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INTRODUCTION GENERALE

Préambule

L’environnement dans lequel nous vivons est en constante évolution. Ces changements, liés a des
variations physico-chimiques ou a des interactions biotiques, se sont considérablement accélérés
suite aux activités humaines et ont considérablement modifié notre planete. Nous sommes rentrés
dans une nouvelle ere, nommée Anthropocene, pour identifier cette époque de I'histoire de la terre
dominée par I'Homme (Crutzen 2002). La résultante de ces activités humaines se traduit par des
déséquilibres chroniques, dont le réchauffement climatique lié aux émissions élevées de gaz a effet
de serre. Le réchauffement climatique a en retour des conséquences majeures sur la température, la
fonte des glaciers, les précipitations et la circulation océanique, et la biogéographie des especes
(Meehl et al., 2007), altérant les conditions environnementales influencant le phytoplancton ainsi
que la production primaire (Sarmiento et al., 2004). D’autres facteurs ajoutent une pression
supplémentaire sur I’environnement marin, tels que I'acidification de I'océan et le blanchissement du
corail, I'altération de la couche d’ozone, I'eutrophisation cétiére, et la pression de la péche. Mis
ensemble, tous ces facteurs modifient la structure des communautés des protistes marins et ont des
conséquences en cascade sur la dynamique de la chaine trophique marine ainsi que sur les cycles
biogéochimiques.

Les conséquences de ces modifications sur les communautés phytoplanctoniques sont largement
méconnues. On peut les étudier a travers I'analyse des séries temporelles mises en place par les
réseaux de surveillance (e.g. le REPHY (Réseau d’Observation et de Surveillance du Phytoplancton et
des Phycotoxines)). Ces séries de données sont particulierement utiles pour repérer les tendances
saisonniéres, interannuelles, voire interdécennales. Cependant, rares sont les séries de données
couvrant une échelle de plus de 40 ans (celles du REPHY par exemple démarrent en 1984), ainsi les
informations sur la composition des assemblages phytoplanctoniques anciens et leur dynamique
antérieure a la mise en place de ces réseaux sont manquantes.

L'objectif général de ce travail est de contribuer a I'étude des variations des communautés et des
populations de protistes en général, et du phytoplancton en particulier, sur une longue échelle
temporelle, en adoptant une approche paléoécologique consistant en l'analyse des traces
biologiques anciennes (kystes, ADN) accumulées dans les sédiments marins et en utilisant la rade de

Brest comme site modele d’étude.
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1. Les protistes

Les protistes sont des organismes eucaryotes, unicellulaires durant la majeure partie de leur cycle de
vie (Schlegel and Hilsmann 2007). lls sont représentés dans tous les groupes d’eucaryotes de I'arbre
du vivant (Figure 1) et possedent une multitude de tailles, de formes, et de fonctions (Caron et al.,
2012). lls présentent des modes trophiques variés tels que I'autotrophie (réalisant la photosynthese),
I’"hétérotrophie (consommateurs primaires de bactéries et/ou d’organismes autotrophes, prédateurs
et parasites) ou la mixotrophie (alternant I'autotrophie et I'hétérotrophie). Les protistes participent
donc activement a la production primaire globale et aux cycles biogéochimiques via leur implication

sur I'ensemble du réseau trophique.
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Figure 1. Arbre phylogénétique des eucaryotes selon Burki (2014).
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Le groupe des protistes est paraphylétique, c’est-a-dire qu’il regroupe des espéces ayant des
histoires évolutives totalement différentes. Initialement, les protistes ont été définis par Haeckel en
1860 comme des organismes autres que les animaux et les plantes et regroupaient donc un
assemblage polyphylétique de procaryotes et d’eucaryotes (Caron et al., 2012). Jusqu’a la fin du
20°™M¢ siecle, les groupes de protistes étaient classifiés selon des criteres morphologiques et par mode
de nutrition. Or, certains groupes autotrophes et hétérotrophes, séparés a I'origine a cause de leur
mode trophique, peuvent pourtant étre phylogénétiquement tres proches (Caron et al., 2012).
Depuis les années 1980s, I'avénement des techniques de biologie moléculaire a particulierement
favorisé les études sur la systématique, I'écologie et I'’évolution des protistes. En effet, le gene de la
petite sous-unité ARN ribosomale 18S fournit des informations essentielles et fiables sur les liens
évolutifs entre les organismes et a permis de voir que la phylogénie des protistes ne refléte pas
forcément la classification fonctionnelle (Baldauf 2003). Cependant, malgré ces avancées, le terme
méme de protiste reste encore controversé de nos jours, certains auteurs les définissent comme
organismes eucaryotes en excluant les champignons, les plantes, et les animaux, d’autres utilisent la
méme définition en excluant également les macroalgues. C'est cette derniere définition qui sera
utilisée dans cette étude. Chez les protistes, on peut identifier des groupes unicellulaires qui

effectuent la photosynthése et qui dans leur ensemble constituent le phytoplancton.

2. Le phytoplancton
Le phytoplancton regroupe I'ensemble des micro-organismes photosynthétiques eucaryotes et
procaryotes (cyanobactéries) vivant dans la zone euphotique des océans et des milieux aquatiques.
Il ne représente que 1% de la biomasse photosynthétique de la planéete et pourtant il assure plus de
45% de la production primaire mondiale et plus de 90% de la production primaire du milieu

aquatique (Geider et al., 2001) (Figure 2).
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Figure 2. Concentration annuelle moyenne de la chlorophylle a a travers le monde (année 2009) (extrait de
Villacorte et al., 2015).

Les organismes phytoplanctoniques sont trés variables en taille allant de 0.2 um a 20 mm (voir au-
dela) et sont classiquement divisés en 4 classes de taille; le picophytoplancton (0.2-2 um), le
nanophytoplancton (2-20 um), le microphytoplancton (20-200 um) et enfin le mésophytoplancton (2-
20 mm) (Figure 3). Ce dernier groupe est principalement constitué de diatomées et de dinoflagellés

qui sont les groupes dominants en termes de biomasse dans les écosystemes cotiers.

Eﬁ

fish orca factory Eiffel Tower Manhattan

Figure 3. Comparaison de la gamme de taille relative de quelques especes phytoplanctoniques par rapport a
différents objets macroscopiques (extrait de Finkel et al., 2010).
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Le phytoplancton est a la base des réseaux trophiques jouant un rdle fondamental dans les
écosystémes pélagiques cotiers en tant que principal producteur primaire (environ 45% de la
production primaire globale) (Falkowski 1994). En effet, les organismes photosynthétiques sont
capables de fixer le carbone atmosphérique sous la forme de CO, et de le convertir en matiere
organique carbonée a travers I'utilisation de I'énergie lumineuse (Figure 4). Une partie de cette
matiére organique produite est transférée aux échelons supérieurs du réseau trophique a travers le
broutage par le zooplancton, et de la prédation de ces derniers par des consommateurs primaires.
L'autre partie est excrétée, sous forme de matiere organique particulaire ou dissoute, migrera dans
la zone photique vers le fond des océans. Tous ces processus de fixation du carbone inorganique par
le phytoplancton et sa transformation en carbone organique, puis son transport vers les eaux
profondes, sont des processus constituant la « pompe biologique » qui régule la quantité

atmosphérique de CO2.
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Figure 4. Schéma de la pompe biologique du carbone océanique (source:
https://www.labexmer.eu/fr/recherche/axe2).
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Lorsque les conditions environnementales sont favorables, certaines espéces de phytoplancton
peuvent proliférer massivement, induisant une coloration intense de I'’eau de mer. Ces phénomeénes
d’efflorescence sont communément appelés « eaux colorées » ou « marées colorées ». Dans certains
cas, ces efflorescences nuisibles (HAB: Harmful Algal Bloom) peuvent s’accompagner de la
production de toxines par les organismes responsables. Environ 5% seulement des especes
phytoplanctoniques sont connues pour produire des toxines (Zingone and Enevoldsen 2000), la
majorité appartiennent aux dinoflagellés (Smayda 1997). Ces toxines peuvent s’accumuler dans des
organismes destinés a la consommation et la commercialisation comme les pétoncles, les huitres, les
moules et les poissons et elles sont thermorésistantes (ne disparaissent pas a la cuisson). En cas de
consommation importante d’organismes bioaccumulateurs de toxines, certains symptémes peuvent
apparaitre chez I'homme. Il existe plusieurs types de syndrome classés selon leur effet sur
I’'homme et la typologie de la toxine : toxines Amnésiantes (ASP, Amnesic Shellfish Poisonning),
Diarrhéiques (DSP (diarrheic), AZP (Azaspiracid)), Paralysantes (PSP), Neurologiques (NSP), et CFP
(Ciguatera Fish Poisonning). Au-dela des effets sur la santé publique, les efflorescences toxiques ont

des conséquences sur le fonctionnement de I'écosystéme, le tourisme, et I’économie.

3. Variabilité spatio-temporelle des organismes phyto-
planctoniques

La diversité et la biomasse du phytoplancton varient dans le temps et dans |'espace. Les facteurs
controlant ces variations ont été discutés depuis la découverte du phytoplancton par Van
Leeuwenhoeck en 1676 (Dobell 1932) et, particulierement apres la découverte, environ 2 siécles plus
tard, du fait que le phytoplancton était a la base de la chaine alimentaire dans les océans. Depuis, la
recherche a fait des progrés considérables dans I'étude et la compréhension de ces facteurs.
Globalement, la diversité, la biomasse, et la taille du phytoplancton sont contrélés par des processus
complexes ascendants, liés aux conditions physico-chimiques, et descendants, liés aux interactions
biologiques (bottom-up et top-down en anglais). Ces processus incluent la compétition pour des
ressources limitées (lumiére, azote, phosphore, fer) (Tliman et al., 1982) et des processus top-down
tels que le broutage (Armstrong 1994). Ces interactions sont a leur tour controlées par des processus
physiques tels que la température, la circulation des masses d’eau, le dépot de particules
atmosphériques et la turbulence (Falkowski et al., 1998; Finkel et al., 2010).

Le changement de groupes ou espéces de phytoplancton dominants se répercute souvent sur la
chaine trophique impactant les poissons, les mammiferes et les oiseaux (Donnelly et al., 2007). Les
organismes phytoplanctoniques ayant un cycle de vie tres rapide sont connus pour étre sensibles et

réactifs face aux changements des conditions environnementales. Par conséquent, ils représentent
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ainsi d’excellents bioindicateurs de lI'impact des changements naturels et saisonniers sur les
écosystémes cotiers (Rimet and Bouchez 2012). Plusieurs études ont montré I'impact des variations
de I'environnement sur le phytoplancton a différentes échelles biologiques; organismes, populations,
communautés en effectuant des observations sur le terrain, des expériences en mésocosmes et/ou
par de la modélisation. Ces changements se traduisent principalement par des variations de
biomasse, d’abondance, et de structure des communautés. En effet, il a été estimé un déclin de la
biomasse globale du phytoplancton de 1% par an au cours du siecle dernier (Boyce et al., 2010), lié
principalement au changement de la température des eaux de surface. Particulierement, des études
ont reporté une diminution de la biomasse des diatomées dans |'océan Atlantique, la Manche et la
Mer Baltique durant 4 années consécutives (Klais et al., 2011; Zhai et al., 2013) accompagnée
occasionnellement par une augmentation de la biomasse des dinoflagellés. L'apport excessif en
nutriments induit souvent I'eutrophisation des ecosystémes qui se traduit parfois par I'apparition
d’efflorescences nuisibles, notamment dans des milieux confinés (Rabalais et al., 2011).
L'acidification des océans suite a 'augmentation du CO; aurait induit des variations de la diversité et
de I'abondance des coccolithophoridés (Meyer and Riebesell 2015).

La structure des communautés peut également étre impactée, principalement a cause des variations
climatiques interannuelles, telles que la NAO (Oscillation Nord Atlantique) qui a été reliée a
|"augmentation de I'abondance des diatomées et la diminution de celle des dinoflagellés (Irigoien et
al., 2000; Zhai et al., 2013), et 'AMO (Oscillation Multidécennale de I'Atlantique) induisant des
changements de structure a long-terme (Edwards et al., 2013). Les métaux lourds peuvent étre
toxiques pour les organismes phytoplanctoniques, introduisant des variations de la dominance des
espéces et affectant la structure et la composition des communautés (Kapkov et al., 2011).

Les espéces phytoplanctoniques peuvent également subir des variations spatiales. C’'est le cas de
certaines espéces de dinoflagellés (Gymnodinium catenatum), et de diatomées (Rhizosolenia indica)
dont I'occurrence en Mer du Nord a été attribuée a une hausse de température (Nehring 1998). Dans
I’Atlantique Nord, I'analyse d’archives géologiques ainsi que des données du réseau d’observation du
plancton via le CPR (Continuous Plankton Recorder) a montré la réapparition de la diatomée
Neodenticula seminae, aprés 840 000 années d’absence (Miettinen et al., 2013; Reid et al., 2007). Ce
changement a été attribué a la fonte de glace et/ou la circulation des masses d’eau. Quelque fois
I’expansion géographique d’'une espece est attribuée a son introduction a travers divers vecteurs,
dont le rejet des eaux de ballast des navires. C’est le cas pour Coscinodiscus wailesii dans la Manche
et la Mer du Nord (Edwards et al., 2001) ou Alexandrium catenella dans I'étang de Thau, France (Lilly

et al., 2002). Ces nouvelles espéces introduites peuvent devenir proliférantes et étre a l'origine
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d’efflorescences nuisibles, voire toxiques avec des conséquences importantes sur le fonctionnement

des écosystémes.

3.1. Les méthodes d’étude des changements au niveau du
phytoplancton

Les variations du phytoplancton sont étudiées de plusieurs maniéres, la plus classique étant I'analyse
de séries temporelles dans le cadre des réseaux de surveillance ou d’observation du plancton. La
collecte des données de séries temporelles implique des mesures dans I'eau, généralement sur une
base hebdomadaire ou mensuelle dans le but de renseigner sur la biomasse, I'abondance et la
composition taxonomique a différentes stations de surveillance. Cela permet également de suivre les
especes phytoplanctoniques productrices de toxine, ainsi que de reporter les événements
d’efflorescences, et les compositions des communautés. La télédétection de la couleur de I'eau
permet d’obtenir une mesure de la quantité de chlorophylle (indication sur la biomasse) présente
dans I'eau a I'échelle globale ou régionale, avec d’importantes implications pour le changement
climatique et les pécheries. Les images satellites permettent ainsi de suivre les changements de
biomasse lors d’évenements d’efflorescences saisonniers. La modélisation permet également
d’étudier les réponses du phytoplancton a certains changements comme la température et les
concentrations en nutriments sur la base de séries temporelles. De plus, ils permettent dans
plusieurs cas de fournir une aide a la décision.

Récemment, le développement des outils moléculaires a permis d’améliorer I'étude de la
biodiversité. En particulier, I'approche par metabarcoding a été employée pour étudier la diversité et
les changements des communautés (de Vargas et al., 2015; Yoon et al., 2016) ou de groupes de
phytoplancton, tels que les dinoflagellés (Le Bescot et al., 2015) et les diatomées (Kemarrec et al.,
2013; Malviya et al., 2016). Le metabarcoding peut également étre utilisé pour des fins de
surveillance. En effet, dans une démarche d’optimisation de I'évaluation de la qualité des eaux a
I'aide de diatomées, Zimmermann et al., (2015) ont révélé une plus grande diversité identifiée par
metabarcoding par rapport a celle identifiée par microscopie optique et ont proposé le
metabarcoding comme un bon outil complémentaire pour la surveillance de la qualité de I'eau.

Les variations peuvent également étre étudiées au niveau des espéces et des populations a I'aide de
ces approches génétiques. Celles-ci sont particulierement utiles pour les études de biogéographie,
notamment pour caractériser les voies d’introduction des espéces invasives, ou encore pour mieux
comprendre les efflorescences toxiques et les especes qui en sont responsables. Ainsi, a I'aide de

marqueurs génétiques (microsatellites), Dia et al., (2014) ont montré une différentiation génétique
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significative dans le temps et dans l'espace au cours d’efflorescences toxiques d’Alexandrium
minutum au niveau de 2 estuaires bretons et sur deux années consécutives.

Toutes ces méthodes sont indispensables pour I'étude des changements des communautés
phytoplanctoniques et reposent sur I'analyse de séries temporelles. Cependant, celles-ci s’étendent
rarement au-dela de 40 ans a quelques exceptions pres, comme c’est le cas pour le CPR (Continuous
Plankton Recorder) dont les données temporelles s’étendent sur plus de 80 ans (Batten and Burkill
2010). Par conséquent, la composition des communautés phytoplanctoniques anciennes demeure
inconnue. Pour y remédier, une alternative serait de se servir de certains restes biologiques fossilisés
pour reconstruire les tendances du passé et les communautés anciennes, c’est ce qu’on appelle

I"approche paléoécologique.

4. La paléoécologie, historique et applications

La paléoécologie, au sens étymologique est I'étude de I’écologie du passé (Birks and Birks 1980). I
existe plusieurs autres définitions, la plus exhaustive est celle proposée par Rull (2010) : «la branche
de I’écologie qui étudie les écosystemes du passé et leur tendance au cours du temps en utilisant des
fossiles et d’autres proxies».

L'idée que les objets fossiles trouvés dans des roches sédimentaires soient en réalité des traces
d’organismes ayant vécu par le passé a été longtemps controversée. Plusieurs savants grecs de
I'antiquité, tels le poete et philosophe Xénophane, I'historien Hérodote ou le géographe Strabon,
interprétaient de facon correcte la nature des fossiles. Pourtant, c’est a la conception erronée
d’Aristote (fossiles faconnés directement dans la boue a partir d’'une « force formatrice »
mystérieuse) que I'on s’est référé pendant deux mille ans. Ce n’est qu’a partir du début du 19°™
siecle que la véritable nature des fossiles a été réellement démontrée grace a I'établissement des
premiers principes de la géologie moderne et notamment, de la parution du livre « L’origine des
especes », de Charles Darwin en 1859, qui a bouleversé les idées regues en sciences biologiques,
notamment en paléontologie, zoologie et biogéographie, allant méme au-dela (au niveau
philosophique et religieux) avec la théorie de la sélection naturelle. Par la suite, les études
paléoécologiques ont été fortement stimulées par I'industrie du pétrole a travers I'analyse des
échantillons récupérés par forage. La découverte de nombreux microfossiles a partir d’'une simple
roche a largement contribué au gain d’informations sur les anciens environnements et la datation.
C'est a partir des années 1960s et 1970s que I'étude des communautés de fossiles et des
paléocommunautés a réellement explosé et que la paléoécologie évolutionniste (les fossiles

changent au cours du temps a la fois a cause de I|’évolution des espéces et des conditions
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environnementales) est née. Aujourd’hui, la paléoécologie est multidisciplinaire, combinant a la fois
des techniques de paléontologie, de sédimentologie et de géochimie afin de reconstruire les
environnements du passé et d’explorer les réponses biotiques aux changements environnementaux
(Seddon 2012). Elle permet d’étudier les processus de spéciation, d’invasion, d’extinction, ainsi que
les processus d’adaptation, de migration et les shifts au niveau des populations (Seppa, 2009). De
plus, elle offre une précieuse source d’information pour comprendre comment les écosystémes de la
terre répondront au réchauffement climatique actuel.

Il existe 2 échelles de temps communément utilisées en paléoécologie : 1) période du quaternaire
(Quaternary time) : qui correspond a I’échelle de temps allant du siécle a des millénaires (10 000 ans)
et couvre des processus tels que la succession, la migration et I'extinction; 2) période pré-quaternaire
(Deep-time) : qui inclut un large intervalle d’échelles de temps, généralement (> 10 000 ans) et dans
laquelle on s’intéresse a I’évolution et la dynamique des organismes ainsi qu’aux réorganisations

biogéographiques a large échelle (Vegas-Vilarrubia et al., 2011).

4.1. Lapaléoécologie sédimentaire
Les traces biologiques peuvent se préserver dans les sédiments marins et constituer une précieuse
source d’information pour les paléoécologues en tant que proxies des changements des
communautés anciennes et de I'environnement du passé. En effet, le sédiment marin représente un
véritable réservoir de la biodiversité et une excellente archive a long-terme du climat de la planéte.
Au-dela des organismes qui y vivent, on retrouve des formes vivantes provenant de la colonne d’eau,
tels que les formes de résistance du plancton (kystes et spores), qui peuvent rester en dormance de
nombreuses années ainsi que des restes de coquilles et de squelettes issus de la mort des
organismes. On y retrouve également de la matiére organique provenant des organismes
planctoniques anciens. En effet, durant son transport vers le fond de la mer, la matiére organique est
ingérée par différents organismes de la chaine trophique et est ainsi transformée, et seule une petite
partie parvient au fond de la mer et y est accumulée (Figure 5) (Jérgensen and Boetius 2007).
L'inspection du registre sédimentaire est donc la clé pour identifier les communautés anciennes et

I’évolution des environnements du passé.
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Figure 5. lllustration des différents flux dans la colonne d’eau ainsi que le dép6t des micro-macrofossiles et de
la matiére organique dans le sédiment marin (source: http://www.kochi-u.ac.jp/marine-
core/research/index_e.html).
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4.2. Lesindicateurs (proxies) en paléoécologie

4.2.1. Les macro et microfossiles
Les macrofossiles représentent généralement des restes de plantes et de végétaux tels que des
graines et des tissus végétaux. L'analyse de ces macrofossiles est souvent combinée a une analyse de
microfossiles, car ensemble, ces deux proxies permettent de renseigner sur la couverture végétale
ancienne a une échelle régionale avec des identifications pouvant aller jusqu’au genre ou a I'espéce
(Birks and Birks 2000; Jgrgensen et al., 2012).
Les microfossiles contenus dans les sédiments sont composés de I'ensemble des restes d’organismes
invisibles a I'ceil nu, tels que le pollen, les kystes de dinoflagellés, spores et frustules de diatomées,
coccolithes d’haptophycées, et coquilles de foraminiferes. L'utilisation de microfossiles dans les
études de paléoécologie permet d’acquérir une grande quantité d'informations sur les
environnements du passé. En effet, les microfossiles sont généralement utilisés en tant
gu’indicateurs des conditions physique et chimique de leur habitat (température de I'eau, oxygéne),
donnant acces a des reconstructions qualitatives ou quantitatives des parameétres de
I'environnement.
Les grains de pollen des plantes peuvent se conserver pendant des millions d’années dans le

sédiment. Leur étude, qui reléve de la discipline de la palynologie (branche étudiant les microfossiles
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organiques), est principalement centrée sur la reconstruction de I’histoire de la végétation ancienne
et des environnements du passé. Les grains de pollen font partie des indicateurs les plus employés
dans les reconstructions environnementales et climatiques dans les études du Quaternaire (Edwards
and Macdonald, 1991).

Les microfossiles tels que les foraminiferes et les coccolithes peuvent incorporer la signature
géochimique de l'environnement dans lequel ils se forment. Par exemple, I'étude des isotopes du
carbone contenu dans les tests de foraminiféres peut servir a la reconstruction des températures
d’eau de surface ou la paléoproductivité et/ou la configuration de masse d'eau (McCorkle et al.,
1997; Bickert and Mackensen 2004; Curry and Oppo 2005). Les coccolithes possédent également
cette propriété et sont souvent utilisés pour des études de biostratigraphie mais aussi pour
reconstruire les parametres environnementaux anciens (température, nutriments).

Les spores et frustules de diatomées peuvent s’accumuler dans le sédiment et sont conservés pour
des périodes de temps considérables. lls sont utilisés pour reconstruire la température des eaux de
surface (Vyverman and Sabbe 1995; Bigler and Hall 2002), la salinité (Fritz et al., 1991; Laird et al.,
1996; Verschuren et al., 2000), le carbone organique dissous (DOC) (Pientiz et al., 1999), la
conductivité (Davies et al., 2002) et le pH (Psenner and Schmidt 1992; Koinig et al., 1998).

Les dinoflagellés sont connus pour étre sensibles aux changements de température, d’ou I'utilisation
de leurs kystes comme indicateurs des températures anciennes (de Vernal et al., 2001; Londeix et al.,
2009, Chen et al., 2011). lls sont également utilisés comme indicateurs de I'eutrophisation (Dale
2009; Zonneveld et al., 2012; Donders et al., 2008) ou comme indicateurs biostratigraphiques
notamment dans I'industrie de I'exploration pétroliere (Gradstein et al., 1992).

Les reconstructions paléoécologiques basées sur l'analyse des fossiles présentent I'inconvénient
d’étre restreintes uniqguement aux taxa qui laissent des structures fossilisables, identifiables dans le
sédiment, or, la plupart des organismes planctoniques ne possédent pas de telles caractéristiques. En
I’absence de ces structures, d’autres méthodes basées sur I'utilisation de biomarqueurs (lipides, les

pigments ou encore I’ADN) peuvent étre employées pour identifier les autres organismes.

4.2.2. Les biomarqueurs
Les composés organiques retrouvés dans les sédiments tels que les lipides, les pigments et I’ADN et
sont dérivés d’organismes spécifiques et forment une archive de I'ancienne composition des espéces
dans la colonne d’eau et par conséquent, peuvent étre utilisés pour reconstruire les conditions
physiques et chimiques résultant de changements climatiques (Brassell 1993). Pour qu’un
biomarqueur soit utilisé comme indicateur en paléoécologie, il doit soit rester non altéré, ou retenir

suffisamment d’informations dans sa forme altérée.
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4.2.2.1. Leslipides
Les biomarqueurs lipidiques (stéroles, alkénones), sont connus pour étre stables, résistants a la
diagénese et sensibles aux parametres environnementaux (Huang et al., 2004). En effet, dans des
conditions optimales de préservation, on estime que ces lipides peuvent étre préservés dans le
sédiment jusqu’a un milliard d’années (Brocks and Pearson 2005). Dans les reconstructions
paléoécologiques, I'analyse des lipides permet de connaitre les principaux organismes ayant vécu
dans des écosysteémes anciens ainsi que la maniére dont ces écosystemes ont changé. En effet, en
analysant la distribution et la composition isotopique de ces composés, il a été possible de
reconstruire la productivité océanique ancienne (Brassell 1993), ou méme la température de la
surface de la mer, par exemple en analysant les alkénones a longue chaine qui sont spécifiques aux
haptophytes (coccolithophoridés) (McCaffrey et al., 1990). De plus, en combinant des biomarqueurs
lipidiques (alkénones a longue chaine) a une analyse de I’ADN fossile, Coolen et al., (2009), ont pu
reconstruire la succession des haptophytes en Mer Noire. Cependant, malgré leur utilité, ces
biomarqueurs présentent la limite de ne pas étre spécifique a un seul organisme donné mais a un
groupe entier (plantes terrestres, algues, bactéries) et par conséquent, sont moins efficaces quand il

s’agit de reconstruire la présence d’organismes cibles.

4.2.2.2. Les pigments
Les pigments produits par les organismes photosynthétiques peuvent se préserver dans le sédiment
et servir pour reconstruire les communautés phototrophes ainsi que la productivité du passé.
Certains pigments sont spécifiques a des groupes particuliers d’organismes (leffrey et al., 1997). lls
refletent assez bien les changements des conditions environnementales grace a leur réponse a un
certain nombre de forgages tels que I'apport en nutriment, I'acidification et la pression de broutage
(Leavitt and Hodgson 2001). La majorité des études paléoécologies basées sur les pigments ont été
réalisées dans des écosystemes lacustres, car ceux-ci présentent des conditions idéales pour la
préservation des pigments. En particulier, ces études ont renseigné sur les changements de la
structure du phytoplancton en réponse a I'augmentation des apports en nutriments. De plus, il a été
montré que les pigments totaux sont corrélés a 'abondance des organismes photosynthétiques et a
leur biomasse (Leavitt and Findlay 1994). Certains pigments comme les caroténoides peuvent
renseigner sur les changements historiques de I'irradiance solaire dans les lacs (Leavitt et al. 1997) ou

sur des événements d’anoxie dans des écosystemes cotiers (Squier et al., 2001).
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4.2.2.3. L’ADN
L'ADN est intrinsequement retrouvé dans tous les environnements de la planete comportant de la
vie. Contrairement aux biomarqueurs pigmentaires ou lipidiques, 'ADN posséde une spécificité
inégalée et peut fournir une résolution taxinomique allant jusqu’au niveau de I'espéce (Edvardsen et
al., 2000). De plus, il permet d’étudier également les organismes qui ne laissent pas de structures
fossilisables. L’ADN a été utilisé pour reconstruire les environnements du passé et évaluer les
changements de I'écosystéme a travers le temps mais aussi pour reconstruire des changements au
niveau des communautés biologiques tels que les virus datant d’environ 7000 ans (Coolen 2011), les
bactéries datant de 217 000 ans en Méditerranée, (Coolen and Overmann 2007), les champignons
d’au moins 16 000 ans (Lyodolph et al., 2005; Bellemain et al., 2013), les protistes datant de 32 000
ans (Lejzerowicz et al., 2013), les plantes d’au moins 10 000 ans (Parducci et al., 2013; Pedersen et

al., 2013), et les animaux d’au moins 7 000 ans (Haile et al., 2009).

5. L'analyse des Kkystes et de I’ADN ancien comme indicateurs
paléoécologiques

5.1. Les Kkystes de dormance et les kystes pelliculés

Certains organismes phytoplanctoniques possedent un cycle de vie caractérisé par une alternance de
deux phases; planctonique et benthique, impliquant plusieurs types sexués. Ceci est le cas de
certaines especes de dinoflagellés (Figure 6). En effet, lors de la phase planctonique (haploide), les
cellules végétatives présentes dans la colonne d'eau se divisent par mitose (formation de deux
cellules filles identiques a la cellule mere). Lorsque les conditions environnementales deviennent
défavorables (e.g. diminution de la concentration en nutriments et de lintensité lumineuse,
fluctuations de salinité et/ou température) (Taylor 1987), les cellules végétatives entrent dans la
phase sexuée et produisent des gametes. Dans le cas des dinoflagellés, la fusion de deux gamétes
produit un planozygote diploide qui se développe généralement en un hypnozygote (kyste de
dormance) entouré d’une double membrane (Figure 7A). Chez certaines especes de dinoflagellés, le
planozygote peut directement produire des cellules végétatives sans passer par la formation d’un
hypnozygote (Figueroa et al., 2010).

Les kystes de dormance s’accumulent dans le sédiment et peuvent rester en dormance plusieurs
années (Wyatt and Jenkinson 1997). lls passent par une période de dormance dite « obligatoire »
avant qu’ils ne soient physiologiquement capables de germer. La durée de cette période est tres
variable selon les espéces, allant de 12h a 12 mois (Kremp and Anderson 2000) et méme au sein

d’une espece. Par exemple, les kystes d’Alexandrium catenella semblent avoir une période de
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dormance obligatoire assez courte allant de 5 a 65 jours, différente selon la région géographique

(Hallegraeff et al., 1998; Joyce and Pitcher 2006).
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Figure 6. Cycle de vie général d’un dinoflagellé, cas de I'espéce toxique Alexandrium minutum (extrait de Le
Bescot 2014).

Il arrive également que les cellules végétatives des dinoflagellés s'enkystent temporairement en
réponse a des conditions environnementales défavorables ou lors d’un stress physique ou chimique.
Les cellules végétatives perdent leurs theques ainsi que leurs flagelles et prennent une forme
arrondie. Une nouvelle paroi appelée « pellicule » se forme (Sekida et al., 2001) (Figure 7B).
L'existence de ces formes de résistance permet aux cellules de supporter les fluctuations a court
terme des conditions environnementales (température, salinité, turbulence) (Anderson 1998; Garcés
et al., 2001). Ces kystes formés par méiose sont haploides, possédent une seule fine membrane
(pellicule), et n"ont pas de période de dormance obligatoire contrairement aux kystes de dormance.
Plusieurs termes ont été utilisés dans la littérature pour qualifier ce type de kystes; « kystes
temporaires », « ecdysaux », ou encore « pelliculés ». Bravo et al., (2010) explique que ces termes
portent a confusion et propose I"'uniformisation des ces appellations et 'utilisation du terme « kystes

pelliculés».
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Figure 7. Morphologie des kystes de résistance d’Alexandrium minutum. A) kyste de dormance. B) kyste
pelliculé (modifié d’apres Bravo et al., 2010).

5.1.1. Risque de prolifération toxique a partir des Kkystes de dormance
associés aux sédiments

Les kystes permanents peuvent rester dormants pendant de nombreuses années dans les sédiments
et sont protégés par les structures extérieures qui les entourent. En effet, la double membrane
résistante entourant les kystes de dinoflagellés est composée de polymeéres, proches de la
sporopollénine, une molécule qu’on retrouve également chez les spores et les grains de pollen des
plantes. Certaines espéces ont une couche supplémentaire composée de carbonate de calcium ou
encore d’épines. Les kystes accumulés dans le sédiment peuvent germer s’ils sont remis en
suspension dans la colonne d’eau par différents processus (hydrodynamisme, bioturbation, dragage).
Cette « banque de kyste », représente une source d’ensemencement potentielle pour l'initiation des
efflorescences d’une année sur l'autre. L'étude des kystes permet donc d’estimer la contamination
locale par les kystes d’especes phytoplanctoniques toxiques et d’évaluer le risque d’un
développement récurrent d’efflorescences nuisibles. La caractérisation de la typologie des sédiments
peut contribuer a la compréhension des phénoménes physico-chimiqueS conduisant a I'accumulation
de ces kystes. En effet, en examinant les sédiments superficiels de baies, ports et lagunes, des
densités élevées de kystes ont été retrouvées (ex : Erard-Le Denn 1991; Angles et al., 2010; Genovesi
et al.,, 2013). Plusieurs études ont aussi montré que lI'accumulation des kystes dépend de la
granulométrie du sédiment, elle serait plus importante dans des sédiments de nature vaseuse plutot
que sableuse (Anglés et al., 2010). De plus, une concentration importante de matiére organique (~5-
15%) et une porosité élevée favoriseraient également I'accumulation des kystes, comme c’est le cas
pour les kystes d’Alexandrium tamarense/catenella dans la lagune de Thau (France) (Genovesi et al.,
2013).
Plusieurs études ont pu isoler des formes de résistance anciennes d’organismes planctoniques. Ces

kystes datés de quelques années a plusieurs dizaines d’années ont pu germer en laboratoire et étre
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remis en culture (Ribeiro et al., 2011; Harnstrém et al., 2011; Mcquoid et al., 2002; Lundholm et al.,
2011). De plus, Miyazono et al., (2012) ont réussi a faire germer des kystes d’A. tamarense agés
d’environ 100 ans, a partir de sédiments cotiers de la baie de Funka (Japon), ce qui représente la plus
grande durée de viabilité connue pour cette espece. Cependant, le taux de germination des kystes a
tendence a diminuer avec I'dge des sédiments (Miyazono et al., 2012; Lundholm et al., 2011) (Figure
8). Les souches obtenues par germination ont trés peu été utilisée pour analyser leurs adaptations

aux conditions environnementales du passé (e.g. Ribeiro et al., (2013)).
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Figure 8. Corrélation entre la profondeur du sédiment et le succés de germination des kystes d’A. tamarense
(extrait de Miyazono et al., 2012).

5.2. L’ADN ancien

L'ADN porte l'information génétique de l'identité des organismes, leur fonctionnement et leur
adaptation aux conditions locales ainsi que leur histoire évolutive. L’ADN environnemental peut étre
isolé a partir d’'une variété de substrats tels que les sédiments marins et lacustres (Lejzerowicz et al.,
2013; Parducci et al., 2013), les sols (Jgergensen et al., 2012), les glaciers (Willerslev et al., 2007), le
permafrost (Epp et al., 2012), les coprolithes (Poinar et al., 1998; Reinhard et al., 2008), les contenus
intestinaux (van Geel et al., 2014), ou méme encore les plaques dentaires calcifiées (Metcalf et al.,
2014) (Figure 9).

Depuis que Poinar et al., (1998) ont isolé pour la premiere fois de I’ADN ancien (végétal et animal)
datant de 20 000 ans a partir de coprolithes (excréments fossilisés), il y a eu une augmentation

fulgurante d’études ayant intégré I'analyse de I’ADN ancien dans les études paléoécologiques. En
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effet, ’ADN ancien a été utilisé pour répondre a une variété de questions, telles que la description
des paléoenvironnements (Willerslev et al., 2014), la réponse des écosystemes au changement
climatique (de Bruyn et al., 2011), la biogéographie (Mitchell et al., 2014), I'impact des activités
anthropiques et les processus d’extinction (Shapiro et al., 2004; Drummond et al., 2005), I'évolution
de 'Homme et la paléogénomique (Green et al., 2010; Meyer et al., 2012) et méme I’évolution des

maladies humaines (Adler et al., 2013; Krittli et al., 2014; Metcalf et al., 2014).
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Figure 9. Carte géographique représentant les sites ou I’ADN eucaryote environnemental (moderne et ancien)
a été étudié. Les symboles correspondent aux taxa cibles. Les couleurs correspondent a différents types
d’environnements (extrait de Pedersen et al., 2015).

5.2.1. Potentiel de préservation de '’ADN dans les sédiments
Aprées la mort des cellules ou la libération dans I'eau, les molécules d'ADN peuvent subir différentes
transformations le long de la colonne d’eau et dans les sédiments, et finissent soit par étre dégradées
via des processus biotiques et abiotiques et/ou étre finalement préservées sur du long-terme (Torti

el al., 2015) (Figure 10). Une partie de cet ADN se dépose dans les sédiments marins et lacustres, soit
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a I'état intracellulaire (a I'intérieur de cellules ou des formes de dormance) ou a I’état extracellulaire

(libre a I'extérieur des cellules)(Figure 11).

Figure 10. Schéma montrant I'origine et devenir de I’ADN extracellulaire dans I’environnement marin (extrait
de Torti et al., 2015).

On pense que la structure de résistance des organismes en état de dormance (kystes, spores, graines
de plante, pollen) dans les sédiments permet une meilleure préservation de 'ADN comparé aux
organismes qui ne possedent pas de telles structures. Cependant, il a été montré que I'ADN
extracellulaire constitue la majeure partie de I'ADN total dans les sédiments, et qu’il se trouve
associé généralement a des cellules mortes, agrégats organiques et inorganiques, et a des matrices
minérales (Boere et al., 2010). De plus, il peut se prémunir contre la dégradation en s’adsorbant a
des matrices minérales et molécules organiques réfractaires (Pietramellara et al., 2009). De cette
fagon, on estime qu’entre 50-95 % de I'ADN extracellulaire pourrait étre protégé contre la
dégradation (Danovaro et al., 2006; Dell’Anno et al., 2002). Enfin, une partie de ’ADN correspond a

des organismes vivants dans les sédiments.
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Figure 11. Les différentes formes d’ADN dans les sédiments marins. La dénomination de I’ADN intracellulaire
et de I’ADN extracellulaire ne prend pas en compte le statut physiologique de la cellule (vivante, en dormance,
morte) (extrait de Torti et al., 2015).

L’'idée que I’ADN puisse étre conservé apres son enfouissement dans les sédiments et se préserver
sur de tres longues périodes de temps a été longtemps considérée comme impossible, en raison de la
fragilité de la molécule d’ADN (Figure 12) et de sa dégradation rapide par les microorganismes. En
effet, lorsqu’il est sous forme hydratée, ’ADN est sujet a de nombreux processus de dégradation a la
fois abiotique (hydratation, oxydation, endommagement li¢ aux UV) et biotique (nucléases
microbiennes) qui conduisent a sa fragmentation (Willerslev and Cooper 2005). A l'inverse, il a été
montré que I’ADN se préserve mieux dans des environnements froids et secs tels que les permafrost
et les glaciers (Willerslev et al., 2004; Orlando et al., 2013) ainsi que sous conditions anoxiques
(Boere et al., 2011). D’autres facteurs physiques tels qu’une faible température, haute pression, et
salinité élevée contribuent également a la préservation de I'ADN dans les sédiments (Boere et al.,
2010). Dans les conditions idéales de préservation (permafrost et glace), la limite théorique de
conservation de I’ADN ancien est estimée a environ un million d’années (Allentoft et al., 2012).
Cependant, la plus longue durée observée dans ces mémes environnements a été de 400 000 a
800 000 ans (Willerslev et al., 2007). Récemment, des études ont montré que I’ADN ancien peut trés
bien se conserver dans des conditions oxiques (Lejzerowicz et al., 2013; Coolen et al., 2013). Cela

démontre le potentiel de ’ADN comme outil paléoécologique.
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Figure 12. Les principales voies de dégradations affectant I’ADN ancien (extrait de Hofreiter et al., 2001).

5.2.2. Application de la paléogénétique pour I'étude du plancton
Plusieurs études montrent que ’ADN ancien peut étre conservé jusqu’a I’holocene et le pléistocéne
et étre amplifié a partir de divers environnements. En effet, 'analyse de carottes de sédiments
prélevées a 5000 m de profondeur dans I'océan Atlantique au large du Brésil (Lejzerowicz et al.,
2013) et a 900 m en Mer noire (Coolen et al., 2013) a permis de récupérer des séquences d'ADN
ancien de dinoflagellés, coccolithes, foraminiféres et copépodes allant jusqu’a 32 500 ans. L'ADN
ancien a été utilisé pour étudier les successions de dinoflagellés et d’haptophytes dans I'Arctique,
I'Antarctique, les sédiments de la mer Noire et de la Méditerranée (Boere et al., 2011; Coolen et al.,
2006; D'Andrea et al., 2006). De plus, il a permis de reconstruire la dynamique des communautés
planctoniques anciennes et leurs réponses aux changements environnementaux (e.g. Boere et al.,
2011; Lejzerowicz et al., 2013; Coolen et al., 2013). Par exemple, les signatures génétiques de
I’espéce d’Haptophyte, Emiliania huxleyi, et des virus de coccolithes associés retrouvées a partir des
carottes de sédiments de la mer Noire ont révélé des changements dans la structure des populations
d’hote et de virus durant 7000 ans de I'histoire de I'Holocéne, coincidant avec des shifts dans la

salinité et la disponibilité des nutriments (Coolen et al., 2011). Egalement, a partir de sédiments
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lacustres au niveau d’un lac kenyan, un changement important des communautés de diatomées au
milieu du 19°™ siécle a pu étre a posteriori décrit (Stoof-Leichsenring et al., 2012) (Figure 13).
Similairement, Domaizon et al., (2011) ont pu reconstruire la diversité et la dynamique de la
cyanobactérie Synechococcus au niveau d’un lac subalpin. De plus, 'ADN ancien de sédiments
lacustres a également permis le suivi des activités humaines et les changements de paysage a
proximité d'un lac alpin durant I'Anthropocene (Giguet-Covex et al., 2014), et I'identification des
changements dans les communautés phytoplanctoniques dans un lac tibétain au cours des derniéres

3000 années (Hou et al., 2014).
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Figure 13. Abondances relatives de genres et clades de diatomées a partir de données morphologiques et de
données génétiques dans le lac Naivasha (Kenya). La figure montre un shift dans la composition des diatomées
au cours des deux derniers siecles se traduisant principalement par le remplacement du genre Navicula par le
genre Aulacoseira (extrait de Stoof-Leichsenring et al., 2012).

6. Les écosystemes estuariens

Selon Perillo (1995), il existe prés de 40 définitions différentes des estuaires. La plus communément
utilisée est celle de Cameron and Pritchard (1963) puis Pritchard (1967) définissant un estuaire
comme «un plan d’eau semi-fermé ayant une connexion libre avec la mer ouverte et a l'intérieur
duquel I'eau de mer est diluée d’'une facon mesurable avec de I'eau douce issue du drainage du
bassin versant». Cependant, cette définition ne comprend pas l'effet des marées qui peut étre
significatif dans de nombreux estuaires. Dyer (1997), en modifiant la définition de Pritchard (1967)
donne une définition, plus satisfaisante d’un point de vue hydrodynamique : «un plan d’eau semi-
fermé ayant une connexion libre avec la mer ouverte, se prolongeant dans la riviere jusqu'a la limite

de lI'influence tidale, a I'intérieur duquel I'eau de mer est diluée d’une fagcon mesurable avec de I'eau
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douce issue du drainage du bassin versant ». En d’autres termes, les estuaires sont constitués d’une

masse d’eau confinée ou se rencontrent des eaux douces fluviales et des eaux marines salées.

6.1. Classification des estuaires
Il existe différents classifications pour les estuaires, selon les criteres qui sont considérés,
(géomorphologie, hydrodynamisme, I'amplitude des marées, structure de salinité) (Valle-Levinson
2010). Deux types de classification sont présentés ci-dessous ; selon la salinité et selon I'amplitude

des marées, c’est cette derniere que I'on utilisera pour la suite de ce travail.

6.1.1. Classification selon la structure de salinité
Pritchard (1955) propose une classification des estuaires selon la structure verticale de salinité et du
mode de mélange des masses d’eau douce et d’eau salée (Figure 14) :

e Estuaire stratifié a coin salé : recoit une influence relativement faible de la marée avec des
apports fluviaux importants. Le volume d’eau salée apporté par la marée est faible comparé
au volume d’eau douce. Dans ces conditions, I'eau douce moins dense s’écoule a la surface
de l'eau salée avec pratiquement pas de mélange entre les couches, cela crée une
stratification verticale importante (Dyer 1986) (Figure 14a).

e Estuaire stratifié a marée : caractérisé par un apport fluvial trés important et une influence
des marées faible a modérée. Ce cas est similaire au précédent mais se différencie par le
mélange des masses d’eau qui est plus important (Figure 14b).

e Estuaire partiellement mélangé : dans ce cas, le volume d’eau apporté par la marée est plus
important, induisant des courants plus forts et un mélange plus important des masses d’eau
(Figure 14c).

e Estuaire homogeéne : estuaire peu profond avec des marées importantes et un faible apport
fluvial. Cette combinaison permet de créer un mélange de I'eau de mer sur toute la colonne

d’eau (Figure 14d).

37



INTRODUCTION GENERALE

sea side : riverine side sea side rverne side
& | — | — =1
m p - e . m
D \ — | | &
= — I =
salt wedge strongly stratified
ial ih)
sea side riverine side sea side rverine side
. f i [ — f - | - I i | op— |I
| I.. |.. I.. <= | [ |

tides| |
|

&

d/t
(=
e
(77} -
/’-
-{.-'
e
-
rver discharge

¢ &
river discharge

I | - | -
| - |
|

partially mixed well mixed
i) id)

Figure 14. Représentation schématique des types d’estuaires selon les profils de salinité longitudinaux et les
régimes de marées. A) Estuaire stratifié a coin salé. B) Estuaire stratifié a marée. C) Estuaire partiellement
mélangé. D) Estuaire homogene (extrait de Chernetsky 2012).

6.1.2. Classification selon I'amplitude des marées
La classification quantitative de Davies (1964) puis Hayes (1975) permet de distinguer les estuaires en
fonction du marnage :

e Estuaires microtidaux
Lorsque I'amplitude des marées est inférieure a 2 m, I'estuaire est décrit comme microtidal. Il est
dominé par l'action des vents et des vagues. Généralement ces estuaires sont larges (10 Km) et peu
profonds (profondeur de 1 m).

e Estuaires mésotidaux
Lorsque lI'amplitude de la marée se situe entre 2 et 4 m, I'estuaire est décrit comme mésotidal. Ce
genre d'estuaires est le plus commun et le plus étudié dans le monde.

e Estuaires macrotidaux
Lorsque I'amplitude de la marée est supérieure a 4 m, I'estuaire est décrit comme macrotidal. Il est

dominé par des courants forts dont I'effet peut étre ressenti sur des centaines de kilometres.
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6.2. Forte productivité des écosystéemes estuariens

Les estuaires sont parmi les zones les plus productives au monde, grace aux apports constants
provenant des riviéres, en carbone organique, nutriments et minéraux qui favorisent des taux élevés
de production primaire (Hopkinson et al., 2005). De ce fait, ils constituent un habitat idéal pour
diverses especes aquatiques. La respiration totale annuelle d’'un écosysteme estuarien est
généralement supérieure a la production primaire brute (Caffrey 2004; Gattuso et al., 1998), ainsi, les
estuaires sont des écosystemes hétérotrophes qui transforment la matiere organique en éléments
nutritifs et CO, inorganiques, et sont a la différence des environnements océaniques, sources de CO;
dans I'atmosphere. Une proportion variable des éléments nutritifs est consommée par la production
primaire alimentant I'activité microbienne hétérotrophe (Cloern 1996), tandis que le carbone dissous
et particulaire sont recyclés dans les estuaires (Raymond and Bauer 2001). En conséquence, la
matiere organique déposée dans les sédiments estuariens provient de sources autochtones ainsi que
allochtones (terrestre, marine) (Cifuentes et al., 1988).

Les sédiments estuariens sont des environnements importants de régulation des flux de carbone,
d'éléments nutritifs, de métaux et de soufre. Les couches supérieures de ces sédiments sont connues
pour leur activité biogéochimique élevée en raison de la minéralisation de la matiére organique par
un consortium de bactéries utilisant différents accepteurs d'électrons (oxygéne, nitrates, oxydes
métalliques, et sulfate). L'oxygéne joue un réle important dans renouvellement de la matiére
organique dans les sédiments (Glud 2008), et la ré-oxydation de composés réduits provenant de la
minéralisation anoxique, se diffusant a partir des couches profondes jusqu'a la zone oxique (Canfield
et al., 1993; Deflandre et al., 2002; Pastor et al., 2011). La dénitrification et I’élimination du nitrate
(Seitzinger 1988; Burgin and Hamilton 2007) qui se produisent dans les sédiments marins et
estuariens sont également tres importants dans la régulation des flux d'azote fixé en zone coétiere.
Enfin, la réduction des sulfates et la méthanogéneése sont les principaux processus de dégradation de
la matiére organique dans les sédiments des eaux peu profondes, qui contribuent a la minéralisation
globale du carbone organique et peuvent contribuer a la réduction des apports de carbone vers les

zones cotiéres (Middelburg et al., 1995; Meiggs and Taillefert 2011).

6.3. Enjeux socio-écologiques
Les estuaires écosystemes sont souvent associés a de forts enjeux économiques et sociétaux, car ils
représentent des zones de navigation, d’activités industrielles et de concentration de population
humaine. On estime que pres d’un tiers de la population mondiale vit prés d’estuaires. Par ailleurs,

les estuaires contribuent a 33% de la valeur économique des écosystemes marins (Costanza et al.,
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1997), représentant des zones d'interface entre domaines continental et marin. D’un point de vue
écologique, ces écosystémes trés productifs constituent des lieux de nourriceries et de routes de
migration pour de nombreux organismes, mais également des zones de croissance ou de refuge
(Rochard et al., 1990; McLusky and Eliott 2004; Pasquaud et al., 2012). Les activités humaines
affectent de maniére assez intense I'état écologique des estuaires a travers le monde (Rabalais et al.,
2009) induisant des changements considérables de l'environnement physique et modifiant la
composition chimique de la colonne d’eau et des sédiments, et par effet cascade, la composition des

communautés associées (Davis and Koop 2006).

6.4. Variabilité des estuaires et des communautés associées

Grace a leurs configuration et aux différents gradients physiques et chimiques qui les caractérisent,
les estuaires offrent aux organismes qui y vivent une succession d’habitats depuis I'aval jusqu’a
I'amont. En effet, ces organismes sont naturellement soumis a une forte variabilité des conditions
environnementales de leur écosysteme (variabilité tidale, saisonniére et a long terme) (Castel 1993).
Par conséquent, les estuaires sont généralement caractérisés par un nombre d'espéces autochtones
faible associé a une forte productivité. Ceci peut s’expliquer par I'adaptation des espéces grace a leur
caractere euryhalin et/ou eurytherme (McLusky and Eliott 2004).

Il est souvent difficile de distinguer la variabilité naturelle du milieu de celle liée aux activités
humaines, c’est ce qu’on appelle le paradoxe estuarien (Eliott and Quintino 2007). Dans ce contexte
de changement, il semble intéressant de s’interroger sur le devenir, I'évolution, voir I'adaptabilité de
ces especes a un tel environnement changeant. En particulier de savoir si dans un écosysteme
naturellement variable et fortement anthropisé, il serait possible de détecter des changements des
communautés anciennes en réponse aux modifications de I'écosystéme estuarien. L’utilisation
d’outils paléoécologiques semble étre le seul moyen pour aborder ces questions. Cependant, la
plupart des études paléoécologiques ont été effectuées dans des environnements froids et secs
(permafrost, glaciers, fjords,...), présentant des archives sédimentaires « idéales » et permettant une
stratification satisfaisante des sédiments pour la datation et une résolution temporelle élevée. Parmi
les rares études paléoécologiques réalisées en milieu estuarien, certaines se sont intéressées a
établir une ligne de base (ou état de référence) des conditions hydrologiques, afin de mieux prédire
et gérer les changements écologiques dans ce type d’écosystemes (e.g. Watson et al., 2011; Serrano
et al., 2016). Par exemple, récemment dans un estuaire Australien (Baie d’Oyster, Albany), Serrano et
al., (2016) ont mis en évidence des shifts au niveau de la composition chimique des sédiments et des
concentrations en nutriments au niveau de sédiments de I"herbier Posidonia autralis durant les deux

derniers siecles (Figure 15). Ellegaard et al., (2014) ont étudié I'impact de la déforestation d’une
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mangrove sur un estuaire Vietnamien, et ont mis en évidence l'augmentation du taux de
sédimentation dans I'estuaire et un changement dans les assemblages des diatomées au moment de

la déforestation.
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Figure 15. Dynamique temporelles des variables biogéochimiques dans des sédiments a Posidonia autralis
dans la Baie d’Oyster (Ouest d’Australie). Les barres rouges représentent les régimes shift observées pour les
différentes variables (extrait de Serrano et al., 2016).

7. Larade de Brest

La rade de Brest est un écosystéeme marin semi-fermé, situé a la pointe de la Bretagne (France)
(Figure 16). Elle est d’une superficie de 180 km? et est connectée & la mer d’lroise et & I'océan
Atlantique par un goulet de 6 km de long et d’environ 2 km de large. La rade de Brest est un
environnement peu profond avec pres de 60% de ses fonds inférieurs a 10 m et seulement 3% au-
dessus de 30 m. La majeure partie (80%) des eaux continentales provient de deux principales riviéres,
I’Aulne (1842 km?) et I'Elorn (402 km?2). Les 20% restants sont apportés par la Douffine (8%), la
Mignonne (5%), le Camfrout (3%), le Garvan (2%), le Faou (2%) et la Penfeld (2%). L'amplitude des
marées varie de 1.22 m en situation de morte-eau exceptionnelle (coef.20) et 7.32 en situation de
vive-eau exceptionnelle (coef.120) (Auffret 1981), De ce fait, la rade est considérée comme un

environnement macrotidal selon la classification de Davies (1964) et de Hayes (1975). La marée
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génere un fort brassage interne en rade et des échanges modérés entre celle-ci et la mer d’lroise. La
faible profondeur de la rade ainsi que le mélange d’eau induit par les courants de marées empéchent
la stratification verticale, I'accumulation des nutriments et par conséquence, les problémes
d’eutrophisation. Le nord de la rade abrite prés de 400 000 habitants, tandis que le sud est plus

influencé par les activités agricoles intensives.
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Figure 16. Carte de la rade de Brest (extrait et modifié a partir de : http://www.liteau.net).

7.1. Les communautés phytoplanctoniques en rade de Brest
A cause du développement des activités urbaines et des activités agricoles intenses, la rade de Brest
subit depuis 1950, des changements hydrologiques importants, notamment en termes d’apports de
nutriments par les rivieres. Les fluctuations importantes des teneurs en nutriments ont conduit a un
déséquilibre du rapport d’azote/phosphore (N/P), induisant des changements au niveau des
communautés biologiques. Par exemple, il a été observé une modification de la dynamique des
efflorescences se traduisant par une diminution de l'intensité des efflorescences printanieres au
profit de la période estivale (Chauvaud et al., 2000). Des modifications de la composition spécifique
ont également été reportées ; en 1981, les efflorescences étaient dominées essentiellement par les

diatomées (Quéguiner and Tréguer 1984), basculant vers des efflorescences dominées a la fois par
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les diatomées et les dinoflagellés une dizaine d’années plus tard (Del Amo et al., (1997). Beucher et
al., (2004) observent la méme tendance et attribue la favorisation des dinoflagellés aux faibles
teneurs de phosphate. Des expériences de laboratoire ont également montré une croissance
importante des dinoflagellés en faible teneur en phosphate par rapport a d’autres especes comme

les diatomées (Chapelle et al., 2010; Lin et al., 2016).

7.2. Efflorescences d’Alexandrium minutum en rade de Brest
Alexandrium minutum est un dinoflagellé (Alveolata) unicellulaire autotrophe, bien que des cas
d’hétérotrophie/mixotrophie aient déja été mis en évidence (Jacobson and Anderson 1996). Les
cellules d’A. minutum sont de forme sphérique a ellipsoidale et leur taille est variable entre 15-30 um
de long et 13-24 um de large (Hwang and Lu 2000). La cellule est entourée d’une théque constituée
de plaques rigides composées de cellulose. Ces plagues sont contenues dans les alvéoles sous-
corticaux propres aux alvéolés. Le sillon du flagelle équatorial, appelé cingulum, permet de séparer la

cellule en une part e) (Figure 17).

Ifremer

Alexandrium minutum Halim
(Atlantique)

Figure 17. Image d’Alexandrium minutum obtenue en micorscopie électronique par N. Chomérat (Ifremer).

Alexandrium minutum est capable de produire des kystes de résistance (pelliculés et de dormance).
Depuis sa détection en 1960 en Egypte (Halim 1960), Alexandrium minutum a été rapidement
retrouvée dans différentes régions a travers le monde, provoquant de nombreux épisodes
d’efflorescences avec production de toxines a PSP (Paralytical Shellfish Poisoning). Par ailleurs, elle a
été listée officiellement comme espéce invasive en Europe (http://www.europe-aliens.org), c’est-a-
dire, une espéce qui a été introduite du fait de I'action de I’homme dans une région ou elle n'existait
pas auparavant et qui représente un impact écologique et/ou économique négatif sérieux

(Boudouresque 2012). Dans les eaux cotieres francaises, elle a été observée dans I'Aber-Wrac’h et
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I'Aber-Benoit (Bretagne nord) en ao(t 1988 suite a une efflorescence. Depuis, elle a produit des
efflorescences récurrentes (marées rouges) le long de la cote Nord-Ouest de la Bretagne et
particulierement dans les petites baies et estuaires.

En rade de Brest, A. minutum, a été détectée depuis 1990 par le réseau de surveillance (REPHY). Les
abondances de l'espece sont restées relativement faibles jusqu’a 2012, ou il y a eu une efflorescence
record a Daoulas, atteignant jusqu’a 42 000 000 cells L%, Cette efflorescence s’est accompagnée de
production de toxines ayant eu un effet cascade sur I'accumulation des toxines dans les organismes
filtreurs, la fermeture de la péche et l'aquaculture engendrant des pertes économiques
considérables. Depuis cet événement, des efflorescences sont signalées chaque année au cours de la
période estivale, ainsi la rade de Brest est devenue une zone a risque pour les efflorescences

toxiques d’A. minutum (Chapelle et al., 2015).
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L’objectif principal de mon projet de thése était d’évaluer I'intérét des approches paléoécologiques
utilisant les traces biologiques (ADN, kystes) pour retracer I’évolution des communautés
phytoplanctoniques et de mieux comprendre I'impact récent (sur une centaine d’années) de I'activité
humaine sur des écosystémes marins cotiers. Mon travail s’est naturellement focalisé sur des
écosystémes trés productifs et fragiles a la fois (des estuaires), dans lesquels des crises majeures
avaient été recensées ces 40 dernieres années. C'est dans ce contexte que I'étude de la rade de Brest
(Bretagne), outre sa proximité géographique, est apparue comme idéale. Ce travail fut également
tres prospectif, étant parmi les premiers a appliquer ce type d’approche sur des écosystemes
estuariens.

Dans ce contexte, je me suis également placée a différentes échelles de temps et d’espace, depuis
I’étude des communautés a celle d’'une espéce toxique, sur un site donné ou sur une zone
géographique plus étendue, et enfin sur des sédiments plus ou moins récents, depuis les premiéres
couches superficielles jusqu’a des couches datées d’une centaine d’années. Jai aussi utilisé des
approches moléculaires différentes (PCR en temps réel, metabarcoding), de culture (expériences de
germination de kystes, maintien en culture), de datation, de statistiques (analyses multivariées), de
modélisation (statistique et lagrangienne), ainsi que des approches d’écophysiologie.

Il a fallu également identifier des questions écologiques plus précises, liées a la configuration et a
I’histoire récente de la rade de Brest, et adaptées a différentes échelles de temps et d’espace :

Sur le siécle dernier/communautés complexes : Comment évolue la diversité des protistes le long
des couches sédimentaires? Peut-on retracer certains évenements récents connus des
communautés de protistes dans cette « lecture » de I'histoire basée sur ’ADN ?

Sur le siécle dernier/espéce toxique cible (A. minutum): Cette espéce toxique nouvellement
identifiées en rade de Brest, produisant des efflorescences toxiques est-elle invasive (introduite) ou
envahissante (présente depuis longtemps, mais soudainement capable de proliférer) ?

Sur ces derniéres années/ espéce toxique cible (A. minutum) : Est-il possible d’identifier des zones a
risque pour les efflorescences toxiques actuelles en analysant des traces biologiques des sédiments
de surface ?

Sur le siécle dernier/Adaptation phénotypique des microalgues : Peut-on mettre en évidence des
variations phénotypiques entre des individus modernes et anciens en lien avec nos connaissances
des changements des conditions hydrologiques de ces écosystemes cotiers?

Les travaux effectués dans le cadre de ma these s’organisent en 4 chapitres, chacun ciblant une des
guestions posées.

La premiere partie de ce travail, présentée dans le chapitre 1 concerne I'étude de la diversité des

N

communautés de protistes a partir des sédiments estuariens de la rade de Brest de différentes
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époques, sur une échelle de temps couvrant environ 150 ans. |l s’agissait par ailleurs d’évaluer le
potentiel de préservation des différents groupes identifiés dans les sédiments marins de plus d’un
siecle. Pour y parvenir, j’ai appliqué une approche de metabarcoding sur des couches sédimentaires
de différents ages. J'ai analysé des données de séquencage a haut débit (de la région V4 du 18S
ADNr) obtenues a partir des couches datées de deux carottes de sédiments prélevées provenant de
différents estuaires de la rade de Brest. Ces travaux font I'objet d’un article en préparation pour la
revue ISME Journal.

Dans le chapitre 2, compte tenu de l'importance des dinoflagellés dans les communautés de
sédiments anciens et des apparitions récentes d’efflorescences en rade de Brest de |'espece toxique
et potentiellement invasive Alexandrium minutum, je me suis intéressée a reconstruire sa dynamique
temporelle a une échelle multidécennale en rade de Brest. J'ai essayé de définir le caractere ou non
invasif de cette espece dans notre écosysteme modele, en retracant les premiéres traces de cette
espece dans nos carottes sédimentaires. J'ai développé un nouveau test de PCR en temps réel (PCR
guantitative) adaptée aux études de I’ADN ancien, permettant de quantifier de facon spécifique le
géne de I'ITS1 de I'ADNr. Les données paléogénétiques ont été confrontées aux données
d’abondance de I'espéce dans la colonne d’eau acquises par le réseau de surveillance REPHY pour la
validation de notre approche de paléogénétique. Ces travaux font I'objet d’un article scientifique
publié dans le journal FEMS Microbiology Ecology.

Dans le chapitre 3, dans le contexte des efflorescences toxiques récentes en rade de Brest, je me suis
intéressée a caractériser la distribution spatiale actuelle d’A. minutum en utilisant les données
guantitatives de génétique pour mapper de potentielles zones d’accumulation des kystes qui
pourraient constituer des zones a risque d’efflorescences. Pour ce faire, a partir d’échantillons de
sédiments superficiels, j’ai quantifié les abondances d’A. minutum (copies d’ITS1 rDNA) par PCR en
temps réel. J'ai vérifié I'existence de kystes viables d’A. minutum dans les sédiments en réalisant des
expériences de germination. La distribution de I'espéce en rade de Brest issue de I'analyse des
sédiments a été confrontée a des données issues de la modélisation afin d’identifier d’éventuelle
barriere de dispersion de I'espéce dans la colonne d’eau. Pour ce faire, le potentiel de dispersion des
particules physiques en rade de Brest a été étudié a I'aide de simulations lagrangiennes mimant les
trajectoires potentielles de cellules a partir des différents estuaires de la rade. Ces travaux font
I’objet d’un article scientifique, soumis a la revue Harmful Algae.

Dans le chapitre 4, j'ai comparé les performances physiologiques (taux de croissance et biomasse
maximale atteinte) de deux especes différentes (Scrippsiella donghaienis et Alexandrium minutum) a
partir de souches de différentes époques obtenues apres germination. Pour cela, j'ai testé

différentes conditions de culture (rapport N/P), en essayant de mimer des changements de la
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concentration de nutriment relevés en rade de Brest pendant le siecle dernier. En particulier, les
réponses phénotypiques des différentes populations ont été étudiées en conditions de limitation de
P inorganique, ce dernier étant I'élément limitant principal au développement des populations
phytoplanctoniques en rade de Brest. Ces travaux ont été effectués dans le cadre d’un stage de
Master 2 que j'ai co-encadré.

Enfin le dernier chapitre est composé d’une discussion générale des principaux résultats de ce travail

ainsi que d’une conclusion et des perspectives.
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CHAPTER 1

Long-term ecological trends inferred by DNA

metabarcoding of protist paleocommunities
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CHAPTER 1.

Context of the work

Protists are important contributors to biogeochemical cycles in the marine environment. Their
diversity is remarkable compared to that of Metazoa or land plants. In the past, the diversity of
protist was studied almost entirely using morphological surveys, but in the recent years, the use of
molecular-based has shown promising results. Indeed, studies have shown that the protist diversity
is still underestimated and that only 10% of the sequences recovered from molecular studies were
previously known (Slapeta et al., 2005; Boenigk et al., 2006). The metabarcoding approach, which is
the combination of DNA taxonomy and high-throughput sequencing, is a promising tool for the rapid
assessment and monitoring of biodiversity. Its application for the study of modern protist diversity
has increased significantly in the last decade, allowing not only reveal the hidden diversity within
these taxa, but also a more complete discovery of taxonomic diversity compared to traditional
methods. However, this insight of diversity does not allow understanding the succession of protist
communities over time in relation with the environment evolution. Using a paleoecological approach
based on DNA analyses from sedimentary archives could help to achieve this goal. Indeed, few
studies have used paleoecology and metbarcoding to study protist diversity in shallow/deep sea
sediment or freshwater sediments (e.g. Coolen et al., 2013; Lejzerowicz et al., 2013; Pawlowski et al.,
2011; Capo et al., 2015). However, to our knowledge, no study has been conducted to charcterize
the past protist communities in an estuarine environment.

In this work, | try to investigate the modern and past protist community from dated estuarine
sediment of the Bay of Brest (Brittany, France), by analyzing the V4 barcode region of the 185 rRNA
gene obtained from lllumina Mi-seq sequencing. Furthermore, | try to depict trends in the protist

communities over time and evaluate their preservation potential in estuarine sediments.
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written this chapter which corresponds to the first draft of a potential manuscript. R. Siano designed

the research and supervised this work.
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Long-term ecological trends inferred by DNA metabarcoding of protist

paleocommunities

Résumé (en francais)

Dans cette étude, nous avons utilisé une approche paléogénétique pour étudier la diversité des
protistes dans des carottes de sédiments de deux estuaires (Estuaire de I'Elorn (EE), Estuaire de
Daoulas estuaire (DE)) de la rade de Brest, sur une échelle de temps de 150 ans. Plus précisément,
nous avons isolé I'ADN a partir des carottes de sédiments et analysé les séquences du gene du 18S
ARNr (région V4), obtenues a partir d'un séquencgage lllumina Mi-Seq. Dans les deux carottes, seule
une faible fraction (16-18%) de la richesse moderne (OTUs) (Operational Taxonomic Unit) a été
préservée dans les sédiments anciens. La plupart des groupes de protistes conservés dans les
sédiments anciens correspondaient a des taxons connus pour produire des formes de résistance. La
composition de protistes était similaire pour les échantillons provenant de la méme profondeur et du
méme |'age. De plus, les protistes étaient séparés en deux paléocommunautés clairement distinctes
(antérieures/postérieures a 1950). Dans les deux carottes, le groupe de Dinophyceae était le plus
important en termes d’abondances relatives et il présentait une tendance a la diminution au cours
des derniéres années. En particulier, une dynamique d’abondances inverse (des sédiments anciens
vers les sédiments récents) a été identifié aprés 1987, pour les deux genres Alexandrium
(augmentation de I'abondance relative) et Gonyaulax (diminution de I'abondance relative). Ces
tendances étaient corroborées avec les données de plancton locales dans la colonne d'eau et sont
probablement liés aux changements hydrologiques dans la concentration des nutriments qui se sont
produit dans la baie de Brest au cours des dernieres décennies. Ce travail contribue a la recherche
sur la diversité des protistes dans les écosystémes estuariens, montrant que la composition et les
variations des communautés anciennes peuvent étre identifiées par une approche paléogénétique

dans de tels écosystéemes.
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Abstract

In this study, we used a paleogenetic approach to investigate the protist diversity in sediment cores
of two estuarine ecosystems (Elorn Estuary (EE), Daoulas Estuary (DE)) of the Bay of Brest, over a
time scale of 150 years. Specifically, we isolated DNA from the sediment cores and analyzed 18S
rRNA gene (V4 region) sequences obtained from an lllumina Mi-Seq sequencing. In both cores, only a
small fraction (16-18%) of modern richness (OTUs) (Operational Taxonomic Units) was preserved in
ancient sediments. Most of the protists groups preserved in ancient sediments corresponded to
protist taxa known for resting stages production. The protist composition was similar for samples
retrieved from the same depth and age. In addition, the protist separated into two clearly distinct
paleocommunities (prior/posterior to 1950). In both cores, the Dinophyceae was the most important
group regarding to its relative abundances and it displayed a decrease trend in over the recent years.
In particular, an inverse dynamic (from ancient to recent sediment) in abundances was identified
after 1987, for the two genus Alexandrium (increasing relative abundance) and Gonyaulax
(decreasing relative abundance). These trends corroborated the local plankton data in the water
column and are likely related to the hydrological changes in nutrient concentration occurring in the
Bay of Brest over the last decades. This work contributes to the research on protist diversity in
estuarine ecosystems, showing that past community composition and variations could be inferred by

a paleogenetic approach in such ecosystems.
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1. Introduction

Protists correspond to all unicellular eukaryotic organisms, excluding animals, fungi, land plants and
macroalgae (Guillou et al., 2013). They have representatives in all eight eukaryotes lineages and span
a wide cell-size range, forms and functions (playing significant ecological roles as primary producers,
consumers, decomposers and trophic links in aquatic food webs (Caron et al., 2012). Yet, their
diversity in the global ocean is still under-estimated (de Vargas et al., 2015). The characterization and
assessment of protist diversity has been extensively performed using traditional morphological-
based techniques. Although highly informative, these methods have the disadvantages of being
costly, time-consuming, and strongly depending on highly skilled persons in taxonomy. Additionally,
small-sized and highly cryptic organisms could not be correctly identified.

In recent years, the use of DNA-based analyses have significantly improved our knowledge of the
microbial diversity, unveiling novel taxa such as the marine stramenopiles (MAST) clades (Massana et
al., 2004), the marine alveolates (MALV) clades (Guillou et al., 2008) and cryptic taxa (e.g. within the
genus Skeletonema (Stramenopiles) (Kooistra et al., 2008), and the genus Spumella (Stramenopiles)
(Pfandl et al., 2009)). In particular, DNA metabarcoding, which refers to the combination of High-
Throughput Sequencing and DNA taxonomy, has revolutionized our understanding of diversity by
detecting even a hidden diversity in a rapid and a cost-effective process. Furthermore, this approach
allows the identification of taxa from environmental samples without first isolating any target
organism (Tableret et al., 2012). Metabarcoding analyses require the use of a good genetic marker to
allow the detection of all the lineages in their entirety. It is acknowledged that the 18S RNA gene is
the best universal marker to get a general picture of the eukaryotic biodiversity. It has many
advantages: it is present in all eukaryotes; it occurs in many copies per genome; includes highly
conserved and variable nucleotide sequences and; is extensively represented in public reference
databases (Guillou et al, 2013; Pawlowski et al., 2014). Within the 18S RNA gene, two main
hypervariable regions have been commonly used as a barcode for general protist biodiversity
studies: the short (130 b) V9 region, characterized by low length heterogeneity and the long (380 bp)
V4 region, characterized by particularly rapid rates of evolution and extreme variation in length
(Pawlowski et al., 2014). These regions have been successfully used in many pioneering
metabarcoding protist studies (Logares et al., 2014; Guardiola et al., 2015; de Vargas et al., 2015;
Massana et al., 2015; Yu et al., 2015) from a wide type of substrates in different environments: sea-
water (de Varagas et al., 2015; Amaral-Zettler et al., 2009; Hu et al., 2016; Le Bescot et al., 2015;
Nanjappa et al., 2014), freshwater (Capo et al., 2015; Simon et al., 2016), soil (Arjen de Groot et al.,
2016; Mahé et al., 2016), and marine sediments (Chariton et al.,, 2015; Lejzerowicz et al., 2015;

Forster et al., 2016). Beyond the diversity assessment of marine communities, it has also been
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applied in studies on: freshwater quality evaluation (e.g. Zimmermann et al., 2015; Kermarrec et al.,
2014) and ecological impacts on communities (e.g. oil spill event (Bik et al, 2012), fish farms
(Pawlowski et al., 2014)).

All these studies have been conducted on modern samples, therefore the past protist diversity
remains relatively unknown. In fact, collecting long-term data at a multidecadal time scale could help
to reconstruct the ancient protist community and to understand community changes in response to
local changes in environmental conditions. The use of marine sediments biodiversity archives
(ancient DNA, fossils, shells, resting stages, biomolecules) can fill the gap in short time series of
plankton and allow the reconstruction of multidecadal variations of communities. As for ancient
DNA, studies have shown that it can be preserved from degradation by adsorbing to mineral and
organic matrices (Pietramellara et al., 2009), for substantial periods of time up to the Miocene
(Panieri et al., 2010), providing valuable information about past biological communities (Lejzerowicz
et al., 2013). Yet, the use of sedimentary ancient DNA is relatively a new tool in diversity studies,
probably because of limited accessibility, the difficulty of sediments sampling and logistics. Indeed,
only few studies have applied a metabarcoding approach on ancient sedimentary DNA to reconstruct
the protist community structure (e.g. Coolen et al., 2013 in the Black Sea; Guardiola et al., 2015 in
the Mediterranean Sea; Pawlowski et al., 2011 in the arctic and the southern ocean; Lejzerowicz et
al.,, 2013 in the South Atlantic; Capo et al., 2015 in a French lake). Investigating these sedimentary
archives is fundamental to understand the succession of communities, dynamics and the ecosystem
functioning.

In this study, we analyzed the V4 barcode region of the 18S rDNA obtained from an lllumina-Mi seq
sequencing from two dated sediment cores of the Bay of Brest in order to assess the diversity of
paleocommunity of protists, by evaluating the preservation potential of marine protist groups in
ancient sediment. Variations in community composition are analyzed in relation to the hydrological

changes occurred in the sampled area.

2. Materials and methods

2.1. Study area description and sediment core information
The Bay of Brest (Brittany, France) is a semi-enclosed marine ecosystem connected to the Iroise Sea
(Atlantic Ocean) by a narrow (2 km) and deep (50 m) strait. The bay is a shallow macrotidal coastal
ecosystem with 50% of its surface deeper than 5 m (Chauvaud et al.,, 2000). It is characterized by
coarse sediments in deep waters and fine and muddy sediments in the upstream part of the

estuaries (Hily et al., 1992). The majority (80%) of freshwater inputs come from two main rivers; the
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Aulne river (1842 km?) in the south-east and the Elorn river (402 km?) in the north-East part of the
Bay. Since 1950, the area has experienced several changes in the anthropogenic loading of nutrients;
with an increase of Nitrogen supply (Ragueneau et al., 2002) due to the development of
anthropogenic activities, and recently, a decrease of phosphorous supply resulting from the ban of
washing powders containing orthophosphates. Consequently, there was a significant imbalance in
the N/P ratio (Chauvaud et al., 2000; Guillaud and Bouriel 2007) causing changes in the composition
of planktonic and benthic communities (Delmas and Tréguer 1983; Le Pape et al., 1996; Del Amo et
al., 1997; Trommer et al., 2013).

Sediment cores were collected at two estuaries of the bay; the Elorn Estuary (EE: 48° 23' 46.79” N 4°
23' 2.01” W) on the 11* December, 2012 and the Daoulas Estuary (DE: 48° 20’ 46.6” N 161 4° 17’
41.20” W) on the 215 May 2014 (Figure 18). Two cores were collected at 12 m of depth for the EE:
one for genetic analyses (31 cm) and one for dating (29 cm). One single core was collected at 3 m of
depth for the DE (58 cm) for both genetic and dating analyses. Immediately after sampling, the
sediment cores were delicately extruded from the plexiglass tubes and then sliced into 1 cm layers.
To avoid contamination by smearing between the layers during the core extraction, only the inner
part of each slice was sampled, using sterile 6 cm-diameter Petri dishes. The samples dedicated for
molecular analyses were stored in 50 mL-plastic cryotubes and immediately frozen in liquid nitrogen
then preserved in the -80°C laboratory freezer until further analyses. The samples dedicated for
dating were stored in plastic bags until radionuclide analyses (see Klouch et al., 2016 for further
details on sampling).

The sediment cores were dated using the 2°Pb,s (natural) and ¥’Cs (artificial) radionuclides as
indicators for chronology establishment. 2°Pb and ¥’Cs activities were measured using a very low
background, high-efficiency, well-shaped y detector equipped with a Cryo-Cycle (CANBERRA)
(Schmidt and de Deckker 2015). The y detector was calibrated using certified reference materials
from IAEA (RGU-1; RGTh; SOIL-6). Activities were expressed in mBq g and errors were based on 1 SD
counting statistics. The chronology of the dated cores is published in Klouch et al., 2016 where the
same sediment cores have been studied for single-species dynamic based on ancient DNA. The Elorn
core covered about 72 years (from 1939 £ 2 to 2011 + 1), whereas the Daoulas core covered about
147 years (from 1866 + 7 to 2013 + 1).

Initially, sediment sampling and analyses were also conducted in two other estuarine ecosystems of
Britanny, situated in the Bay of Morlaix (northwest of Britanny) and the Bay of Vilaine (south of

Britanny), but the corresponding results were not used in this study (see Annexe 1).
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Figure 18. Map of the Bay of Brest with the core sampling sites (Elorn Estuary: EE; Daoulas Estuary: DE), with
the REPHY monitoring station at the EE “Le Passage”.

2.2. DNA extraction, PCR amplifications and Illumina Mi-seq
sequencing

DNA manipulation pre- and post-PCR amplification were performed in a way to avoid cross-
contamination between samples and contamination with modern DNA, by following specific
instructions for working with ancient DNA (Gilbert et al., 2005). Genomic DNA extraction was carried
out on 5-7 g of sediment material from each of the 31 layers of the EE and the 58 layers of the DE,
using the PowerMax soil isolation kit (Mobio Laboratories Inc., Carlsbad, California, USA), following
the manufacturer’s instructions. DNA extracts were immediately stored at -80°C. Prior to PCR
amplifications, DNA samples were diluted and standardized to 5 ng puL! to minimize the difference in
DNA concentration between the samples and allow for accurate data comparison.
The eukaryotic V4 hyper-variable region of the 18S ribosomal RNA gene was amplified using the
eukaryotic primers TAReuk454FWD1 and TAReukREV3 (Stoeck et al., 2010). The reaction mixture was
prepared in a final volume of 25 uL, containing 1X Master Mix Phusion High-Fidelity DNA polymerase
(Finnzymes, Vantaa, Finland), 0.35 uM of each of the forward and the reverse primers, 3% of
dimethylsulphoxide, sterile water and 1 puL of DNA template. Samples were run in triplicate in order
to yield sufficient PCR products for sequencing. Positive controls (mock community composed of:
Dunaliella terticolecta, Pseudo-nitzschia pungens, Karenia mikimotii, Prorocentrum consutum,

Alexandrium minutum, Heterocapsatriquetra, Scrippsiella trochoidea, Scrippsiella donghaienis) and
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negative controls (without DNA templates) were used to check the efficiency and specificity of the
PCR reaction. PCR amplifications were conducted in a PeqStar (OZYME, Montigny-Le-Bretonneux,
France) with the following cycling program: an initial denaturation step at 98°C for 30 s, 12 cycles of
98°C for 10 s, 53 °C for 30 s and 72 °C for 30 s, then 18 similar cycles but with an annealing
temperature of 48°C and a final elongation step at 72°C for 10 min. PCR products were visualized on
a 1.5% agarose gel. Triplicates of PCR products were pooled and purified using a Nucleospin PCR
clean-Up kit (MACHERY-NAGEL, Diiren, Germany). DNA concentration of purified products was
measured using Quant-iT PicoGreen dsDNA quantification kit (Invitrogen, Cralsbad, CA, USA) and a
BioTek FLX 80 spectrofluorophotometer according to the manufacturer’s instructions. PCR products
of 3 and 27 samples respectively for EE and DE had insufficient DNA quantity (<15 ng) to perform
sequencing. The remaining DNA amplicons (28 samples for EE and 31 samples for DE) were sent to
GeT (http://get.genotoul.fr/) (Toulouse, France) for sequencing from both sides using an Illlumina

MiSeq (2x250) sequencer.

2.3. OTU (Operation Taxonomic Unit) construction and taxonomic
assignment

The raw paired-end sequences produced from the Illumina sequencing were de-multiplexed using an
ad hoc C++ program. The forward and reverse reads were assembled using the FLASH program
(Mago¢ and Salzberg 2011). The sequences were filtered for quality and length. Reads were
dereplicated (all strictly identical sequences were grouped together).. Reads were then clustered into
OTUs (Operational Taxonomic Unit) at 4 pair base differences using an edit distance. The sequence
identity (%) of the clustering varied between 70 and 100 depending on sequence length. The OTUs
containing less than 3 reads over the whole data base where filtered out being considered as large
sequencing errors, chimera or non-18S rDNA sequences. The most abundant sequence was used as a
representative for each OTU cluster. Taxonomic assignment of OTUs was performed using the Protist
Ribosomal Reference (PR2) database (Guillou et al., 2013). All available V4-18S rDNA sequences were
retrieved from the PR2 database by searching for the forward and reverse primers allowing for 3
mismatches between the primers and the sequences. Bacterial, Archaeal, chloroplastic and
mitochondrial 185-rDNA sequences were added to extracted sequences to identify non-18S rDNA
sequences. OTUs were taxonomically assigned if their reads were >70% similar to a sequence from
the database. For each read, only the most similar reference sequences were used to assess
taxonomy as described previously (Boissiére et al., 2012; Gimonneau et al., 2014; Tchioffo et al,,
2016). This was performed using the Needleman-Wunsch alignments. This process was done at 8

taxonomic levels from the Domain (Eukaryota) down to the species level.
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2.4. Statistical analyses on OTUs and plankton data

An output matrix was produced containing the assigned OTUs and their abundances (number of
reads) for each sample (sediment layer). In order to minimize biais from very rare sequence, all OTUs
that were present in less than three reads and less than two distinct samples were discarded.

OTUs read numbers were transformed into relative abundances prior to analyses. For each sample
(sediment layer), the number of reads of each OTU was divided by the sum of reads of all OTUs.
Rarefaction curves for each study site were produced by rarefying to the lowest number of
sequences using rrarefy command from the vegan package  (http://CRAN.R-
project.org/package=vegan) of R software version 3.2.3 (R Core Team 2016). We also produced a
rarefaction curve by pooling the reads from all samples of the two sites to gain a view of global
diversity of the paleocommunities of the Bay of Brest. Ordination of OTUs data was performed by
non-metric multidimensional scaling (NMDS) using the Bray-Curtis similarity coefficient and the
metaMDS command from the 'vegan' R package. The clustering of groups in NMDS plot was
determined by performing a dendrogram using the Bray-Curtis distance.

Plankton data collected from 1995 to 2001 in the frame of the REPHY (REseau de surveillance et
d’observation du PHYtoplankton et des PHYcotoxines)) monitoring network at “Le Passage” station,
corresponding to the EE sampling core station were analyzed to confront with trends depicted from
paleogenetic data. Plankton data analysis was performed on taxonomic units (TU) which are defined
as a group of species or genera as described by Hernandez Farinas et al., (2015). Such grouping
allowed overcoming errors related to the misidentification between resembling species or genera
using optical microscopy. The time series have been modeled using Dynamic Linear Models (DLM)
(West and Harrison, 1997) with the dim package (Petris 2010) in R software (R core team 2016).
Dynamic Linear Models are particularly adapted to environmental data characteristics such as
irregular sampling frequency, missing data and, outliers (Hernandez Farinas et al., 2014). The
normality of standardized residuals has been checked visually using QQ-plot and tested with
Kolmogorov-Smirnov test. The independence of standardized residuals has been checked using

Stoffer-Toloi test.
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3. Results

3.1. Protist diversity from modern to ancient sediment

The V4-18S rDNA sequencing yielded a total number of 4428 OTUs and 175 318 reads. After OTU
data cleaning 1811 OTUs (170 805 reads) were considered for further analyses. A total of 1708 and
1549 different OTUs were identified in DE and EE, respectively. Diversity saturation was reached for
the total data set (DE and EE) with a maximal richness estimated around 1800 OTUs (Figure S1.1a),
but not for each single core separately (Figure S1.1b).

The protist and total eukaryotic OTU numbers diminished from top to bottom sediment layers of
both the EE and DE cores, indicating a decrease of diversity richness from modern to older
sediments. Protist OTU accounted for 12-75% of the total eukaryotic diversity. Protist OTU number
was higher in the upper part, from 2013 + 1 to 1991 + 2 in DE and from 2011 £ 1 to 1999 + 1 in EE
(Figure 19). In ancient sediments (deepest layers), the protist OTU number seems to stabilize to 8-
25% and 12-24% of the maximum protist richness (100% OTU richness) observed at 1 and 2 cm-depth
layer for EE and DE, respectively. This corresponds to a total loss of 75-92% of the protist modern

diversity in ancient sediments.
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Figure 19. Pattern of OTU richness over time in DE and EE sediment cores. The total richness (all eukaryotic
OTUs) is represented in dark blue. The protist richness (excluding Metazoa, Fungi, land plants and macroalgae)
is represented respectively, in orange for DE (a), and green for EE (b). The protist richness was normalized to
100%, corresponding to the highest number of OTUs observed across the core layers (1 cm for EE and 2 cm for
DE).

3.2. Protist assemblages across sediment cores
NMDS based on protist assemblages (Bray-Curtis distance) analyses allowed the separation from the
DE core of 4 groups of samples, assembling progressive sediment layers: group 1 (1-16 cm), group 2
(17-24 cm), group 3 (34-40 cm), and group 4 (45-58 cm) (Figure 20a). The short distance between
samples of the group 1 suggests that the protist community of superficial sediments is more similar
than in the other groups (G). Similarly, 4 groups of samples were identified in EE: G1 (1-6 cm), G2 (7-
27 cm), G3 (28, 30 cm) and G4 (29) (Figure 20b). When performing NMDS ordination of DE and EE
samples together, the samples clustered in 5 groups (Figure 20c). The group 1 and 2 included
superficial layers from both the EE and DE and were composed of the same superficial layers as those

previously identified in each site separately. G3 clustered only samples from EE (28-30 cm) and G4
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clustered only samples from DE (34-40). Finally, the G5 included deeper samples from DE (45-58 cm)

and one deep sample (29 cm) from EE.

Across the NMDS 1 axis, for both single and cumulative plots, samples dated before and after 1950

are separated (Figure 20a-b-c).
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Figure 20. NMDS ordination based on the Bray-Curtis distance for: a) DE samples, b) EE samples and c) DE and
EE samples together. Numbers correspond to the sediment layerdepth in centimeters.
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3.3. Taxonomic composition of paleocommunities

Taxonomic assignation of OTUs showed that paleocommunities are composed of 9 eucaryotes

supergroups. OTUs that could not be assigned to any supergroup (named Undetermined OTUs)

represented less than 3% (Figure 21). In both sites, Alveolata accounted for the highest OTU protist

diversity (30% in EE and 26% in DE) and abundance (64% in EE and 40% in DE) followed in a

decreasing importance order by Opisthonkonta (including Metazoa and Fungi), Stramenopiles, and

Rhizaria. These groups accounted for similar percentages of OTU richness but not for abundances in

both cores (Figure 21).

a Daoulas Estuary (DE)
1708 OTUs

= Alveolata
= Amoebozoa
B Apusozoa
® Archaeplastidia
®m Excavata
70905 reads Hacrobia

“ = QOpisthokonta
1% Rhizaria
© Stramenopiles
© Undetermined

1%

Elorn Estuary (EE)
1549 OTUs

99 264 reads

Figure 21. Taxonomic composition of paleocommunities representing: a) the richness and b) the abundance, at
DE (left) and EE (right). All the groups were represented in the pie charts but only those with value21% are

represented in numbers.
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3.4. Protists diversity and dynamics in ancient sediment
A total of 79 OTU protist groups have been identified to the taxonomic level of the classes from the
DE and EE core, all belonging to all 9 eukaryotic supergroups. About half of them (38 out of 79 groups
in DE and 40 out of 77 at EE) were retrieved in deep ancient sediments (Figure 22a-23a).
The classes occuring in deep ancient sediments were similar in both the DE and EE cores. Within the
Alveolata supergroup, we identified Apicomplexans (Apicomplexa-Und, Perkinsea), Ciliates
(Ciliophora-Und, Litostomatea, Spirotrichea), Dinophyceae, Syndinea and undetermined Alveolata
(Alveolata-Und). Across both sediment cores, the most important classes regarding to their relative
abundance were the Dinophyceae (up to 82%), the Apicomplexa-Und (up to 21%) and
Bacillariophyceae (up to 34%) (Figure 22a-23a).Within the Rhizaria, most of the classes were
identified across both cores and contributed similarly to relative abundances; the mains classes were
Cercozoa-Und, Endomyxa, Endomyxa-Phyomyxea, Filosa-Granfilosea, Filosa-Imbricatea, Filosa-
Sarcomonodea, Filosa-Thecofilosea and Novel-Clade 10-12. As for Stramenopiles, the same classes
were identified from both sites; Bacillariophyta, Bolidophyceae-and-relatives, Dictyophyceae,
Chrysophyceae-Synurophyceae, Labyrinthulea, MAST (Marine STramenopiles), Oomycota with the
exception of Eustigmatophyceae and Xantophyceae which were only observed in EE.
Some classes were present only in the upper part of the cores (Figure 22-Figure 23a). Fornicata
(Excavata), Cariacotrichea and Plagioplylea (Alveolata), Discosea-Longamoebia (Amoebozoa), Rad-B
(Rhizaria) were identified at DE. At EE, apart Rad-B (Rhizaria), we identified different classes than
those of DE: Centroheliozoa-Und, Telonemia-Und, Katablepharidaceae (Hacrobia), Parabasalia
(Excavata), Bicoecea (Stramenopiles)
Globally, most of the detected classes showed very low relative abundances. Only 12 and 10 classes,
belonging to 4 supergroups (Alveolata, Stramenopiles, Rhizaria and Archaeplastidia) had a higher
abundance than 5%, at DE and EE, respectively (Figure 22b-Figure 23b). Among these groups, the
richness was higher (3-7 groups per sample/year) in DE deeper layers (G3 and G4) compared to
upper layers (G1 and G2) where only 1-4 classes were identified per sample/year (Figure 22b).
Similarly, at EE, the three deepest layers (29-29-30, G3 and G4) were the most diverse (up to 8
groups per layer) (Figure 23b).
Relative abundances of the more important (25%) classes varied over time for both the EE and DE,
but variations was significantly higher in DE than ino EE. These variations are attributable to changing
relative importance of Dinophyceae. In DE, the relative abundances of Dinophyceae fluctuated
importantly (0.2-82%) over time. They were present with very low abundances (range: 5-52% from
1866+ 7 to 1920 + 4. From 1933 £ 3 to 1948 + 3, the Dinophyceae were detected in sediment samples

but they accounted for <5% (Figure 22a), conversely the major part of relative abundance was
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attributed to the MASTs, in particular to the MAST-12 clade which increased importantly reaching up
78% of the total abundance. Six other MASTs clades (MAST-1, MAST-3, MAST-6, MAST-7, MAST-9,
and MAST-20) were identified from all the sediments samples combined. The MAST-1 and MAST-6,
together with MAST-12 accounted for the major part of abundance in this study. From 1987 + 2 to
the more recent layer 2013 + 1, Dinophyceae were observed again in 25%, and showed a decreasing
trend in their relative abundances being replaced by Bacillariophyceae which was the most important
group during this period of time from 2003 + 1 to 2013 + 1 (Figure 22b). At EE, Dinophyceae were
observed regularly across all sediment layers and contributed importantly to the total relative
abundances (up to 87%). They were detected regularly from 1939 + 3 to 2011 * 2 then displayed a
slight decrease trend in relative abundance from 1991 + 1 to 2011 # 2. Bacillariophyceae were
underrepresented (<11%) and MASTs were present in more samples and for a longer time period:

from (1943 + 2 to 1997 + 1) than that of DE, with relative abundances always <10% (Figure 23a).
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Figure 22. Relative abundance (%) of protists classes through time at the Daoulas Estuary (DE). (a) for taxa
with relative abundance (<5%) and (b) for taxa with relative abundance (>5%). The size of the symbol is
proportional to the relative abundance of the group within the entire paleocommunity of the sample
(cm)/year (date). The supergroups are separated by groups. The taxa named “—Und” could not be further
assigned taxonomically.
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Figure 23. Relative abundance (%) of protists classes through time at the Elorn Estuary (EE). (a) for taxa with
relative abundance (<5%) and (b) for taxa with relative abundance (>5%). The size of the symbol is
proportional to the relative abundance of the group within the entire paleocommunity of the sample
(cm)/year (date). The supergroups are separated by groups. The taxa named “—Und” could not be further
assigned taxonomically.
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3.5. Multiannual dynamics of Dinophyceae
Dinophyceae OTUs from both the DE and EE cores were assigned to seven genera. The most
abundant genera were Alexandrium, Gonyaulax and Protoperidinium. Over 4-37% of the
Dinophyceae OTUs (orange bars in Figure 24) could not be assigned to the genus level. About 1-5%
(dark blue bars in Figure 24) represent OTUs with conflictual taxonomical assignation (two or more

dinoflagellate genus).
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Figure 24. Relative abundance (%) of dinoflagellate OTU assigned to genera through time for: a) Daoulas
estuary and b) Elorn estuary.

Alexandrium and Gonyaulax OTUs had an inverse dynamics along the cores. In both the DE and EE
cores, the relative abundance of Alexandrium increased from ancient to modern times after 1987
(from 5 to 54%) and 1989 (from 2 to 32%) at DE and EE, respectively. Whereas for Gonyaulax, the
relative abundance decreased at the same years (from 84 to 24%) at EE and (from 70 to 36%) at DE.

In parallel, the modeled dynamics of dinoflagellates abundances (cells L) analyzed from water

column samples at the EE showed a decreasing trend from 1995 to 2001 (Figure 25).
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Figure 25. Abundances (Log transformed) of dinoflagellate taxa (Taxonomic Units; TU) in the water column at
the Elorn Estuary inferred from the REPHY monitoring network data. A) Observed abundances with the
following color code: (blue gradient: winter; green gradient: spring; orange gradient: summer, and red
gradient: autumn). The Black line represents the mean concentration, light grey area its 95% confidence
interval and dark grey area the 95% concentrations confidence interval as modeled by the Dynamic Linear
Model (DLM). B) Mean level or deseasonalized mean concentration and its 95% confidence interval.

4. Discussion

4.1. Diversity of protist paleocommunities
We analyzed protist V4-18S rDNA sequences obtained from dated sediment cores to assses to what
extent modern protist diversity can be archived in marine estuarine sediments. This study has been
conducted considering previously developed standards and precautions to follow when dealing with
ancient DNA and paleogenetic procedures (Anderson-Carpenter et al.,, 2011; Boere et al., 2011,
Gilbert et al., 2005, See Klouch et al., 2016 for further details). Only few studies have investigated the
diversity and composition of protist community preserved in ancient sediments, therefore the
degree of variation between modern protist assemblages and paleocommunities remains poorly
explored. We did not reach diversity saturation when performing rarefaction curves on each
sampling site data, suggesting that our sequencing effort was not totally exhaustive for separate
sampled site.However, when samples were cumulated, our sequencing effort was theoretically
sufficient enough to cover the global paleocommunity diversity. We can therefore assume that the
~1800 V4-rDNA-based OTUs would encompass the paleocommmunity diversity of the Bay of Brest
over the recovered time scale. Over the ~150 years analyzed in this study, the protist and the total
(including Metazoa, Fungi, land plants and macroalgae) richness decreased over time at both the DE
and EE (Figure 19). Only 16-18% (on average) of the protist diversity observed in superficial, modern
sediments was recovered in deeper ancient sediments, with a corresponding loss of 82-84% of
diversity. The part of protist diversity found in old sediment layers represent probably the protist
taxa having a satisfactory preservation potential in ancient sediments. By comparing the protist

diversity found in the water column and in ancient sediments, Capo et al., (2015), observed that up
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to 71% of protists found in the water column were also found in sediments. We instead compared
the diversity across the different dated sediment layers; hence we have taken into account only the
part of the protist community accumulating at the sediment surface and preserving in stratified
layer.

DNA degradation may have contributed to these decreasing profiles of paleocommunity protist
richness. Indeed, DNA is known to be more preserved in cold and dry environments such as
permafrost, fjords and lakes because of the anoxic conditions of the sediments and the low
temperatures which slow the DNA microbial degradation and promote good preservation (Boere et
al., 2011). In estuarine ecosystems, such as those analyzed here, DNA degradation could have played
a major role. Indeed, many factors influence the DNA conservation in the sediments including
microbial activity, adsorption of DNA to mineral and organic matrices, oxidative damage, as well as
temperature, salinity and pressure (Boere et al., 2011). Notwithstanding, on the same sediment core,
we have been able to amplify specific ancient DNA (up to 150 year-old) of two dinoflagellate species
(Alexandrium minutum and Scrippsiella donghaeinis), proving that even specific DNA fragment were
relatively well preserved in our samples (Klouch et al,, 2016). DNA degradation occurs under the
form of DNA fragmentation (Boere et al., 2011) and the use of short DNA amplicon (100-500 bp) is
usually recommended to target potentially fragmented ancient DNA (Coolen et al., 2013). For this
reason, initially we attempted to use the short DNA barcode V9 (130 bp) to recover even fragmented
ancient DNA and complete the diversity recovered with the V4 barcode. However, the results
showed a high number of prokaryotes (15%) (Bacteria and Archaea), and most of the reads could not
be determined taxonomically (see Annexe 2), which constrained us to not exploit the data of V9 18S
rDNA in this study. On another hand, Coolen et al., (2009) and Coolen et al., (2013) showed an
excellent high-throughput sequencing yield of ~560 bp and 340 bp long fragments respectively,
proving that our massive sequencing of <500 bp fragments was relevant. Moreover, the massive
sequencing of the V4 region was already tested in Capo et al., (2015). We choose the amplification of
the V4 region for its higher resolution and the better database coverage for taxonomic assignment
(Stoeck et al., 2010; Guillou et al., 2013). Yet, it is noteworthy that the universal V4-18S rDNA primers
used in this study recognize most of the eukaryotic phyla but do not encompass Foraminifera and
several lineages of Excavates (Pawlowski et al., 2011). We privileged having a low number of well-
assigned taxa with a low proportion of undetermined taxa, rather than having a higher number of
taxa with a high number of undetermined taxa. Indeed, the number of undetermined taxa was rather
low (3%) in our study. Despite metabarcoding is considered a promising and highly informative
approach, there are debates about the accuracy of abundances estimations in metabarcoding studies

considering that the number of reads will depend on the size of the organism, the highly variable
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copy numbers in the 18S between taxa and even within the same species, and the potential primer
bias (the different amplification success among taxa) (Bik et al., 2012). Analyzing relative abundances
is thought to be more accurate and reliable. For this reason, we analyzed relative abundances instead
of read abundance of each taxa. Although we recovered a high diversity of protist from sediment,
some taxa may have not been identified because of the limited coverage of the database concerning
some taxa such as benthic dinoflagellates. Indeed, because of the lack of taxonomic investigations,
these groups are not well assigned in the PR2 database.

In this study, the global eukaryotes’ paleocommunities of our two analyzed cores were comparable,
suggesting that the relative importance of protist supergroups were stable in our studied area.
Alveaolata dominated both in terms of diversity (30% in EE and 26% in DE) and abundance (64% in EE
and 40% in DE) . Opisthonkonta (24% in DE and 17% in EE), Stramenopiles (19% in DE and 9% in EE)
and Rhizaria (9% in DE and 5% in EE) followed in terms of relative abundance. The importance of this
supergroups emerged also from the analyses of superficial sediment in European coastal waters
(Forster et al., 2016), with the difference that all Alveolata, Stramenopiles, Rhizaria had similar
richness proportions and the Opisthokonta had lower richness. Protist composition in marine
sediments seems different if we compare superficial communities (Forster et al., 2016) to stratified,
ancient sediment (this study), proving again that only part of modern protist community are
preserved in ancient sediments of marine ecosystems. The protist diversity could be different in
freshwater ecosystems, where the Opisthokonta seems to be the dominant group, as suggested by
paleogenetic analyses carried on sediments of the Le Bourget Lake (France) Capo et al., (2015).

Most of protist groups recovered in our ancient sediments are known to produce resting stages
(cysts, spores) which are acknowledged to be preserved in the sediments for a long period of time
(Harnstrom et al., 2010; Lundholm et al., 2011; Myazono et al., 2012). We cannot estimate to what
extent our DNA originates entirely or mostly from intact resting stages or from extracellular DNA.
Indeed, intracellular DNA is known to be better preserved than environmental, extracellular since a
resistant structure protects it against degradation. RNA instead of DNA diversity survey might have
solved this issue, however in our study we aimed at studying the whole protist diversity, not only
that of active organisms. DNA diversity survey seemed to be adapted to this scope, since no
significant difference were observed when RNA and DNA diversity survey in sediments have been

compared (Massana et al., 2015).

4.2. Paleocommunity changes over time
The sediment samples of both analyzed cores clustered together according to depth and ages
suggesting that the protist communities recovered from a same period of time are similar. Two major

paleocommunities were distinguished from our analyses from both cores (before/after ’50)
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suggesting a coherent change in the protist community in the Bay of Brest occurred in the last
century. Indeed, the bay has experienced many changes in hydrological conditions since 1950. In
particular, the development of agricultural and urban activities around the Bay has contributed to a
significant increase of nutrient (nitrogen and phosphorus) supply to the Bay. Data of nutrient
concentration from the rivers flowing into the Bay are available since the '60. Between the '70 and
’90, the nitrate concentration has been multiplied by 2. After the ‘90, political measures have been
taken to reduce the pollution supply to the rivers resulting in a decrease of nitrate and phosphate
concentrations. All these changes have resulted in an imbalance of the N/P ratio in the Bay of Brest.
The phytoplankton communities have been particularly affected by these modifications. The
phytoplankton blooms were dominated by diatoms between 1981 and 1982 (Quéguiner and Tréguer
1984), whereas, after a decade, phytoplankton blooms were dominated by dinoflagellates (Del Amo
et al., 1997). After 1995, dinoflagellate abundances diminished in the Bay of Brest as demonstrated
from the DLM analyses of plankton data series. The changes that we observed in paleocommunities
likely reflect variations in plankton occurred in the water column. However the picture we have of
community changes is only a partial vision of the whole plankton community, since, as discussed
before, most of the protist richness is lost in ancient sediments.

Unexpectedly, we observed higher diversity of the abundant groups paleocommunities anterio to ‘50
at both sites. In contrast, community posterior to ‘50 were characterized by equivalent relative
abundance of few groups (Dinophyceae and Bacillariophyceae). This change is mainly due to the
variation of the relative importance of Dinophyceae, especially at DE where an inverse pattern
between Dinophyceae and MAST have been observed over the time

The MASTs are heterotrophic marine stramenopiles described by Massana et al., (2004) including
initially 12 clades (ribogroups). Six new clades were evidenced by Orsi et al., (2011). In a recent
reevaluation of their phylogenetic position, Massana et al., (2014) have proposed the elimination of
7 MASTs clades which belonged to other Stramenopiles classes or correspond to chimeric sequences
from sequencing errors. Moreover, 3 previously described lineages were renamed and included into
the MAST group and 3 more new MASTSs clades have been revealed, yielding to a total of 18 clades
currently recognized to belong to MAST. Interestingly, in our study, the MASTs relative abundances
increased abruptly only during the period (1933-1948) in DE due to a peack (98%) of MAST-12 clade.
The MAST-12 clade was also the most recurrent and abundant along the whole DE and EE sediment
cores. The MAST-12 clade seemed to be associated to sediments and especially oxygen-depleted and
deep-sea sediments (Massana et al., 2004; Massana et al., 2014; Takishita et al., 2007; Logares et al.,
2012)) this comfort the finding of this group of protist in our study The MAST-3 and MAST-7 also

found in our samples are thought to be planktonic since all of the sequences available in GenBank
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were retrieved from plankton samples and none from sediment samples (Massana et al., 2014). The
identification of MAST-12 in our samples could indicate that our sediments were characterized by
low amounts of oxygen, but , no information on the physical-chemical characteristic of the DE
sediment of the Bay of Brest are available to associate the presence of MAST-12 to anoxic conditions
of sediments. MAST-12 are known to be bacterial grazers (Massana et al., 2014) and not parasite of
dinoflagellate. The opposite patterns between MAST-12 and dinoflagellate observed in our samples
cannot be explained by a parasitic relationship and remains still unsolved.

The decreasing trend in the abundances of Dinophyceae both at the DE and EE are corroborated by
the decreasing trends of dinoflagellate abundances observed in plankton samples at the Elorn
Estuary (Le Passage station). Within the dinoflagellate paleocommunity, the OTUs assigned to the
genus Alexandrium displayed an increase trend in relative abundance from the past to recent years
inversely to Gonyaulax OTUs whose importance diminished over the time. In addition, these results
corroborates those revealed in our previous study (Klouch et al.,, 2016) conducted on the same
sediment cores DE and EE, in which an increase trend of the abundances of Alexandrium minutum
has been evidenced using real-time PCR quantifications. Shift in genus occurrence and abundance
have been observed in other paleogenetic studies. For example, in a paleoecological study carried
out in a Kenyan lake, a shift in the diatom assemblages has been revealed, as the genus “Navicula”
occurring in ancient sediment was replaced by genus “Aulacoseira” in recent sediment (Stoof-
Leichsenring et al., 2012) proving the potential of paleogentic approach to reconstruct ancient

patterns and communities, revealing even hidden biodiversity.

5. Conclusions

This study innovatively investigated the protist diversity in modern and ancient estuarine sediments
by using a paleogenetic approach. The diversity in ancient sediment was mostly represented by taxa
which are known capable of producing resting stages, likely due to a better preservation in these
sediments. The decreasing relative abundances of dinoflagellates seemed to be correlated with the
local plankton data in the water column and are likely related to the hydrological changes in nutrient
concentration occurring in the Bay of Brest over the last 60 years. This study contributes to the
research on protist diversity, showing that ancient community composition and variations could be
inferred by a paleogenetic approach. Furthermore, this approach could be applied in other

ecosystems allowing to gain new insights on the poorly explored past protist diversity.
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Figure S1.1. Rarefaction curves relating the number of OTUs to the sequencing effort. (a) Global rarefaction
curve relating for all DE and EE samples and, (b) for EE and DE independently.
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Context of the work

Harmful Algal Blooms (HABs) occur in many coastal ecosystems around the world, causing major
effects on marine ecosystems, human health, and many economic activities related to the
exploitation of marine resources such as fisheries and aquaculture. The intensity and frequency of
HAB events is continuously increasing. Recently, in the Bay of Brest (Brittany France), particularly
intense blooms of the toxic dinoflagellate Alexandrium minutum have been reported by local
monitoring network (REPHY), reaching up 42 million cells L'* in 2012 at Daoulas estuary. This species
first described in 1960 in the Mediterranean is widespread and is considered officially an invasive
species (a species which is introduced into a new area by human-mediated pathways, causing
ecological and/or economical damage) in European seas. In the Bay of Brest, Alexandrium minutum
has only been observed since 1990, therefore it is considered to be recently introduced. Despite the
existence of valuable time-series data on the species dynamic, these do not extend beyond 30 years.
Therefore, there is no data available reporting if the species was present in the area before 1990 and
eventually, what were the species dynamic back then.

In this chapter, | used a paleoecological approach based on DNA and cyst examination to try to
reconstruct the multidecadal dynamic of Alexandrium minutum from dated sediments of the Bay of
Brest. More specifically, | designed specific primers targeting the ITS1 rDNA region and developed a
real-time PCR assay to quantify the abundances of Alexandrium minutum (ITS1 rDNA copies g*
sediment) from the sediment samples. Quantifications were also performed for another non toxic
dinoflagellate species, Scrippsiella donghaienis. The paleogenetic data (copies g sediment) were

confronted to monitoring plankton data (cells L) from the water column.

Author contributions

In this study, | performed the real time PCR genetic analyses, cyst germination experiments, isolation
of cultivated strains, statistical and ecological analyses on both REPHY and paleogenetic data. Parts of
these analyses were carried out during my master internship in 2013, before the Ph.D started. In
collaboration with E. Bigeard (technician) | set up and optimized the A. minutum and S. donghaienis
real time PCR assays. | trained Z. Qui-Minet (Master 2 student) to real time PCR technique and data
analyses for S. trochoidea (see annex). M. Le Gac., D. Hervio-Heath contributed to the genetic
protocol optimization. S. Schmidt and F. Andrieux-Loyer collaborated for the radionuclides’ analyses
and the interpretation of sediment dating data. J. Quéré contributed to cyst germination, isolation
and culture maintenance. | have been supervised by R. Siano and L. Guillou for data interpretations. |

provided the first version of the paper which has been finalized with R. Siano.
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Historical records from dated sediment cores reveal the multidecadal
dynamic of the toxic dinoflagellate Alexandrium minutum in the Bay of

Brest (France)

Résumé (en francais)

La dynamique multi-annuelle du dinoflagellé toxique et producteur de kystes Alexandrium minutum
a été étudiée a travers une échelle de temps de 150 ans par une approche paléoécologique basée sur
les données de quantification de I’ADN ancien (aDNA) et de revivification des kystes, obtenues a
partir de deux carottes de sédiment de la rade de Brest (Bretagne, France). Les premiéres traces
génétiques de la présence de I'espéce dans la zone remontent a I'année 1873 £ 6. En développant un
test de PCR en temps réel, la quantification de ’ADN spécifique a pu étre obtenue dans les couches
superficielles des carottes, et pour lesquelles la germination de I'espéce (dans des couches agées de
17-19 ans) a également été acquise. Dans les deux carottes étudiées, nos données paleogénétiques
guantitatives ont montré une tendance significative a I'augmentation de I'abondance des copies
d’ITS1 ADNr d’A. minutum a travers le temps, corroborant les données de surveillance collectées
depuis trois décennies, documentant une tendance a I'augmentation dans I'abondance des cellules
dans I'eau. En comparaison, les données paléogénétiques du dinoflagellé Scrippsiella donghaienis
n’ont pas montré de tendance cohérente entre les deux carottes de sédiment, soutenant I’hypothese
de l'existence d’une dynamique espece-spécifique d’A. minutum dans le site d’étude. Ce travail
contribue au développement de la recherche en paléoécologie, illustrant son potentiel pour des
études de biogéographie, d’écologie et d’évolution sur les microbes marins.
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Historical records from dated sediment cores reveal the multidecadal
dynamic of the toxic dinoflagellate Alexandrium minutum in the Bay of Brest
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One sentence summary: By means of a paleoecological approach (ancient DNA quantification and
cyst revivification), a species-specific increasing trend in the concentration of the toxic marine
dinoflagellate Alexandrium minutum was revealed over a time scale of about 150 years in the Bay of
Brest.

Abstract

The multiannual dynamic of the cyst-forming and toxic marine dinoflagellate Alexandrium minutum
was studied over a time scale of about 150 years by a paleoecological approach based on ancient
DNA (aDNA) quantification and cyst revivification data obtained from two dated sediment cores of
the Bay of Brest (Brittany, France). The first genetic traces of the species presence in the study area
dated back to 1873 * 6. Specific aDNA could be quantified by a newly-developed real-time PCR assay
in the upper core layers, in which the germination of the species (in up to 17-19 year-old sediments)
was also obtained. In both cores studied, our quantitative paleogenetic data showed a statistically
significant increasing trend in the abundance of A. minutum ITS1 rDNA copies over time,
corroborating three decades of local plankton data that have documented an increasing trend in the
species cell abundance. By comparison, paleogenetic data of the dinoflagellate Scrippsiella
donghaienis did not show a coherent trend between the cores studied, supporting the hypothesis of
the existence of a species-specific dynamic of A. minutum in the study area. This work contributes to
the development of paleoecological research, further showing its potential for biogeographical,
ecological and evolutionary studies on marine microbes.

Keywords: paleoecology, ancient DNA, real-time PCR, Harmful Algal Blooms (HAB), dinoflagellates,
coastal ecology.
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1. Introduction

Marine sediments are important resources for paleobiologists as they represent a valuable archive of
past environmental communities. The resting stages of plankton, diatom frustules and spores,
dinoflagellate cysts, foraminifera shells, and micro- and meso-zooplankton (rotifers, copepods,
cladocerans, ciliates), as well as molecules such as sterols and pigments, can be accumulated and
preserved in sediments. Their examination combined with a chronological analysis can provide
ecological and environmental information about past communities (Liu et al., 2013; Ellegaard et al.,
2013b). Benthic resting stages are derived from the rapid response of planktonic stages to
unfavorable environmental conditions and are part of the life cycle of species. They are known to be
powerful tracers of habitat changes because of their good preservation in sediment (Ellegaard et al.,
2013a). In particular, phytoplankton resting stages have been widely used to reconstruct past
environmental changes in temperature (de Vernal et al., 2005; Durantou et al., 2012; Weckstrom et
al., 2006), salinity (Laird et al., 1996; Verleye et al., 2009; Mertens et al., 2012), productivity (Mertens
et al., 2009; Pospelova et al., 2015), and eutrophication (Ellegaard et al., 2006; Zonneveld et al.,
2012). Cultures derived from revived phytoplankton resting stages have been used to investigate the
impact of environmental changes on the physiological performance of species (e.g. the dinoflagellate
Pentapharsodinium dalei) in Koljo Fjord, Sweden (Ribeiro et al., 2013), or the genetic structure and
diversity of populations of diatoms (Skeletonema marinoi) revived from sediments of Mariager Fjord,
Denmark (Harnstrom et al., 2011).

The analysis of ancient DNA (aDNA) recovered from marine sediments is a complementary approach
to the study of other biological remains in sediments that shows great potential. Several recent
studies have demonstrated that plankton aDNA can be recovered from lacustrine and marine
sediments, from the Holocene to the Pleistocene (Coolen and Overmann 2007; Boere et al., 2011)
and up to the Miocene (Panieri et al., 2010). Most of the DNA stored in marine sediments is believed
to be extracellular, as it is protected from nuclease degradation by adsorbing to mineral and organic
matrices (Pietramellara et al., 2009), but DNA may also originate from resting stages (Godhe et al.,
2002; Erdner et al., 2010). Whatever its origin, this aDNA could be exploitable to study plankton
ecological patterns over relatively long-term periods.

The long-term dynamics of marine protist species are usually deduced from multiannual time series,
generally obtained from regular spatial-temporal coastal surveys carried out within the framework of
monitoring network activities (e.g. Shuler et al., 2012; Hernandez-Fariias et al., 2014). Long-term
series generally focus on potentially toxic species, such as Alexandrium spp. (e.g. Touzet et al., 2011;
Abdenadher et al., 2012; Martin et al., 2014; Anderson et al., 2014; Bazzoni et al., 2015). However,

most of these historical datasets are relatively short, covering only a few decades (<50 years), and
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are compromised by the limitations of identifying plankton species in routine optical microscopic
analyses. Early information on past communities and species before the implementation of
monitoring networks is therefore lacking. Paleoecological data could be an alternative to fill the gaps
in the historical information about long-term protist community trends. Previous paleoecological
analyses have shown multidecadal shifts and trends for diatom (Lundholm et al., 2010) and
dinoflagellate species (Ribeiro et al., 2011), as well as for plankton communities (Mousing et al.,
2013) using fossilized remains. aDNA has also been used to describe plankton succession dynamics
(e.g. Bissett et al., 2005; Epp et al., 2010; Theroux et al., 2010; Stoof-Leichsenring et al., 2012, and
Lejzerowicz et al., 2013 in old sediment (up to 32 000 years)) and to investigate the response of
paleo-planktonic communities to past environmental changes (Coolen et al., 2013; Hou et al., 2014).
Alexandrium minutum is a cyst-forming dinoflagellate (Alveolata), responsible for several Harmful
Algal Blooms (HAB) associated with toxin production causing Paralytic Shellfish Poisoning (PSP). Since
its first detection in Alexandria harbor, Egypt (Halim 1960), this species has been detected in several
areas: southern Australia (Hallegraeff et al., 1988), Ireland (Gross 1989), northern France (Belin
1993), the Mediterranean (Honsell 1993), Spain (Franco et al., 1994), the North Sea (Nehring 1998;
Elbrachter 1999; Hansen et al., 2003), Taiwan (Hwang et al., 2000), New Zealand (Chang et al., 1999),
Sweden (Persson et al., 2000), India (Godhe et al.,, 2001) and Malaysia (Usup et al., 2002).
Alexandrium minutum is officially listed as an invasive species in Europe (http://www.europe-
aliens.org) and is considered cryptogenic as its geographical origin is unknown (Gémez 2008;
Katsanevakis et al., 2014). Phylogeographic analyses by Lilly et al., (2005) and McCauley et al., (2009)
have shown that A. minutum populations can be clearly differentiated into two major clades: the
global clade (containing samples from Europe and Australia) and the Pacific clade (containing
samples from New Zealand and Taiwan). Yet, it remains quite challenging to determine whether
recent A. minutum populations were introduced through natural or human-assisted pathways. In the
Bay of Brest (Brittany, France), A. minutum has been detected since 1990 by the monitoring network
REPHY (REseau de surveillance et d’observation du PHYtoplankton et des PHYcotoxines)
(http://envlit.ifremer.fr/surveillance/phytoplancton_phycotoxines/presentation) but its abundance
was rather low (<2000 cells L) until recent years when it increased significantly in the area. In July
2012, it reached a record concentration of around 42 million cells L2, This exceptional bloom induced
a cascading effect: toxin accumulation in shellfish, closure of aquaculture activities and economic
losses, leading to the Bay of Brest being classified as a new high-risk zone for toxic blooms of A.
minutum (Chapelle et al., 2015).

The objective of this work was to contribute to studies on marine microbial paleoecology and long-

term dynamics of HAB dinoflagellate species by collecting historical information on A. minutum in the
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Bay of Brest. More specifically, cyst germination experiments were used to detect the viability of the
species in ancient sediments and a newly-developed real-time PCR (Polymerase Chain Reaction)
assay on aDNA was employed to try to reconstruct the multidecadal dynamic of the species in the
area. In order to evaluate the specificity of the A. minutum ecological pattern, paleogenetic data
obtained for Scrippsiella donghaienis were analyzed, as an example of a different, non-toxic, cyst-
forming dinoflagellate species of this area. In parallel, plankton-monitoring data collected since 1990
in the Bay of Brest were analyzed in order to verify whether the dynamic of A. minutum in the water
column were consistent with the results obtained by paleogenetic data during the overlapping period

of the two data series.

2. Materials and methods

2.1. Study sites and phytoplankton monitoring
The Elorn and Daoulas estuaries are located in the Bay of Brest (Brittany, North Atlantic, north-west
coast of France). They are both situated near areas of intensive agriculture, domestic waste and
industrial discharges, which all contribute to the substantial nutrient supply of these estuaries. Since
1950, coastal ecosystems of the bay have experienced a large increase in their nutrient supply
caused by the development of anthropogenic activities. More recently, the ban on washing powders
containing orthophosphates has resulted in a decrease in the phosphorous supply leading to a
significant imbalance in the N/P ratio (Guillaud and Bouriel 2007). This environmental change has
been associated with variations in phytoplankton communities over time, such as an increase in
phytoplankton biomass and in the intensity and frequency of HABs (Guillaud and Bouriel 2007). The
REPHY monitoring network has been recording occurrences of phytoplankton species in French
coastal ecosystems since 1984. In the Bay of Brest, monitoring is carried out at three sampling
stations: Le Passage in the Elorn River estuary, from 1990 to 2004 and then from 2012 to date,
Lanveoc, from 1993 to date, and Daoulas, which became the third spot point in the area after the
impressive toxic bloom event of A. minutum in July 2012 (42 x 10° cells L) (Figure 1). This last station
is monitored during the summer period only (May-August), which corresponds to the highest
productivity period when toxic blooms are most likely to occur. Fortnightly analyses of lugol-fixed
samples are carried out using light microscopy. The estimations of A. minutum abundance are
performed at a specific level, sometimes only during the occurrence of species blooms or high-risk
periods. The abundance of non-toxic species is not monitored regularly at all stations and sometimes
not at the species level. This is the case for the taxon Scrippsiella spp., which, in the case of REPHY
monitoring, can include species of other dinoflagellate genera (Ensiculifera, Pentapharsodinium,

Bysmatrum) that cannot be distinguished in routine light microscopy analyses by phytoplankton
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observers. In this study, only samples with non-zero values corresponding to abundances > 100 cells
LY, which is the threshold abundance limit of species detection in the REPHY phytoplankton analysis

procedures, were considered and analyzed.
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Figure 26. Map of the Bay of Brest with the core sampling sites (Elorn Estuary: EE; Daoulas Estuary: DE), and the
monitored plankton stations (Le Passage, Daoulas, Lanveoc).

2.2. Core sampling and processing
Sediment cores were collected on 11" December 2012 at station EE of the Elorn River Estuary
(48°23'46.79”’N 4°23'2.01”’W), and on 215 May 2014 at station DE (48°20°46.6”’N 4°17°41.20”W) of
the Daoulas Estuary (Figure 26). The sampling sites were selected on the basis of their suitable
environmental characteristics for paleoecological analysis (calm hydrodynamics favorable for regular
sedimentation (Rawlence et al., 2014)) and their proximity to the REPHY stations. Three cores were
collected at station EE for genetic (31 cm) germination (25 cm) and dating (29 cm) analyses,
respectively. Two cores were collected at DE, one (58 cm) for genetic and dating analyses and the
other (59 cm) for cyst germination experiments. Visual inspection revealed no differences in the
structure of the cores from the same sampling site. The EE cores were collected by divers at 12 m
depth using hand-driven transparent Plexiglas tubes, 9.5 cm in diameter and 60 cm in length. The DE

cores were collected at 3 m depth with a corer released from the boat. Immediately after sampling,
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the sediment cores were delicately extruded from the Plexiglas tubes and then sliced into 1-cm
layers. Sterile new equipment was used to slice each layer sample. For DNA and cyst germination
analyses, to avoid contamination by smearing between the layers during the core extraction, only the
inner part of each slice was sampled, using sterile 6-cm-diameter Petri dishes. The sediment samples
for genetic analyses (about 10 g) were preserved in plastic 50-mL cryotubes. The tubes were frozen in
liquid nitrogen and then stored in a -80°C freezer until further analyses. The sediment samples for
cyst germination were collected in 50-mL tubes and stored in the dark at 4°C. Finally, sediment

aliquots for dating were stored in plastic bags until radionuclide analyses.

2.3. 210Pb and 137Cs dating
The chronological framework of the sediment cores was determined based on °Pb,s and *’Cs as
previously performed in Schmidt et al., (2007) and Andresen et al., (2014). #°Pb (T12=22.3 years) is a
naturally occurring radionuclide delivered continuously to the landscape by atmospheric fallouts
(Saari et al., 2010). This atmospherically-derived 2!°Pb, readily scavenged by sediment, is referred to
as 2%Pb in excess (*1°Pbys) of that found within particles due to the decay of its parent isotope, 2*°Ra.
On the contrary, *¥’Cs (T1/2 = 30 years) is an artificial radionuclide: its occurrence in the environment
is primarily the result of the nuclear weapon test fallout in the early sixties and the Chernobyl
accident in Europe in 1986 of well-known pulse inputs (Avsar et al., 2015). In the laboratory, water
content was determined by weighing the sediment samples before and after freeze drying, and Dry
Bulk Density (DBD) was subsequently calculated, assuming a mineral density of 2.65 g cm™. Following
this procedure, 2'°Pb, ??°Ra and **’Cs activities were measured using a very low background, high-
efficiency, well-shaped ydetector equipped with a Cryo-Cycle (CANBERRA, Meriden, USA) (Schmidt
and de Deckker 2015). The y detector was calibrated using certified reference materials from IAEA
(RGU-1; RGTh; SOIL-6). Activities were expressed in mBq g and errors were based on 1 SD counting
statistics. Excess 21°Pb (?1°Pb,s) activities were calculated by subtracting the activity supported by its

parent isotope, 2°Ra, from the total 2'°Pb activity in the sediment.

2.4. Cystgermination experiments and strain identification
Cyst germination experiments were performed similarly to previous paleoecological studies on
diatoms (Harnstrom et al., 2011) and dinoflagellates (Miyazono et al., 2012). Sediment samples (~5
cm?) were added to filtered seawater and placed in an ultrasonic bath for 6 min to separate
dinoflagellate cysts from inorganic particles. The sediments were sieved with filtered seawater

through a 100-um onto a 20-um sieve to separate the sediment size fraction containing the majority
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of dinoflagellate cysts. Different media (F/2, site-specific seawater, K, K/2) and temperature (16 and
18°C) conditions were tested to optimize cyst germination. Irradiance (60 umol photons m2 s) and
photoperiod (12 h:12 h) were kept constant during this optimization. Finally, the combination of 16°C
and K medium (Keller et al., 1987) was retained. A few drops of the 20-100 um fraction were
distributed onto a 12-well plastic plate containing K medium (2 mL per well). The plates were placed
in a culture room at 16°C, under an irradiance of 60 umol photons m2 st and a light:dark cycle of 12
h:12 h. The plates were examined for vegetative cell germination once to three times per week using
an inverted microscope (Zeiss Axiovert 135). Alexandrium minutum cells were identified by light
microscopy, but we failed to establish monoclonal strains in culture. For Scrippsiella spp., clonal
cultures were established from different sediment layers of both the EE and DE cores. A total of 65
strains of Scrippsiella spp. were finally obtained from 12 and 6 sediment layers of the EE and DE
cores, respectively. The cultured strains were identified genetically. DNA was extracted from the
strain cultures using the DNeasy plant mini kit (QIAGEN, Disseldorf, Germany) following the
manufacturer’s instructions. The LSU rDNA region was amplified by PCR using dinoflagellate-specific
primers (Ldino6, Ldinol) from Probert et al., (2014) and the following PCR program: 35 cycles
composed of an initial denaturation at 95°C for 2 min, a denaturation at 95°C for 30 sec, a
hybridization at 56°C for 30 sec, an elongation at 72°C for 1 min and a final elongation at 72°C for 5
min. After purification by the QlAquick PCR purification kit (QIAGEN, Diisseldorf, Germany), the PCR
products were sent to GATC Biotech (http://www.gatcbiotech.com/en/products/sanger-services) for
Sanger sequencing. All sequences were deposited in GenBank and 32 strain cultures (the remaining
33 strains were lost) are available at the Roscoff Culture Collection (RCC: http://roscoff-culture-

collection.org/).

2.5. Genetic analyses of sediment samples

2.5.1. DNA extraction and quantification
Genetic analyses were carried out considering the specific precautions that should be taken when
working with aDNA in order to avoid cross-contamination between samples and contamination with
modern DNA (Gilbert et al., 2005). Total DNA was extracted from 5-7 g of sediment material from
each layer of the EE (31 samples) and the DE (58 samples) cores, using the PowerMax soil isolation kit
(Mobio Laboratories Inc., Carlsbad, California, USA), following the manufacturer’s instructions. DNA
extracts were immediately stored at -80°C. DNA samples were quantified by absorbance
measurements using a Take3 trio microplate reader (BioTek, Winooski, Vermont, USA) on 3 puL of
DNA extract, and sterile water was used as a blank. DNA quality was checked by the 260/280 nm

ratio to ensure that no contamination by proteins or other components had occurred during DNA

87


http://www.gatcbiotech.com/en/products/sanger-services
http://roscoff-culture-collection.org/
http://roscoff-culture-collection.org/

CHAPTER 2.

extraction. For DNA concentration analyses, in order to determine whether a significant change had
occurred in DNA concentrations and, if so, to estimate the change-point in DNA concentration across
the sediment core layers, the Change-Point-Method (CPM) was applied on the total DNA
concentration data along the DE and EE cores. This test is generally used to detect changes in the

mean value in a data series (Taylor 2000).

2.5.2. Primer design and specificity
Specific primers for the amplification of Alexandrium minutum (synonym of Alexandrium lusitanicum)
from genomic rDNA samples are available in the literature (Penna et al., 2010) but they generate
longer amplicons (> 150 bp) than required (50-150 bp) for optimal real-time PCR efficiency. To
optimize amplification success in aDNA, the use of short amplicons (ca. 100 bp) is recommended
(Coolen et al., 2013). Therefore, new primer sets for specific real-time PCR targeting the ITS1
(Internal Transcribed Spacer 1) rDNA region were designed for the two target species in this study, A.
minutum and S. donghaienis. Scrippsiella donghaienis was chosen as the second target species in the
light of the successful germination analyses in old sediments and given its monophyletic separation
in ITS topologies within the genus Scrippsiella (Gu et al., 2008), which enables a better specific primer
design. Its presence in northern European waters (i.e. Sweden) (Gu et al., 2008) makes S. donghaienis
an interesting model to compare with potential invasive species in the North Atlantic. A total of 176
ITS rDNA sequences of A. minutum and other Alexandrium species and a total of 59 ITS rDNA
sequences of S. donghaienis and other Scrippsiella species were downloaded from GenBank and
aligned using Bioedit software (version 7.0.9.0). The primer sets were designed to target a fragment
of 100-110 bp (using Primer3 software (http://primer3.wi.mit.edu/, Rozen and Skaletsk 2000)) (Table
1). The primers were analyzed for self/hetero-complementarities and secondary structure using
OligoAnalyzer 3.1 software (http://eu.idtdna.com/calc/analyzer). Primer specificity was checked 1) in
silico, by visual inspection of an alignment of ITS sequences, 2) in silico, using the Primer Blast tool
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and 3) in the laboratory, by conventional PCR
using DNA from positive (A. minutum (3 strains) and S. donghaienis (14 strains)) and negative (9
dinoflagellate species for a total of 27 strains) controls (see Supplementary Tables 2.1-4). The PCR
mixture was identical for the two species except for the concentrations of the reverse and forward
primers: 0.3 uM for A. minutum and 0.5 uM for S. donghaienis, 1.25 u of GoTaq Polymerase, 2 mM of
MgCl,, 0.2 mM of dNTPs, 1X of GoTaq Flexi buffer, 2 uL of DNA template and sterile water. The PCR
conditions for A. minutum were as follows: an initial denaturation step at 95°C for 2 min, 35 cycles at
95°C for 30 sec, 62°C for 30 sec, 72°C for 30 sec and a final elongation step at 72°C for 2 min. For S.

donghaienis, the cycling program consisted of an initial denaturation step at 95°C for 5 min, 35 cycles
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at 95°C for 1 sec, 61°C for 45 sec, 72°C for 1 min and a final elongation step at 72°C for 7 min. The
PCR products were loaded onto 1.5% agarose gel to confirm the presence of fragments of the
expected length (100 bp for A. minutum and 110 bp for S. donghaienis) and the absence of non-

specific bands.

Table 1. Primer sets designed to target the ITS1 rDNA region of Alexandrium minutum and Scrippsiella
donghaienis by the different PCR amplification methods.

Primer sequences

Target Genetic PCR Primer Amplicon size
Forward (5’-3’)

species region method sets (bp)
Reverse (5’-3’)

Alexandrium ITS1 R.eal- Am_AS8F TGAGCTGTGGTGGGGTTCC 100
minutum fme Am_148 R GGTCATCAACACAGCAGCA

Alexandrium Semi- Am_55F TGGTGGGGTTCCTAGGCT

minutum 1 nested Am_148 R GGTCATCAACACAGCAGCA %3
Scrippsiella Real- SD_357F TATTCTGGCAACACCTTCCAC

donghaienis It time SD_468R AGATGCTTAGCAAGTTGAGCG HO

2.5.3. ITS1rDNA cloning and standard curve construction
ITS1 rDNA PCR products of Alexandrium minutum (strain RCC 1490) and Scrippsiella donghaienis (RCC
3047) were cloned separately into plasmids (pCR 4), then chemically transformed into Escherichia coli
using a TOPO TA cloning kit (Invitrogen, Cralsbad, CA, USA) following the manufacturer’s instructions.
Several clones were obtained but only one clone of each species was retained for analysis. Plasmid
DNA was isolated using the NucleoSpin Plasmid/Plasmid (NoLid) (MACHERY-NAGEL, Diren, Germany)
then linearized with a restriction enzyme “Not I”. The plasmid was checked on a 1% agarose gel.
Standard curves for real-time PCR (serially diluted plasmids containing the ITS1 rDNA fragment of A.
minutum or S. donghaienis) were constructed from the linearized plasmid DNA previously isolated.
Plasmid DNA concentration was measured using a Quant-iT PicoGreen dsDNA quantification kit
(Invitrogen, Cralsbad, CA, USA) and an FLX 80 fluorescence reader (BioTek, Winooski, VT, USA)
according to the manufacturer’s instructions. Quantification was performed using lambda DNA
standards provided in the kit ranging from 2.5 to 1000 pg uL?. Plasmid concentration (ng pL?) was
converted into (copy number pL?) according to the following equation: Number of copies per
microlitre = (DNA concentration (ng uL™) / [660 x (plasmid size + insert size) x 10° (ng mol?)]) x 6.022
x 102 (molecules). For each target species, a standard curve was constructed with 10-fold serial
dilutions of the linearized plasmid containing the ITS1 rDNA sequence of the species. Standard curves

ranged from 10°to 10 copies uL™ for A. minutum and from 10°to 10 copies pL* for S. donghaienis.
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2.5.4. Real-time PCR
Real-time PCR reactions were performed using the iTaq Universal SYBR Green supermix kit (Bio-Rad,
Hercules, California, USA) in a final volume of 20 uL. For A. minutum detection, the reaction mixture
was composed of 10 pL of SYBR Green supermix (1X) containing (dNTPs, iTag DNA polymerase,
MgCl,, SYBR Green 1), 0.3 uM of the forward primer (Am_48F), 0.2 uM of the reverse primer
(Am_148R), sterile water and 2 pL of sample DNA template (variable concentration between 2.42
and 34.30 ng pL?). The experiments were conducted in 96-well plates containing the standard curve
dilutions in duplicate, the target samples and the negative controls composed of water instead of
DNA that were both analyzed in triplicate. The plates were loaded onto a Stratagene Mxpro3000P
(Agilent Technologies, Santa Clara, CA, USA) thermal cycler with the following cycling conditions: 1
cycle at 95°C for 5 min followed by 40 cycles at 95°C for 5 sec and 62°C for 30 sec. A melting curve
analysis was added at the end of each run to ensure specific A. minutum amplification. The optimal
annealing temperature of 62°C was initially determined in conventional PCR. To determine the
optimal primer concentration, 9 different combinations (forward/reverse), ranging from 0.1 uM to
0.3 puM, were tested on 3 dilutions of the standard curve (10°%, 103, 10 copies pL?). The primer
combination that yielded the lowest threshold cycle value (Ct) and maximum real-time efficiency
(Am_48F; 0.3 uM, Am_148R; 0.2 uM) was retained for further analysis. The real-time PCR mixture for
S. donghaienis detection was identical, except for the primer concentrations; 0.2 uM for the forward
and reverse primer (SD_357F /SD_468R). The annealing temperature was determined at 61°C. The
cycling conditions were: 1 cycle at 95°C for 5 min followed by 40 cycles at 95°C for 30 sec, 61°C for 30
sec and 72°C for 30 sec, and a final cycle at 95°C for 1 min followed by a melting curve analysis. The
reaction efficiency was estimated by the equation E= 10 /?-1, where b is the slope of the standard
curve. DNA amplifications of target species were considered positive if more than one out of the
three replicates tested per sample was positive. The Limit Of Quantification (LOQ) was set at 10
copies per real-time PCR well, which was the smallest quantity of linear plasmid DNA of the standard
curves for each real-time PCR assay. Concentrations of A. minutum or S. donghaienis in each
sediment layer were expressed (assuming a 100% DNA extraction efficiency) in terms of copy
number per gram of wet sediment, using the following formula: Copy number g™= copy number pLx

DNA extraction volume (pL)/sediment wet weight (g).

2.5.5. Sanger sequencing of Alexandrium minutum amplicons from sediment layers
In order to confirm the presence of A. minutum in sediment layers for which the real-time PCR
amplifications were below the LOQ, amplicons resulting from a semi-nested PCR amplification of the

DNA extract of the corresponding sediment layers were sequenced. The semi-nested PCR assays
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were carried out only for A. minutum as this was the major target species of our study. After the first
amplification using designed primers for real-time PCR (Am_48F/Am_148R) (100 bp), 2 pL of the
amplified material was used for the second PCR round performed with a new forward primer
(Am_55F) and the same reverse primer (Am_148R) of the first PCR step (Table 1). Both PCR reaction
mixtures were carried out in a final volume of 20 uL, using 2 uL of DNA template, 1X of GoTaq Flexi
buffer, 2 mM of MgCl;, 0.2 mM of dNTP, 0.5 mM of each primer, 1.25 u of GoTaq polymerase
(Promega) and sterile water. The PCR were performed in a PeqStar (OZYME, Montigny-Le-
Bretonneux, France) thermocycler with the following conditions: 1 cycle at 95°C for 2 min followed
by 30 cycles at 95°C for 30 sec, 61°C for 30 sec, 72°C for 30 sec and a final cycle at 72°C for 2 min. PCR
products were purified using the Nucleospin Gel PCR clean-up kit (MACHERY-NAGEL, Diren,
Germany) following the manufacturer’s instructions, checked on an agarose gel. This semi-nested
PCR procedure yielded an amplicon of 93 bp and a sufficient A. minutum DNA concentration for
Sanger sequencing. Amplification products were sent to GATC Biotech
(http://www.gatcbiotech.com/en/products/sanger-services/, Germany) for sequencing. The resulting
sequences were identified by BLAST (Basic Local Alignment Search Tool) and aligned in Bioedit with
other A. minutum ITS1 rDNA sequences available in GenBank

(http://www.ncbi.nlm.nih.gov/genbank/) (Table 2).

Table 2. Alexandrium minutum semi-nested PCR sequences obtained from DE and EE cores with their
respective ITS1 rDNA semi-nested sequences.

Species Core  Sediment Sediment Semi-nested sequences (5'-3')

ID layers layer

(cm) dating

A. minutum DE 24 1972+ 2 ATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 25 1970t 2 GGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 31 1955+3 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 33 1950+ 3 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 41 1931 +4 ATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 42 1928 £4 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 53 18935 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 54 18895 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 57 1873t 6 GGCATGGCTTGCTTCTGCAAGCGCTTTCATG
A. minutum EE 11 1991 +1 CATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 13 1986+ 1 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 17 1978 £ 2 GCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 25 1958 £ 2 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 31 1939+2 GGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
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2.5.6. Statistical analyses on data series
In order to depict trends in the abundance of target species, the moving averages of real-time PCR
data (copy number g* sediment) were calculated. This method is usually used to calculate long-term
trends or cycles from time series data, smoothing out short-term fluctuations in a dataset, and has
been used in paleoecological studies (e.g. Yu and Berglund 2007). The moving average of the A.
minutum and S. donghaienis genetic data series (copy nhumber g sediment) was calculated with a
three-sample interval, meaning that an averaged value of the copy number g was calculated for
every three consecutive data (e.g. average of layers (1,2,3), average of layers: (2,3,4), etc.). These
averaged values were used to produce the curves in Figure 3 representing the trend of the
guantitative genetic data obtained for our studied species in the sediment samples. In addition, the
Mann-Kendall trend test was performed on the real-time PCR data (copy number g sediment) and
the plankton data (cells L) across the overlapping periods of the series (from 1989-2014) to detect
statistically significant trends. The test was applied using the Kendall package in R software version
3.2.3 (R Core Team, 2015). The Mann-Kendall trend test is a non-parametric test for monotonic
trends, which is typically used to detect whether there is a significant increasing or decreasing trend
in a time series (Yue et al., 2002). In this test, the initial assumption is the null hypothesis (H0), which
assumes that there is no trend in the data series over time. The alternative hypothesis (H;) is that
there is a significant trend (increasing or decreasing) over time. The significance level of the test was
set at a = 0.05. If the p value < 0.05, the HO is rejected, meaning that there is a significant trend in the
time series. Kendall’s tau (1) is a value between -1 and 1 that indicates the direction of the trend over

time. An increasing trend is indicated by t >0 and a decreasing one by 1 <0.

3. Results

3.1. Sediment chronology
In the DE core, 21°Pb in excess activity ranged from 45 mBq g* in the uppermost sediment layers to
<1 mBq gtat 58 cm (Figure 27). There was a general trend of an exponential decrease in 2°Pb,, as
expected due to the decay of the unsupported ?2°Pb. The #1°Pb,s profile in the EE core showed the
same trend: due to the shorter length of the sediment core, levels in which #°Pb,s became negligible
were not reached. In both cores, the #°Pb,s decrease presented some irregularities. This could be
related to temporary changes in sedimentation intensity, which justified the use of the CSR (constant
rate of supply) model for dating (Figure 27). The 31 cm-long EE core encompassed the last 72 years
(from 1939 + 2 to 2011 * 1), whereas the DE core covered > 100 years (from 1866 + 7 to 2013 + 1).
The sedimentary profile of ¥’Cs in the two cores presented the expected shape with two peaks

(nuclear weapon test fallout and Chernobyl) in the deepest layers. In the DE core, ¥’Cs disappeared
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rapidly to negligible levels below the deepest peak. The EE core was too short to evaluate *’Cs
disappearance; however, the expected peak of the second atmospheric fallout was observed. In
general, the sedimentary ¥’Cs peaks in the two cores mimicked the atmospheric fallout rather well,

validating the #°Pb chronology (Figure 27).
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Figure 27. 21°Pby, profile (A), ages of sedimentary layers, based on CSR model (B) and *’Cs profile (C) with
depth along the cores in the Elorn (EE, upper panel) and Daoulas (DE, lower panel) estuaries.

3.2. Germination experiments
Successful germinations were observed in both EE and DE cores (Table 3). Germinated cells belonged
primarily to dinoflagellates (up to 17 cm (1978 + 2) for EE and 20 cm (1981 + 2) for DE) and diatoms
(up to 11 cm (1991 + 1) for EE and 13 cm (1995 + 2) for DE). For the EE core, S. donghaienis
germinated predominantly along the core up to 17 cm (1978 * 2) while cells of A. minutum were
observed up to 7 cm (1999 + 1). For DE, S. donghaienis cells were observed up to 20 cm (1981 + 2)
and A. minutum was detected up to 13 cm (1995 + 2) (see dotted line in Figure 28). Germinated
diatom species belonged to Skeletonema spp., Chaetoceros spp., Thalassiosira spp., Nitzschia spp.,

Lithodesmium spp., Paralia spp., and Asteromphalus spp. Other autotrophic (Peridinium
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quinquecorne, Gymnodinium spp.) and heterotrophic (Protoperidinium spp.) dinoflagellates were

recorded along the two cores.

Table 3. Scrippsiella spp. strains obtained from the Elorn Estuary (EE) and Daoulas Estuary (DE) dated sediment
layers with their respective Genbank accession number and Roscoff culture collection (RCC) number.

Species Strain ID Core sediment Sediment GenBank accession RCCID
layer (cm) layer dating  number

S. donghaienis IFR-SDO-Sc34  EE2 20101 KX009607 4711
S. donghaienis IFR-SDO-Sc35 EE2 2010+1 KX009606 4712
S. donghaienis IFR-SDO-Sc38  EE4 2006+ 1 KX009603 4713
S. donghaienis IFR-SDO-Sc39 EE4 2006 +1 KX009602 4714
S. donghaienis IFR-SDO-Sc40  EE4 2006+ 1 KX009601 -

S. donghaienis IFR-SDO-Sc22  EE9 1995+ 1 KX009619 -

S. donghaienis IFR-SDO-Sc23  EE9 1995+ 1 KX009618 -

S. donghaienis IFR-SDO-Sc24  EE9 1995+ 1 KX009617 4715
S. donghaienis IFR-SDO-Sc25 EE9 1995+1 KX009616 4716
S. donghaienis IFR-SDO-Sc26  EE9 1995+1 KX009615 -

S. donghaienis IFR-SDO-Sc51 EE10 1993 +1 KX009592 4717
S. donghaienis IFR-SDO-Sc53  EE10 1993+1 KX009591 4718
S. donghaienis IFR-SDO-Sc54  EE10 1993+1 KX009590 -

S. donghaienis IFR-SDO-Sc1 EE11 1991+1 KX009637 -

S. donghaienis IFR-SDO-Sc2 EE11 1991+1 KX009636 4733
S. donghaienis IFR-SDO-Sc3 EE11 1991+1 KX009635 -

S. donghaienis IFR-SDO-Sc4 EE11 1991+1 KX009634 -

S. donghaienis IFR-SDO-Sc5 EE11 1991+1 KX009638 -

S. donghaienis IFR-SDO-Sc6 EE11 1991+1 KX009639 -

S. donghaienis IFR-SDO-Sc7 EE11 1991+1 KX009640 -

S. donghaienis IFR-SDO-Sc55  EE12 1989+ 2 KX009589 -

S. donghaienis IFR-SDO-Sc57  EE12 1989+ 2 KX009588 -

S. donghaienis IFR-SDO-Sc8 EE13 1986 + 2 KX009633 -

S. donghaienis IFR-SDO-Sc9 EE13 1986+ 2 KX009632 -

S. donghaienis IFR-SDO-Sc10  EE13 1986 + 2 KX009631 4719
S. donghaienis IFR-SDO-Sc11  EE13 1986+ 2 KX009630 -

S. donghaienis IFR-SDO-Sc12  EE13 1986+ 2 KX009629 -

S. donghaienis IFR-SDO-Sc13  EE13 1986+ 2 KX009628 4720
S. donghaienis IFR-SDO-Sc14  EE13 1986+ 2 KX009627 4721
S. donghaienis IFR-SDO-Sc15  EE13 1986+ 2 KX009626 4734
S. donghaienis IFR-SDO-Sc16  EE13 1986 + 2 KX009625 -

S. donghaienis IFR-SDO-Sc17  EE13 1986 + 2 KX009624 -

S. donghaienis IFR-SDO-Sc18  EE13 1986 + 2 KX009623 -

S. donghaienis IFR-SDO-Sc19  EE13 1986+ 2 KX009622 -

S. donghaienis IFR-SDO-Sc20  EE13 1986+ 2 KX009621 4722
S. donghaienis IFR-SDO-Sc21  EE13 1986+ 2 KX009620 -

S. donghaienis IFR-SDO-Sc58 EE14 1984 +2 KX009587 4730
S. donghaienis IFR-SDO-Sc59  EE14 1984 +2 KX009586 -

S. donghaienis IFR-SDO-Sc60  EE14 1984+ 2 KX009585 4731
S. donghaienis IFR-SDO-Sc61  EE14 1984+ 2 KX009584 -

S. donghaienis IFR-SDO-Sc27  EE17 1978 +2 KX009614 4723
S. donghaienis IFR-SDO-Sc28 EE17 1978+ 2 KX009613 4724
S. donghaienis IFR-SDO-Sc29 EE17 1978+ 2 KX009612 4725
S. donghaienis IFR-SDO-Sc30 EE17 1978 £+ 2 KX009611 -

S. donghaienis IFR-SDO-Sc31  EE17 1978 +2 KX009610 4726
S. trochoidea IFR-STR-Sc36 EE4 2006+ 1 KX009605 -
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S. trochoidea IFR-STR-Sc37 EE4 2006+ 1 KX009604 4732
S. trochoidea IFR-STR-Sc41 EE4 2006+ 1 KX009600 -
S. trochoidea IFR-STR-Sc42 EE4 2006+ 1 KX009599 4727
S. trochoidea IFR-STR-Sc43 EE4 2006+ 1 KX009598 -
S. trochoidea IFR-STR-Sc45 EE4 20061 KX009597 4728
S. trochoidea IFR-STR-Sc32 EE5S 20031 KX009609 -
S. trochoidea IFR-STR-Sc33 EE5S 20031 KX009608 -
S. trochoidea IFR-STR-Sc46 EE6 2001 +1 KX009596 -
S. trochoidea IFR-STR-Sc47 EE6 2001 +1 KX009595 -
S. trochoidea IFR-STR-Sc48 EE8 1997 +1 KX009594 -
S. trochoidea IFR-STR-Sc49 EE8 1997 +1 KX009593 4729
S. donghaienis IFR-SDO-S5 DE17 1987 +2 KX009641 4735
S. donghaienis IFR-SDO-S8 DE19 1982 +2 KX009642 4736
S. donghaienis IFR-SDO-S7 DE20 198112 KX009643 4737
S. trochoidea IFR-STR-S2 DE10 20011 KX009644 4738
S. trochoidea IFR-STR-S3 DE13 1995+2 KX009645 4739
S. trochoidea IFR-STR-S9 DE15 1991+2 KX009646 4740
S. trochoidea IFR-STR-S4 DE17 1987 +2 KX009647 4741
S. trochoidea IFR-STR-S6 DE17 1987+ 2 KX009648 4742

3.3. Molecular analyses
Total DNA concentrations extracted from the sediments ranged from 2.42 to 34.30 ng pL* for EE and
from 3.46 to 26.70 ng pL?! for DE. According to the 260/280 nm ratios, the DNA extracts were of
sufficient yield and purity to conduct amplification analyses. A decreasing trend in total DNA
concentration was observed from the top to the bottom of both EE and DE cores (see Supplementary
Figure 2.1), with higher concentrations found in the first sediment layers of both cores. At 9 cm
(10.84 ng puL?) for EE and 11 cm (16.73 ng uL?) for DE, the CPM method identified the change in the
DNA concentration slope, from a decreasing to a steady trend. For real-time PCR tests, good linear
relationships were found between the threshold cycle (Ct) and the initial number of copies (0.998 >
RZ> 0.999). The reaction efficiencies ranged from 95 to 99% for A. minutum and from 91.4 to 95.3%
for S. donghaienis. To ensure specific amplifications, the melting temperature values (Tm) were
systematically checked by analyzing the melting curves. For the A. minutum assay, the standard curve
samples as well as the positive samples showed a specific peak at Tm = 83.05 + 0.5°C (see
Supplementary Figure 2.2). In the case of S. donghaienis, the melting curve peak was observed at Tm
= 82.9 + 0.5°C. Copy numbers <LOQ (= 10 copies/well) for both A. minutum and S. donghaienis were
observed in some deep sediment layers. In these cases, the target species were considered present
in the core layers, but it was not possible to quantify their ITS rDNA copy numbers. The presence of
A. minutum in deep layers (indicated with star symbols in Figure 28) was confirmed by the

sequencing of semi-nested PCR products. Nine and five sequences of 31-45 bp were obtained for DE
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and EE core layers, respectively. The sequences were aligned with other available sequences

(Supplementary Figure 2.3) and identified as A. minutum at 100% identity (Table 2).

3.4. Multidecadal dynamics of Alexandrium minutum and Scrippsiella
donghaienis detected in sediments

Accurate DNA quantification of A. minutum ITS1 rDNA copies g sediment was obtained from the 10-
cm layer (1993 + 1) to the 1-cm layer (2011 + 1) of the EE core and from the 22-cm layer (1976 + 2) to
the 1-cm layer (2013 + 1) of the DE core (Figure 28), covering a total period of about 40 years. For
both EE and DE, in the layers from which quantitative data were obtained, an increasing trend in the
concentration of A. minutum ITS1 rDNA copies g* sediment was observed from the bottom to the
top layers. This trend was visualized by the moving average calculation (Figure 28) and statistically
confirmed over the period 1989-2014 by the Mann-Kendall test analyses (DE: T = 0.65, p value =
0.0005; EE: T = 0.911, p value = 0.0003). In particular, at EE, A. minutum ITS1 rDNA copies g*
sediment increased from the 10-cm layer (1993 * 1; 2.72 x 10% copies g* sediment) to reach a peak at
the 1-cm layer (2011 + 1; 4.96 x 107 copies g* sediment). At DE, ITS1 rDNA copy humbers were higher
than at EE. They increased from the 22-cm layer (1976 + 2; 2.49 x 10* copies g sediment), peaking at
the 1-cm layer (2013 + 1; 6.73 x 107 copies g1). ITS1 rDNA copies g* were slightly correlated with total
DNA concentrations in both cores (EE: R*= 0.51; DE: R?= 0.55), which were higher in the top than in
the bottom layers (see Supplementary Figure 2.1). In layers from which non-quantitative data were
obtained, the presence of A. minutum was detected discontinuously, being present along the cores in
5 out of 21 layers and in 9 out of 35 layers for EE and DE, respectively (star symbols in Figure 28).
These rDNA traces of A. minutum were detected even in the deep sediment layers of both analyzed
cores, corresponding to 1939 + 2 (31 cm) for EE and 1873 + 6 for DE (57 cm) (Figure 28).

For S. donghaienis, quantification of ITS1 rDNA copies g of sediment was obtained from the 27-cm
layer (1952 + 2) to the 1-cm layer (2011 + 1) for the EE core, and from the 21-cm layer (1979 % 2) to
the 1-cm layer (2013 + 1) for the DE core (Figure 28). The pattern of abundance of ITS rDNA copies
observed for S. donghaienis differed from that of A. minutum and varied across the sites studied
(Figure 28). At EE, a bimodal pattern of copy number abundance was evident. From the deepest
quantifiable 27-cm layer (1952 + 2; 5.1 x 10* copies g sediment), the first peak of abundance was
evident at the 11-cm layer (1991 + 1; 4.4 x 10° copies g sediment) and a second peak corresponding
to the highest copy number observed, was found in the top 3 cm (peak of 1.2 x 10° copies g*
sediment at 1 cm (2011 + 1)). At DE, spikes of abundance were observed at 21 cm (1979 +2; 1.1 x 10°
copies g* sediment), 13 cm (1995 + 2; 9.13 x 10* copies g* sediment) and 9 cm (2003 + 1; 1.24 x 10°

copies g sediment). From the 9-cm layer to the top layer of the DE core, a decrease in copy number
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abundance was observed (Figure 28). Over the period 1989-2014, the Mann-Kendall test showed a
significant increasing trend in EE (Tt = 0.601, p value = 0.0001), but no significant trend was detected
in DE (t = -0.295, p value = 0.0650). The pattern of copies g sediment abundance was slightly
correlated with total DNA abundance at EE (R? = 0.53), but not at DE (R?> = 0.01). Scrippsiella
donghaienis was detected up to the bottom layers of both the EE and DE cores (1939 + 2 and 1866 +
7, respectively). In the layers for which non-quantitative data were obtained, the presence of S.
donghaienis was detected in 4 out of 4 layers for the EE core and in 16 out of 37 layers for the DE

core (Figure 28).
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Scrippsiella donghaienis Daoulas Estuary (DE) Alexandrium minutum
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Figure 28. ITS1 rDNA copies g sediment for Scrippsiella donghaienis (orange) and Alexandrium minutum
(purple) estimated by real-time PCR in Daoulas (DE) and Elorn (EE) estuaries. Colored shadows indicate the
layers for which reliable ITS1 rDNA quantifications were obtained. Stars indicate the layers where the
presence of the species was detected but quantitative data were below the limit of quantification of our
real-time PCR assays. The dashed lines indicate the limit layer of respective species germination. The black
curves represent calculated moving average on the quantitative data.
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3.5. Multidecadal dynamics of Alexandrium minutum and Scrippsiella
donghaienis in the water column (plankton data)

At the Lanveoc station, A. minutum concentrations were < 7000 cells L't until 2012, reaching a peak in
July 2014 (32 800 cells L'). At the Le Passage station, regular monitoring activities started when A.
minutum was first observed in the Bay of Brest in 1990 (<100 cells L). From 1992 to 1996, no A.
minutum cells were detected at the station. From 1997, this species was regularly observed until
2003, but always at low concentrations (<2000 cells L!). Monitoring in the area stopped in 2003 and
was re-established in 2012 when a bloom of 560 000 cells L occurred on 11" July 2012. No bloom
was observed in the area in 2013 but in 2014, A. minutum concentrations reached 199 000 cells L' on
7% July. The 2012 bloom at Le Passage coincided with a bloom at the Daoulas station (42 x 10° cells L
Yon 11 July 2012), which represents the highest concentration ever recorded in the bay. Blooms of
lower intensity occurred in the following years (293 333 cells LY in 2013 and 1 052 000 cells Lt in
2014) (see Supplementary Figure 2.4). A statistically significant increasing trend in A. minutum
concentrations was depicted by our longer plankton time series at Le Passage and Lanveoc in the Bay
of Brest by the Mann-Kendall test (Lanveoc: t = 0.247, p value = 0.0001; Le Passage: t = 0.281, p value
= 0.0050). The Daoulas time series was too short (3 years) to analyze a multiannual trend, thus the
Mann-Kendall test was not applied. When qualitatively compared over the overlapping period of
analyses, the long-term data series of A. minutum obtained from our paleoecological approach (ITS1
rDNA copies g* sediment) and from the monitoring activity (plankton data Log(cells L) of Lanveoc
and Le Passage stations nicely showed a coherent increasing trend in species abundance from 1990
until 2014 (Figure 29). For Scrippsiella spp., monitoring was carried out uninterruptedly from 1987
until 2000 at Le Passage, and from 1995 to 2014 at Lanveoc. No monitoring of this taxon has ever
been performed at the Daoulas station. Lower concentrations of Scrippsiella spp. were recorded at
Lanveoc compared to Le Passage. At Lanveoc, Scrippsiella spp. abundance remained below 8300 cells
L't until 1998, when it reached 42 000 cells L. At Le Passage, Scrippsiella spp. abundance reached a
maximum of 760 000 cells L'*in 1999. Lower abundances were registered during the following years
(see Supplementary Figure 2.4). At both stations, no trend was detected by the Mann-Kendall
coefficient for this taxon (Lanveoc: T = -0.02, p value = 0.5297; Le Passage: t = -0.0125, p value =

0.6773).
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Figure 29. Comparison of paleogenetic and plankton data (REPHY) for Alexandrium minutum in the Bay of Brest
for the overlapping period of the time series (1989-2014). Copy numbers of ITS1 rDNA g sediment of the DE
(red diamonds; red scale) and EE (orange diamonds; orange scale) data series are plotted with their standard
deviation error bars (vertical bars). Horizontal bars represent error on sediment dating. All cell concentration
data > 100 cells L' gathered at the three monitoring stations (Le Passage, Lanveoc, Daoulas) are expressed in
Log(cells L) (triangles with different blue tones) during the monitored periods (horizontal colored lines).

4. Discussion
The paleoecological approach used in this study, based on paleogenetic analyses and ancient cyst
revivification, provided historical data on two target dinoflagellate species over a time scale of about
150 years. The focus was mainly on the bloom-forming, toxic species A. minutum and then
paleogenetic data obtained for the non-toxic species S. donghaienis were used to compare specific
ecological patterns. Both species were detected along dated sediment cores, even in deep sediment
layers (dating back to 1873 + 6 for A. minutum and 1866 + 7 for S. donghaienis). Their aDNA
concentrations were quantified specifically from 1952 + 2 or 1976 + 2 (depending on the species and
the cores) using a robust, newly-developed real-time PCR assay. Moreover, up to 31-34 year-old

resting cysts were successfully revived from core sediments.

100



CHAPTER 2.

4.1. Real-time PCR and cyst germination

Real-time PCR is a quantitative technique known to be highly sensitive, enabling species abundances
to be estimated accurately in different environments even when the DNA target gene copy number is
low. The advantage of real-time PCR is the fast processing of a large number of samples compared to
cell or cyst counting microscopic procedures, which are time-consuming and often biased by
taxonomic identification problems. Several studies have used real-time PCR to quantify the
abundance of a large number of toxic phytoplankton species in seawater samples: (Karenia brevis
(Gray et al., 2003); A. minutum (Touzet et al., 2009; Galluzzi et al., 2004); Alexandrium catenella
(Garneau et al., 2011); Ostreopsis cf. ovata (Perini et al., 2011); Pseudo-nitzschia spp. (Fitzpatrick et
al., 2010); and different diatoms and dinoflagellates (Godhe et al., 2008; Murray et al., 2011), as well
as in superficial sediment samples (Kamikawa et al., 2007; Erdner et al., 2010).

Real-time PCR was the most appropriate method for our paleogenetic approach, which aimed to
detect ancient genetic traces of the presence and abundance of the target species in the Bay of
Brest. Yet, when quantifying genetic material in old sediments, DNA degradation is a major issue to
be taken into account. Taphonomic processes that may occur in old sediments and the variable
preservation conditions of organic matter occurring from one ecosystem to another may influence
DNA conservation and thus its quantitative estimation (Boere et al., 2011). DNA degradation mostly
occurs in very old sediments, such as those that are of thousand years old, and can cause DNA to be
fragmented, which can significantly reduce the efficiency of PCR amplification (d’Abbadie et al.,
2007). The real-time PCR protocol applied in this study was based on a compromise between i) the
best discriminating genetic marker (ITS1 rDNA) for Scrippsiella spp. (Gu et al., 2008) and Alexandrium
spp. (John et al., 2014), ii) the appropriate length of DNA fragment for real-time PCR assays (100-150
bp) (Arya et al., 2005), and iii) the recommended analysis of short DNA fragments (~100-500 bp) in
paleogenetic studies (Coolen et al., 2013). As the DNA fragments in our samples were relatively
recent (about 150 years old) and short (about 100 bp), the degradation and fragmentation issues
should theoretically have been minimized. However, given the decreasing DNA concentrations
revealed along both sampled cores, a potential degradation of the aDNA analyzed cannot be
excluded. The real-time PCR amplifications in sediment did not target DNA exclusively from cysts or
cells, therefore the abundance estimations (copies g sediment) cannot be extrapolated in terms of
copies per cyst or copies per cell. Furthermore, there is a high inter-and intra-species variability in the
rDNA copy number of dinoflagellates. Few studies have estimated the rDNA copy number for protists
such as diatoms (61-36 896 copies cell* of 18S rDNA) and dinoflagellates (1057-12 812 copies cell of
18S rDNA) (e.g. Godhe et al., (2008)), and the only copy number estimation for A. minutum (1084 +
120.3 copies cell?) targeted the 5.8S rDNA region (Galluzi et al., 2004) and not the ITS1 rDNA region.
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In fact, it is not certain that the 5.8S and the ITS1 rDNA copy number remained locally relatively
constant over time.

Germination of A. minutum and S. donghaienis varied between sediment cores. Although real-time
PCR analyses revealed the presence of the target species in the oldest sediments, no cyst
germination was observed in sediment older than 1981 + 2 (DE core, 20-cm layer) and 1978 + 2 (EE
core, 17-cm layer). The longest cyst survival time observed in our study was 31-34 years for S.
donghaienis (EE core) and 17-19 years for A. minutum (DE core). Earlier studies have reported the
viability of different dinoflagellate and diatom resting stages after variable periods of burial in
sediments ranging from months to several decades (Lewis et al., 1999; McQuoid et al., 2002;
Mizushima and Matsuoka 2004; Ellegaard et al., 2013b), and up to 100 years (Harnstréom et al., 2011,
Lundholm et al., 2011; Ribeiro et al., 2011; Miyazono et al., 2012). Assuming that the cyst mandatory
dormancy period had passed in our samples, we consider that the unsuccessful germination in old
sediment was more likely to be related to cyst viability. Over time, in old sediments, resting stages
can undergo diagenetic processes and their survival depends on many physical and chemical
conditions in the sediment including oxygen levels, temperature, and pH (Kremp and Anderson
2000). The reconstruction of preservation conditions in old sediments over time is very difficult and it
is possible that some physical-chemical processes might have prevented cyst survival in these cores.
In addition, although different germination conditions (different media and temperature conditions)
were tested and a final optimal combination (temperature, nutrient concentration) was found and
systematically applied to all samples, it cannot be excluded that optimal germination conditions vary
across sediments of different ages. In fact, S. donghaienis and A. minutum are able to germinate over
a wide range of environmental conditions (Blanco et al., 2009; Gu et al., 2008).

Interestingly, germination of A. minutum and S. donghaienis was successful only for layers in which
aDNA quantification was possible. It can be questioned whether DNA was amplified and quantified
mainly from living stocks, represented by resting cysts, from extracellular genetic material or from
both. Most DNA in marine sediments has been shown to be extracellular (Dell’Anno and Danovaro
2005) and well preserved from microbial nuclease degradation (Corinaldesi et al., 2011), but DNA
inside the resting stages of some plankton species is generally thought to be better preserved than
extracellular DNA (Boere et al., 2011). Real-time PCR data do not distinguish between extracellular
and cyst-preserved genetic material, thus a definitive conclusion regarding the type of DNA
quantified in this study is not possible. RNA analysis might have clarified whether active or inactive
communities were identified, as explored in Capo et al., (2015) where RNA transcripts were found
only in the top 2 cm of lacustrine sediments and RNA/DNA analyses showed that genetic material in

sediments mainly represented inactive communities. However, RNA analyses and quantitative
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analyses on cysts were beyond the scope of this study. Our main goal was to obtain historical
information about the presence, abundance and viability of A. minutum and S. donghaienis in order

to depict multidecadal ecological patterns.

4.2. Historical records of Alexandrium minutum and Scrippsiella
donghaienis and multiannual dynamics

By means of this paleogenetic approach, the first traces of genetic material of A. minutum were
detected in the Bay of Brest. Starting from two different cores, it could be inferred that the species
was present in the bay considerably earlier than its first description in the Mediterranean Sea in 1960
(Halim 1960), as the first detection of the species in the DE sediment core of the Bay of Brest dated
back to 1873 + 6. Similarly, using cyst records in dated sediments, Ribeiro et al., (2011) established
that the dinoflagellate Gymnodinium catenatum had been present in the Western Iberian Peninsula
since 1889 + 10, before its first description documented in 1939 on planktonic viable material. Our
data also suggest that the presence of S. donghaienis in the Bay of Brest dated back to 1866 * 7, but
its formal description is relatively recent (Gu et al., 2008) and only a few historical and
biogeographical data are available, as the species has only been reported in Australia, Sweden and
East China (Gu et al., 2008). In fact, A. minutum and S. donghaienis could have been present in the
bay even before 1873 + 6 and 1866 + 7, respectively. The DE core was not sufficiently long to
highlight the absence of the genetic signal along a consistent number of old sediment layers.
Regarding the analyzed cores, the presence of both species was detected irregularly across layers
from which data below the limit of quantification were obtained. This could indicate some
contamination during the sampling process across the different layers. Yet, our sampling protocol
was designed to avoid direct contamination during sampling, both across different layers and with
modern DNA (using a clean device for each layer) and along the plastic tube core (collecting only the
inner part of each sediment layer). In addition, molecular manipulations in the laboratories were
performed following previously developed precautions for paleogenetic analyses to avoid cross-
contamination between samples (Anderson-Carpenter et al., 2011; Boere et al., 2011; Domaizon et
al., 2013; Gilbert et al., 2005). Moreover, similar results were obtained from two different cores,
collected and analyzed at two different periods of time. Therefore, we believe that the irregular
presence of both species across the two cores is most probably due to the presence of a very small
amount of specific genetic material rather than to sample contamination.

In order to validate the multiannual study of species dynamics, the relative species variations in
guantitative real-time PCR estimations were compared to those of the plankton time series obtained

from monitoring analyses during the overlapping periods of the data series. Previously, real-time PCR
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has rarely been applied to ancient DNA to compare long-term plankton series and only restrictively
to quantify cyanobacteria dynamics in freshwater sediments (Domaizon et al., 2013; Martinez de la
Escalera et al., 2014; Pal et al., 2015). To the best of our knowledge, this is the first paleogenetic
study carried out in monitored estuarine ecosystems addressing such a comparison between real-
time PCR and plankton monitoring data. Interestingly, the statistically significant increase in
concentrations of ITS1 rDNA copy number of A. minutum depicted from 25 year-old sediment
samples of two different cores corroborates the 24 years of plankton observations carried out at
different monitoring stations in the Bay of Brest. When compared qualitatively over the overlapping
periods (1989-2014), both the paleogenetic and plankton time data series nicely showed an
increasing trend in the concentration of the species A. minutum over time (Figure 29). This trend is
particularly evident, and statistically confirmed, from the plankton data of the Lanveoc and Le
Passage stations, which have been followed over the long term, and is also proved by the fact that
huge blooms of the species have only recently been observed and monitored in the third station of
the bay (Daoulas) (Chapelle et al., 2015). Conversely, S. donghaienis 1TS1 rDNA abundances did not
show a coherent pattern and trend between the analyzed cores, suggesting a non-homogenous
temporal pattern in the Bay of Brest for this species. The increasing concentration trend depicted for
S. donghaienis from paleogenetic data of the EE core was not confirmed by the DE core data, unlike
for A. minutum for which both the EE and DE paleogenetic data series showed an increase in species
concentration. The comparison with plankton data was not possible since S. donghaienis can only be
identified genetically (Gu et al., 2008) and monitoring data are acquired by optical microscopy
analyses, which can only identify genera. Yet, Scrippsiella spp. data do not show an increase in the
abundance of the taxon and no major bloom of any species of the genus has been registered in the
Bay of Brest to date.

Along the Brittany coasts, A. minutum has been sporadically observed since 1985, at the very
beginning of the REPHY monitoring activities. Today, its ecological success is evident in some areas.
For instance, in the Penzé estuary (Bay of Morlaix, north Brittany) this species has produced blooms
at more than 10* cells L™ every year for the last 27 years (Dia et al., 2014). On the north-western
Brittany coast (Aber-Wrac'h), blooms are regularly observed, and in the Bay of Brest, high
concentrations of the species have been reported since 2012. Our results show that A. minutum was
present in the Bay of Brest much earlier than its first detection by REPHY monitoring. On the basis of
these results, we can put forward the hypothesis that A. minutum had a long residence period before
blooming in the area. The introduction of the species, if any, may have occurred earlier than our first

detection of it (1873 £ 6). Future paleoecological reconstruction is required to answer this question
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over a longer time scale. Furthermore, it would be interesting to compare the dynamic pattern of A.
minutum with other dinoflagellate species (see Annexe 4).

Our results demonstrate that the species A. minutum has increased greatly in the Bay of Brest in
recent years. This could be due to the introduction of a new population, potentially genetically
different from original populations, or the natural evolution of the local populations, or the
adaptation of the local populations to environmental changes (natural or anthropogenic). In fact,
local ecosystem-specific constraints have contributed to shaping the population dynamic of the
species A. minutum in a shorter period of time in relatively close ecosystems (Dia et al., 2014). Since
our study was performed only at the species level and not at the population level, it is not possible to
evaluate to what extent population introduction, adaptation and evolution contributed to the
process of A. minutum development in the Bay of Brest. Future paleoecological population-based
studies could address the issue of species development over a multidecadal time scale at the
intraspecific level, contributing to a better understanding of long-term microbial species phenologies

in the marine environment.

5. Conclusions
This study innovatively associated old-cyst revivification, paleogenetic and plankton-monitoring data
to reconstruct the long-term dynamics of two target estuarine dinoflagellate species, A. minutum and
S. donghaienis. Cyst survival time varied between the target species (31-34 years for S. donghaienis
and 17-19 years for A. minutum) and, interestingly, was correlated with their quantifiable genetic
material. This finding contributes to the debate about the proportions of intracellular, cyst-protected
and extracellular DNA amplifiable from sediments. The paleogenetic data enabled the multidecadal
dynamics of the two target species to be studied over a time scale of about 150 years, with
guantitative data obtained for about the last 40 years. The most ancient genetic traces found in
these two dated core samples suggest that S. donghaienis and A. minutum have been present in the
Bay of Brest since at least 1866 + 7 and 1873 + 6, respectively. Paleogenetic data clearly showed that
A. minutum has increased in concentration in recent years, corroborating plankton data over the
overlapping period of the two different data series (1989-2014). The dynamic of A. minutum will be
compared to those of other biological communities, such as terrestrial flora (using palynological
proxies) in a multiproxy approach in order to explore the potential link between biological variables
changes and climate change (see Annexe 5). This study contributes to the development of

paleoecological research, showing that this discipline, mostly developed in lacustrine ecosystems to
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date, can be applied to marine, estuarine ecosystems, providing new perspectives for future research

on the biogeography, ecology and evolution of marine microbes.
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8. Supplementary data
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Supplementary Figure 2.1. Total DNA concentration (ng puL?) from the sediment samples of the Elorn (EE, grey)
and Daoulas (DE, black) estuaries.
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Supplementary Figure 2.2. Examples of real-time PCR output data for Alexandrium minutum. (A) Standard
curve constructed from diluted plasmid containing the ITS1 rDNA fragment of A. minutum. (B) Amplification
plots for standards. Melting curves for: (C) standards and negative control (dark green dotted line), (D) positive
and quantifiable amplifications (sediment layer: Daoulas Estuary (DE 4 and DE15)), (E) positive amplification
(sediment layer: DE33) for which the quantification was not possible (copies numbers < the Limit of
Quantification (= 10 copies)), (F) negative amplification (sediment layer: DE47).
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Supplementary Figure 2.3. Screenshot of semi-nested PCR sequences alignment (edited in Bioedit 7.0.9.0) with
3 sequences of A. minutum and 15 sequences of other Alexandrium species retrieved from GenBank
(http://www.ncbi.nlm.nih.gov/genbank) with their respective accession numbers. The sequences were

obtained from the Daoulas Estuary (DE) and Elorn Esutary (EE) cores for sediment layers (numbers = cm depth)
indicated with a star symbol in Figure 28.
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Supplementary Figure 2.4. Abundances (>100 cells L) of A. minutum and Scrippsiella spp. in the water column
at the three REPHY monitoring stations (Daoulas, Le Passage, Lanveoc) of the Bay of Brest. Grey areas indicate
the non-monitored periods.
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Supplementary Table 2.1. In silico specificity of primers used for Alexandrium minutum amplification

by real-time PCR.

Species

Primer Forward (3’-5’)

Primer Reverse (5’-3’)

A. minutum?®

A. lusitanicum® (synonym of A.
minutum)

. taylori*

. tamiyavanichi®
. tamarense®

. ostenfeldii®

. margalefi®
leei®

. insuetum’

. fraterculus’
fundyense®
affine'

. cohorticula™

. andersoni”

. catenella®

. tamutum®

>>>>>>>D>D>D>DD>D

T---GAGCTGTGGTGGGGTTCC

sk __ 3k 3k 3k sk ok ok ok ok ok ok ok %k ok ok k %k k ok

o ARRREEEXARTCCTGGTT
*GG___****CT*CAA*C**G*
*TCT-*ATGA*AT**T**GCAA
*..G*GCTG*GG*****T*CC
G-—-G*G*TG*GG***T*C*TT
A---C*GCTT*GC**---A*T*
*..G*GCTG*GG*****T*CC
—TG**CT**G*G*--*C*GT
*ATG**ATGC**G*CAACAGC
A**GAT**TG*GGGC**T*GCT
**ATG***T*C**G*CAAC*GC
*..G*GCT*AGCH******GCT

*GCT_**************CG_

*---G*GCTG*GG-****T*CC

TGCTGCTGTGTTGATGACC

3k 3k 2k 3k 3k %k 3k %k 5k >k %k >k %k %k %k %k k %k k

TGG**CCA*TTCC*TACG*
TGTATGCA****kkxThGH
T****_*******CA***T
TGC**CC*****CCCAA**
TGC**CC**TGG*GAT*GG
TGC**C*A**TGTGAA**T
TGC**C****TG*CTGA**
TGGCAA**ACAG***ACGG
C****_******A_AT*GT
TGGCAA**ACAG***ACGG
C-T**GAACAT*CA*AACT
TGC**C****TACATGA**

GenBank accession numbers

#EU707495, EU707511, EU707595, EU707513, EU707521, EU707523, EU707525, EU707549
® EU707539, DQ176667, F1823507, AY455826

°AJ251654, AM296010
9AF145224, FI668713, KP063148
¢AJ514908, AJ514907

f AM238649, AB753843,FJ011435
8AJ251208, KJ907372, JQ616827
hKF034834

iAM422769, JF521630, AB006996

IAF20824422, KI907373, KF034832

KJF521647, JF521645

'AB565485

mAF113935

"AJ3112440, HE574399
°AJ272120, FM211461, KF924270
PKF034839, AM238452
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Supplementary Table 2.2. /n silico specificity of primers used for Scrippsiella donghaienis

amplification by real-time PCR.

Species Primer Forward (3’-5’) Primer Reverse (5’-3’)

S. donghaeinis? TATTCTGGCAACAC-CTTCCAC CGCTCAACTTGCTAAGCATCT
S' trOChOideG(STRl)b *****C********_******* ***G*******T***A*****
S' trOChOidea(STRZ)c *****CA*******_******* ***ATT******K**A*****
S' trOChOidea(STR?))d *C***CA***R**T_******* *A*G****K*K****A*G**K
S' /achrymosae C****C*******TG*CC***T ***A*****************
S_ rotundaf C*************_**C**** *A*G***********A*****

GenBank accession numbers

2 AY685008, AY499533, AY676151, AY788357, AY676155, PARALEX147, PARALEX161, PARALEX478, SBR103
® HQ658160, AY499524, EU325959, AY676152, AY676157, AY676160, AY676158, AF527093, EU325957
¢ AF527109, AF527069, AY676162, AY676159, AY788358, AY676154, AY499530, RCC1720, PARALEX669

4 AY676146, AF527074, EU325958, AY499531, AF527079, AF527101
€ AY788354, AY676150, SBR6
fEU325951, EU325952, EU360590, AY788355
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Supplementary Table 2.3. Specificity of Alexandrium minutum and Scrippsiella donghaienis primers
controlled by conventional PCR amplification on different dinoflagellate species/strains.

Species/strain A. minutum S. donghaienis
Alexandrium minutum 1097 yes -
Alexandrium minutum 417 yes -
Alexandrium minutum 1034 yes -
Alexandrium tamutum 238 no -
Alexandrium tamutum 555 no -
Alexandrium tamarense 187 no -
Heterocapsa triquetra 31 no -
Heterocapsa triquetra 61 no -
Heterocapsa triquetra 382 no -
Gymnodinium instriatum 400 no -
Gymnodinium instriatum 1076 no -
Prorocentrum micans 1081 no -
Gonyaulax spinifera 1079 no -
Pentapharsodinium dalei IFR-PDA-Sc44 no -
Scrippsiella trochoidea (clade STR1) ST147 RCC3047 no no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc36 no no
Scrippsiella donghaienis IFR-SDO-Sc38 no yes
Scrippsiella donghaienis SD112 - yes
Scrippsiella donghaienis SD168 - yes
Scrippsiella donghaienis SD269 - yes
Scrippsiella donghaienis SD347 - yes
Scrippsiella donghaienis IFR-SDO-Sc1 - yes
Scrippsiella donghaienis IFR-SDO-Sc7 - yes
Scrippsiella donghaienis IFR-SDO-Sc14 - yes
Scrippsiella donghaienis IFR-SDO-5¢20 - yes
Scrippsiella donghaienis IFR-SDO-Sc25 - yes
Scrippsiella donghaienis IFR-SDO-Sc27 - yes
Scrippsiella donghaienis IFR-SDO-Sc31 - yes
Scrippsiella donghaienis IFR-SDO-Sc34 - yes
Scrippsiella donghaienis IFR-SDO-Sc35 - yes
Scrippsiella trochoidea (clade STR1) ST161 - no
Scrippsiella trochoidea (clade STR1) ST156 - no
Scrippsiella trochoidea (clade STR1) ST478 - no
Scrippsiella trochoidea (clade STR2) ST653 - no
Scrippsiella trochoidea (clade STR2) ST659 - no
Scrippsiella trochoidea (clade STR2) ST110 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc37 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc41 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc43 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc45 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc46 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc47 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc48 - no
Scrippsiella trochoidea (clade STR2) IFR-STR-Sc49 - no
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Context of the work

Resting cysts of planktonic species accumulate in the sediment bottom and constitutes the so called
“seedbed” or “cyst bank”. The amount of time spent in dormancy is determined by several factors,
both internal (mandatory dormancy period, endogenous annual clock) and external (temperature,
light, oxygen) (Anderson et al., 2014). The germination of resting cyst could occur if they are
transported to oxic conditions in the sediment surface or overlying water via physical processes or
bioturbation. The cyst banks are more to be found in semi-enclosed ecosystems, such as estuaries,
lagoons and harbours (Anderson et al., 2012) and their location was found to be related to the areas
of bloom initiation (Genovesi et al., 2009; Ni Rathaille and Raine 2011). Therefore, surveys
investigating the distribution and abundance of cysts can be very useful to assess the risk of bloom
initiation of harmful microalgae and to take management measures regarding to coastal economic
activities.

In the estuarine ecosystems of the Bay of Brest, blooms of Alexandrium minutum have been
recorded only recently. Indeed, after the intensive toxic bloom of A. minutum of July 2012 in Daoulas
Estuary (42 million cells L), several areas of the Bay of Brest are monitored on a regular basis by the
REPHY monitoring network which reports on the A. minutum abundance in the water column,
blooms and toxicity events. However, little is known about the species cyst distribution in sediments
of the Bay of Brest.

In this work, | tried to assess the actual spatial distribution of A. minutum in the Bay of Brest and to
identify the areas of high accumulation of Alexandrium minutum DNA, corresponding potentially to
high cyst abundance. The real-time PCR assay developed in the chapter 2 was applied on DNA extract
from superficial sediments of 30 stations, to quantify the species abundance (ITS1 rDNA copies),
corresponding to potential cyst banks in the area. The presence of viable was confirmed by
germination experiments. Using model simulations, the trajectories of passive particles released
from different estuaries of the bay were analyzed in order to assess the dispersal potential of A.

minutum cells.

Author contributions

In this study, | participated to the sediment sampling and performed the genetic analyses (DNA
extractions, quantifications, real time PCR analyses) for both 2013 and 2015 data sets. J. Quéré
performed cysts germination analyses for the 2013 samples. F. Caradec and S. Schmitt performed
sediment analyses (Granulometry, chlorophyll a, pheopigment and organic carbon) and provided

with the corresponding data. T. Hérnandez-Farifias performed the statistical analyses and provided
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with the corresponding figure; she also participated to the design and interpretation of other figures
of this work. L. Pineau-Guillou provided the script for the lagrangian model and the first model
simulations. M. Plus optimized and performed the model, he contributed to the data interpretation
and provided with the final model outputs and with the corresponding figures and tables. A. Chapelle
helped for the lagrangian model interpretations and managed the project Daoulex to which this work
contributed. Sediment sampling was performed by almost all manuscript participants. | contributed
to the total dataset analyses all along the manuscript elaboration, discussing with different co-
authors. | have written parts of the Material and Methods and Result sections. L. Guillou contributed
to data interpretation and manuscript elaboration. R. Siano was the research designer and the main

writer of the manuscript.
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Heterogeneous distribution in sediments and dispersal in waters of

Alexandrium minutum in a semi-enclosed ecosystem.

Résumé (en francais)

Dans le cadre des recherches visant a utiliser des méthodes génétiques pour évaluer la distribution
des especes d’algues nuisibles (HABs) et leur impact sur les écosystemes cotiers, nous avons amplifié
par PCR en temps réel, un fragment de I'IlTS1 ADNr d'Alexandrium minutum a partir d'extraits d'ADN
de sédiments superficiels (1-3 cm) de 30 stations subtidales et intertidales de la Baie de Brest
(Bretagne, France), pendant les périodes hivernales de 2013 et 2015. Les amplifications de I’ADN
d’Alexandrium minutum et les germinations de kystes ont été obtenus pour les sédiments de toutes
les stations échantillonnées, ce qui démontre que I'ensemble de la baie est actuellement contaminée
par cette espéce toxique. Des estimations précises du nombre de copies d’ITS1 ADNr ont été
obtenues pour les deux campagnes d'échantillonnage, soutenant I'hypothese d'une accumulation
réguliere du matériel génétique de I'espéce toxique dans la partie sud-est, plus confinées de la zone
d'étude, ou les sédiments fins et vaseux sont également plus abondants. Des nombres élevés de
copies d’ITS1 ADNr ont été détectés dans les sédiments des zones ou les efflorescences ont été
observées saisonnierement depuis 2012. Ce résultat suggére que les estimations de matériel
génétique spécifique dans les sédiments superficiels de la baie peuvent étre un proxy des banques a
kyste d’A. minutum. La simulation de la trajectoire des particules analysée par un modeéle physique
lagrangien a montré que les efflorescences qui se produisent dans la partie sud-est de la baie sont
déconnectés de ceux de la zone nord-est. La distribution hétérogene d’A. minutum déduite de l'eau
et des sédiments suggere I'existence de barriéres physiques potentielles pour la dispersion de cette
espece dans la Baie de Brest et encourage une analyse plus fine au niveau de la population de cette

espece dans les écosystémes cotiers semi-fermés.

Article submitted to Harmful Algae Journal
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Heterogeneous distribution in sediments and dispersal in waters of

Alexandrium minutum in a semi-enclosed coastal ecosystem

Klouch K.Z*®, Caradec F.?, Plus M.?, Hernandez-Farifias T.>?, Pineau-Guillou L., Chapelle A.?, Schmitt
S.2, Quéré J.2, Guillou L.°, Siano R.?

2Ifremer - Centre de Brest, DYNECO PELAGOS, F-29280 Plouzané, France

® Sorbonne Universités, UPMC Univ. Paris 6, CNRS, Adaptation et Diversité en Milieu Marin (UMR
7144), équipe DIPO, Station Biologique de Roscoff, Place Georges Teissier, CS90074, 29688 Roscoff,
France

¢ Ifremer - Centre de Brest, LOPS OC, F-29280 Plouzané, France

Abstract

Within the framework of research aimed at using genetic methods to evaluate harmful species
distribution and their impact on coastal ecosystems, we amplified by real-time PCR a portion of the
ITS1rDNA of Alexandrium minutum from DNA extracts of superficial (1-3 cm) sediments of 30 subtidal
and intertidal stations of the Bay of Brest (Brittany, France), during the winters of 2013 and 2015.
Alexandrium minutum rDNA amplifications and cell germinations were obtained for sediments of all
sampled stations, demonstrating that the whole bay is currently contaminated by this toxic species.
Coherent estimations of ITS1 rDNA copy numbers were obtained for the two sampling cruises,
supporting the hypothesis of regular accumulation of genetic material of the toxic species in the
south-eastern, more confined embayments of the study area, where fine-muddy sediments are also
more abundant. Higher ITS1 rDNA copy numbers were detected in sediments of areas where blooms
have been seasonally detected since 2012. This result suggests that specific genetic material
estimations in superficial sediments of the bay may be a proxy of the cyst banks of A. minutum. The
simulation of particle trajectory analyses by a lagrangian physical model showed that blooms
occurring in the south-eastern part of the bay are disconnected from those of the north-eastern
zone. The heterogeneous distribution of A. minutum inferred from both water and sediment
suggests the existence of potential barriers for the dispersal of this species in the Bay of Brest and
encourages finer analyses at the population level for this species within semi-enclosed coastal

ecosystems.
Keywords: molecular ecology, dinoflagellate cyst, spatial distribution, real-time PCR, Lagrangian

model, population dynamics

Corresponding author: raffaele.siano@ifremer.fr
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1. Introduction

The recovery of resting stages of harmful microalgae in sediment samples is considered a marker of
the settlement of a species in a given coastal ecosystem while the identification of accumulation
spots indicate potential seeding sources for the initiation of toxic species bloom (Anderson et al.,
2012). Cyst bank mapping is therefore particularly useful for the risk assessment of harmful
microalgae, since it enables the prediction of blooming areas and the optimization of the
management of coastal economic activities.

Alexandrium species distribution in coastal and shelf waters is relatively well known; however
comprehensive distributional data, especially for resting stage banks, are still needed (Anderson et
al., 2012). On the basis of the available information, some common features in the distribution of
Alexandrium cysts can be identified. Previous studies have reported that cyst accumulations are
favored in fine-muddy rather than sandy sediments (White and Lewis 1982, Kremp 2000, Yamaguchi
et al., 1996, Joyce et al., 2005, Gayoso et al., 2001; Matsuoka et al., 2003, Wang et al., 2004,
Anderson et al., 2005, Anglés et al., 2010, Horner et al., 2011, Genovesi et al., 2013, Trikia et al.,
2014, Fertouna-Bellakhal et al., 2015), supporting the hypothesis that dinoflagellate resting stages
behave physically like fine particles (Dale 1983). Given this close association between resting cyst
abundance and sediment type, high specific DNA abundances should also be found in the
corresponding muddy sediments. However, DNA extracted from sediments can be of both
intercellular (resting stages) (Godhe et al., 2002, Erdner et al., 2010) and extracellular origins
(Pietramellara et al., 2009), making the relationship between specific DNA traces and sediment type
not completely predictable and still barely studied.

Discrete cyst banks may not be found where blooms occur over a large area, but there is evidence of
localized cyst accumulation in some estuarine systems (Anderson et al., 2012). A close link between
the local distribution of cyst banks and blooms has been documented for some Alexandrium species
in semi-enclosed, confined ecosystems such as estuaries (Cembella et al., 1988, Crespo et al., 2011,
Anderson et al., 2014), lagoons (Genovesi et al., 2009, Genovesi et al., 2013, Trikia et al., 2014,
Fertouna-Bellakhal et al., 2015), and harbors (Bravo et al., 2008, Anglés et al., 2010). This local
distribution has been associated with the hydrodynamic features of the studied ecosystems. Despite
occurring in adjacent waters, local blooms of A. fundyense Balech were temporally separated,
probably due to water retention in the first site where the blooms occurred (Crespo et al., 2011).
Cyst densities of A. tamarense (Lebour) Balech were influenced by local hydrodynamics, with wind-
induced currents causing cyst dispersal in the shallow ecosystem of the Thau lagoon (Genovesi et al.,
2013). These examples prove the interest of characterizing discrete, fine spatial scale cyst

distributions to deduce local bloom dynamics in semi-enclosed ecosystems.
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Traditionally, hot spots of harmful microalgae accumulation in sediments are identified by
microscopy counting of their cysts (Genovesi et al.,, 2013), a method that is time-consuming and
suffers from taxonomical limitations in identification due to the lack of distinctive morphological
characteristics for the cysts of some species. In contrast, the analysis of specific genetic material in
sediment has proved to be a valuable alternative to infer cyst distribution, enabling a large number
of samples to be processed objectively in a relatively short time. The amplification of species-specific
marker genes from DNA preserved in sediment samples has been used to infer the presence of
dinoflagellate cysts (Godhe et al., 2002, Penna et al., 2010). Real-time PCR amplification to quantify
DNA genes from sediments has been shown to be a good proxy for cyst abundances, including some
Alexandrium species (Kamikawa et al., 2007, Erdner et al., 2010, Park and Park, 2010). Lastly, cyst
species have been mapped using the fluorescence in situ hybridization (FISH) technique (Hattenrath-
Lehmann et al., 2016). Genetic techniques can therefore be used to provide reliable information on
accumulation spots of cysts and to infer ecological patterns.

Although A. minutum Halim has been present in the Bay of Brest since at least the 19th century
(Klouch et al., 2016), the vegetative form of the species was first identified within the framework of
the REPHY (National Phytoplankton and Phycotoxin Monitoring Network for French coastal waters) in
1990. The first cyst abundance survey was carried out in the same year and no cyst of A. minutum
was found in four estuarine stations of the Bay of Brest (Erard-Le Denn 1993, Erard-Le Denn and
Boulay, 1995). The species increased over time in the bay, reaching the record concentration of ca.
42 x 106 cells L't in July 2012 (Chapelle et al., 2015, Klouch et al., 2016) in the small, enclosed Daoulas
estuary, where bloom occurrences were unsuspected and monitoring was not carried out. In parallel,
other blooms of the species were observed in other estuaries on the bay (Elorn River, Aulne River),
but these were of minor importance (< 2 x 108 cells L?). After the 2012 event, monitoring of Daoulas
Bay was initiated and seasonal blooms of A. minutum are observed in the Daoulas estuary along with
blooms of lower cell abundance in other monitored estuaries. The development of different
intensities in the Bay of Brest raises questions about the distribution of the major cyst banks of the
species and the potential connectivity between its different adjacent estuarine ecosystems.

In this study, both genetic analyses of sediments and model simulations in the water column were
used to try to explain the heterogeneity of A. minutum bloom occurrence in the Bay of Brest. With a
recently developed real-time PCR assay (Klouch et al., 2016), the ITS1 rDNA copy number of A.
minutum from total DNA extracts of superficial sediments was quantified and used to infer the
potential distribution of cyst banks in the area. In parallel, the viability of these banks in the sampled
stations was determined in order to verify whether DNA genetic data correspond to viable resting

stages of the organisms and not only to the amplification of extracellular DNA. By means of a
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Lagrangian physical model, passive particle trajectories released from different estuarine zones were
simulated in order to study the potential dispersal of A. minutum cells of different blooms and the
connectivity between different estuaries of the bay. The information gathered on both the benthic
and the pelagic habitat contributes to the understanding of A. minutum bloom dynamics in the Bay
of Brest and provides an example of heterogeneity in the dispersal of toxic microalgae in a semi-

enclosed coastal area.

2. Materials and Methods

2.1. Study area
The Bay of Brest (Brittany, France) is a semi-enclosed, marine ecosystem of 180 km? connected to the
Iroise Sea (Atlantic Ocean) by an opening 1.8 km wide and ~50 m deep (Figure 30). The bay is a
shallow (about half of the total surface area is shallower than 5 m) macrotidal coastal system. The
semi-diurnal tidal amplitude ranges from 1.2 to 7.3 m (average of 4 m), leading to the presence of
extended intertidal flats during low tides. Frequent storms can induce a resuspension of material and
a very high turbidity (>100 mg L?) over a long period of time (Hily et al, 1992). The bay is
characterized by fine and coarse sediments in shallow and deep waters, respectively, with a higher
proportion of muddy sediments in the upstream part of the estuaries (Hily et al, 1989). The
ecosystem hydrology is influenced by 5 different watersheds, with two main rivers, the Aulne (1842
km? catchment area, 30 m® s interannual mean flow) flowing into the south basin and the Elorn
(402 km? catchment area, 5.63 m?® s™! interannual mean flow) flowing into the north basin,
contributing to about 80% of the total annual freshwater input. The total interannual mean flow has
stabilized after a four-decade rise, while the anthropogenic loads of nitrogen and phosphorous have
stabilized and decreased, respectively. The ban on washing powders containing orthophosphates in
the last two decades has resulted in a decreased phosphorous supply and thus a significant
imbalance in the N/P ratio (Chauvaud et al., 2000, Guillaud and Bouriel 2007) which has led to
changes in the composition of planktonic and benthic communities (Quéguiner and Tréguer 1984,

Del Amo et al., 1997, Chauvaud et al., 2000).

2.2. Sampling strategy

Thirty sites were selected in the Bay of Brest on the basis of available cartographies of sediment
typologies and benthic biotopes. Sampled stations correspond to ecosystems where: i) cyst

accumulation may be favored by the site geomorphology (estuaries, small bays with low flushing, low
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bioturbation rates), ii) genetic material could be better preserved (muddy, anoxic sediments), iii)

human activities are developed and/or the impact of Harmful Algal Blooms is higher (harbors,

shellfish farming areas). Twenty-three stations were located in intertidal zones and seven in subtidal

areas (Table 4). Altogether, the 30 sampled stations cover well the geography of the Bay of Brest

(Figure 30). Samples were collected at low tide + 2 hours during two campaigns of 3-5 days, both

carried out during the winter of two consecutive years (December 2013 and January 2015). Subtidal

stations were sampled by scuba divers. The top 3 cm of sediments was collected in triplicate using

plastic syringes at 1-2 m distance from each other. Sediment samples were carefully preserved in

different tubes. DNA samples were immediately frozen in liquid nitrogen then stored at -80°C in the

laboratory while samples for cyst germination experiments were preserved in the dark at 4°C.

Samples were preserved at 4°C for granulometry, at -80°C for chlorophyll a and pheopigments, and

at -20° for organic carbon (OC).
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Figure 30. Map of the Bay of Brest indicating intertidal (stars) and subtidal (circles) sampling stations.
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Table 4. List and coordinates of sampling stations. Subtidal stations (23-27) are indicated by a circle.

Station Station .

. Coordinates (N/W)
ID locality
1 Polder 48°23'3"/4°26'6"
2 Moulin Blanc 48°23' 44"/ 4° 25' 55"
3 Le passage 48°23' 25"/ 4°23' 03"
4 Kéraliou 48°22'35"/ 4°24' 41"
5 Caro 48°20' 28"/ 4° 26' 26"
6 Tinduff 48°20'2"/ 4°22' 03"
7 Moulin Neuf 48°21'5"/4°21' 04"
8 Penfoul 48°21' 25"/ 4°19' 28"
9 Kersanton 48°20'45"/ 4°18' 2"
10 Lanveur 48°21'19"/4°17' 51"
11 Riviere de Daoulas 48°21'21"/ 4° 16' 2"
12 Chateau 48°20'11"/ 4° 18' 46"
13 Moulin Mer 48°18'56'"/4°17'11"
14 Hopital Camfrout 48°19'37"/ 4° 14' 53"
15 Tibidy 48°18' 25"/ 4°14' 40"
16 Lanvoy 48°17' 47"/ 4° 13' 29"
17 Térénez 48°16'43"/ 4° 16' 49"
18 Landévennec 48°17' 34"/ 4° 15' 29"
19 Sillon des Anglais 48°17'52"/ 4° 17' 22"
20 Fret 48°16'54"/4°30' 13"
21 Rostellec 48°17' 27"/ 4° 31' 30"
22 Persuel 48°18'1"/ 4°33'17"
230 Port de Commerce 48°22'7"/ 4°29' 18"
240 Le Passage 48°23'39'"/ 4° 22' 54"
250 Auberlac'h 48°19'9"/ 4° 25' 53"
260 Est Tinduff 48°19'7"/4°20' 7"
270 Lanveoc-Tinduff 48°18'2"/ 4°23'31"
280 Quillien 48°17'36'"/4°20'6"
290 Ecole Navale 48°17'37"/ 4° 24' 6"

2.3. Sediment analyses

Granulometry, chlorophyll a, pheopigment and organic carbon (OC) concentrations were determined
from samples collected in triplicate at each station. Sediment grain size was analyzed using an LS 200
Beckman Coulter laser granulometer and sediment typologies were classified according to
Larsonneur (1977) on the basis of four size classes (0-63, 63-125; 125-500; 500-2000 um). For
chlorophyll and pheopigment concentration measurements, sediment samples were freeze-dried
just before extraction and analysis (Reuss and Conley 2005). Before extraction, the sample was
homogenized, and gravel and shell debris were removed. Chlorophyll a and pheopigments were

extracted from 1 g of sediment with 10 mL of 90% acetone for at least 12 h at 4°C. Supernatants
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containing the extracted pigments were recovered after sample centrifugation. Chlorophyll a and
pheopigment concentrations were determined spectrophotometrically at 750 and 665 nm before
and after sample acidification with 0.3 N HCl (Lorenzen 1967, Pusceddu et al., 2003). Sediment
samples for OC measurement were ground and homogenized. Organic C was measured using a vario
EL-IIl CNS elementary analyzer after decalcification of a subsample of the freeze-dried and ground
sediment with phosphoric acid (Cauwet 1975). Concentrations were calculated by comparison with
samples of known concentration of organic carbon (acetanilide, sulfanilamide) and analyses were

verified with a certified reference sediment sample.

2.4. Genetic analyses

Alexandrium minutum 1TS1 rDNA copy numbers were measured directly on DNA extracts from
sediments using a newly developed real-time gPCR assay (Klouch et al., 2016). Total DNA was
extracted from 10 g of sediment material from each triplicate of all stations using the PowerMax soil
isolation kit (Mobio Laboratories Inc., Carlsbad, California, USA), following the manufacturer’s
instructions. DNA extracts were eluted in a final volume of 5 mL and immediately stored at -80°C.
DNA samples were quantified by absorbance measurements using a Take3 trio microplate reader
(BioTek, Winooski, Vermont, USA) on 3 uL of DNA extract, and sterile water was used as the blank.
DNA quality was checked by 260/280 nm ratio to ensure that no contamination by proteins or other
components had occurred during DNA extraction.

Real-time PCR reactions were carried using primers Am_48F (5 -TGAGCTGTGGTGGGGTTCC-3’) and
Am_148R (5’-GGTCATCAACACAGCAGCA-3’) which target a fragment of 100 bp, the optimal amplicon
length for real-time PCR efficiency (Klouch et al., 2016). Prior to real-time PCR reactions, a standard
curve was constructed by cloning the ITS1 rDNA gene from a local culture of A. minutum (A89) into a
plasmid (pCR 4) using a TOPO TA cloning kit (Invitrogen, USA). The standard curve was prepared with
10-fold serial dilutions of the plasmid containing the ITS1 rDNA sequence of A. minutum and ranged
from 10°to 10 copies uL™? .Real-time PCR (quantitative PCR or gPCR) reactions were performed using
the iTaq Universal SYBR Green supermix kit (Bio-Rad) in a final volume of 20 pL. The reaction mixture
was composed of 10 uL of SYBR Green supermix (1X) containing (dNTPs, iTag DNA polymerase,
MgCl2, SYBR Green 1), 0.3 uM of the forward primer (Am_48F), 0.2 uM of the reverse primer
(Am_148R), sterile water and 2 pL of DNA template. The experiments were conducted in 96-well
plates containing the standard curve dilutions in duplicate, the target samples in triplicate and
negative controls composed of water instead of DNA in duplicate. The plates were loaded onto a
Stratagene Mxpro3000P (Agilent Technologies, Santa Clara, California, USA) thermal cycler with the

following cycling conditions: 1 cycle at 95°C for 5 min followed by 40 cycles of 95°C for 5 sec and 62°C
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for 30 sec. A melting curve analysis was added at the end of each run to ensure specific A. minutum
amplification. The optimal annealing temperature of 62°C was initially determined in conventional
PCR. The primer combination that yielded the lowest threshold cycle value (Ct) and maximum real-
time efficiency (Am_48F; 0.3 uM, Am_148R; 0.2 uM) was retained for further analysis. The reaction
efficiency was estimated by the equation E= 10 /®-1, where b is the slope of the standard curve. To
ensure specific amplifications, the melting temperature values (Tm) were systematically checked by
analyzing the melting curves. For further details, see Klouch et al., (2016). Abundances of A. minutum
in each sample were expressed (assuming a 100% DNA extraction efficiency) in terms of copy
number per g of wet sediment, using the following formula:

Copy humber x g = copy number pL? x DNA extraction volume (uL)/sediment wet weight (g)

2.5. Cyst germination experiments
Germination experiments were carried out on samples from the 2013 series. An aliquot of ~5 cm? of
sediment samples was added to filtered seawater and placed in an ultrasonic bath for 6 min to
separate dinoflagellate cysts from inorganic particles. The 20-100 um fraction of particles was
retained for culturing experiments after sample sieving. Some drops of the 20-100 um sediment
fractions were distributed in 12-well plastic plates with K medium (Keller et al., 1987). The plates
were placed in a culture room at 16°C, under an irradiance of 60 umol photons m? s and a light:
dark cycle of 12h:12h. The plates were examined qualitatively once every day to check for A.

minutum cell germination using an inverted microscope (Zeiss Axiovert 135).

2.6. Simulation of A. minutum cells: Lagrangian transport
The MARS3D hydrodynamic model (a detailed description is available in Lazure and Dumas (2008))
was used to study planktonic cell trajectories after bloom development. This numerical code solves
primitive physics equations (e.g. Navier-Stokes under hydrostaticity and Boussinesq assumptions)
and is based on a finite difference scheme coupling barotropic and baroclinic modes within a sigma-
coordinate framework. For this study, the model was defined for the Bay of Brest with spatial limits
ranging between 48.203-48.447 °N and 4.093-4.730 °W, a spatial horizontal resolution of 50 meters
and 20 vertical layers. Moreover, the model assumed a wetting and drying capability (intertidal
areas), which is mass preserving. The model’s bathymetry was provided by the SHOM (French Naval
Hydrographic and Oceanographic Service). At its western and southern boundaries, the model was
forced for water elevation (tides), water temperature and salinity by another model (Lazure et al,,

2009), previously validated for tides and hydrology and simulating the Bay of Biscay and Channel
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hydrodynamics. Atmospheric forcing (wind and atmospheric pressure) came from the Météo-France
AROME model (Seity et al., 2011) which has a temporal resolution of 1 hour and a spatial resolution
of 0.025° (roughly 2.4 km). The three major rivers, the Aulne, the Elorn and the Mignonne, were
taken into account, and water flows came from the HYDRO database (Governmental Environment
Agency). Alexandrium minutum cell trajectories were computed by the ICHTYOP Lagrangian transport
tool (Lett et al., 2008) coupled with our hydrodynamic model of the bay. This tool enables offline
simulations of bloom dispersion by calculating fictive particle trajectories based on previously
calculated currents. Two simulations were run for years 2014 and 2015. Particles were released at
the beginning of June, when Alexandrium bloom conditions were fulfilled according to Chapelle et
al., (2015), i.e. when the water temperature was above 15°C and during a neap tide period. Four
different starting points were tested: stations 3, 9, 13 and 16 (Figure 30). At each station, a total of
1000 passive particles was released in the surface layer within a square stain of 100 m side length.
Each particle position was recorded during 10 days of simulations, which is the approximate period
before particles are flushed out of the bay. The level of dropping (surface or bottom) was tested but
had no significant influence on the results (not shown here). For these simulations, we also assumed
that particles had no buoyancy, no mortality and no growth and that they could not wash up on the
coast. Connectivity between the four different release zones was assessed by defining reception
areas as the geographical limits of the four different estuarine areas: the Elorn estuary (incorporating
station 3), the Daoulas estuary (incorporating station 9), the Camfrout estuary (incorporating station
13), and the Aulne estuary (incorporating station 16). Total numbers of particles released at each
station and reaching the other three areas were computed. The model also enabled the calculation
of the mean total distance covered by particles starting from the different stations as well as the
total number of particles remaining in each area by the end of the simulation as a proxy for

confinement.

2.7. Statistical analyses
A Principal Component Analysis (PCA) was used to assess relationships between environmental and
biological data along a reduced number of axes (ade4 package for R; Dray and Dufour, 2007). Data
used in the PCA include the four sediment size fractions (0-63 um, 63-125 um, 125-500 pum, 500-2000
pum) and the three biological variables (Chl a, A. minutum and total DNA concentration). To reduce
the importance of observations with very high values, concentrations of A. minutum ITS1rDNA copy
number g sediment were log10 (x+1)-transformed. The PCA result has the same dimension as the
dataset, but the first principal components account as much as possible for the data variability. Thus,

only the first two axes explaining most of the variance were retained for later interpretations. For
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graphical representation, PCA results were combined with a cluster analysis performed on
environmental and biological variables (complete-linkage clustering, vegan package; Oksanen et al.,
2015) to highlight further differences between station groups. A single cutting level (Euclidean
distance = 8.2) was selected to obtain major groups of samples. Prior to these analyses, all variables
were centered and scaled in order to make them dimensionally homogenous. Finally, the Spearman
rank correlation coefficients were calculated between all the environmental and biological variables.

All statistical analyses were performed using the R software (R Core Team 2015).

3. Results

3.1. Sediment analyses
The relative magnitude of the granulometric size classes analyzed enabled each sampling site to be
classified on the basis of their sediment typology (Supplementary Table 3.1) for the two sampling
surveys. Of the 30 sampling stations, 13 were classified as sandy-mud, 6 as mud, 1 as muddy-sand,
and 2 as fine sand, coherently for both sampling surveys. For the remaining 8 stations, the
granulometric classification varied between the two years, more often due to variations in the

percentage of either or both 0-63 um and 125-500 pum sediment size fractions.

3.2. Alexandrium minutum quantification in DNA extracts of sediments
Total DNA concentrations extracted from the sediments ranged from 1.95 to 55.20 ng uL* for 2013
samples and from 1.57 to 36.08 ng pL™ for 2015 samples. According to 260/280 nm ratios, the DNA
extracts were of sufficient yield and purity to conduct amplification analyses. The reaction
efficiencies of real-time PCR amplifications of about 100 bp of the ITS1rDNA of A. minutum ranged
from 95 to 99% and the melting temperature values always corresponded to the expected value of
62°C, both results proving the high resolution of our PCR assay. The ITS1rDNA copy number varied
from 1.63 x 10* to 5.46 x 107 copies g sediment in 2013 and from 2.89 x 10 *to 5.47 x 107 copies g*
sediment in 2015. Local A. minutum quantification was very variable between replicates of some
stations (the ranges of the standard errors between the three replicates were 3.57 x 10*— 2.63 x 10’
and 8.06 x 10*— 2.09 x 107 copies g sediment in 2013 and 2015, respectively) showing a significant
spatial variability for some stations at a very fine spatial scale (1-2 m) (Figure 31A, B). At some
stations, one replicate differed from the other two in one sampling year and not in another (stations
1-10, 30), while for other stations the data between replicates were coherent for the two years of

analyses (stations 11-19). Stations 16-29 were characterized by higher copy numbers in 2015 (Figure
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2B). Despite this strong intrasite variability, a coherent pattern of copy numbers of ITS1rDNA of A.
minutum was identified between the two years. On the whole, both the intertidal (6-19) and subtidal
(26-29) stations of the south-eastern part of the Bay of Brest were characterized by higher copy
numbers than the subtidal and intertidal stations of the western (20-22, 25, 30) and north-eastern
part (1-5, 23-24) of the bay, in both 2013 and 2015. In particular, the intertidal stations within
Daoulas Bay (6-12) and the subtidal station outside the bay (26-29) were characterized in both years

by higher copy numbers of A. minutum ITS1 rDNA (Figure 31A).

3.3. Germination experiments
Alexandrium minutum germinated from all (30/30) 2013 sediment samples within the first 10 days of
sediment incubation. No morphological differences (size, number and distribution of chloroplasts,
swimming behavior) were observed in light microscopy between specimens of different localities. In
the light of the 2013 successful germinations, we considered that cysts of the species had settled in
all localities of the Bay of Brest and therefore we did not perform germination experiments on 2015

sediment samples.
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Figure 31.Logio (x+1) transformed real-time PCR data of Alexandrium minutum copy number g of sediment at
the 30 sampled stations during the two surveys (December 2013 and January 2015). A) At each station,
colored circles represent the averaged values of copy number concentrations of the three replicates for each
annual survey (yellow = December 2013; purple = January 2015). For each station, the highest concentration
(larger circle) is in the background and the lowest is represented as a superposed circle. When the
concentrations of the two years are of the same order of magnitude, each concentration value is represented
by a semi-circle. B) Replicate data for each sampling station and annual survey. The dark gray bar represents
the median of the six data values.

3.4. Genetic and environmental data correlations
The PCA performed with genetic, sediment granulometry and biological environmental parameters
(Figure 32A, B) as well as Spearman correlations between variables (Figure 32C) showed that A.
minutum ITS1 rDNA copy numbers (labeled A. minutum DNA) and total DNA concentrations (labeled
Total DNA) were positively correlated with the fine sediment size fraction (labeled 0-63 um) and the
Organic Carbon (labeled as OC) and chlorophyll a (labeled as CHL a) concentrations (Figure 32A, C). In
particular, A. minutum DNA was positively correlated with only fine sediment (0-63 um) (0.54) and

not coarser sediment types. Alexandrium minutum DNA and 0-63 um sediment were both positively

131



CHAPTER 3.

correlated with OC concentration (0.60 and 0.83, respectively) (Figure 32C). Cluster analysis
identified two major groups of stations (differentiated in light and dark gray in Figure 3B). Overall,
the analysis separates the south-eastern intertidal and subtidal sampling stations of the Bay of Brest
(cluster 2: 6-12, 14-19, 26, 28-30) where the highest percentages of the fine sediment size fraction
(0-63 um) were associated with the highest concentrations of OC, CHL a and genetic material, from
the western and north-eastern stations (cluster 1: 1, 3-5, 20-22, 25, 30) where measured values of
these variables were lower. Yet, some exceptions to this geographical separation of sampling stations
were highlighted. Eastern stations 13 and 27 were characterized by low correlations and were
grouped within cluster 1. On the contrary, the north-eastern station 24 was grouped within cluster 2,
showing that the strong association between fine sediment granulometry, OC and CHL a and A.
minutum copy number was not exclusive to a part of the Bay of Brest. Stations 2 and 23 had the

same number of replicates in both clusters 1 and 2.
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Figure 32. Relationship between environmental parameters (chlorophyll a: CHL a; organic carbon: OC,
sediment size class: 0-63, 63-125, 125-500 and 500-200 um) and genetic data (ITS1 rDNA copy number
concentration g of sediment of Alexandrium minutum: A. minutum DNA; Total DNA concentration (ng/pL)
extracted from sediment: Total DNA) analyzed from sediments. (A) Projection of variables on the first two axes
of the PCA accounting altogether for 69.37% of the total variance. (B) Samples (site-year-replicate) scores with
overlaid clustering results highlighting the two main sample groups detected by data clustering. Each circle
represents a sample replicate; the color differentiates the sample clusters: + symbol corresponds to the
gravity center of each group of samples belonging to the same sampling station indicated by its corresponding
number. (C) Spearman rank correlation coefficients between all variables. Light gray bars indicate positive
correlations and dark gray bars negative correlations.
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3.5. Simulation of particle trajectories in the water
Simulated trajectories and final particle positions after 10 days as a function of the initial release
location and the year are shown in Figure 33A-D as an example for 2015 (2014 simulated trajectories
are not shown). Whichever year is considered, 56 to 81% of passive particles remain in the Bay of
Brest after 10 days (Table 5). Particles released at Station 9 (Daoulas estuary) show the lowest
percentage being flushed out of the Bay of Brest (Figure 33B, Table 5), whilst particles released at
station 3 (Elorn estuary) show the highest percentage (Figure 33A, Table 5). The model simulations
also show that particles released at stations 13 (Figure 33C) and 16 (Figure 33D) tend to be
transported over greater distances than those released at stations 3 or 9. The Daoulas estuary
appears to be the most confined area with 26.5-26.2% (depending on years) of the initial number of
particles released at station 9 remaining in that area after 10 days (Table 5). The connectivity table
between the four release areas (Table 6) shows similar patterns for 2014 and 2015 simulations. As
expected, stations 13 and 16 show a high connectivity with the nearby Daoulas estuary (from 29.7 to
30.7% of the initial released particles). Interestingly, this connectivity seems to be rather one-way
(from stations 13 or 16 towards the Daoulas estuary) since very few particles starting from station 9
(Daoulas estuary) reach the Camfrout estuary (0-0.4%) or the Aulne estuary (7.8-8.5%). The Daoulas
and Elorn estuaries seem particularly hydrodynamically disconnected with very few particles
released at station 9 reaching the Elorn estuary (0.2-0.3%) and similarly from station 3 to the Daoulas
estuary (1.2-1.4% of particles). Moreover, after 10 days of simulation, no particle released from
station 3 reaches the Camfrout estuary. In the center of the Bay of Brest, particles are well-mixed and
come from each releasing station. Overall, our simulations demonstrate that the south-east of the
bay is quite disconnected from the Elorn estuary, which is the area exporting the highest proportion
of particles outside the Bay of Brest, and that the Daoulas estuary is a confined area with little

connectivity with the Aulne estuary and even less with the Elorn estuary.
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Figure 33. Simulated trajectories of 1000 passive particles coming from 4 releasing estuarine stations and
reaching delimited estuarine areas:

A) station 3 (Elorn estuary); B) station 9 (Daoulas estuary); C) station 13 (Camfrout estuary); D) station 16
(Aulne estuary). Simulation duration is 10 days and final particle positions are given as black dots.

Table 5. Summary of simulated particle trajectories initiating from four different areas in the Bay of Brest:

F stands for the percentage of particles flushed out of the Bay of Brest at the end of the simulation, D is the
mean cumulative distance covered by particles until the end of the simulation and A represents the percentage
of particles still located in the estuary of release at the end of the simulation (auto-connectivity). The two
numbers stand for years 2014 and 2015, respectively.

Release station 3 9 13 16

F (%) 43.6 -37.7 9-18.7 29.1-30.8 23.5-24.2
D (km) 129.5-127.9 114.0-114.3 151.1-149.7 152.9-153.4
A (%) 9.4-83 26.5-26.2 0-0 12.8-10.4
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Table 6. Connectivity table between releasing stations (3, 9, 13 and 16) and receiving areas (Elorn, Daoulas,
Camfrout and Aulne estuaries). Percentage (%) of particles reaching the considered area at least once in 10
days for 2014 and 2015, respectively.

Releasing
stations
St.3 St.9 St. 13 St. 16
Elorn estuary area - 0.3-0.2 1.6-2.0 20-0
Daoulas estuary area 14-1.2 - 29.7-28.4 30.7-28.0
Camfrout estuaryarea 0-0 04-0 - 6.6-6.0
Aulne estuary area 13-15 7.8—-8.5 58.7-57.4 -

4. Discussion

4.1. Genetic mapping of A. minutum in sediments
In this study, we have provided a geographically exhaustive survey of the presence of Alexandrium
minutum in superficial sediment of the Bay of Brest (Brittany, France) during the winter of two
consecutive years (December 2013 and January 2015), when cysts of the species are thought to
accumulate in sediments. This is not the first screening of A. minutum traces in sediment of the study
area. In 1990, no cyst of A. minutum was found in four estuarine stations of the Bay of Brest (Erard-
Le Denn et al., 1993, Erard-Le Denn and Boulay 1995) using cyst identification by light microscopy.
Here, real-time PCR amplification of a fragment of the ITS1 rDNA of A. minutum from DNA sediment
extracts was proposed as an alternative method to cyst quantification. The high proportion of
extracellular DNA in the total environmental DNA extracts from sediments and the high and variable
number of copies of genomic DNA markers are important issues to take into account when
performing specific DNA quantification. These problems may lead to misinterpreting the presence of
viable material (resting stages) in sediment and bias estimations of cyst abundances. These issues
have been discussed in several studies focusing on the efficiency and limitations of the real-time PCR
methodology to analyze cyst banks in sediments. All these studies concluded that DNA amplifications
in sediment samples are a good proxy of cyst abundances and that PCR methodologies are valuable
methods to infer distribution patterns (Godhe et al., 2002, Penna et al., 2010, Kamikawa et al., 2007,
Erdner et al., 2010, Klouch et al., 2016). The objective of our study was not to validate the real-time
PCR amplifications to estimate exactly the cyst abundances of A. minutum, but to map potential
accumulation zones in our study area in order to contribute to the understanding of the spatial

heterogeneity of bloom dynamics and intensities of A. minutum in the estuaries of the Bay of Brest.
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Genetic traces of A. minutum were found in 30 out of 30 sampled stations of the study area. In
parallel, successful germination experiments of A. minutum on 2013 sediment samples proved that
living resting stages had settled in all stations and that the toxic species currently contaminates the
whole Bay of Brest. The reduced interstitial space between fine particles decreases water circulation
and can favor the establishment of anoxia in sediments, which are suitable conditions for slowing the
digenetic process and preserving organic matter (Genovesi et al., 2013). Therefore, as expected, the
organic matter content, chl a and total DNA concentrations were higher in stations characterized by
fine sand-muddy sediment typology, as proved for instance by the high correlation value (0.83)
obtained between the finest sediment fraction (0-63 um) and the organic carbon content (Figure 32).
It is acknowledged that Alexandrium cysts behave physically like fine particles and that accumulation
spots mostly occur in fine sediment areas (White and Lewis 1982, Kremps 2000, Yamaguch et al.,
1996, Joyce et al., 2005, Gayoso et al., 2001, Matsuoka et al., 2003, Wang et al., 2004, Anderson et
al., 2005, Anglés et al., 2010, Horner et al., 2011, Genovesi et al., 2013). Consequently, DNA traces of
the species should mostly be found in sediments characterized by a large fraction of fine particles.
The good positive correlation found between our A. minutum ITS1 rDNA amplifications and the 0-63
um sediment fraction of the sampled stations confirms this hypothesis. Good correlations between
ITS1IrDNA amplifications and the 0-63 pm sediment fraction were coherent for both 2013 and 2015
samples in stations of the south-eastern part of the Bay of Brest and particularly for stations of the
Daoulas estuary, in areas that were confirmed to be of muddy-fine sediment facies in a recent
comprehensive, morpho-sedimentological analysis of the Bay of Brest (Gregoire et al, 2016).
Seasonal blooms of A. minutum have been detected in the Daoulas estuary since July 2012, when a
massive toxic bloom event (concentrations of 42 x 10° cells L) highlighted the Daoulas area as a new
risky zone for toxic blooms of A. minutum in the Bay of Brest (Chapelle et al.,, 2015). Before this
event, the Daoulas area was not included in the monitored area of the REPHY observation network;
in fact, the toxic species has only recently increased in the area as demonstrated by paleogenetic
data from ancient sediment cores of the area (Klouch et al., 2016). As well as Daoulas Bay, blooms of
the species occur in other zones of the Bay of Brest, but they have always been of minor intensity
(Chapelle et al., 2015). In conclusion, we found large numbers of copies of the maker gene of A.
minutum in sediments or areas where blooms of higher intensity occur in the plankton. This allows us
to suggest that the Daoulas estuary is probably an accumulation zone of cysts of A. minutum in the

Bay of Brest, an area which should be carefully monitored for toxic bloom occurrences.
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4.2. Spatial heterogeneity in sediment and in water

The mapping of the potential accumulation spots of A. minutum obtained for December 2013 and
January 2015 suggests a non-homogenous distribution of banks within the Bay of Brest, with major
accumulation areas in the south-eastern part of the bay. In parallel, the simulation of passive particle
trajectories performed with real forcings in potential offspring periods of A. minutum (June 2014 and
2015, the summer periods after the wintertime cyst accumulation in 2013 and 2015) suggests a
differential dispersal of blooms in the bay. Blooms occurring in the south-eastern Daoulas estuary
would be relatively disconnected from those in the north-eastern Elorn estuary, as the connectivity
between the two areas is very low (<1.4%). Overall, this study reveals a heterogeneous distribution
pattern of A. minutum in the Bay of Brest in both sediments and the water column. The reasons for
this distribution must be found in the hydrology, geomorphology, and hydrodynamics of the bay.
Previous model simulations have shown that the estuaries of the Bay of Brest are preferential
ecosystems for dinoflagellate bloom occurrence because of a sustained nitrogen supply from rivers
(Menesguen et al., 2006) and significant estuarine nutrient stocks in sediment (Raimonet et al., 2013)
that can be resuspended (Tallberg et al., 2006) and due to low flushing rates in estuaries that allow
the development of the bloom (Sourisseau et al., accepted). Despite high nutrient loads, the Bay of
Brest seems to be resistant to eutrophication problems due to strong semi-diurnal tidal currents that
ensure the water exchange with the continental shelf (Le Pape and Menesguen, 1997, Chavaud et al.,
2000). In the shallow estuarine ecosystems of the Bay of Brest, the tide and the wind intensity and
direction could promote bottom currents that can influence cyst and sediment distributions as
shown in other semi-enclosed ecosystems (e.g. Genovesi et al., 2013, Trikia et al., 2014). Weak
bottom currents favor the settlement of fine-muddy (<0.63 um) sediment and cysts of Alexandrium,
which are acknowledged to behave like fine sediment particles (Dale 1983). Therefore, bottom
currents in the Bay of Brest may play a role in promoting the sediment movement and creating
permanent superficial deposits of A. minutum in the shallow, peripheral embayments of the south-
eastern zone of the bay, such as the Daoulas estuary. However, the specificity of A. minutum
distribution in sediments remains to be demonstrated, as it is shown that cysts of different species
may have different spatial distributions. (Park and Park 2010, Satta et al., 2013, Fertouna-Bellakhal et
al., 2014).

Sediment resuspension and transport in the water column of the Bay of Brest have been analyzed by
hydro-sedimentary model simulations. Tide currents would generate higher concentrations of
resupended muddy sediments in the south-eastern estuaries of the bay (The Daoualas and Aulne
estuaries) than in the north-eastern estuary (Elorn Estuary) (Beudin et al., 2013, Beudin et al., 2014).

Tracked suspended mud of the south-eastern estuaries are predicted to be flushed out the bay,
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without reaching the Elorn estuary, and the mud of the Elorn estuary are expected to remain and
redeposit in the estuarine area without reaching the inner and the south-eastern part of the Bay of
Brest (Beudin et al, 2013, Beudin et al., 2014). In parallel, our simulated particle dispersal
trajectories suggest tidal currents coupled with river outflows would trigger current trajectories that
cause low exchanges between the north-eastern Elorn estuary and the south-eastern Daoulas,
Camfrout and Aulne estuaries. Potential blooms developing in the Elorn estuary would be mostly
directly exported out of the bay, whereas blooms developing in each of the south-eastern estuaries
would be connected to each other but not to the Elorn estuary. Both sediment and particle simulated
transports suggest that the hydrodynamics of the bay would create barriers for A. minutum dispersal.
As a consequence, low interbreeding could exist between populations of the northern and southern
zones of the Bay of Brest. Our simulations are based on a physical model that does not include
biological variables such as growth, asexual and sexual reproduction and mortality rates. These
variables affect the retention time of a bloom and the connectivity between ecosystems and
populations of the bay. New model simulations that integrate biological variables and a population
genetic approach would complete the information provided by our study, probably supporting the

heterogeneity of A. minutum dispersal in the Bay of Brest.

5. Conclusions
The successful germination of A. minutum from all sampled stations of the Bay of Brest demonstrates
that A. minutum currently contaminates the whole Bay of Brest. Since in 1990 no cysts were found in
estuarine samples of the bay, the information provided in this study contributes to highlighting a
relatively recent proliferation of this toxic species in the bay. Higher copy numbers of ITS1rDNA in
sediment samples of the Daoulas estuary argue in favor of the possibility that this estuary could be a
major accumulation spot of the cysts of A. minutum. This distribution pattern could explain the
regular occurrence of blooms of higher intensity in this area of the bay. The simulations of particle
trajectories demonstrate that the blooms occurring in the north- and south-eastern estuaries of the
bay are disconnected and therefore rather independent of each other. This suggests the existence of
potential physical barriers to A. minutum bloom dispersal and of populations interbreeding in the
bay. Overall, a heterogeneous distribution of A. minutum in both sediment and the water column
emerge from our study, proving that there may be discrete, localized accumulations of cysts even in

a semi-enclosed coastal ecosystem.
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7. Supplementary data

Supplementary Table 3.1. Classification of sampling stations based on four sediment size classes (um) following Larsonneur (1977) for the two sampling surveys
(January 2013 and December 2015).

Id St. 0-63 63-125 125-500 500-2000 Classification

2013 2015 2013 2015 2013 2015 2013 2015 2013 2015
1 143+7.7 53.8+18.2 16.7+0.9 11.9+2.3 479194 204 +5.4 21.0+2.7 13.9+15.0 Muddy sand Sandy mud
2 63.4+4.7 27.4+43 14.8+0.6 12.0+1.2 18.0+2.9 247+1.3 3.9+25 35.9+5.9 Sandy mud Sandy mud
3 32.5+0.6 40.8+11.6 28.7+0.3 18.1+1.7 33.2+0.9 33.6+10.9 56+0.5 75129 Sandy mud Sandy mud
4 4.1+0.7 55+2.8 2.7+05 2.2+0.8 61.5+15 55.0+3.9 31.6+2.3 373156 Fine sand Sandy mud
5 3.6+0.5 3.5+0.6 17.3+0.3 12.4+4.6 75.6+1.0 81.5+5.3 34+1.1 25+0.7 Fine sand Fine sand
6 81.9+2.9 77.7 £5.5 11.2+1.0 11.2+1.6 6.3+15 10.0+4.0 0.6+0.3 1.1+03 Mud Mud
7 69.6 £ 6.5 35.8+6.6 16.0+2.9 11.9+0.2 124+25 24.7+4.2 20+13 27.7+9.9 Sandy mud Sandy mud
8 61.2+54 45.2+6.3 18923 155+2.1 17.6+3.1 31.0+24 2.2+0.8 8.3+3.6 Sandy mud Sandy mud
9 62.6+5.0 70.0+6.4 11.9+2.0 13.1+1.0 189+4.1 15.6+4.7 6.5+3.1 14+13 Sandy mud Sandy mud
10 76.0t2.1 70.6+2.2 12.4+0.2 13510 9.8+1.2 14.4+1.7 1.8+0.8 1.5+0.6 Mud Sandy mud
11 77.2+t1.1 76.5+0.5 13.0+04 12.8+0.2 9.1+0.6 9.9+0.3 0.7+0.2 0.8+0 Mud Mud
12 442 +3.2 525+7.7 25.1+3.3 222+2.1 244+16 22.2+56 6.3+£2.0 3.0+25 Sandy mud Sandy mud
13 51.1+11.1 36.7 £31.8 18.4+1.8 12.7+£11.0 25.7+9.5 15.1+13.2 4.8+3.2 22120 Sandy mud Sandy mud
14 80.1+1.4 74.1+1.8 13.0+0.5 13.5+0.2 6.5+1.0 11.6+1.7 0.5+0.2 0.9+0.7 Mud Sandy mud
15 69.6+24 65.2+3.5 16.5+1.8 169+1.2 12.2+0.5 15.8+2.0 1.6+0.6 2.1+0.8 Sandy mud Sandy mud
16 70.0+12.7 76.6 £0.4 16.2+4.0 12.0+£0.5 124+7.8 10.4+£0.6 1.4+0.9 1.0+£0.3 Sandy mud Mud
17 65.3+6.1 64.2+5.7 15.8+1.0 13.5+1.2 149+29 18.6+5.3 4.0+2.7 3.6+13 Sandy mud Sandy mud
18 543 +8.5 70.0+3.5 21.8+1.6 156104 199+6.9 129+29 3.9+3.2 1.5+0.8 Sandy mud Sandy mud
19 77.7+23 82.1+2.3 129+04 10.8+0.9 84+15 6.8+1.1 1.0+04 0.3+0.3 Mud Mud
20 15.8+7.8 67.4+4.7 9.0+2.0 17.5+29 540+11.1 141+2.1 21.3t16.6 1.0+x0.3 Muddy sand Sandy mud
21 49.8 +10.7 10.9+0.9 23.7+2.8 10.1+0.5 23.9+6.8 72.2+0.8 2.5+1.1 6.8+2.2 Sandy mud Muddy sand
22 7.2+1.1 104+1.6 40.5+1.8 319+1.1 52.0+2.7 56.5+1.5 0.3+0.1 12+1.2 Muddy sand Muddy sand
23 57.3+6.8 27.5+24.8 18.2+1.1 12.4+10.8 22.2+3.8 23.3+20.7 2.3+2.0 3.5t45 Sandy mud Sandy mud
24 69.1+4.8 81.6+t1.1 159+0.6 10.7+£1.0 12.9+3.0 7.3+0.2 2.1+1.4 0.3+0.6 Sandy mud Mud
25 63.3+1.0 62.5+1.5 24922 233+1.6 10.4+0.6 13.1+0.6 1.4+1.1 1.1+0.1 Sandy mud Sandy mud
26 77.4+33 81.5+2.6 12.6 £0.7 11.0+£1.5 9.4+2.7 75+1.2 0.6 0.1 0 Mud Mud
27 35.1+2.8 32.116.6 7.4 £0.7 7.7t14 19.4+2.1 25.9+5.2 38.1t1.6 34.3+10.5 Sandy mud Sandy mud
28 77.7t1.1 81.7+4.0 10.4+£0.2 9.8+1.2 11.1+£0.7 82+23 0.9+0.9 0.3+0.6 Mud Mud
29 79.4+3.3 84.6+0.7 109+1.3 8.9+0.4 8.9+1.4 6.5+0.6 0.8 +0.7 0 Mud Mud
30 26113 4.1+0.9 51.9+6.2 414173 - Fine sand
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Context of the work

Marine organisms constantly undergo pressures brought on by changes in their habitat conditions. In
consequence, they can manifest physiological response as adaptation, change of the geographic
range, invasions and extinctions (Brierley and Kingsford 2009). The Bay of Brest (Brittany, France) has
experienced several changes in hydrological conditions since the 50°, particularly by important
fluctuations in the nutrient concentrations leading to an imbalance of the N/P ratio. Indeed,
Phosphorous concentration has diminished markedly in the water after the modification of
agriculture policy. Although the consequences of such changes has been studied in the past,
revealing changes in dominant species composition and blooms dynamics (Quéguiner and Tréguer
1984), one approach is to take advantage of the fact that some phytoplankton species are able to
produce resting stages as part of their life-cycle, which are deposited in the sediment record and can
remain viable for long-time periods. These resting stages are physiologically dormant and can be
viewed as “time capsules”, as they allow for the preservation of biological material through time
(Ribeiro et al.,, 2013). The germination of resting stages formed in the past provides a novel
possibility to directly test the response of past living populations to inferred changes in the
environment at a multidecadal scale.

In this study, we used dinoflagellate culture strains obtained from cyst germination experiments in
the chapter 2 to investigate their ecophysiological responses through time in two Brittany
ecosystems (the Bay of Brest and The Bay of Morlaix). Specifically, we investigated the growth rate
of populations of Scrippsiella donghaienis and Alexandrium minutum of different ages in two culture
conditions contrasted by their phosphorous (P) concentrations in order to investigate if population of
different ages would respond differently to a P limitation. These conditions were supposed to mimic

the environmental changes which have occurred in the estuaries of Brittany.

Author contributions

In this work, | performed and optimized the cyst germination experiments, and | established the
monoclonal cultures. | performed the genetic identification of strains: DNA extraction from cultures,
PCR and gel verifications, sequence analyses and phylogeny for the taxonomic assignation. During my
Master 2 internship in 2013, before the beginning of the Ph.D, | set up ecophysiological experiments
and carried out preliminary experiments. These outcomes have been used to formulate the
hypotheses of this part of the Ph.D. work which have been mainly carried out in the frame on the
Master 2 internship of M. Georges des Aulnois, whom | supervised in collaboration with R. Siano. M.

Georges des Aulnois performed ecophysiological experiments and data analyses. C. Labry helped in
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designing the ecophysiological experiments and the interpretation. L. Guillou, isolated and cultivated
strains from revived cysts from the Bay of Morlaix (Penzé Estuary) which have been used for this part
of the Ph.D work. M. Latimier, J. Quéré, A. Youenou (technicians) helped in conceiving the
experiments, they also performed the analyses on experimental strains (cell counting, fluorescence
measurement, cytometer counting). | followed the data analyses and interpretation and |
participated to text writing in French (Master 2 report), which has been mainly performed by M.
Georges des Aulnois. | performed the English translation of the final manuscript. R. Siano was the

research designer.

144



CHAPTER 4.

Phenolotypic responses of dinoflagellate strains of different ages in

phosphorus-depleted conditions

Résumé (en francais)

Les réponses phénotypiques des protistes marins aux perturbations de I'environnement cotier ont
été peu étudiées a I’échelle multidécennale. Un cycle de vie court associé a une diversité génétique
et phénotypique pouvant s’exprimer au niveau d’'une méme population, leur permettent de
répondre rapidement aux variations de I'environnement. Nous avons étudié, les différentes
caractéristiques physiologiques de populations de dinoflagellés anciennes et modernes, lors d’une
modification du ratio N/P. Ces populations de dinoflagellés ont été obtenues a partir de kystes
anciens préservés dans les sédiments de I'estuaire de I'Elorn (rade de Brest) et de Penzé (Baie de
Morlaix). Le taux de croissance, les paramétres intracellulaires (contenu en chlorophylle g, taille et
complexité des cellules) de 20 souches de Scrippsiella donghaienis et d’Alexandrium minutum datant
des années 70’, 80’, 90’ et 2000 ont été analysées a partir de deux milieux de culture différents
censés représenter I'évolution du rapport N/P depuis une soixantaine d’années dans les estuaires
bretons (N/P=25 et N/P=100). Nos résultats montrent une variabilité intraspécifique de la croissance
des souches et de leur consommation du phosphore, conduisant au rejet de I’hypothése initiale
d’une séparation des populations de dinoflagellés en fonction de leur age. Ces résultats suggerent
I’existence d’une plasticité phénotypique des populations de dinoflagellés a I'échelle de plusieurs

décennies.
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Phenolotypic responses of dinoflagellate strains of different ages in

phosphorus-depleted conditions

Klouch K.Z, Georges des Aulnois M., Labry C., Latimier M., Quéré J., Youenou A, Guillou L., Siano R.

Abstract
The phenotypic responses of marine protist to environmental perturbations of the coastal ecosystem

have been rarely studied across a decadal time-scale. Given their rapid life cycles and their genetic
and phenotypic intraspecific diversity, marine protists can rapidly respond to environmental changes
even at the population level. Here, we studied if ancient-to-modern populations of marine
dinoflagellates revived from up to 50 years old cysts buried in sediments of the Elorn Estuary (Bay of
Brest) and Penzé Estuary (Bay of Morlaix), might have developed different physiological
characteristic in relation to the changes in the N/P (25 to 100 (Nitrogen/Phosphorous)) ratio occurred
over the last century in the Brittany estuaries. In particular, we analysed the growth rates and
intracellular parameters (chlorophyll a, cell size and complexity) of 20 strains of Scrippsiella
donghaienis and 6 strains of Alexandrium minutum of the years ‘70, ‘80, ‘90 and 2000 when
cultivated in a dystrophic (100) and balanced (25) N/P ratio which mimic phosphorous limitation
occurred in Britanny estuaries. Our results showed an intraspecific variability in the strain growth,
and phosphorous assimilation leading to discard the initial hypothesis of the separation of population
according to their ages. Furthermore, these results suggest a phenotypic plasticity of dinoflagellate

populations which can be expressed over a multidecal time-scale.
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1. Introduction

Marine ecosystems are influenced by ecological changes at different temporal and spatial s scales. At
the global scale, during the last century, the phytoplankton biomass decreased (Boyce et al., 2010)
and areas of low chlorophyll a concentration have expanded (Polovina et al., 2008). During the last
200 years, the coastal ecosystems, suffered from eutrophication events (Cloern 2001) and from
spatial-temporal variations of phytoplankton communities (Hallegraeff 2010) as a consequence of
climate changes and human population development. In particular, these changes can be attributed
to the nutrient enrichment (Nixon 2005) and/or the deregulation of the trophic balance of the
ecosystem (Vilmi et al., 2015). In fact, the nutrient concentration, their ratios C/N/P (Redfiled 1958)
and the competition for nutritive resources (Lagus et al.,, 2004) are important factor affecting the
structure of marine protist communities.

In Europe, the French coasts experienced important hydrological variations during the last century.
The development of human and farming activities led to fertilization of the coastal waters. As a
consequence, the nutrient balance has been disturbed (Delmas and Tréguer 1983). The Bay of Brest
suffered from those perturbations as documented by investigations carried out in this ecosystem
over the past 50 years (Chauvaud et al., 2000; Hafsaoui et al., 1985; Le Pape et al., 1996). The bay
receives high nutrient inputs from 5 watersheds and is strongly influenced by the tidal cycle. Studies
of the consequences of these two types of physical forcings have shown that the Bay of Brest is a
highly nutrient-enriched area (Le Pape et al., 1996). The development of the urban area contributed
to the increase of phosphorus inputs in the bay, before the ban of washing powders containing
orthophosphates leading to a decrease of phosphorous concentrations in the environment (Guillaud
and Bourriel 2007). At the same time, the watersheds of the bay were marked by an increase of
nitrogen inputs due to the intensive farming activities on the lands (Cann 1995).

In almost all of the rivers of Brittany, the nitrogen concentration doubled between 1970 and 1990
and increased tenfold since the beginning of the century (Le Pape et al., 1996). As a consequence,
the period of minimal nitrogen concentrations was reduced from 5 months in 1970 to 1 month in
1990 (Daniel 1995). From 1990, the change of the agricultural policy of the region, led to a significant
reduction of 80% of nitrogen concentration in the watershed of Britanny (Guillaud and Bourriel
2007).

In view of the fact that that the nutrient ratio (Si/C/N/P) drastically changed in the Bay of Brest since
1950, numerous studies have aimed at investigating the risk of eutrophication and the possible
consequences on the phytoplankton dynamics (Delmas and Tréguer 1983; Quéguiner and Tréguer
1984; Hafsaoui et al., 1985; Le Pape et al., 1996; Del Amo 1997; Guillaud and Bourriel 2007; Trommer

et al., 2013). During the 1970s, nitrogen was considered as the limiting factor for phytoplankton
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growth in the summer (Quéguiner and Tréguer 1984). Conversely, phosphorus concentration
remained low and stable, being controlled by adsorption-desorbption phenomenon at the interface
water-sediment (Hafsaoui et al.,, 1985). Recently, Trommer et al.,, (2013) also showed that the
inorganic phosphate is limiting from March to June in the Bay of Brest. The perturbation of the ratio
N/P affected bloom dynamics (Quéguiner and Tréguer 1984). The intensity of the spring blooms
decreased in favour of summer blooms (Chauvaud et al.,, 2000). In terms of species composition,
Quéguiner and Tréguer (1984) showed that diatoms dominated the blooms between 1981 and 1982.
A few years later, the blooms were dominated both by diatoms and dinoflagellates (Del Amo et al.,
1997). These variations in the specific composition of phytoplankton community were supported by
Beucher et al., (2004) who showed that the phosphorus limitation can favour dinoflagellate blooms.
Modelling studies and in vitro experiments demonstrated that an increase of dinoflagellate biomass
may be favoured by nitrogen enrichment and/or low phosphorus concentration (Chapelle et al.,
2010). Finally, mesocosm experiments on natural samples confirmed that nitrogen enrichment
associated to silica limitation favoured dinoflagellate growth (Claquin et al., 2010).

The importance of phosphorous for dinoflagellate dynamics was confirmed by ecophysiological
experiences. Dinoflagellates showed a better growth in inorganic phosphate-limited medium than
other phytoplankton organisms like diatoms (Lin et al., 2016). Moreover, different phosphorus
concentrations induced different strategies of growth between the two dinoflagellate species,
Alexandrium minutum (toxic species) and Heterocapsa triquetera (nontoxic species) (Labry et al.,
2008). However, such experiments did not consider the degree of variability between different
strains because of the limited number of strains considered simultaneously (Langer et al., 2009;
Alpermann et al., 2010). Yet, modeling analyses showed an important intraspecific variability in the
phosphorus cell content of different strains of the diatom, Thalassiosira pseudonana (Fredrick et al.,
2013).

Because of their rapid generation time and longevity, many phytoplankton species are expected to
respond to environmental changes at short time-scales (Hallegraeff 2010). Therefore, in
experimental in vitro approaches, it is relatively easy to study the potential niche and the potential
adaptation of modern phytoplankton strains to environmental changes, mimicking the natural
environment conditions. For example, Collins and Bells (2004) have studied the adaptive responses
of Chlamydomonas in response to increasing CO, concentration over 1000 generations. The cells
acclimatized to these changes but no genetic changes could be described. This experiment
demonstrated the abilities of acclimatization rather than adaptation (Collins and Bells 2004). Another
approach is possible to understand the evolution history of marine protist, especially for

dinoflagellate. Indeed, some representatives of this group can form resting stages (cysts) whenever
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the environmental conditions become unsuitable for their development in the water column. Resting
cysts settle at the sea floor and accumulate in the sediments. The resting cysts in the sediment
ensure the survival of a population in the ecosystem and provide the inoculum for the initiation of
seasonal blooms (Anderson and Wall 1978). The existence of these forms allows the populations to
resist to environmental fluctuations even at a long time-scale (Tyler et al., 1982) in the absence of
sediment resuspension and if favourable physical-chemical conditions (e.g. anoxia) occur. Resting
stages deposited in marine sediments can remain viable for many decades and be revived in the
laboratory (Ribeiro et al., 2011; Lundholm et al.,, 2011; Miyazono et al., 2012). The use of strains
revived from ancient cysts is an alternative source of information on population’s evolution of a
species. For example, Ribeiro et al., (2013) reported on ecophysiological variability of the marine
Pentapharsodinium dalei populations over a 100-year period of experienced shifts of salinity in a
Swedish fjord.

Are the changes in phytoplankton community observed during the last 50 years in the Bay of Brest
due to the ability of dinoflagellate populations to adapt to nutrientsfluctuations? In order to
contribute to this debate, in this study we used the living dinoflagellate sedimentary record of the
Bay of Brest and the Bay of Morlaix. We studied the physiological responses of populations of
different ages of the dinoflagellates Scrippsiella donghaienis and Alexandrium minutum when
cultured in dystrophic N/P ratios with P-depleted conditions. The culture conditions used here, tried
to mimic the environmental changes experienced by the dinoflagellate populations in the estuaries
of Brittany. We tried to investigate on potential different physiological responses of populations of
different ages using the P limitation as a potential factor differentiating the populations studied.

To the best of our knowledge this study represents the first attempt to understand the ability of
marine dinoflagellate species to adapt to nutrient changes of the environment using revived

populations from sediments.

2. Material and methods

Here we used the terms of “strain age” to refer to the time period in which cyst are supposed to
accumulate according to sediment layer dating provided for the Bay of Brest (Elorn Estuary, EE) in
Klouch et al., (2016) and for the Bay of Morlaix (Penzé estuary, EP) (Figure 34, Table 7). Sediment

dating methods are provided in Klouch et al., (2016).
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Figure 34. Sampling sites of sediment cores.
Table 7. Culture stains selected for experimentations.
Elorn Estuary (EE) - S. donghaienis
Sediment layer dating (years) Layer depth (cm) Strain ID
1993 +1 10 Sc 51, Sc 53, Sc 150
1986+ 2 13 Sc 14, Sc 15, Sc 20
1978 +2 17 Sc 27, Sc 28, Sc 29
Penzé Estuary (PE) S. donghaienis A. minutum
Sediment layer dating (years) Layer depth (cm) Strain ID Strain ID
2006 + 2.3 15 Sc21,Sc22,Sc 65 Am 76, Am 77
1998 + 4.6 30 Sc 129, Sc 130, Sc 142 -
1997 +4.9 31 - Am 53, Am 55, Am 60

Cyst germination experiments were performed similarly to previous paleoecological studies on
diatoms (Harnstrom et al., 2010) and dinoflagellates (Miyazono et al., 2012). Sediment samples (~5
cm?®) were added to filtered seawater and placed in an ultrasonic bath for 6 min to separate
dinoflagellate cysts from inorganic particles. The sediments were sieved with filtered seawater
through a 100-um onto a 20-um sieve to separate the sediment size fraction containing the majority
of dinoflagellate cysts. Different media (F/2, K, K/2, site-specific seawater) and temperature (16 and
18°C) conditions were tested to optimize cyst germination. Irradiance (60 pmol photons m? s?) and

photoperiod (12h:12h) were kept constant during this optimization. Finally, the combination of 16°C
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and K medium (Keller et al., 1987) was retained. A few drops of the 20-100 um fraction were
distributed onto a 12-well plastic plate containing K medium (2 mL per well). The plates were placed
in a culture room at 16°C, under an irradiance of 60 umol photons m? s and a light:dark cycle of
12h:12h. The plates were examined for vegetative cell germination once to three times per week
using an inverted microscope (Zeiss Axiovert 135). Alexandrium minutum cells were identified by
light microscopy and 13 culture strains were established from 3 sediment layers of the EP. For
Scrippsiella spp., 82 cultures strains were established from 12 and 5 sediment layers of the EE and EP
cores, respectively. In addition, 9 other strains of S. donghaienis were obtained from the Daoulas
Estuary core (DE) but these were not used in this study due to the limited number of strains per layer
(<3), a perquisite we imposed in this study.

The cultured strains were identified genetically. DNA was extracted from the strain cultures using the
DNeasy plant mini kit (QIAGEN, Germany) following the manufacturer’s instructions. The LSU rDNA
region was amplified by PCR using dinoflagellate-specific primers (Ldino6, Ldino1) from Probert et al.,
(2014) and the following PCR program: 35 cycles composed of an initial denaturation at 95°C for 2
min, a denaturation at 95°C for 30 sec, a hybridization at 56°C for 30 sec, an elongation at 72°C for 1
min and a final elongation at 72°C for 5 min. After purification by the QlAquick PCR purification kit
(QIAGEN, Germany), the PCR products were sent to GATC Biotech

(http://www.gatcbiotech.com/en/products/sanger-services) for Sanger sequencing.

2.1. Ecophysiological experiments in variable N/P ratio conditions
Among the 95 strains of EE and EP (82 for S. donghaienis and 13 for A. minutum), Twenty strains
were randomly selected based on the number of strains (> 3 per layer). We finally considered 3 and 2
periods of time, respectively in the Elorn estuary (EE) and the Penzé estuary (PE) (Table 7). These
strains were maintained during 3 years in the laboratory on K medium and 34.5 salinity, with a
photoperiod 12h:12h under an irradiance of 60 pMol photons m? s?! before the beginning of
ecophysiological experiments.

In our experimental conditions, batch cultures were conducted in triplicates for each strain and
nutrient condition. In order to study the responses of each strain to a variation of N/P and in
particular to inorganic phosphate, we used the F/2 culture medium (Guillard and Ryther 1962) which
contains only one source of inorganic phosphate (PO4*) and N/P ratio=25. The P-depleted culture
medium named as (F/2 p/4) was prepared from the original recipe of the F/2 culture medium by
reducing the concentration of inorganic phosphate by a factor of four to get a final N/P ratio=100.
The concentration of each component is summarized in Table 8. Natural autoclaved and filtered

water (0.22 um) from the Biological Station of Argenton (IFREMER) was used to prepare the growth
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media in sterile conditions. Twenty four hours after an enrichment of the sea water, a second

filtration was conducted in order to discard the silica flocculants.

Table 8. Nutrient composition of the culture media used in this study.

Compounds F/2 medium concentration F/2 p/a medium concentration
NaNOs 8.83 x 10* 8.83 x10*

NaH:POs, H20 3.63x10° 9.08 x 10

NazSiOs, 9H.0 1.07 x 10* 1.07 x 10*

N/P ratio 25 100

Before the experiment, the strains were acclimatized for each experimental condition during 10 days.
For the acclimatization phase as well as for the experimental phase, the salinity, irradiance and
photoperiod conditions were kept the same as for the maintenance conditions. The temperature was
increased from 16 to 18°C in order to stimulate the growth activity during both the acclimatization
phase and experimental phase.

An inoculum of 500-1000 cells mL™ in the exponential growth phase has been used for the 20 strains
and the two media conditions. The volume required to obtain the selected inoculum was calculated
by counting a subsample of 1 mL of the original cultures on Nageotte counting cell under a light
microscope. For each sample, a minimum of 40 stripes was counted. Each experimental culture was
completed to a final volume of 180 mL in plastic, non-ventilated flasks (250 mL volume). A total of
120 cultures were launched simultaneously and followed on a daily basis during 12 days (from to to
t11). Each day, 5 mL of culture were sampled for the measurement of different parameters, following
the same protocol: i) 2 mL were used for fluorescence analyses, performed on a microplate
fluorescence reader to estimate the cell growth daily, ii) 1 mL was fixed, in two replicates, in a mix of
glutharaldéhyde (50%) and poloxamer (Pluronic) (10%) for flow-cytometry analyses (Marie et al., in
Andersen, 2005), iii) An aliquot of 1 mL was fixed with Lugol solution (4%) for counting in light
microscopy. In order, to verify nutrient, and in particular P limitation of the cultures, the
concentration of inorganic phosphate and nitrate were monitored at the beginning of the
experiment (to) and the end of the exponential growth phase and estimated by in vivo fluorescence
measurements (tim). For nutrient analyses, 20 mL of culture were filtered on 0.45 um and stored in
plastic falcon before freezing (Aminot and Kérouel 2004). Only one replicate was analysed at to, and
all the replicates were analysed At tim. All nutrients were analysed by automatic methods according
to Aminot and Kérouel (2007). Nitrate and Inorganic phosphate concentrations were analysed for all
the strains of the EE but only for the strain SC 142 of the PE, chosen on the basis of growth dynamic

analyses. Measurements of pH were performed on 10 mL of cultures at toand tim using an electronic
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pH-meter, Mettler Toledo SevenEasy, calibrated with two buffer solutions at pH 7 and 9.2 (Aminot

and Kérouel, 2004).

2.2. Cell growth analyzed using in vivo fluorescence
In order to estimate in real-time, the cell growth chl a fluorescence was recorded every day on a
Biotek FLX 800 plate reader. The analyses were conducted on a multiwell plate (24 wells). The
fluorescence was recorded after submitting 2 mL of culture to an excitation at 480 nm and an
emission at 680 nm. For each well, 81 reads were collected. These analyses were carried out every

day from to to tim at the same hour at least 3 hours after the lighting of culture chambers.

2.3. Cell growth analyzed by flow cytometry
The cell concentration of the 120 cultures was estimated every day by flow cytometry measurements
using a BD FACSAria cytometer and a red laser (488 nm), at the Biological Station of Roscoff (Roscoff,
France).Three parameters were estimated using 3 scatters (chl a, Side Scatter (SSC) and Forward
Scatter (FSC)). The chl a scatter allowed to get an estimation of cell growth and to analyse the
evolution of chl a per cell. The SSC and FSC are proxies for the length and the complexity of the cells,
respectively. Each analysis was conducted during 1 min with a cell flow comprised between 80 and
100 pL min. In order to calibrate our data, 10 pL of a bead solution (3 um) were added to each
sample before the measurements (Marie et al., in Andersen 2005). The analysis was performed with
an emitting laser at a wavelength of 488 nm and using a green fluorescence scatter (525 + 20 nm)
and a chl a scatter (680 = 40 nm). Bacteria counting (one replicate per strain and per nutrient
condition) were conducted after the analysis of dinoflagellate cells on a BD Accuri C6 cytometer.
Before the analysis, samples were diluted by 100 in a tris buffer solution (pH = 8) containing SYBR

Green (1/10 000) and incubated for a minimum of 15 minutes before the analysis.

2.4. Growth rate calculation
Strain specific exponential growth rates (1) were determined from flow cytometric counts. Growth
rates were estimated for a minimum of 4 consecutive points. Cell concentrations were linearized by a
logarithm transformation. In an exponentially growing culture, the growth rate corresponds to the
slope of the straight line (Wood et al., in Andersen 2005). The growth rate p (d) was calculated as

follows:
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n= M => In (N) = pt+In(Np)
with:
u: growth rate in day
t: number of days used in the regression
N: cell concentration cells mL? at the last sample of the regression period

No: cell concentration at to

2.5. Statistical analyses

In order to reveal differences between populations of different ages and between the culturing
conditions, the data of the strains were grouped according to their age and the growth medium. Each
age was studied using data obtained with 3 strains cultured in triplicate (except for A. minutum from
1997 + 4.9 in PE for which only 2 strains were available). The growth dynamic of each strain was
analysed by using the mean cell concentration (3 replicates) for each experimental day.

The differences between periods were analysed using the mean growth rate (3 replicates) and the
maximal cell concentration for each strain and each culture medium. The statistical analyses were
performed using R software (R Development Core Team 2012). Shapiro-Wilk test was used to verify
the normality of the data distribution. Considering the low number of strains, non-parametric
statistical tests were chosen for analysing all of the measured parameters. For every culture,
differences between F/2 and F/2 p;s medium in terms of growth rates and maximal cell concentration
were tested using a Wilcoxon-Mann Whitney test (n=3) (level of significance 5%).

In order to verify the homogeneity of the strains triplicates for each age and culture condition, a
Kruskall-Wallis (K-W) (level of significance 5%) was conducted on growth rate and maximal cell
concentration data. If the K-W test was significant, a post hoc Nemenyi test (level of significance 5%)
was applied. The same tests were used in order to verify a possible age effect for each culture

condition both in growth and maximal cell concentration data.

3. Results

3.1. Initial (to) experimental conditions
At to, cell concentrations ranged between 269 and 1114 cells mL®. Inorganic phosphate (Pi)
concentrations ranged between 31.25 and 33.65 uM for F/2 and between 6.21 and 8.00 uM for F/2
p/a. Nitrate concentrations for F/2 and F/2 p;s ranged between 901 and 932 uM. The N/P ratio for F/2
medium ranged between 27 and 29 whereas for F/2 p4it ranged between 114 and 146.
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3.2. Cell concentration dynamics

Cell concentration increased exponentially as a function of time for almost all strains of Scrippsiella
donghaienis from the EE (Figure 35) and the EP (Figure 36) for both nutrient conditions. Low variation

between replicatesfor each strain was observed as indicated by low standard errors.
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Figure 35. Cell concentration as a function of time in the two culture conditions for S. donghaienis strains
(three ages) of the EE. Each point of the mean value of the three replicates and errors bars represent the
standard error of the means. For each strain the sampling of nutrient and pH, chosen on the basis of the
fluorescence data is represented in red.
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For the EE, growth dynamics differed between strains for each period. Strains from 1978 + 2 seemed
to be more homogenous with a cell concentration of all strains <ca. 2000 cells mL?. Strains SC14,
SC15, SC20 (1986 +1) reached maximal cell concentration (F/2: 2136 + 112, 5737 + 279, 3419 + 273
cells mLY; F/2 p/4: 1701 + 100, 6030 * 382, 2648 + 81 cells mL™?). The duration of exponential phase
was different among strains and for both growth media. (Figure 35-C,D).

The period 1993 + 1 was marked by the growth dynamic of the strain SC150 (maximal cell
concentration reached F/2: 11581 + 291 cells mL™; F/2 p/4: 11269 * 1192 cells mL?) 6 fold higher than
those of the strains SC51 and SC53. No differences was observed in growth between the two media
(Figure 35-E,F).

For the EP, growth dynamics were more homogeneous for the strains of 1998 + 4.6 than those of
2006 + 2.3 (Figure 36). Little differences were obtained between growth media for the strains SC129
and SC130. For SC142, no growth limitation was observed in F/2 medium until t, whereas a limited
growth occurred from t;in the F/2 P/4 medium. Maximal cell concentration for SC142 in F/2 p;4 (6076
+ 54 cells mL?) was lower than in F/2 medium (10054 + 819 cells mL?). As for the period 2006 + 2.3 in
F/2, SC 22 showed a better growth and maximum cell concentration than strains SC21 and SC65.

SC21 and SC22 showed a lag phase from to until t7 in F/2 p/4 (Figure 36-C,D).
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Figure 36. Cell concentration as a function of time in the two culture conditions for S. donghaienis strains
(three ages) of the EP. Each point of the mean value of the three replicates and errors bars represent the
standard error of the means. For each strain the sampling of nutrient and pH, chosen on the basis of the

fluorescence data is represented in red.

Maximal cell concentration of of A. minutum strains isolated from PE were < ca. 2500 cells mL*

except for the strains Am55 (F/2: 17809 + 958 cells mL; F/2 pa: 12947 + 362 cells mL? (Figure 37C,D).

Growth dynamics for Am76 and Am77 of 1997 + 4.9 are similar (Figure 37A,B). No difference in terms

of maximal cell concentration was evidenced between the two culture media for both strains of 1997

+4.9 and 2006 + 2.3.
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Figure 37. Cell concentration as a function of time in the two culture conditions for A. minutum strains (two
ages) of the EP. Each point of the mean value of the three replicates and errors bars represent the standard
error of the means. For each strain the sampling of nutrient and pH, chosen on the basis of the fluorescence
data is represented in red.

3.3. Growth rate analyses

For all the strains, the growth dynamics were obtained through an analysis of the growth rate p (d?)
and the maximal cell concentration (cells mL?) in order to seek for significant differences between
populations of different ages. The calculated growth rate (1) on a minimum of 4 successive samples
were positive. The growth rate ranged between 0.05 + 0.01 d* (Am 60 (F/2 p/4)) and 0.46 + 0.05 d*!
(SC 150 (F/2)) (Tables 9,10).

At EE, significant differences between the growth rates of the strains SC51 and SC53 (1993 + 1)
cultivated in F/2p,were evidenced, demonstrating a heterogeneity within the populations of this
age. For both species, no significant differences were observed in the mean growth rate values

according to the strain age, within the different media (Figure 38, Table 3).
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Figure 38. Average growth rate () for S. donghaienis and A. minutum in the two culture conditions, according
to the strain age and the study site.

Table 9. Statistical tests applied on the growth rates for all S. donghaienis strains of the EE.
The mean growth rate for the three replicates and the corresponding standard
strain. The p values < 0.05 indicating the significance of the test are represented in bold.

error are reported for each

F/2 F/2pa Wilcoxon
Strain Strain u(d?) Standard u(d?) Standard p-value p-value
age Error Error <0.05
(year)
1978 +2 SC27 0.28 0.02 0.21 0.02 - 0.0722
SC 28 0.3 0.05 0.22 0.03 - 0.2
SC29 0.4 0.06 0.33 0.03 - 0.2683
Mean 0.33 0.06 0.25 0.07 - 0.4
p=0.0972 K-wW p=0.0571 K-wW
1986 + 1 sC14 0.35 0.04 0.26 0.09 - 0.3737
SC 15 0.37 0.05 0.28 0.01 - 0.1
SC20 0.37 0.06 0.37 0.01 - 1
Mean 0.36 0.01 0.30 0.05 - 0.3537
=0.71 K-W p=0.1472 K-W
1993+1 SC51 0.38 0.01 0.48 0.05 - 0.1
SC53 0.33 0.05 0.24 0.07 - 0.2683
SC 150 0.46 0.05 0.31 0.02 - 0.1
Mean 0.39 0.07 0.34 0.12 - 0.7
p=0.0549 K-wW p=0.0438 K-wW
*:51-53 Post hoc
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Table 10. Statistical tests applied on the growth rates for S. donghaienis and A. minutum strains of the EP. The
mean growth rate for the three replicates and the corresponding standard error are reported for each strain.
The p values < 0.05 indicating the significance of the test are represented in bold.

F/2 F/2 /s Wilcoxon
Strain age Strain p(d?) Standard u(d?) Standard p-value<0.05 p-value
(year) Error Error
1998 +4.6 SC129 0.34 0.04 0.38 0.05 - 0.3758
SC130 0.26 0.03 0.28 0.01 - 0.3458
SC142 0.29 0.07 0.36 0.03 - 0.4
Mean 0.30 0.04 0.34 0.05 - 0.4
p=0.1716 KW p=0.0614 KW
2006+2.3 SC21 0.19 0.04 0.18 0.02 - 0.8248
SC22 0.25 0.04 0.34 0.06 - 0.2878
sCe5 0.22 0.11 0.27 0.03 - 0.7
Mean 0.22 0.03 0.26 0.08 - 0.7
p=0.5501 KW p=0.0390 KwW
*:21-22 Post hoc
1997+4.9 Am76 0.22 0.06 0.11 0.02 - 0.1
Am77 0.33 0.02 0.11 0.06 - 0.1
Mean 0.275 0.08 0.11 0 - 0.2207
P=0.1 Wilcoxon P=0.7 Wilcoxon
2006+2.3 Amb53 0.25 0.06 0.2 0.05 - 0.3758
Am55 0.29 0.03 0.23 0.01 - 0.0765
Am60 0.14 0 0.05 0.01 - 0.0636
Mean 0.23 0.08 0.16 0.10 - 0.4
p=0.0459 K-W p=0.0580 K-wW
*:51-53 Post hoc

At the EP, significant differences between the growth rates of strains SC21, SC22 and SC65 (2006 +
2.3) for the F/2 p;asmedium have been evidenced, showing the heterogeneity of the growth within
this group (Table 10). For both species, no significant differences in the growth rate were observed
according to the strain age, within the different media. In summary, the analysis of the growth rate
did not allow differentiating the populations according to their age or their culture medium.
However, significant differences of the growth rate values were observed within populations of the

same age, showing the heterogeneity of these groups.

3.4. Maximum cell concentrations analyses
No significant difference has been evidenced between maximum cell concentrations of strains of
different ages for both media. At EE, significant differences were observed among the maximum cell
concentration values of the strains of the same age for the F/2 medium. For the F/2 p;s medium,
significant differences occurred for the 1986 + 1 and 1993 £ 1 (Table 11).
At the EP, significant differences were evidenced between the maximum cell concentration of strains

SC21, SC22 and SC65 (2006 + 2.3) for both F/2 and F/2 p;4 media and for strains of A. minutum for the
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F/2 p/s (Table 12). These results highlight the heterogeneity of the maximum cell concentrations

reached by strains of the same age (Figure 39).
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Figure 39. Average cell maximal concentration for S. donghaienis and A. minutum in the two culture conditions,
according to the strain age and the study site.

Table 11. Statistical tests applied on the maximum cell concentration for all S. donghaienis strains of the EE.
The mean growth rate for the three replicates and the corresponding standard error are reported for each
strain. The p values < 0.05 indicating the significance of the test are represented in bold.

F/2 F/2 v/ Wilcoxon
Maximal cell Maximal cell
Strain age concentration  Standard concentration  Standard p-
(year) Strain  (cells mL?) Error (cells mL?) Error p-value< 0.05 value
1978+2 SC27 1970 27 837 87 - 0.1
SC28 1476 78 1114 33 - 0.1
SC29 1264 111 1101 25 - 0.0765
Mean 1570 362 1017 156 - 0.1
p=0.0273 KW p=0.065 KW
*:29-27 Post hoc
1986+1 SC14 2136 112 1701 100 - 0.1
SC15 5737 279 6030 382 - 0.7
SC20 3419 273 2648 81 - 0.1
Mean 3764 1825 3460 2276 - 1
p=0.0273 KW p=0.0273 KW
*:14-15 Post hoc *:14-15 Post hoc
1993+1 SC51 2268 180 2412 250 - 0.7
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SC53
SC
150
Mean

1969

11568
5268

p =0.0265
*:53-150

97

316
5458
KW

Post hoc

1861

11565
5279

p =0.0273
*:53-150

196

936
5451
KW

Post hoc

0.4

0.6759

Table 12. Statistical tests applied on the maximum cell concentration for S. donghaienis and A. minutum strains
of the EP. The mean growth rate for the three replicates and the corresponding standard error are reported for
each strain. The p values < 0.05 indicating the significance of the test are represented in bold.

F/2 F/2 v/ Wilcoxon
Maximal cell Maximal cell
Strain age concentration Standard concentration  Standard
(year) Strain  (cells mL?) Error (cells mL?) Error p-value< 0.05 p-value
SC
1998 +4.6 129 10594 1082 11240 128 - 0.7
SC
130 9954 459 10338 1270 - 1
SC
142 10054 819 6076 54 - 0.1
Mean 10201 344 9218 2758 - 1
p=0.7326 KW p=0.0608 KW
2006+2.3 SC21 3325 397 4091 122 - 0.0765
SC22 9718 700 6791 1268 - 0.1
SC65 2314 368 1681 284 - 0.1212
Mean 5119 4015 4188 2556 - 1
p= 0.0273 KW p= 0.0265 KW
*:22-65 Post hoc *:22-65 Post hoc
1997+49 Am76 2282 632 1105 273 - 0.1
Am 77 1752 393 1352 77 - 0.1
Mean 2017 375 1229 175 - 0.33
p=0.4 Wilcoxon p=0.4 Wilcoxon
2006+2.3 Amb53 2407 400 1788 113 - 0.1
Am 55 17809 958 12947 362 - 0.1
Am 60 2189 526 2388 464 - 0.7
Mean 7468 8956 5708 6277 - 0.7
p=0.0509 KW p=0.0273 KW
Post hoc *:53-55
3.5. Analysis of P limitation

The analysis of P concentration at tim has been performed only for the strains which clearly showed a

growth dynamic affected by a phosphorous limitation and different growth dynamic between the

media used (Table 13). The P concentration analyses were performed for strains SC14, SC27 and

SC142 which showed a limited growth in the F/2 p;s medium compared to the growth in F/2 medium.

For comparison, the P concentrations have been measured for the strain SC150 which did not show

growth difference between the media. For all the strains analysed, P assimilation per day (uM cell

! day?) was higher for the F/2 medium, but the assimilation was variable between the different
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strains (F/2: 0.8 x 10° — 4.0 x 10* uM cell* day™; F/2 p/a: 5.7 x 10°— 1.2 x 10 uM cell* day?). The

bacterial growth dynamic was similar between the strains.

Table 13. Inorganic phosphate concentration for the strains displaying a Pi limitation. ppoass- (day?) : the rate of
PO4* assimilation per day.

to[PO4>] tim  [POs*-] [POs*]: to-tim Mpos®] [Bacteria]max
Medium/strain  (uM) (1M) (1M) (1M cell day?) (cells mL?)
F/2 Sc 150 33.65 23.40 10.25 8.1x107° 3 x 107
F/2 p/a Sc 150 7.17 0.09 7.07 5.7 x 107 3 x 107
F/2 Sc 27 31.25 27.03 4.22 3.8x10* -
F/2 p/a Sc 27 6.21 3.39 2.82 1.2x10-3 5x 107
F/2Sc 14 32.88 26.81 6.07 4.0x10* 6 x 107
F/2 p/a Sc 14 7.53 2.41 5.12 6.9 x 10 5.5x 107
F/2 Sc 142 32.42 22.25 10.17 1.2x10* 2 x 107
F/2 p/a Sc 142 7.72 0.05 7.66 1.8x10* 5x 107

4. Discussion

The originality of this work consisted in using strains of two species revived from ancient sediment
samples in order to compare the phenotype of populations of different ages, over a time-scale of
about 40 years. To the best of our knowledge this work is the first attempt of phenotypic comparison
of the species of S. donghaienis and A. minutum using ancient populations. This work also allowed
getting the first data of the growth rate of S. donghaienis for which no ecophysiological information
are available so far. The major result of this study, carried out on strains cultivated in different
inorganic phosphate (P) concentrations, is the evidence of a high intraspecific variability of the
phenotypes, and in particular of growth rates and P assimilation, for S. donghaienis and A. minutum.
This result allowed us to discard the initial hypothesis of a possible separation of the populations of

these species on the basis of their ages and on the tested parameters.

4.1. Experimental conditions
The major limitation of ecophysiological analyses in vitro is the reproduction of natural conditions
and the integration of all environmental parameters that trigger the cellular growth in the natural
environment. For example, the patchy and spiky concentrations of nutrients in the natural
environment are not reproducible in culture, as far as the seasonal and daily variability of abiotic
parameters (Lakeman et al., 2009). The use of clonal, non axenic cultures does not allow the
characterisation of the biotic interactions that a natural population may experience (Fukami et al.,

1997). Finally, the majority of the in vitro ecophysiological studies are performed on a limited
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number of strains, thus overlooking the intraspecific variability of marine protists (Burkholder and
Gilbert, 2006). For example, strains of Karenia brevis, genetically identical on the basis on their 185
and ITS1 rDNA, showed an important intraspecific variability of their growth rates and toxin
production (Loiret et al., 2002). The long-lasting maintenance of the strains in the laboratory has
been also studied. It has been suggested that the long-lasting maintenance in the laboratory may
induce homogeneity of the strains if the number of generations produced are sufficient to trigger an
adaptation or an evolution of the strains to the culture conditions (Lakeman et al., 2009). It has also
been showed that a long-lasting maintenance of the cultures might not induce changes on the
physiological functions of the organisms (Berge et al., 2010).

The approach proposed in this study tried to take into account the biological variability existing
between different strains of the same age and between different ages. The use of revived strains
allowed taking into consideration, the life history of the different populations preserved in the
sediment samples upon the form of resting stages. The dinoflagellate cysts are physiologically
dormant cells; they ensure the preservation of the physiological adaptation of the vegetative cell at
the moment of their formation. Working with strains revived from ancient strains allowed analysing
the physiology of ancient populations (Ribeiro et al., 2013). In our experimental work, the use of
dystrophic N/P ratios allowed to ensure that the inorganic P would be the first limiting nutrient. The
use of the F/2 medium, chosen as the base to create the dystrophic medium F/2 /4, reduced the use
of P to only one phosphorous source, the inorganic phosphate (PO4*). The use of different strains
(20) and replicates (3), different ecosystems (Penzé Estuary and Elorn Estuary) and ages ('70, ‘80, 90,

and 2000), allowed the best possible characterisation of the growth dynamic of the species.

4.2. Growth dynamic and intraspecific variability

The growth dynamic of the different strains of S. donghaienis and A. minutum was variable among
strains of the same age, and did not allowed the grouping of the strains according to their age. The
unexpected variability of the inoculum concentrations (ca. 500-1000 cells mL?) at to may be the
factor at the origin of this different growth dynamics. Yet, this factor cannot completely explain the
high variability observed of an important number of strains.

The most ancient strains of S. donghaienis (EE-1978 + 1: SC27, SC28, SC29; EP-1998 + 4.9: SC129,
SC130, SC142) and A. minutum showed the most homogenous growth dynamics within an age. This
homogeneity could be likely linked to the limited revivification success of the ancient strains.
Similarly, Ribeiro et al., (2013), showed low variability of the growth parameters of the most ancient
strains of Penthapharsodinium dalei. They also demonstrated that the germination success of the
most ancient cysts was lower than that of the modern cysts. The germination and isolation protocol

might have induced the homogeneity of our most ancient cysts. The strains that are able to
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germinate from ancient cysts may have similar physiological properties which led to homogeneity of
the phenotypes observed. In order to optimize the germination success of different species, we
revived cysts directly from sediment samples and not from isolated cysts. Therefore we cannot
determine the germination success of each species and populations, and the hypothesis of a
potential bias in the selection of our ancient populations remains to be proved.

Globally, the studied strains showed similar growth dynamics between the two experimental media.
The P concentrations at tim of the F2 p/s medium were not sufficiently low to induce a limitation of the
growth. Despite, the initial P concentrations at (to) were similar (6.21-7.72 uM) for the two media,
the daily P assimilation rates were variable between the strains. This suggests an intraspecific
variability of P assimilation of the analysed species which can be explained by an intracellular
differential stock of the P by the different strains. Fredrick et al., (2013) showed by a modelling
approach that different mechanisms of using P may play a role on the variability of the intracellular P
stocks.

Recently, a high genotypic and genetic diversity has been evidenced in populations within a
phytoplankton bloom but also in populations from two distinct blooms (Lebret et al., 2012; Dia et al.,
2014). Our study showed the variability in the growth of different strains of the same populations
over contrasting nutrient concentrations, corroborating previous evidences of heterogeneity within a
microalgal population. The number of strains per age (3 strains), did not integrate the whole
variability of a population, but even the use of 6 strains proved a strong variability within populations
of different ages (Ribeiro et al., 2013). The low germination success of ancient cysts seems to limit
the number of old revivable strains, thus the integration of the intraspecific variability of a microalgal

population is still a challenge for the ecophysiological studies using ancient populations.

5. Conclusions

This study has showed the potential of an ecophysiological study on revived populations and its limits
in integrating the complexity of diversity of microalgal populations. On the basis of our experimental
approach and the number of strains per age used, it is not possible to separate the populations of
different ages of S. donghaienis and A. minutum in function of the P assimilation. This work showed a
strong phenotypic variability of the two tested dinoflagellate species over a multiannual time-scale
and across different ecosystems. Our experimental conditions did not allow to adequately evaluate
the effect of a phosphorous limitation for the two species. Therefore, stronger P-depleted conditions
need to be tested on the populations analysed here. The variability of the phenotypes observed may

correspond to a genetic difference among the populations; this may be tested using appropriate
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genetic markers, such as the microsatellites. Finally a proteomic and metabolomic approaches would
probably allow a larger screening of other potential physiological markers which could likely help in

discriminating populations according to their age.
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Au cours de ce travail de paléoécologie, en utilisant des archives biologiques sédimentaires, j'ai pu
identifier des dynamiques et des variations de communautés, d’especes et de populations des
protistes marins de I'écosysteme cétier. Bien que I'approche de paléoécologie sédimentaire ait déja
été employée pour I'étude des protistes dans différents environnements (marins, lacustres, fjords,
permafrosts), celle-ci n’a pas été utilisée pour répondre a des questions écologiques en milieu
estuarien. En effet, peu d’informations existent sur le potentiel d’'un tel écosystéme a garder en
mémoire des traces biologiques anciennes. Notre étude est donc pionniére pour la reconstruction de
patrons paléoécologiques en milieu estuarien. Par ailleurs, elle montre I'importance du choix du site
pour effectuer des analyses paléoécologiques. En effet, I'absence de résultats exploitables sur les
carottes de la Baie de Morlaix et de la Baie de Vilaine, montre la difficulté de trouver un site adéquat.
Les sites non remaniés par I’hydrologie (phénomene des marées, forts remaniements des sédiments
saisonniers, ...) ou par l'action de 'lhomme (dragage des zones fluviales, pécheries, aménagement,
...), et avec une bioturbation limitée sont sans doute rares dans ce type d’écosystemes. Il semble
nécessaire de produire une typologie des sites pouvant étre exploités, afin d’en dresser I'inventaire
futur, avant d’évaluer l'intérét de ces approches en milieux estuariens. Mon étude qui au départ
ciblait une échelle géographique plus large et une analyse écologique intrasite, a di se limiter a la
rade de Brest, qui finalement est apparue comme un site atelier trés adapté aux études de
paléoécologie.

Travailler sur des sédiments considérés comme peu exploitables pour les études paléoécologique a
impliqué de prendre en considération des parameétres supplémentaires. Par exemple, la migration
verticale de I'ADN a travers les différentes couches de sédiment d'une carotte a cause du
déplacement de I'eau interstitielle peut provoquer une contamination de ’ADN ancien par de I’ADN
moderne de surface. Ce facteur ne concerne habituellement pas les environnements froids ou gelés
tels que les permafrosts, mais il pourrait avoir un impact dans un écosysteme humide de type
estuarien. Toutefois, conjointement a cette étude, une analyse de I'eau interstitielle des différentes
couches sédimentaires (résultats non montrés ici) a permis de montrer que I'eau interstitielle était
présente uniqguement dans les 6 premiers centimetres de la carotte de I'Elorn et les 8 premiers
centimetres de la carotte de Daoulas. Par conséquent, I'impact de ce facteur sur I'authenticité des
résultats des carottes exploitées devrait étre minime. Ce travail a concerné également des sédiments
récents (> 1866), ce qui est relativement court en paléoécologie. Les dépots sédimentaires en zones
productives sont tels qu’il est possible de travailler sur une échelle de temps relativement fine, tres
appropriée a I'étude des changements récents globaux. Ces milieux, du fait de leur dynamisme, sont

sans doute moins bien adaptés a I'étude des communautés sur une plus longue échelle de temps.
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Compte tenu de I'historique des variations écologiques ayant caractérisé les écosystemes cotiers
bretons au cours du siécle dernier et le manque de séries temporelles suffisamment longues dans la
région, j'ai appliqué mes recherches en paléoécologie dans deux écosystémes estuariens de la rade
de Brest. Les deux carottes sédimentaires analysées ont servi comme modeéle pour essayer de
répondre a plusieurs questions concernant : i) la diversité des protistes préservée dans les sédiments
anciens, ii) la dynamique multidécennale et spatiale d’'une espéce phytoplanctonique toxique a
caractére potentiellement invasif, et enfin iii) la réponse phénologique de populations revivifiées de
dinoflagellés de différentes époques a des variations en nutriments en mimant les variations

hydrologiques s’étant produit dans I’écosysteme cotier.

Potentiel de préservation des protistes dans les sédiments anciens de I'écosystéeme
estuarien

Dans un premier temps, je me suis intéressée a la diversité des protistes pouvant étre archivée dans
notre écosysteme modele de la rade de Brest a partir de deux carottes de sédiment couvrant des
archives biologiques d’environ 150 ans. Notre approche d’analyse de la diversité basée sur le
metabarcoding de la région V4 du 18S ADNr a permis d’avoir une vision générale et la plus exhaustive
possible actuellement de la diversité des protistes dans les sédiments. Cette approche a été jusqu’a
présent trés rarement utilisée pour I'analyse de I’ADN ancien (e.g. Coolen et al., 2013; Lejzerowicz et
al., 2013; Capo et al., 2015).

Nos résultats montrent que tous les grands super-groupes d’eucaryotes sont présents dans les
sédiments et que similairement a d’autres études effectuées dans le milieu pélagique (de Vargas et
al., 2015), le groupe des alvéolés (Alveolata) est le plus diversifié et le plus abondant retrouvé par la
technique du metabarcoding. Cependant, de facon générale, plus les sédiments sont profonds
(anciens), moins d’OTUs (Operational Taxonomic Units) de protistes sont représentés. Le résultat le
plus étonnant mis en évidence est que quelque soit I’écosystéme étudié de la rade de Brest (estuaire
de Daoulas et estuaire de I'Elorn), il y a une proportion plus ou moins stable (max 25% d’OTUs) de la
diversité des protistes de sédiments superficiels qui reste dans les couches profondes. Cette
diminution de la richesse spécifique (en termes d’OTUs) est trés similaire a celle de la diminution de
la concentration d’ADN total observée dans les sédiments (discuté dans le chapitre 2) et a un profil
type de dégradation de la matiere organique dans le sédiment. Cette observation est en faveyr d’une
dégradation réguliere de ’ADN dans les sédiments. Cependant, il est possible que cette dégradation
ne concerne que certains groupes de protistes. En effet, la majeure partie des protistes retrouvés
dans les sédiments anciens sont capables de former des formes de résistance, tels que les

dinoflagellés et les ciliés (Alveolata), les diatomées (Stramenopiles). L'ADN que I'on retrouve dans
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des couches profondes de sédiment pourrait donc provenir proportionnellement plus de protistes
formant des formes de résistance dont les structures extérieures de protection favorisent la
préservation de ’ADN.

Des méthodes pour séparer I’ADN extracellulaire de 'ADN intracellulaire ont été développées (e.g.
Corinaldesi et al., 2005, Alawi et al., 2014, Lever et al., 2015). Elles consistent globalement en une
étape de traitement de I'échantillon de sédiment avec une solution alcaline de phosphate, et une
étape de centrifugation afin de séparer la phase aqueuse (contenant 'ADN extracellulaire) de la
phase solide (contenant 'ADN dans des cellules vivantes, mortes). Grace a ce traitement,
I’adsorption de 'ADN est censée diminuer en présence du phosphate a cause d’'une compétition
entre les ions phosphates et les groupes phosphates présents dans la molécule d’ADN. Cette
méthode peut étre intéressante lorsque I'on veut analyser un seul type d’ADN séparément
(extracellulaire ou intracellulaire a I'intérieur des kystes) mais cela devient plus compliqué lorsqu’il
s’agit d’analyser simultanément plusieurs taxa présents dans un échantillon environnemental
(metabarcoding), y compris ceux qui ne forment pas de forme de résistance. De plus, si 'on veut
étudier les deux types d’ADN simultanément, les analyses doivent étre réalisées immédiatement
apres |"échantillonnage des sédiments étant donné les conditions de stockage différentes des
échantillons destinés aux analyses d’ADN (-80°C) et ceux destinés pour I'analyse des kystes (2°C). Le
choix de ne pas appliquer un traitement sur les échantillons d’ADN pour séparer I’ADN
environnemental de ’ADN intracellulaire a été donc volontaire dans le cadre de mon étude, puisque
celle-ci visait a réaliser aussi une analyse de la biodiversité générale des protistes de sédiments
anciens.

Certains facteurs ont pu induire une sous-estimation de la diversité obtenue dans notre étude. Les
bases de données utilisées pour les annotations taxinomiques des OTUs sont incomplétes et ne
permettent pas d’identifier certains taxa tels que les dinoflagellés benthiques. Aussi, les primers
utilisés dans cette étude ne permettent pas d’amplifier les foraminiféres (Rhizaria) pélagiques et
benthiques et certains représentants des excavates (Excavata). Compte tenu de la dégradation par
fragmentation de I’ADN ancien, des fragments de taille inférieure a celle du V4-18S ADNr (390 paires
de bases) nont probablement pas pu étre amplifiés et identifiés induisant donc une sous-estimation
de la diversité de certains groupes. Etant consciente de cette derniére limite avant d’entamer cette
étude de diversité, et voulant optimiser I'identification méme des fragments d’ADN dégradés et
fragmentés, j’ai voulu utiliser le marqueur V9 du 18S ADNTr, plus court (130 paires de base) a la fois
sur les deux estuaires de la rade de Brest mais également sur d’autres carottes de sédiments
prélevées en Baie de Morlaix et en Baie de Vilaine (Annexe 1). Cependant, les résultats de ces

analyses n‘ont pas été concluants en raison de I'abondance élevée de procaryotes (bactéries et
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archées) ainsi que la grande proportion de diversité n’ayant pas pu étre déterminée
taxonomiquement. Par conséquent, j'ai d(i abandonner la comparaison entre fragments d’ADN de
différent taille pour I'analyse de la diversité. Par ailleurs, Domaizon et al., (2011), n’ont noté aucune
différence significative sur la diversité identifiée en amplifiant a partir d'un méme échantillon de
sédiment a la fois un fragment long (1500 bp) et un fragment court (150 bp). Bien que sans doute
partielle, notre approche a le mérite de donner une premiére image de la diversité des protistes
retrouvés dans les sédiments anciens en milieu estuarien, et pose les premiers jalons de leur

utilisation pour la reconstruction des communautés pélagiques anciennes.

Changements de la composition des communautés de protistes

La composition des communautés de protistes en rade de Brest différe a travers le temps sur une
échelle de 150 ans, tout en suivant un double patron; 1) a petite échelle temporelle : plus les
échantillons sédimentaires sont proches (de par leur age) et plus leurs communautés se ressemblent,
2) a grande échelle temporelle, la composition des communautés d’avant 1950 était différente de
celle d’aprés 1950, constituant ainsi deux paléocommunautés distinctes. Ces résultats indiqueraient
d’une certaine maniére que chaque période de temps est marquée par une biodiversité de protistes
spécifique. Probablement une dégradation progressive et spécifique de I’ADN ancien de certains
groupes a contribué a structurer différemment les paleocommunautés en fonction du temps, mais il
est aussi vrai que la rade de Brest a subi plusieurs variations des conditions hydrologiques au cours
du dernier siecle qui ont pu contribuer a un changement des communautés. En effet, depuis plus de
60 ans, les activités humaines exercées pres des cotes ont induit un déséquilibre des apports en
nutriment qui nont cessé de fluctuer considérablement. Cela s’est répercuté sur les assemblages
biologiques, notamment, sur les variations de dominance des principaux groupes de phytoplancton
durant les efflorescences, basculant entre les diatomées et les dinoflagellés (Quéguiner and Tréguer
1984 ; Del Amo et al., 1997). Etant donné que les études sur les changements des communautés ont
été réalisées sur un nombre restreint de groupes de protistes, notamment le phytoplancton, et que
ceux-ci représentent la base de la chaine trophique, Il est fort probable que ces changements se
soient produits également sur d’autres protistes. Avec I'approche de metabarcoding, j'ai pu donc
avoir une vision plus compléte des changements des communautés de protistes des derniers 150
ans, sans me restreindre seulement au phytoplancton.

Sur la base des résultats obtenus, les dinoflagellés apparaissaient comme le groupe dominant, et ce a
toutes les périodes de temps et quel que soit I'estuaire étudié. L'importance relative des
dinoflagellés diminue vers les années récentes, avec un profile opposé a celui de la dégradation

observée de I’ADN total. Le fait de retrouver une importance relative majeure des dinoflagellés dans
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les couches plus profondes de sédiments peut dériver de la disparition (a cause de la dégradation de
leur ADN) de certains groupes dans les sédiments anciens. Cependant, cette diminution de
I'importance de dinoflagellés vers les années récentes est en accord avec les données d’abondance
dans I'eau (cells L) acquise par réseau de surveillance (REPHY). Cette corrélation permet de formuler
I’hypothése que la diminution des dinoflagellés dans le temps est réelle et pas un biais de notre
analyse paléogénétique. Au niveau des genres de dinoflagellés, nous avons pu également constater
des patrons intéressants pour 2 taxons producteurs de kystes, se traduisant par une tendance a
|"augmentation des abondances d’Alexandrium vers les années récentes, avec une tendance inverse
pour le genre Gonyaulax. Ces changement des communautés de dinoflagellés (global et au niveau de
la proportion relative des différents genres) est donc tres probablement attribuable aux
changements hydrologiques que la rade de Brest a subi pendant le dernier siécle. Les raisons
spécifiques de ces changements des communautés et la relation cause-effet entre les changements
hydrologiques et les variations des communautés restent encore a approfondir, mon travail restant

encore trés descriptif.

Alexandrium minutum, espéce envahissante en rade de Brest

Les analyses de la diversité des paléocommunautés (chapitre 1) ont permis de révéler I'importance
des dinoflagellés en tant que groupe dominant des protistes et ont confirmé le potentiel de
I'utilisation de I’ADN pour identifier des patrons écologiques intéressants méme au niveau du genre.
Cela m’a conforté dans le choix des dinoflagellés comme principal groupe d’étude pour la suite de
ces travaux de these. De cette maniere, dans le chapitre 2, je me suis intéressée a étudier la
dynamique de l'espéce Alexandrium minutum Halim, potentiellement toxique et considérée
officiellement comme espéce invasive en Europe (http://www.europe-aliens.org) a partir des traces
biologiques dans les sédiments et sur une échelle de temps relativement longue. En effet, selon les
données de surveillance dans I'eau acquises par le réseau local (REPHY), la premiere observation de
cette espece en rade de Brest remonte a I'année 1990, six ans apres le début de surveillance dans la
zone. De plus, en 1990, I'inspection de sédiments superficiels n’a pas révélé de présence de kystes
dans 4 stations de la rade de Brest (Erard-Le Denn et al., 1991). C'est donc naturellement que notre
hypothese de départ soutenait une arrivée récente et une invasion de cette espéce dans notre
écosystéeme modele. J'ai voulu donc remonter, avec des quantifications de I’ADN ancien spécifique
d’A. minutum, aux premiéres traces potentielles du passage de I'espéce dans nos écosystemes
d’étude et valider que A. minutum était bien une espéce invasive en rade de Brest.

Malgré la double limite rencontrée dans cette étude (technique : liée a la sensibilité du test de PCR

en temps réel, et biologique : liée aux faibles concentrations d’ADN dans les couches de sédiment
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profondes a cause des processus de dégradation), nos résultats paléogénétiques montrent
clairement que A. minutum est présente dans la rade de Brest depuis au moins I'année 1873 7,
puisque des traces génétiques de I'espece ont été retrouvé méme dans I'avant derniere couche de
sédiments de la plus longue carotte analysée dans le cadre de cette étude. Les abondances d’A.
minutum (copies d’ITS1 rDNA g? sédiment) sont en augmentation ces derniéres années dans les 2
sites étudiés, et ce en accord avec les données d’abondances (cells L) dans I'’eau (données REPHY).
Les résultats obtenus suggerent donc que sur une échelle de temps d’environ 150 ans, A. minutum
ne serait pas une espéce invasive mais plutét une espéce envahissante, c'est-a-dire une espece
indigéne qui proliféere soudainement du fait de I'action de I'homme et/ou du changement de
I’écosysteme. Il n’est pas a exclure que I'analyse de carottes plus longues aurait peut-étre permis de
détecter des traces de la présence d’A. minutum avant 1873 + 7. Aussi une carotte plus longue aurait
pu mettre en évidence I'absence de traces d’ADN de maniere consistante sur plusieurs couches de
sédiments, et de confirmer que l'invasion de A. minutum en rade de Brest aurait pu se produire bien
avant 150 ans. De facon intéressante, les résultats génétiques du chapitre 1, montrent également
une augmentation des abondances relatives des OTUs du genre Alexandrium dans les années
récentes. Cependant, il est difficile aujourd’hui de savoir a quelles espéces d’Alexandrium
appartiennent ces OTUs ; une méthode d’assignation taxonomique plus fine des séquences devant
étre encore réalisée. Les quantifications des abondances des copies de I'lTS1 ADNr d’A. minutum
dans les couches profondes n’a pas été possible principalement a cause de la faible concentration de
I’ADN ancien de I'espéce mais également a cause de la sensibilité du test (limites de quantification).
Les faibles concentrations d’ADN observées dans des couches profondes sont sans doute dues a la
dégradation de I’ADN par divers processus biotiques et abiotiques. L'utilisation d’'une procédure de
pré-amplification préalablement a la PCR en temps réel, telle que préconisée récemment par
(Andersson et al., 2015) aurait probablement permis d’augmenter la sensibilité de la PCR en temps
réel et permettre une meilleure quantification de I’ADN ancien dégradé.

Pour valider les données paléogénétiques et valider la présence d’A. minutum dans les sédiments
anciens sous forme de kystes, j'ai essayé de revivifier I'espece directement a partir des sédiments
avec des expériences de germination en condition de culture controlée. La germination des kystes
d’Alexandrium minutum confirme I'existence de kystes viables de I'espéce dans les sédiments
anciens. Cependant je n’ai pas pu mettre en évidence une corrélation claire entre les données de PCR
en temps réel et la germination d’A. minutum. Bien que différentes conditions de germination
(température, irradiance, milieu de culture) aient été testées, peu de kystes ont germé a partir des
couches profondes et anciennes de sédiment. La modification du protocole initial aurait peut-étre

amélioré ces résultats. En effet, notre protocole a consisté a mettre directement en culture une
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fraction de sédiment tamisée, or selon la littérature (Lundholm et al., 2011, Erdner et al., 2010), une
autre méthode consiste a d’abord séparer la fraction des kystes de celle du sédiment par un gradient
de densité a I'aide d’une solution de sodium metatungstate monohydrate (Bolch, 1997) puis de

soumettre cette fraction a des conditions expérimentales similaires aux notres.

Accumulation de '’ADN d’A. minutum dans les sédiments

Des efflorescences toxiques d’A.minutum se produisent saisonniérement, et sont plus ou moins
importantes en rade de Brest depuis I'événement de 2012 (42 x 10° cells L) dans I'estuaire de
Daoulas. Bien que d’autres efflorescences de I'espece soient également signalées dans d’autres
estuaires de la rade, celles-ci sont d’une moindre intensité (2 x 10° cells L?). En dehors de ces lieux
d’efflorescence habituels, les zones occupées actuellement par I'espece sont inconnues. Dans cette
optique, et en considérant la prolifération récente de cette espéce dans la rade de Brest (chapitre 2)
gue je me suis interrogée dans le chapitre 3 sur la distribution spatiale actuelle d’ A. minutum en
utilisant les données quantitatives de traces d’ADN dans le sédiment comme proxy d’éventuelles
zones d’accumulation des kystes en rade de Brest. Si I'on considére que ces kystes sont
majoritairement responsables du signal génétique dans les sédiments les plus anciens en milieu
estuarien, ce type d’informations est également crucial pour comprendre la dynamique temporelle a
plus large échelle ou pour guider les prochaines études dans le choix des sites.

La quantification des kystes dans le sédiment s’effectue le plus couramment par un comptage
microscopique des kystes aprés isolement du sédiment. Cette méthode, bien qu’efficace, est
coliteuse en temps et nécessite une expertise taxinomique considérable pour l'identification des
kystes. L’utilisation d’outils moléculaires pour la quantification des kystes apparalt comme une
approche alternative rapide, plus précise et moins co(teuse. Il existe une méthode qui a déja été
appliquée pour des échantillons de sédiments (exemple Erdner et al., 2010) et qui concilie I'approche
microscopique et moléculaire. Elle consiste a isoler les kystes a partir des sédiments, en effectuer le
comptage, en extraire I’ADN et construire une gamme étalon de dilution d’ADN permettant ainsi de
faire la correspondance entre la concentration d’ADN et le nombre de kystes par PCR en temps réel.
Cette approche fournit une mesure plus pertinente de I'abondance des kystes. Cependant, cette
gamme étalon ne permet pas une quantification exclusive des kystes directement dans les
sédiments, ou I’ADN quantifié appartient a la fois a de '’ADN contenus dans des kystes et a ’ADN
existant a I'état extracellulaire. En effet, la principale difficulté rencontrée lors de I'utilisation d’outils
moléculaires est de pouvoir distinguer entre les différents types d’ADN présents. Une solution
consisterait a appliquer un traitement chimique sur le sédiment afin de séparer la fraction de ’ADN

extracellulaire de celui contenu dans les kystes. Récemment, une méthode a été décrite pouvoir
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qguantifier exclusivement de I’ADN intracellulaire des kystes encore intégres, consistant a dénaturer
I’ADN extracellulaire par la chaleur (75°C) (Kim et al., 2016). De cette maniere, I’élimination de I’ADN
extracellulaire devrait permettre une quantification précise et exclusive des kystes en PCR en temps
réel, mais ne permettrait plus la quantification de I’ADN préservé dans les kystes non intégres, dans
les couches les plus profondes. D’autres études, ont montré que la méthode de PCR en temps réel
était une alternative au comptage des kystes en microscopie optique (Kamikawa et al., 2007; Erdner
et al., 2010). Dans mon étude, je ne visais pas a quantifier de maniere précise les kystes dans les
sédiments ou a valider la technique de PCR en temps réel pour I'analyse des kystes d’A. minutum
dans les sédiments, mais plutét a étudier les traces génétiques de cette espece, quelque soit son
origine afin d’évaluer sa distribution dans le temps et dans |'espace. L'approche de biologie
moléculaire utilisée m’a donc semblé suffisante pour cet objectif.

A l'aide du protocole de PCR en temps réel développé dans le chapitre 2, j'ai quantifié I'abondance
d’ADN d’A. minutum dans les sédiments superficiels de 30 stations de la rade de Brest sur 2 années
consécutives. J'ai effectué des expériences de germination pour valider la présence des kystes viables
dans les échantillons de sédiments et corroborer les analyses génétiques. L'observation de la
germination d’A. minutum dans toutes les stations analysées a permis de confirmer que I'espece
toxique est actuellement présente partout dans la rade de Brest. Les données de quantification par
PCR en temps réel suggerent une distribution hétérogéne de cette espéce dans les sédiments de
surface de la rade, avec de fortes abondances localisées dans la partie sud-est, et particulierement
dans l'estuaire de Daoulas, lieu d’efflorescence habituelle. Ceci montre que méme dans un
écosystéme cotier semi-fermé, il peut y avoir des zones d’accumulation localisées. Cette distribution
peut sans doute étre expliquée par les conditions hydrodynamiques de la rade de Brest, la présence
de faibles courants de fond permettraient probablement des accumulations localisées des kystes d’A.
minutum. Cependant, I'absence de telles données sur I’hydrodynamisme de fond n’a pas permis
d’établir cette relation. Cette étude suggére que les kystes d’A. minutum semblent s’accumuler
préférentiellement dans des zones riches en matiere organique ou les sédiments sont fins (< 63 um)
et de type sablo-vaseux. Cette relation entre abondance plus importante de kystes et sédiment de
typologie vaseuse a déja été mise en évidence pour d’autres espéces d’Alexandrium et dans d’autres
écosystemes. C'est le cas pour A. catenella et A. tamarense dans le lagon de Thau, (France) (Genovesi
et al., 2013). Cette distribution hétérogéne et préférentielle a soulevé la question de savoir si celle-ci
était spécifique aux kystes d’A. minutum ou similaire a celles d’autres espéces formant des kystes
telles que Gonyaulax spp. ou Scrippsiella spp. présentes également dans la rade de Brest. Cette
question est d’autant plus intéressante car elle permettrait de mieux comprendre les facteurs

physiques et hydrodynamiques agissant sur la dispersion et la distribution des kystes et de leur
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enfouissement au cours du temps. Les simulations des trajectoires de particules dispersées dans la
colonne d’eau ont permis de mettre en évidence, la encore, une hétérogénéité des échanges de
cellules d’A. minutum entre différents estuaires de la rade. Les échanges de masses d’eau entre les
estuaires du sud-est (Aulne, Daoulas et Camfrout) et celui du nord de la rade (Elorn) sont trés limités,
ce qui permet d’avancer I’hypothése de la présence de barriéres physiques pour la dispersion et les
échanges génétiques entre populations de la rade. Il serait donc intéressant d’aborder cette question
d’un autre point de vue, en utilisant des approches de génétique de populations afin de vérifier si les
populations d’A. minutum de I'Elorn et des estuaires du sud de la rade sont effectivement isolées.
Pour une représentation plus réaliste de la dispersion d’A. minutum en rade de Brest, il apparait
nécessaire d’améliorer le modele physique utilisé en intégrant des paramétres biologiques tels que la

reproduction et la mortalité dont les réles dans la dispersion des cellules sont non négligeables.

Variabilité intraspécifique des populations de dinoflagellés de différentes époques
Dans le chapitre 4, je me suis interrogée sur les réponses de populations des deux dinoflagellés A.
minutum et S. donghaienis face au changement des conditions environnementales en terme de
nutriments. Ces deux espéces ont été ciblées car elles ont germé en grand nombre dans les
différentes couches sédimentaires et, pour S. donghaienis, dans des sédiments relativement anciens.
Pour cela, les performances physiologiques en terme de taux de croissance et de biomasse maximale
des souches de différentes époques ont été analysées in vitro en condition de culture avec differents
rapports N/P (en variant les concentrations de P), censé mimer des changements de la concentration
de nutriments s’étant produits en rade de Brest pendant le siecle dernier.

Contrairement a notre hypothese initiale soutenant des performances physiologiques différentes en
fonction des populations de différente époques, ni I’age des souches, ni le milieu de culture n’ont eut
d’influence sur le taux de croissance. En revanche, nous avons mis en évidence une variabilité
intraspécifique importante pour les deux espéces étudiées, a la fois en terme de taux de croissance
et en terme de consommation en phosphore inorganique. Habituellement dans les études
d’écophysiologie, le nombre de souches étudié est souvent un critére limitant a la fois pour
reproduire des conditions environnementales réelles que pour obtenir des résultats fiables. Dans
cette étude, cela a été d’autant problématique puisque le nombre de souches analysé dépendait
directement du succes de germination des kystes a partir des sédiments. En effet la germination des
kystes a été particulierement difficile et plusieurs tentatives ont été nécessaires pour augmenter le
succes de germination, notamment dans les couches profondes. Cependant, bien que I'on ait
observé plusieurs especes de diatomées et de dinoflagellés dans des couches de sédiments récentes,

seule S. donghaienis a germé a partir de sédiments profonds daté de 1978 + 2. Les résultats des
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expériences d’écophysiologie montrent une variabilité intraspécifique plus faible des souches
anciennes par rapport a celle des souches modernes. Ces résultats pourraient s’expliquer par une
sélection plus importante qui interviendrait au niveau de la germination des souches anciennes, le
milieu et le temps agissant comme un filtre. La mise en culture de souches anciennes est sans doute
loin d’étre représentatif des populations de I'’époque, et notre capacité a faire germer un maximum
d’individus représentatifs de cette diversité est donc un verrou encore a résoudre pour les études

physiologie en paléoécologie.

Considérations globales sur les avantages et limites de I'approche paléoécologique
Dans ce travail, I'approche paléoécologique utilisée a impliqué I'utilisation de différents outils,
sédimentaires, moléculaires, microscopiques et écophysiologiques. Ces outils, bien que perfectibles,
sont apparus adaptés aux questions que je me suis posées. Ainsi, il a été possible de reconstruire a la
fois la diversité des communautés des protistes mais aussi I’histoire d’'une espéce en particulier. A
|'aide de marqueurs génétiques adaptés, notre approche de paléogénétique a permis d’identifier
guasiment tous les organismes anciens préservés dans les sédiments y compris ceux qui ne laissent
pas de traces fossilisables, sur une échelle de temps de 150 ans. L'approche paléoécologique basée
sur la germination des kystes a permis non seulement de vérifier la présence de kystes viables afin de
valider les données moléculaires mais aussi d’examiner leur viabilité dans un écosysteme trés peu
étudié. De plus, cette approche nous a permis d’obtenir des souches de différentes époques et
d’étudier leurs réponses physiologiques dans des conditions reflétant des changements passés de
I’écosysteme.

Quelques limites générales a cette approche paléoécologique ont été identifiées pendant mes
travaux, certaines connues avant d’entamer ce travail, d’autres identifiées pendant le parcours de
ma thése. En effet, I'analyse de carottes de sédiments non adéquates (Baie de Morlaix et Baie de
Vilaine) a prouvé I'importance du choix du site pour toute analyse paléoécologique. De plus, tout au
long de ce travail, je me suis confrontée au fait de ne pas pouvoir distinguer entre la proportion de
I’ADN amplifié appartenant a des organismes vivants tels que les kystes et celle correspondant a
I’ADN extracellulaire. Cet aspect est particulierement important et a tenir en compte lors des
analyses paléogénétiques et doit étre adapté a la question de I'étude. Une autre limite qui peut
fortement jouer sur la pertinence des résultats paléoécologiques est liée au taux de préservation de
I’ADN qui est variable au sein d’un méme sédiment (en fonction de la profondeur) mais aussi d’un
environnement a l'autre. Nous n’avons pas une estimation du taux de préservation de I’ADN
extracellulaire dans nos sédiments. L’analyse d’autres parameétres physicochimiques (oxygeéne, pH)

sur les carottes de sédiment étudiées aurait probablement permis d’améliorer ce point. Malgré ces
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limites et incertitudes dans mes analyses paléogénétiques, je considére que les résultats produits de
cette thése contribuent au débat international sur le type d’ADN extrait et analysé a partir des
sédiments anciens. Dans ce travail, nous avons suggéré que la plus grande partie de 'ADN des
protistes détecté dans les sédiments anciens appartenait a des taxa connues pour former des kystes,
il est donc probable que la plupart de I’ADN ancien ait été de I’ADN intracellulaire contenu dans des

formes de résistance.

Conclusions générales

Cette premiere étude paléoécologique de I'écosysteme cétier de la rade de Brest nous a permis de
contribuer a 'amélioration des connaissances concernant la dynamique des protistes et des espéces
produisant des efflorescences toxiques. De plus, ce travail est une contribution a I'avancement des
études de paléoécologie en milieu estuarien, montrant que:

- La richesse spécifique des protistes est plus ou moins stable dans les sédiments anciens, et
majoritairement attribuables aux taxa formant des kystes de résistance.

- L’approche de metabarcoding basée sur 'utilisation du barcode V4 du 18S ADNr permet de
caractériser la diversité des protistes méme dans des sédiments anciens. Toutefois, il
apparait nécessaire d’améliorer les amorces pour atteindre une vision plus exhaustive de la
diversité. Aussi, il y a une nécessité d’améliorer les bases de données d’annotation des
séquences pour atteindre une caractérisation taxinomique plus satisfaisante, en identifiant
certains taxa non représentés aujourd’hui dans nos analyses de metabarcoding tels que les
dinoflagellés benthiques).

- Le développement de I'approche de metabarcoding de protistes marins sur de fragment de
I’ADN plus court que le V4 est nécessaire en paléogénétique pour analyser la biodiversité de
certains taxa dont ’ADN est dégradé dans les sédiments anciens.

- Le caractére invasif ou envahissant d’une espéce de protiste peut étre établi grace I'approche
paléoécologique, en choisissant des sites d’études adéquats, ce qui contribue a I'analyse et la
compréhension des phénomenes d’invasions biologiques.

- L’application des analyses de PCR en temps réel, est adaptée a la fois pour des études
temporelles de paléoécologie (détection de fragments anciens dégradés) et des études de
distribution spatiale en écologie. Cependant des limites a la quantification de I’ADN ancien
existent.

- La revivification des populations anciennes est possible mais plus difficile dans les sédiments

anciens. En outre, cette germination peut concerner uniquement un nombre restreint
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d’espéces et d’individus, ce qui suggére en quelque sorte une double sélection a la fois en

termes de cellules capables de germer et en termes d’age maximal des espéces revivifiées.

Perspectives

Dans un écosystéme estuarien, autant que dans d’autres environnements, les perspectives de
recherches sur les protistes anciens sont nombreuses. Les résultats obtenus au cours de cette these
nous permettent de mieux comprendre le potentiel de préservation des protistes dans des
sédiments estuariens et d’évaluer le potentiel d’utilisation des approches paléoécologiques pour
reconstruire des patrons anciens, a la fois au niveau des communautés, de lI'espece et des
populations. De plus, cette approche paléoécologique peut étre étendue a d’autres environnements.
Afin de mieux caractériser la diversité des protistes, I'utilisation d’'un barcode de taille plus petite
permettrait probablement d’obtenir une vue plus générale de la diversité en identifiant la part de la
diversité dégradée. Il serait également intéressant de comparer la diversité de protistes dans I'eau
avec celle identifiée dans les sédiments superficiels comme cela a été fait en eau douce (Capo et al.,
2015).

Il serait intéressant de valider le statut d’A. minutum en tant qu’espéce envahissante en adoptant la
méme approche paléoécologique dans d’autres écosystémes bretons olu I'espece a été détectée
avant 1990. Des études complémentaires de génétique des populations a I'aide de marqueurs
microsatellites permettraient de déterminer si les traces d’ADN d’A. minutum dans le sédiment
appartiennent de point de vue génétique a la méme population ou a des populations différentes
récemment introduites en rade de Brest. Aussi, il serait intéressant de voir si I'on peut améliorer la
connaissance du caractere envahissant d’A. minutum et comprendre les raisons de sa prolifération
récente en croisant nos données avec des données d’analyses de pollens et d’autres microfossiles qui
pourraient renseigner sur les conditions hydrologiques passées.

Le suivi de la distribution d’A. minutum dans les sédiments de la rade de Brest doit étre poursuivi
dans les années futures afin d’acquérir des données de distribution sur plusieurs années, ce qui
aiderait a la fois a mieux comprendre et prédire les évenements d’efflorescences toxiques et a
améliorer la gestion des activités économiques impactées par les efflorescences algales toxiques.
Toutefois, dans le cas d’une approche spécifique sur la distribution d’une espéce, des améliorations
techniques doivent étre apportées sur les quantifications des kystes, notamment en utilisant des
techniques (chimiques, thermiques) permettant d’éliminer I’ADN extracellulaire des échantillons a
analyser avant I'application de la PCR en temps réel. En complément, des comptages des kystes a

partir des sédiments devraient également étre incorporées afin de valider les analyses. Aussi, un suivi
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sur d’autres especes formant des kystes en rade de Brest permettrait d’améliorer les connaissances
sur les facteurs physiques influencant leur dispersion.

Afin d’explorer la variabilité entre souches de différentes époques, il conviendrait d’avoir une vision
la plus large possible des différences physiologiques existantes entre populations. Une analyse de la
diversité des métabolites produits en milieux de culture contrastés permettrait probablement de
mettre en évidence des traits phénotypiques différents entre populations de différentes époques.
Une étude de la génétique des populations a I'aide de microsatellites associée a une analyse par
métabolomique permettrait de déterminer si la variabilité entre populations correspond également a

une différence significative au niveau génétique.
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ANNEXE 1.

Sediment core sampling in the Bay of Morlaix and the Bay of Vilaine.

This PhD thesis work was originally intended to address the question of Alexandrium minutum species
invasion and protist community changes at the mesoscale (Brittany regional scale), by analyzing sediment
cores collected at different estuaries; the Bay of Brest (Daoulas and Elorn Estuaries), the Bay of Morlaix
(Penzé Estuary), and the Bay of Vilaine (Vilaine Estuary). However, different issues identified from sediment
analyses of the Bay of Morlaix and Vilaine cores, constrained me to focus my work mainly on the ecosystems
of the Bay of Brest (Daoulas and Elorn Estuaries. The reasons of this choice are explained in this Annex.
Sediment core sampling was conducted in October 2013 and April 2014, respectively in the Bay of Morlaix
and the Bay of Vilaine. Six sediment cores in each of the sampling sites were collected by scuba divers, using
a manual corer. The sediment cores were dedicated to different analyses; two were dedicated for cyst
germination, two for genetic analyses and dating and two for chemical analyses (Total Organic Carbone,
porosity, granulometry). These last data were not exploited in this thesis. The samples’ manipulations and
analyses followed the same procedure as described in the Material and methods section of Chapter 1, and in

Klouch et al. (2016).

e Bay of Morlaix (Penzé Estuary)
The sediment core dating was performed by the laboratory EPOC, (Bordeaux, France) and was based on the
analysis of different radionoculides’ profiles. The sediment analyses revealed a high sedimentation rate in
the area, consequently the chronology of the sediment core (34 cm-long) dated only to 1996 + 5.3, a
temporal scale which was not sufficiently long to conduct our ecological analyses. Moreover, these analyses
revealed a considerable mixing of the sediment core layers for most of the first layers of the core, preventing
our paleocological reconstruction analyses. Although genetic analyses (DNA extraction, real-time PCR
amplification, High Throughput Sequencing) has been performed on the core sediment before the
acquisition of the dating results, only strains revived by germination experiments from sediment of deep

layers (until 17 cm), have been exploited for ecophysiological analyses in the Chapter 4.
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Figure Ala. Sampling of the sediment cores in the Bay of Morlaix.

e Bay of Vilaine (Vilaine Estuary)
In the Bay of Vilaine, sediment analyses revealed some irregularities in the sediment deposition. The
radionuclides (***Th, 7Be) used as indicators of recent deposits have been found in the top 20 cm of the
sediment core (40 cm-long) which indicated that the sediment layers were highly mixed. Below this level, an
interruption of sediment deposition seems to have occurred. These results indicate that this core could have
recorded occasional sedimentary events rather than a regular archive (S. Schimdt pers. comm.). Therefore, it
was not suitable for paleoecological reconstructions. The genetic results obtained for this sediment core

before the acquisition of sediment dating results, have not been exploited in this PhD thesis.

Figure Alb. Sampling of the sediment cores in the Bay of Vilaine.
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ANNEXE 2.

Metabarcoding of the V9 region of 18S RNA gene in Daoulas and Elorn estuaries.

In order to detect short and degraded DNA fragments in the sediments cores, and to complete my
metabarcoding approach on a longer fragment (V4 18S rDNA, chapter 1), | used the short-sized barcode V9
region (130 bp) of the 18S rRNA gene on sediments of the DE and EE. From the DNA sediment extracts, the
V9 region has been amplified and sequenced using the protocols described in (de Vargas et al., 2015; Le
Bescot et al., 2015). The results showed that over 15% of the total OTUs belonged to prokaryotes (Archaea
and Bacteria) (Figure 1). The primers were previously reported for amplifying prokaryotes (de Vargas et al.,
2015). Moreover, a large proportion of the OTUs abundance identified after bioinformatics analyses (R.
Christen pers. comm.) (72 %) were undetermined (Figure 1). This low taxonomic resolution of the V9
metabarcoding in sediments was attributed to the lack of many reference sequences in the version of the
data base (PR2) used for the annotation of the OTUs. Since my approach on the diversity of the protist
community needed the taxonomic identifications of the OTUs found in the sediments, | could not use the V9
dataset data for this work.

Daoulas Estuary (DE) Elorn Estuary (EE)

54584 reads 27672 reads

® Prokaryota

= Alveolata
Amoebozoa

B Apusozoa

B Archaeplastida

B Excavata
Hacrobia
Opisthokonta
72% Rhizaria 72%

72% Stramenopiles

Undetermined

f taxa (% of OTUs reads) based on the V9 18S rDNA region for the DE (left) and EE (right). All the
d-in-the pie charts-but-enly- these with-abundances>1% are represented.
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ANNEXE 3.
Article. Historical records from dated sediment cores reveal the multidecadal dynamic of the toxic

dinoflagellate Alexandrium minutum in the Bay of Brest (France).
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One sentence summary: By means of a paleoecological approach (ancient DNA quantification and cyst revivification), a species-specific increasing trend

in the concentration of the toxic marine dinoflagellate Alexandrium minutum was revealed over a time scale of about 150 years in the Bay of Brest.
Editor: Riks Laanbroek

ABSTRACT

The multiannual dynamic of the cyst-forming and toxic marine dinoflagellate Alexandrium minutum was studied over a time
scale of about 150 years by a paleoecological approach based on ancient DNA (aDNA) quantification and cyst revivification
data obtained from two dated sediment cores of the Bay of Brest (Brittany, France). The first genetic traces of the species
presence in the study area dated back to 1873 + 6. Specific aDNA could be quantified by a newly developed real-time PCR
assay in the upper core layers, in which the germination of the species (in up to 17-19-year-old sediments) was also
obtained. In both cores studied, our quantitative paleogenetic data showed a statistically significant increasing trend in the
abundance of A. minutum ITS1 rDNA copies over time, corroborating three decades of local plankton data that have
documented an increasing trend in the species cell abundance. By comparison, paleogenetic data of the dinoflagellate
Scrippsiella donghaienis did not show a coherent trend between the cores studied, supporting the hypothesis of the existence
of a species-specific dynamic of A. minutum in the study area. This work contributes to the development of paleoecological
research, further showing its potential for biogeographical, ecological and evolutionary studies on marine microbes.

Keywords: paleoecology; ancient DNA; real-time PCR; harmful algal blooms (HAB); dinoflagellates; coastal ecology
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INTRODUCTION

Marine sediments are important resources for paleobiologists as
they represent a valuable archive of past environmental com-
munities. The resting stages of plankton, diatom frustules and
spores, dinoflagellate cysts, foraminifera shells, and micro- and
meso-zooplankton (rotifers, copepods, cladocerans, ciliates), as
well as molecules such as sterols and pigments, can be accu-
mulated and preserved in sediments. Their examination com-
bined with a chronological analysis can provide ecological and
environmental information about past communities (Ellegaard
et al. 2013; Liu et al. 2013). Benthic resting stages are derived from
the rapid response of planktonic stages to unfavorable environ-
mental conditions and are part of the life cycle of species. They
are known to be powerful tracers of habitat changes because
of their good preservation in sediment (Ellegaard, Figueroa and
Versteegh 2013). In particular, phytoplankton resting stages have
been widely used to reconstruct past environmental changes in
temperature (de Vernal et al. 2005; Weckstrom et al. 2006; Du-
rantou et al. 2012), salinity (Laird et al. 1996; Verleye et al. 2009;
Mertens et al. 2012), productivity (Mertens et al. 2009; Pospelova,
Price and Pedersen 2015) and eutrophication (Ellegaard et al.
2006; Zonneveld etal. 2012). Cultures derived from revived phyto-
planktonresting stages have been used to investigate theimpact
of environmental changes on the physiological performance of
species (e.g. the dinoflagellate Pentapharsodinium dalei) in Koljoé
Fjord, Sweden (Ribeiro et al. 2013), or the genetic structure and
diversity of populations of diatoms (Skeletonema marinoi) revived
from sediments of Mariager Fjord, Denmark (Harnstrom et al.
2011).

The analysis of ancient DNA (aDNA) recovered from marine
sediments is a complementary approach to the study of other
biological remains in sediments that shows great potential. Sev-
eral recent studies have demonstrated that plankton aDNA can
be recovered from lacustrine and marine sediments, from the
Holocene to the Pleistocene (Coolen and Overmann 2007; Boere
et al. 2011) and up to the Miocene (Panieri et al. 2010). Most of
the DNA stored in marine sediments is believed to be extracellu-
lar, as it is protected from nuclease degradation by adsorbing to
mineral and organic matrices (Pietramellara et al. 2009), but DNA
may also originate from resting stages (Godhe et al. 2002; Erdner
et al. 2010). Whatever its origin, this aDNA could be exploitable
to study plankton ecological patterns over relatively long-term
periods.

The long-term dynamics of marine protist species are usu-
ally deduced from multiannual time series, generally obtained
from regular spatial-temporal coastal surveys carried out within
the framework of monitoring network activities (e.g. Shuler et al.
2012; Hemandez-Farinas et al. 2014). Long-term series generally
focus on potentially toxic species, such as Alexandrium spp. (e.g.
Touzet et al. 2011; Abdenadher et al. 2012; Anderson et al. 2014;
Martin, LeGresley and Hanke 2014; Bazzoni et al. 2015). However,
most of these historical datasets are relatively short, covering
only a few decades (<50 years), and are compromised by the
limitations of identifying plankton species in routine optical mi-
croscopic analyses. Early information on past communities and
species before the implementation of monitoring networks is
therefore lacking. Paleoecological data could be an alternative to
fill the gaps in the historical information about long-term pro-
tist community trends. Previous paleoecological analyses have
shown multidecadal shifts and trends for diatom (Lundholm
et al. 2010) and dinoflagellate species (Ribeiro, Amorim and An-
dersen 2011), as well as for plankton communities (Mousing,
Andersen and Ellegaard 2013) using fossilized remains. aDNA
has also been used to describe plankton succession dynamics

(e.g. Bissett et al. 2005; Epp et al. 2010; Theroux et al. 2010; Stoof-
Leichsenring et al. 2012 and Lejzerowicz et al. 2013 in old sed-
iment (up to 32 000 years)) and to investigate the response of
paleo-planktonic communities to past environmental changes
(Coolen et al. 2013; Hou et al. 2014).

Alexandrium minutum is a cyst-forming dinoflagellate (Alveo-
lata), responsible for several harmful algal blooms (HABs) associ-
ated with toxin production causing paralytic shellfish poisoning
(PSP). Since its first detection in Alexandria harbor, Egypt (Halim
1960), this species has been detected in several areas: south-
ern Australia (Hallegraeff, Steffensen and Wetherbee 1988), Ire-
land (Gross 1989), northern France (Belin 1993), the Mediter-
ranean (Honsell 1993), Spain (Franco, Fernandez and Reguera
1994), the North Sea (Nehring 1998; Elbrachter 1999; Hansen,
Daugbjerg and Franco 2003), Taiwan (Hwang and Lu 2000), New
Zealand (Chang et al. 1999), Sweden (Persson, Godhe and Karl-
son 2000), India (Godhe et al. 2001) and Malaysia (Usup, Pin and
Ahmad 2002). Alexandrium minutum is officially listed as an in-
vasive species in Europe (http://www.europe-aliens.org) and is
considered cryptogenic as its geographical origin is unknown
(Gémez 2008; Katsanevakis et al. 2014). Phylogeographic analy-
ses by Lilly, Halanych and Anderson (2005) and McCauley et al.
(2009) have shown that A. minutum populations can be clearly
differentiated into two major clades: the global clade (contain-
ing samples from Europe and Australia) and the Pacific clade
(containing samples from New Zealand and Taiwan). Yet, it re-
mains quite challenging to determine whether recent A. min-
utum populations were introduced through natural or human-
assisted pathways. In the Bay of Brest (Brittany, France), A. min-
utum has been detected since 1990 by the monitoring network
REPHY (Reseau de surveillance et d’observation du Phytoplank-
ton et des Phycotoxines) (http://envlit.ifremer.fr/surveillance/
phytoplancton_phycotoxines/presentation) but its abundance
was rather low (<2000 cells L-*) until recent years when it in-
creased significantly in the area. In July 2012, it reached arecord
concentration of around 42 million cells L~*. This exceptional
bloom induced a cascading effect: toxin accumulation in shell-
fish, closure of aquaculture activities and economic losses, lead-
ing to the Bay of Brest being classified as a new high-risk zone
for toxic blooms of A. minutum (Chapelle et al. 2015).

The objective of this work was to contribute to studies on
marine microbial paleoecology and long-term dynamics of HAB
dinoflagellate species by collecting historical information on A.
minutum in the Bay of Brest. More specifically, cyst germination
experiments were used to detect the viability of the species in
ancient sediments and a newly developed real-time polymerase
chain reaction (PCR) assay on aDNA was employed to try to re-
construct the multidecadal dynamic of the species in the area.
In order to evaluate the specificity of the A. minutum ecologi-
cal pattern, paleogenetic data obtained for Scrippsiella donghaie-
nis were analyzed, as an example of a different, non-toxic, cyst-
forming dinoflagellate species of this area. In parallel, plankton-
monitoring data collected since 1990 in the Bay of Brest were
analyzed in order to verify whether the dynamic of A. minutum
in the water column was consistent with the results obtained by
paleogenetic data during the overlapping period of the two data
series.

MATERIALS AND METHODS
Study sites and phytoplankton monitoring

The Elom and Daoulas estuaries are located in the Bay of Brest
(Brittany, North Atlantic, north-west coast of France). They are
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Figure 1. Map of the Bay of Brest with the core sampling sites (Elom estuary: EE; Daoulas estuary: DE), and the monitored plankton stations (Le Passage, Daoulas,

Lanveoc).

both situated near areas of intensive agriculture, domestic waste
and industrial discharges, which all contribute to the substantial
nutrient supply of these estuaries. Since 1950, coastal ecosys-
tems of the bay have experienced a large increase in their
nutrient supply caused by the development of anthropogenic ac-
tivities. More recently, the ban on washing powders containing
orthophosphates has resulted in a decrease in the phosphorous
supply leading to a significant imbalance in the N/P ratio (Guil-
laud and Bouriel 2007). This environmental change has been
associated with variations in phytoplankton communities over
time, such as an increase in phytoplankton biomass and in the
intensity and frequency of HABs (Guillaud and Bouriel 2007). The
REPHY monitoring network has been recording occurrences of
phytoplankton species in French coastal ecosystems since 1984.
In the Bay of Brest, monitoring is carried out at three sampling
stations: Le Passage in the Elorn River estuary, from 1990 to 2004
and then from 2012 to date; Lanveoc, from 1993 to date and
Daoulas, which became the third spot point in the area after the
impressive toxic bloom event of A. minutum in July 2012 (42 x 10¢
cells L~?) (Fig. 1). This last station is monitored during the sum-
mer period only (May-August), which corresponds to the highest
productivity period when toxic blooms are most likely to occur.
Fortnightly, analyses of lugol-fixed samples are carried out us-
ing light microscopy. The estimations of A. minutum abundance
are performed at a specific level, sometimes only during the oc-
currence of species blooms or high-risk periods. The abundance
of non-toxic species is not monitored regularly at all stations
and sometimes not at the species level. This is the case for the
taxon Scrippsiella spp., which, in the case of REPHY monitoring,
can include species of other dinoflagellate genera (Ensiculifera,
Pentapharsodinium, Bysmatrum) that cannot be distinguished in
routine light microscopy analyses by phytoplankton observers.

In this study, only samples with non-zero values corresponding
toabundances > 100 cells L-!, which is the threshold abundance
limit of species detection in the REPHY phytoplankton analysis
procedures, were considered and analyzed.

Core sampling and processing

Sediment cores were collected on 11 December 2012 at station EE
of the Elorn River estuary (48°23'46.79'N 4°23'2.01'W), and on 21
May 2014 at station DE (48°20'46.6'N 4°17'41.20'W) of the Daoulas
estuary (Fig. 1). The sampling sites were selected on the basis
of their suitable environmental characteristics for paleoecologi-
cal analysis (calm hydrodynamics favorable for regular sedimen-
tation (Rawlence et al. 2014)) and their proximity to the REPHY
stations. Three cores were collected at station EE for genetic (31
cm) germination (25 cm) and dating (29 cm) analyses, respec-
tively. Two cores were collected at DE, one (58 cm) for genetic
and dating analyses and the other (59 cm) for cyst germina-
tion experiments. Visual inspection revealed no differences in
the structure of the cores from the same sampling site. The EE
cores were collected by divers at 12 m depth using hand-driven
transparent Plexiglas tubes, 9.5 cm in diameter and 60 cm in
length. The DE cores were collected at 3 m depth with a corer
released from the boat. Inmediately after sampling, the sedi-
ment cores were delicately extruded from the Plexiglas tubes
and then sliced into 1-cm layers. Sterile new equipment was
used to slice each layer sample. For DNA and cyst germination
analyses, to avoid contamination by smearing between the lay-
ers during the core extraction, only the inner part of each slice
was sampled, using sterile 6-cm-diameter Petri dishes. The sed-
iment samples for genetic analyses (about 10 g) were preserved
in plastic 50-mL cryotubes. The tubes were frozen in liquid
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nitrogen and then stored in a —80°C freezer until further analy-
ses. The sediment samples for cyst germination were collected
in 50-mL tubes and stored in the dark at 4°C. Finally, sediment
aliquots for dating were stored in plastic bags until radionuclide
analyses.

210pb and *’Cs dating

The chronological framework of the sediment cores was deter-
mined based on 2°Pbys and **Cs as previously performed in
Schmidt et al. (2007) and Andresen et al. (2014). 2*°Pb (T, = 22.3
years) is a naturally occurring radionuclide delivered continu-
ously to the landscape by atmospheric fallouts (Saari et al. 2010).
This atmospherically derived 2'°Pb, readily scavenged by sed-
iment, is referred to as ?!°Pb in excess (*°Pby) of that found
within particles due to the decay of its parent isotope, ***Ra. On
the contrary, ¥ Cs (T4, = 30 years) is an artificial radionuclide:
its occurrence in the environment is primarily the result of the
nuclear weapon test fallout in the early 1960s and the Chernobyl
accident in Europe in 1986 of well-known pulse inputs (Avsar
et al. 2015). In the laboratory, water content was determined by
weighing the sediment samples before and after freeze drying,
and dry bulk density was subsequently calculated, assuming a
mineral density of 2.65 g cm—>. Following this procedure, 2'°Pb,
226Ra and '*Cs activities were measured using a very low back-
ground, high-efficiency, well-shaped y detector equipped with a
Cryo-Cycle (CANBERRA, Meriden, USA) (Schmidt and de Deck-
ker 2015). The y detector was calibrated using certified refer-
ence materials from IAEA (RGU-1; RGTh; SOIL-6). Activities were
expressed in mBq g* and errors were based on 1 SD counting
statistics. Excess 2'°Pb (*'°Pbys) activities were calculated by sub-
tracting the activity supported by its parent isotope, ?°Ra, from
the total 21°Pb activity in the sediment.

Cyst germination experiments and strain identification

Cyst germination experiments were performed similar to previ-
ous paleoecological studies on diatoms (Himstrém et al. 2011)
and dinoflagellates (Miyazono et al. 2012). Sediment samples
(~5 cm?®) were added to filtered seawater and placed in an
ultrasonic bath for 6 min to separate dinoflagellate cysts from
inorganic particles. The sediments were sieved with filtered
seawater through a 100-m onto a 20-um sieve to separate the
sediment size fraction containing the majority of dinoflagellate
cysts. Different media (F/2, site-specific seawater, K, K/2) and
temperature (16°C and 18°C) conditions were tested to opti-
mize cyst germination. Irradiance (60 xmol photons m~2 s°%)
and photoperiod (12 h:12 h) were kept constant during this
optimization. Finally, the combination of 16°C and K medium
(Keller et al. 1987) was retained. A few drops of the 20-100 um
fraction were distributed onto a 12-well plastic plate containing
K medium (2 mL per well). The plates were placed in a culture
room at 16°C, under an irradiance of 60 ymol photons m~? s-*
and a light:dark cycle of 12 h:12 h. The plates were examined
for vegetative cell germination once to three times per week
using an inverted microscope (Zeiss Axiovert 135). Alexandrium
minutum cells were identified by light microscopy, but we
failed to establish monoclonal strains in culture. For Scrippsiella
spp., clonal cultures were established from different sediment
layers of both the EE and DE cores. A total of 65 strains of
Scrippsiella spp. were finally obtained from 12 and 6 sediment
layers of the EE and DE cores, respectively. The cultured strains
were identified genetically. DNA was extracted from the strain
cultures using the DNeasy plant mini kit (QIAGEN, Disseldorf,

Germany) following the manufacturer’s instructions. The LSU
rDNA region was amplified by PCR using dinoflagellate-specific
primers (Ldino6, Ldinol) from Probert et al. (2014) and the
following PCR program: 35 cycles composed of an initial de-
naturation at 95°C for 2 min, a denaturation at 95°C for 30 s,
a hybridization at 56°C for 30 s, an elongation at 72°C for 1
min and a final elongation at 72°C for 5 min. After purification
by the QIAquick PCR purification kit (QIAGEN, Diisseldorf,
Germany), the PCR products were sent to GATC Biotech
(http://www.gatcbiotech.com/en/products/sanger-services) for
Sanger sequencing. All sequences were deposited in Gen-
Bank and 32 strain cultures (the remaining 33 strains were
lost) are available at the Roscoff Culture Collection (RCC:
http://roscoff-culture-collection.org/).

Genetic analyses of sediment samples

DNA extraction and quantification—Genetic analyses were carried
out considering the specific precautions that should be taken
when working with aDNA in order to avoid cross-contamination
between samples and contamination with modern DNA (Gilbert
et al. 2005). Total DNA was extracted from 5 to 7 g of sediment
material from each layer of the EE (31 samples) and the DE (58
samples) cores, using the PowerMax soil isolation kit (Mobio Lab-
oratories Inc., Carlsbad, CA, USA), following the manufacturer’s
instructions. DNA extracts were immediately stored at —80°C.
DNA samples were quantified by absorbance measurements us-
inga Take3 trio microplate reader (BioTek, Winooski, VT, USA) on
3 uL of DNA extract, and sterile water was used as a blank. DNA
quality was checked by the 260:280 nm ratio to ensure that no
contamination by proteins or other components had occurred
during DNA extraction. For DNA concentration analyses, in or-
der to determine whether a significant change had occurred in
DNA concentrations and, if so, to estimate the change-point in
DNA concentration across the sediment corelayers, the Change-
Point Method (CPM) was applied on the total DNA concentration
data along the DE and EE cores. This test is generally used to
detect changes in the mean value in a data series (Taylor 2000).

Primer design and specificity—Specific primers for the amplifi-
cation of A. minutum (synonym of A. lusitanicum) from genomic
rDNA samples are available in the literature (Penna et al. 2010)
but they generate longer amplicons (=150 bp) than required (50—
150 bp) for optimal real-time PCR efficiency. To optimize amplifi-
cation success in aDNA, the use of short amplicons (ca. 100 bp) is
recommended (Coolen etal. 2013). Therefore, new primer sets for
specific real-time PCR targeting the internal transcribed spacer 1
(ITS1) rDNA region were designed for the two target species
in this study, A. minutum and S. donghaienis. Scrippsiella dong-
haienis was chosen as the second target species in the light of
the successful germination analyses in old sediments and given
its monophyletic separation in ITS topologies within the genus
Scrippsiella (Gu et al. 2008), which enables a better specific primer
design. Its presence in northern European waters (i.e. Sweden)
(Gu et al. 2008) makes S. donghaienis an interesting model to
compare with potential invasive species in the North Atlantic.
A total of 176 ITS 1DNA sequences of A. minutum and other
Alexandrium species and a total of 59 ITS rDNA sequences of S.
donghaienis and other Scrippsiella species were downloaded from
GenBank and aligned using Bioedit software (version 7.0.9.0).
The primer sets were designed to target a fragment of 100-110
bp (using Primer3 software (http://primer3.wi.mit.edu/, Rozen
and Skaletsky 2000)) (Table 1). The primers were analyzed for
self/hetero-complementarities and secondary structure using
OligoAnalyzer 3.1 software (http://eu.idtdna.com/calc/analyzer).
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Table 1. Primer sets designed to target the ITS1 rDNA region of A. minutum and S. donghaienis by the different PCR amplification methods.

Target species Genetic region PCR method Primer sets Primer sequences forward (5'-3') reverse (5'-3') Amplicon size (bp)

A. minutum ITS1 Real-time Am_48F TGAGCTGTGGTGGGGTTCC 100
Am_148 R GGTCATCAACACAGCAGCA

A. minutum ITS1 Semi-nested Am_55F TGGTGGGGTTCCTAGGCT 93
Am_148 R GGTCATCAACACAGCAGCA

S. donghaienis ITS1 Real-time SD_357F TATTCTGGCAACACCTTCCAC 110
SD_468R AGATGCTTAGCAAGTTGAGCG

Primer specificity was checked (i) in silico, by visual inspection
of an alignment of ITS sequences, (i) in silico, using the Primer
Blast tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and
(iii) in the laboratory, by conventional PCR using DNA from pos-
itive (A. minutum (three strains) and S. donghaienis (14 strains))
and negative (nine dinoflagellate species for a total of 27 strains)
controls (Tables S1-S4, Supporting Information). The PCR
mixture was identical for the two species except for the concen-
trations of the reverse and forward primers: 0.3 uM for A. minu-
tum and 0.5 uM for S. donghaienis, 1.25 u of GoTaq Polymerase, 2
mM of MgCly, 0.2 mM of dNTPs, 1X of GoTaq Flexi buffer, 2 uL of
DNA template and sterile water. The PCR conditions for A. min-
utum were as follows: an initial denaturation step at 95°C for 2
min, 35 cycles at 95°C for 30 s, 62°C for 30 s, 72°C for 30 s and
a final elongation step at 72°C for 2 min. For S. donghaienis, the
cycling program consisted of an initial denaturation step at 95°C
for 5 min, 35 cycles at 95°C for 1 s, 61°C for 45 s, 72°C for 1 min
and a final elongation step at 72°C for 7 min. The PCR products
were loaded onto 1.5% agarose gel to confirm the presence of
fragments of the expected length (100 bp for A. minutum and 110
bp for S. donghaienis) and the absence of non-specific bands.

ITS1 rDNA cloning and standard curve construction—ITS1 rDNA
PCR products of A. minutum (strain RCC 1490) and S. donghaienis
(RCC 3047) were cloned separately into plasmids (pCR 4), then
chemically transformed into Escherichia coli using a TOPO TA
cloning kit (Invitrogen, Carlsbad, CA, USA) following the man-
ufacturer’s instructions. Several clones were obtained but only
one clone of each species was retained for analysis. Plasmid
DNA was isolated using the NucleoSpin Plasmid/Plasmid (No-
Lid) (MACHERY-NAGEL, Diiren, Germany) then linearized with
a restriction enzyme ‘NotI'. The plasmid was checked on a 1%
agarose gel. Standard curves for real-time PCR (serially diluted
plasmids containing the ITS1 rDNA fragment of A. minutum or
S. donghaienis) were constructed from the linearized plasmid
DNA previously isolated. Plasmid DNA concentration was mea-
sured using a Quant-iT PicoGreen dsDNA quantification kit (In-
vitrogen, Carlsbad, CA, USA) and an FLX 80 fluorescence reader
(BioTek, Winooski, VT, USA) according to the manufacturer’s
instructions. Quantification was performed using lambda DNA
standards provided in the kit ranging from 2.5 to 1000 pg L.
Plasmid concentration (ng uL-') was converted into (copy num-
ber L") according to the following equation: Number of copies
per microliter = (DNA concentration (ng uL™?) / [660 x (plasmid
size + insert size) x 10° (ng mol%)]) x 6.022 x 10** (molecules).
For each target species, a standard curve was constructed with
10-fold serial dilutions of the linearized plasmid containing the
ITS1 rDNA sequence of the species. Standard curves ranged
from 10° to 10 copies uL~! for A. minutum and from 10° to
10 copies pL~* for S. donghaienis.

Real-time PCR—Real-time PCR reactions were performed us-
ing the iTaq Universal SYBR Green supermix kit (Bio-Rad, Her-
cules, California, USA) in a final volume of 20 uL. For A. minu-

tum detection, the reaction mixture was composed of 10 uL of
SYBR Green supermix (1X) (containing dNTPs, iTag DNA poly-
merase, MgCl, and SYBR Green I), 0.3 uM of the forward primer
(Am_48F), 0.2 M of the reverse primer (Am_148R), sterile water
and 2 pL of sample DNA template (variable concentration be-
tween 2.42 and 34.30 ng ;L !). The experiments were conducted
in 96-well plates containing the standard curve dilutions in du-
plicate, the target samples and the negative controls composed
of water instead of DNA that were both analyzed in triplicate.
The plates were loaded onto a Stratagene Mxpro3000P (Agilent
Technologies, Santa Clara, CA, USA) thermal cycler with the fol-
lowing cycling conditions: 1 cycle at 95°C for 5 min followed
by 40 cycles at 95°C for 5 s and 62°C for 30 s. A melting curve
analysis was added at the end of each run to ensure specific
A. minutum amplification. The optimal annealing temperature
of 62°C was initially determined in conventional PCR. To deter-
mine the optimal primer concentration, nine different combina-
tions (forward/reverse), ranging from 0.1 to 0.3 M, were tested
on three dilutions of the standard curve (10°, 10%, 10 copies L™ ?).
The primer combination that yielded the lowest threshold cycle
value (Ct) and maximum real-time efficiency (Am_48F; 0.3 uM,
Am_148R; 0.2 uM) was retained for further analysis. The real-
time PCR mixture for S. donghaienis detection was identical, ex-
cept for the primer concentrations; 0.2 uM for the forward and
reverse primer (SD_357F /SD_468R). The annealing temperature
was determined at 61°C. The cycling conditions were: 1 cycle at
95°C for 5 min followed by 40 cycles at 95°C for 30 s, 61°C for 30 s
and 72°C for 30 s, and a final cycle at 95°C for 1 min followed by
a melting curve analysis. The reaction efficiency was estimated
by the equation E = 10 ?) -1, where b is the slope of the stan-
dard curve. DNA amplifications of target species were consid-
ered positive if more than one out of the three replicates tested
per sample was positive. The limit of quantification (LOQ) was
set at 10 copies per real-time PCR well, which was the smallest
quantity of linear plasmid DNA of the standard curves for each
real-time PCR assay. Concentrations of A. minutum or S. dong-
haienis in each sediment layer were expressed (assuming a 100%
DNA extraction efficiency) in terms of copy number per gram of
wet sediment, using the following formula: Copy number g~* =
copy number uL~! x DNA extraction volume (uL)/sediment wet
weight (g).

Sanger sequencing of A. minutum amplicons from sediment
layers—In order to confirm the presence of A. minutum in sed-
iment layers for which the real-time PCR amplifications were
below the LOQ, amplicons resulting from a semi-nested PCR am-
plification of the DNA extract of the corresponding sediment lay-
ers were sequenced. The semi-nested PCR assays were carried
out only for A. minutum as this was the major target species of
our study. After the first amplification using designed primers
for real-time PCR (Am_48F/Am_148R) (100 bp), 2 pL of the ampli-
fied material was used for the second PCR round performed with
a new forward primer (Am_S5F) and the same reverse primer

222

910Z ‘11 AInf uo 1san3 Aq /310" speuanolpiojxo-oasuag//:dny wosy papeoumoc]



6 | FEMS Microbiology Ecology, 2016, Vol. 92, No. 7

Table 2. Alexandrium minutum semi-nested PCR sequences obtained from DE and EE cores with their respective ITS1 rDNA semi-nested

sequences.

Species Core ID Sediment layers (cm) Sediment layer dating Semi-nested sequences (5'-3))
A. minutum DE 24 1972 +2 ATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 25 1970+ 2 GGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 31 1955 + 3 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 33 1950 + 3 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 41 1931+ 4 ATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 42 1928 + 4 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 53 1893 + 5 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 54 1889 + 5 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum DE 57 1873+ 6 GGCATGGCTTGCTTCTGCAAGCGCTTTCATG
A. minutum EE 11 1991+ 1 CATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 13 1986 + 1 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 17 1978 + 2 GCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 25 1958 + 2 GGCATGGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT
A. minutum EE 31 1939+ 2 GGCTTGCTTCTGCAAGCGCTTTCATGCTGCTGTGTTGAT

(Am_148R) of the first PCR step (Table 1). Both PCR reaction mix-
tures were carried out in a final volume of 20 uL, using 2 uL
of DNA template, 1X of GoTaq Flexi buffer, 2 mM of MgCl,, 0.2
mM of dNTP, 0.5 mM of each primer, 1.25 u of GoTaq polymerase
(Promega) and sterile water. The PCR were performed in a Pe-
qStar (OZYME, Montigny-Le-Bretonneux, France) thermocycler
with the following conditions: 1 cycle at 95°C for 2 min fol-
lowed by 30 cycles at 95°C for 30 s, 61°C for 30 s, 72°C for 30 s
and a final cycle at 72°C for 2 min. PCR products were purified
using the Nucleospin Gel PCR clean-up kit (MACHERY-NAGEL,
Diiren, Germany) following the manufacturer’s instructions,
checked on an agarose gel. This semi-nested PCR procedure
yielded an amplicon of 93 bp and a sufficient A. minutum DNA
concentration for Sanger sequencing. Amplification products
were sent to GATC Biotech (http://www.gatcbiotech.com/en/
products/sanger-services/, Germany) for sequencing. Theresult-
ing sequences were identified by basic local alignment search
tool (BLAST) and aligned in Bioedit with other A. minutum
ITS1 rDNA sequences available in GenBank (http://www.ncbi.
nlm.nih.gov/genbank/) (Table 2).

Statistical analyses on data series

In order to depict trends in the abundance of target species, the
moving averages of real-time PCR data (copy number g~ * sedi-
ment) were calculated. This method is usually used to calculate
long-term trends or cycles from time series data, smoothing out
short-term fluctuations in a dataset, and has been used in pa-
leoecological studies (e.g. Yu and Berglund 2007). The moving
average of the A. minutum and S. donghaienis genetic data series
(copy number g~* sediment) was calculated with a three-sample
interval, meaning that an averaged value of the copy number g-*
was calculated for every three consecutive data (e.g. average of
layers 1, 2, 3; average of layers 2, 3, 4; etc.). These averaged val-
ues were used to produce the curves in Fig. 3 representing the
trend of the quantitative genetic data obtained for our studied
species in the sediment samples. In addition, the Mann-Kendall
trend test was performed on the real-time PCR data (copy num-
ber g! sediment) and the plankton data (cells L) across the
overlapping periods of the series (from 1989 to 2014) to detect
statistically significant trends. The test was applied using the
Kendall package in R software version 3.2.3 (R Core Team 2015).
The Mann-Kendall trend test is a non-parametric test for mono-
tonic trends, which is typically used to detect whether thereis a

significant increasing or decreasing trend in a time series (Yue,
Pilon and Cavadias 2002). In this test, the initial assumption is
the null hypothesis (HO), which assumes that there is no trend
in the data series over time. The alternative hypothesis (H,) is
that there is a significant trend (increasing or decreasing) over
time. The significance level of the test was set at @ = 0.05. If the
P-value < 0.05, the HOis rejected, meaning that there is a signifi-
cant trend in the time series. Kendall’s tau (r) is a value between
—1 and 1 that indicates the direction of the trend over time. An
increasing trend is indicated by r > 0 and a decreasing one by
T <0

RESULTS
Sediment chronology

In the DE core, ?'°Pb in excess activity ranged from 45 mBq g*
in the uppermost sediment layers to <1 mBq g-! at 58 cm
(Fig. 2). There was a general trend of an exponential decrease
in ?1°Pb,; as expected due to the decay of the unsupported 2*°Pb.
The ?°Pbys profile in the EE core showed the same trend: due to
the shorter length of the sediment core, levels in which 219Pby
became negligible were not reached. In both cores, the 21°Pb,
decrease presented some irregularities. This could be related to
temporary changes in sedimentation intensity, which justified
the use of the CSR (constant rate of supply) model for dating
(Fig. 2). The 31 cm-long EE core encompassed the last 72 years
(from 1939 + 2 to 2011 + 1), whereas the DE core covered =100
years (from 1866 + 7 t0 2013 =+ 1). The sedimentary profile of *’Cs
in the two cores presented the expected shape with two peaks
(nuclear weapon test fallout and Chemnobyl) in the deepest lay-
ers. In the DE core, *’Cs disappeared rapidly to negligible levels
below the deepest peak. The EE core was too short to evaluate
137 Cs disappearance; however, the expected peak of the second
atmospheric fallout was observed. In general, the sedimentary
137 Cs peaks in the two cores mimicked the atmospheric fallout
rather well, validating the 21°Pb chronology (Fig. 2).

Germination experiments

Successful germinations were observed in both EE and DE cores
(Table 3). Germinated cells belonged primarily to dinoflagellates
(up to 17 cm (1978 =+ 2) for EE and 20 cm (1981 =+ 2) for DE) and di-
atoms (up to 11 cm (1991 + 1) for EE and 13 cm (1995 + 2) for
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Figure 2. 2°Pb, profile (A), ages of sedimentary layers based on CSR model (B) and ¥/Cs profile (C) with depth along the cores in the Elorn (EE, upper panel) and

Daoulas (DE, lower panel) estuaries.

DE). For the EE core, S. donghaienis germinated predominantly
along the core up to 17 cm (1978 + 2) while cells of A. minu-
tum were observed up to 7 cm (1999 =+ 1). For DE, S. donghaie-
nis cells were observed up to 20 cm (1981 =+ 2) and A. minutum
was detected up to 13 cm (1995 + 2) (see dotted line in Fig. 3).
Germinated diatom species belonged to Skeletonema spp., Chaeto-
ceros spp., Thalassiosira spp., Nitzschia spp., Lithodesmium spp.,
Paralia spp. and Asteromphalus spp. Other autotrophic (Peridinium
quinquecorne, Gymnodinium spp.) and heterotrophic (Protoperi-
dinium spp.) dinoflagellates were recorded along the two cores.

Molecular analyses

Total DNA concentrations extracted from the sediments ranged
from 2.42 to 34.30 ng uL~* for EE and from 3.46 to 26.70 ng uL~*
for DE. According to the 260:280 nm ratios, the DNA extracts
were of sufficient yield and purity to conduct amplification anal-
yses. A decreasing trend in total DNA concentration was ob-
served from the top to the bottom of both EE and DE cores
(see Fig. S1, Supporting Information), with higher concentra-
tions found in the first sediment layers of both cores. At 9 cm
(10.84 ng uL~?) for EE and 11 cm (16.73 ng uL ) for DE, the CPM
method identified the change in the DNA concentration slope,
from a decreasing to a steady trend. For real-time PCR tests, good
linear relationships were found between the threshold cycle (Ct)
and the initial number of copies (0.998 > R? > 0.999). The re-
action efficiencies ranged from 95% to 99% for A. minutum and
from 91.4% to 95.3% for S. donghaienis. To ensure specific ampli-
fications, the melting temperature values (Tm) were systemat-

ically checked by analyzing the melting curves. For the A. min-
utum assay, the standard curve samples as well as the positive
samples showed a specific peak at Tm = 83.05 + 0.5°C (see Fig. S2,
Supporting Information). In the case of S. donghaienis, the melt-
ing curve peak was observed at Tm = 82.9 + 0.5°C. Copy num-
bers < LOQ (=10 copies/well) for both A. minutum and S. dong-
haienis were observed in some deep sediment layers. In these
cases, the target species were considered present in the core
layers, but it was not possible to quantify their ITS rDNA copy
numbers. The presence of A. minutum in deep layers (indicated
with star symbols in Fig. 3) was confirmed by the sequencing of
semi-nested PCR products. Nine and five sequences of 31-45 bp
were obtained for DE and EE core layers, respectively. The se-
quences were aligned with other available sequences (see File 1,
Supporting Information; Fig. S3, Supporting Information) and
identified as A. minutum at 100% identity (Table 2).

Multidecadal dynamics of A. minutum
and S. donghaienis detected in sediments

Accurate DNA quantification of A. minutum ITS1 rDNA copies g~*
sediment was obtained from the 10-cm layer (1993 + 1) to
the 1-cm layer (2011 + 1) of the EE core and from the 22-cm
layer (1976 + 2) to the 1-cm layer (2013 + 1) of the DE core
(Fig. 3), covering a total period of about 40 years. For both EE
and DE, in the layers from which quantitative data were ob-
tained, an increasing trend in the concentration of A. minutum
ITS11DNA copies g ! sediment was observed from the bottom to
the top layers. This trend was visualized by the moving average
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Table 3. Scrippsiella spp. strains obtained from the Elorn estuary (EE) and Daoulas estuary (DE) dated sediment layers with their respective
Genbank accession number and Roscoff culture collection (RCC) number.

Species Strain ID Core sediment layer (cm) Sediment layer dating GenBank accession number RCCID
S. donghaienis IFR-SDO-Sc34 EE2 2010 £1 KX009607 4711
S. donghaienis IFR-SDO-Sc35 EE2 2010 +1 KX009606 4712
S. donghaienis IFR-SDO-Sc38 EE4 2006 +1 KX009603 4713
S. donghaienis IFR-SDO-Sc39 EE4 2006 + 1 KX009602 4714
S. donghaienis IFR-SDO-Sc40 EE4 2006 + 1 KX009601 =
S. donghaienis IFR-SDO-Sc22 EE9 1995 +1 KX009619 -
S. donghaienis IFR-SDO-Sc23 EE9 1995 +1 KX009618 =
S. donghaienis IFR-SDO-Sc24 EE9 1995 +1 KX009617 4715
S. donghaienis IFR-SDO-Sc25 EE9 1995 +1 KX009616 4716
S. donghaienis IFR-SDO-Sc26 EE9 1995 +1 KX009615 4730
S. donghaienis IFR-SDO-Sc51 EE10 1993 +1 KX009592 4717
S. donghaienis IFR-SDO-Sc53 EE10 1993 +1 KX009591 4718
S. donghaienis IFR-SDO-Sc54 EE10 1993 +1 KX009590 -
S. donghaienis IFR-SDO-Scl EE11 1991+1 KX009637 -
S. donghaienis IFR-SDO-Sc2 EE11 1991+1 KX009636 4733
S. donghaienis IFR-SDO-Sc3 EE11 1991+1 KX009635 -
S. donghaienis IFR-SDO-Sc4 EE11 1991 +1 KX009634 -
S. donghaienis IFR-SDO-Sc5 EE11 1991+1 KX009638 =
S. donghaienis IFR-SDO-Sc6 EE11 1991+1 KX009639 -
S. donghaienis IFR-SDO-Sc7 EE11 1991 +1 KX009640 -
S. donghaienis IFR-SDO-Sc55 EE12 1989 + 2 KX009589 -
S. donghaienis IFR-SDO-Sc57 EE12 1989 +2 KX009588 =
S. donghaienis IFR-SDO-Sc8 EE13 1986 + 2 KX009633 -
S. donghaienis IFR-SDO-Sc9 EE13 1986 + 2 KX009632 -
S. donghaienis IFR-SDO-Sc10 EE13 1986 + 2 KX009631 4719
S. donghaienis IFR-SDO-Sc11 EE13 1986 + 2 KX009630 -
S. donghaienis IFR-SDO-Sc12 EE13 1986 + 2 KX009629 -
S. donghaienis IFR-SDO-Sc13 EE13 1986 + 2 KX009628 4720
S. donghaienis IFR-SDO-Sc14 EE13 1986 + 2 KX009627 4721
S. donghaienis IFR-SDO-Sc15 EE13 1986 + 2 KX009626 4734
S. donghaienis IFR-SDO-Sc16 EE13 1986 + 2 KX009625 -
S. donghaienis IFR-SDO-Sc17 EE13 1986 + 2 KX009624 -
S. donghaienis IFR-SDO-Sc18 EE13 1986 + 2 KX009623 =
S. donghaienis IFR-SDO-Sc19 EE13 1986 £ 2 KX009622 -
S. donghaienis IFR-SDO-S¢20 EE13 1986 + 2 KX009621 4722
S. donghaienis IFR-SDO-Sc21 EE13 1986 + 2 KX009620 -
S. donghaienis IFR-SDO-Sc58 EE14 1984 +£2 KX009587 -
S. donghaienis IFR-SDO-Sc59 EE14 1984 £ 2 KX009586 =
S. donghaienis IFR-SDO-Sc60 EE14 1984 + 2 KX009585 4731
S. donghaienis IFR-SDO-Sc61 EE14 1984 +2 KX009584 -
S. donghaienis IFR-SDO-Sc27 EE17 1978 £2 KX009614 4723
S. donghaienis IFR-SDO-Sc28 EE17 1978 £2 KX009613 4724
S. donghaienis IFR-SDO-5¢29 EE17 1978 £2 KX009612 4725
S. donghaienis IFR-SDO-Sc30 EE17 1978 £2 KX009611 -
S. donghaienis IFR-SDO-Sc31 EE17 1978 £2 KX009610 4726
S. trochoidea IFR-STR-Sc36 EE4 2006 + 1 KX009605 =
S. trochoidea IFR-STR-Sc37 EE4 2006 + 1 KX009604 4732
S. trochoidea IFR-STR-Sc41 EE4 2006 £ 1 KX009600 =
S. trochoidea IFR-STR-Sc42 EE4 2006 + 1 KX009599 4727
S. trochoidea IFR-STR-Sc43 EE4 2006 £ 1 KX009598 -
S. trochoidea IFR-STR-Sc45 EE4 2006 + 1 KX009597 4728
S. trochoidea IFR-STR-Sc32 EES 2003 +1 KX009609 -
S. trochoidea IFR-STR-Sc33 EE5 2003 +£1 KX009608 =
S. trochoidea IFR-STR-Sc46 EE6 2001 +1 KX009596 -
S. trochoidea IFR-STR-Sc47 EE6 2001 +1 KX009595 -
S. trochoidea IFR-STR-Sc48 EE8 1997 +1 KX009594 -
S. trochoidea IFR-STR-Sc49 EE8 1997 £1 KX009593 4729
S. donghaienis IFR-SDO-S5 DE17 1987 +2 KX009641 4735
S. donghaienis IFR-SDO-S8 DE19 1982 +2 KX009642 4736
S. donghaienis IFR-SDO-S7 DE20 1981 +2 KX009643 4737
S. trochoidea IFR-STR-S2 DE10 2001 +1 KX009644 4738
S. trochoidea IFR-STR-S3 DE13 1995 + 2 KX009645 4739
S. trochoidea IFR-STR-S9 DE15 1991 +2 KX009646 4740
S. trochoidea IFR-STR-54 DE17 1987 £ 2 KX009647 4741
S. trochoidea IFR-STR-S6 DE17 1987 +2 KX009648 4742
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Figure 3. ITS1 rDNA copies g ! sediment for Scrippsiella donghaienis (orange) and Alexandrium minutum (purple) estimated by real-time PCR in Daoulas (DE) and Elorn (EE)
estuaries. Colored shadows indicate the layers for which reliable ITS1 rDNA quantifications were obtained. Stars indicate the layers where the presence of the species
was detected but quantitative data were below the LOQ of our real-time PCR assays. The dashed lines indicate the limit layer of respective species germination. The

black curves represent calculated moving average on the quantitative data.

calculation (Fig. 3) and statistically confirmed over the period
1989-2014 by the Mann-Kendall test analyses (DE: r = 0.65, P-
value = 0.0005; EE: r = 0.911, P-value = 0.0003). In particular, at
EE, A. minutum ITS1 rDNA copies g ! sediment increased from
the 10-cm layer (1993 + 1; 2.72 x 10* copies g ! sediment) to
reach a peak at the 1-cm layer (2011 + 1; 4.96 x 10’ copies g™*
sediment). At DE, ITS1 rDNA copy numbers were higher than at
EE. They increased from the 22-cm layer (1976 + 2; 2.49 x 10*

copies g! sediment), peaking at the 1-cm layer (2013 + 1; 6.73
x 107 copies g~1). ITS1 rDNA copies g-! were slightly correlated
with total DNA concentrations in both cores (EE: R? = 0.51; DE: R?
= 0.55), which were higher in the top than in the bottom layers
(see Fig. S1, Supporting Information). In layers from which non-
quantitative data were obtained, the presence of A. minutum was
detected discontinuously, being present along the cores in 5 out
of 21 layers and in 9 out of 35 layers for EE and DE, respectively
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(star symbols in Fig. 3). These rDNA traces of A. minutum were de-
tected even in the deep sediment layers of both analyzed cores,
corresponding to 1939 =+ 2 (31 cm) for EE and 1873 + 6 for DE (57
cm) (Fig. 3).

For S. donghaienis, quantification of ITS1 rDNA copies g~* of
sediment was obtained from the 27-cm layer (1952 =+ 2) to the
1-cm layer (2011 + 1) for the EE core, and from the 21-cm layer
(1979 =+ 2) to the 1-cm layer (2013 + 1) for the DE core (Fig. 3).
The pattern of abundance of ITS rDNA copies observed for S.
donghaienis differed from that of A. minutum and varied across
the sites studied (Fig. 3). At EE, a bimodal pattern of copy num-
ber abundance was evident. From the deepest quantifiable 27-
cm layer (1952 + 2;5.1 x 10* copies g-* sediment), the first peak
of abundance was evident at the 11-cm layer (1991 + 1; 4.4 x
10° copies g~! sediment) and a second peak corresponding to
the highest copy number observed, was found in the top 3 cm
(peak of 1.2 x 10° copies g~* sediment at 1 cm (2011 + 1)). At
DE, spikes of abundance were observed at 21 cm (1979 + 2; 1.1 x
105 copies g-* sediment), 13 cm (1995 + 2; 9.13 x 10* copies g*
sediment) and 9 cm (2003 + 1; 1.24 x 10° copies g~* sediment).
From the 9-cm layer to the top layer of the DE core, a decrease in
copy number abundance was observed (Fig. 3). Over the period
1989-2014, the Mann-Kendall test showed a significant increas-
ing trend in EE (r = 0.601, P-value = 0.0001), but no significant
trend was detected in DE (r = —0.295, P-value = 0.0650). The pat-
tern of copies g! sediment abundance was slightly correlated
with total DNA abundance at EE (R? = 0.53), but not at DE (R?
= 0.01). Scrippsiella donghaienis was detected up to the bottom
layers of both the EE and DE cores (1939 + 2 and 1866 =+ 7, re-
spectively). In the layers for which non-quantitative data were
obtained, the presence of S. donghaienis was detected in 4 out of
4 layers for the EE core and in 16 out of 37 layers for the DE core
(Fig. 3).

Multidecadal dynamics of A. minutum and
S. donghaienis in the water column (plankton data)

At the Lanveoc station, A. minutum concentrations were <7000
cells L-* until 2012, reaching a peak in July 2014 (32 800 cells L-?).
At the Le Passage station, regular monitoring activities started
when A. minutum was first observed in the Bay of Brest in 1990
(<100 cells L~!). From 1992 to 1996, no A. minutum cells were
detected at the station. From 1997, this species was regularly
observed until 2003, but always at low concentrations (<2000
cells L~!). Monitoring in the area stopped in 2003 and was re-
established in 2012 when a bloom of 560 000 cells L-* occurred
on 11 July 2012. No bloom was observed in the area in 2013 but
in 2014, A. minutum concentrations reached 199 000 cells L-* on
7 July. The 2012 bloom at Le Passage coincided with a bloom
at the Daoulas station (42 x 10° cells L~ on 11 July 2012),
which represents the highest concentration ever recorded in the
bay. Blooms of lower intensity occurred in the following years
(293 333 cells L-! in 2013 and 1052 000 cells L-* in 2014) (see
Fig. S4, Supporting Information). A statistically significant in-
creasing trend in A. minutum concentrations was depicted by our
longer plankton time series at Le Passage and Lanveocin the Bay
of Brest by the Mann-Kendall test (Lanveoc: r = 0.247, P-value
= 0.0001; Le Passage: r = 0.281, P-value = 0.0050). The Daoulas
time series was too short (3 years) to analyze a multiannual
trend, thus the Mann-Kendall test was not applied. When qual-
itatively compared over the overlapping period of analyses, the
long-term data series of A. minutum obtained from our paleoeco-
logical approach (ITS1 rDNA copies g~ sediment) and from the
monitoring activity (plankton data Log(cells L~*)) of Lanveoc and

Le Passage stations nicely showed a coherent increasing trend
in species abundance from 1990 until 2014 (Fig. 4). For Scripp-
siellaspp., monitoring was carried out uninterruptedly from 1987
until 2000 at Le Passage, and from 1995 to 2014 at Lanveoc. No
monitoring of this taxon has ever been performed at the Daoulas
station. Lower concentrations of Scrippsiella spp. were recorded
at Lanveoc compared to Le Passage. At Lanveoc, Scrippsiella spp.
abundance remained below 8300 cells L-! until 1998, when it
reached 42 000 cells L-1. At Le Passage, Scrippsiella spp. abun-
dance reached a maximum of 760 000 cells L~* in 1999. Lower
abundances were registered during the following years (see
Fig. 54, Supporting Information). At both stations, no trend was
detected by the Mann-Kendall coefficient for this taxon (Lan-
veoc: r = —0.02, P-value = 0.5297; Le Passage: r = —0.0125, P-value
= 0.6773).

DISCUSSION

The paleoecological approach used in this study, based on pale-
ogenetic analyses and ancient cyst revivification, provided his-
torical data on two target dinoflagellate species over a time scale
of about 150 years. The focus was mainly on the bloom-forming,
toxic species A. minutum and then paleogenetic data obtained for
the non-toxic species S. donghaienis were used to compare spe-
cific ecological patterns. Both species were detected along dated
sediment cores, even in deep sediment layers (dating back to
1873 =+ 6 for A. minutum and 1866 + 7 for S. donghaienis). Their
aDNA concentrations were quantified specifically from 1952 +
2 or 1976 + 2 (depending on the species and the cores) using
a robust, newly developed real-time PCR assay. Moreover, up to
31-34-year-old resting cysts were successfully revived from core
sediments.

Real-time PCR and cyst germination

Real-time PCR is a quantitative technique known to be highly
sensitive, enabling species abundances to be estimated accu-
rately in different environments even when the DNA target gene
copy number is low. The advantage of real-time PCR is the fast
processing of a large number of samples compared to cell or cyst
counting microscopic procedures, which are time-consuming
and often biased by taxonomic identification problems. Several
studies have used real-time PCR to quantify the abundance of a
large number of toxic phytoplankton species in seawater sam-
ples: Karenia brevis (Gray et al. 2003); A. minutum (Galluzzi et al.
2004; Touzet et al. 2009); A. catenella (Gameau et al. 2011); Ostreop-
sis cf. ovata (Perini et al. 2011); Pseudo-nitzschia spp. (Fitzpatrick,
Caron and Schnetzer 2010); and different diatoms and dinoflag-
ellates (Godhe et al. 2008; Murray et al. 2011), as well as in su-
perficial sediment samples (Kamikawa et al. 2007; Erdner et al.
2010).

Real-time PCR was the most appropriate method for our pale-
ogenetic approach, which aimed to detect ancient genetic traces
of the presence and abundance of the target species in the Bay
of Brest. Yet, when quantifying genetic material in old sedi-
ments, DNA degradation is a major issue to be taken into ac-
count. Taphonomic processes that may occur in old sediments
and the variable preservation conditions of organic matter oc-
curring from one ecosystem to another may influence DNA con-
servation and thus its quantitative estimation (Boere et al. 2011).
DNA degradation mostly occurs in very old sediments, such
as those that are of thousand years old, and can cause DNA
to be fragmented, which can significantly reduce the efficiency
of PCR amplification (d’Abbadie et al. 2007). The real-time PCR

227

910Z ‘11 AInf uo 1san3 Aq /10" sppuinolpiojxo-dasuiag//:dny woij papeoumoc]



12 | FEMS Microbiology Ecology, 2016, Vol. 92, No. 7

were tested and a final optimal combination (temperature, nu-
trient concentration) was found and systematically applied to all
samples, it cannot be excluded that optimal germination condi-
tions vary across sediments of different ages. In fact, S. dong-
haienis and A. minutum are able to germinate over a wide range
of environmental conditions (Gu et al. 2008; Blanco, Lewis and
Aldridge 2009).

Interestingly, germination of A. minutum and S. donghaienis
was successful only for layers in which aDNA quantification
was possible. It can be questioned whether DNA was amplified
and quantified mainly from living stocks, represented by rest-
ing cysts, from extracellular genetic material or from both. Most
DNA in marine sediments has been shown to be extracellular
(Dell’Anno and Danovaro 2005) and well preserved from micro-
bial nuclease degradation (Corinaldesi et al. 2011), but DNA in-
side the resting stages of some plankton species is generally
thought to be better preserved than extracellular DNA (Boere
et al. 2011). Real-time PCR data do not distinguish between ex-
tracellular and cyst-preserved genetic material, thus a definitive
conclusion regarding the type of DNA quantified in this study is
not possible. RNA analysis might have clarified whether active or
inactive communities were identified, as explored in Capo et al.
(2015) where RNA transcripts were found only in the top 2 cm of
lacustrine sediments and RNA/DNA analyses showed that ge-
netic material in sediments mainly represented inactive com-
munities. However, RNA analyses and quantitative analyses on
cysts were beyond the scope of this study. Our main goal was
to obtain historical information about the presence, abundance
and viability of A. minutum and S. donghaienis in order to depict
multidecadal ecological patterns.

Historical records of A. minutum and S. donghaienis
and multiannual dynamics

By means of this paleogenetic approach, the first traces of ge-
netic material of A. minutum were detected in the Bay of Brest.
Starting from two different cores, it could be inferred that the
species was present in the bay considerably earlier than its first
description in the Mediterranean Sea in 1960 (Halim 1960), as the
first detection of the species in the DE sediment core of the Bay
of Brest dated back to 1873 =+ 6. Similarly, using cyst records in
dated sediments, Ribeiro, Amorim and Andersen (2011) estab-
lished that the dinoflagellate Gymnodinium catenatum had been
present in the western Iberian Peninsula since 1889 =+ 10, before
its first description documented in 1939 on planktonic viable
material. Our data also suggest that the presence of S. donghaie-
nis in the Bay of Brest dated back to 1866 + 7, but its formal
description is relatively recent (Gu et al. 2008) and only a few
historical and biogeographical data are available, as the species
has only been reported in Australia, Sweden and East China (Gu
et al. 2008). In fact, A. minutum and S. donghaienis could have
been present in the bay even before 1873 + 6 and 1866 + 7, re-
spectively. The DE core was not sufficiently long to highlight the
absence of the genetic signal along a consistent number of old
sediment layers. Regarding the analyzed cores, the presence of
both species was detected irregularly across layers from which
data below the LOQ were obtained. This could indicate some
contamination during the sampling process across the different
layers. Yet, our sampling protocol was designed to avoid direct
contamination during sampling, both across differentlayers and
with modern DNA (using a clean device for each layer) and along
the plastic tube core (collecting only the inner part of each sed-
iment layer). In addition, molecular manipulations in the lab-
oratories were performed following previously developed pre-

cautions for paleogenetic analyses to avoid cross-contamination
between samples (Gilbert et al. 2005; Anderson-Carpenter et al.
2011; Boere et al. 2011; Domaizon et al. 2013). Moreover, sim-
ilar results were obtained from two different cores, collected
and analyzed at two different periods of time. Therefore, we
believe that the irregular presence of both species across the
two cores is most probably due to the presence of a very
small amount of specific genetic material rather than to sample
contamination.

In order to validate the multiannual study of species dynam-
ics, the relative species variations in quantitative real-time PCR
estimations were compared to those of the plankton time se-
ries obtained from monitoring analyses during the overlapping
periods of the data series. Previously, real-time PCR has rarely
been applied to ancient DNA to compare long-term plankton se-
ries and only restrictively to quantify cyanobacteria dynamics in
freshwater sediments (Domaizon et al. 2013; Martinez de la Es-
calera et al. 2014; Pal, Gregory-Eaves and Pick 2015). To the best of
our knowledge, this is the first paleogenetic study carried out in
monitored estuarine ecosystems addressing such a comparison
between real-time PCR and plankton-monitoring data. Interest-
ingly, the statistically significant increase in concentrations of
ITS1 rDNA copy number of A. minutum depicted from 25-year-
old sediment samples of two different cores corroborates the
24 years of plankton observations carried out at different moni-
toring stations in the Bay of Brest. When compared qualitatively
over the overlapping periods (1989-2014), both the paleogenetic
and plankton time data series nicely showed an increasing
trend in the concentration of the species A. minutum over time
(Fig. 4). This trend is particularly evident, and statistically con-
firmed, from the plankton data of the Lanveoc and Le Passage
stations, which have been followed over the long term, and is
also proved by the fact that huge blooms of the species have
only recently been observed and monitored in the third sta-
tion of the bay (Daoulas) (Chapelle et al. 2015). Conversely, S.
donghaienis ITS1 rDNA abundances did not show a coherent
pattern and trend between the analyzed cores, suggesting a
non-homogenous temporal pattern in the Bay of Brest for this
species. The increasing concentration trend depicted for S. dong-
haienis from paleogenetic data of the EE core was not confirmed
by the DE core data, unlike for A. minutum for which both the EE
and DE paleogenetic data series showed an increase in species
concentration. The comparison with plankton data was not pos-
sible since S. donghaienis can only be identified genetically (Gu
et al. 2008) and monitoring data are acquired by optical mi-
croscopy analyses, which can only identify genera. Yet, Scripp-
siella spp. data do not show an increase in the abundance of the
taxon and no major bloom of any species of the genus has been
registered in the Bay of Brest to date.

Along the Brittany coasts, A. minutum has been sporadically
observed since 1985, at the very beginning of the REPHY moni-
toring activities. Today, its ecological success is evident in some
areas. For instance, in the Penzé estuary (Bay of Morlaix, north
Brittany), this species has produced blooms at more than 10*
cells L~ every year for the last 27 years (Dia et al. 2014). On
the north-western Brittany coast (Aber-Wrac’h), blooms are reg-
ularly observed, and in the Bay of Brest, high concentrations
of the species have been reported since 2012. Our results show
that A. minutum was present in the Bay of Brest much earlier
than its first detection by REPHY monitoring. On the basis of
these results, we can put forward the hypothesis that A. min-
utum had a long residence period before blooming in the area.
The introduction of the species, if any, may have occurred ear-
lier than our first detection of it (1873 =+ 6). Future paleoecological
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reconstruction is required to answer this question over a longer
time scale.

Our results demonstrate that the species A. minutum has in-
creased greatly in the Bay of Brest in recent years. This could be
due to the introduction of a new population, potentially genet-
ically different from original populations, or the natural evolu-
tion of the local populations, or the adaptation of the local pop-
ulations to environmental changes (natural or anthropogenic).
In fact, local ecosystem-specific constraints have contributed to
shaping the population dynamic of the species A. minutum in a
shorter period of time in relatively close ecosystems (Dia et al.
2014). Since our study was performed only at the species level
and not at the population level, it is not possible to evaluate to
what extent population introduction, adaptation and evolution
contributed to the process of A. minutum development in the Bay
of Brest. Future paleoecological population-based studies could
address the issue of species development over a multidecadal
time scale at the intraspecific level, contributing to a better un-
derstanding of long-term microbial species phenologies in the
marine environment.

CONCLUSIONS

This study innovatively associated old-cyst revivification, pale-
ogenetic and plankton-monitoring data to reconstruct the long-
term dynamics of two target estuarine dinoflagellate species,
A. minutum and S. donghaienis. Cyst survival time varied be-
tween the target species (31-34 years for S. donghaienis and 17-
19 years for A. minutum) and, interestingly, was correlated with
their quantifiable genetic material. This finding contributes to
the debate about the proportions of intracellular, cyst-protected
and extracellular DNA amplifiable from sediments. The paleoge-
netic data enabled the multidecadal dynamics of the two target
species to be studied over a time scale of about 150 years, with
quantitative data obtained for about the last 40 years. The most
ancient genetic traces found in these two dated core samples
suggest that S. donghaienis and A. minutum have been present in
the Bay of Brest since at least 1866 + 7 and 1873 =+ 6, respec-
tively. Paleogenetic data clearly showed that A. minutum has in-
creased in concentration in recent years, corroborating plankton
data over the overlapping period of the two different data series
(1989-2014). This study contributes to the development of pale-
oecological research, showing that this discipline, mostly devel-
oped in lacustrine ecosystems to date, can be applied to marine,
estuarine ecosystems, providing new perspectives for future re-
search on the biogeography, ecology and evolution of marine
microbes.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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ANNEXE 4.

Intra-interspecific variability in Scrippsiella species dynamics.

Given the germination success of the Scrippsiella spp. species from the EE core, the temporal dynamics of
Scrippsiella trochoidea clade STR1, Scrippsiella trochoidea clade STR2, and Scrippsiella donghaienis were
analyzed by real-time PCR from ancient DNA extracts of the Elorn sediment layers in the frame of the Master
2 internship of Z.N. Qui-Minet that | supervised with R. Siano in 2014 (Qui-Minet 2014). Beyond the study of
the temporal dynamic of the selected taxa, this study was carried out to compare the A. minutum
multiannual dynamics to other dinoflagellate species, in order to evaluate its specificity. Interestingly, S.
trochoidea STR1 showed a peak in DNA copies at 1995 + 1, while S. trochoidea STR2 and S. donghaienis were
not abundant, revealing patterns of intra- and interspecific variability in the dynamics of the three species
(Figure A4). These results were only partially exploited in the frame of my PhD thesis. Only the dynamics of S.
donghaienis was exploited for comparison with the A. minutum dynamics in the chapter 2 and in Klouch et
al., (2016), given the high specifity of the real-time PCR primers used and the higher efficiency of the real

time PCR assays.

Layers Years Copies ng! DNA
(cm) 50 150 250 350 450
N N N N N TR (R A
1 2012+ 1 S. trochoidea STR2
6 2006+ 1 -+
11 1993+ 1
S. trochoidea STR1
16 1984+ 2
21 1973+ 2
S. donghaienis
26 1961+ 2

31 1947 £+ 2 ]

Figure A4. Dynamics of Scrippsiella species in the Elorn Estuary (EE) obtained by real-time PCR.
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ANNEXE 5.
Poster- Cross approaches of molecular and micropaleontological signals to infer the anthropogenic and

climatic impacts in the Bay of Brest.

In the frame of my PhD thesis | had the chance to collaborate with palynologists (Aurélie Penaud
(researcher) and Clément Lambert (PhD)) from the IUEM institute (Brest). This collaboration was in the
frame of the EC2CO project CA’'MOMI (2014-2015) and was intended to compare our paleogenetic data with
other paleoecological indicators, such as pollens and dinoflagellate cysts. The aim was to cross paleogenetic
and micropaleontological data to infer the anthropogenic and climatic impacts in the coastal environment of
the Bay of Brest.

This work has been performed on the Daoulas Estuary sediment core (DE). Different biological fossils (pollen,
dinoflagellate cysts, benthic foraminifera shells, maérl algae) have been analyzed to infer terrestrial
landscapes, and hydrological conditions of the sea (temperature, salinity, nutrient concentration) and
compared to our DNA-based data (A. minutum multidecadal dynamic inferred by real-time PCR).
Palynological results revealed an increase in the abundances of the Aulne tree pollens (Aulnus) from the 70'.
Moreover, increasing abundances of the pollen of some tree taxa were correlated with the AMO (Atlantic
Multidecadal Oscillation) index, indicating a strong climatic imprint on the trees’ pollinisation. This increase
is similar with the change in protist community (chapter 1) and in the A. minutum dynamics (chapter 2)
revealed by my paleogenetic analyses. This multiproxy approaches suggest a potential link between different
biological variables (tree pollens and marine dinoflagellates) and climate change which will be deepened in
the next future and will be the object of new research article. The first results of the CA’MOMI project have

been presented in the poster presented at the EC2CO congress held in Paris on the 1 Juin 2016 (Figure A5).
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Protist paleoecology from biological archives of the marine coastal ecosystems

Abstract

Protists are important contributors to the biogeochemical cycles of the marine environment. The composition of their
communities and their temporal dynamics are traditionally studied by analyzing data sets acquired in the frame of
monitoring/observation networks of plankton, whose implementation is however relatively recent (<40 years). In this
study, we analyzed the biological traces (resting stages and ancient DNA) preserved in sediments covering a time scale
of 150 years in order to study changes in the composition and the temporal dynamics of marine protists, focusing
mainly on two estuarine ecosystems of the Bay of Brest (Brittany, France). These changes were studied at three levels
of biological complexity: communities, species and populations. The diversity of protists and their preservation
potential in sediments over the time were evaluated using a metabarcoding approach (barcode: V4 region of the 18S
rDNA) on the DNA extracted from ancient sediments. The results showed that only a minor part (16-18%) of the protists
richness (#0TUs) of superficial sediments is retrieved in deep sediments, and that most of the protists found in ancient
sediments are known to produce resting stages. Two main paleocommunities were differentiated (before/after 1950),
suggesting the existence of a distinct and specific biodiversity for the identified periods. The relative abundances of
dinoflagellates showed a decreasing trend since the 70s' and Alexandrium and Gonyaulax genera showed an opposite
dynamic in terms of relative abundance over the time. These changes in the community composition are probably the
result of the hydrological changes occurred in the Bay of Brest during the last century. The importance of the genus
Alexandrium unveiled by the metabarcoding analysis, encourgaged the study of the multidecadal dynamics of the
species Alexandrium minutum. This species is classified as invasive in Europe and gained attention in the Bay of Brest
after the toxic bloom events occurred since 2012. Paleogenetic data (real-time PCR) suggest that A. minutum is present
in the Bay of Brest since at least 1873 + 7 and that, across a time scale of about 150 years, the species has proliferated
only recently in the estuaries of the bay. This recent proliferation of A. minutum in the estuaries questioned about the
current distribution of the species in the whole Bay of Brest. The analysis of A. minutum DNA traces and the cysts
germination experiments performed from superficial sediments samples in thirty stations sampled during two
consecutive winters (December 2013 and January 2015) revealed that the species currently occupies the whole area of
the Bay of Brest and is potentially able to germinate in all the studied sites. Real-time PCR data suggest that the south-
eastern part of the bay, where muddy sediment are more abundant, is potentially more favorable for the accumulation
of the species cysts. This heterogeneity of the spatial distribution of the species in the sediments was also found in
water. The Lagrangian model simulations of particle trajectories showed a disconnection between the estuaries of the
Bay of Brest and suggest the presence of potential barriers for A. minutum dispersal in the water. In order to explain
the reasons of the recent proliferation of A. minutum in the Brittany estuaries, we compared the physiological
performances of A. minutum and Scrippsiella donghaienis (non-toxic dinoflagellate) strains. These strains were obtained
from the germination of their cysts accumulated in sediments at different periods of time. Mimicking the historical
changes of Nitrogen/Phosphorus ratio (N/P) occured in the Brittany estuaries during the last century, the growth rate,
phosphorus assimilation rate, and the maximal biomass attained by the different strains were compared in culture
media with different N/P ratios (25 and 100). The results showed a strong phenotypic intraspecific variability for both
species and for both analyzed media. The results of this thesis work, discussed in the context of the changes of protist
communities over the time, contribute to the research in sedimentary paleoecology, showing the advantages and limits
of this approach to reveal still underexplored biological patterns.

Keywords: Paleoecology; Coastal ecosystems; Protists; Dinoflagellates; Harmful Algal Blooms (HABs); Resting stages;
Ancient DNA; Plankton; Molecular ecology; Metabarcoding; Real-time PCR.
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Paléoécologie des protistes a partir d'archives biologiques provenant d'écosystémes marins
cotiers

Résumé

Les protistes sont d'importants contributeurs aux cycles biogéochimiques de I’environnement marin. La composition de
leurs communautés et leur dynamique temporelle sont traditionnellement étudiées en analysant des séries de données
acquises dans le cadre de réseaux de surveillance/observation du plancton dont la mise en place est relativement
récente (<40 ans). Dans cette étude, nous avons analysé les traces biologiques (formes de résistance et ADN ancien)
préservés dans des sédiments couvrant une échelle temporelle d’environ 150 ans afin d’étudier les changements de la
composition et la dynamique temporelle des protistes marins, principalement dans deux écosystémes estuariens de la
rade de Brest (Bretagne, France). Ces changements ont été étudiés a trois niveaux de complexité biologique:
communautés, especes et populations. La diversité des protistes et leur potentiel de préservation dans les sédiments
au fil du temps ont été évalués a travers I'utilisation d’'une approche de metabarcoding (barcode: région V4 du 18S
ADNIr) sur I'ADN extrait a partir de sédiments anciens. Les résultats montrent que seulement une partie minoritaire (16-
18%) de la richesse des protistes (#OTUs) des sédiments superficiels est retrouvée dans les sédiments profonds et que
la plupart des protistes présents dans les sédiments anciens sont connus pour étre capables de produire des formes de
résistance. La composition des communautés de protistes étaient différenciées en deux principales paléocommunautés
(avant/aprés 1950), suggérant une biodiversité spécifique a chaque période. Les abondances relatives des dinoflagellés
ont montré une tendance a la baisse depuis les années 70’ et les genres Alexandrium et Gonyaulax ont montré une
dynamique opposée en termes d’abondance relative a travers le temps. Ces changements de communautés sont
probablement la conséquence des variations hydrologiques documentées en rade de Brest au cours du dernier siecle.
La prise de conscience de I'importance du genre Alexandrium, dévoilée par I'étude de metabarcoding, a conduit a
I’étude de la dynamique multidécennale de I'espece Alexandrium minutum. Cette derniere est classifiée comme
invasive en Europe et a attiré I'attention en rade de Brest suite aux évenements d’efflorescences toxiques apparus
depuis 2012. Les données paléogénétiques (PCR en temps réel) suggerent qu’A. minutum est présente dans la rade
depuis au moins 1873 + 7 et qu’au cours des derniers 150 ans, I'espéce est devenue envahissante, proliférant dans les
estuaires de la rade seulement ces dernieres années. La mise en évidence de la prolifération récente d’A. minutum dans
les estuaires de la rade de Brest nous a amené a nous interroger sur la distribution actuelle de I'espece dans I'ensemble
de cet écosysteme. L’analyse des traces d’ADN d’A. minutum et des expériences de germination des kystes effectuées
sur des sédiments superficiels de trente sites échantillonnés pendant deux hivers consécutifs (décembre 2013 et janvier
2015) a révélé que I'espece occupe et qu’elle est potentiellement capable de germer dans tous les sites étudiés. Les
données de PCR en temps réel suggerent que la partie sud-est de la rade, ou des sédiments a typologie vaseuse sont
plus abondants, est potentiellement plus favorable a I'accumulation des kystes de I'espéce. Cette hétérogénéité de la
distribution spatiale dans le sédiment a également été retrouvée dans I'eau. La simulation par modele lagrangien des
trajectoires de particules physiques montre une déconnexion entre les estuaires de la rade et suggere la présence de
barriere de dispersions des cellules d’A. minutum dans |'eau. Pour essayer d’expliquer les raisons des proliférations
récentes d’A. minutum dans les écosystémes bretons, nous avons comparé les performances physiologiques de souches
d’A. minutum et Scrippsiella donghaienis (dinoflagellé non toxique). Ces souches ont été obtenues a partir de la
germination des kystes accumulés dans les sédiments d’époques différentes. En mimant les changements historiques
des rapports Azote/Phosphore (N/P) qui ont eu lieu dans les écosystémes bretons au cours du dernier siécle, les taux de
croissance et de consommation de phosphore, et la biomasse maximale atteinte par les différentes souches ont été
mesurés dans des milieux de cultures ayant un rapport N/P différent (25 et 100). Les résultats montrent une forte
variabilité phénotypique intraspécifique au sein des deux espéces et dans les deux milieux étudiés. Les résultats de ces
travaux de these, discutés dans un contexte de changements des communautés de protistes a travers le temps,
contribuent au domaine de la recherche en paléoécologie sédimentaire, montrant les avantages et les limites de cette
approche pour révéler des patrons biologiques encore peu explorés.

Mots-clés : Paléoécologie ; Ecosystémes cétiers ; Protistes ; Dinoflagellés ; Efflorescences d’algues toxiques (HABs) ;
formes de résistance ; ADN ancien ; Plancton ; Ecologie moléculaire ; Metabarcoding ; PCR en temps réel.
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