcodes assigned to Blastodinium, Azadinium,
Alexandrium, Copepoda, and MALVs (Marine Alveolata) reference sequences with a
percentage identity >90% were extracted from the global dataset. Their diversity and
abundance were then studied across oceanic sites, two water-colum depths (subsurface -SUR-
and Deep Chlorophyll Maximum -DCM) and the four targeted organismal size fractions that
contain most eukaryotic plankton biodiversity: piconano-plankton (0.8-5um), nano-plankton
(5-20um), micro-plankton (20-180um), and meso-plankton (180-2000pm). For a given sample
(one site, depth, and size-fraction) and a given metabarcode, the number of reads assigned to
the metabarcode divided by the total read number within the sample was used as a proxy for
abundance in further statistical analysis. In order to assess whether the distribution pattern of
abundance data amongst plankton size fractions may reflect parasitic life cycles, we compared
the patterns of Blastodinium metabarcodes abundance in piconano-, nano-, micro- and meso-
plankton to abundance data of metabarcodes assigned to copepods (the host) and two other
dinoflagellate genera, Azadinium and Alexandrium, for which there are no known cases of
parasitism. Azadinium cells and Blastodinium dinospores have similar size (Tillmann et al.,

2009, 2010), while Alexandrium cells are slightly larger (Balech, 1995).

Blastodinium phylogeny

V9 rDNA metabarcodes and reference sequences used for phylogenetic analysis were
aligned using MUSCLE v3.8.31 with default settings (Edgar, 2004). Neighbor-joining
phylogenetic trees were then constructed using the BioNJ algorithm (Gascuel, 1997)
implemented in Seaview (Gouy et al, 2010). Observed divergences (percentage residues
differing between two sequences) were used as genetic distances and bootstrap supports were
obtained from 1000 replicates. For each metabarcode, mean relative abundance and
distribution across organismal size fractions were displayed using iTOL (Letunic and Bork,
2011). Blastodinium metabarcodes were used in the phylogeny if they were represented by at
least 300 reads across the entire dataset. Copepod metabarcodes were used in the phylogeny if
at least one significant association was found with any Blastodinium metabarcode in our

analyses (see below).
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Interactome inference

We focused on relatively frequent copepod and Blastodinium metabarcodes from the
largest, meso-planktonic size fraction (180-2000um, where Blastodinium should be in its
trophont, in hospite stage) to reconstruct co-abundance host/parasites ecological networks.
Only metabarcodes present in more than 30% of meso-plankton samples were used for
abundance comparisons. Since only associations between hosts and parasites were targeted,
bipartite multiple pairwise comparisons (Poulin, 2010) were performed. As such,
metabarcodes of one set (either Blastodinium or Copepoda metabarcodes) were compared
with metabarcodes of the other set, and not all against all. Comparisons were conducted using
Spearman's rho (p) tests, removing couples of zero because they are uninformative (Legendre
and Legendre, 2012). The p-values were adjusted using the False Discovery Rate (FDR)
approach (Benjamini and Hochberg, 1995). Blastodinium and copepod metabarcodes were
considered as associated when they were positively (p>0) and significantly (p<0.001)

correlated.

Results

Blastodinium rDNA abundance, richness, and phylogeny across plankton size fractions

Although Marine Alveolates (MALV), arguably the major group of eukaryotic
parasites in marine plankton (de Vargas et al., 2015; Lima-Mendez ef al., 2015), are at least as
abundant as all dinophyceae (including Blastodinium) in the piconano-plankton (0.8-5um)
metabarcoding dataset, the Blastodinium genus is typically more abundant than MALYV in the
nano- (5-20 pum) and meso- (180-2000 um) plankton (Figure 1). In this latter and larger
organismal size fraction, meso-plankton, the abundance of Blastodinium represents 36% of
the entire dinoflagellate diversity and exceeds even that of all other dinophyceae in some

stations (e.g. stations 7, 18, 109, Figure 1).
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Figure 1: Relative abundances of dinophyceae (Blastodinium and the other dinophyceae) and Marine
Alveolates (MALV) V9 rDNA reads across 4 organismal size fractions (piconano-plankton: 0.8-5 pum,
nano-plankton: 5-20 pm, micro-plankton: 20-180 um, meso-plankton: 180-2000 pm) and 45 Tara
Oceans stations (subsurface waters). The relative abundance is the number of rDNA reads of the
metabarcode divided by the total number of rDNA reads of the sample. NAs indicate samples for
which no data are available.
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Overall Blastodinium rDNA reads are particularly abundant in nano- and meso-
plankton samples (Figure 2A) with a characteristic drop in the intermediate, micro-planktonic
size fraction, expected from its parasitic lifestyle. This pattern of relative abundance across
size fractions is different from that of non-parasitic dinoflagellates such as the Alexandrium
and Azadinium genera. Alexandrium rDNA reads, coming from cell sizes of roughly 100 um,
are more abundant in micro-plankton (20-180 um) samples, whereas Azadinium reads, from
cell sizes roughly between 10-20 pm (similar to the Blastodinium free-living dinospores), are

more abundant in piconano- and nano-plankton samples (0.8-20 um).
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Figure 2: V9 rDNA reads’ relative abundances across four organismal size fractions (piconano-
plankton: 0.8-5 um, nano-plankton: 5-20 um, micro-plankton: 20-180 um, meso-plankton: 180-2000
um; samples from surface waters). (A) Metabarcodes from the genus Blastodinium compared to
metabarcodes affiliated to copepods and two other non-symbiotic, free-living dinophyceae genera,
Azadinium and Alexandrium. Azadinium cells and Blastodinium dinospores have similar size, while
Alexandrium cells are slightly larger. (B) Metabarcodes assigned to the three known groups of
Blastodinium: spinulosum, contortum and mangini.

232 of the 234 most abundant Blastodinium metabarcodes, (i.e. the metabarcodes
which appear more than 300 times in our dataset) are distributed across the three major
Blastodinium groups (104 from mangini, 110 from spinulosum and 18 from contortum; Figure
3). Blastodinium reads are generally relatively scarce in the micro-plankton, however, the
distribution across size fractions is different amongst Blastodinium groups. Ribosomal DNA
reads from the spinulosum group are mainly found in the nano-plankton, whereas reads from

the contortum and mangini groups are generally more abundant in the meso-plankton, and
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also in one or both of the two smallest size fractions (piconano and nano-plankton) (Figures
2B and 3). Two metabarcodes, represented by only a few rDNA reads, could not be assigned

to a specific group.

Blastodinium biogeography

Blastodinium metabarcodes have been detected in all samples, except in one meso-
planktonic sample from the Southern Ocean (Figure 4A). Mediterranean sea, Red sea, North
Indian Ocean and one station from Pacific Ocean are particularly rich in Blastodinium rtDNA
reads, mainly from the mangini group, which can reach up to 8% of the sample total rDNA
read abundance. In the nano-plankton (5-20 um), Blastodinium tDNA reads are also abundant
in subtropical and equatorial part of the Atlantic and Pacific Oceans, and dominated by the
spinulosum group. With few exceptions (and except for the nano-plankton), the proportions of
Blastodinium groups are relatively stable across stations but vary depending on the considered

size fraction (Figure 4B).

Associations with copepods

Among the ~2.3 million metabarcodes generated in the 7ara-Oceans V9 rDNA
metabarcoding dataset, 324,903 and 16,295 are assigned respectively to copepod and
Blastodinium reference sequences with a percentage identity above 90%. 5,580 copepod and
40 Blastodinium metabarcodes appear in more than 30% of meso-plankton samples (71

samples).
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Figure 3: Phylogenetic tree (Neighbor-joining) of the most abundant Blastodinium metabarcodes
(>300 copies in the Tara-Oceans V9 rDNA metabarcoding dataset), together with their affiliated
reference sequences. Numbers are bootstrap values; only values above 80% are shown. Labels at
branches indicate GenBank accession numbers with species names for the reference sequences.
Green dots indicate metabarcodes used for interactions study (Figures 5 and 6). The color gradient
from white to red (Total) is proportional to the abundance of each metabarcode. Bars indicate
proportion of total abundance of each metabarcode amongst the four targeted organismal size
fractions of this study (purple: picornano-plankton, green: nano-plankton, blue: micro-plankton, red:

meso-plankton).
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23 of the Blastodinium metabarcodes (55%) are significantly correlated (p<0.001)
with 325 (6% of 5,580) copepod metabarcodes (Figure 5). Calanoida copepods tend to have
higher association scores (p) with the contortum group (mean=0.52) whereas Cyclopoida
copepods (including Poecilostomatoida (Boxshall and Halsey, 2004)) tend to have better
association scores with the mangini group (mean=0.56) (Figure 5). The spinulosum group has
relatively low scores with either Cyclopoida (mean=0.50) or Calanoida (mean=0.49). Several
groups of genetically highly similar metabarcodes from copepods co-occur with the same
Blastodinium metabarcodes (Figure 6). For instance, 136 metabarcodes closely related (99 to
100% of identity) to Oncaea sp. (Cyclopoida) are mainly associated with one Blastodinium
metabarcode from the mangini group, and, with lower scores, with one metabarcode from the
spinulosum group (Figure 6). 11 metabarcodes related (~92% identity) to Corycaeus sp.
(Cyclopoida) are associated with one Blastodinium metabarcode from the mangini group. On
the other hand, a group of 168 metabarcodes closely related (~98% identity) to
Pseudocalanus sp. (Calanoida), are associated with several Blastodinium metabarcodes from
the contortum group, as well as one metabarcode from the mangini group, but with lower
contortum group are characterized by higher scores. Other copepod metabarcodes from the
order Calanoida form associations with both the spinulosum and contortum groups, whereas
metabarcodes from the order Cyclopoida form associations with both the spinulosum and

mangini groups.
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Figure 4: Large-scale biogeography of Blastodinium across the four organismal size fractions at the
surface from 45 stations. (A) Relative abundances of the genus Blastodinium. (B) Proportions of the
different Blastodinium groups. Sizes of the pie charts are proportional to the relative abundance of
Blastodinium.
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Discussion

Dinoflagellates of the genus Blastodinium are highly abundant and diverse in global

photic open oceans

The Marine Alveolates (MALV) have been recognized as one of the major groups of
parasites playing a key ecological role in marine planktonic ecosystems (Guillou et al., 2008;
de Vargas et al., 2015; Lima-Mendez et al., 2015). Indeed, MALVs dominate the dinophyceae
metabarcodes (including Blastodinium and all other dinoflagellates) in the piconano-plankton,
which likely reflects their parasitoid life style where infections lead to the death of the host
associated with massive production of dispersive stages (de Vargas et al., 2015). However the
genus Blastodinium represents up to 20% of all dinophyceae metabarcodes in the nano-
plankton, and up to 80% in the meso-plankton. It is typically much more abundant than
MALVs in this latter, larger size fraction (Figure 1). Thus, our data suggest that Blastodinium
play an important role both as a food source for predators in the nano-plankton and as one of
the main parasites of copepods, the dominant free-living organisms, in the meso-plankton.
The dinophyceae constitute an important share of the copepod diet in the oligotrophic systems
(Saiz and Calbet, 2011) and, according to (Chatton, 1920), the infection cycle of
Blastodinium begins with the ingestion of a dinospore by a copepod. Thus, relatively high
proportions of Blastodinium amongst nanoplanktonic dinophyceae would enhance their
ability to infect copepods Blastodinium. Phylogenetic reconstructions based on V9 rDNA
sequences are limited by the small size of the fragment (around 130 base pairs), yet the
spinulosum, contortum and mangini groups tend to be well separated in the Blastodinium tree
(Figure 3), and each contains Blastodinium, many sub-clades spinulosum, contortum and
mangini groups contain abundant rDNA sequences which are not closely related to reference

sequences and most likely correspond to novel species yet to be described.

Blastodinium parasitic lifestyles unveiled by size-fractionated plankton metabarcoding

The distribution of Blastodinium reads amongst size fractions is consistent with the
parasitic life cycle of this genus (Figure 2). Metabarcodes detected in the piconano- and nano-
plankton correspond to the free-living stage, as the size of dinospores (the dispersive stage) is
usually between 5 and 20 um (Skovgaard et al., 2007). This is confirmed by the fact that
rDNA reads belonging to Azadinium genus, which are non-parasitic dinoflagellate cells with

the same size as Blastodinium dinospores (Tillmann ef al., 2010), are mainly present in the
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piconano- and nano-plankton samples. The micro-plankton samples are particularly rich in
copepod reads, yet the number of Blastodinium reads found in these samples is relatively low.
A significant fraction of copepod rDNA reads in this size fraction may thus correspond to
eggs and nauplii, life stages that precede the copepodite, which is the stage hypothesized to be
infected by Blastodinium (Alves-de-Souza et al., 2011). The copepodites and adults of small
Cyclopoida copepods like Oithona spp. and Oncaea spp., which could be found in the micro-
plankton (Gallienne and Robins, 2001), should represent only a small proportion of total
copepod life cycle stages smaller than 200 pm.
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Figure 5: Boxplots of Spearman's rho resulting from comparisons between copepod and Blastodinium
metabarcode abundance data. Values are aggregated by copepod orders, i.e. Cyclopoida (including
Poecilostomatoida), Calanoida, and Blastodinium groups, i.e. spinulosum, contortum and mangini.

In contrast to the drop in abundance of Azadinium and Alexandrium dinoflagellates in
the meso-plankton (180 - 200 pm; Figure 2), the relatively abundant and re-increasing number
of Blastodinium rDNA observed in this size fraction should correspond to well-developed
trophonts composed by several hundred cells infecting adult copepods. Strikingly, different
patterns of size fraction distribution emerge between the three Blastodinium groups. Most
metabarcodes belonging to the spinulosum group are relatively more abundant in the nano-
plankton (Figures 2B and 3), suggesting that the life cycle of these group members might
differ from the other Blastodinium groups, with putatively longer free living stages and/or
trophonts constituted by fewer cells. Alternatively, the spinulosum trophonts may infect hosts
from larger plankton size fractions not analysed herein. Spinulosum dinospores appear to be
larger compared to other Blastodinium dinospores, as they are almost exclusively found in the
nano-plankton, whereas other contortum and mangini dinospores have similar abundances in

piconano and nano-plankton (Figure 2B).
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First insights into the complexity of Blastodinium-copepod interactions using

metabarcodes co-occurrence analysis

Overall, a relatively low proportion of copepod metabarcodes (6%) are associated with
Blastodinium metabarcodes, and potential hosts were found for only the half of the tested
Blastodinium metabarcodes. Several Blastodinium species are known to be able to infect more
than one species of copepod, and one species of copepod can be infected by several species of
Blastodinium (Chatton, 1920). In this context, the abundance of one partner may not be
explicable only by the abundance of the other. In our study, the relatively limited number of
samples across time and space allow detection of only the strongest and more permanent

interactions, between the most widespread copepods and Blastodinium taxa.

The Blastodinium species from the mangini group have been mainly described
infecting copepods from the Cyclopoida order (with the exception of B. galatheanum
infecting Acartia spp. (Skovgaard and Salomonsen, 2009)) whereas the Blastodinium species
from the spinulosum and contortum groups have been exclusively described infecting
copepods belonging to the Calanoida order. Comparisons between Blastodinium and copepod
metabarcode abundances lead to the same broad picture for the contortum and mangini
groups, especially when considering scores of association (Spearman's rho) (Figure 6).
However, metabarcodes from the spinulosum group are weakly associated with both
Calanoida and Cyclopoida, which is not consistent with previous observations (Chatton,
1920; Skovgaard et al., 2012). Distribution among size fractions suggests that Blastodinium
from the spinulosum group could live longer as dinospore and/or live in the host for less time
compared to other Blastodinium species. This is consistent with the lower association scores
of the spinulosum group with both the Calanoida and Cyclopoida copepods, as we would

expect a lower probability to find both partners (Blastodinium/copepod) at the same time.
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Blastodinium groups
Figure 6: Phylogenetic tree (Neighbor-joining) of copepod metabarcodes for which at least one
significant association has been found with one of the Blastodinium metabarcodes (represented by the
small neighbor-joining phylogenetic tree on the top right corner). Numbers are bootstrap values; only
values above 80% are shown. Labels at branches indicate GenBank accession numbers (except OPB6
(Figure S1) and OPB7 (Figure S2), see supplementary information) with species names for the
reference sequences. The color gradient from yellow (0.45) to red (0.7) indicates Spearman's rho
values for associations between copepod and Blastodinium metabarcodes. (A) The part of the
phylogenetic tree containing copepod metabarcodes assigned to the orders Cyclopoida (including
Poecilostomatoida) and Harpacticoida (Bradya sp.). (B) The part of the phylogenetic tree containing
copepod metabarcodes assigned to the order Calanoida.
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Conclusion

We show the power of extensive metabarcoding to explore symbiotic interactions in
the plankton. In the plankton, symbiotic protists are generally 10 to 100 times smaller than
their hosts (Decelle et al., 2012; Siano et al., 2010; Chambouvet et al., 2008). Metabarcoding
on carefully fractionated seawater samples can therefore distinguish free-living stages from
symbiotic ones. In the context of time series, the study of parasites in several size fractions
would permit a better understanding of infection dynamics. More generally, the distribution of
metabarcodes across size fractions provides clues about the life-style and could help to
investigate ecological role of organisms only known from environmental sequences. The
increase of spatio-temporal sampling and the development of methods to compare abundances
of hosts and symbionts, sensu lato, across their phylogenetic specificity ranges, will
dramatically increase the power of rDNA metabarcoding to unveil new interactions and to

assess their ecology.
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Supplementary information

Copepod reference sequences OPB6 and OPB7

Two copepod specimens have been isolated from samples collected in the roadstead of
Brest (France) with a plankton net (20um mesh size) in September 2014. Prior to imaging,
specimens were rinsed with artificial seawater, then DNA and membrane structures were
stained for 60 minutes with 10uM Hoechst 33342 and 1.4uM DiOC6(3) (Life Technologies).
Microscopy was conducted using a Leica SP5 (Leica Microsystems) confocal laser scanning
microscope and a HC PL FLUOTAR /0x 0.3 DRY . The DiOC6 signal (ex488nm/em500-
520nm) followed by the Hoechst signal (ex405 nm/em420-470nm).

Specimens were individually rinsed in filtered seawater, and stored at -20°C in
absolute ethanol. DNA was extracted with MasterPureTM DNA/RNA purification kit
(Epicenter) and PCR amplified using a specific forward primer (Copel8S1) and an universal-
eukaryote reverse primer (Copel8S1: 5'-CGAAAGTTAGAGGYTCGAAGG-3' and reverse
1510R) from (de Vargas et al., 2015). Purified amplicons were Sanger-sequenced with the
ABI-PRISM Big Dye Terminator Sequencing kit (Applied Biosystems) using the 3130xl
Genetic Analyzer, Applied Biosystems.

Obtained sequences are listed above:

>0OPB6

ACCATAACATGCTGACTAGCGATCCGTAGCTGTTTTCTATGTAGGCTCTACGGGAAGCTTCCGGGAAACCAAAGTTTTTGAGTTC
CGGGGGAAGTATGGTTGCAAAGCTGAAACTTAAAGGAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATIT
GACTCAACACGGGAAATCTCACCAGGCCCGGACACTGGAAGGATTGACAGATTGAGAGCTCTTTCTCGATTCAGTGGGTGGTG
GTGCATGGCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGATAACGAACGAGACTCTTTTCTGCTAAATAGGTTTGC
CGTCTTTTTTGCGGTAAACATTCTTCTTAGAGAGACTGGCGGCGTCTAGCCGCACGAGATTGAGCAATAACAGGTCTGTGATGC
CCTTAGATGTTCTGGGCTGCACACGCGCTACACTGAATGGATCAGCGTGTTTTCCCTTCCCGAGAGGGACGGGTAACCCGCTGA
ACCCCATTCGTGGTAGGGATCGGAGCTTGCAATTATTCTCCGTGAACCAGGAATTCCCAGTAAGCGCAAGTCATAAGCTTGCGT
TGATTACGTCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAACGTTTTAGTGAGAAATCTGGATTCGACCTCTGT
GGGTTCATTCCCACAGTGCTGTCGGAGAAGTTTTTCAAACTTGAGCGTTTAGAGGAAGTAAAAGTCGTAACAAGGTAGCTGTA
GGTGAACCTGCAGAAGG

>0OPB7

CATGCTGACTAGCGATCCGTAGCTGTTTTCTATGTAGGCTCTACGGGAAGCTTCCGGGAAACCAAAGTTTTTGAGTTCCGGGGG
AAGTATGGTTGCAAAGCTGAAACTTAAAGGAATTGACGGAAGGGCACCACCAGGAGTGGAGCCTGCGGCTTAATTTGACTCAA
CACGGGAAATCTCACCAGGCCCGGACACTGGAAGGATTGACAGATTGAGAGCTCTTTCTCGATTCAGTGGGTGGTGGTGCATG
GCCGTTCTTAGTTGGTGGAGTGATTTGTCTGGTTAATTCCGATAACGAACGAGACTCTTTTCTGCTAAATAGGTTTGCCGTCTTTT
TTGCGGTAAACATTCTTCTTAGAGAGACTGGCGGCGTCTAGCCGCACGAGATTGAGCAATAACAGGTCTGTGATGCCCTTAGAT
GTTCTGGGCTGCACACGCGCTACACTGAATGGATCAGCGTGTTTTCCCTTCCCGAGAGGGACGGGTAACCCGCTGAACCCCATT
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CGTGGTAGGGATCGGAGCTTGCAATTATTCTCCGTGAACCAGGAATTCCCAGTAAGCGCAAGTCATAAGCTTGCGTTGATTACG
TCCCTGCCCTTTGTACACACCGCCCGTCGCTACTACCGATTGAACGTTTTAGTGAGAAATCTGGATTCGACCTCTGTGGGTTCAT
TCCCACAGTGCTGTCGGAGAAGTTTTTCAAACTTGAGCGTTTAGAGGAAGTAAAAGTCGTAACAAGGTAGCTGTAGGTGAACT
GCAGAAGG

Figure S1: OPB6 specimen identified as Oncaea sp.

Figure S2: OPB7 specimen identified as Oncaea sp.

Bibliography from the Supplementary information

DE VARGAS, Colomban, AUDIC, Stéphane, HENRY, Nicolas, ef al. Eukaryotic plankton
diversity in the sunlit ocean. Science, 2015, vol. 348, no 6237, p. 1261605.
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Chapitre 111

Détection des symbioses eucaryotes planctoniques
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Réseau d'haplotypes des metabarcodes Tara Oceans assignés au genre Symbiodinium.
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Nous avons vu dans le premier chapitre que des réseaux de cooccurrences inférés a
partir de données de metabarcoding permettaient de retrouver des interactions symbiotiques.
Cependant, en 1'état actuel des choses, le principal moyen a disposition pour différencier les
associations statistiques correspondant a des interactions symbiotiques de celles
correspondant a d'autres interactions biotiques est 1'étude méticuleuse de l'assignation
taxinomique des metabarcodes associés. Cette maniere de procéder atteint tres vite ses limites,
étant donné que, dans le cadre des données de metabarcoding de Tara Oceans, moins de 1 %
des metabarcodes sont identiques a des séquences de référence. Qui plus est, elle est
chronophage et nécessite les compétences de spécialistes. L'étude de 1'écologie du parasite
Blastodinium au travers des données de metabarcoding nous montre qu'il est abondant dans
les fractions qui correspondent a la taille de sa phase de dispersion mais également dans celle
correspondant a sa phase parasitaire, alors que les organismes non symbiotiques étudiés
(Azadinium spp., Alexandrium spp. et les copépodes) sont principalement retrouvés dans les
fractions concordant avec leur taille d'organisme. Pour l'ensemble des metabarcodes assignés
a l'ordre des Péridiniales (Figure 3), cette différence entre organismes symbiotiques
(Brandtodinium nutricula et Blastodinium spp.) et organismes non symbiotiques

(Protoperidinium spp. et Scrippsiella spp) est également observée.

Si I'on considére cette particularité comme étant commune a tous les symbiotes (non
hoétes) du plancton, il est alors possible de distinguer les metabarcodes correspondant a des
especes symbiotiques des autres metabarcodes. En ne conservant que les associations
comprenant un metabarcode considéré comme potentiellement symbiotique compte tenu de
son abondance parmi les fractions de taille, la proportion d'associations correspondant
réellement a une interaction symbiotique devrait étre grandement augmentée. Ainsi on pourra
accorder plus de confiance a ces associations statistiques, moins nombreuses, et entreprendre
avec un taux de réussite potentiellement plus élevé la recherche de ces symbioses dans les

¢chantillons biologiques.

148



Chapitre 111

Figure 3: Arbre phylogénétique (Neighbor-joining) des metabarcodes (fragment V9) assignés aux
Péridiniales (Dinoflagellés) et représentés par plus de 300 lectures dans les données de metabarcoding
Tara Oceans. Pour chaque metabarcode, les barres de couleurs représentent la répartition de son
abondance dans les gammes de taille 0,8-5 pm (en violet), 5-20 um (en vert), 20-180 um (bleu) et
180-2000 pm (rouge). La longueur des barres est proportionnelle a une valeur comprise entre 0 et 1,
calculée de la fagon suivante ; pour une fraction de taille donnée et pour chaque metabarcode,
'abondance moyenne du metabarcode dans cette fraction de taille est divisée par la somme des
abondances moyennes de chaque fraction de taille.

L'é¢tude de la symbiose entre Symbiodinium et le cilié Tiarina montre que chacun des
deux partenaires d'une association symbiotique peut éEtre représenté par plusieurs
metabarcodes. La diversit¢ en metabarcodes associée a chacun des partenaires peut étre
assimilée a la spécificité de l'interaction. En effet une interaction symbiotique peu spécifique
sera caractérisée par une diversité relativement importante de metabarcode chez I'hote et ou le
symbiote. Dans cette étude, pour chacun des partenaires, les metabarcodes ont des
biogéographies différentes et le score d'association (rho de Spearman) est maximal lorsque
'on compare la somme des abondances des metabarcodes séquencés. Ce score, calculé pour
47 stations, croit de p=0.59 lorsque 1'on considére seulement le metabarcode le plus abondant
de chacun des partenaires, a p=0.77 quand on considere I'ensemble des metabarcodes. Cette
interaction n'est pas retrouvée dans l'interactome global présenté dans le premier chapitre

certainement du fait des seuils de détection stricts imposés (voir méthode Lima-Mendez et al.
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2015). Cependant, en conservant les mémes seuils de détection, on peut imaginer retrouver
cette interaction en comparant les abondances des groupes génétiques regroupant
exclusivement I'ensemble de la diversité des deux partenaires. Afin d'augmenter les chances
de détection de symbioses grace a des réseaux de cooccurrences, il serait souhaitable de
définir, sans a priori, des groupes génétiques regroupant exclusivement l'ensemble de la
diversité de partenaires en symbiose. Mais la spécificité des symbioses dans le plancton et
donc la diversité génétique des partenaires impliqués sont variables. J'ai donc décider dans
cette partie d'effectuer un partitionnement génétique des metabarcodes a différents niveaux de
résolution et de prendre en compte les metabarcodes et lI'ensemble des groupes génétiques
ainsi construit lors des mesures d'association. La spécificité d'une interaction symbiotique
pourra étre estimée en considérant la paire de groupes génétiques affichant le meilleur score

d'association.

Le premier article intitulé « Unveiling photosymbiotic associations across
phylogenetic gradients in world-wide marine plankton based on massive eukaryotic
rDNA metabarcoding » décrit une approche originale permettant la détection de symbioses
potentielles a partir d'un jeu de données de type metabarcoding. Cette approche repose sur
deux méthodes. La premiere, consiste en un filtre visant a éliminer les groupes génétiques de
metabarcodes dont la distribution de I'abondance le long de 4 fractions de tailles adjacentes
(0.8-5, 5-20, 20-180 et 180-2000 um) ressemble aux distributions théoriques reflétant le style
de vie des organismes libres. Contrairement a ceux des symbiotes, les metabarcodes
d'organismes libres seraient principalement retrouvés dans la ou les fractions concordants
avec leur taille d'organisme libre et significativement moins abondants dans les autres. Son
principal intérét est de réduire considérablement dans les résultats le nombre de faux positifs,
c'est a dire les associations significativement positives qui ne correspondent pas a un vrai cas
de symbiose. La seconde méthode développée dans cet article est la construction de groupes
génétiques définis a différents niveaux de résolution. Pour ce faire, deux méthodes de
partitionnement génétiques sont utilisées. La premiere, Swarm (Mahé et al., 2014), est utilisée
avec des valeurs de seuil local de partitionnement allant de 1 et 4. La seconde, Markov
Cluster Algorithm (MCL), est appliquée a chaque groupe génétique défini par Swarm avec un
seuil de 1 pour deux valeurs d'inflation (1.2 et 5). Ces groupes génétiques ont pour
particularité¢ d'étre imbriqués a la maniere de poupées russes, et appartiennent donc tous, a
I'exception de ceux construits au plus bas niveau de résolution (Swarm avec un seuil de 4), a

un unique niveau génétique parent, c'est a dire définis a un niveau de résolution inférieur. La
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figure 4 représente un metabarcode et les groupes génétiques a trois différents niveau de
résolution qui lui sont associés, en rouge, a l'intérieur du réseau d'haplotypes construit a partir
des metabarcodes assignés au genre Symbiodinium. Cette représentation illustre parfaitement

le caractére imbriqué de ces groupes génétiques.

mcl -1 1.2

: : swarm -d 1
Figure 4: Réseaux d'haplotypes ou les noeuds sont l'ensemble des metabarcodes (fragment V9) Tara
Oceans assignés au genre Symbiodinium, et chaque arréte correspond a une mutation. En 1, le nceud
rouge est le metabarcode le plus abondant assigné a Symbiodinium. En 2, 3 et 4, les groupes génétiques
parents de ce metabarcode, respectivement construit avec le Markov Cluster Algorithm avec des valeurs
d'inflation de 1,2 et 5 et avec Swarm avec un seuil de partitionnement local de 1, sont représentés en
rouge.

Chaque metabarcode est alors affili€¢ a une lignée de 6 groupes génétiques et
l'ensemble des metabarcodes et des groupes génétiques parents rentrent en compte lors de la

comparaison des abondances pour la détections d'associations significativement corrélées (rho
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de Spearman). L'étude des scores des associations et du niveau de résolution des groupes
génétiques nous renseigne alors sur la diversité génétique des hdtes et des symbiotes des
symbioses potentielles détectées et donc sur leur spécificité. Dans cette article, I'approche est
appliquée a la détection de photosymbioses planctoniques, c'est a dire que les abondances des
groupes génétiques et metabarcodes assignés taxinomiquement a des lignées contenant des
especes ayant des chloroplastes permanents ont ét¢ comparées a celles de lignées contenant
des especes connues pour étre hotes de microalgues (les Retarias et les ciliés). La détection de
photosymbioses connues de la littérature et de symbioses hautement probables a différents
niveaux de spécificité soutiennent la pertinence de cette approche. Cette derni¢re permet
¢galement de retrouver la diversité décrite pour les deux partenaires de l'interaction entre
Symbiodinium et Tiarina par Mordret et al. (2015) mais aussi d'identifier une nouvelle

diversité de Symbiodinium (7 metabarcodes) impliquée dans cette symbiose.

Le second article, « Parasites diversity and abundance in the T7ara Oceans
metabarcoding dataset challenge classic views on marine plankton ecology » propose une
vue globale de la diversité des parasites au sens large (vrais parasites et parasitoides) a travers
I'analyse de 586 communautés planctoniques eucaryotes provenant de l'échantillonnage de
126 stations océaniques de tous les océans tropicaux a tempérés du globe. Cette étude montre,
grace a une annotation fonctionnelle des OTUs a partir de leur assignation taxinomique, que
ces parasites représentent au moins 8% de la diversité totale des protistes du plancton
océanique. Une part importante des OTUs (32%) n'a pas pu étre assignée fonctionnellement
du fait du manque de connaissances des cycles de vie de certaines lignées eucaryotes
hyperdiversifiées dans le plancton, comme c'est le cas par exemple des diplonémides.
L'approche présentée dans le premier article de ce chapitre a également été appliquée dans
cette étude. Comme dans le cadre de 1'étude des photosymbioses, elle permet de retrouver de
nombreuses interactions déja connues ce qui, une fois de plus, tend a la valider. De plus, le
nombre important d'associations détectées entre les MALV-I (Syndiniales) et les acanthaires
(radiolaria) suggere que les syndiniales seraient d'important régulateurs des populations
d'acanthaires. Cette étude est encore préliminaire et nécessite des analyses phylogénétiques et
¢cologiques afin d'obtenir une meilleure vision de la spécificité du parasitisme dans le
plancton et définir la proportion des OTUs non assignées fonctionnellement qui pourrait étre

reliée a des parasites.
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Introduction

Acquisition of photosynthetic capability by the capture of endosymbiotic microalgae
(photosymbiosis) or the sequestration of chloroplasts (kleptoplastidy) is a common
phenomenon among phagotrophic protists in the oceanic plankton. Photosymbiosis, which
tends to occur mainly in oligotrophic environments (Stoecker et al., 2009; Decelle et al.,
2015), is thought to be mutualistic, wherein the heterotrophic host benefits from the
photosynthetic products produced by one or more symbiotic microalgae, which in turn receive
protection and nutrients recycled by the host (Trench, 1979; Davy et al., 2012). In plankton,
photosymbiosis generally involves large phagotrophic protists, such as foraminiferans and
radiolarians, which host diverse microalgae like dinoflagellates (Dinophyceae), haptophytes
and prasinophytes (Stoecker et al., 2009). Kleptoplastidy is more common in productive
ecosystems and is mainly performed by dinoflagellates and ciliates (Stoecker et al., 2009).
The magnitude of phototrophy acquisition by heterotrophic protists, a process whose
distribution could challenge our view of planktonic ecosystem functioning, is poorly known.

To fill this gap, we propose to study the diversity of the organisms implicated in this process.

Co-occurrence network-based analyses are widely used in environmental genomics
(metabarcoding, metagenomics, metatranscriptomics), and can now be applied to the study of
plankton community structures in the environment (Eiler et al., 2012; Hunt and Ward, 2015).
These methods were first used to characterize bacterial communities and were subsequently
expanded to examine the other domains of life (archae, eukaryotes and viruses). In order to
have a comprehensive understanding of the main factors governing the structure and function

of communities, several previous efforts attempted to include genomic data from all four of
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these domains to provide a global view of interactions both among and within them (Steele et
al., 2011; Chow et al., 2014; Lima-Mendez et al., 2015). Moreover, as the purpose of these
methods is to detect co-occurring species, initial steps have been taken to expand them to
encompass the detection of symbiosis sensu lato, which includes commensalism, mutualism
and parasitism (de Bary, 1879; Chaffron et al., 2010; Lima-Mendez et al., 2015). Yet, the
main challenge remains the detection of "true" symbiotic partnerships among thousands of
associations that could be explained by other ecological processes (such as predation or
sharing of a similar ecological niche). Validation of true partnerships may require a substantial
amount of effort performed by specialists examining the taxonomic assignments of co-
occurring genetic entities (by manual inspection). In addition, symbiotic relationships are very
broad and occur along a continuum ranging from parasitism to mutualism without clearly
delineated categories. Symbioses can be more or less specific (e.g. species-species), may
change according to geography or, more generally, to environmental conditions, and can be

facultative or obligate for one or the other partner (Decelle et al., 2015).

One of the main difficulties in detecting photosymbiotic associations in the plankton
from co-occurrence networks is the flexible specificity of these interactions (Decelle et al.,
2012a; Probert et al., 2014). For example, in the case of the interaction between the
haptophyte genus Phaeocystis and the Acantharia, whereas the Phaeocystis genus is found
world-wide in association with acantharians, the identity of the symbiont species varies
depending on geography (P. cordata in the Mediterranean Sea and P. antarctica in the
Southern Ocean). As such, there is no specific interaction at the species level, implying that in
the case of metabarcoding-based network, the metabarcodes of the host and the symbiont will
not co-occur across all oceans, but will instead be restricted to a narrower geographic range.
To address this problem, we developed a new method to compare the abundances of genetic
entities across a phylogenetic gradient. Instead of comparing only the abundances of genetic
entities resulting from one level of clustering (OTUs), as is generally done in a co-occurrence
network based approach, our approach compares abundances of genetic groups formed by

clustering metabarcodes at different resolution levels.

In metabarcodes generated from size-fractionated planktonic samples, planktonic
organisms whose life cycles cause a significant variation in their organismal size can be
detected as abundant in non-adjacent size fractions. For instance, symbionts (parasites and
mutualists) involved in physical partnerships with their generally larger hosts may be found in

larger size fractions than their dispersal/free-living stages would be. Therefore, it is possible
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to differentiate in hospite and ex hospite stages by analyzing the data in this manner (Henry et
al. in prep). Moreover, symbiotic organisms can be differentiated from non-symbiotic
organisms based on their distribution among size fractions. The ability to distinguish
symbiotic from non-symbiotic interaction patterns would greatly enhance our ability to
distinguish associations which putatively involve symbionts from others in co-occurrence

networks.

Here, we analysed the Tara Oceans metabarcoding dataset to evaluate the applicability
of our method and to highlight potential new photosymbiotic interactions. We show that
comparing abundances between multi-level genetic groups allows us to detect known
interactions at their previously characterized level of specificity. In addition, we find many
novel and highly probable associations, including a potential case of kleptoplastidy and a
potential symbiosis involving environmental clades of Dinophyceae displaying characteristic

symbiotic distributions amongst size fractions.

Material and methods

Data

Data used in this study are part of the Tara Oceans V9 metabarcoding dataset (de
Vargas et al., 2015; Karsenti et al., 2011) extended to 126 stations. We analyze data consisting
of V9 metabarcodes sequenced from 586 samples belonging to 121 stations (all oceans except
the Arctic Ocean), four main organismal size fractions covering the majority of eukaryotic
plankton diversity: piconano-plankton (0.8-5um), nano-plankton (5-20um), micro-plankton
(20-180um), and meso-plankton (180-2000um), and 2 depths, subsurface (SUR) and Deep
Chlorophyll Maximum (DCM). For a given sample and a given metabarcode, the number of
reads assigned to the metabarcode divided by the total number of reads within the sample was

used as a proxy for its abundance (de Vargas et al., 2015).

Since the main goal of this study is the detection of photosymbioses and their
specificity, we selected barcodes from the following lineages: (1) A group of putative
photosymbionts (P) composed of lineages containing at least one planktonic species with
permanent chloroplasts (de Vargas et al, 2015), (i.e. Archaeplastida, Dinophyceae,
Ochrophyta, Cryptophyta, Haptophyta, Chlorarachnea, Glaucophyta and Chromerids) and (2)

a putative host group (H) composed of lineages containing species known to acquire
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phototrophy through symbiosis or kleptoplastidy. We exclude Dinophyceae from the H group

as some of them are known photosymbionts.

Multilevel genetic clustering

In order to investigate photosymbiotic associations across phylogenetic gradients,
metabarcodes from both subsets were clustered in genetic groups with different levels of
resolution. Metabarcodes were first grouped using swarm version 2.1.0 (Mahé et al,
2014) with value of the local linking threshold (d) from 1 to 4 without chain-breaking. Then,
each genetic group obtained using swarm with d equal to 1 (the finest level of clustering) was
split in several groups using the Markov Cluster Algorithm (MCL) (Van Dongen,
2001) version 12-135 with two values of inflation (1.2 for the highest resolution and 5 for the
lowest). MCL was performed on graphs in which each metabarcode represents a node and
each edge represents one mutation. Genetic distance matrices used for graph construction
were computed using sumatra version 1.0.10 (Mercier et al., 2013). Following multilevel
genetic clustering, each metabarcode (the smallest genetic entities) was associated with 6

higher-level genetic groups at decreasing levels of resolution.
Distribution profiles

The per sample abundance for each genetic group was computed by summing the
abundances of its component metabarcodes that were assigned to reference sequences with a
percentage of identity above 90% and present in more than 10% of micro- or meso-plankton
samples. Only genetic groups present in more than 20% of micro- or meso-plankton samples

were used for further analysis.

Based on the assumption that metabarcodes corresponding to free-living organisms are
mainly found in the size fraction corresponding to the size of the organism itself and that the
abundance of these metabarcodes should decrease progressively and significantly in both
smaller and larger size fractions, it is possible to define a list of distribution profiles specific
to free-living organisms (Figure 1A). In contrary to the free-living organisms, symbiont
metabarcodes (parasites and mutualists) display a more particular distribution among size
fractions (de Vargas et al., 2015). This is the case for the parasitic genus Blastodinium, which
infects copepods, that is mainly abundant in piconano- nano-plankton (dispersal stage) and in

meso-plankton (infective stage) (Henry ef al., in prep).
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We applied a filter to genetic groups from the P set in order to reduce the number of
inappropriately inferred associations for non-symbiotic microalgae. To this end, for each
genetic group, abundances between size fractions were compared using the Wilcoxon signed-
rank test, as follows: are abundances from piconano-plankton significantly (p-value < 0.001)
greater than abundances from nano-plankton? Are abundances from nano-plankton
significantly greater than abundances from piconano- and micro-plankton? Are abundances
from micro-plankton significantly greater than abundances from nano- and meso-plankton?
And are abundances from meso-plankton significantly greater than abundances from micro-
plankton? For each genetic group tested, p-values were adjusted using the False Discovery
Rate (FDR) approach (Benjamini and Hochberg, 1995). Therefore, all genetic groups having a
“free-living” like distribution (Figure 1A) were removed from the P group before calculting

measures of association with the H group.

List of associations

Genetic group abundances were compared separately for micro- and meso-plankton
samples between the P group and the H group and results for both size fractions were merged.
Comparisons were conducted using Spearman's rho test after removing uninformative couples
of zeros (Legendre and Legendre, 2012). The p-values were adjusted using the False
Discovery Rate (FDR) approach (Benjamini and Hochberg, 1995). Only H-P pairs with a
corrected p-value less than 0.001 and a Spearman's rho greater than 0.5 were considered to be
associated. In order to avoid redundancy in the list of interactions, we kept only H-P pairs for
which there were no other H-P pairs with a higher Spearman's rho for which both H and P
belong to related genetic groups (parent, descendant or identical). In the case of
phylogenetically related H-P pairs with equal Spearman's rho, the pair with the higher
resolution genetic groups was kept. All metabarcodes used for abundance computation of
genetic groups were considered as associated with the same partners as the genetic group to
which they belonged. Circular visualizations to summarize associations were plotted using the

R package circlize (Gu et al., 2014).

Phylogenetic tree construction

Metabarcodes and V9 reference sequences used for phylogenetic analysis were aligned
using MUSCLE v3.8.31 with default settings (Edgar, 2004). Neighbor-joining phylogenetic

trees were constructed using the BioNJ algorithm (Gascuel, 1997) in Seaview (Gouy et al.,
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2010). Observed divergences (percentage of residues differing between two sequences) were
used as genetic distances and bootstrap supports were obtained from 1000 replicates. Trees
containing metabarcodes and their associations were displayed using iTOL (Letunic and Bork,

2011). All other graphical visualizations and statistical analysis were performed using R (R

Core Team, 2015).

Results and Discussion

Validity of filtering

Characterization of abundance distribution profiles allowed us to identify genetic
groups consistent with a “free-living” lifestyle. Among 11,775 metabarcodes from the P group
which appear in more than 10% of micro- and meso-plankton samples, 8,486 (72%)
exclusively belong to genetic groups which have a “free-living” like distribution (Figure 1B).
The highest proportions (78%) and number (8,467) of “free-living” metabarcodes are
observed for Dinophyceae (both photo- and heterotrophs). Bacillariophyta, Haptophyta and
undetermined Prasinophyceae Clade 7 also contain “free-living” metabarcodes but to a lower
extent (1%, 17% and 50%, respectively). Very few cases of known protist/protist symbiosis
involve diatoms, except as hosts of parasitoids (Scholz et al., 2016) and as photosymbionts of
some Dinophyceae species (Pienaar et al., 2007). However, they display a very low
proportion of metabarcodes with a “free-living” like distribution. Many diatom species which
are able to make chains could be retained by a mesh size larger than a single individual during
sampling. These diatoms would then be abundant in a broad range of size fractions, which
explains why our method failed to filter them out. Moreover, the V9 metabarcode does not
seem to be appropriate for resolving diatom species identity, as different diatom genera may
share the same metabarcode (Figure 2A; also observed for Prymnesiophyceae). This implies

that one metabarcode can reflect several species distributed across different size fractions.
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Figure 1: Size distribution profiles consistent with a “free-living” lifestyle among lineages containing
species with permanent chloroplasts. (A) Enumeration of possible abundance distributions among size
fractions for genetic groups characterized as entirely “free-living”. The list of profiles is ordered by the
size of the organisms considered. Each square represents the abundance of a given genetic group in the
size fraction corresponding to the position of the square along the x axis. For two adjacent squares, if
one square is above the other, it indicates that its abundance is significantly higher. If both squares are
at the same level, abundances are not significantly different. Each genetic group corresponding to one
of these profiles is considered to be “free-living”. (B) Number of V9 metabarcodes present in more
than 10% of micro- or meso-plankton samples assigned to a reference sequence with a percentage
identity of 90% or greater and belonging to at least one genetic group present in more than 20% of
micro- or meso-plankton samples. In blue, metabarcodes belonging to at least one genetic group not
characterized as “free-living”. In red, metabarcodes which belong exclusively to “free-living” genetic
groups.

Among Dinophyceae, the distribution of abundance profile types is not homogeneous
at the order level (Figure 1C). The majority of orders contain a majority of “free-living”
metabarcodes, except the Noctilucales, the Pyrocystales and the Suessiales, which display a
higher proportion of non “free-living” metabarcodes (respectively 75%, 53% and 87%). The
order Suessiales contains well-known symbiotic microalgal species such as Symbiodinium and
Pelagodinium. Within the orders Noctilucales and Pyrocystales, there are species known to
have particular life cycles (Elbriachter and Drebes, 1978; Fukuda and Endoh, 2006) alternating
between large and small cells. In addition, the order Pyrocystales contains the parasitic
species Dissodinium pseudolunula, which infects copepod eggs (Gomez et al., 2009) and the
species D. elegans, Pyrocystis fusiformormis and P. noctiluca which populate the gelatinous
capsule of the planktonic foraminiferan Hastigerina pelagica (Alldredge and Jones, 1973).

The distribution of profile types is also heterogeneous at the genus level within the order
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Peridiniales (Figure 1D). The genera Scrippsiella (which was recently separated into
Brandtodinium and Scrippsiella) and Blastodinium contain an large proportion of non “free-
living” metabarcodes. Species from the genus Blastodinium are important parasites of
copepods (Skovgaard et al., 2012) and the species from the mutualistic genus Brandtodinium
have been found in association with diverse polycystine radiolarians (Probert et al., 2014).
Our filtering method cannot remove all free-living species, but, conversely, it is highly
conservative with respect to symbiotic species, which is crucial for detection of symbiosis.
Thus, the study of the distribution of metabarcodes can help to unveil the life style of

organisms with metabarcodes of uncertain taxonomic affiliation.
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Figure 1 (continued): (C) “Free-living” like distribution among metabarcodes in the

order Dinophyceae. (D) “Free-living” like distribution among Peridiniales genera
metabarcodes.
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Known symbionts

193 associations between 45 P and 165 H genetic groups were detected which,
considering the number of individual metabarcodes constituting each genetic group, represent
3,555 interactions between 157 P and 554 H metabarcodes. Known photosymbionts from the
literature (Symbiodinium sp., Pelagodinium sp. and Gymnodinium sp. ex Spongotrochus
glacialis) are implicated in 39% (1,394) of the detected interactions, and involve 34% (54) of
the P and 79% (438) of the H metabarcodes.

In addition, some members of Clade A within the genus Symbiodinium have been
recently described as living in symbiosis within the ciliate Tiarina sp. (Protostomatea) in the
oceanic plankton (Mordret et al., 2015). In this study, we found that all associations involving
Symbiodinium are with the ciliate Tiarina sp. (Figures 2B and 3A), suggesting that this ciliate

may be the unique host of Symbiodinium in the plankton.

The genus Pelagodinium, known to be a symbiont of diverse foraminiferans and one
acantharian species within clade B (Siano et al., 2010; Decelle et al., 2012b) was found not
only to co-occur with planktonic foraminiferans related to the genera Globigerinoides and
Globigerinella, but it was also found associated with Tiarina sp. (Protostomatea) and
acantharians from the clades D, E et F (Figures 2B and 3). This may suggest these taxa share
a similar ecological niche, such as the oligotrophic conditions found associated with the
Symbiodinium-Tiarina symbiosis (Mordret et al., 2015). In this case, interactions between
Pelagodinium and acantharians within clade D (which are non symbiotic), E and F (which are
symbiotic) could indicate only that they are both found in the same environment (likely an
environment favorable to photosymbiosis). The Gymnodinium species found in association
with the radiolarian Spongotrochus glacialis (Spumellaria (Ishitani et al., 2014)) was detected
here in association with collodarians, foraminiferans and acantharians but not with
spumellarians (Figures 2B and 3). Further investigation is necessary to confirm the veracity of
the associations we found involving Gymnodinium sp. ex Spongotrochus glacialis. As for
Pelagodinium, these results could suggest that this symbiont establishes symbiotic
relationships with several radiolarians and foraminiferans. Conversely, as also highlighted for
Pelagodinium, these interactions could also be the result of indirect associations with

environmental parameters.
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Figure 2: Neighbor-joining phylogenetic tree of photosymbiont group metabarcodes involved in at
least one significant association, and related reference sequences. Numbers represent bootstrap values;
values below 80% are not shown. Branch labels are GenBank accession numbers with species names.
Colored circles at the leaves indicate host groups with which photosymbiont group metabarcodes are
associated. The size of the circle is proportional to the number of associated host metabarcodes. (A)
First part of the tree, containing Florenciellales, diatoms (Bacillariophyta), Prymnesiophyceae and
Prasinophyceae Clade 7 metabarcodes. (B) Second part of the tree, containing Dinophyceae
metabarcodes.
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The fact that we retrieved known photosymbionts with their hosts in our results, e.g.
Symbiodinium clade A with Tiarina sp. (Mordret et al., 2015) and Pelagodinium beii with
foraminiferans (Shaked and de Vargas, 2006; Siano et al., 2010) can be considered as partially
validating the method we propose. This implies that these photosymbiotic genetic groups are
present at sufficient abundances in the micro and meso-plankton to be retained in our analysis
and that their host-symbiont associations can be considered significant using classical
statistical measures. However, known photosymbionts are also found associated with
unexpected hosts. Rather than representing the discovery of new cases of photosymbiosis,
these associations are likely only to reflect the difficulties in distinguishing associations

resulting from both direct and indirect interactions.

The method we propose allowed us to increase the score of association (Spearman's
rho) by comparing abundances at higher genetic “levels” than simply the metabarcode (level
7) (Figure 4). In the case of the association between Tiarina sp. and Symbiodinium Clade A,
the best scores were obtained when comparing a level 7 (metabarcode) H genetic group with a
level 5 (MCL with inflation value 5) P genetic group (Figure 4A), which corresponds to two
Tiarina sp. metabarcodes associated with 11 Symbiodinium Clade A metabarcodes. Mordret et
al. (2015) characterized two different V9 sequences for the Tiarina sp. (two genotypes) host
and five for the photosymbiont Symbiodinium Clade A. The 3 most abundant Symbiodinium
Clade A metabarcodes, which represent 88% of the total abundance of the group, belong to
the 5 Symbiodinium V9 sequences obtained by Mordret et al. (2015). The 8 remaining
metabarcodes of the Symbiodinium Clade A genetic group could be other Symbiodinium
genotypes that interact with Tiarina but which were not sampled by Mordret et al. (2015).
This is the case for the fourth most abundant metabarcode, which is particularly abundant in
Red Sea (station 32, in yellow, Figure 4). Mordret et al. (2015) also characterized a specific
Symbiodinium subclade interacting with Tiarina in the Red Sea (also in station 32) based on
the study of its ITS2 and 28S sequences, but unfortunately the V9 sequence could not be
obtained. We argue that this metabarcode is truly in symbiosis with Tiarina sp. as, in this case,
at least 93% of the abundance of the Symbiodinium group comes from metabarcodes with
validated interactions with Tiarina sp. Thus, we detected this interaction at the right level of
specificity, lending support to our approach of comparing the abundances of genetic groups

defined at different levels of resolution.
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Unfortunately, some photosymbiotic interactions with world-wide distributions do not
appear in our results. This is the case for the interaction between Brandtodinium nutricula
(Scrippsiella nutricula), which is known to be the photosymbiont of a wide diversity of
polycystines. The best score of association involving Brandtodinium (rho=0.49) is obtained
comparing a Brandtodinium level 5 genetic group (MCL with inflation value 5) with a
collodarian level 2 genetic group (swarm -d 3). Whereas this level of specificity, wherein a
low diversity of symbionts interacts with a high diversity of hosts, is consistent with previous
observations (Probert et al., 2014), this significant association (p-value < 0.001) was not
retained by our method because its score of association (Spearman's rho) was slightly below
the threshold of 0.5. In addition, no genetic groups related to Phaeocystis with a non “free-
living” like distribution are significantly associated (p-value < 0.001) to at least one genetic
group from the H set, although this genus is known to occur world-wide in symbiosis with
acantharians from Clade E and F (Decelle et al., 2012a). The primary explanation for this
observation is that Phaeocystis is able to form millimeters-long colonies (Chen ef al., 2002),
and therefore its presence in larger size fractions cannot only be explained by its presence in
hosts as a photosymbiont, thus preventing our abundance comparisons from capturing this

interaction.

Hosts

Acantharians, ciliates and collodarians are the taxonomic groups of hosts which
display the highest number of interactions with photosymbionts. Compared to collodarians,
metabarcodes of ciliates and acantharians are connected with a larger diversity of

metabarcodes belonging to the P group (Figure 5A).

We found a single association involving a chlorophyte. Seven metabarcodes assigned
to the genus Nannochloris (Prasinophyceae clade 7A) are associated with 40 metabarcodes
assigned to the collodarian genus Acrosphaera (Figure 2A). This association merits further
investigation since two Prasinophyceae species, Pedinomonas symbiotica and Pedinomonas
noctilucae have previously been described as photosymbionts of the Collodarian
Thalassolampe margarodes (Cachon and Caram, 1979) and of the Dinoflagellate Noctiluca
scintillans in the Indian Ocean (Sweeney, 1976), respectively. Validating this association
could help to understand the role of the Prasinophyceae clade 7A in micro- and meso-

plankton.
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Acantharians (mainly Clade E and F) are involved in an large number of associations
with Suessiales (Pelagodinium), as was previously known, but they are also found in
association with unidentified Dinophyceae (Dinophyceae X) (Figure 5B). A highly divergent
unidentified Dinophyceae clade (Dinophyceae X), consisting of 2 sub-clades assigned only to
environmental sequences (DQ103863 and GUS820545) is found in interaction with 103
acantharian metabarcodes assigned to Stauracanthidae (Clade F) (Figure 2B and 3B).
Metabarcodes from these 2 sub-clades also display a particular distribution among size
fractions in stations where they are the most abundant in micro-plankton (20-180 pum), the
size fraction for which we measured the score of association (Figure 6). They are generally
more abundant in piconano-plankton (0.8-5 um) and micro-plankton (20-180 um) than in
nano-plankton (5-20 pum). This kind of distribution is characteristic of symbiotic organisms
which are detected in different size fractions depending on their life cycle stage (Henry et al.
in prep). Depending on the size of the host, the symbiont may be nearly absent from
intermediate size fractions (those between the size of the free-living stage of the symbiont and
the size of the host). These unidentified Dinophyceae metabarcodes likely represent a small
Dinophyceae (<5um) which enters into symbiosis with free-living organisms from the micro-
plankton. In previous studies, unidentified putative dinoflagellate parasites (Dinophyceae)
was sequenced from individual radiolarian cells (Gast, 2006; Dolven et al., 2007;); as such,

the unidentified clade we detected could also be parasitic.

Acantharians are also found associated with some diatoms. A diatom clade composed
of 4 metabarcodes with no close reference sequence is associated with 12 acantharian
metabarcodes (11 assigned to Clade E and one to Clade D), and one group of 2 diatom
metabarcodes related to the genus Rhizosolenia are associated with 21 acantharian
metabarcodes belonging to Clades E and F (Figures 2A and 3B). The statistical association
between Clade E and F acantharians and rhizosolenid metabarcodes does not appear to be due
to a symbiotic interaction: rhizosolenids diatoms are relatively large protists known to form
chains and mats in oligotrophic waters (Kemp et al., 1999), environments that are also
populated by symbiotic acantharians (Decelle et al., 2012a). Rhizosolenid metabarcodes do
not have “free-living” like distributions and were retained in our abundance comparisons very
likely because of their ability to form mats many times larger than the size of an individual

cell.
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The ciliates are the only group associated with Florenciellales (Dictyochophyceae) and
Prymnesiophyceae (Haptophyta). One group of 21 oligotrich ciliate metabarcodes 1is
associated with 3 prymnesiophyceae metabarcodes (from 2 genetic groups) related to the
genus Chrysochromulina. Moreover, one metabarcode assigned to several prymesiophyceae
genera (Pleurochrysis, Ochrosphaera, Isochrysis, Jomonlithus, Coccolithus, Helladosphaera,
Calyptrosphaera,  Braarudosphaera, = Prymnesium,  Imantonia, = Haptolina  and
Chrychromulina) is associated with 19 of the 21 oligotrich metabarcodes described above. All
of the 21 oligotrich metabarcodes are assigned to genera within the Strombidiidae
(Novistrombidium, Omegastrombidium, Strombidium) and Tontoniidae (Pseudotontiona)
(Figures 2A and 3A). Microalgae belonging to the Prymnesiophyceae, in particular
Chrysochromulina spp., have been identified as the main source of chloroplasts for the
kleptochloroplastic dinoflagellate Dinophysis mitra (Nishitani et al., 2012). Like Dinophysis
accuminata, which acquires cryptophyte chloroplasts by feeding via myzocytosis on the
ciliate Myrionecta rubra (Nishitani et al., 2010), D. mitra is thought to acquire chloroplasts
by feeding on mixotrophic ciliates, presumably ciliates of the genera Laboea, Tontonia and
Strombidium (Nishitani et al., 2012). Our results suggest that Chrysochromulina chloroplasts
could be an important source for the Strombiidac and Tontoniidae. However, further
investigation is necessary to determine if D. mitra actually acquires its chloroplasts from these
ciliates. These results also suggest that our method is able to detect cases of kleptoplastidy

characterized by a low level of specificity (Figure 4B).

A group of 6 Dictyochophyceae metabarcodes related to the genera Pseudochattonella
and Florenciella is associated with a group of two Colpodea ciliate metabarcodes (Figures 2A
and 3A), but Colpodea ciliates have not been described in the literature as harboring micro-

algae or performing kleptoplastidy.

As in our results for the acantharians, we also detected ciliates associated with diatoms
(Figure 5). The association between 6 metabarcodes assigned to diatom species belonging to
several Bacillariophyceae  families (Bacillariaceae, Cymbellaceae, Fragilariaceae,
Thalassionemataceae, Licmophoraceae, Tabellariaceae) and one metabarcode assigned to
Tintinnidium mucicola (Figures 2A and 3A) is particularly compelling because some tintinnid
species, such as Tintinnidium fluviatile, are known to be able to agglutinate diatom frustules
onto their lorica (Gold and Morales, 1976; Wasik et al., 1996). Besides highlighting the

potential diversity of diatoms that can be found on the lorica of one tintinnid species, this
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result also suggests that diatom frustules composing the lorica still contain DNA that we were

able to sequence and that, furthermore, these diatoms may continue living once attached.
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The ciliates, with the exception of Tiarina sp., are found associated with a large
number of unidentified Dinophyceae (Dinophyceae X) and Gymnodiniales (Figure 5). Since
a substantial fraction of these Dinophyceae metabarcodes are not closely related to named
reference sequences, making conclusions about the nature of these associations is not
straightforward. However, one association, likely related to a non-symbiotic interaction,
should be noted here: a group of 7 metabarcodes related to the genus Gyrodinium
(Gymnodiniales) and an environmental reference sequence (FJ832107) is associated with the
same group of oligotrichs that is also associated with Chrysochromulina (see above) (Figures
2A and 3B). The ciliates from the families Strombidiidae and Tontoniidae are important
grazers, like Dinophyceae species of the genus Gyrodinium (Sherr and Sherr, 2009 ;Loder et
al., 2011). Thus, this association could correspond to co-occuring grazers potentially feeding

on similar prey.

Conclusion

Combining the characterization of distribution profiles among size fractions with the
comparison of abundances across size fractions has the potential to detect both known and
putative new photosymbiotic relationships within a size-fractionated metabarcoding dataset.
In terms of computation time, these two aspects of our method are complementary. Whereas
the multi-level genetic clustering increases the number of comparisons to be performed,
removing genetic groups characterized by a “free-living” distribution reduces computational
time. In addition to retrieving already known interactions, thereby validating our method, we
have also discovered potential new photosymbioses in this study, providing compelling
avenues for future research: the interactions we discovered should be validated experimentally
by observing the symbiosis and by isolating and performing genotyping (barcoding) of both
partners (Lima-Mendez et al., 2015). Our approach represents a relatively fast way to decide
how to direct microscopic observations of preserved biological samples when they are derived

from a size fractionated metabarcoding dataset.
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Supplementary information

Table S01: Summary of the positive and significant associations. When the taxonomic assignment
was not accurate enough to link a metabarcode to a genus, the “host genus” and “symbiont genus”
fields indicate the next most precise taxonomic rank available.

. ) ; Number of
Symbiont taxog roup Symbiont group Symbiont genus Host taxogroup Host group Host genus associations
Bacillariophyta Bacillariophyta Bacillariophyceae Ciliophora Choreotrichia Tintinnidium 5
Bacillariophyta Bacillariophyta Bacillariophyceae_X Ciliophora Choreotrichia uncultured tintinnid ciliate 1
Bacillariophyta Bacillariophyta Bacillariophyta Acantharea Arthra_Symphy Dorataspidae_E4 16
Bacillariophyta Bacillariophyta Bacillariophyta Ciliophora Choreotrichia uncultured tintinnid ciliate 5
Bacillariophyta Bacillariophyta Bacillariophyta Acantharea Arthra_Symphy Acanthophracta E3_X 4
Bacillariophyta Bacillariophyta Bacillariophyta Acantharea Arthra_Symphy Hexaconus 2
Bacillariophyta Bacillariophyta Biddulphia Acantharea Arthra_Symphy Dorataspidae_E4 8
Bacillariophyta Bacillariophyta Biddulphia Acantharea Arthra_Symphy Acanthophracta_ E3 X 2
Bacillariophyta Bacillariophyta Biddulphia Acantharea Arthra_Symphy Hexaconus 1
Bacillariophyta Bacillariophyta Chaetoceros Ciliophora Choreotrichia uncultured tintinnid ciliate 1
Bacillariophyta Bacillariophyta Dactyliosolen Acantharea Arthra_Symphy Dorataspidae_E4 16
Bacillariophyta Bacillariophyta Dactyliosolen Acantharea Arthra_Symphy Acanthophracta_E3_X 4
Bacillariophyta Bacillariophyta Dactyliosolen Acantharea Arthra_Symphy Hexaconus 2
Bacillariophyta Bacillariophyta Dactyliosolen Acantharea Trizonacantha D Staurolithium 1
Bacillariophyta Bacillariophyta Mediophyceae Ciliophora Choreotrichia uncultured tintinnid ciliate 3
Bacillariophyta Bacillariophyta Proboscia Acantharea Trizonacantha_D Staurolithium 8
Bacillariophyta Bacillariophyta Rhizosolenia Acantharea Arthra_Symphy Acanthometridae_F3 9
Bacillariophyta Bacillariophyta Rhizosolenia Acantharea Arthra_Symphy Dorataspidae_E4 8
Bacillariophyta Bacillariophyta Rhizosolenia Acantharea Arthra_Symphy Acanthophracta E3_X 2
Bacillariophyta Bacillariophyta Rhizosolenia Acantharea Arthra_Symphy Acanthometridae_F3_X 1
Bacillariophyta Bacillariophyta Rhizosolenia Acantharea Arthra_Symphy Hexaconus 1
Bacillariophyta Bacillariophyta Synedra Ciliophora Choreotrichia Tintinnidium 1
Dictyochophyceae Florenciellales Florenciella Ciliophora Colpodea-1 Colpodea-1_X 8
Dictyochophyceae Florenciellales Florenciellales_X Ciliophora Colpodea-1 Colpodea-1_X 2
Dictyochophyceae Florenciellales Pseudochattonella Ciliophora Colpodea-1 Colpodea-1_X 2
Dinophyceae Dinophyceae_X AY434687_gen Ciliophora Oligotrichia Strombidium 10
Dinophyceae Dinophyceae_X AY434687_gen Ciliophora Oligotrichia Pseudotontonia 8
Dinophyceae Dinophyceae_X AY434687_gen Ciliophora Colpodea-1 Colpodea-1_X 2
Dinophyceae Dinophyceae_X AY434687_gen Ciliophora Oligotrichia Novistrombidium 1
Dinophyceae Dinophyceae_X AY434687_gen Ciliophora Oligotrichia Onegastrombidium 1
Dinophyceae Dinophyceae_X AY434687_gen Ciliophora Oligotrichia Strombidiidae 1
Dinophyceae Dinophyceae_X AY664889_gen Ciliophora Colpodea-1 Colpodea-1_X 8
Dinophyceae Dinophyceae_X AY664900_gen Ciliophora Choreotrichia Eutintinnus 72
Dinophyceae Dinophyceae_X AY664900_gen Ciliophora Cyrtophoria Pithites 14
Dinophyceae Dinophyceae_X AY664900_gen Acantharea Arthra_Symphy Dorataspidae_E4 8
Dinophyceae Dinophyceae_X AY664900_gen Spumellaria Spumellaria Spum_group_| 5
Dinophyceae Dinophyceae_X AY664900_gen Ciliophora Prostomatea_X Tiarina 4
Dinophyceae Dinophyceae_X AY664900_gen Spumellaria Spumellaria Spum_group_|_X 3
Dinophyceae Dinophyceae_X AY664900_gen Acantharea Arthra_Symphy Acanthophracta E3_X 2
Dinophyceae Dinophyceae_X AY664900_gen Ciliophora Prostomatea_X Colepidae 2
Dinophyceae Dinophyceae_X AY664900_gen Spumellaria Spumellaria Styptosphaera 2
Dinophyceae Dinophyceae_X AY664900_gen Acantharea Arthra_Symphy Hexaconus 1
Dinophyceae Dinophyceae_X AY664936_gen Ciliophora Colpodea-1 Colpodea-1_X 4
Dinophyceae Dinophyceae_X AY664957_gen Ciliophora Oligotrichia Strombidium 10
Dinophyceae Dinophyceae_X AY664957_gen Ciliophora Oligotrichia Pseudotontonia 8
Dinophyceae Dinophyceae_X AY664957_gen Ciliophora Colpodea-1 Colpodea-1_X 2
Dinophyceae Dinophyceae_X AY664957_gen Ciliophora Oligotrichia Novistrombidium 1
Dinophyceae Dinophyceae_X AY664957_gen Ciliophora Oligotrichia Onegastrombidium 1
Dinophyceae Dinophyceae_X AY664957_gen Ciliophora Oligotrichia Strombidiidae 1
Dinophyceae Dinophyceae_X Dinophyceae Ciliophora Oligotrichia Strombidium 90
Dinophyceae Dinophyceae_X Dinophyceae Ciliophora Oligotrichia Pseudotontonia 72
Dinophyceae Dinophyceae_X Dinophyceae Ciliophora Oligotrichia Novistrombidium 9
Dinophyceae Dinophyceae_X Dinophyceae Ciliophora Oligotrichia Onegastrombidium 9
Dinophyceae Dinophyceae