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Chapitre 1 :

Introduction Générale
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I. Les microorganismes dans I’océan

Les microorganismes sont des organismes vivants unicellulaires dont la taille est inférieure a 100 um,
et qui ne sont donc visibles qu’a ’aide d’un microscope (Kirchman, 2008). Ils englobent a la fois les
bactéries et les archées, qui sont des organismes procaryotes, ainsi que les protistes, des organismes
eucaryotes unicellulaires. Les microorganismes dominent tous les écosystémes de la planéte dont les
océans, qui représentent 71 % de la surface de la Terre. On estime que les océans contiendraient 10%
cellules bactériennes (Whitman et al., 1998). En particulier, de nombreuses études ont démontré qu’un
millilitre d’eau de mer contient approximativement 10° cellules bactérienne (Cole, 1982). Seuls les
virus, des agents infectieux 10 a 100 fois plus petit que des bactéries nécessitant un hote pour se
répliquer, sont plus abondants que les microorganismes, il y aurait 10° — 10" particules virales dans un
litre d’eau de mer (Hara et al., 1991). Cependant, les microorganismes sont largement majoritaires en
termes de biomasse : les procaryotes représentent a eux seuls environ 90 % de la biomasse totale des

océans (Suttle, 2007).

Les microorganismes ont un role majeur dans les cycles biogéochimiques. On appelle cycle
biogéochimique I’ensemble des processus de transformations et de transports subits par les ¢léments
chimiques présents dans I’environnement. Le carbone est I’un des principaux éléments de la matiére
organique (MO) constituant les étres vivants (45-55 % de sa masse). Tout organisme vivant a besoin
d’énergie et de carbone pour vivre, croitre et se multiplier, mais tous n’utilisent pas les mémes stratégies
métaboliques. On distingue deux types d’organismes en fonction de la source de carbone qu’ils
utilisent : les autotrophes utilisent du carbone minéral comme le CO», tandis que les hétérotrophes
utilisent du carbone organique. Par exemple, certains organismes autotrophes fixent ainsi le CO;
atmosphérique pour produire de la matiere organique en utilisant 1’eau comme pouvoir réducteur et
I’énergie lumineuse via la photosynthése : ce sont des organismes photolithoautotrophes responsables
de la production primaire. On estime que la productivité primaire nette dans 1’océan est de 45-55 Giga-
tonnes de carbone par an (Gt C.an") (Longhurst ef al., 1995; Field et al., 1998; Falkowski et al., 2000)
soit la moitié de la production primaire de la planéte (Ducklow et al., 1993; Falkowski et al., 1998).
Plus de 90% de la production primaire marine est réalisée par le phytoplancton, c’est-a-dire les
microorganismes eucaryotes photosynthétiques flottant dans la colonne d’eau et les cyanobactéries
(Nagata, 2000). La mati¢re organique ainsi produite est caractérisée par sa taille, de fagon opérationnelle
on parle généralement de matiére organique dissoute (MOD) pour les composés qui passent a travers un
filtre de 0,1-0,8 pm (Benner and Amon, 2015) et de matiére organique particulaire (MOP) pour ceux
qui sont retenus. Des continuums de tailles plus précis et restreints peuvent également étre utilisés. La
MOD est la forme majoritaire de matiére organique dans les océans (662 Gt C.an") (Hansell et al.,

2009).
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La MO produite lors de la production primaire est composée principalement de polysaccharides (15-
50 % de la MOD, 3-18 % de la MOP, Armosti et al., 2020), de lipides, d’acides aminés et organiques.
La MOD représente le réservoir majeur de carbone dans I’océan et est presque exclusivement assimilée
par les bactéries marines hétérotrophes (BMH) (Pomeroy, 1974), qui I’utilisent comme source de
carbone et d’énergie pour leur croissance en produisant de la biomasse : ¢’est la production secondaire.
Cette biomasse bactérienne est ensuite consommeée par d’autres organismes tels que des protozoaires
(protistes hétérotrophes) qui vont a leur tour &tre consommés par des organismes plus gros (zooplancton)
et ainsi de suite, supportant ’ensemble de 1’écosystéme marin (Figure I.1). Les BMH jouent donc un
role essentiel puisqu’elles permettent de recycler I’immense stock de carbone organique produits par les
autotrophes en le réinjectant dans les réseaux trophiques supérieurs. De plus, en consommant la MO,
les BMH participent a sa reminéralisation, ¢’est-a-dire qu’ils relarguent des nutriments essentiels (azote,
phosphore, CO., etc.) qui stimulent la croissance du phytoplancton. Ce concept décrit par Azam et al.,
1983 et Ducklow, 1983 est nommé « boucle microbienne ». Cette boucle s’est par la suite complexifiée
et continue d’évoluer avec la découverte de nouvelles interactions entre les microorganismes, avec
notamment 1’impact largement sous-estimé des virus dans ces cycles biogéochimiques (Wilhelm and
Suttle, 1999). La MOP est également consommée par les BMH. De par sa structure et sa composition
plus complexe, son assimilation (ainsi que celle des composés de haut poids moléculaire de la MOD -
plus de 600 Da) nécessite la production d’un arsenal d’enzymes hydrolytiques extracellulaires afin de
réduire la matiére en composés de petite taille pouvant &tre importés dans les cellules puis assimilés

(Arnosti, 2011).

(%)

/ Predation by birds
hv Fisheries

Figure 1.1 : Schéma de 1a boucle microbienne selon Azam and Malfatti, 2007.
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Par le recyclage de la matiére organique, les BMH sont a la base des chaines alimentaires. Cependant,
une partie de cette matiére organique est réfractaire a tout processus de reminéralisation, s’agrége pour
former des particules, puis sédimente dans la colonne d’eau pour finalement étre lentement enfouie dans
les sédiments marins. Il s’agit de la pompe biologique. Suite a I’assimilation de MO les BMH peuvent
¢galement libérer de la MOD réfractaire qui ne peut plus étre recyclée par des processus biologiques et
qui va rester dans la colonne d’eau, c’est la pompe microbienne. Ces deux pompes participent au
stockage du carbone dans 1’océan depuis des milliers d’années ; sa transformation est alors régie par des

processus physicochimiques lents.

Les écosystémes cotiers sont des zones particuliéres bien distinctes des zones océaniques de pleine mer.
Ils sont I’interface entre la terre et I’océan et, soumis a des afflux de matiére organique de part et d’autre,
ils abritent ainsi un biotope et des flux de matiére spécifiques. Ils contribuent a prés de 20 % de la
productivité primaire sur Terre et leurs roles dans les cycles biogéochimiques sont donc considérables.
Dominant les écosystémes cotiers, les macroalgues représentent les principaux producteurs primaires,
pouvant devancer le phytoplancton en termes de productivité (Mann, 1973). L’étude du recyclage de
cette biomasse algale par les bactéries marines hétérotrophes est donc d’une importance écologique

cruciale pour mieux appréhender les processus controlant les cycles biogéochimiques.

II. Les macroalgues

1. Origine et classification

Les macroalgues sont des organismes photosynthétiques pluricellulaires thallophytes eucaryotes dont le
cycle de vie se déroule en milieu aquatique et qui sont caractérisés par une absence de tissus spécialisés
(Graham and Wilcox, 2000). Le terme macroalgue n’a pas de valeur taxonomique car elles ne forment
pas un groupe phylogénétique unique. Elles sont réparties en trois grandes lignées indépendantes
(Figure 1.2) basées principalement sur la composition des pigments impliqués dans la photosynthése.
En plus de la chlorophylle a et du caroténe, les macroalgues vertes (Chlorophyta) produisent
majoritairement de la chlorophylle b, les macroalgues rouges (Rhodophyta) de la phycobiline et les
brunes (Phaeophyceae) de la chlorophylle ¢ et de la fucoxanthin (MLodzinska, 2009). Plus de 9000
especes de macroalgues sont recensées sur la base de données internationale sur les algues AlgacBase

(http://www.algaebase.org), dont 1200, 6200 et 1800 espéces d’algues vertes, rouges et brunes,

respectivement (Guiry, 2012).

Ces trois grandes lignées de macroalgues sont le résultat d’une histoire évolutive trés complexe. Avec
les glaucophytes, les algues vertes et rouges appartiennent au groupe des Archaeplastida qui a émergé
il y a environ 1,5 milliard d’années suite a un événement d’endosymbiose primaire au cours duquel une

cyanobactérie a été phagocytée par un protiste hétérotrophe, représentant la premiére cellule eucaryote
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photosynthétique. Les plantes terrestres quant a elles ont émergé il y a 500 millions d’années suite a la
différenciation avec la lignée des algues verte (Serensen et al., 2010) et partagent ainsi de nombreuses
similarités avec ces derniéres. Les algues brunes dérivent d'un ancétre photosynthétique qui a effectué
une endosymbiose secondaire avec une algue rouge il y a environ 200 millions d’années et font partie
du groupe des Stramenopiles (Niklas, 2004; Palmer et al., 2004; Keeling, 2010). Les macroalgues brunes
ont ainsi évolué indépendamment des macroalgues rouges et vertes, conduisant a des différences de

composition majeures.
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Figure 1.2 : Arbre phylogénétique des espéces eucaryotes. De Kloareg et al., 2021, adapté de Coelho and Cock, 2020.

2. Un role capital dans les écosystéemes cotiers

Riches d’une trés grande diversité génétique et pouvant occuper des milieux trés diversifiés, les
macroalgues sont des composants fondamentaux des écosystémes cotiers. Elles se développent sur des
fonds sableux ou rocheux selon les especes, s’étalent sur 3,5 millions de km? a travers le monde et, au
niveau mondial, la biomasse totale des macroalgues est estimée a 280 millions de tonnes (Carpenter and
Liss, 2000). Comme les plantes terrestres, ce sont des producteurs primaires, capables de convertir le
carbone inorganique (CO,) en biomolécules organiques en utilisant 1’énergie lumineuse via la
photosynthese. Leur production primaire nette globale peut atteindre 1500 téragrammes de carbone par
an (Krause-Jensen and Duarte, 2016). 11 est estimé que les habitats marins végétalisés des écosystemes
cotiers, tels que les foréts de macroalgues, les prés-salés ou les herbiers, participent de 1 a 10 % de la

production primaire océanique nette, le reste étant dii au phytoplancton. Considérées comme les
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producteurs primaires majoritaires des écosystémes cotiers, elles représentent ainsi de véritables puits
de carbone. Cependant, cette contribution des macroalgues est habituellement négligée dans 1’étude du

cycle du carbone (Duarte, 2017).

Les macroalgues sont reconnues pour jouer un role fondamental dans la structuration des écosystémes
cotiers et sont ainsi qualifiées d’espéces « ingénieures » (Jones et al., 1994). Elles servent d’habitats,
d’abris et de source de nutriments a de nombreux micro et macroorganismes. Les laminaires (algues
brunes de I’ordre des Laminariales, Figure I.3A) en sont I’exemple le plus parlant. De par leur taille et
leur densité, elles forment dans les zones infralittorales de véritables structures tridimensionnelles
appelées « foréts » de laminaires, hébergeant une multitude d’organismes tels que des mammiferes
marins, des poissons, des oursins, d’autres especes d’algues ou des microorganismes (Steneck et al.,
2002). Les habitats dominés par les macroalgues forment ainsi des zones soutenant une importante

biodiversité (Schiel and Foster, 2006).

Station biologique de Roscoff / Wilfried Thomas

Figure 1.3: Photographies de quelques espéces d’algues retrouvées sur 1’estran de Roscoff. Issues du site MarLIN
https:/www.marlin.ac.uk/species, excepté pour A. (A) Laminaria digitata (B) Chondrus crispus (C) Fucus serratus (D) Ulva
lactuca (E) Palmaria palmata (F) Sargassum muticum (G) Ascophyllum nodosum (H) Himanthalia elongata. Droit d’auteur :
Wilfried Thomas (A), Judith Oakley (B, D-G), Keith Hiscock (C) et Paul Newland (H).
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3. Architecture et composition de la paroi algale
a. Caractéristiques communes aux trois phyla

Beaucoup de macroalgues vivent dans la région intertidale (zone de balancement des marées) et sont
soumises a d’importantes variations des parameétres environnementaux tels que la température,
I’intensité lumineuse, la salinité ou I’impact mécanique des vagues. A I’instar des plantes terrestres, les
cellules des macroalgues sont entourées d’une paroi riche en polysaccharides qui contribue au bon
développement des tissus et a garantir leur intégrité. Elle sert d’interface avec I’environnement et ¢’est
donc via cette paroi que 1’algue va interagir avec les organismes environnants. Elle participe notamment
aux échanges ioniques avec le milieu (régulation osmotique) et aux mécanismes de défense contre les
facteurs biotiques (pathogénes, herbivores) et abiotiques (dessiccation ou radiation ultraviolet par
exemple). La paroi cellulaire des algues est un réseau tridimensionnel (Figure 1.4) possédant une
architecture semblable a celle des végétaux terrestres. Différents modéles ont été proposés afin de
comprendre leur architecture (Lahaye and Robic, 2007; Deniaud-Bouét et al., 2014; Kloareg et al.,
2021). Cependant, la structure et la composition chimique de cette paroi varie considérablement selon
les espéces, les saisons, la localisation géographique, le cycle de croissance de ’algue, la partie du thalle
ou les paramétres environnementaux. Néanmoins, ces études ont permis 1’identification de certaines
caractéristiques communes. De par la souplesse dont fait preuve la paroi des macroalgues, contrastant
avec la rigidité de celle des végétaux terrestres, le terme de matrice extracellulaire (MEC) remplace
parfois celui de paroi lorsque 1’on se référe aux algues. La MEC est constituée majoritairement d’un
assemblage complexe de polysaccharides (appelés polysaccharides pariétaux ou structuraux) entremélés
avec d’autres composés tels que des lipides, des protéines, des minéraux (iode, calcium, fer, cuivre et
magnésium notamment), des vitamines, des acides aminées et des polyphénols (Kloareg and Quatrano,
1988; Michel et al., 2010; Popper et al., 2011; Deniaud-Bouét et al., 2014). Comme chez les végétaux
terrestres, la MEC des macroalgues est organisée en une phase squelettique (ou cristalline) entourée
d’une phase matricielle (ou amorphe), qui, a I’inverse des végétaux terrestres est majoritaire (Tableau
I.1). La phase squelettique contient des polysaccharides insolubles également présents chez les plantes
terrestres, telle que la cellulose (D-glucose liés en -1,4), qui représentent entre 1 et 8 % du poids sec
de I’algue contre 40-50 % chez les plantes terrestres (Duchesne and Larson, 1989; Zeng et al., 2017).
La phase matricielle est composée de différentes structures d’hémicellulose (également retrouvées chez
les plantes), et surtout de polysaccharides spécifiques aux algues, qui sont carboxyliques et/ou sulfatés
et qui peuvent représenter jusqu’a 50% de la masse séche des algues (Mabeau and Kloareg, 1987). Ces
polysaccharides sont des analogues fonctionnels de la pectine retrouvée chez les plantes. Contrairement
aux plantes ou la phase squelettique est prédominante, I’importance de la phase amorphe chez les algues
résulte en une plus grande flexibilité, leur permettant de résister a I’action des courant et des vagues.
Les polysaccharides de la phase matricielle différent selon les lignées de macroalgues (Tableau 1.1,

Figure 1.4).
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Figure 1.4 : Modéle de la matrice extracellulaire des macroalgues brunes (A), rouges carraghénophytes (B) et vertes
(C). FCSP : Fucose-Containing Sulfated Polysaccharides. Adapté de Kloareg et al., 2021.

Tableau I.1 : Polysaccharides majoritairement retrouvés dans les parois des plantes terrestres et d’algues.
* 1 polysaccharides carboxyliques. # : polysaccharides sulfatés. FCSP : Fucose-Containing Sulfated Polysaccharides. Adapté

de Popper et al., 2011.
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Les algues rouges produisent essentiellement des galactanes sulfatés, soit des agars soit des
carraghénanes (Figure L.5). Ce sont des polymeéres formés de résidus galactose liés alternativement par
des liaisons glycosidiques B-1,4 et a-1,3. Ils se caractérisent par la présence (non-systématique) d’un
pont 3,6-anhydro-galactose sur les unités a-L-galactose pour les agars et sur les unités a-D-galactose
pour les carraghénanes. Les résidus L-galactose des agars peuvent étre sulfatés en O6, on parle alors de
porphyrane. Selon le degré de sulfatation du disaccharide répétitif constituant le polymere, différentes
sous-familles de carraghénanes existent, les trois principales étant les k- (un ion sulfate par

disaccharide), 1- (deux ions sulfate par disaccharide) et A-carraghénanes (trois ions sulfate par
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disaccharide). Les algues vertes synthétisent principalement de I’ulvane, qui peut représenter 30 % de
la masse séche de 1’algue (Lahaye and Robic, 2007), composé de L-rhamnose-3-sulfate, d’acide D-
glucuronique, d’acide L-iduronique et de D-xylose. Chez les algues brunes, I’acide alginique (alginate)
et des polysaccharides sulfatés contenant des résidus fucoses (FCSP) sont majoritaires. La paroi des

algues brunes est discutée plus en détails dans le paragraphe suivant.
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Figure L.5: Différentes structures retrouvées au sein des polysaccharides d’algues brunes (alginate, FCSP, laminarine),
rouges (carraghénanes, agars) et vertes (ulvanes). Adapté de Jonsson et al., 2020.
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b. Composition des macroalgues brunes

On estime qu’environ 2000 espéces de macroalgues brunes ont été décrites a ce jour. Les ordres les plus
fournis sont les Ectocarpales, les Fucales, les Dictyotales et les Laminariales (> 100 espéces) (Bringloe
et al., 2020). Les especes d’algues brunes prépondérantes sur la cote nord bretonne sont les especes
appartenant aux genres Laminaria, Saccharina (Laminariales), Fucus, Ascophyllum, Himanthalia et

Pelvetia (Fucales).

Au sein de la phase matricielle, I’alginate représente entre 10 et 45 % du poids sec de I’algue (Kloareg
and Quatrano, 1988). C’est un polymeére linéaire formés de deux types d’acides uroniques, 1’acide [3-
1,4-D-mannuronique (M) et ’acide a-1,4-L-guluronique (G). Ces deux oses sont soit disposés en bloc
homopolymériques le long du polymere formant des blocs MM ou GG, soit dispersés le long du
polymeére formant des blocs hétéropolymériques MG. La proportion des motifs M et G et leur
agencement conférent des propriétés rhéologiques différentes a I’algue. L’alginate gélifie en présence
de cations divalents, généralement le calcium. Les blocs GG ont une plus forte affinité pour ces cations
divalents et vont former des gels plus cassant que les blocs MM ou MG (Haug et al., 1974). Le ratio
M/G varie entre les espéces mais aussi au sein d’une méme espeéce et entre les différentes parties de

I’algue au sein d’un méme individu (Kloareg and Quatrano, 1988; Skriptsova et al., 2004).

Les FCSP quant a eux, représentent 4-45 % du poids sec de 1’algue (Fletcher et al., 2017) et présentent
une structure bien plus complexe. Le terme FCSP a récemment été proposé pour désigner 1’ensemble
des polysaccharides sulfatés des algues brunes qui contiennent au moins un résidu fucose (Ale and
Meyer, 2013; Deniaud-Bouét ef al., 2017). Il englobe donc a la fois les fucanes et les fucoidanes (Figure
I.6). Les fucanes sulfatés sont des polyméres pouvant étre ramifiés constitués uniquement de résidus L-
fucose sulfatés dans la chaine principale. Les branchements peuvent contenir ou non des résidus fucose.
Le terme fucoidanes se réfeére a des hétéropolymeéres sulfatés ramifiés plus complexes ou les résidus
fucose ne sont présents que dans les ramifications mais jamais dans la chaine principale. La chaine
principale est composée de divers oses neutres (galactose, mannose, xylose, rhamnose, etc.) et
¢ventuellement d’acides uroniques (acide glucuronique et galacturonique notamment) (Ponce and
Stortz, 2020; Sichert et al., 2021). Les FCSP présentent de nombreuses substitutions, notamment des
groupement sulfates, mais aussi des groupements acétyles ou méthyles. Il n’y a donc pas de structure ni
de composition type de FCSP, d’autant plus que celles-ci sont extrémement variables entre les espéces
et au sein d’un individu en fonction des paramétres environnementaux (Haug ef al., 1974; Bruhn et al.,

2017; Deniaud-Bouét et al., 2017; Fletcher et al., 2017; Ponce and Stortz, 2020).
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Fucose-containing sulfated polysaccharides (FCSPs) from brown algae

backbone structures based on fucopyranosyl residues
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Figure 1.6 : Représentation non-exhaustive de différentes structures de fucanes et fucoidanes retrouvées chez diverses
algues brunes. De Deniaud-Bouét et al., 2017.

11 avait été suggéré que la teneur en fucose et en sulfate variait en fonction de la localisation de 1’algue
sur I’estran. Plus le temps d’immersion des algues est faible, plus la teneur en fucose et sulfate est élevée,
suggérant le role des fucanes sulfatés dans les mécanismes de régulation de 1’hydratation et du stress
osmotique (Mabeau and Kloareg, 1987; Skriptsova et al., 2012). Ainsi il était suggéré que les especes
appartenant a [’ordre des Fucales, généralement situés dans la partie supérieure de I’estran, soient plus
riches en fucose et sulfate que les Laminariales vivant plus bas. Cependant, ces travaux prenaient en
compte un nombre limité d’espéces. Une étude récente répertoriant les analyses de composition des
FCSP effectuées sur plus de 100 espéces d’algues brunes ne confirme pas cette hypothése et met plutot
en évidence une multitude de facteurs qui peuvent influencer la composition des FCSP, masquant toute
différence basée sur la taxonomie ou sur le lieu de vie (Ponce and Stortz, 2020). La comparaison de
résultats issus de différentes études reste toutefois approximative étant donné les importantes variations
de composition que 1’on peut trouver en utilisant des protocoles d’extraction différents. Les fucanes
sulfatés des Fucales sont la plupart de temps constitués de résidus L-fucose liés alternativement en o-

1,3 et a-1,4 qui présentent respectivement un ou deux groupements sulfates en C2 et C4 (Chevolot et

25



al.,2001). Au contraire, les Laminariales et Ectocarpales présentent uniquement des résidus L-fucose
liés en 0-1,3 avec un groupement sulfate en C4 (Nagaoka et al., 1999; Kopplin et al, 2018). La
complexité et la variabilité des FCSP les rendent difficiles a caractériser et requi¢rent des combinaisons
de méthodes analytiques poussées. Ainsi, jusqu’a présent, peu d’informations sont connues sur leur

structure au niveau moléculaire (Sichert ef al., 2021).

Des structures d’hémicelluloses sont également présentes dans la phase matricielle de I’ECM des algues

brunes (B-1,3-glucanes et p-1,3-1,4-glucans, Raimundo et al., 2017; Salmean et al., 2017).

Des teneurs significatives en protéines (3-15 %, proportion toutefois bien inférieure au 40 %
approximatifs détectés chez les algues rouges, Misurcova, 2011), minéraux (7-36 %), phénols (1-13 %),
vitamines, acides aminées et lipides (1-5 %) ont été estimées au sein de la MEC des algues brunes
(Fleurence, 1999; Galland-Irmouli et al., 1999; Verhaeghe et al., 2008; Deniaud-Bouét et al., 2014;
Schiener et al., 2015). Celle-ci est ainsi composée d’un large éventail de composés distincts qui
s’enchevétrent et interagissent ensemble pour former une matrice tridimensionnelle dont 1’alginate et
les FCSP sont les composés majoritaires. Peu d’informations sont disponibles sur I’agencement des
composés et la nature exacte des interactions. D’apres une étude réalisée sur des Fucales, il semblerait
que les FCSP s’emboitent avec les chaines de B-glucanes, dont la cellulose, et que ce réseau FCSP-
cellulose soit englué dans la matrice d’alginate, avec peu de liaisons covalentes entre les deux réseaux
(Deniaud-Bouét et al., 2014). De plus, il a ét€¢ montré que les polymeéres d’alginate et les phénols sont
étroitement interconnectés et qu’ils jouent un réle majeur dans la rigidité de la paroi (Schoenwaelder
and Wiencke, 2000; Deniaud-Bouét et al., 2014). Enfin, il est suggéré que ’alginate serait étroitement

associ¢ avec les structures d’hémicellulose B-1,3-1,4-glucanes (Salmean et al., 2017).

En plus des polysaccharides pariétaux, les macroalgues possédent également des sucres de réserve a
I’intérieur des cellules. Chez les algues brunes, le carbone de réserve est stocké principalement sous
forme de laminarine, (B-1,3-glucane avec des branchements -1,6 occasionnels) qui peut représenter
jusqu’a 35 % du poids sec (Michel et al., 2010; O’Sullivan et al., 2010; Schiener et al., 2015) ou de
mannitol (polyol du mannose), un exsudat soluble dans le milieu pouvant passer a travers la membrane
cellulaire (Groisillier et al., 2014). La proportion de ce dernier varie grandement selon 1’espéces d’algue
¢tudiée et peut représenter jusqu’a 20-30 % du poids sec de I’algue pour certaines espéces de laminaires

(Kornprobst, 2005; Zubia et al., 2008).

¢. Meécanismes de défense

Afin de survivre dans les écosystémes riches en biodiversité, les macroalgues doivent faire face a de
nombreux prédateurs. La premicre étape pour se protéger d une attaque est de reconnaitre les agresseurs.
L’algue peut reconnaitre des molécules spécifiques aux bactéries pathogénes, on parle alors d’éliciteurs

exogenes (Niirnberger ef al., 2004). 11 a également été montré que les algues pouvaient reconnaitre des
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oligosaccharides libérés suite a la dégradation de leur propre paroi (Kiipper et al., 2001, 2002; Cosse et

al., 2007). Ces oligosaccharides sont appelés éliciteurs endogénes.
i. Les especes réactives de [’oxygene

En réponse aux stress, les macroalgues produisent massivement des especes réactives de 1’oxygene
(ROS), telles que les ions superoxyde (O2"), le peroxyde d’hydrogene (H20-) ou des radicaux hydroxyles
(HO’) (Weinberger and Friedlander, 2000; Kiipper ef al., 2001; Cosse et al., 2007). C’est ce que I’on
appelle communément ’explosion oxydative (oxidative burst en anglais), un mécanisme de défense
conservés au sein des eucaryotes. Cette réponse s’opere rapidement et est de nature transitoire. Elle a
¢té détectée seulement 2-3 minutes apres 1’ajout d’oligosaccharides d’alginate (bloc GG) chez L.
digitata, et pendant 30 min (Kiipper et al., 2001). L’explosion oxydative n’est pas déclenchée
uniformément chez les différentes espéces, par exemple, si les Laminariales réagissent a 1’ajout de bloc
d’alginate GG, ce n’est pas le cas des Fucales et Ectocarpales (Kiipper et al., 2002). De plus, il a été
montré que les produits de dégradation libérés suite a une attaque des tissus algaux induisaient la
libération de ROS, mais aussi I’expression de geénes de défense et 1’activation du métabolisme de

composés halogénés (Cosse et al., 2009).
ii. Les composés halogénés

La libération de composés organiques volatiles halogénés (COVH) est un autre type de mécanisme de
défense chez les macroalgues. Ces derniéres ont la faculté de concentrer les ions halogénures (iodure,
bromure, chlorure) présents dans le milieu environnant. Les algues brunes accumulent en particulier les
composés iodés alors que les algues rouges accumulent les composés bromés (Leblanc et al., 2006).
Dans le thalle de L. digitata par exemple, I’iode peut représenter jusqu’a 5 % du poids sec de 1’algue en
fonction de la saison et de 1’age des tissus (Kiipper et al., 1998; Ar Gall ef al., 2004). D’importantes
variations sont également observées selon les saisons ou la localisation géographique (Nitschke et al.,
2018). Les haloperoxidases vanadium-dépendantes (VHPO) sont des enzymes cruciales dans le
métabolisme halogéné des algues puisqu’en présence de H,O» elles catalysent I’oxydation des ions
halogénures en intermédiaires halogénés qui peuvent alors réagir avec des composés organiques. Chez
les algues rouges, les COVH agissent comme substances biocides, répulsives ou anti-adhésion contre
des microorganismes épiphytes, des pathogenes ou des herbivores (Paul et al., 2006). La libération de
COVH a été reportée chez L. digitata lors d’une attaque simulée de pathogéne (Kiipper et al., 2008). De
plus, il a été montré que les composés halogénés des algues brunes et rouges présentaient pouvaient

inhiber la communication cellulaire (quorum sensing, QS) (Cosse et al., 2007).
iii. Les composés phénoliques

Les macroalgues brunes produisent des composés phénoliques, tels que les phlorotannins et les

phloroglucinols, notamment pour se protéger du rayonnement solaire (Pavia et al., 1997). Les
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phlorotannins sont des oligoméres de phloroglucinols et sont des analogues structuraux des tannins
rencontrés chez les plantes terrestres. La teneur en phlorotannins peut représenter entre 10 et 20 % du
poids sec (Amsler and Fairhead, 2005) et est plus importante chez les Fucales que les Laminariales
(Holdt and Kraan, 2011). Leur production est induite suite au contact avec des herbivores, rendant
’algue impropre a la consommation pour les brouteurs (Toth and Pavia, 2000; Amsler and Fairhead,
2005). Ces composés présentent de nombreuses activités biologiques, ils sont notamment connus pour
leurs propriétés antimicrobiennes, antioxidantes, antitumorales ou antivirales (Zubia et al., 2008). Des
¢tudes suggerent que les composés phénoliques interagissent avec la membrane bactérienne et induisent
I’inactivation de certaines fonctions. Leur activité serait dépendante de leur degré de polymérisation,
avec des composés de faible poids moléculaire potenticllement plus toxiques (Hierholtzer ef al., 2013;

Shannon and Abu-Ghannam, 2016).

Les algues brunes sont ainsi capables de réguler le développement des bactéries qui colonisent leur
surface et de se défendre face aux agressions de bactéries pathogeénes. Malgré ces mécanismes de

défense, les algues sont colonisées par des communautés microbiennes abondante formant des biofilms.

III. Dégradation bactérienne des polysaccharides algaux
1. Les interactions macroalgues-bactéries

La compétition pour les nutriments et les espaces ou se multiplier est féroce au sein des communautés
bactériennes. Les algues offrent des sources de nutriments et d’oxygene trés prisées ainsi que de larges
surfaces a coloniser. Elles sont de ce fait recouvertes d’épais biofilms bactériens d’environ 10-70 um
(Nasrolahi et al., 2012; Han et al., 2018), avec des densités comprises entre 10° et 10’ cellules par cm™
(Martin et al., 2014; Lage and Graga, 2016). Avec les autres microorganismes €également présents a la
surface des algues, tels que les virus, les archées, les protistes, les champignons et les microalgues, ces
bactéries forment le microbiote associ¢ aux algues, on parle alors de microbiote épiphyte. Les
communautés bactériennes épiphytes différent largement de celles retrouvées dans 1’eau de mer
environnante (Lachnit et al., 2009). Les phyla bactériens Proteobacteria (principalement les classes
Alphaproteobacteria et Gammaproteobacteria), Bacteroidetes, Verrucomicrobia, Actinobacteria et
Planctomycetes sont les plus représentés a la surface des trois grandes lignées d’algues (Bengtsson et
al.,2010; Hollants et al., 2013; Florez et al., 2017; Lemay et al., 2018). Cependant la présence de taxons
communs a I’ensemble des macroalgues n’a pas pu €tre mise en évidence a des niveaux taxonomiques
inférieurs au phylum (Egan et al., 2013; Hollants et al., 2013). La diversité, I’abondance et la
composition des communautés épiphytes sont en effet dépendantes de nombreux facteurs biologiques,
physiques et chimiques, allant de la composition et de 1’age des tissus algaux, des variations saisonnicres
a la localisation géographique (Lachnit et al., 2011; Egan et al., 2013; Lage and Graga, 2016; Lemay et
al., 2018; Weigel and Pfister, 2019; Ramirez-Puebla et al., 2020; Paix et al., 2021). Chaque niche
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¢cologique résultant de ces différents paramétres abrite ainsi un microbiote unique. La comparaison de
différents échantillons provenant de la surface de I’algue verte Ulva australis a montré une faible
similarité phylogénétique des communautés bactériennes associées mais une importante similarité
fonctionnelle, avec un ensemble de geénes impliqués dans la survie a la surface de macroalgues
retrouvées chez tous les taxons. Il a été ainsi suggéré que la composition et la structure du microbiote
associ¢ aux macroalgues sont gouvernées par des caractéristiques fonctionnelles plutdét que

phylogénétiques (Burke et al., 2011).

Les bactéries épiphytes sont a 1’origine de multiples interactions avec les macroalgues, qui peuvent étre
de nature bénéfique, néfaste ou neutre pour 1’algue. Un exemple bien connu d’interaction bénéfique est
I’association entre les algues vertes du genre Ulva avec ses épibiontes (Provasoli L., 1958). Ces derniers
secrétent des métabolites, en particulier de la thallusine, permettant a 1’algue de réguler sa croissance et
la formation du thalle, lui permettant ainsi de se développer normalement en forme de « feuille de
laitue » et non en filaments (Matuso et al., 2005; Singh et al., 2011). De plus les bactéries épiphytes
apportent des nutriments tels que du CO; et de 1’azote fixé, nécessaires pour la photoautotrophie des
macroalgues. La colonisation bactérienne de 1’algue empéche également a des organismes prédateurs
de venir se fixer et peut dissuader certains herbivores (Holmstrom et al., 2002). En particulier, I’espece
Pseudoalteromonas tunicata (Gammaproteobacteria), isolée de 1’algue verte Ulva lactuca, a été étudiée
pour son importante capacité a sécréter des composés anti-adhésion ciblant de nombreux micro et
macroorganismes (Egan et al., 2008; Ballestriero ef al., 2010). Les bactéries épiphytes jouent ainsi un
rOle crucial dans I’intégrité des macroalgues, leur bon fonctionnement et leur développement.

D’un autre c6té, la présence d’autres taxons peut nuire aux macroalgues (différents exemples de telles
interactions sont rapportés dans (Egan et al., 2014). Les pathogeénes Nautella italica R11 et Pseudovibrio
galleciensis LSS9 par exemple colonisent et infectent 1’algue rouge Delisea pulchra dont le thalle se
décolorent en leur présence (Case et al., 2010; Fernandes et al., 2011; Kumar et al., 2016). Les
mécanismes de virulence de ces bactéries sont activés suite a la production de déterminants génétiques
du QS. Afin de se défendre I’algue va libérer des composés (furanones) bloquant les molécules induisant
le QS. L’action de certains taxons, tels que des membres des genres Vibrio et Pseudoalteromonas, peut
¢galement conduire a 1’apparition de moisissures sur I’algue (Gachon et al., 2010). Comme expliqué
plus haut, les algues posseédent également des mécanismes de défense généraux leur permettant de lutter

contre ces pathogenes, tels que la libération de ROS ou d’antibiotiques.

La mise en évidence de ces diverses interactions entre macroalgues et bactéries épiphytes, et plus
généralement entre un hote et ’ensemble des organismes qui y sont associés, a conduit a I’émergence
du concept d’holobionte. Ce concept est basé sur le fait que I’algue et ses organismes associés forment

une unité écologique fonctionnelle (Zilber-Rosenberg and Rosenberg, 2008; van der Loos et al., 2019)
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et qu’ils devraient étre considérés comme tels au cours d’études visant a identifier I’'impact de différents

paramétres sur les macroalgues.

2. Le role crucial des bactéries marines hétérotrophes dans la
dégradation algale

Différents mécanismes ont été identifiés concernant le devenir de la biomasse algale. Elle peut étre
consommeée par des herbivores et détritivores, reminéralisée par des microorganismes, enfouie dans les
sédiments ou exportée au large de la source d’origine (Duarte and Cebrian, 1996). Il a été démontré que
les tissus d’algues sont difficilement assimilables par la plupart des herbivores marins. En effet, la
rigidité des tissus, leur contenu pauvre en azote et I’accumulation de métabolites secondaires (composés
phénoliques notamment) au sein de la paroi algale repousseraient de nombreux herbivores (Padilla,
1985; Duggins and Eckman, 1997; Granado and Caballero, 2001; Taylor et al., 2002; Norderhaug et al.,
2003). Le recyclage de cette source importante de matiére organique que représente les macroalgues
repose par conséquent majoritairement sur I’action des bactéries marines hétérotrophes (Newell et al.,
1982; Seiderer and Newell, 1985; Duggins et al., 1989). Il est estimé que 90 % de la matiére organique
algale est réinjectée dans les réseaux trophiques supérieurs grace a I’action des microorganismes (Mann,
1982). Norderhaug et al., 2003 ont en particulier démontré que des thalles de laminaires étaient plus
facilement assimilables par la macrofaune apres avoir été partiellement dégradés par des communautés
bactériennes naturelles. Ainsi, par leur capacité a utiliser et a recycler la matiére organique océanique,

les bactéries marines hétérotrophes jouent un role crucial dans les cycles biogéochimiques du carbone.

Parmi les bactéries marines hétérotrophes, plusieurs taxons impliqués dans le recyclage de biomasse
algale ont été identifiés a travers des études de biodiversité, de génomique et de metagénomique. Les
membres des phyla Bacteroidetes, Planctomycetes et Verrucomicrobia et de la classe
Gammaproteobacteria sont notamment largement étudiés dans le contexte de la compréhension des
processus de dégradation des polysaccharides algaux (Teeling et al., 2012; Reintjes et al., 2017; Sichert
et al., 2020). En particulier, les membres de 'ordre des Flavobacteriales, qui, dans une étude
répertoriant des bactéries isolées a partir de 159 especes d’algues (Hollants et al., 2013), a été identifié
comme le plus abondant a la surface des algues, sont reconnus pour leur trés forte spécialisation dans la
dégradation de la matiére organique de haut poids moléculaire provenant notamment de la biomasse

algale (Kirchman, 2002; Teeling et al., 2012; Fernandez-Gémez et al., 2013; Arnosti et al., 2020).

S’il est vrai que la dégradation et I’utilisation des polysaccharides des plantes terrestres ont été
massivement étudiées, ces ¢tudes ne concernent que des polysaccharides dont la composition différe
largement de celle des polysaccharides algaux. Notamment, je 1’ai déja évoqué, les macroalgues
produisent, contrairement aux plantes terrestres, de nombreux polysaccharides sulfatés. La diversité et

la complexité de la biomasse algale impliquent que des populations bactériennes spécialistes aient
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développé des voies cataboliques spécifiques pour sa dégradation. Depuis une vingtaine d’années les

¢tudes visant & comprendre ces mécanismes se sont multipliés.

3. Mécanismes de dégradation

a. Les CAZymes et sulfatases

Le séquencgage et I’annotation compléte du premier génome de flavobactérie marine a été réalisé pour
Gramella forsetii KT0803" (Bauer et al., 2006) et a révélé la présence de nombreuses enzymes prédites
pour agir sur les carbohydrates : les CAZymes (pour carbohydrate active enzymes) et les sulfatases
(enzymes catalysant le retrait de radicaux sulfate). Depuis, de nombreux génomes de bactéries associées
aux algues ont également été annotés, révélant un nombre encore plus conséquent de CAZymes et
sulfatases et soulignant leur probable implication dans la dégradation des carbohydrates. En particulier,
un fort enrichissement en CAZymes a été observé chez des bactéries pathogénes et saprophytes
attaquant la paroi des algues et plantes terrestres (Kaoutari et al., 2013; Brouwer et al., 2014; Barbeyron,
Thomas, et al., 2016), représentant jusqu’a 6 % des geénes totaux. La classification des CAZymes a été
initiée par le docteur Bernard Henrissat et a posé les bases pour les futures études fonctionnelles,
biochimiques, structurales et génomiques des enzymes impliquées dans la dégradation des
polysaccharides complexes. Les CAZymes sont ainsi regroupées dans la base de données CAZy

(http://www.cazy.org, Lombard ef al., 2014) qui comprend 5 grandes classes d’enzymes, les glycoside

hydrolases (GH), les polysaccharide lyases (PL), les glycosyl transférases (GT), les carbohydrate
estérases (CE) et les enzymes avec une activité auxiliaire (AA). Certaines CAZymes contiennent des
modules de fixation aux sucres permettant leur adhésion aux polysaccharides, ces modules sont
répertoriés sous ’appellation CBM (carbohydrate binding module). A 1’intérieur de chaque classe, les
CAZymes sont réparties en clans, en familles et sous-familles sur la base de leur similitude de séquence
d’acides aminés. L’appartenance a une famille concerne des enzymes avec un repliement et un
mécanisme catalytique identique. Cependant, des spécificités de substrat variées sont retrouvées au sein
d’une méme famille. La base de données contient a ce jour (septembre 2021) 171 familles de GH, 42
familles de PL, 114 familles de GT, 19 familles de CE, 17 familles d’AA et 88 familles de CBM. Les
GH sont des enzymes catalysant le clivage des liaisons glycosidiques dans les oligo- et polysaccharides
a partir d’une molécule d’eau. Les PL quant a elles n’impliquent pas de molécules d’eau et clivent les
chaines d’acides uroniques au sein des polysaccharides par un mécanisme de -élimination conduisant
a la libération d’oligosaccharides insaturés. Les GT ne sont pas impliquées dans le catabolisme des
sucres mais dans leur synthése. Les CE catalysent I’enlévement des groupements acyle ou alkyle liés
aux sucres par une liaison ester. Les AA englobent des enzymes avec une activité d’oxydo-réduction et
qui agissent de fagon conjuguée avec d’autres CAZymes. Enfin, I’étendue des polysaccharides algaux
sulfatés impliquent que les bactéries marines hétérotrophes disposent de sulfatases pour enlever les

groupements sulfates. L’ensemble des sulfatases est classifié dans la base de données de SulfAtlas
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(http://abims.sb-roscoff. fr/sulfatlas/?execution=els1, Barbeyron, Brillet-Guéguen, et al., 2016) et, sur
la base de leur similitude de séquence d’acides aminés, sont réparties dans 4 familles distinctes. La
grande majorité des sulfatases (90 %) appartient a la familles S1 (sulfatases formyl-glycine dépendantes)

qui comprend 83 sous-familles.

Les génes codant pour ces CAZymes peuvent étre isolés au sein des génomes ou bien regroupés dans
des structures génomiques dédiées a la dégradation de polysaccharides particuliers, appelées loci

d’utilisation de polysaccharides ou PUL (pour Polysaccharide Utilization Loci).

b. Les PUL

De tel PUL ont été identifiées au sein des génomes de Bacteroidetes (Grondin et al., 2017; McKee et
al., 2021) et renvoient a des clusters de génes colocalisés et corégulés représentant un ou plusieurs
opérons qui codent pour des protéines ceuvrant a la détection, la séquestration, la dégradation, le
transport et 1’assimilation de carbohydrates complexes (Bjursell et al., 2006). Le regroupement et la co-
expression des enzymes cruciales a ’assimilation des polysaccharides minimise la perte de substrat et
favorise ainsi 1’efficacité du processus (Martens et al., 2009). Le premier PUL a avoir été identifié est
un PUL dédié a I’utilisation de 1’amidon chez Bacteroides thetaiotaomicron VPI-5482, une bactérie
couramment retrouvée dans le microbiote intestinal humain (Anderson and Salyers, 1989; Tancula et
al., 1992; Shipman et al., 2000). Depuis, le systeme de [’utilisation de 1’amidon (starch utilization system

[Sus] en anglais) est un modele (Figure L.7) qui sert de base pour ’identification de nouveaux PUL.

Les PUL de Bacteroidetes se caractérisent par la présence d’au moins une paire de génes homologues
aux genes susC et susD, communément appelés susC-like et susD-like et codant pour des protéines
ancrées dans la membrane externe. Ces génes sont toujours [’un a c6té de 1’autre. Les geénes susD-like
encodent des protéines se fixant a des fragments du polysaccharide ciblé par le PUL et vont ainsi faciliter
leur importation dans le périplasme via des transporteurs TonB-dépendants (TBDT) encodés par les
genes susC-like. Le fonctionnement de ce systéme est analogue a celui de I’ouverture d’une poubelle a
pédale. SusC forme un canal pour le passage des oligosaccharides du milieu extracellulaire vers le
périplasme, et SusD peut étre assimilé au couvercle de ce canal qui s’ouvre afin de se fixer a un
oligosaccharide et se referme une fois que 1’oligosaccharide est présent dans le canal. Une fois dans le
périplasme les oligosaccharides vont subir des étapes de dépolymérisation jusqu’a 1’obtention de
monosaccharides qui vont pouvoir étre transformés et entrer dans les voies centrales du métabolisme du
carbone. A noter que dans les tous les génomes bactériens, y compris celui des Bacteroidetes, des génes
codant pour des TBDT, sans geéne susD-like associés, sont présents. Ces TBDT « orphelins » sont alors
appelé fhuA-like (et non susC-like) et ne sont pas impliqués dans I’assimilation des polysaccharides,
mais plutét dans celle de molécules de petites tailles (Ferguson et al., 1998). Les TBDT pour

carbohydrates sont également présents dans d’autres phyla bactériens (Gobet et al., 2018; Koch, Freese,
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et al., 2019) mais sans leur protéines SusD-like associées. Celles-ci sont a ce jour exclusivement

retrouvées qu’au sein du phylum Bacteroidetes.
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Figure L.7 : Schéma du systéme d’utilisation de I’amidon, un modéle de PUL. Adapté de Koropatkin et al., 2012 et Reintjes
etal., 2017.

Les PUL contiennent également des geénes codant pour des CAZymes spécifiques des différentes
liaisons glycosidiques présentes dans le polymeére. Elles peuvent agir soit sur des polymeéres complexes
soit sur des oligosaccharides libérés suite a la dégradation de ces polymeéres complexes. Les CAZymes
ciblant les polysaccharides sont en général sécrétées dans le milieu extracellulaire ou ancrées dans la
membrane externe, tandis que celles clivant les oligosaccharides issus des polysaccharides sont
périplasmiques ou ancrées a la membrane cytoplasmique. En plus de la paire susCD-like et des
CAZymes, les PUL peuvent également contenir des régulateurs transcriptionnels et d’autres protéines
telles que des oxydoréductases, des protéases, des perméases ainsi que des enzymes impliquées dans la
modification des monosaccharides. Les PUL ciblant des polysaccharides sulfatés vont également
contenir une ou plusieurs sulfatases (Ficko-Blean ef al., 2017; Reisky et al., 2019; Sichert et al., 2020).
Ainsi les PUL sont des structures génétiques a la base de voies cataboliques complétes (ou presque),
permettant la reconnaissance rapide du polymére, sa dégradation en oligomeres, leur importation dans
la cellule, suivi de leur dégradation en monomére.

De nombreux PUL impliqués dans la dégradation des polysaccharides marins ont été identifiés et
caractérisés chez les Bacteroidetes. Par exemple, concernant les polysaccharides algaux, des PUL
ciblant D’alginate ont été caractérisés chez Zobellia galactanivorans Dsij' (Thomas et al., 2012) et
Gramella forsetii KT0803" (Kabisch et al., 2014, ainsi qu’un PUL ciblant la laminarine), tout comme

des PUL carraghénanes chez Z. galactanivorans Dsij' (Ficko-Blean et al., 2017) ou un PUL dédié a la
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dégradation de ’ulvane chez Formosa agariphila KMM 39017 (Reisky et al., 2019), pour ne citer
qu’eux. L’essor des techniques de séquencgage de nouvelle génération (NGS) a permis le séquencage
massif de génome de bactéries marines hétérotrophes, rendant possible des études de génomique
comparative avec des séquences d’enzymes déja caractérisées et permettant ainsi la prédiction de
nouvelles CAZymes et sulfatases et de nouveaux PUL.

L’ensemble des PUL caractérisés expérimentalement et prédits in silico est répertorié dans la base

donnée PULDB associée a CAZy (http://www.cazy.org/PULDB/index.php, Terrapon et al., 2018). 1ls

constituent les principaux moyens d’acquisition de nutriments complexes chez les Bacteroidetes. La
définition originelle d’un PUL, basée sur la présence du couple de geéne susCD-like, est remise en
question (Grondin et al., 2017). Par exemple, un PUL ciblant les carraghénanes chez Z. galactanivorans
Dsij" a récemment été caractérisé. Ce dernier, bien que comportant les enzymes nécessaires a la
dégradation des carraghénanes, ne posseéde pas la paire susCD-like qui est localisée ailleurs dans le
génome, suggérant que 1’identification de nouveaux PUL ne devrait pas étre restreinte a la seule
présence de cette paire de génes (Ficko-Blean et al., 2017). Ceci suggere également que ces machineries
de type PUL ne seraient pas exclusivement réservées au phylum des Bacteroidetes. Ainsi, des membres
des phyla Proteobacteria et Verrucomicrobia impliqués dans la dégradation des polysaccharides
possédent des clusters de génes codant pour des CAZymes (Neumann et al., 2015; Hettle et al., 2019;
Koch, Diirwald, ef al., 2019; Christiansen et al., 2020; Sichert et al., 2020) mais sont dépourvus du
couple susCD-like (susD étant exclusivement présent chez les Bacteroidetes). L’utilisation des
carbohydrates peut également reposer, au moins en partie, sur I’action d’enzymes codées par des génes
isolés au sein du génome, qui peuvent agir seules ou de concert, dans le cas de régulons, avec d’autres
opérons contenus dans les PUL (Hehemann et al., 2012; Thomas et al., 2012; Ficko-Blean ef al., 2017).
Des analyses de transcriptomiques ont montré que ’induction des PUL était étroitement controlée par
la présence du polysaccharide ciblé ou de ses oligosaccharides (Thomas et al., 2012, 2017; Ficko-Blean
et al., 2017; Koch, Diirwald, ef al., 2019) et qu’en présence de plusieurs polysaccharides, les bactéries

pouvaient établir un ordre de priorité pour leur utilisation (Zhu et al., 2016; Koch, Diirwald, et al., 2019).

4. Des bactéries inégalement équipées

Les communautés bactériennes sont composées d’une multitude d’espéces interagissant entre elles via
des mécanismes physiques, chimiques et biologiques. Parmi les bactéries utilisant la biomasse algale
pour leur croissance, toutes ne possedent pas les mémes capacités enzymatiques pour 1’assimilation des
polysaccharides algaux complexes (Ivanova et al., 2002; Enke et al., 2019). La croissance des différents
taxons au sein des communautés bactériennes repose ainsi sur des stratégies écologiques variées et des
mécanismes d’interactions spécifiques. Les bactéries capables d’initier la dégradation de polyméres
complexes via la production d’enzymes extracellulaires sont des consommateurs primaires de la

biomasse et sont appelées bactéries pionnieres dans la suite du manuscrit. Au cours de la dégradation
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des polymeéres, ces bactéries pionnicres vont libérer dans le milieu des produits de dégradation et ainsi
exposer de nouveaux substrats. Ceux-ci vont pouvoir étre assimilés par d’autres bactéries dépourvues
des outils enzymatiques nécessaires au clivage des polymeéres intacts. Ces bactéries, moins bien
équipées, bénéficient ainsi de I’action des bactéries pionnicres pour se nourrir et se multiplier, ce sont
des consommateurs secondaires, désignées comme des bactéries opportunistes (Hehemann et al., 2016;
Jiménez et al., 2017; Enke et al., 2019; Armosti et al., 2020; Gralka et al., 2020; Pollak et al., 2021;
Pontrelli et al., 2021). De telles interactions coopératives au sein de consortium microbiens sont
¢galement documentées dans la dégradation de la biomasse des plantes terrestres (Jiménez et al., 2017).
Deux types non-exclusifs d’interactions coopératives ont été reportés au cours de I’utilisation de la

biomasse (Cavaliere et al., 2017) (Figure 1.8).
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Figure 1.8 : Schéma des mécanismes d’interactions coopératives entre bactéries pionniéres et opportunistes (exploiter
ou scavenger) Adapté et simplifi¢ de Reintjes et al., 2019.

Premicrement, les interactions peuvent étre basées sur la sécrétion dans le milieu de composés dont
I’action va étre bénéfique au reste de la communauté, de tels composés sont par la suite appelés public
goods (West et al., 2006; Pontrelli et al., 2021). Les CAZymes sécrétées par les bactéries pionniéres
sont par exemple considérées comme des public goods. Les oligosaccharides résultant de I’action de ces
enzymes vont alors pouvoir étre utilisés par des bactéries opportunistes spécifiques que I’on qualifiera
d’exploiteurs du fait de leur capacité a exploiter les ressources produites par les public goods pour leur
croissance, sans contribuer a la production des enzymes. La sécrétion de sidérophores, de molécules du

QS ou de toxines sont d’autres types de public goods identifiés lors d’interactions coopératives (West
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et al., 2006). Un second type d’interaction est basé sur la sécrétion de métabolites secondaires par les
pionniéres au cours du processus de dégradation. Ces sous-produits ou « déchets » peuvent étre des
acides aminés, des co-facteurs, des acides organiques, des vitamines, etc., et pourraient étre directement
consommeés par des bactéries opportunistes alors qualifiées de charognards (scavengers en anglais), on
parle alors de cross-feeding. De telles interactions ont été notamment mises en évidence au cours de la
dégradation d’alginate (Enke ef al., 2019) et de chitine (Datta et al., 2016; Pontrelli ef al., 2021). Des
¢tudes suggerent que les différentes stratégies adoptées par les bactéries pourraient étre prédites par
I’étude de leur génome (Pollak et al., 2021). Les bactéries pionnicres possederaient un vaste arsenal
enzymatique et des voies cataboliques complétes pour la dégradation des polysaccharides complexes.
Les exploiteurs auraient des génes permettant le transport et I’assimilation dans la cellule des
oligosaccharides libérés mais seraient dépourvus de certaines enzymes clés permettant la
dépolymérisation initiale du substrat. Les scavengers quant a eux ne posséderaient pas ou trés peu

d’enzymes impliquées dans 1’utilisation des sucres complexes.

La production d’enzymes extracellulaires par les bactéries pionniéres représente un colit énergétique
important pour les cellules, qui ne serait rentabilis€¢ que s’il était compensé par ’assimilation des
produits hydrolysés. La sécrétion des enzymes dans le milieu favorise la diffusion de I’hydrolysat et
augmente ainsi les pertes en substrat au profit des exploiteurs, qui eux se nourrissent sans dépenser
d’importante quantité d’énergie. De telles interactions ne seraient donc viables pour les bactéries
pionniéres qu’en présence d'une forte concentration en substrat. La formation d’agrégats permettrait de
minimiser la diffusion des oligosaccharides produits (Ebrahimi et al., 2019). Certaines bactéries
pionniéres parviennent a privatiser I’hydrolysat en produisant des enzymes extracellulaires ancrées dans
la membrane externe et non sécrétées dans le milieu. Elles sont donc en contact direct avec le substrat,
ce qui leur permet d’assimiler rapidement les produits de dégradation, limitant ainsi leur disponibilité
pour les bactéries opportunistes « exploiteurs » (Traving et al., 2015). De telles bactéries pionniéres sont
qualifiées de bactéries « égoistes » (selfish pioneer), en opposition aux bactéries pionni€res qui
partagent (sharing pioneer) les produits de dégradation en sécrétant les enzymes dans le milieu (Cuskin
et al., 2015; Reintjes et al., 2017, 2019). Ce mode "égoiste" d’assimilation des polysaccharides serait
assez répandu puisqu’il serait utilisé par 26 % des bactéries de ’océan Atlantique, dont des membres
des Bacteroidetes, des Planctomycetes et Gammaproteobacteria (Reintjes et al., 2017). Par leur capacité
a optimiser I’utilisation des substrats, ces bactéries « égoistes » seraient donc également adaptées a des
environnements moins riches en polysaccharides ou pourraient prendre [’avantage sur d’autres bactéries
dans des environnements compétitifs (Arnosti ef al., 2020). Les enzymes ancrées a la membrane externe
représenteraient cependant des outils probablement moins adaptés que des enzymes libres dans le milieu

(moins volumineuses) pour la dégradation de substrats difficilement accessibles.
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De ces différentes stratégies mises en ceuvre pour I’acquisition des nutriments au sein des communautés
bactériennes, découlent des dynamiques de succession spécifiques et des régulations complexes des
communautés (Datta et al., 2016; Jiménez et al., 2017). Datta et al., 2016 ont par exemple démontré la
colonisation rapide de particules de chitine par les communautés naturelles d’eau de mer, suivi d’une
sélection de communautés spécifiques produisant des chitinases extracellulaires. Ces derniéres seraient
ensuite rapidement surpassées par d’autres communautés incapables d’utiliser la chitine comme source
de carbone, et se nourrissant probablement de composés issus de la dégradation préalable des particules

de chitine.

5. Intérét des CAZymes dans la valorisation de la biomasse algale

Les macroalgues renferment ainsi une source inestimable de biomolécules possédant diverses propriétés
biologiques, structurales et biochimiques (Hentati et al., 2020; Jonsson et al., 2020). Les composés
extraits d’algues, que ce soit les polysaccharides, I’iode, les protéines ou les phénols, sont trés largement

utilisés dans 1’industrie.

Les macroalgues sont utilisées depuis le début du 20°™ siécle pour leur forte teneur en carbohydrates.
L’alginate, les agars et les carraghénanes sont des phycocolloides trés prisés dans 1’industrie cosmétique,
agroalimentaire et pharmaceutique. En plus de leurs qualités nutritionnelles, ils sont utilisés comme
texturants, épaississants, agents gélifiants, stabilisants ou cryo-protecteurs. On les retrouve par exemple
dans les yaourts, les crémes, les flans, les charcuteries, les dentifrices mais aussi dans la peinture ou la
colle. Les FCSP ont été largement étudiés pour des applications biologiques, pharmacologiques et
pharmaceutiques. IIs sont en effet reconnus pour leur propriétés anti-tumorales, anti-cancéreuses, anti-
coagulantes, anti-oxidantes, anti-virales et anti-inflammatoires (Zayed and Ulber, 2020). Il a été montré
que le poids moléculaire des FCSP, leur pureté, leur degré de sulfatation ou leur composition en
monosaccharides avait une influence sur ces activités. En particulier, les FCSP de faible poids
moléculaire auraient une plus forte valeur ajoutée que ceux de haut poids moléculaire (Zhao et al., 2016;
Tsai et al., 2017). 1l est donc nécessaire de développer des processus de dépolymérisation des FCSP afin
de maximiser leur activité biologique. Ainsi, leur modification par des enzymes agissant sur les FCSP,
comme les fucoidanases et les sulfatases, permettrait 1’obtention de biomolécules spécifiques de
structure et de taille recherchées (Jonsson ef al., 2020). Un constat similaire a également été reporté pour
la valorisation des carraghénanes (Zhou et al., 2004). De plus, comme expliqué plus haut, la paroi algale
est une matrice 3D complexe ou les différents composés sont étroitement liés et donc souvent co-extraits
(Sichert et al., 2021). L’utilisation des CAZymes sur ces extraits d’algues seraient un bon moyen de

dégrader les composés non-ciblés afin de purifier les molécules d’intérét.

Bien qu’encore en phase de développement, I'utilisation des macroalgues tend a s’étendre vers d’autres

domaines, tels que la chimie verte et les biotechnologies, notamment dans les processus de bioraffinerie
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(Nazemi et al., 2021). L’utilisation d’enzymes spécifiques pourrait permettre a terme de minimiser les
temps de traitement de la biomasse, les cofits de valorisation ou I'utilisation de produits chimiques lors

de la déstructuration de la biomasse (Jung et al., 2013; Filote et al., 2021).

Les bactéries marines dégradant la biomasse algale constituent ainsi un réservoir d’activité pour la
production de biomolécules d’intérét. L’enrichissement de la banque de CAZymes déja constituée
permettrait d’¢élargir les spécificités de substrats et les modes d’action et d’accroitre ainsi le potentiel de
ces stratégies enzymatiques, qui représentent, a bien des égards, de puissants outils en vue d’optimiser

les processus de valorisation de la biomasse algale.

IV. Zobellia galactanivorans Dsij’, spécialiste de la
dégradation des macroalgues

1. Caractéristiques générales du genre Zobellia

Le genre Zobellia appartient au phylum des Bacteroidetes et a la classe des Flavobacteriia. 11 a été créé
par Barbeyron et al., en 2001 lors de la description de Zobellia galactanivorans Dsij" et de la
reclassification de [Cytophaga) uliginosa en Zobellia uliginosa. 11 regroupe des bactéries hétérotrophes,
Gram-négatives, aérobies ayant la forme de batonnets et formant des colonies jaune-orange, qui ne
possédent pas de flagelles mais qui se déplacent par glissement. A ce jour, neuf souches valides ont été
décrites représentant 7 espéces. Z. galactanivorans' Dsij' a été isolée a partir de D’algue rouge
Delessaria sanguinea a Roscoff (Barbeyron et al., 2001), Z. uliginosa 553" (Reichenbach, 1989) a été
isolée a partir de sable en Californie, 3 souches ont été isolées a Vladivostok (Russie), Z. amurskyensis
KMM 3526" dans I’eau de mer, Z. laminariae KMM 3676" de 1’algue brune Laminaria japonica et Z.
russellii KMM 3677" de I’algue verte Acrosiphonia sonderi (Nedashkovskaya et al., 2004) et 4 souches
ont été isolées a partir de I’algue brune Ascophyllum nodosum a Roscoff, Z. roscoffensis Asnod1-FO8",
Z. roscoffensis Asnod2-B02-B, Z. nedashkovskayae Asnod2-B07-B" et Z. nedashkovskayae Asnod3-
E08-A (Martin et al., 2015; Barbeyron et al., 2021).

D’autres souches affiliées au genre Zobellia mais non officiellement caractérisées ont été isolées a partir
de dinoflagellés dans un estuaire de Tasmanie (Australie) (Zobellia sp. ACEM 20, Skerratt et al., 2002)
ou de sédiments marins sur la cote allemande (Zobellia sp. OII3, Harms et al., 2017). Plusieurs études
de metagénomiques ont également révélé la présence de membres du genre Zobellia dans divers
¢cosystemes cotiers (Alonso et al., 2007; Martin et al., 2015; Dogs et al., 2017) et 65 souches de Zobellia
non valides parce que non caractérisées sont référencées dans la base de données du NCBI, la plupart

isolées a partir de macroalgues.
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Tableau I.2 : Capacité des différentes souches du genre Zobellia a hydrolyser et utiliser divers polysaccharides d’origine
algale et/ou végétale. Le terme « utilisation de » renvoie a la capacité d’utiliser le composé comme seule source de carbone et
d'énergie en milieu minimum. = : légérement positif. * : positif sur fucoidane de 4. nodosum et L. hyperborea mais pas de P.
canaliculata. $ : positif dans Nedashkovskaya et al., 2004 mais non confirmé ultérieurement dans Barbeyron et al., 2021. # :
communication personnelle de A. Gobet. £ : la croissance de Z. uli n’a pas été testée avec des k-, - et A-carraghénanes mais
une croissance a été détectée avec des - et v-carraghénanes par A. Gobet. NA : données non disponibles. Z. gal : Z
galactanivorans® Dsij'; Z. uli : Z. uliginosa 5537 ; Z. amu : Z. amurskyensis KMM 3526 ; Z. lam : Z. laminariae KMM
3676%; Z. rus : Z. russellii KMM 36777 ; Z. ros FO8 : Z. roscoffensis Asnod1-FO8T ; Z. ros B02 : Z roscoffensis Asnod2-B02-
B ; Z.ned BO7 : Z nedashkovskayae Asnod2-B07-B" ; Z. ned E08 : Z. nedashkovskayae Asnod3-E08-A. A partir de Barbeyron
etal., 2001, 2021; Nedashkovskaya et al., 2004.

Z.ros Z.ros Z.ned Z.ned

Z.gal Z.uli Z.amu Z.lam Z.rus FO8 B02 BO7 E08

Hydrolyse de :
Amidon + - + - + - - - -
Agar + + + 3 + + + . .
Alginate + + + - + - - + +
k-carraghénane + + - - NA - - . .
-carraghénane + + - - NA - - . .
Chitine - - - - - NA NA NA NA
Cellulose - - - - - NA NA NA NA
Utilisation de :
Amylopectine NA +# + - NA - - - .
Laminarine + NA + + NA - - + +
Lichénine NA +# + + NA + + - -
Arabinoxylane NA NA + - NA - - - -
Fucoidane + - + + NA - - + +
Xylane + +# + - NA + + - .
Ulvane - # + + NA + + + +
Alginate + +# + + NA - - + +
Agar + NA - - NA - - - -
Porphyrane + NA + + NA + + + +
Kk-carraghénane + NA* - - NA - - . .
-carraghénane + NA* - - NA - - . .
A-carraghénane + NA* - - NA - - . .
Pectine - A - - NA - - - .
Xyloglucane - - - - NA - - - .
Arabinane NA NA - - NA - - - -
Galactomannane - NA - - NA - - - -
Glucomannane NA NA - - NA - - - -

Toutes les espéces du genre Zobellia ont la capacité de dégrader et d'utiliser au moins un polysaccharide
connu pour &tre contenu dans les parois algales (Tableau L.2). L’analyse des génomes des membres du
genre Zobellia a révélé une forte proportion de génes (plus de 6 %, cette proportion étant d’environ
1-5% pour des bactéries marine hétérotrophes de la colonne d’eau) codant pour des CAZymes
(Chernysheva et al., 2019, 2021; Figure 1.9), soulignant I’importante spécialisation de ce genre dans la

dégradation de polysaccharides complexes.
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Zobellia uliginosa DSM 20617
ﬁ{‘ Zobellia galactanivorans Dsij’
19l Zobellia galactanivorans OII3
10of Z0bellia roscoffensis Asnod1-F08
Zobellia roscoffensis Asnod2-B02-B
wo[Z0bellia nedashkovskayae Asnod2-B07-B
100| ‘Z0Obellia nedashkovskayae Asnod3-E08-A
Zobellia laminariae KMM 36767
1l Zobellia barbeyronii’ KMM 67467
Zobellia amurskyensis KMM 35267
1% Zobellia amurskyensis MAR 2009 138
Zobellia russellii KMM 36777
Arenibacter latericius DSM 159137 0 100 200 300 400
Maribacter sedimenticola DSM 198407

CAZyme

100 classes

100

b3

Figure 1.9 : Phylogénie du genre Zobellia et contenu en CAZymes. Les 9 souches décrites ainsi que 3 souches isolées dont
la description n’a pas encore été publiée sont représentés. Le nombre des différents types de CAZymes est indiqué pour chaque
souche. Modifi¢ de Chernysheva et al., 2021.

Cependant, les différentes especes n’utilisent pas de la méme manicre les différents polysaccharides
(Tableau 1.2). En particulier, seule Z. galactanivorans Dsij est connue pour utiliser les polysaccharides
d’algues rouges agar et carraghénanes pour sa croissance, bien que certaines autres especes aient la

capacité de les hydrolyser.

2. Zobellia galactanivorans Dsij’
a. Généralités

Isolée de 1’algue rouge Delessaria sanguinea en 1988 a Roscoff (Bretagne, France) pour sa capacité a
dégrader les carraghénanes, la souche Dsij était initialement connue sous le nom de ‘Cytophaga
drobachiensis’ (Potin et al., 1991). Cette souche a ensuite été caractérisée dans les travaux de Barbeyron
et al., en 2001 qui ont conduit a la création du genre Zobellia dont Z. galactanivorans, nommée d’aprés
sa capacité a dégrader les galactanes, est I’espéce type. C’est une espeéce aérobie stricte, chemo-
organotrophe hétérotrophe qui utilise 1’oxygeéne comme accepteur d’électron. Elle forme des colonies
jaune-orange de 1 mm de diamétre sur boite d’agar apres 3 jours et les cellules ont la forme de batonnets
de 0,3-0,4 um de large sur 3 2 8 um de long qui se déplacent par glissement & environ 1 pm.s™ (Figure
1.10). Cette espece peut croitre en milieu de ZoBell (ZoBell and Upham, 1944) entre 13 et 45 °C avec
un optimum a 35 °C, entre pH 6 et 8,5 avec un optimum a pH 7 et avec une concentration en NaCl entre
10 et 80 g.I" avec un optimum de 20-25 g.I". Sa résistance a la streptomycine, la kanamycine, la

pénicilline, I’ampicilline, la colistine et a la néomycine a été démontrée.
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Figure 1.10 : Zobellia galactanivorans Dsij". (A) Culture en milieu liquide observée avec microscope a contraste de phase.
(B) Photo d’une colonie sur boite d’agar apres 5 jours a 22°C, issue de Barbeyron et al., 2001.

b. Une souche spécialisée dans I’utilisation des polysaccharides algaux
i. Un potentiel génomique de deégradation hors du commun

Comme présenté dans le Tableau 1.2, Z galactanivorans Dsij' est capable de dégrader les
polysaccharides produits par les algues brunes (alginate, FCSP, laminarine) et les algues rouges (agar,
carraghénanes et porphyrane) mais pas ceux des algues vertes (ulvane, xyloglucane). Comme toutes les
Flavobacteriaceae, elle ne dégrade pas non plus la cellulose, présente dans la phase cristalline des trois

phyla d’algues.

Le génome complet de Z. galactanivorans Dsij', séquencé et annoté par Barbeyron, Thomas, et al.,
2016, fait 5 521 712 paires de bases et son coefficient de Chargaff (GC %) est de 42,78 %. Il possede
4738 genes codant pour des protéines dont plus d’un tiers n’ont pas de fonction connue. Au moment de
I’annotation en 2016, 101 peptidases, 141 GH, 15 PL, 18 CE, 56 GT et 37 CBM ont été dénombrées,
réparties dans de nombreuses familles différentes (peptidases = 37 familles, GH = 44, PL=8, CE =9,
GT =11,CBM = 14). Depuis, de nouvelles enzymes et de nouvelles fonctions ont été identifiées, portant
le total a au moins 148 GH (48 familles), 16 PL (11 familles), 18 CE (9 familles), 56 GT (11 familles)
et 39 CBM (16 familles). Au total, les CAZymes représentent 6.74 % du génome (Chernysheva et al.,
2019). De plus, 71 sulfatases appartenant a 17 sous-familles de la famille S1 ont été dénombrées. Ces
totaux sont exceptionnellement élevés puisque qu’au moment de 1’annotation de son génome, Z.
galactanivorans Dsij" présentait le plus grand nombre de GH, PL et CE et le second plus grand nombre
de sulfatases parmi les 125 génomes de bactéries marines hétérotrophes séquenceé et référencés dans la

base de données CAZy. La plupart de ces CAZymes et sulfatases possédent des peptides signaux et ont

41



été prédites pour étre localisées dans le périplasme ou ancrées dans la membrane externe (121/141 GH,
14/15 PL and 61/71 sulfatases), suggérant leur sécrétion dans le milieu pour cibler les polysaccharides
présents dans I’environnement. En outre, Z. galactanivorans Dsij' posséde 119 génes codant pour des
TBDT, dont 71 adjacents a un geéne susD-like. Concernant les systémes de sécrétion, tous les genes
essentiels impliqués dans les voies de sécrétion Sec (general secretion) et Tat (twin arginine
translocation) pour la sécrétion des protéines a travers la membrane cytoplasmique sont présents. Elle
posséde également les génes du systeme de sécrétion de Type-I1X (T9SS) pour la sécrétion de protéines
dans le milieu extérieur. Plusieurs études ont montré que ce systéme T9SS, présent exclusivement chez
les Bacteroidetes, était impliqué dans la mobilité par glissement des cellules, la formation de biofilm et
la sécrétion de polysaccharidases chez des bactéries mobiles et dans la sécrétion de facteurs de virulence
chez des bactéries pathogénes non-mobiles (Sato et al., 2010; Lasica et al., 2017; Eckroat et al., 2021).
Les protéines sécrétées par le T9SS ont un domaine C-terminal (CTD) appartenant aux familles
TIGRFAM TIGR04131 (protéines impliquées dans la mobilité par glissement) et TIGR04183 (protéines
du systéme de sécrétion Por). Respectivement 13 et 30 protéines (dont plusieurs CAZymes) avec ces
CTD ont été dénombrés dans le génome de Z. galactanivorans.

La souche Zobellia galactanivorans Dsij' posséde ainsi des capacités exceptionnelles pour la
dégradation de polysaccharides complexes, leur transport au sein de la cellule et leur assimilation,
confirmant les observations physiologiques. Elle est de ce fait considérée comme un mod¢le pour I’étude
de la dégradation et 1’assimilation des polysaccharides d’algues (Lami et al., 2021). Un protocole de
délétions et de complémentations génétiques a été développé pour cette souche, facilitant I’étude du role
clé de certains genes et la rendant encore plus pertinente pour étudier les interactions algue-bactéries

(Zhu et al., 2017).
ii. Utilisation de [’alginate

Le mécanisme de dégradation de I’alginate par Z. galactanivorans Dsij" a été découvert par Thomas et
al., 2012 (Figure LI.11). Les génes impliqués dans la voie de dégradation de 1’alginate sont répartis en
deux opérons. Le premier, s’étalant du géne zgal 2613 a zgal 2624, comprend notamment les geénes
encodant la paire TBDT (zgal 2621) / SusD-like (zgal 2620), deux alginate lyases AlyA2 (PL7) et
AlyA3 (PL17) et un régulateur de la famille GntR, AusR (zgal 2617). Le second opéron comprend les
genes zgal 4130 a zgal 4132 codant pour les alginates lyases AyA4 (PL6), AlyAS5 (PL7) et AlyA6
(PL6). Deux genes isolés ont également été identifiés, zgal 1182 et zgal 4327 codant pour les alginates
lyases extracellulaires AlyAl (PL7 avec CBM32) et AlyA7 (PL14, contient un CTD TIGR04183) qui

sont sécrétées en continu par les cellules en absence d’alginate.
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Figure I.11 : Le systéme de dégradation de ’alginate chez Z. galactanivorans Dsij". L activité des enzymes représentées
par un cadre rouge a été validée biochimiquement. De Dudek et al., 2020.

En présence d’alginate, les enzymes AlyAl et AlyA7 vont initier la dépolymeérisation du polymere. Leur
activité est probablement complémentaire étant donné qu’AlyAl est une endo-guluronate lyase clivant
au sein de blocs GG (Thomas et al., 2013) et que les lyases de la famille PLL14 a laquelle appartient
AlyA7 clivent des blocs MM (AlyA7 n’a pas été caractérisée biochimiquement et sa spécificité exacte
n’est pas connue). Suite a leur action, des oligosaccharides avec une 4,5-insaturation a I’extrémité non
réductrice sont libérés et ceux-ci vont inhiber 1’action du répresseur transcriptionnel AusR exercée sur

les autres genes du systéme qui sont alors fortement surexprimés (Dudek et al., 2020) (Figure 1.12).

Metabolic . . &bal :
— intermediates®™" Oligosaccharides €=====- Alginate
AlyA7,

- 20x
PalyAé - 260x ParyAs - 400x ™ PalyAY

-n_) alyA4 AalyAs)|_alyA6 — >— alyAl — alyA7 >—

Figure 1.12 : Régulation du systéme alginolytique chez Z. galactanivorans Dsij’. De Dudek et al., 2020.

Les oligomeres vont se fixer aux protéines membranaires SusD-like et étre importés dans I’espace
périplasmique via le TDBT avant d’étre clivés en monosaccharides par les autres alginate lyases. En
plus d’AlyAl, les exo-lyases AlyA3 (Jouanneau ef al., 2021) et AlyAS (Thomas et al., 2013) ont été
caractérisées biochimiquement et clivent préférentiellement les oligo-mannuronates et guluronates
respectivement. Les monosaccharides d’acides uroniques insaturés produits par ces enzymes,
transformés spontanément ou via I’action de KdgF en acide 4-deoxy-5-keto uronique (DEH), puis
importés dans le cytoplasme via la perméase ExuT2 et enfin, entreraient dans la voie d’Entner-

Doudoroff (Preiss and Ashwell, 1962) suite a ’action successive des gluconate déshydrogenases et de
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la kétodéoxygluconate kinase KdgK1. En présence d’alginate, I’expression d’AlyA7 est réprimée, ceci
suggere qu’elle serait une enzyme « sentinelle » : elle aurait un réle crucial dans les premiers instants
de la dégradation en réduisant le poids moléculaire du polymére conduisant au déclenchement du

systéme alginolytique, mais n’aurait plus d’utilité en présence d’oligo-alginates.
ii. Utilisation de la laminarine

Cinq laminarinases (B-1,3-glucanases) ont été prédites dans le génome de Z galactanivorans Dsij’
appartenant aux familles GH16 (LamABCD) et GH64 (LamE). LamC et LamD possédent un module
de fixation aux carbohydrates de la famille CBM6 et CBM42 respectivement. Les 4 GH16 présentent
seulement entre 29 et 37 % d’identité de séquence entre-elles et ciblent potentiellement différentes
structures de laminarines (Labourel ef al., 2015). Les génes codant pour LamC (zgal 1010), LamD
(zgal 1014) et LamE (zgal 1011) sont situés dans la méme région génomique. Les protéines qu'ils
codent posseédent un CTD appartenant a la famille TIGR04183, suggérant que ces trois laminarinases
sont potenticllement sécrétées dans le milieu extracellulaire via le T9SS. LamA et LamC ont été
caractérisées biochimiquement (Labourel et al., 2014, 2015) et agissent de maniére endolytique
préférentiellement sur des B-1,3-glucanes de laminarine d’algues (presque exclusivement pour LamA).
LamA est spécialisée dans la dégradation de chaine linéaire de laminarine tandis que I’affinité de LamC
pour ce type de substrat est plus faible. De plus, la conformation du site actif de LamC suggére que
celle-ci pourrait cliver un polymére de laminarine présentant des ramifications (ce qui n’est pas le cas
de LamA), soulignant son role probable dans ’initiation de la dégradation de laminarine, une hypothése

renforcée par le fait que cette enzyme soit probablement extracellulaire.
ii. Utilisation des carraghénanes

La voie catabolique compléte de carraghénanes contenant des motifs «k, 1 et  a été étudiée par Ficko-
Blean et al., en 2017 via une approche intégrative mélant analyses bio-informatiques, biochimiques,
transcriptomiques, structurales et génétiques. Elle est basée en particulier sur un PUL spécifique au 3,6-
anhydro-D-galactose, allant du géne zgal 3145 a zgal 3159 (Figure 1.13) et n’incluant pas de geénes
susCD-like. Ceux-ci étant situés ailleurs dans le génome (zgal 3580 et zgal 3581).

S1_19 §1.7 GH127-1 GH127-2 GH127-3 S1_17 GH129-like

| cgsA | cgsB |dagA1 |dagA2 | MFS |dagA3 | cgsC | dagB

AraC family regulator

| dauD l dauC l dauA | dauB | DMT |GNTP | cgrA

Figure 1.13 : Représentation du PUL 3,6-anhydro-D-galactosidase de Z. galactanivorans Dsij*. Le nom des génes et les
familles de CAZymes et sulfatases sont indiqués. De Ficko-Blean et al., 2017.
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Ce PUL encode notamment quatre 3,6-anhydro-D-galactosidases (3 de la famille GH127 nommées
DagAl, DagA2 et DagA3 et GH129 nommée DagB) ainsi que 3 sulfatases des sous-familles S1 19,
S1 7 et S1_17. Des génes codant pour des enzymes modifiant les monosaccharides (DauA-D), des
transporteurs et un régulateur de transcription AraC sont également présents. Il a été établi que les x- et
1-carraghénanes étaient, dans un premier temps, clivés par une k-carraghénase de la famille GH16
(CgkA, zgal 236) (Barbeyron et al., 1998) et trois i1-carraghénases de la famille GH82, CgiAl
(zgal 4265), CgiA2 (zgal 2155), CgiA3 (zgal 1973) caractérisées antérieurement (Barbeyron et al.,
2000; Rebuffet et al., 2010) et distantes du PUL. Les différents produits de dégradation seraient
désulfatés par les sulfatases du PUL (entre autres) avant ’action exolytique des 3,6-anhydro-D-
galactosidases. Les monosaccharides 3,6-anhydro-D-galactose seraient ensuite modifiés par les
enzymes DauA-D avant d’entrer dans la voie de la glycolyse et le cycle de Krebs. Les oligosaccharides
produits seraient clivés a I’extrémité non réductrice par des B-galactosidases distantes du PUL avant
d’étre a nouveau hydrolysés par les 3,6-anhydro-D-galactosidases, et ce jusqu’a la dégradation compléte

du substrat en monosaccharides (Figure 1.14).
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Figure 1.14 : Voie métabolique compléte de la dégradation des carraghénanes chez Z. galactanivorans Dsij'. Simplifié

de Ficko-Blean et al., 2017.
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ii. Utilisation des agars

Le génome de Z galactanivorans Dsij" encode 4 potentielles p-agarases (AgaA-D) et 5 potentielles B-
porphyranases (PorA-E) toutes appartenant a la famille GH16 et distantes les unes des autres. Seuls les
genes codant AgaB, PorD et PorE sont localisés au sein de PUL contenant des génes susCD-like. Toutes
les P-agarases ont été caractérisées biochimiquement et structurellement (Allouch et al., 2003, 2004;
Jam et al., 2005; Hehemann et al., 2010, 2012; Naretto ef al., 2019) ainsi que PorA et PorB (Hehemann
etal., 2010, 2012; Correc et al., 2011). Ces enzymes présentent d’importantes différences de spécificite,
en particulier, AgaC est capable d’hydrolyser des chaines d’agar beaucoup plus complexes
(branchement, sulfatations, méthylations, etc.) alors que les autres ciblent préférentiellement des chaines
d’agar neutres (Naretto ef al., 2019). De plus, AgaD et PorA ont une forte spécificité de substrat alors
que AgaB et PorB ciblent des polymeres hybrides agar/porphyrane (Hehemann et al., 2012). Enfin, deux
3,6-anhydro-L-galactosidase de la famille GH117 nommées AhgA et AhgB, impliquées dans les
derniéres étapes du processus de dégradation de I’agar ont également été identifiées et caractérisées

(Rebuffet et al., 2011; Ficko-Blean et al., 2015).

Ainsi, toutes ces études ont permis la découverte de nouvelles enzymes et de voies cataboliques
complétes impliquées dans la dégradation des polysaccharides algaux purifiés. L’ensemble des
CAZymes et sulfatases dont la fonction a été démontrée expérimentalement chez Z. galactanivorans

Dsij" est répertorié dans le Tableau 1.3.

Tableau 1.3 : Listes des CAZymes et sulfatases dont la fonction a été démontrée expérimentalement chez Z
galactanivorans Dsij". La colonne « Caractérisation » indique si les CAZymes ont été caractérisées biochimiquement (B) et
structurellement (S).

Polysaccharide Caracté-

Nom  Famille Activité Type Géne Références
ciblé risation
AlyAl PL7 endo  zgal 1182 B/S (Thomas et al., 2012, 2013)
AlyA3 PL17 exo zgal 2624 B/S (Jouanneau et al., 2021)
AlyA4 PL6 alginate lyase ? zgal 4130 Alginate B (Thomas et al., 2012)
AlyA5 PL7 €xo zgal 4131 B/S (Thomas et al., 2012, 2013)
AlyA7 PL14 endo  zgal 4327 B (Thomas et al., 2012)
LamA  GHI16 endo  zgal 2431 o B/S (Labourel et al., 2014)
laminarinase Laminarine

LamC GH16 endo  zgal 1010 B/S (Labourel et al., 2015)
CgkA GH16 K-carrageenase endo zgal 236 k-carraghénane B/S (Barbeyron et al., 1998)
CgiAl GHS82 endo  zgal 4265 B
CgiA2 GHS82 -carrageenase endo  zgal 2155 -carraghénane B (Barbeyron et al., 2000;

Rebuffet et al., 2010)

CgiA3 GHS82 endo  zgal 1973 B
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-carraghénane G4S-

CgsA S1 19 - zgal 3145  1-carraghénane B (Ficko-Blean ez al., 2017)
B sulfatase
k-carraghénane G4S-
CgsB S1 7 - zgal 3146  x-carraghénane B (Ficko-Blean ez al., 2017)
sulfatase
a-carraghénane DA2S-
CgsC S1 17 - zgal 3151  o-carraghénane B (Ficko-Blean ez al., 2017)
B sulfatase
DagAl  GHI127 exo zgal 3147 B (Ficko-Blean ez al., 2017)
DagA2  GHI127 3,6-anhydro-D- €xo zgal 3148 B (Ficko-Blean et al., 2017)
) B-carraghénane
DagA3  GHI127 galactosidase exo zgal 3150 B (Ficko-Blean ez al., 2017)
DagB  GHI129 exo zgal 3152 B/S (Ficko-Blean ez al., 2017)
AgaA GH16 endo  zgal 4203 Agar B/S (Allouch ef al., 2003, 2004;
AgaB GH16 endo  zgal 3573  Agar/Porphyrane B/S Jam et al., 2005)
B-agarase
AgaC GH16 endo  zgal 4267 Agar B/S (Naretto et al., 2019)
AgaD GH16 endo  zgal 4243 Agar B/S (Hehemann et al., 2012)
PorA GH16 endo  zgal 2600 Porphyrane B/S
B-porphyranase (Hehemann ez al., 2010)
PorB GH16 endo  zgal 1017 Porphyrane/Agar B/S
AhgA  GHI17  exo-a-13-(3,6-anhydro)-  exo  zgal 4663 Agar B/s  (Rebuffeteral, 2011; Ficko-
. Blean et al., 2015)
AhgB  GHI17 L-galactosidase exo  zgal 3615 Agar B/S  (Ficko-Blean etal., 2015)

Au total 50 PUL possédant la paire de géne susCD-like ont été identifiés (Barbeyron, Thomas, et al.,
2016) dont certains ont déja été caractérisés comme décrit au-dessus. A travers 1’exemple du systéme
carraghénolytique il est bon de rappeler que la présence du couple susCD-like n’est pas une condition
nécessaire a la prédiction d’un PUL et qu’il est fort probable que le nombre de PUL présents dans le
génome de Z. galactanivorans Dsij" soit sous-estimé.

Bien qu’elle ait la capacité d’utiliser des fucoidanes pour sa croissance (Barbeyron, Thomas, et al.,
2016), aucun PUL impliqué dans la dégradation des FCSP n’a été caractérisé fonctionnellement chez Z.
galactanivorans Dsij’ jusqu’a présent. Cependant, plusieurs PUL putatifs contiennent de nombreuses
sulfatases et fucosidases suggérant une activité fucanolytique. De plus, aucun PUL ciblant I’ulvane n’a
été prédit chez Z. galactanivorans, en adéquation avec le fait que la bactérie n’utilise pas 1’ulvane pour

sa croissance.

Le transcriptome complet de Z. galactanivorans Dsij' a été étudié au cours de la dégradation d’alginate
par micro-arrays (Thomas, 2011) et de divers carraghénanes ou du 3,6-anhydro-D-galactose par
RNAseq (Ficko-Blean et al., 2017). Une étude plus générale utilisant des micro-arrays a exploré les
régulations induites lors de la dégradation de différents polysaccharides d’algues brunes (alginate et
laminarine) et d’algues rouges (agar, porphyrane, k- et 1-carraghénanes) (Thomas et al., 2017). Ces
¢tudes ont révélé notamment d’importantes régulations communes lorsque la bactérie était cultivée sur
des polysaccharides extraits d’algues d’un méme phylum, bien que ces derniers ne présentent pas la

méme composition chimique. De nombreux genes et clusters de geénes induits par un ou plusieurs
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polysaccharides ont pu étre identifiés, dont certains déja étudiés dans les travaux décrits précédemment,

supportant ainsi leur role essentiel dans la dégradation de la biomasse algale.

c. Un style de vie adapté pour la colonisation des macroalgues

Différents caractéres fonctionnels présents chez Z galactanivorans lui permettent d’établir des
interactions stables avec les macroalgues. Elle posseéde en particulier une forte capacité d’adhérence aux
surfaces, formant des biofilms denses et épais. La formation de biofilm est favorisée par la présence de
mannitol, un exsudat sécrété constitutivement pas les algues brunes (Salalin et al., 2012). Z
galactanivorans Dsij' a la capacité d’utiliser le mannitol pour sa croissance. Un cluster de génes a
notamment été identifié pour son réle dans 1’utilisation du mannitol et une mannitol-2-dehydrogenase
(ZGAL 4263) ainsi qu’une fructokinase (ZGAL 4264) ont été caractérisées biochimiquement par
Groisillier et al., 2015.

Comme expliqué précédemment, les macroalgues présente différents mécanismes de défense pour
prévenir les attaques d’herbivores, de pathogenes ou la colonisation de micro-organismes épiphytes, tels
que la libération de ROS ou de composés iodés (Kiipper ef al., 2008; Cosse ef al., 2009). Le génome de
Z. galactanivorans Dsij" présente de nombreux génes impliqués dans des systémes de défense et de
résistance face au stress oxydatif (Barbeyron, Thomas, et al., 2016). En particulier, 2 catalases, 8
péroxidases, 2 superoxyde dismutases, 10 péroxyredoxines et 9 thiorédoxines sont présentes pour
détoxifier les especes réactives de l'oxygene. On dénombre également 1 gluthatione reductase et 3
thiorédoxine reductases qui sont impliquées dans la réponse au stress oxidatif. Les dommages causés
par les ROS seraient potentiellement réparés par 5 méthionines sulfoxide réductases. Z. galactanivorans
serait également capable de réduire 1’oxyde nitrique en diazote par I’action successive d’une oxyde
nitrique réductase et d’une oxyde nitreux réductase.

Trois vVHPO homologues aux enzymes algales (Colin et al., 2005) ainsi qu’une iodotyrosine
dehalogenase et une halo-acide déhalogénase (HAD) sont également présentes. Les vVHPO permettraient
a la bactérie d’accumuler d’importante quantité d’iode, prés de 100 fois plus que les quantités retrouvées
dans I’eau de mer (Barbeyron, Thomas, et al.,, 2016). Deux de ces VHPO ont été caractérisées
fonctionnellement et structurellement par Fournier ef al., 2014, démontrant leur spécificité envers les
iodures (ZGAL 1262 et ZGAL 2088 nommées VIPO1 et vIPO2). C’est également le cas de I’enzyme
HAD dont I’'implication dans le mécanisme de déshalogénation d’acides bromo et iodoacétique a été
démontrée (Grigorian et al., 2021). Ces différentes enzymes permettraient donc a Z. galactanivorans de
lutter contre les ROS mais également contre les composés halogénés produits par les algues en
transformant les espéces I” et H>O; en I, H>O et O,. 11 a été montré que 1’ajout de dilodométhane (CHazl»),
impliqué dans la défense chimique des algues, n’inhibe pas la formation de biofilm par Z
galactanivorans, suggérant la capacité de cette dernicre a résister aux composés halogénés libérés par

les algues (Salaiin ef al., 2012).
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V. Objectifs du sujet de recherche / Research project
objectives

Francais

Les processus de dégradation de la biomasse algale reposent largement sur I’action des bactéries marines
hétérotrophes. Cette introduction témoigne de 1’étendue des progreés qui ont été réalisés ces dernicres
années dans la compréhension des mécanismes de dégradation des polysaccharides, en particulier de
ceux extraits de la biomasse algale. Cependant, dans les écosystémes naturels, les polysaccharides sont
rarement retrouvés sous leur forme soluble et en tant que substrats uniques. Comme précédemment
décrit, chez les algues, les polysaccharides font partie d’un réseau tridimensionnel complexe et sont
étroitement interconnectés entre eux et a d’autres molécules aux propriétés diverses. Ils sont donc
certainement beaucoup moins facilement identifiables, accessibles et biodisponibles pour les bactéries
que sous leur forme purifiée. La majorité des travaux menés jusqu’a présent étaient focalisés sur
I’utilisation de polysaccharides solubles purifiés, qui sont des substrats de choix pour la facilité de la
mise en ceuvre et la reproductibilité des expérimentations. Cependant, ces travaux ne représentent
certainement pas la complexité des réponses mises en ceuvre par les bactéries marines hétérotrophes
pour dégrader une paroi d’algue, et passent donc potentiellement a c6té d’enzymes cruciales dans le
recyclage de la biomasse algale. Zhu et al., en 2016 ont analysé la réponse transcriptomique de Bacillus
weithaiensis Alg07 lors de sa croissance sur de la poudre d’algue. Bien que cette étude ait été menée sur
de la biomasse totale d’algue, englobant ainsi la mixture de substrats renfermée dans les parois, elle ne
refléte pas la complexité structurale et I’agencement des différents composés au sein des parois. Trés
récemment, la croissance d’A/teromonas macleodii 83-1 a été testée en présence de tissus frais de I’algue
brune Ecklonia radiata, mais aucune croissance ou dégradation de I’algue n’a été observée en dépit de
son aptitude a utiliser 1’alginate purifi¢ (Koch et al, 2020). Une étude préliminaire sur Zobellia
galactanivorans Dsij" a au contraire démontré la capacité de cette derniére a utiliser des tissus frais de
Laminaria digitata pour sa croissance et a induire une dégradation visible des tissus (Zhu et al., 2017).
La délétion du gene de I’alginate lyase AlyAl a mis en lumiére le réle clé de cette enzyme dans ce
processus. Ainsi, si beaucoup de bactéries peuvent utiliser les composés algaux présents sous forme
soluble (polysaccharides purifiés, protéines), ces nouvelles études suggérent que des populations
bactériennes distinctes ont évolué et se sont spécialisées dans la dégradation de biomasse hautement
complexe comme les tissus algaux intacts (Hehemann et al., 2016). Zhu et al., 2017 ont également révélé
de possibles interactions coopératives entre Z. galactanivorans Dsij' et d’autres taxons (Figure L.15).
En particulier, des membres du genre Tenacibaculum (Flavobacteriaceae) sont capables de croitre sur
des tissus de L. digitata uniquement en présence de Z. galactanivorans Dsij'. Aprés 8 jours, ces taxons
représentaient ¥4 des communautés bactériennes en présence de Z. galactanivorans contre moins de

0,1 % en son absence. Cette étude suggére donc le role pionnier de Z. galactanivorans Dsij', par sa
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capacité a initier I’attaque de tissus algaux, une biomasse complexe, et a favoriser la croissance d’autres

taxons, en exposant potentiellement de nouvelles niches écologiques.

Contréle Inoculé avec
non-inoculé Z. galactanivorans
DO =0.04 DO =0.32

Wynogradskyella ‘ 88.2% ‘ 21.6%

Mesonia ®55% 10.5%
Parvibaculum @6.3% @1.3%
Flavobacteriaceae

(uncharacterized) 90.5%
Zobellia 36.4%
Bizionia @25
Balneola @26
Fulvivirga ©0.3%
Maribacter ©0.1%
Tenacibaculum 23.0%
Salegentibacter 00.2%
Brumimicrobium ©0.2%
Marixanthomonas ¢ 0.1%

Figure 1.15 : Composition des communautés bactériennes au cours de la dégradation de L. digitata. Composition
déterminée par metabarcoding du géne de I’ARNr 16S a 8 jours au sein de microcosmes contenant des tissus de L. digitata
comme seule source de carbone dans lesquels Z galactanivorans Dsij" a été inoculé (droite) ou non (gauche). Modifié¢ de Zhu
etal., 2017.

Cette these s’inscrit dans le cadre du projet ALGAVOR. Financé par I’agence nationale de la recherche
(ANR-18-CE02-0001-01) et coordonné par Frangois Thomas, ce projet cherche a élucider les
mécanismes impliqués dans la dégradation des macroalgues. Les différents chapitres de cette these
s’articulent en particulier autour de deux thémes centraux qui sont (i) I’exploration des voies
métaboliques des bactéries pionnieres impliquées lors de la dégradation de macroalgues fraiches et (ii)
la compréhension des processus de dégradation des tissus a I’échelle des communautés bactériennes,
via la mise en évidence de différentes stratégies écologiques. Pour répondre a ces problématiques, la
souche Zobellia galactanivorans Dsij' a été utilisée comme modeéle de bactérie pionniére pour toutes

les raisons précédemment évoquées dans cette introduction.
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En particulier, je me suis attachée a répondre aux questions suivantes :

- Quel est I’'impact de I’accumulation et de la dégradation de macroalgues sur les communautés
bactériennes épiphytes ?

- Quelle est la prévalence, 1’abondance et I’activité du genre Zobellia dans les habitats dominés
par les macroalgues ?

- Quels sont les voies métaboliques impliquées pendant la dégradation de macroalgues fraiches
par les bactéries pionniéres ?

- Quels sont les déterminants génétiques du comportement pionnier ?

- Quels sont les mécanismes d’interactions entre bactéries pionnicres et opportunistes lors de la

dégradation d’algues fraiches ?

Le Chapitre II présente en détail ’ensemble des méthodes de microbiologie, biologie moléculaire,
biochimie, microscopie et bio-informatiques mises en ceuvre dans cette thése. 1l répertorie 1’ensemble

des produits chimiques, substrats, souches bactériennes, amorces et sondes utilisées.

Le Chapitre III s’attache a investiguer les processus de recyclage de biomasse algale a travers 1’étude
de la dynamique des communautés bactériennes. Une collaboration avec une autre équipe de recherche
de la Station Biologique de Roscoff nous a permis d’étudier in situ I’impact de I’accumulation et de la
dégradation de laminaires sur les communautés bactériennes épiphytes et celles présentes dans le
sédiment. La mesure des variations de structure et de composition des communautés a été réalisée par
metabarcoding du geéne de I’ARN 16S puis couplée aux métadonnées environnementales et a des
analyses de prédictions fonctionnelles. Ces données ont permis d’obtenir une premicre vue d’ensemble
de la succession des communautés bactériennes au cours de la dégradation des macroalgues et d’émettre

des hypothéses quant aux différentes stratégies écologiques adoptées.

Le Chapitre IV s’intéresse plus particulicrement au genre Zobellia au sein des communautés naturelles
¢épiphytes. Malgré son réle majeur dans la dégradation de la mati¢re organique complexe, ses stratégies
¢cologiques dans I’environnement restent encore méconnues. Des approches de PCR (polymerase chain
reaction) quantitative (QPCR) et de fluorescence in situ par hybridation ont été optimisées et validées
sur des échantillons environnementaux pour la détection spécifique des membres du genre Zobellia dans
les habitats dominés par les macroalgues (Partie 1). La technique de qPCR a par la suite été utilisée
dans le but de réaliser un suivi saisonnier de la prévalence, 1’abondance et 1’activité du genre Zobellia a

la surface de diverses macroalgues (Partie 2).

Dans le Chapitre V, le transcriptome complet de Z. galactanivorans Dsij' lors de sa croissance sur trois
macroalgues d’especes différentes a été comparé a celui obtenu sur polysaccharides purifiés. L objectif
¢tait de révéler les stratégies métaboliques impliquées spécifiquement lors de dégradation de tissus

d’algues fraiches et de souligner ainsi 1’intérét de considérer la paroi algale dans son ensemble dans les
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¢tudes de dégradation. Les aptitudes de dégradation des autres Zobellia spp. ont également été évaluées
et couplées a des analyses de génomique comparative afin d’identifier de potentiels déterminants

génétiques du caractére pionnier.

Ces analyses transcriptomiques ont permis de révéler I’induction de plusieurs PUL en présence de
macroalgues fraiches. Le Chapitre VI se concentre sur la caractérisation préliminaire de [’un d’entre
eux, prédit pour cibler des structures de FCSP. L’activité des protéines recombinantes purifiées a été

testée sur différents polysaccharides afin de déterminer le substrat naturel du PUL.

Dans le Chapitre VII, j’ai tenté de mettre en évidence et de caractériser des mécanismes d’interactions
coopératives entre bactéries pionnicres et opportunistes lors de ’utilisation de tissus d’algues fraiches.
En particulier, plusieurs souches du genre Tenacibaculum ont été testées pour leur capacité a bénéficier

des produits de dégradation libérés par Z. galactanivorans Dsij’".

Enfin, dans le Chapitre VIII je discute I’ensemble des résultats obtenus au cours de ce projet de thése

et aborde les perspectives qui en découlent.

English

Macroalgae are dominant primary producers in coastal ecosystems and constitute a large reservoir of
organic matter worldwide. It is long known that heterotrophic bacteria, particularly Flavobacteriia and
Gammaproteobacteria, are crucial for algal biomass recycling and its reinjection into higher trophic
levels. Numerous works focused on the degradation and assimilation of purified algal polysaccharides,
leading to the characterization of Polysaccharides Utilization Loci (PUL) and the discovery of new
carbohydrates active enzymes (CAZymes). However, in natural ecosystems, polysaccharides are rarely
found under their soluble form and as unique substrate. Within macroalgae, they are part of a complex
tridimensional network and tightly cross-linked between each other and with others compounds.
Consequently, they are likely less easily detectable, accessible and bioavailable for bacterial
communities compared with their soluble form. To date, most of the studies focused on the utilization
of purified soluble polysaccharides, as they are easy to work with. Nevertheless, those studies probably
do not represent the complexity of the responses implemented by marine heterotrophic bacteria to
degrade the algal ECM, and might then miss key enzymes involved in macroalgal biomass recycling.
Zhu et al., in 2016 analyzed the transcriptome of Bacillus weihaiensis Alg07 during the utilization of
algal powder. This study considered the whole mixture of the different compounds present within the
ECM, but does not reflect the structural complexity of its architecture. Very recently, the growth of

Alteromonas macleodii 83-1 was tested with fresh tissues of the brown algae Ecklonia radiata, but no
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tissues damage or bacterial growth was detected (Koch et al., 2020) despite its abilities to use purified
alginate. By contrast, a preliminary study demonstrated the capacity of Zobellia galactanivorans Dsij"
to use fresh Laminaria digitata tissues and to cause visible tissues degradation (Zhu et al., 2017).
Deletion of the alginate lyase gene alyA1 shed light on its crucial role during this degradation process.
Thereby, if many bacteria can use algal compounds under soluble form for their growth, these recent
studies suggest that specific bacterial communities had evolved and specialized in the degradation of
complex biomass such as intact algal tissues (Hehemann et al., 2016). Zhu et al., 2017, also revealed
putative cooperative interaction between Z. galactanivorans Dsij' and other taxa (Figure 1.16). In
particular, members of the genus Tenacibaculum (Flavobacteriaceae) were able to grow on L. digitata
tissues only in the presence of Z. galactanivorans. After 8 days, Tenacibaculum spp. represented Y4 of
the bacterial communities in the presence of Z. galactanivorans but were not detected in its absence.
Hence this study reported that Z. galactanivorans Dsij', by its abilities to initiate the breakdown of
macroalgae and to favor the growth of other taxa, might act as a pioneer bacteria during algal

degradation.

Non-inoculated  Inoculated with
control Z. galactanivorans

DO =0.04 DO =032
Wynogradskyella ‘ 88.2% ‘ 21.6%
Mesonia ®55% 10 5%
Parvibaculum @®63% @1.3%
Flavobacteriaceae
(uncharacterized) 0.0%
Zobellia 36.4%
Bizionia @25
Balneola @z
Fulvivirga ©0.3%
Maribacter ©0.1%
Tenacibaculum 23.0%
Salegentibacter ©0.2%
Brumimicrobium ©0.2%
Marixanthomonas ©0.1%

Figure 1.16: Composition of the bacterial communities during the degradation of L. digitata. Composition was assessed
by 16S rRNA gene metabarcoding after 8 days in microcosms containing L. digitata tissues as the sole carbon source inoculated
with Z. galactanivorans Dsij" (right) or non-inoculated (left). Adapted from Zhu et al., 2017.
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This thesis is part of the ALGAVOR project. Financed by the national research agency (ANR-18-CE02-
0001-01) and coordinated by Frangois Thomas, this project seeks to unravel the mechanisms involved
in macroalgae degradation. The different chapters of this thesis are organized around two central themes:
(1) the exploration of pioneer bacteria metabolic pathways involved during the degradation of fresh
macroalgae; (ii) the understanding of the processes involved in tissue degradation at the community
scale, via the identification of ecological strategies. Zobellia galactanivorans Dsij’ strain was used as a
model of pioneer bacteria to investigate these issues. In particular, I have focused on the following

questions:

- What are the dynamics of macroalgae microbiota during their in situ accumulation and
degradation?

- What is the prevalence, abundance and activity of the genus Zobellia in macroalgae-dominated
habitats?

- Which metabolic pathways are involved during the degradation of fresh macroalgae by pioneer
bacteria?

- What are the genetic determinants of the pioneer behavior?

- What are the interaction mechanisms between pioneer and opportunist bacteria during fresh

macroalgae degradation?

Chapter II encompasses the different methods in microbiology, molecular biology, biochemistry,
microscopy and bioinformatics applied during this thesis. It lists all the used chemical, substrates,

bacterial strains, primers and probes.

Chapter III investigates the algal biomass recycling mechanisms by monitoring the dynamics of the
associated bacterial communities. We studied the impact of kelp in situ accumulation and degradation
on the epiphytic communities, as well as on the underlying sediment communities. The bacterial
community composition was assessed using 16S rRNA gene metabarcoding, and the functional diversity
was inferred in silico. These data were then linked to the associated environmental parameters, to
determine the factors driving both functional and taxonomic diversity. This study allowed to glimpse
into the succession of bacterial communities occurring during the macroalgal breakdown, making

possible the formulation of hypotheses concerning the different ecological strategies involved.

Chapter IV examines more closely the genus Zobellia among natural epiphytic communities. Despite
its prominent role in complex organic matter degradation, Zobellia ecological strategies remain poorly
characterized. Quantitative polymerase chain reaction (qQPCR) and catalyzed reporter deposition-
Fluorescence In Situ Hybridization (CARD-FISH) methods were optimized and validated on natural
environmental samples in order to specifically detect representatives of the Zobellia genus in macroalgae

dominated habitats (Part 1). The qPCR technique was next implemented in the context of a seasonal
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monitoring, quantifying the prevalence, abundance and activity of Zobellia at the surface of diverse

macroalgae (Part 2).

In Chapter V, the full transcriptome of Z. galactanivorans Dsij' obtained during its growth on three
different macroalgae species was compared to one obtained on purified polysaccharides. The objectives
were to unravel the metabolic strategies involved in the breakdown of complex, fresh macroalgae, and
underline the necessity of studying the whole algal ECM during degradation studies. We also evaluated
the degradation capacity of different Zobellia spp. and compared their genomic content to identify

potential genetic determinants of pioneer bacteria.

The transcriptomic analyses performed during Chapter V revealed the induction of several PULs in the
presence of fresh macro-algae. Chapter VI focuses on the preliminary characterization of one of these
PULs, predicted to degrade fucose-containing sulfated polysaccharides (FCSPs). The purified
recombinant proteins obtained were tested using different polysaccharides in order to determine the

natural substrate of the PUL.

In Chapter VII, I tried to evidence and characterize cooperative interaction mechanisms between
pioneer bacteria and opportunist bacteria during the use of fresh algae tissues. In particular, several
strains belonging to the Tenacibaculum genus were tested to highlight whether they could exploit

degradation products released by Z. galactanivorans Dsij'.

Finally, Chapter VIII discusses the overall results obtained during this thesis projet and the future

perspectives.
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Chapter 1I:

Material & Methods



I. Chemical and natural compounds

Chemical products and natural compounds used in the different chapters are listed below (Table IL.1).

Table I1.1: List of the chemical products and carbohydrates used in this thesis with the respective supplier. FCSP:
Fucose-containing sulfated polysaccharides.

Chemical products Supplier

16 % Paraformaldehyde (PFA) Electron Microscopy Science
Phosphate Buffer Saline (PBS) Amresco

96 % ethanol (EtOH) CARLO ERBA

96 % molecular biology grade ethanol CARLO ERBA

X-100 Triton Sigma-Aldrich

10 % povidone-iodine

Bought in drugstore

Sodium chloride (NaCl) Sigma-Aldrich
Magnesium sulfate (MgSO4) Sigma-Aldrich
Hydrated magnesium chloride (MgCl,-H,O) Sigma-Aldrich
Potassium chloride (KCl) Sigma-Aldrich
Ammonium chloride (NH4Cl) Sigma-Aldrich
Calcium chloride (CaCl,) Alfa aesar
Sodium bicarbonate (NaHCOs) AnalaR
Dipotassium hydrogen phosphate (KoHPO4) Sigma-Aldrich
Trizma base (Tris) Sigma-Aldrich
37 % Hydrochloric acid (HCI) CARLO ERBA
Ferrous sulfate (FeSOs) VWR Prolabo
Kanamycin Sigma-Aldrich
Streptomycin Sigma-Aldrich
Neomycin Sigma-Aldrich
Colistin Sigma-Aldrich
Ampicillin Sigma-Aldrich
Sodium azide (NaN3) Merck
Guanidine thiocyanate Sigma-Aldrich
Sodium acetate Sigma-Aldrich
N-Lauroyl sarcosinate Sigma-Aldrich
Phenol pH 4 Sigma-Aldrich
Phenol pH 7 Sigma-Aldrich
Chloroform:isoamyl alcohol Sigma-Aldrich
RNAse-free water Sigma-Aldrich
Turbo DNAse Thermofisher
DNAse inactivation reagent Thermofisher
Ethylenediaminetetraacetic (EDTA) Sigma-Aldrich
Lysozyme Sigma-Aldrich
Proteinase K Sigma-Aldrich
Sodium dodecyl sulfate (SDS) Sigma-Aldrich
3-(N-morpholino)propanesulfonic acid (MOPS) Sigma-Aldrich
Glycerol CARLO ERBA
Orange G Sigma-Aldrich
Yeast extract Fisher
Tryptone Fisher
Glycine Sigma-Aldrich
Ammonium persulfate (APS) Sigma-Aldrich
N,N,N',N'-tetramethylethylenediamine (TEMED) Fluka
Imidazole Sigma-Aldrich
EDTA-free Protease Inhibitor Cocktail Merck
Bromophenol blue Bio-Rad
Coomassie blue BDH
Dithiothreitol (DTT) Sigma-Aldrich



Acetic acid CARLO ERBA
Potassium hexacyanoferrate (III) Sigma-Aldrich
2-aminoacridonein (AMAC) Sigma-Aldrich
Dimethyl sulfoxide (DMSO) Sigma-Aldrich
Sodium cyanoborohydride (NaBH3;CN) Sigma-Aldrich
Phenol red Sigma-Aldrich
Alcian blue Interchim
Silver nitrate VWR Prolabo
Sodium carbonate Sigma-Aldrich
Ethyl acetate Fluka
Napthoresorcinol Sigma-Aldrich
Sulfuric acid CARLO ERBA
Lithium nitrate (LiNO3) Fluka
Ammonium bicarbonate Sigma-Aldrich
Hydrogen peroxide (H20,) Sigma-Aldrich
Citifluor Euromedex
Vectashield Eurobio
Formamide Sigma-Aldrich
Alexa Fluor 546/488 carboxylic acid, succinimidyl ester Life Technologies
Electroendosmosis (ME) agarose Merck-Millipore
Methanol (MeOH) CARLO ERBA
Blocking reagent Roche

Dextran sulfate Sigma-Aldrich
Carbohydrates Supplier
Maltose Sigma-Aldrich
Agarose Eurogentech
Glucose Sigma-Aldrich
Sucrose Sigma-Aldrich
Alginate mainly from Laminaria digitata Danisco
Alcohol Insoluble Residues from Pelvetia canaliculata internal

FCSP from Chorda filum Elicityl

FCSP from Cladosiphon okamuranus Carbosynth
FCSP from Durvillaea potatorum Carbosynth
FCSP from Ecklonia maxima Carbosynth
FCSP from Fucus serratus Carbosynth
FCSP from Fucus vesiculosus Carbosynth
FCSP from Laminaria digitata Carbosynth
FCSP from Laminaria japonica Carbosynth
FCSP from Lessonia nigrescens Carbosynth
FCSP from Macrocystis pyrifera Carbosynth
FCSP from Pelvetia canaliculata internal

FCSP from Undaria pinnatifida Elicityl
Heparin from Porcine intestinal mucosa Sigma

Pectin from apple Sigma

Pectin from citrus Sigma

Ulvan from Ulva armoricana Elicityl

Agar Sigma-Aldrich
Kappa-carrageenans from Eucheuma cottonii Goémar
Iota-carrageenans Danisco
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II. Sample collection in the field

To assess the succession of bacterial communities during kelp degradation (Chapter III), an in situ
experiment was implemented from April 2017 to October 2017 in the bay of Morlaix (48°42°33.78"" N,
003°57°12.36”> W, Brittany, France) by the EDYCO team (UMR7144) during Florian de Bettignies’
PhD thesis. The system set up is detailed in de Bettignies et al., 2020. Briefly, cages were randomly
filled with 1 kg of new blades from young healthy adult Laminaria hyperborea sporophytes (140—
200 cm). A total of 35 cages were set at 9 m depth on a sandy floor. Three cages were randomly selected
at each sampling time to collect algal surfaces, underlying and external sediments and overlying water
as follows. Ten algal pieces of 1.3 cm diameter were subsampled from each cage using a sterilized
stainless-steel punch. The surface sediments (0—4 cm depth) directly below each cage (underlying
sediment) or 2 m away from the cages (external sediment) were sampled in sterile plastic containers.
Three liters of the overlying water (1 m above the cages) were taken using Niskin bottles. Triplicates of
1 1 were prefiltered at 3 pm to remove large particles and then filtered through a 0.2 um Sterivex filter

(Merck). All samples were stored at —80 °C before DNA extraction.

For specific detection of Zobellia spp. in the environment (Chapter V), microbiota at the surface of
algae were sampled each month during low tides with a high tidal coefficient (> 80) between February
2020 and January 2021. Due to the Covid-19 pandemic, no sampling was done in April and May 2020.
Macroalgae were quickly rinsed with Autoclaved 0.2 um Filtered SeaWater (AFSW) before microbiota
were collected using sterile swabs (ZymoBiomics) on healthy specimens of Laminaria digitata, Fucus
serratus, Ascophyllum nodosum, Palmaria palmata and Ulva lactuca at the Bloscon site
(48°43°29.982” N, 03°58°’8.27”> W) in Roscoff (France). Three individuals of each species were
sampled. Additionally, samples from stranded algae were retrieved: within the mixture of diverse
decomposing algae, microbiota from one L. digitata, one F. serratus and one P. palmata specimens
were collected each month. Swabbed surface was standardized to 50 cm? using a 5-cm square template
on both sides of the algal thallus when possible (Figure II.1A). For Ascophyllum nodosum, a 1 cm-
width frond was sampled over 25 cm on both sides. Three different regions of the kelp L. digitata were
sampled: the basal meristem (young tissue, hereafter LdigB), the medium frond (ca. 20 cm away from
the meristem, hereafter LdigM) and the old frond (the blade tip, hereafter LdigO). Swabs were immersed
in DNA/RNA Shield reagent (ZymoBiomics), kept on ice during transport and stored at -20 °C until
DNA and RNA extraction. For CARD-FISH analysis, algal pieces from the same individuals were
collected using a 1.3 cm diameter ethanol-sterilized stainless-steel punch (Figure I1.1B). Algae pieces
were rinsed with autoclaved seawater and placed directly in 2 % PFA in PBS overnight at 4 °C. All
fixed samples were washed twice in PBS and stored in PBS:EtOH (1:1 v/v) at -20 °C.
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Figure II.1: Photographs taken during sample collection on the seashore. (A). A standardized algal surface was swabbed
for Zobellia specific quantification using qPCR. (B) Algae pieces were sampled for Zobellia-single cell visualization using

CARD-FISH.

For microcosm experiments (Chapter V and VII), whole healthy algae were collected at the same site

(Bloscon, Roscoff) in plastic bag, rinsed with filtered seawater and used immediately or alternatively

stored overnight in filtered seawater in 5 1 bottle at 16 °C with aeration under day/night light cycle.

III. Microbiology

1. Bacterial strains

All the bacterial strains used in this thesis are listed in Table I1.2.

Table I1.2: List of the different bacterial strains used in this thesis. The context of their utilization is indicated.

Strains name Utilization References
Utilization of fresh macroalgae (Chapter V),
Experimental validation of the ZOB137 FISH probe
Zobellia galactanivorans Dsij" (Chapter IV), (Barbeyron et al., 2001)
Characterization of interactions with
Tenacibaculum sp. (Chapter VII)
. . T e (Nedashkovskaya et al.,
Zobellia amurskyensis KMM 3526 Utilization of fresh macroalgae (Chapter V) 2004)
Zobellia laminariae KMM 36767 Utilization of fresh macroalgae (Chapter V) gl(\)lgj;lshkovskaya etat,
Utilization of fresh macroalgae (Chapter V), (Nedashkovskaya et al.,
Zobellia russellii KMM 36777 Experimental validation of the ZOB137 FISH probe 2004)
(Chapter IV)
Zobellia roscoffensis Asnod1-FO8T Utilization of fresh macroalgae (Chapter V) (Barbeyron ef al., 2021)
Zobellia roscoffensis Asnod2-B02-B Utilization of fresh macroalgae (Chapter V) (Barbeyron ef al., 2021)
Zobellia nedashkovskayae Asnod2-B07-BT  Utilization of fresh macroalgae (Chapter V) (Barbeyron ef al., 2021)

Zobellia nedashkovskayae Asnod3-E08-A

Zobellia galactanivorans Dsij" AalyAl

Zobellia galactanivorans Dsij" AausR

Tenacibaculum adriaticum B390T

Utilization of fresh macroalgae (Chapter V)
Characterization of interactions with
Tenacibaculum sp. (Chapter VII)
Characterization of interactions with
Tenacibaculum sp. (Chapter VII)
Opportunist taxon candidate (Chapter VII)
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Tenacibaculum aestuarii SMK-4T
Tenacibaculum aiptasiae a4™
Tenacibaculum amylolyticum C5267
Tenacibaculum caenipelagi HI-26M"

Tenacibaculum crassostreae JO-1T
Tenacibaculum dicentrarchi USC 35/09T
Tenacibaculum discolor LL04 11.1.17

Tenacibaculum gallaicum A37.17

Tenacibaculum geojense YCS-6T
Tenacibaculum halocynthiae P-R2A1-2"
Tenacibaculum jejuense CNURIC0137T
Tenacibaculum litopenaei B-1"
Tenacibaculum litoreum CL-TF13T

Tenacibaculum lutimaris TF-26"

Tenacibaculum maritimum R27
Tenacibaculum mesophilum CIP107215"
Tenacibaculum ovolyticum EKD 0027

Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)

Opportunist taxon candidate and experimental
validation of the TEN281 FISH probe (Chapter VII)

Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)

Opportunist taxon candidate (Chapter VII)

Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)

Opportunist taxon candidate and experimental
validation of the TEN281 FISH probe (Chapter VII)

Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)
Opportunist taxon candidate (Chapter VII)

(Jung et al., 2006)
(Wang et al., 2008)
(Suzuki et al., 2001)
(Park and Yoon, 2013)

(Lee et al., 2009)

(Pifieiro-Vidal ef al.,
2012)
(Pifieiro-Vidal, Riaza, et
al., 2008)
(Pifieiro-Vidal, Riaza, et
al., 2008)

(Kang et al., 2011)
(Kim et al., 2013)
(Oh et al., 2012)
(Sheu et al., 2007)
(Choi et al., 2006)

(Yoon et al., 2005)

(Suzuki et al., 2001)
(Suzuki et al., 2001)
(Suzuki et al., 2001)

Opportunist taxon candidate and experimental
validation of the TEN281 FISH probe (Chapter VII)
Opportunist taxon candidate and experimental (Pifieiro-Vidal,
validation of the TEN281 FISH probe (Chapter VII)  Carballas, et al., 2008)
Opportunist taxon candidate (Chapter VII) (Lietal,2013)
Negative control to assess ZOB137 specificity

Tenacibaculum skagerrakense D30T (Frette et al., 2004)

Tenacibaculum soleae L1L04 12.1.77
Tenacibaculum xiamenense WJ-1T

Maribacter forsetii KT02ds18-6T (Barbeyron et al., 2008)

(Chapter IV)
ti trol t ZOB1 ificit
Marinirhabdus citrea MEBiC094127 Negative control to assess ZOB137 specificity (Yang et al., 2018)
(Chapter IV)
Negati trol t ZOB1 ificit
Lewinella marina MKG-38" egative control to assess ZOBI37 specificity (Khan et al., 2007)
(Chapter IV)

Imperialibacter roseus P4T

Escherichia coli BL21 (DE3)

Used as negative control to assess the specificity of

the TEN281 FISH probe (Chapter VII)

Expression of recombinant proteins (Chapter VI)

2. Macroalgae treatment

a. Optimization

(Wang et al., 2013)

internal

Several chemical and physical methods were tested to remove the resident epiphytic bacteria and limit

bacterial contamination during the growth experiments. Under microbial hood, cut algal pieces of a red

alga from the genus Gracilaria were rinsed in AFSW for 5 min and immersed in different solutions,
either in 40 % ethanol (during 30 sec or 2 min), 50 % ethanol (20 sec or 1 min), 1 % bleach (15 and 30
sec), 0.1 % X-100 Triton (10 min) or in 0.5 or 1 % povidone-iodine (3 and 5 min). Treatment
combinations were also tried: 40 % ethanol + 1 % bleach (10 sec each) or 0.1 % X-100 Triton or SDS

(10 min) + 1 % povidone-iodine (5 min). Treated algal pieces were then rinsed in AFSW for 5 min, let

air-dried for 15 min and rubbed on ZoBell 2216-agar (15 g.I"' agar, 5 g.I"' tryptone, 1 g.I" yeast extract,
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100 ml milliQ water and filled with FSW to 1 1) in Petri dishes with sterile tweezers. Ethanol and bleach
baths rapidly led to algae bleaching and those methods were not retained as they caused too many
damages to the algae. For the other treatments, the tissues were not discolored and still in good shape.
Less colonies were observed after 5 days on the Petri dishes with the treatment 0.1 % X-100 Triton
(10 min) + 1 % povidone-iodine (5 min). The efficacy of this treatment was then assessed in liquid
marine minimum medium as the degradation experiments will be carried out in this medium (see
composition below). Bacterial growth was followed by ODgoo measurement and Figure I1.2 shows that
this treatment induced a reduction of the growth of epiphytic bacteria. Algae were also treated with UV
(10 min) or sonication (15 min) prior to this chemical treatment but it did not improve the results. Then,
the combination 0.1 % X-100 Triton (10 min) + 1 % povidone-iodine (5 min) appeared to remove
significant amount of epiphytic bacteria without altering the algae thallus. It was then decided to apply
this method for further experiments and to complement the medium with antibiotics to which

Z. galactanivorans Dsij' is resistant to limit even more the growth of contaminants.
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Figure I11.2: Effect of the chemical treatment of algal pieces on the bacterial growth. Treated algae were immersed 10 min
in X-100 Triton followed by 5 min in 1 % povidone-iodine. Values are mean of independent duplicates + standard error.

b. Validated protocol

Before addition to microcosms (Chapters V and VII), algal tissues were cut in small pieces (2.5-3.5 cm?
approximately) with a sterile scalpel in @ 15 mm Petri dishes and immersed in 0.1 % X-100 Triton in
milli-Q water for 10 min followed by 1 % povidone-iodine in milli-Q water for 5 min to clean them
from the resident epibiotic microbiome. Algae pieces were rinsed by successive baths (at least five) in
excess AFSW for 2 h to remove Triton and povidone-iodine traces as well as potential algal exudates

released upon cutting,

3. Pre-cultures

For algal degradation by Zobellia spp. (Chapter V), bacterial strains were first grown from glycerol
stock in Zobell 2216 medium (ZoBell, 1941) before being inoculated in Marine Minimum Medium
referred to as MMM (24.7 g.I"" NaCl, 3.08 g.I'"" anhydrous MgSOs, 4.6 g.1I" MgCl,-H,0, 2 g.I'" NH4Cl,
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0.7 g1 KCI1, 0.6 g1 CaCl,, 0.2 g.I"' NaHCOs, 0.6 g.I"" K,HPO4, 47.6 mM Tris-HCI pHS, 0.02 g.I'!
FeSO4-7H>0 and vitamins (5 pg.ml™" of pyridoxine HCI and orotic acid, 1 pg.ml” nicotinic acid,
thiamine HCI, riboflavine, D,L-pantothenic acid, D-biotin, folic acid, cyanocobalamine and ascorbic
acid, 10 pg.ml"' 4-aminobenzoic acid) and complemented with 100 pg.ml" kanamycin, 100 pg.ml”
streptomycin, 50 pg.ml”' neomycin and 14 pg.ml’' colistin, to which Zobellia spp. are resistant)
amended with 4 g.1" maltose. For co-culture experiments (Chapter VII), pre-cultures were only carried
out in Zobell 2216 medium as Tenacibaculum spp. have limited ability to use simple sugars in MMM.
Pre-cultures were grown at room temperature under agitation for 3 days. After centrifugation (3200 g,
10 min), pellets were washed twice in 1X saline solution (24.7 g.I"' NaCl, 3.08 g.I"' anhydrous MgSOs,
4.6 g.I'' MgCl,-H,0, 0.7 g.I'' KCI) to remove any carbon trace. Cells were inoculated in microcosms at

an initial optical density at 600 nm (ODsoo) of 0.05.

4. Cultures in microcosms

Strains were grown at 20 °C at 180 rpm in MMM with 4 g.I"' purified sugars or macroalgae pieces as
the sole carbon source (10 algal pieces for 50 ml of medium in 250 ml erlenmeyer, 3 algal pieces for
10 ml of medium in 50 ml falcon tubes). Each condition was done in triplicate or duplicate depending
on the experiments. All vessels were previously autoclaved.

Co-culture systems (Figure I1.3) consisting of two 100 ml reaction vessels with round bottom and a
65 mm flat edge opening (ref 0861050, Witeg, Germany), separated by a 0.2 um mixed cellulose ester
(MCE) filter (ref GSWP09000, Merck, Germany) were used. Thirty milliliters of MMM were poured

in each compartment and 10 L. digitata pieces were immersed in one of them.

Bacterial growth within the microcosms was monitored by measuring ODeoo with a spectrophotometer
(Jenway) using plastic cuvettes (Sarstedt) filled with 800 pl of medium. Dilutions were performed when
ODgoo > 0.8. When algae fragments were present, they were allowed to settle prior OD measurement.
Alternatively, ODsoo were also measured using a microplate reader (Spark, Tecan) in 96-wells

microplates (Greiner Bio-One) containing 200 pl of solution.

Figure I1.3: Co-culture system with two compartments separated by a filter (here 0.2 pm). Bacterial cells cannot pass the
filter, but it allows for metabolic exchanges. This specific vessel is sold by Witeg (ref 0861050, Germany).
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S. Protein expression

Cloning of the different target genes into the expression vector pFO4 (fusion His-tag) and plasmid
transformation in Escherichia coli BL21 (DE3) expression strain was previously done by Robert
Larocque in the Marine Glycobiology group according to Groisillier et al., 2010. Glycerol stocks of the
recombinant strains were swabbed on LB-agar Petri dishes supplemented with ampicillin (100 pg.ml™)
and resistant colonies precultured in 5 ml of LB-Ampicillin medium at 37 °C overnight. Expression of
the recombinant proteins was performed in the auto-inducible ZYP-5052 medium (Studier, 2005)
containing ampicillin (100 pg.ml™) for 72 h under agitation at 20 °C. For expression in small volume,
5 pl of the preculture were inoculated in 5 ml of ZYP medium in 50 ml Falcon tubes. Cells pellets were
recovered after centrifugation (3200 g, 10 min, 4 °C). For large-scale production, 5 ml of preculture
were added in 1 1 of ZYP medium in 5 1 Erlenmeyer flasks. The 1 1 ZYP culture was divided in 4 x
250 ml volumes and centrifuged at 8000 g for 20 min at 4 °C. Cell pellets were stored at -20 °C until
further purification.

IV. Molecular biology
1. PCR primers

The different primers used for routine PCR or qPCR/RT-qPCR are listed in Table IL.3.

Table I1.3: List of the different primers used for PCR or qPCR.

Name Target Sequence (5’ to 3°) Reference

142F Zobellia  CCTACTGTGGGATAGCCCAG  Chapter IV

285R Zobellia  GCGGTCTTGGTGAGCCG Chapter IV

289R Zobellia  CATCGCGGTCTTGGTGA Chapter IV

294R Zobellia  CTACCCATCGCGGTCTT Chapter IV

926F Universal AAACTCAAAKGAATTGACGG  (Bacchetti De Gregoris et al., 2011)
1062R Universal CTCACRRCACGAGCTGAC (Bacchetti De Gregoris et al., 2011)
8F Bacteria AGAGTTTGATCCTGGCTCAG  (Edwards et al., 1989)

1492R Universal GGTTACCTTGTTACGACTT (Kane et al., 1993)
S-D-Bact-0341-b-S-17  Bacteria CCTACGGGNGGCWGCAG (Klindworth et al., 2013)
S-D-Bact-0785-a-A-21  Bacteriam  GACTACHVGGGTATCTAATCC (Klindworth et al., 2013)

799F rc Bacteria  CMGGGTATCTAATCCKGTT (Thomas, et al., 2020)

2. RNA extraction (cells from microcosms)

During the exponential phase of the Zobellia galactanivorans Dsij' growth with macroalgae or purified
sugars (Chapter V), 10 ml of culture medium and 2 algal pieces (when applicable) were retrieved on ice
for RNA extraction of the free-living and algae-attached bacteria, respectively. On ice, 0.5 volume of

cold (stored at 4 °C) killing buffer (20 mM Tris-HCI pH 7.5, 5 mM MgCl,, 20 mM NaN3) was
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immediately added to the liquid samples to kill the cells, stop transcription and preserve RNA from
degradation. After centrifugation (3200 g, 10 min, 4 °C), cell pellets were frozen in liquid nitrogen. The
collected algal pieces were washed twice in 1.5 ml of killing buffer:H.O (1:1) in 2 ml eppendorf tubes
(for 1 piece) and tubes were immersed in liquid nitrogen. Samples were stored at -80 °C before further
RNA extraction. For all experiments with RNA, all surfaces were cleaned with RNAseZap (Invitrogen)

to prevent RNA degradation.

a. RNA extraction from free-living bacteria

Free-living bacterial cells were lysed by adding 400 pl of lysis buffer I (4 M guanidine thiocyanate,
25 mM sodium acetate pH 5.2, 5 g.I"" N-laurylsarcosinate) and 500 pl of phenol pH 4 and incubated
5 min at 65 °C (tubes were flipped every minute). After the addition of 500 ul of chloroform:isoamyl
alcohol (IAA) (24:1), tubes were vortexed and centrifuged (16000 g, 10 min, 4 °C). The aqueous phase
was recovered carefully and extraction was repeated with 250 pl of phenol and 250 pl of
chloroform:IAA. Once again, the aqueous phase was recovered and 0.25 volume of 96 % molecular
biology grade ethanol was added drop by drop under agitation to precipitate potential polysaccharide
traces before the addition of 250 pl of phenol and 250 pl of chloroform:IAA. The final aqueous phase
was recovered after vortex and centrifugation and was mixed with 500 pl of chloroform:IAA. After
vortex and centrifugation (16000 g, 10 min, 4 °C), the aqueous phase was mixed with sodium acetate
pH 5.5 (1:10, sodium acetate:sample) and 2.5 volumes (from the recovered sample) of 96 % molecular
biology grade ethanol were added. The solution was incubated at room temperature for 2 h to precipitate
RNA and centrifuged (18000 g, 45 min, 4 °C). Pellets were washed with 500 pl of 70 % molecular
biology grade ethanol, centrifuged (18000 g, 20 min, 4 °C) and air-dried on ice for 1 h under chemical
hood before being resuspended in 30 ul of RNAse-free water. To remove DNA contamination, Turbo
DNase buffer was added (1X final) and extracts were treated 1 h at 37 °C with 2 units of Turbo DNAse
(Thermofisher). RNA was then purified on mini-columns NucleoSpin RNA Clean-up (Macherey-
Nagel) following the manufacturer's instructions. RNA was eluted in 50 pl of nuclease-free water and

stored at -20 °C.

b. RNA extraction from attached bacteria

Two algal pieces were immersed in 2 ml killing buffer:H.O (1:1) in 15 ml Falcon tubes, vortexed 30 sec
and placed 7 min in an ultrasonic bath (Ultrasonic Cleaner, 45kHz, VWR) at room temperature to detach
bacteria from the algal surface. Algae were removed using sterile tweezers, buffer was centrifuged
(12800 g, 5 min, 4 °C) and cell pellets resuspended in 400 pl lysis buffer I. RNA extraction and DNAse
treatment were then performed as described above for the free-living bacteria. To avoid RNA loss on
purification columns, DNAse was inactivated by adding 0.2 volume of DNAse inactivation reagent
(Thermofisher). Tubes were vortexed, incubated 5 min at room temperature, centrifuged (10600 g,

1.5 min) and supernatant was recovered in new tubes. RNA was stored at -20 °C.
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3. Simultaneous DNA/RNA extraction (from environmental samples)

Environmental DNA and RNA from swabs (collection of the algal microbiota, Chapter IV) were
extracted using the DNA/RNA Miniprep kit (ZymoBiomics) following the manufacturer instructions.
Briefly, samples were transferred from DNA/RNA Shield — Lysis Tube to a 2 ml eppendorf and cells
lysed using a TissueLyser II (Qiagen) at maximum speed (5 repetitions of 1 min with 1 min on ice
between each). Tubes were centrifuged (16000 g, 1 min), supernatant transferred in a new tube and one
volume of lysis buffer I was added. Samples were transferred on the provided Spin-Away filter and
centrifuged. DNA binds to the filter while RNA is in the flow-through. The latter was then collected,
mixed with 1 volume of 96 % molecular biology grade ethanol, loaded on the provided Zymo-Spin
HICG column and centrifuged. RNA was treated with DNase I Reaction Mix for 15 min at room
temperature. DNA and RNA were then purified simultaneously, the column matrix was washed twice

and nucleic acids eluted in 50 pul RNase-free water. RNA and DNA were stored at -20 °C.

4. DNA extraction (from environmental samples)

Three different protocols were adapted to extract DNA from each type of sample in Chapter III (algal
pieces, sediment and water). For each cage, five algal pieces (total surface of 13.3 cm?) were incubated
in 4.5 ml of lysis buffer II (750 mM sucrose, 50 mM Tris pH 8, 40 mM EDTA, 14 nM lysozyme) for
45 min at 37 °C. SDS and proteinase K were added to a final concentration of 11.6 mg.ml™" and 230
ug.ml”, respectively, and samples were incubated for 1 h at 55 °C. Nucleic acid extraction was
performed by adding one volume of phenol:chloroform:TAA (25:24:1) to the lysate volume. After
centrifugation (3200 g, 15 min, 19 °C) the aqueous phase was recovered, polysaccharides were
precipitated with 0.3 volume of 96 % molecular biology grade ethanol followed by a new extraction
with phenol:chloroform:IAA. The resulting extracted DNA was purified with the NucleoSpin Plant 11
kit (Macherey Nagel) following the manufacturer's instructions. DNA was eluted in 100 pl of 5 mM
Tris-HCI buffer pH 8.5 and stored at -20 °C.

For water samples, DNA was extracted from Sterivex filters following a similar protocol as used for the
algal samples with addition of 1.5 ml of lysis buffer II to the filter and no precipitation of
polysaccharides. For sediment samples, DNA was extracted from 0.5 g of sediment using the DNeasy
PowerLyzer PowerSoil Kit (Qiagen) according to the manufacturer's instructions, eluted in 100 pl of 10

mM Tris-HCI buffer pH 8.5 and stored at -20 °C.

5. Nucleic acids quantification

DNA and RNA concentrations were measured using a Qubit fluorometer with the dsDNA HS Assay Kit
(or the dsDNA BR Assay Kit depending on the samples) or the RNA HS Assay Kit respectively

(Invitrogen). Axeo/Azso and Azso/A230 ratios were assessed with a Nanodrop.
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The concentration of the DNA from the seasonal sampling (Chapter IV, Part 2) was assessed with the

QuantiFluor dsDNA System (Promega) kit following the manufacturer’s instructions.

6. Check for DNA contamination and RNA integrity

To assess DNA contamination within RNA extracts (from environmental samples [Chapter V] or from
the microcosms [Chapter V]), PCRs were performed. One microliter of sample was added to the PCR
mixture containing 1 pl of each 5 uM primer (8F/1492R [Edwards et al., 1989; Kane ef al., 1993] in
Chapter IV and S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21 [Klindworth et al., 2013] in Chapter
V), 10 ul of Taq 2X Master Mix (BioLabs) and 7 pl of nuclease-free water (final volume 20 pl). The
amplification program consisted of an initial step for template DNA denaturation at 95 °C for 2 min
followed by 30 cycles of 95 °C for 30 s, 53 °C for 30 s for primer annealing and 72 °C for 30 s for DNA
polymerization and then hold at 72 °C for 5 min. PCR products were mixed with 4X loading buffer
(50 % glycerol, 10 mM EDTA, 10 mM Tris-HCl pH 7.6, 1 mg.ml" orange G) and analyzed by
electrophoresis (30 min, 100 V) on 1-2 % agarose gel in 0.5X Tris-Acetate-EDTA buffer containing
ethidium bromide (2 pl for 100 ml). Products were visualized under UV with a transilluminator (Fisher
Bioblock Scientific). Smart Ladder or Small Fragments Smart Ladder (Eurogentec) were used as a

standard.

RNA integrity was assessed (for RNA extracted from the microcosms [Chapter V] and for some
environmental samples from the seasonal sampling [Chapter I[V]) on 1 pul of sample using a Bioanalyzer
2100 system (Agilent Technology) with the Agilent RNA 6000 Pico assay kit. Integrity was considered
satisfying when (i) 2 clear bands corresponding to 16S and 23S rRNA were detected and (ii) no smears,

that would imply RNA degradation, were present.

7. Sequencing of nucleic acids

a. DNA Metabarcoding

Library preparation and sequencing was done for 94 samples (Chapter III) using the Genomer platform
(FR2424) facilities. The concentration of DNA samples was normalized at 0.1 ng.ul". Libraries were
prepared according to the standard Illumina protocol “16S Metagenomic Sequencing Library
Preparation” (Figure 11.4). Briefly, a first amplification step was performed using the primers S-D-
Bact-0341-b-S-17 (5’CCTACGGGNGGCWGCAG3) and 799F rc
(5’CMGGGTATCTAATCCKGTT3’) targeting the V3-V4 regions of the 16S rRNA gene (Thomas et
al., 2020 [Annex 1], primers designed to avoid chloroplast amplification). PCRs were done in duplicate
in a final volume of 25 pl containing 1.25 pl of each primer at 10 uM, 12.5 pl of Master Mix Q5 2X
(BioLabs) and 9 pl of nuclease-free water (Ambion). PCR program was as follows: denaturation for 3

min at 95 °C followed by 25 cycles of 30 sec at 95 °C (denaturation), 30 sec at 58 °C (annealing) and
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30 sec at 72 °C (elongation) and by a final elongation for 5 min at 72 °C. Both duplicates were pooled
and PCR products were analyzed on 1 % agarose gel to check the amplicon size (around 550 bp) before
being purified with AMPure XP beads the to remove all fragments < 100 bp. A second amplification
was carried out from 5 pl of the PCR products in order to attach dual indices and Illumina sequencing
adapters. Indexing PCR was performed in a final volume of 50 pl containing 5 pl of each index, 25 pl
of Master Mix Q5 2X and 10 pl of water. PCR program was as described above but with 8 cycles and a
hybridization temperature set to 55 °C. PCR products were purified as already described and analyzed
on a Bioanalyzer 2100 system (Agilent Technology) with the Agilent DNA 1000 assay protocol for

quality check (expected amplicon expected size is around 630 bp). Each sample was normalized to 1 nM

DNA concentration inng.ul™!

in 10 mM Tris pH 8.5 according to the formula . Libraries were pooled

660g.mol~1 x average library size

(5 pl of each), denatured with 0.2M NaOH and 200 mM Tris pH 7 and diluted to 5 pM following the
“NextSeq System, Denature and Dilute Libraries Guide” in the furnished buffer. The control PhiX
(genomic phage DNA) was added to the library to increase the genetic diversity to a 10 % final
concentration. The library was sequenced on a MiSeq paired-end sequencing run (300 cycles x 2,

[llumina, San Diego, CA, USA) using the MiSeq Reagent Kit v3.

adapter P5 + primer F

V3-V4

1
1
i 777 extracted and purified 16S rDNA
1,
1

primer R + adapter P7

P5 PCR1 (amplification)

V3-V4

P7
PCR2 (indexing)

P5 Index1 rd1PBS V3-V4

Librairy ready for sequencing

P7

rd2 PBS

Figure 11.4: Different steps of the library preparation before MiSeq sequencing. DNA fragment is first amplified with the
specific primers S-D-Bact-0341-b-S-17 and 799F rc flanked with adapters (PCR1). A second PCR is then carried out with
[llumina sequencing primers (rd1/2 PBS) which are flanked with index and Illumina sequencing adapters P5/P7. It enables
dual-indexed sequencing of the pooled library. The adapters will hybridize on the oligonucleotides on the flow cell.

b. RNA sequencing

Paired-end RNA sequencing (RNA-seq) (Chapter V) was performed by the Plateforme de Séquencage
12BC (UMR9198, CNRS, Gif-sur-Yvette) on a NextSeq instrument (Illumina) using the NextSeq
500/550 High Output Kit v2 (75 cycles). As Illumina did no longer supply the [llumina RiboZero rRNA
Removal Kit for Bacteria at that time, rRNA depletion was carried out by mixing probes from the kit

adapted for bacteria to the ones adapted for mammals.
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8. Quantitative PCR (qPCR)

gPCR was carried out in 384-multiwell plates on a LightCycler 480 Instrument II (Roche). Each 5 pl
reaction contained 2.5 pl of LightCycler 480 SYBR Green I Master mix 2X (Roche Applied Science),
0.5 ul of each primer (300 nM final concentration for the universal primers 926F/1062R [Bacchetti De
Gregoris et al., 2011] and for the Zobellia-specific primers described in Chapter IV, Part 1) and 1.5 pl
of template DNA normalized at 0.5 ng.ul". Each reaction was prepared in technical triplicates. The
amplification program consisted of an initial step for template DNA denaturation at 95 °C for 10 min
followed by 45 cycles of 95 °C for 10 s, 20 s at the chosen annealing temperature (60 °C for universal
primers and 64 °C for Zobellia-specific primers), and 72 °C for 10 s for DNA polymerization. SYBR
Green fluorescence was measured after each cycle. After the amplification step, dissociation curves
were generated by measuring SYBR Green fluorescence while increasing the temperature from 65 °C

to 97 °C.

Serial dilutions of purified Zobellia galactanivorans Dsij’ gDNA (prepared as in Gobet et al., 2018)
ranging from 10 to 10® 16S rRNA gene copies were used as a standard curve and were amplified in
triplicate in the same run as the environmental samples. Non-Template Controls (NTC) were included
in the run. The LightCycler 480 Software v1.5 was used to determine the threshold cycle (Ct) for each
sample. Linear standard curves were obtained by plotting Ct as a function of the logarithm of the initial
number of 16S rRNA gene copies. PCR efficiency was calculated as 10~1/5P¢ — 1. Samples with Ct

outside the linear portion of the curve were considered as null.
9. Reverse transcription quantitative PCR (RT-qPCR)

Reverse transcription (RT) was conducted on 1 ng.pul” normalized RNA samples using the ImProm-1II
Reverse Transcription System (Promega). One microliter of provided random hexamer primers was
added to 9.5 ul of sample, the mixture was incubated 5 min at 70 °C for RNA denaturation then cooled
5 min on ice. Samples were mixed with 10.5 pl of the reaction mix (4 pul of 5X Reaction Buffer, 3 pl of
MgCly, 1 pl of ANTP Mix, 0.5 pl of Ribonuclease Inhibitor, 1 pl of Reverse Transcriptase). The random
hexamer primers were bound to the template RNA for 5 min at 25 °C, then the first DNA strand was
extended for 1 h at 42 °C and the reverse transcriptase was heat-inactivated for 15 min at 70 °C. For
each sample, RT reactions were carried out with and without reverse transcriptase. qPCR was conducted
as described above immediately after reverse transcription with 1 pl of 10X diluted cDNA. The number
of 16S rRNA transcript copies obtained without reverse transcriptase was subtracted from the value

obtained with reverse transcriptase to avoid any bias linked to DNA contamination.
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V. Biochemistry
1. Small scale purification

Cell pellets from 5 ml cultures were resuspended on ice in 3 ml of lysis buffer (20 mM Tris-HCI pH 8,
500 mM NaCl, ImM EDTA, 0,1 % Triton) supplemented with 30 ul of 500U.ul"' DNAse I (Interchim)
(5 U.ul final) and transferred to a 5 ml tubes. Cell sonication was performed (6 x 10 sec with at least
1 min on ice between each repetition with an Ultrasonic Processor GE50 (setting 25, amplitude 55)) and
lysis checked under the microscope. After centrifugation (20800 g, 30 min, 4 °C), recombinant soluble
proteins contained in the supernatant were purified on His SpinTrap mini-columns (GE Healthcare)
following the manufacturer instructions. Briefly, proteins were loaded and washed on the mini-columns
with a binding buffer (20 mM Tris-HCI pH 8, 500 mM NaCl, 10 mM imidazole) and eluted in 200 pl
of an elution buffer (20 mM Tris-HCI pH &, 500 mM NaCl, 1 M imidazole). Before enzymatic assays,
imidazole was removed from the enzyme solutions by ultrafiltration on 10 kDa cut-off membrane
(regenerated cellulose membrane [Amicon Ultra, Merck-Millipore] or polyether sulfone membrane

[Pall] for ZGAL 3452) in 20 mM Tris-HCI pH 8, 500 mM NaCl.

2. Large scale purification

Cell pellet(s) (corresponding to 250-750 ml of culture depending on the experiments) were each
resuspended in 10 ml of lysis buffer (20 mM Tris-HCI pH 7.5, 500 mM NaCl, 20 mM imidazole, 5 U.pl"
DNAse I) containing 1 tablet of cOmplete™, EDTA-free Protease Inhibitor Cocktail (Merck) and
pooled. Mechanical lysis was achieved by sonication (Branson Digital Sonifier SFX 250) at 40 % of the
maximal power (5 x 5 sec with 1 min on ice between each repetition, this was done several times until
cell lysis was evidenced under the microscope). The lysate was centrifuged (38800 g, 60 min, 4 °C) and
the supernatant filtered with 0.2 pm syringe filters before being loaded on a 5 ml HisTrap HP column
(GE Healthcare) charged with 0.1 M NiSO4 at 1 ml.min™'. Unbound proteins were eluted by washing
the column with 20 mM Tris-HCI pH 7.5, 500 mM NaCl, 20 mM imidazole until the UV value is
stabilized at the baseline again (approximately 60 ml). Proteins were eluted using a 100 ml linear
gradient of imidazole (20 mM — 1 M in 20 mM Tris-HCI pH 7.5, 500 mM NaCl) at 5 ml.min™". Fractions
showing the presence of the recombinant protein at the expected molecular weight by Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) were pooled. Proteins were concentrated by
ultrafiltration (3200 g) on 10 kDa PES membranes (Pall) and purified by size-exclusion chromatography
in 25 mM Tris-HCI pH7.5, 200 mM NacCl using a column Superdex200, HiL.oad 16/60 (GE Healthcare)

at 1 ml.min™! flow rate.
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3. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE)

Protein fractions were analyzed by SDS-PAGE. Ten microliters of samples were mixed with 2 pl of 6X
loading buffer (360 mM Tris-HCI pH6.8, 45 % glycerol, 9 % SDS, 9 % DTT, 0.12 % Bromophenol
blue) and mixtures were incubated 5 min at 98 °C for protein denaturation. The 12 ul were loaded on
12 % (w/v) polyacrylamide gels (BioRad) and electrophoresis was conducted for 1.25 h at 160 V in 1X
MOPS buffer (6.06 g of Tris, 8.38 g of MOPS and 1 g of SDS). Unstained Precision Plus Protein
Standard (BioRad) was used as a ladder. Gels were stained with 0.1 % Coomassie blue for 30 min and

destained overnight in a mix of 20 % ethanol and 10 % acetic acid.

4. Protein concentration

Protein concentration was measured with a Nanodrop using the extinction molar coefficient and the

molecular weight of each protein (see Table VI.1 in Chapter VI).

5. Oligosaccharide analytical methods
a. Sugar reducing-end assays

One volume of 0.2 um filtered samples (here culture supernatant, see Chapter V) was incubated with 9
volumes of 0.2 % macroalgal polysaccharides at 28 °C overnight to assess the activity of extracellular
polysaccharidases. Incubations were performed in parallel with inactive enzymes (boiled 15 min at
98 °C) as control. The amount of reducing-ends released in the incubation mixture was quantified using
the ferricyanide assay (Kidby and Davidson, 1973). Twenty microliters of 5X ferricyanide (1.5 g
potassium hexacyanoferrate III, 140 g dehydrated sodium carbonate, 25 mM NaOH) was added to 80 pl
of the incubation mixtures in 96-wells microplate (BIOplastics). A standard curve of glucose was
prepared by mixing 20 pl of 5X ferricyanide with 70 pl of milliQ-water and 10 pl of glucose at different
concentrations (0.25-1.5 mM). Plate was agitated 30 s at 1000 rpm (ThermoMixer C, Eppendorf),
incubated 10 min at 98 °C then cooled down 10 min at 4 °C. Each sample was assayed in technical
duplicates. Eighty-five microliters of each well were transferred in a 96-wells microplate (Greiner Bio-
One) and the absorbance was measured at 420 nm using microplate reader (Spark Tecan). The amount
of reducing-ends was estimated in glucose equivalent using the glucose standard curve. For each sample,

the value measured with the boiled enzymes was subtracted.

b. Unsaturated uronic acid assays

Polysaccharide lyases cleave uronic acid-containing polysaccharides via a f-elimination mechanism,
resulting in unsaturated oligomeric products having a double bond at the non-reducing end residue,

which absorb in UV. The lyase activity was then followed in real-time by measuring the increase in
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absorbance at 235 nm (Spark, Tecan) every 30 sec during 20 min (unless stated otherwise). Each
measurement was done in 200 pl in 96-wells microplate (Greiner Bio-One) with substrate concentration

between 0.1-0.2 % and microplate was agitated 5 sec before the first measurement.

c. Fluorophore-Assisted Carbohydrate Electrophoresis (FACE)

Method was adapted from Jackson, 1996. Degradation products (approximately 50 ug of material) were
dried for 2 h in a speed-vacuum centrifuge and dissolved in 2 pl of 0.1 M AMAC (2-aminoacridonein)
in acetic acid:DMSO (3:17, v/v) and 2 pul of 1 M NaBH3CN in DMSO for at least 4 h at 37 °C. The
AMAC-labeled saccharides were dried in vacuum for 1 h, resuspended in 20 pl of 25 % glycerol and
5 ul were loaded on a 0.75 mm polyacrylamide gel composed of a 6 % stacking gel (6 % acrylamide,
0.125 M Tris / 48 mM glycine pH 6.8, 0.17 % APS, 6.7 ng TEMED in water) and a 30 % running gel
(30 % acrylamide, 0.375 M Tris / 48 mM glycine pH 8.8, 0.07 % APS, 6.8 ng TEMED in water).
Electrophoresis was performed at 4 °C (cold room) in 25 mM Tris-HCI pH 8.5, 192 mM glycine for 2 h
at 200 V. Oligosaccharides were visualized under UV with a transilluminator (Fisher Bioblock

Scientific).

d. Carbohydrate-PolyAcrylamide Gel Electrophoresis (C-PAGE)

Method was adapted from Zablackis and Perez, 1990. Five microliters of the enzymatic reaction were
added to 15 pl of 10 % sucrose with 0.01 % phenol red and 5 pl of this mix were loaded on a 0.75 mm
thick polyacrylamide gel composed of a 6.5 % stacking gel (6.5 % acrylamide, 50 mM Tris / 1 mM
EDTA pH 8.7, 0.16 % APS, 6.6 ng TEMED in water) and a 31 % running gel (31 % acrylamide, 50
mM Tris/ 1 mM EDTA pH 8.7, 0.07 % APS, 6.9 ng TEMED in water). Electrophoresis was performed
in 50 mM Tris-HCIl pH 8.7, 1 mM EDTA for 1 h at 200 V. Gels were stained in 5 mg.ml™' of alcian blue
for 10 min. After 2 h destaining in milliQ-water, the gel was soaked in 0.4 % silver nitrate (10 min) and
rinsed 3 times with milliQ-water. Oligosaccharides were revealed by immersing in a solution of
70 mg.ml"' sodium carbonate with 1.6 ul.mI"' formaldehyde. The reaction was stopped by the addition
of 17.5 M acetic acid.

e. Thin Layer Chromatography (TLC)

Two microliters of reaction mixture were spotted on silica gel-60 TLC aluminum plates (Merck).
Migration was performed in acetic acid/ethyl acetate/water (25:31:22; v/v/v) for 50 min in a glass
container. The oligosaccharides were visualized by immersing plates in 0.2 % napthoresorcinol/10 %

sulfuric acid (1:2; v/v) in ethanol, followed by heating on a hot-plate for 10 min.
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f. High Pressure Size Exclusion Chromatography (HPSEC)

HPSEC analyses were carried out by Diane Jouanneau (Station Biologique de Roscoff, UMRS8227,
Centre Commun de Ressources). Filtered samples (100 ul, 0.2 um) were injected on analytical Superdex
200 Increase and Superdex 30 Increase (Cytiva) columns connected in series. The elution was conducted
in 0.1 M LiNO; using an isocratic Thermo Ultimate 3000 pump working at a flow rate of 0.5 ml.min™".
The chromatography experiments were monitored using a Wyatt Optilab Rex refractive index detector.

Chromeleon software (Thermo) was used for data acquisition.

g. Mass spectrometry

Enzymatic incubations performed in 50 mM ammonium bicarbonate pH 7 were sent for Matrix Assisted
Laser Desorption lonisation Mass Spectrometry (MALDI-MS) and Electrospray lonization Mass
Spectrometry (ESI-MS) analyses at the BIBS platform (INRAE, UR 1268, Nantes).

VI. Microscopy

1. Cell fixation

Algal pieces were immersed in 2 % paraformaldehyde (PFA) in 1X PBS (137 mM NaCl, 2mM KCl and
10 mM phosphate buffer) overnight at 4 °C. Fixed samples were washed twice in PBS. Cells from liquid
culture were centrifuged (12800 g, 10 min) and resuspended in 2 % PFA in 1X PBS overnight at 4 °C.
The solution was centrifuged and fixed cell pellets rinsed twice in 1 ml of 1X PBS. All fixed samples
were stored in PBS:EtOH (1:1 v/v) at -20 °C.

2. Fluorescence in situ hybridization (FISH)

All probes, labeled either with the fluorescent dye Atto488 (for the classical protocol, Figure IL5A) or
with Horseradish peroxidase (HRP, for the CARD-FISH protocol, Figure IL5B), and helper
oligonucleotides were resuspended in nuclease-free water and diluted to a working stock concentration
of 8.4 pmol.ul™" (Table I1.4). Probes were ordered from Biomers and helpers from Eurogentec. Active
dye stock solution, HRP-labeled probes, hybridization and amplification buffers and H.O, were stored
at 4 °C. Alexa-labeled probes, DAPI (4',6-diamidino-2-phenylindole) and helpers were stored at -20 °C.
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Figure I1.5: FISH and CARD-FISH principles. Adapted from Amann and Fuchs, 2008. (A) Main steps for fluorescence in
situ hybridization (FISH). FISH principle is based on the use of rRNA-targeted oligonucleotide probes labeled with fluorescent
dyes which allow the detection of a defined group of microorganisms (B) Main steps for catalysed reported deposition—
fluorescence in situ hybridization (CARD-FISH). CARD-FISH is commonly used to enhance the fluorescence signal. In this
case, the probes are not directly labeled with a fluorescent dye but with the horseradish peroxidase enzyme (HRP)
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Table I1.4: List of the probes and helpers used during FISH or CARD-FISH protocols.

Name Target Sequence (5’ to 3°) Reference

ZOB137 Zobellia GGCTATCCCACAGTAGGG Chapter IV

TEN281 Tenacibaculum  CTCAGACCCCCTACCTAT Chapter VII

EUB338 Bacteria GCTGCCTCCCGTAGGAGT (Amann et al., 1990)
EUB338-II Planctomycetes GCAGCCACCCGTAGGTGT (Daims et al., 1999)
EUB-III Verrucomicrobia ~ GCTGCCACCCGTAGGTGT (Daims et al., 1999)
NON338 - ACTCCTACGGGAGGCAGC (Wallner et al., 1993)
H116 (helper) Zobellia GGYAGATYGTATACGCSTTGC  Chapter IV

H155 (helper) Zobellia GTMTTAATCCAAATTTCTCTG  Chapter IV

H176 (helper) Zobellia CACATGGTACCATTTTACGGC  Chapter IV

a. Standard protocol

One microliter of fixed cells was spotted on ten-wells poly-L-lysine glass slides (ThermoScientific), air-
dried and dehydrated 10 sec in successive short ethanol baths (50, 80 and 96 % ethanol). Hybridization
chambers were prepared by placing a piece of paper tissue in a 50 ml Falcon tube and preheating in the
hybridization oven set at 46 °C. Hybridization buffer (0.9 M NaCl, 20 mM Tris-HCI pHS, 0.01 % SDS)
with the adequate formamide concentration (Table I1.5) was mixed (9:1, final volume 2 ml) with the
adequate probe labeled with the fluorochrome Atto488. Five microliters of the working solution were
spotted on each well. The unused hybridization buffer was poured in the hybridization chamber, the
slide was placed in the chamber (above the paper tissue) and incubated horizontally in the hybridization
oven during 2 h at 46 °C. Slides were washed 15 min in preheated washing buffer (0.45 to 0 M NacCl,
1 M Tris-HCI pHS8, 0 to 5 mM EDTA pHS, 0.01 % SDS) at 48 °C (see Table IL5 for washing buffer
composition). Slides were shortly washed in milli-Q water and air-dried. Counter-staining was
performed by covering each well with DAPI (1 pg.mg™") during 10 min in the dark. Excess DAPI was
removed with milli-Q water and the slides were air-dried. One microliter of mounting medium
Citifluor:Vectashield (3:1) was spotted on each well before coverslip capping (Marienfeld).
Fluorescence was observed on a Nikon 501 epifluorescence microscope (filter ET-EGFP (LP)) equipped
with an AxioCam MRc camera (Carl Zeiss, Germany). When fluorescence quantification was needed,
three random images per hybridization were captured and these were analyzed using the Image J
software (Schneider et al., 2012). The three channels (blue, red, green) were split to keep only the green
one (corresponding to Atto488 emission) and the background signal was removed. For each

hybridization, the maximum intensity of 50 bacteria selected by hand was measured.
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Table II.5: FISH hybridization and washing (used for FISH and CARD-FISH) buffers composition according to
formamide concentration.

10% 20% 30% 35% 40% 50% 60% 70%
FISH Hybridization Buffer
SM NaCl (ul) 360 360 360 360 360 360 360 360
1M Tris-HCl pH 8 (ul) 40 40 40 40 40 40 40 40
Formamide (ul) 200 400 600 700 800 1000 1200 1400
MQH,0 (ul) 1400 1200 1000 900 800 600 400 200
10% SDS (pl) 2 2 2 2 2 2 2 2
Washing Buffer (preheated at 48°C)
SM NacCl (ul) 4500 2150 1020 700 460 180 40 0
1M Tris-HCl pH 8 (pl) 1000 1000 1000 1000 1000 1000 1000 1000
0.5 EDTA pH 8 (pl) 0 500 500 500 500 500 500 350
Up to 50 Up to 50 Up to 50 Up to 50 Up to 50 Up to 50 Up to 50 Up to 50

MQH:0 ml ml ml ml ml ml ml ml
10% SDS (pl) 50 50 50 50 50 50 50 50

b. Active dye stock preparation

Dried Alexa Fluor 546 carboxylic acid, succinimidyl ester (Life Technologies) was resuspended in
100 pl of dimethylformamide (DMF) and stored in the dark at room temperature. In parallel, 1 %
tyramine HCI stock solution was freshly prepared in triethylamine:DMF (1:100, v/v). This stock
solution was added to the resuspended dye (0.147 volume of 1 % tyramine HCI for 1 volume of dye).
The mixture was incubated at room temperature in the dark between 6 and 12 h (tube was flipped every
hours) and mixed with 885 pl of 96 % ethanol. The mixture was divided in 50 pl aliquots and the latter
were dried overnight under vacuum. Pellets were stored at -20 °C and resuspended when needed in 50 pl
of 20 mg.ml"' N-isopropylbenzylamine (IPBA) in water to have a 1 mg.ml" active Alexa546 tyramide

stock.

c. Catalyzed reporter deposition — FISH protocol (CARD-FISH)

The protocol was adapted from Pernthaler et al., 2002. Fixed free-living cells stored in PBS:EtOH (1:1)
solution were added in approximately 10 ml of 1X PBS and harvested using a vacuum pump onto a
0.2 um polycarbonate membrane (Whatman) placed on a 0.45 cellulose acetate membrane (Sartorius).
Polycarbonate membrane portions were cut with a sterile scalpel, embedded by dipping in 0.1 % medium
electroendosmosis (ME) agarose (Merck-Millipore) and dried for at least 20 min at 37 °C on parafilm.
They were then dipped briefly in ethanol with increasing concentration (50, 80 and 96 %). Cells were
permeabilized by incubating the membrane portions in lysozyme (10 mg.ml™" in 0.05 M EDTA, 0.1 M
Tris-HCI pHS8 in milli-Q water, 15 min, 37 °C) in Petri dishes. After being washed twice in 50 ml of
milli-Q water, membrane portions were incubated 1 min in 0.1 M HCI followed by 10 min in freshly
prepared 3 % H»O: to inactivate endogenous peroxidases, washed 5 min in 50 ml of 1X PBS and shortly
in 50 ml of milli-Q water. Membrane portions were air-dried on Whatman paper before being dipped in

the preheated hybridization mix (0.9 M NaCl, 20 mM Tris-HCI pHS, 35 % formamide, 1 % blocking
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reagent, 10 % dextran sulfate, 0.02 % SDS, 28 nM probe and each helper if needed) then placed face up
on a parafilm in a Petri dish and totally covered with the mix. Petri dishes were separated by spacers in
a preheated humid chamber with tissue paper soaked with 2 ml of a solution containing 35 % formamide
and 0.9 M NaCl in milli-Q water (see Figure I11.6) and incubated for 2.5 h at 46 °C. Samples were first
washed briefly in preheated washing buffer (70 mM NaCl, 1 M Tris-HCI pH8, 5 mM EDTA, 0.01 %
SDS) to remove the excess of working solution followed by a 15 min incubation in the same buffer at
48 °C and 15 min in 1X PBS. They were air-dried and, as described for the hybridization step, dipped
and covered with a detection solution (1X PBS, 2 M NaCl, 0.1 % blocking reagent, 10 % dextran sulfate,
0.0015 % H,Oz and 1 pg.ml™ of Alexa546 or 488-labeled tyramides) 45 min in humid chamber at 46 °C
for amplification. Membrane portions were washed 10 min in 1X PBS in the dark, twice briefly in 50
ml of milli-Q water and dehydrated in 50 ml of 96% ethanol for 1 min. They were covered with DAPI
(1 pg.mg™) for 10-15 min in the dark on parafilm and then washed briefly twice in milli-Q water and in

96 % ethanol. Slides were mounted once samples were completely dry with Citifluor: Vectashield (3:1).

Petri dishes

Spacers

Tissue soaked with
35% FA and 0.9 M NaCl

Figure I1.6: Humid chamber used for CARD-FISH protocol. Algal samples on slides or alternatively filters on parafilm
were placed on Petri dishes separated by spacers. Tissue was soaked with 2 ml of a solution containing the adequate formamide
percentage (here 35 %) and 0.9 M NaCl in milli-Q water. Spacers were designed for 3D printing by Andreas Ellrott (MPI
Bremen, Molecol team).

Sequential CARD-FISH was carried out to detect simultaneously free-living Zobellia and
Tenacibaculum cells (Chapter VII). A first step of hybridization and amplification was done with the
Zobellia-specific probe and the fluorochrome Alexa546 as described above. HRPs were inactivated just
after the amplification step by dipping the membrane portions in freshly prepared 3 % H,O- for 10 min
followed by washings in 1X PBS, milli-Q water and 96 % ethanol and kept overnight at -20 °C. A
second step of hybridization and amplification with the Tenacibaculum-specific probe and the
fluorochrome Alexa488 was performed in the same way, followed by DAPI counter staining as

described above. Slides were stored at -20 °C.

78



Membrane portions were visualized with a Leica DMi§ epifluorescent microscope equipped with an oil

objective 63X and a Leica DFC3000 G camera (Wetzlar, Germany).

To visualize algal microbiota, algal tissues were directly attached on the slide at the beginning of the
protocol: they were dipped in 0.1% ME agarose, placed on a glass slide and air-dried for > 30 min at
37 °C. Protocol was similar to what was done with filters except that samples were bleached 10 min in
the successive ethanol baths and endogenous peroxidases were inactivated by incubation in 0.15 % H>O;
in methanol (30 min). An area was delimited on the slide with a pap pen around the algal sample to
avoid buffer leakage during hybridization and amplification due to the uneven algal surface. Samples
were visualized with a confocal microscope Leica TCS SP8 equipped with HC PL APO 63x/1.4 oil
objective and K-Cube filters A UV, N2.1 and 13 using the 405, 552 and 488 nm lasers to detect DAPI,
Alexa546 and Alexa488 signal, respectively. Z-stack images were collected (layers of 0.15-0.4 pm

thickness). Cell counts were processed on maximum intensity images with the software Imaris v9.5.1.

VII. Bioinformatics
1. FISH/CARD-FISH probe design

Probes specific to the genera Zobellia and Tenacibaculum were designed (Table 11.4) using the ARB
software (Ludwig et al., 2004;_http://www.arb-home.de). Available 16S rRNA gene sequences from the

targeted groups (45 sequences for Zobellia, 19 for Tenacibaculum) were aligned using SINA v1.6.1 and
added to the Silva reference database (SILVA132 SSURef 12.12.17) in ARB to be included in the
Silva tree. All sequences from the targeted genus were selected for probe search using the PROBE
DESIGN tool with the following parameters: Length of probe: 18, Temperature: 30-100 °C, G+C
content: 50-100 and by adjusting the parameters Max. non-group hits and Min group hits until a probe

with a satisfying coverage was found.

To design a probe specific to the genus Tenacibaculum, all the species belonging to this genus were first
selected to find a specific sequence. Nevertheless, the tool MATCH PROBE in ARB revealed that an
important proportion of other bacteria, especially Polaribacter species, were also detected. On
phylogenetic trees, the type species 7. maritimum seems to cluster apart from the rest of the
Tenacibaculum representatives and is phylogenetically close to Polaribacter. It was then decided to
design two probes: one specific to 7. maritimum (MAR835) and another targeting all the others
Tenacibaculum species (TEN281). This solution showed better in silico results in terms of specificity.

Probe specificity was tested in silico using the SILVA tool TestProbe (https://www.arb-

silva.de/search/testprobe/) against the reference database SILVA 138.1 SSU Ref with 0 mismatch

allowed.
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Three non-labeled helper oligonucleotides (21 nt) were designed to bind adjacent to the ZOB137-target
site in order to enhance the probe signal (see H116, H155 and H176 in Table I1.4).

2. qPCR primer design

Zobellia-specific PCR primer design was done by Frangois Thomas using DECIPHER
(http://www2.decipher.codes/DesignPrimers.html) with 139 aligned 16S rRNA gene sequences from
flavobacteria, including 52 Zobellia strains and 87 sequences representing 23 close genera (see Chapter
IV, part 1). Primers were searched to amplify 75-200 bp products, with DECIPHER default parameters.
The designed sets of primers were tested for specificity against the reference database SILVA 138.1
SSU Ref using SILVA TestPrime (https://www.arb-silva.de/search/testprime/) with 0 mismatch

allowed.

3. Metabarcoding — pre-processing

The following steps were carried out on the computing cluster of the ABiMS platform (FR2424, Station
Biologique de Roscoff), which is part of the Biogenouest core facility network. Raw sequence reads
were trimmed to remove low quality bases and Illumina adapters using Trimmomatic v0.38 with the
following options: ILLUMINACLIP: Adaptaters.fasta:2:30:10 SLIDINGWINDOW:4:25
LEADING:25 TRAILING:25 MINLEN:150 (Bolger et al., 2014). Overlapping paired-end sequence
reads were assembled using PANDAseq v2.11 and assembled sequences between 400 and 500 bp long
were kept (Masella et al., 2012). All the following steps for sequence processing were performed in the
pipeline FROGS (Find Rapidly OTU - Operational Taxonomic Unit - with Galaxy Solution) developed
for the Galaxy platform (http://galaxy3.sb-roscoff.fr, Escudié et al., 2017). Sequences were clustered
into OTUs using SWARM v2 (Mahé et al., 2015), with local clustering threshold d=1. This method

differs from the classical clusterisation method based on a sequence similarity threshold (usually 97 %).
The SWARM method was built to avoid the biases linked to (i) the choice of this similarity threshold
(¢) (which would be too stringent for fast evolving lineages but too relaxed for slow evolving ones) and
(i1) the random selection of a central sequence (red point in Figure II.7A) against which the other
sequences are compared (close sequences might then belong to another OTU, represented by the green
points). With SWARM, a sequence is chosen randomly as the “seed” (red point in Figure IL.7B) of an
OTU and all sequences displaying a number of nucleotide mismatches equal to or less than d (value set
by the user) is added to the OTU and become “sub-seeds”. All the remaining sequences having d or less
mismatch with at least one sub-seed are added to the OTU and so on. When no more sequence can be
added to the OTU, the latter is closed and a new one is created. With this iterative growth process, an
OTU grows to its natural limits and is not dependent of the initial seed selection. Here, the local

clustering threshold d was set to 1. PCR chimera detected with VCHIME from VSEARCH vl1.1.3
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(Rognes et al., 2016) and singletons were filtered out and OTUs were taxonomically assigned using

the RDP classifier (Wang et al., 2007) on the Silva 16S rRNA (v132) database.

B

Figure I1.7: Schematic view of the classical clusterisation method (A) and the SWARM method (B). Adapted from Mahé
etal., 2014.

4. Metabarcoding — downstream analyses

Samples from the bacterial community dataset were rarefied (100 permutations) to 24482 sequences
using the rarefy _even_depth function (phyloseq package) prior to alpha diversity indices calculations.
ANOVA (analysis of variance, aov function) test was conducted to compare diversity indices over time.
When significant ANOVA results were found (p < 0.05), a post-hoc Tukey HSD (TukeyHSD function)
test was calculated and p-values were corrected using the Benjamini-Hochberg method. Dissimilarities
in community structure were calculated using the Bray—Curtis dissimilarity index (ordinate function)
before non-metric multidimensional scaling (NMDS). Permutational analysis of variance
(PERMANOVA, 999 permutations) was used using the adonis function to discriminate groups of
samples according to time or type of compartment (algae, sediment, seawater). Mean dispersions within
the compartments were performed with the betadisper function (999 permutations). Contextual
parameters measurements were fitted onto the NMDS using the envfit function. The above multivariate
and statistical analyses were carried out using the packages phyloseq, vegan, ggplot and EcolUtils on
the R software v3.5.0 (Wickham, 2009; Mcmurdie and Holmes, 2013; Oksanen et al., 2013; R Core
Team, 2018). Differential sequence abundance analysis through time was performed at the OTU level
using the generalized linear model (GLM) test with the ALDEx2 R package (Fernandes ef al., 2014).

To build association networks, extended Local Similarity Analysis (eLSA v1.0.4) (Xia et al., 2011) was
performed on a dataset comprising the contextual metadata and the relative sequence abundance of
OTUs. A delay of one time point was allowed for temporal associations. P-values were estimated using
the permutation method, with 1000 permutations. Q-values were estimated to control false positives.
Default eLSA parameters were used otherwise. The network was visualized and analyzed in Cytoscape

v3.3.0 (Shannon et al., 2003). Only associations with |LS| > 0.5, Q <0.05 and P <0.001 were represented
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with the "edge-weighted, spring-embedded layout" (nodes are strongly repelled or attracted as a function
of their LS value; spring strength = 50, spring rest length = 100, strength of disconnected spring = 0.05,
rest length of disconnected spring = 500, and strength to avoid collisions = 500). Clusters were detected
using the MCODE algorithm (Bader and Hogue, 2003) with "hair" and "fluff" options and otherwise
default parameters.

Ecologically relevant functions were predicted were made using the FAPROTAX v1.2.2 database and
script (Louca et al., 2016) against the rarefied OTUs dataset with the assigned taxonomy. In addition,
the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2
v2.1.4) pipeline (Douglas et al., 2020) was run with the default parameters (except min_reads set to 5)
to get metagenome predictions for EC numbers. Functions and enzymes with differential sequence

abundance over time were assessed by calculating p-value of the GLM test with ALDEXx2.

5. RNAseq — pre-processing

Demultiplexed and adapter-trimmed reads provided by the sequencing platform were processed with
the Galaxy platform (https://galaxy.sb-roscoff.fr). Trimmomatic (Galaxy Version 0.38.0) was used to
perform quality filtering of the reads (SLIDINGWINDOW:4:20 LEADING:3 TRAILING:3
AVGQUAL:25 MINLEN:20). Reads quality was checked using multigc v1.7 (Ewels et al., 2016) on

the ABiMS computing cluster. Transcript quantification was done using the pseudo-mapper Salmon
(Patro et al., 2017, Galaxy Version 0.8.2) with the Z. galactanivorans Dsij' reference genome (retrieved

from the MicroScope platform [https://mage.genoscope.cns.fr/] “zobellia gal DsiJT v2”; Refseq

NC _015844.1) and the following parameters: Type of index: quasi, Perfect Hash: False, Suffix Array:1
and the default advanced parameters. Raw counts for individual samples were merged into a single
expression matrix for downstream analysis.

rRNA content was assessed using SortMeRNA (Galaxy Version 2.1b.4) with default parameters.
Cleaned reads were also mapped on the Z. galactanivorans Dsij" reference genome using Bowtie2
(Langmead and Salzberg, 2012; Galaxy Version 2.3.2.2) with the following parameters:
Minimum/Maximum fragment length for paired-end alignment:50/500, Mate orientation: fr, selection

of the simple very sensitive end-to-end mode.

6. RNAseq — downstream analyses

All downstream analyses were conducted in R v3.6.2 (R Core Team, 2018). Principal component
analysis was performed using the DESeq2 v1.26.0 package (Love et al., 2014) after rlog transformation.
Differential abundance analyses were also carried out with this package and genes displaying a log?2
fold change |log2FC| > 2 and a Bonferroni-adjusted p-value < 0.05 were considered to be significantly
differentially expressed. The upset plot was done using the ComplexUpset package (Lex et al., 2014;

Krassowski, 2020). Hierarchical clustering was performed using the Aclust function with the Ward’s
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minimum variance method (Murtagh and Legendre, 2014). All graphics were made with the ggplot2
package (Wickham, 2016).

7. Comparative genomics

The number of glycoside hydrolases, polysaccharide lyases, carbohydrate esterases and sulfatases
present in the genome of the different Zobellia spp. was searched using the dbCAN database on the
MicroScope platform. Homologs were searched for genes of interest using synteny results in

MicroScope with a 50 % identity and a 80 % alignment coverage cutoff.
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Chapter I11I:

Bacterial community dynamics
during kelp degradation
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Résumé du chapitre

Les macroalgues sont des producteurs primaires majoritaires des écosystémes cotiers. Parmi celles-ci,
les laminaires, de grandes algues brunes formant d’importantes foréts sous-marines, peuplent
abondamment les écosystémes cotiers tempérés. Une partie de cette biomasse est réguliérement arrachée
ou sectionnée lors de tempétes ou suivant le cycle de vie des algues et peut s’échouer en grande quantité
dans des zones subtidales voisines, créant ainsi de nouvelles niches écologiques par un apport
considérable de matiére organique. Il est alors intéressant d’un point de vue écologique, d’évaluer
I’impact d’une telle accumulation de matiére organique et de sa dégradation sur 1’écosystéme. La
dégradation de cette biomasse et sa réinjection dans les réseaux trophiques supérieurs dépendent
essentiellement de I'action des bactéries marines hétérotrophes. L’objectif de cette étude est donc
d’évaluer I’impact de cette accumulation de matiére organique sur la dynamique des communautés
bactériennes afin de mettre en lumiére les différentes stratégies écologiques mises en ceuvre au cours de
sa dégradation.

Ce travail a été mené en collaboration avec 1’équipe Ecogéochimie et Fonctionnement des Ecosystémes
Benthiques de la Station Biologique de Roscoff qui a mis en place une expérimentation in sifu ayant
pour but de mimer ce phénoméne d’accumulation de macroalgues observé aprés des tempétes (de
Bettignies et al., 2020). Des cages contenant des morceaux d’algues ont ét¢ immergées a 10 meétres de
profondeur et échantillonnées a intervalles réguliers pendant 6 mois afin de suivre le devenir des algues
en dégradation. A chaque temps d'échantillonnage, des prélévements d’algues, de sédiments et d’eau
environnante ont été récupérés afin de caractériser les variations de diversité, de composition et de
structure des communautés bactériennes dans ces différents compartiments via une approche de
metabarcoding du géne de ’ARN 16S.

Une forte succession a été observée au sein des communautés épiphytes et se décline en deux phases.
Lors des 6 premiéres semaines, les algues détachées ont été principalement colonisées par des bactéries
connues comme spécialistes de 1’utilisation de polysaccharides complexes (Bacteroidia). Apres 11
semaines, d’autres bactéries se sont installées, notamment des Actinobacteria. Elles pourraient étre des
bactéries opportunistes, profitant des composés plus simples libérés lors de la dégradation algale par les
premiéres bactéries spécialistes. Par ailleurs, cette accumulation de laminaires a également montré un
impact sur les communautés bactériennes du sédiment sous-jacent, favorisant notamment la croissance
de bactéries anaérobies (vivant sans oxygene).

Les résultats obtenus fournissent ainsi des informations sur la composition du microbiote associés aux
algues en décomposition, qui reste encore peu étudié, et témoignent de 1’importance des bactéries
marines hétérotrophes dans le recyclage de la biomasse algale. Les différentes phases de succession
observées suggérent ’utilisation de différents types de substrats au sein des communautés et met ainsi

en lumicre de potentielles interactions coopératives entre les groupes fonctionnels.
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Au sein de ce chapitre, j’ai réalisé les expérimentations et participé aux analyses des données et a
I’écriture de ’article avec Frangois Thomas et Angélique Gobet. Nolwen Le Duff a effectué les mesures
de qPCR sur les différents échantillons. Ces résultats ont été publiés en début d’année 2021 dans le

journal Environmental Microbiology.
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Summary

Kelps are dominant primary producers in temperate
coastal ecosystems. Large amounts of kelp biomass
can be exported to the seafloor during the algal
growth cycle or following storms, creating new eco-
logical niches for the associated microbiota. Here,
we investigated the bacterial community associated
with the kelp Laminaria hyperborea during its accu-
mulation and degradation on the seafloor. Kelp tis-
sue, seawater and sediment were sampled during a
6-month in situ experiment simulating kelp detritus
accumulation. Evaluation of the epiphytic bacterial
community abundance, structure, taxonomic compo-
sition and predicted functional profiles evidenced a
biphasic succession. Initially, dominant genera
(Hellea, Litorimonas, Granulosicoccus) showed a
rapid and drastic decrease in sequence abundance,
probably outcompeted by algal polysaccharide-
degraders such as Bacteroidia members which
responded within 4 weeks. Acidimicrobiia, especially
members of the Sva0996 marine group, colonized the
degrading kelp biomass after 11 weeks. These
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secondary colonizers could act as opportunistic
scavenger bacteria assimilating substrates exposed
by early degraders. In parallel, kelp accumulation
modified bacterial communities in the underlying
sediment, notably favouring anaerobic taxa poten-
tially involved in the sulfur and nitrogen cycles. Over-
all, this study provides insights into the bacterial
degradation of algal biomass in situ, an important
link in coastal trophic chains.

Introduction

Brown macroalgae of the order Laminariales, collec-
tively known as kelps, are crucial foundation species
that thrive in coastal regions of temperate and Arctic
seas worldwide. Kelps feature some of the highest
growth rates and primary productivity on the planet
(Mann, 1973). Kelp biomass thus represents an abun-
dant standing stock of organic matter, primarily com-
posed of polysaccharides and proteins that account for
ca. 50% and 3%—15% of the dry weight, respectively
(Kloareg and Quatrano, 1988; Fleurence, 1999). Up to
82% of the kelp primary production can be exported as
dissolved or particulate organic matter to the shores or
neighbouring intertidal, subtidal and benthic zones
(Krumhans| and Scheibling, 2012). This may be due to
the drift of naturally detached old blades as well as the
fragmentation or dislodging of kelps caused by hydrody-
namic forces such as strong storm events (Krumhansl
and Scheibling, 2012; de Bettignies et al., 2015;
Krause-Jensen and Duarte, 2016). This massive input
of organic matter can strongly influence the stranding
ecosystems, creating new niches for meiofauna and
microorganisms (Duarte and Cebrian, 1996). This is
particularly relevant in benthic subtidal habitats where
sediments are otherwise devoid of kelps. The turnover
of algal biomass largely depends on bacterial degrada-
tion processes (Mann, 1982; Newell et al., 1982) and is
influenced by several physico-chemical parameters. For
example, small fragments are degraded faster, and
degradation is favoured when temperature and hydro-
dynamics increase (Krumhansl and Scheibling, 2012).

© 2021 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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Live macroalgae host diverse and abundant bacterial
communities (Burke et al., 2011), with about 10° to 10°
bacterial cells.em™ on algal surfaces (Martin
et al., 2014). Bacteria play an important role in algal
health and physiology: they can provide vitamins to the
host, defend the host against pathogens via antibiotic
production, or degrade algal tissues (Egan et al., 2013,
2014; Minich et al., 2018). Epiphytic bacterial communi-
ties have been thoroughly characterized for an increasing
number of kelp species and generally comprise large pro-
portions of Alphaproteobacteria, Gammaproteobacteria,
Bacteroidetes, Verrucomicrobia and Planctomycetes
(Bengtsson and @vreas, 2010; Lemay et al., 2018). Stud-
ies further revealed that kelp epiphytic communities are
stable over large spatial scales (Marzinelli et al., 2015),
can be species-specific (Lemay et al., 2018), depend on
the age of algal tissues (Weigel and Pfister, 2019;
Ramirez-Puebla et al., 2020) and follow reproducible sea-
sonal successions that may be explained by water tem-
perature (Bengtsson et al., 2010; Minich et al., 2018). In
addition, physiological parameters varying at the algal
surface may impact communities. Oxygen release by the
alga can promote the growth of aerobic bacteria but also
harm epiphytic bacteria by producing reactive oxygen
species (ROS) (Goecke et al., 2010; Egan et al., 2013).
Kelps may also control resident or pathogenic microor-
ganisms by secreting secondary metabolites such as
halogenated compounds (Egan et al., 2014). In contrast
to epiphytic communities on intact macroalgae, the spe-
cific bacterial communities colonizing detached kelps and
their succession are still understudied. Total microflora
has been determined essentially from kelp detritus
stranded on intertidal areas (Koop et al., 1982; Bouvy
et al., 1986; Delille and Perret, 1991). Even less informa-
tion is available on the taxonomy, function and succes-
sion of bacterial communities colonizing large submersed
accumulations of kelp fragments on benthic subtidal habi-
tats. Furthermore, kelp accumulation and degradation
processes are also expected to influence sediment com-
munities, which are known to harbour contrasted and
more diverse microbial communities compared to the
overlying water column (Gobet et al., 2012).

We previously reported an experimental approach to
mimic dislodgement and accumulation of the kelp Lami-
naria hyperborea on a subtidal sandy bottom ecosystem
of the north-western coast of Brittany, France
(de Bettignies et al., 2020). We showed that algal bio-
mass decomposition started after 2 weeks and reached a
critical step after 11 weeks, with an increase in respira-
tion rate and phlorotannin content. After 24 weeks, 85%
of the algal biomass was lost. Using samples collected
during the same experiment, we investigated here the
changes in bacterial community abundance and compo-
sition and predicted functions associated with the in situ

degradation of the kelp biomass over 6 months, in four
compartments: L. hyperborea’s tissues, sediments
directly underneath the experimental cages (hereafter
‘underlying sediment’), control sediments 2 m away from
the cages and devoid of kelp tissues (hereafter ‘external
sediment’), and the overlying seawater 1 m above the
cages. We tested the following hypotheses: (i) the bacte-
rial diversity and community structure are specific to a
given compartment; (ii) there is a succession of different
bacterial groups associated with the degradation of
L. hyperborea’s tissues; and (iii) bacterial communities in
the underlying sediment are affected by the degrading
kelp tissues and different from the external sediment.

Results

Fluctuations and diversity patterns of the bacterial
community during kelp degradation

The characteristics of the 92 samples analysed in this study
are listed in the Supporting Information Table S1. Total bac-
terial abundance was estimated by quantitative PCR in
each compartment using 16S rRNA gene copy number as
a proxy. The average number of 16S rRNA gene copies
on kelp surfaces was initially 2.27 x 10® copies.cm™.
Considering an average of four copies of 16S rRNA gene
per bacterial cell (Vetrovsky and Baldrian, 2013), it corre-
sponds to ca. 6 x 107 cells.cm™. It decreased significantly
to 5.65 x 107 copies.cm™ (ca. 1.4 x 107 cells.cm™) dur-
ing the first 2 weeks and remained stable afterwards [anal-
ysis of variance (ANOVA), F7;i6 =7.37, P <0.001;
Fig. 1A]. Over the 6 months, 16S rRNA gene copy number
significantly increased in the surrounding seawater
(ANOVA, F7 16 = 4.02, P = 0.010), the underlying sediment
(ANOVA F7 15 =3.83, P =0.012) and to a lesser extent in
the external sediment (ANOVA F7.4 =4.32, P =0.010)
(Fig. 1B and C). Notably, the number of 16S rRNA gene
copies was similar between the two sediment compart-
ments the first 2 weeks, but the increase tended to be
stronger in the underlying sediment (4.6-fold change
between 0 and 24 weeks) than in the external sediment
(1.7-fold change).

Alpha-diversity indices were two to three times higher
in sediment samples compared to kelp-associated and
water column samples (Fig. 1D and F; Supporting Infor-
mation Fig. S1). The OTU richness and the Shannon
index from kelp-associated samples increased signifi-
cantly in the first 11 weeks (OTU richness from 351-493
to 2090-2312, Shannon index from 2.4-3.1 to 5.4-5.6;
ANOVA, F;45 =44.68, P <0.001 and F715 =54.78,
P < 0.001, respectively) before reaching a plateau. Bac-
terial diversity slightly increased in the water column
throughout the experiment (ANOVA, F;is =48.73,
P =0.001 for OTU richness and F7 16 = 62.50, P = 0.001
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Fig 1. Abundance and diversity estimates of the bacterial community in the four compartments. Fluctuation of bacterial 16S rRNA gene copy
number in the kelp-associated (A), the water column (B), and the underlying and the external sediment (C) compartments, and of the Shannon
index in the kelp-associated (D), the water column (E), and the underlying and the external sediment (F) compartments during the degradation of
L. hyperborea. ANOVA analysis was conducted to compare diversity indices over time. When significant ANOVA results were found (P < 0.05),
a post hoc Tukey HSD test was calculated. Accordingly, different letters indicate significant differences between sampling dates. Values are
mean + standard deviation (n = 3, except n = 2 at 0 week in kelp-associated and 11 weeks in external sediment for Shannon index and at 2 and

11 weeks in external sediment for 16S rRNA copy number).

for Shannon index) while it stayed stable in the underly-
ing and the external sediment samples (P > 0.05). Fur-
ther, sample compartment showed a strong impact on
the bacterial community structure (permutational analysis
of variance PERMANOVA, F3g4 =35.77, P <0.001,
Fig. 2A). Pairwise comparisons showed significant dis-
similarites between each compartment (P =0.001),
although less pronounced between external and underly-
ing sediments (Supporting Information Table S2). A
higher dispersion was visible on the principal coordinates
analysis (PCoA) within the algal samples (mean disper-
sion: 0.60) compared to the other compartments (seawa-
ter 0.55, underlying sediment 0.56, external sediment
0.53; P < 0.001). Only 1 946 OTUs, i.e. 2.2% of the total
number of OTUs were shared between the four compart-
ments (Fig. 2B). The sequences contained in this core
set of OTUs are present in different proportions of the
complete dataset in each compartment, they represented
12% of the sequence abundance in kelp-associated sam-
ples, 17% in seawater, 12% in underlying sediment and
7% in external sediment. In contrast, 58.2% (51 344

OTUs) of the total number of OTUs were specific to a
given compartment, but they represented only 10% of the
total number of sequences in the dataset.

Succession of epiphytic bacteria on kelp tissues

The structure of the kelp-associated bacterial community
was impacted by the elapsed degradation time
(PERMANOVA, F7 45 = 6.33, P = 0.001), showing distinct
groups for freshly detached kelps (week 0) and samples
collected between weeks 2-6 or 11-24 (Fig. 3A).
Pairwise ANOVA comparisons confirmed that samples
from weeks 2-6 significantly differed from samples from
weeks 11-24 (F4 19 = 13.46, P = 0.003). Although visible
on the ordination plot, the difference between samples
from week 0 and the other groups could not be reliably
tested due to one missing sample. Constrained ordina-
tion using distance-based redundancy analysis (db-RDA)
showed that four environmental parameters were signifi-
cant explanatory variables, namely remaining biomass
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Fig 2. Bacterial community structure in
the four compartments during the deg-
radation of detached L. hyperborea.
A. Two-dimensional representation of
a PCoA calculated from the Bray—
Curtis dissimilarity index. The plot rep-
resents samples from all time points.
B. Proportion of OTUs unique to one
compartment or shared between com-
partments, calculated from the total
number of 88 194 OTUs in the
dataset.
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(F115 =11.09, P =0.001), respiration (Fy15 =6.35,
P =0.001), temperature (F;15 =3.80, P =0.002) and
light (F1 15 = 2.39, P = 0.025).

To further understand these patterns of the community
structure, we investigated fluctuations of bacterial taxo-
nomic groups at the kelp surface. The epiphytic commu-
nity of freshly detached kelps was dominated by
Alphaproteobacteria and Gammaproteobacteria
(ca. 62% and 32% of all sequences at week 0, respec-
tively), while other classes represented less than 3%
(Fig. 3B). In particular, 83% of the sequences retrieved

External Sediment

% of total OTUs

! 28%

14.4%

0%

from kelp-associated samples at week 0 belonged to only
10 OTUs, with four of them assigned to Litorimonas and
three to Hellea (Supporting Information Fig. S2). The in
situ degradation of kelp biomass was associated with a
succession pattern in the taxonomic composition of the
epiphytic community (Fig. 3B; Supporting Information
Fig. S2). Alphaproteobacteria remained the most abun-
dant class throughout the experiment, although their con-
tribution started decreasing after 4 weeks and reached
40% after 24 weeks. The proportion of Bacteroidia
increased early on from 2.5% at week 2 to 14.6% after
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24 weeks. Acidimicrobiia were rare (<0.5%) until week
6 but increased afterwards, peaking at 22% relative
sequence abundance at week 20. The contribution of
Deltaproteobacteria increased slightly from the initial
sampling date (0.6%) to week 11 (3.2%) and stayed sta-
ble afterwards. This pattern differed from the one
observed in the surrounding seawater (Supporting Infor-
mation Fig. S3A), where a seasonal increase of
Gammaproteobacteria during summer (weeks 11-15)
coincided with a decrease of Alphaproteobacteria and
Bacteroidia.

A differential abundance test detected 249 OTUs
(i.e. 1.8% of the total OTUs) for which the relative
sequence abundance significantly changed with kelp deg-
radation time (P < 0.05) (Supporting Information Table S3).
For clarity, we only display in Fig. 3C the 54 differential
OTUs that represent =1.5% of the total community in at
least one sample. Among these, seven OTUs affiliated to
Granulosicoccus (Gammaproteobacteria) and Litorimonas
and Hellea (Alphaproteobacteria) were abundant at the
beginning of the experiment and decreased over time
(Tukey; P < 0.001 between week 0 and 2). This decrease
was particularly drastic for OTU10 (Granulosicoccus) and
OTU14 (Hellea), which accounted for 25.4% and 22.5% at
week 0 and only 0.03% and 1.1% after 24 weeks respec-
tively (P <0.001). The sequence abundance of
18 Alphaproteobacteria OTUs out of the 32 represented in
Fig. 3C increased during the first 4 weeks of the experi-
ment and then decreased. The sequence abundance of
8 out of 14 Gammaproteobacteria OTUs, including mem-
bers of Cellvibrionales, Ectothiorhodospirales and the
KI89A clade, increased after 11 weeks of degradation. In
particular, one OTU related to Thiohalophilus (OTU22)
peaked at 7% mean relative sequence abundance at week
20. The sequence abundance of four OTUs related to the
Sva0996 marine group (Microtrichales, Acidimicrobiia)
showed an important increase between 6 and 11 weeks of
experiment (P = 0.003). The most abundant one (OTU16)
represented 0.1% of the communities after 6 weeks
vs. 5.6% after 6 months. Finally, 14% (35/249) of the differ-
ential OTUs belonged to Bacteroidia (Supporting Informa-
tion Table S3) but are not represented in Fig. 3C since
they did not pass the 1.5% abundance threshold we chose
for clarity.

We built a correlation network of the kelp-associated
bacterial communities to search for potential associations
(Fig. 4). The final network comprised 134 nodes and
572 edges. Sixty-seven percent of the associations were
positive, including those with a maximum delay of one
sampling date (384 and 188 positive and negative asso-
ciations, respectively). Among the 10 contextual variables
included in the dataset, eight showed significant associa-
tions within the network. The variables with the most
associations were ‘Temperature’ (23 significant edges),

“C/N" (22 significant edges) and ‘Respiration’ (19 signifi-
cant edges) (Supporting Information Fig. S4). Most posi-
tive associations of OTU relative sequence abundance to
respiration and C/N ratio were delayed. Community respi-
ration was negatively correlated with algal biomass, indi-
cating that the bulk of oxygen consumption did not come
from algal respiration. Instead, respiration was positively
correlated with temperature, which is expected to
increase bacterial activity. Eight clusters were detected in
the network (Supporting Information Table S4), which
might represent strong microbial associations, i.e. nodes
that are highly connected to each other but weakly con-
nected to nodes outside of their module. In particular, the
two strongest clusters 1 and 2 comprised 66% of the
nodes in the network (Fig. 4, inset) and were almost
mutually exclusive, suggesting they denote two different
communities during the bacterial succession. Most
OTUs from cluster 2 showed a major change in their rel-
ative sequence abundance during the first 6 weeks
(Supporting Information Fig. S5). This suggests that
cluster 2 represents associations occurring early during
the bacterial succession. Seventy-five percent of these
OTUs from cluster 2 belonged to Alphaproteobacteria
(Supporting Information Table S5). None of these OTUs
had significant associations to environmental parameters
(Fig. 4). In contrast, OTUs from cluster 1 were more
diverse (Supporting Information Table S5), significantly
associated with a number of environmental parameters
(Fig. 4) and showed a later response (Supporting Infor-
mation Fig. S6). Only four OTUs were shared between
clusters 1 and 2 (Fig. 4, inset, nodes in crimson colour),
including OTU923 (Arenicella, Gammaproteobacteria),
OTU190 (Saprospiraceae, Bacteroidia), OTU5587
(Hellea, Alphaproteobacteria) and OTU361 (Litorimonas,
Alphaproteobacteria). These shared OTUs showed the
highest closeness centrality (a measure indicating the
distance of a node to all other nodes) of the entire net-
work (CC > 0.4) and might therefore act as hubs con-
necting the two types of communities found in clusters
1 and 2.

Putative functional profiles were inferred from 16S
rRNA data using FAPROTAX for the kelp-associated
communities (Fig. 5), leading to the assignation of 3 753
OTUs to at least one functional group (31.4% of all
OTUs). The predicted abundance of functional groups
involved in aerobic chemoheterotrophy and the oxidation
of sulfur compounds increased from 2 weeks on before a
slight decrease at 11 weeks. Moreover, predicted groups
involved in fermentation and nitrate reduction were virtu-
ally absent initially (< 18 and 28 estimated sequence read
counts, respectively) and more represented during the
degradation (55-997 and 177-899 estimated sequence
read counts, respectively). Since sugars constitute a
major part of algal biomass, we specifically assessed the
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(NSTI) was 0.21 +0.03. NSTI estimates the extent to
which microorganisms in a given sample are related to

sequenced genomes used to infer metagenomes and

ranges from O

(high similarity) to 1 (no similarity). The rel-

atively high NSTI values obtained here denote that few
genomes of kelp-associated bacteria are available yet,
and that predictions should be interpreted carefully. The
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predicted relative sequence abundance of endolytic
enzymes such as cellulase and endo-1,4-p-xylanase
decreased over time (Supporting Information Fig. S7). In
contrast, the predicted relative sequence abundance of
several exolytic GHs increased significantly with elapsed
time of degradation, either at an early stage, from
2 weeks (i.e. a-glucosidase, a-galactosidase and p-man-
nosidase) or later, after 6 weeks (i.e. a-amylase, 4-o-D-
{(1- > 4)-a-p-Glc}trehalose trehalohydrolase, «-man-
nosidase) .

Effect of algal degradation on sediment bacterial
communities

We further focused on the effect of kelp accumulation on
sediment bacterial communities of the receiving ecosys-
tem. Beta-diversity analysis of the underlying sediment
samples showed an effect of the elapsed degradation
time on the bacterial community structure (Fig. 6A)
(PERMANOVA, F7: =2.10, P <0.001). Constrained
ordination using db-RDA showed that three environmental

parameters were significant explanatory variables, namely
remaining biomass (Fy 16 =4.53, P =0.001), respiration
(F116 =1.97, P =0.009) and temperature (F;4¢ = 1.95,
P =0.012). Sediment communities were initially dominated
by Gammaproteobacteria and Bacteroidia (about 36%
and 23% of all sequences at week O, respectively)
(Fig. 6B). Only ca. 9.5% of OTUs present in the underlying
or external sediments were shared with the algal epiphytic
microbiota (Fig. 2B). The abundance of these OTUs in
the sediments and in the kelp-associated compartments
represented 22.3% and 20.8% of the overall sequence
abundance, respectively. Bacterial communities in exter-
nal sediments were stable with a slight increase of
Bacteroidia during kelp degradation (Supporting Informa-
tion Fig. S3B), while changes were more pronounced in
the underlying sediment (Fig. 6B). Furthermore, about
40% of the OTUs detected in the underlying sediments
(containing 13% of the number of sequences in the
underlying sediments) were not found in the external sed-
iments (Fig. 2B). In underlying sediments, the sequence
relative abundance of Gammaproteobacteria decreased
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Fig 6. Fluctuations of bacterial community structure in the sediment underlying L. hyperborea during its degradation. A. db-RDA plot with vectors
representing significant contextual predictors. Samples from the same sampling date are connected by coloured segments. B. Relative abun-
dance of bacterial classes in underlying sediment samples during the 6 month-experiment. Sequence relative abundances of classes rep-
resenting less than 0.5% of all sequences at each sampling time were summed into the ‘Other’ category. Values are mean + standard deviation
(n = 3). C. Relative abundance of differentially abundant OTUs in the underlying sediment during the experiment. OTUs showing significant differ-
ential abundance (P < 0.05) and representing at least 0.5% of the sequences in at least one sample are shown. OTUs were annotated at the
genus level. For unclassified genera, taxa were assigned to the lowest taxonomic level identified. OTUs were grouped by class and order. Epsil:
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until week 6, reaching 22% before an increase at 31%
and stabilization around 27%. This was different from
external sediments, where Gammaproteobacteria gradually
decreased to 27% until week 15. The sequence relative
abundance of Bacteroidia increased rapidly in underlying

sediments, peaking at about 40% after 6 weeks before
stabilization around 31%. This increase was less pro-
nounced in external sediments. The relative sequence
abundance of Alphaproteobacteria in underlying sedi-
ments slightly decreased from about 14% at week 0 to
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10% at week 24, while it stayed stable in external sedi-
ments. Deltaproteobacteria were enriched along the time
course, representing about 9% of the total sequence relative
abundance at week 0 and reaching 15% and 11% at week
24 in underlying and external sediments, respectively. Differ-
ential abundance analysis detected 177 OTUs (i.e. 0.3% of
the total number of OTUs) for which the relative sequence
abundance significantly changed in the underlying sediment
during kelp degradation (P < 0.05), while 27 were detected
in external sediments (Supporting Information Table S6 and
S7). Among these, only 11 OTUs affiliated with Bacteroidia,
Deltaproteobacteria and Gammaproteobacteria were found
to significantly vary with time in both underlying and external
sediments (Supporting Information Fig. S8). For consis-
tency, we applied the same filter to differential OTUs in
underlying sediment than that used for kelp-associated sam-
ples (>1.5% relative abundance in at least one sample), but
only seven OTUs passed this criteria. Consequently, we
lowered the cut-off at 0.5% to show 35 differential OTUs
(Fig. 6C). The sequence abundance of the 35 represented
OTUs stayed generally stable during the first 2 weeks. The
sequence abundance of 16 members of Bacteroidales and
Flavobacteriales (Bacteroidia) as well as two Clostridiales
(Clostridia) and two Rhodobacterales (Alphaproteobacteria)
increased between 0 and 4 weeks (Tukey; P =0.015,
P =0.005, P =0.010, respectively) and decreased after-
wards (P =0.001, P =0.044, P =0.037 between 6 and
24 weeks, respectively). Five Desulfobacterales OTUs
(Deltaproteobacteria) increased between 0 and 6 weeks
(P =0.015) and two Sulfurovum OTUs (Campylobacteria)
increased between 0 and 15 weeks (P = 0.011).

Putative functional profiles were inferred for underlying
sediment communities (Fig. 5). The 10 657 OTUs were
assigned to at least one functional group (24.5%). The
predicted abundance of functional groups involved in aer-
obic chemoheterotrophy, nitrogen cycle and fermentation
increased during the first 4 weeks and remained stable
afterwards. In contrast, sulfate-reducing functional groups
increased throughout the degradation process. The
predicted sequence abundance of the sulfate respiration
group increased 10 times over 24 weeks.

Discussion

In temperate coastal ecosystems, large amounts of kelp
tissues are exported to the seafloor naturally or following
seasonal storms. To investigate the degradation dynam-
ics and the effect of kelp tissue accumulation on receiv-
ing ecosystems, a 6-month experiment was deployed on
a low subtidal sandy floor. Here, we investigated the bac-
terial community succession associated with the degra-
dation of L. hyperborea tissue accumulated on the
seafloor in four compartments: the degrading kelp, the
seawater, the underlying and the external sediment.

Microbial communities are specific to a given
compartment

Bacterial diversity patterns showed specific communities
and succession in the four compartments. In particular,
half of the kelp-associated OTUs were not detected in
any other compartment. This observation was expected
as each compartment features contrasting biotic and abi-
otic conditions. The kelp surface is an interface between
the alga and its surrounding environment where specific
metabolic exchanges occur (e.g. defence, biofilm con-
trol). This is an organic-rich environment, ideal for
copiotrophs but with high competition between microor-
ganisms for surface colonization, which might select for
K-strategists (Andrews and Harris, 1986; Fierer
et al., 2007). In contrast, the water column is more
substrate-depleted, which may select for oligotrophs and
K-strategists. Finally, sediments concentrate decaying
organic matter, available for r-strategist copiotrophs, and
oxygen availability as well as chemical conditions varying
with depth offer multiple microniches. This likely explains
the higher diversity with various microbial life strategy-
types in this compartment compared to kelp-associated
and seawater samples. Overall, bacterial diversity was
not strongly impacted in the seawater and external sedi-
ments during the 6-month period, pointing to a local effect
of kelp accumulation. Indeed, constant water renewal
due to tides and currents likely dilutes the compounds lib-
erated upon degradation (Masson, 2002). In the following
paragraphs, we focus on the major changes observed in
kelp-associated and underlying sediment communities.

Bacterial communities associated with healthy kelp
tissue

Throughout the experiment, kelp-associated bacterial
communities were dominated by Alphaproteobacteria
and Gammaproteobacteria. These bacterial classes are
regularly found among the most abundant on brown algal
tissue (Lachnit et al., 2011; Stratil et al., 2013; Martin
et al., 2015; Ramirez-Puebla et al., 2020). At the initial
sampling date, in April 2017, the surface of fresh
L. hyperborea hosted an abundant resident bacterial
community, concurring with previous studies showing
10°%-10° cells.cm™ on kelp surfaces (Corre and
Prieur, 1990; Martin et al., 2014). The initial community
had a low diversity and was dominated by a few OTUs
affiliated to Granulosicoccus (Gammaproteobacteria),
Hellea and Litorimonas (Alphaproteobacteria). These
genera were always present in the epiphytic community
of L. hyperborea and were previously detected on other
brown algae such as Macrocystis pyrifera (Florez
et al., 2019), Taonia atomaria (Paix et al., 2019), Fucus
vesiculosus (Lachnit et al., 2011; Stratil et al., 2013), and
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L. digitata (Gobet, personal communication). We
detected < 1% Planctomycetia and Verrucomicrobia in
the initial communities. This contrasts with previous stud-
ies using fluorescent in situ hybridization and denaturing
gel gradient electrophoresis where these taxa contributed
up to 50% of epiphytic bacteria on L. hyperborea at the
Norwegian coast (Bengtsson and Ovreas, 2010;
Bengtsson et al., 2010). This discrepancy may be due to
(i) ecological differences between Norway and Brittany
coasts, (ii) seasonal variations and (iii) the technique
used to survey the microbial community (Zinger
et al., 2012). The primer used for our metabarcoding
approach, designed to minimize amplification of plastid
sequences, may partly miss Planctomycetia and Ver-
rucomicrobia (Thomas et al., 2020).

Dynamics of bacterial communities at the surface of
degrading kelp tissues

The kelp-associated bacterial community shifted after
2 weeks. 16S rRNA gene copies decreased fourfold and
stayed stable during the 6 months. This could reflect both
a decrease in the total number of bacteria attached to the
kelp surface and a shift towards taxa featuring fewer 16S
rBRNA gene copies per genome such as Acidobacteria
(Vetrovsky and Baldrian, 2013). Analysis of kelp-
associated community composition further showed a
biphasic succession, with changes during the first
11 weeks followed by stabilization of the bacterial com-
munity composition until 24 weeks. This corroborates the
kinetics of algal biomass degradation (de Bettignies
et al., 2020), which showed a rapid loss of algal biomass
until week 11 that slowed down until week 24. During the
6-month experiment, oxygen consumption increased in
cages while algal biomass decreased. Although this
could partially be due to colonization by fauna
(de Bettignies et al., 2020), it likely indicates the impor-
tant contribution of kelp-degrading bacteria to the
holobiont respiration (here, the kelp host and its associ-
ated fauna and microbiota) (de Bettignies et al., 2020).
Overall, we suggest that the observed changes in kelp-
associated bacterial communities result from a succes-
sion of heterotrophic taxa with different substrate niches,
as previously observed for the degradation of terrestrial
plant biomass (Jiménez et al., 2017) and marine polysac-
charide particles (Enke et al., 2019). During the first
phase, kelp biomass was colonized by bacteria special-
ized in the degradation of complex algal polysaccharides
and exudates. This corroborates results we previously
obtained, showing an increase of mannitol- and alginate-
utilizing bacteria between 0 and 2 weeks (de Bettignies
et al., 2020). The activity of these early degraders likely
opened new substrate niches and increased the accessi-
bility for opportunistic scavenger bacteria that responded

Kelp-degrading bacterial communities 11

during the second phase. Some of these changes might
be partly due to seasonal variations that would also occur
on intact, non-detached algal tissue. This is suggested by
the significant effect of temperature and light found with
db-RDA and the number of associations between individ-
ual OTUs and temperature in the network. Previous stud-
ies showed that seasonal parameters influence brown
algal microbiomes, notably increasing temperature that can
favour the growth of Flavobacteriales, Rhodobacterales
and Rhizobiales (Stratil et al., 2013; Minich et al., 2018). In
addition, the observed increase in OTU richness is stron-
ger than what was previously measured on kelps due to
seasons (Weigel and Pfister, 2019) tissue aging
(Bengtsson et al., 2012) or temperature elevation (Minich
et al., 2018), suggesting a combined effect of degradation
and seasonal variations. Furthermore, kelp defence reac-
tions in early time points (e.g. emission of reactive oxygen
species and halogenated compounds) that occur in stress
situations such as blade detachment, cutting, displacement
and degradation (Cosse et al., 2007) may select for a
resistant fraction of the resident bacterial community. The
control exerted by living kelps on biofilm formation through
surface metabolites (Bengtsson et al., 2012; Salalin
et al., 2012) might also be relaxed during algal decay, pos-
sibly explaining some of the observed changes.

During the first phase of the succession (06 weeks),
the diversity of the kelp-associated community increased,
due to a decrease in the abundance of initially dominant
OTUs affiliated to Litorimonas, Hellea and Granu-
losicoccus. These genera were reported as primary sur-
face colonizers (Dang and Lovell, 2016; Ramirez-Puebla
et al., 2020) but might be outcompeted by specialist algae-
degraders. In parallel, a number of OTUs that were initially
absent or rare at the kelp surface showed a transient
increase in abundance during the first 6 weeks of degra-
dation, including Alphaproteobacteria (e.g. Fretibacter,
Hellea, unclassified Rhizobiaceae, Octadecabacter,
Sulftobacter, Tateyamaria, Altererythrobacter) and
Gammaproteobacteria (e.g. Paraglaciecola, unclassified
Ectothiorhodospiraceae). The same changes were not
detected in the surrounding seawater, suggesting that they
result more from an enrichment of initially rare taxa at the
kelp surface than from a colonization by free-living bacte-
ria. The rapid and transient enrichment of these bacteria
on detached blades might be due to their capacity to
assimilate low-molecular weight algal compounds. For
instance, a study on the Fucus spiralis microbiota showed
that Sulfitobacter and Octadecabacter isolates were able
to grow on mannitol (Dogs et al., 2017), a brown algal
polyol whose exudation is enhanced upon stress such as
blade damage. Members of the genus Tateyamaria, previ-
ously found on kelp (Bengtsson et al., 2012), can use the
brown algal storage compound Ilaminarin (Sass
et al., 2010). The first phase of the succession was also
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characterized by a global increase in the relative
sequence abundance of numerous Bacteroidia OTUs
which individually represented a low proportion of the
microbiota, and stayed stable afterwards. Bacteroidia are
commonly known as particle-associated taxa (Thiele
et al., 2015) and positively respond to an input of marine
polysaccharides (Wietz et al., 2015; Balmonte et al., 2018,
2019; Enke et al., 2019). In particular, members of the
family Flavobacteriaceae are specialized in the degrada-
tion of algal biomass (Thomas et al., 2011; Teeling
et al., 2012). Flavobacteriaceae are known to colonize
algal surfaces and form biofilms (Mann et al., 2013) and to
possess numerous polysaccharide utilization loci (PULSs)
(Grondin et al., 2017) that encode a great number and
diversity of carbohydrate-active enzymes for the break-
down of algal polysaccharides, together with regulators
and transporters. Genomes of marine flavobacteria fre-
quently feature PULs predicted to be involved in the deg-
radation of brown algal polysaccharides such as alginate,
laminarin and fucoidan (Barbeyron et al., 2016;
Kappelmann et al., 2019). Notably, the PUL dedicated to
alginate, the most abundant polysaccharide in kelps, was
biochemically characterized and shown to account for the
full substrate degradation into simple sugars (Thomas
et al., 2012; Dudek et al, 2020). Therefore, the
Bacteroidia detected here on detached kelps likely con-
tributed to the decomposition of the algal biomass.

During the second phase of the succession (11—
24 weeks), kelp-associated bacterial community was the
most diverse, suggesting that new niches were available
for bacterial colonization. The most striking observation is
the enrichment in Acidimicrobiia, mainly due to OTUs
related to the Sva0996 marine group. This group may be
ubiquitous as it was previously detected on the brown
macroalgae Taonia atomaria (Paix et al., 2019) and
L. digitata (Gobet, personal communication), as well as
sponges and ascidians (Steinert et al., 2015; Verhoeven
et al., 2017; Dat et al., 2018), in deep marine sediments
(Chen et al., 2016) and in the water column of oligotro-
phic environments (Reintjes et al., 2019). Little is known
about the Sva0996 marine group, except its ability to use
phytoplankton-derived dissolved proteins and potential
importance in the dissolved organic nitrogen cycle (Orsi
et al., 2016). Here, the enrichment in Sva0996-affiliated
bacteria during the second phase of kelp degradation could
suggest a liberation of soluble material from the kelp tissue.
The second phase of the succession was also character-
ized by an enrichment in several gammaproteobacterial
OTUs. The increase in Cellvibrionaceae might reflect their
ability to use complex polysaccharides as those found in
kelp biomass, a widespread trait in the family (Spring
et al., 2015). Also increasing after 11 weeks, OTUs affili-
ated to the clades KI89A and BD1-7 belong to the oligotro-
phic marine Gammaproteobacteria (OMG) group (Cho and

Giovannoni, 2004; Spring et al., 2015). Although more typi-
cal of oligotrophic environments, these clades were previ-
ously found on brown macroalgae (Dittami et al., 2016;
Paix et al., 2019). Their increase in relative abundance
towards the end of the 6-month period might reflect a sea-
sonal effect, as previously observed in coastal marine
bacterioplankton whereby an OTU affiliated to the KI89A
clade was more abundant during the summer (Alonso-Saez
et al., 2015). Finally, the strong increase observed for an
OTU related to Thiohalophilus, a sulfur-oxidizing
chemolithoautotrophic gammaproteobacteria, could result
from a boosted sulfur cycle in the underlying sediment (see
next section).

Effect of kelp degradation on sediment communities

Bacterial diversity in sediments was higher and stable
throughout the experiment compared to algal surfaces and
water samples. This likely reflects the complexity of the
sediment environment, that receives organic deposits all
year-round and offers contrasted microscale niches
(Boudreau et al., 2001; de Beer et al., 2005; Ettinger
et al., 2017). Comparisons of underlying and external sedi-
ments indicate that algal degradation had mostly a local
effect directly underneath the accumulated kelps. The low
proportion of OTUs shared between kelp-associated and
underlying sediment communities suggests that this
change in community composition is not due to a direct
transfer of OTUs from algae, but to a change of environ-
mental conditions linked to kelp accumulation and degra-
dation. Indeed, in the underlying sediment, there was a
shift in abundance between the two most abundant bacte-
rial classes, with the Gammaproteobacteria decreasing in
sequence relative abundance untili week 6 and the
Bacteroidia increasing and remaining the most abundant
group until 24 weeks. As stated in the section above, bac-
teria from the class Bacteroidia such as the
Flavobacteriaceae are involved in degradation of complex
molecules such as algal polysaccharides. This taxonomic
group is likely enriched in the underlying sediment through
the experiment as fragments of degrading algal tissue are
continuously deposited onto the seafloor. Both the limited
oxygen diffusion due to kelp accumulation and the activity
of aerobic degrading bacteria are expected to rapidly
deplete O, in underlying sediments. Accordingly, differen-
tial sequence abundance analyses and functional predic-
tions indicated an increase of taxa involved in sulfur and
nitrogen cycles, as well as fermentation. Although some of
these changes might partially be due to seasonal varia-
tions (Gobet et al., 2012; Marchant et al., 2014), our data
showed a significant effect of algal accumulation since
early changes (2—4 weeks) were not seen in external sedi-
ments. Further, during tissue degradation, there was an
increase in Deltaproteobacteria, a group regularly found in
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temperate coastal sediment and known for sulfate and
nitrate reduction (MuBmann et al., 2005). Sulfate reduction
is one of the most common anaerobic degradation path-
ways for organic matter in marine sediments (Wasmund
et al., 2017). Subsequently, several OTUs related to
Desulfobacterales and Clostridiales were enriched during
the degradation. Members of these orders are well-known
sulfate reducers and are frequently detected in temperate
marine sediments rich in organic matter (Muyzer and
Stams, 2008; Gobet et al., 2012; Mahmoudi et al., 2015;
Ettinger et al., 2017). Desulfobacterales feature metaboli-
cally versatile and larger genomes than other sulfate-
reducing bacteria (SRB), which might allow a faster
response to organic matter inputs (Strittmatter
et al., 2009). OTUs related to Arcobacter and Sulfurovum
were also enriched in underlying sediments during the
degradation. These genera can oxidize reduced sulfur
compounds produced by SRB (e.g. H.S, thiosulfate) back
to sulfate, therefore completing the sulfur cycle (Wasmund
et al., 2017). Furthermore, FAPROTAX analysis showed a
functional enrichment of nitrate reduction pathways. Nitrate
reducers use either denitrification to N, or dissimilatory
nitrate reduction to ammonium (DNRA). Here, the massive
input of organic matter and probable increase in sediment
sulfide concentrations due to SRB enrichment would be
expected to favour DNRA (Burgin and Hamilton, 2007;
Hardison et al., 2015). Therefore, we can speculate that
kelp degradation allows retaining nitrogen inputs as bio-
available ammonium instead of loss as N,. Similar to
these results, a recent study (Aires et al., 2019) also
showed that additions of red or green algal biomass
(Gracilaria vermiculophylla or Ulva rigida, respectively)
strongly favoured Desulfobacterales, Bacteroidales,
Clostridiales and Campylobacterales. Therefore, at the
order level changes in sediment bacterial communities
due to seaweed accumulation do not appear to be specific
to the type of algae.

Conclusion

In conclusion, following kelp detachment and accumula-
tion on the seafloor, the structure and composition of the
epiphytic bacterial community shifted, showing a biphasic
succession of early degraders and secondary colonizers
that might exploit different substrate niches. Besides this
direct effect on kelp-associated bacteria, we also
evidenced changes in the underlying sediments, showing
that kelp accumulation likely has a global effect on the
microbial communities of receiving ecosystems. This
work paves the way for future studies investigating the
functional determinants, mechanisms and bacterial inter-
actions of the epiphytic microbiota during the kelp break-
down process.

Kelp-degrading bacterial communities 13
Experimental procedures
In situ experiment and sampling procedure

The in situ experiment was conducted from April 2017 to
October 2017 in the bay of Morlaix (48°42’33.78” N,
003°57’12.36” W) on the north-western coast of Brittany
(France) and detailed elsewhere (de Bettignies
et al., 2020). Briefly, cages were randomly filled with 1 kg
of new blades from young healthy adult L. hyperborea
sporophytes (140-200 cm). A total of 35 cages were set
at 9 m depth on a sandy floor to simulate an accumula-
tion of kelp fragments. Three cages were randomly
selected at each of eight sampling times (0, 2, 4, 6,
11, 15, 20, 24 weeks) to sample algal surfaces, underly-
ing and external sediments and overlying water as fol-
lows. Ten algal pieces of 1.3 cm diameter were
subsampled from each cage using a sterilized stainless
steel punch. The surface sediments (0—4 cm depth)
directly below each cage (‘underlying sediment’) or 2 m
away from the cages (‘external sediment’) were sampled
in sterile plastic containers. ‘Initial sediment’ was col-
lected immediately prior to the cages set-up. Three litres
of the overlying water (1 m above the cages) were taken
using Niskin bottles. Triplicates of 1 | were prefiltered at
3 pm to remove large particles and then filtered through a
0.2 pm Sterivex filter (Merck, Darmstadt, Germany). All
samples were stored at —80°C before DNA extraction.
Measurements of contextual parameters related to
physico-chemical conditions (temperature, light, percent
organic matter in sediment) and state of the kelp tissue
(remaining biomass, oxygen consumption, photosynthetic
capacity, carbon/nitrogen ratio, phlorotannin content)
were detailed elsewhere (de Bettignies et al., 2020) and
summarized in the Supporting Information text. The list of
samples and contextual parameters is available in the
Supporting Information Table S1.

DNA extraction. We adapted a protocol for DNA extrac-
tion from the algal surface. Algal pieces were immersed
in a bacterial lysis buffer, without previous grinding of the
tissues to prevent extraction of endophytic bacteria and
algal plastids while efficiently lyzing epiphytic bacteria.
After incubation, algal pieces were discarded and DNA
was extracted only from the soluble lysate using a phe-
nol:chloroform:isoamyl alcohol extraction combined with
filtration steps of the NucleoSpin Plantll kit (Macherey
Nagel, Hoerdt, France). For water samples, DNA was
extracted from the 0.2 pm filters following a similar proto-
col as used for the algal samples. For sediment samples,
DNA was extracted from 0.5 g of sediment using the
DNeasy  PowerLyzer  PowerSoil Kit  (Qiagen,
Courtaboeuf, France). For further details, please see the
Supporting Information text.
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16S rRNA gene copies quantification. The total number
of bacterial 16S rRNA gene copies in each sample was
assessed by quantitative real-time PCR as described
previously (Bacchetti De Gregoris et al., 2011), using the
universal primers 926F/1062R. This primer pair has a
predicted coverage of 55% for chloroplast-derived 16S
rRNA genes (Silva Testprime on SSU r138.1). Therefore,
we cannot exclude that a small proportion of quantified
16S rRNA gene copies originates from chloroplasts.
Amplification and detection were performed in a Lig-
htCycler 480 Instrument Il. For each sample, triplicate
reactions were prepared as described in the Supporting
Information text. Serial dilutions of purified bacterial geno-
mic DNA ranging from 10° to 10® 16S rRNA gene copies
equivalent were used as a standard curve and were
amplified in triplicate in the same run as the environmen-
tal samples. A non-template control was included in the
run. Results were analysed using the LightCycler
480 Software v1.5. One-way ANOVA analyses followed
by pairwise post-hoc Tukey HSD were conducted with
time as fixed factor, individually for each compartment.
Details on qPCR assays are given in the Supporting
Information Table S8, following the MIQE guidelines
(Bustin et al., 2009).

Library  preparation, sequencing and sequence
processing. As a positive control, we constructed a mock
community based on the genomic DNA of 32 pure marine
bacterial isolates as reported previously (Thomas
et al., 2020). Libraries were prepared for the 94 samples
(24 algal samples, 24 water samples, 3 initial sediment
samples, 21 underlying sediment samples, 20 external
sediment samples, one mock community and one nega-
tive control (PCR molecular grade water)). Libraries were
prepared using the primers S-D-Bact-0341-b-S-17 (5’
CCTACGGGNGGCWGCAG 3) and 799F_rc (5
CMGGGTATCTAATCCKGTT 3') targeting the V3-V4
region of the 16S rRNA gene and sequenced on a MiSeq
paired-end sequencing run (300 cycles x 2, lllumina, San
Diego, CA, USA) as described previously (Thomas
et al., 2020). 16S rRNA gene amplicon sequences are
available at NCBI under BioProject ID PRJNA667331.
Raw lllumina sequence reads were trimmed to remove
low-quality bases and lllumina adapters using
Trimmomatic v0.38 (Bolger, Lohse and Usadel, 2014, for
details see Supporting Information text). Overlapping
paired-end sequence reads were assembled using PAN-
DAseq v2.11 and assembled sequences between
400 and 500 bp long were kept (Masella et al., 2012). All
the following steps for sequence processing were per-
formed using the sequence processing pipeline FROGS
(Find Rapidly OTU with Galaxy Solution) developed for
the Galaxy platform (http://galaxy3.sb-roscoff.fr, Escudié
et al., 2018). Sequences were clustered into OTUs using

SWARM v2 (Mahé et al., 2014). PCR chimera and sin-
gletons were filtered out and OTUs were taxonomically
assigned using the RDP classifier (Wang et al., 2007) on
the Silva 16S rRNA (v132) database.

Multivariate and statistical analyses. Prior to further anal-
ysis, one kelp-associated sample from week 0 (AA-T0-C2
in the Supporting Information Table S1) was removed from
the dataset due to its poor sequencing depth (3 302
sequences) compared to other samples (range
24 482—123 368 sequences). Samples from the bacterial
community dataset were rarefied (100 permutations) to
24 482 sequences prior to OTU richness and Shannon
diversity index calculation. Dissimilarities in community
structure were calculated using the Bray—Curtis dissimilar-
ity index (Bray and Curtis, 1957) before principal coordi-
nate analysis (PCoA). Permutational analysis of variance
(PERMANOVA, 999 permutations) was applied using ado-
nis to discriminate groups of samples according to time or
type of compartment (Anderson, 2001), followed by multi-
variate pairwise comparisons using pairwise.perm.man-
ova. Mean dispersions within the compartments were
calculated using betadisper (999 permutations). The effect
of environmental factors on kelp-associated and underly-
ing sediment communities were assessed using distance-
based redundancy analysis (db-RDA) (Legendre and
Andersson, 1999) with capscale function followed by
ANOVA. Environmental factors were log10-transformed
prior to this analysis. Only significant environmental factors
were selected for db-RDA visualization (ANOVA,
P < 0.05). The above multivariate and statistical analyses
were performed in R v3.5.0 with the packages phyloseq,
vegan, ggplot and EcolUtils (Wickham, 2009; Mcmurdie
and Holmes, 2013; Oksanen et al., 2013; R Core
Team, 2018). Differential sequence abundance analysis
through time was performed at the OTU level for kelp-
associated and underlying sediment communities using
the GLM test with the ALDEx2 R package (Fernandes
et al.,, 2014). The variation of selected differential OTUs
through time was further tested using ANOVA followed by
Tukey HSD post hoc test.

An association network was built for kelp-associated
bacterial communities. Extended Local Similarity Analysis
(eLSA v1.0.4) (Xia et al., 2011) was performed on a
dataset comprising 10 contextual parameters (eight envi-
ronmental factors and two bacterial diversity measures)
and the relative sequence abundance of OTUs found in
at least 19 samples (135 OTUs). This prevalence filter
was set according to recommendations in Réttjers and
Faust (2018). A delay of one sampling date was allowed
for temporal associations. P-values were estimated using
the permutation method, with 1 000 permutations. Q-
values were estimated to control for false positives.
Default eLSA parameters were used otherwise. The
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network was visualized in Cytoscape v3.3.0 (Shannon
et al., 2003). Only associations with [LS| = 0.5, Q <0.05
and P < 0.001 were represented with the ‘edge-weighted,
spring-embedded layout’ (nodes are strongly repelled or
attracted as a function of their LS value; spring
strength = 50, spring rest length = 100, strength of dis-
connected spring = 0.05, rest length of disconnected
spring = 500, and strength to avoid collisions = 500).
Clusters were detected using the MCODE algorithm
(Bader and Hogue, 2003) with ‘haircut’ and “fluff’ options
and otherwise default parameters.

Functional profiles for kelp-associated and underlying
sediment communities were inferred using the FAPROTAX
v1.2.2 database and script (Louca et al., 2016) against the
rarefied OTU dataset with the assigned taxonomy. In addi-
tion, PICRUSt2 v2.1.4 (Douglas et al., 2020) was run with
the default parameters (except min_reads set to 5) to get
metagenome predictions for EC numbers. Differences in
sequence abundance of functional groups and enzymes
over time were assessed using the GLM test with ALDEx2.
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Accumulation of detached kelp biomass in a subtidal temperate coastal ecosystem induces
succession of epiphytic and sediment bacterial communities.
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SUPPLEMENTARY MATERIAL

Supplementary Methods

Measurements of contextual parameters

Detailed procedures are described in (de Bettignies, Dauby, Thomas, et al., 2020). Water temperature, light
intensity and water motion were measured continuously during the experiment using sensors. Community
respiration was measured by measuring oxygen consumption from each cage, during in situ incubations in
benthic chambers. Further analyses of the cage content were performed in the laboratory. The remaining
kelp biomass was estimated by dividing the final wet mass by the initial wet mass measured at the beginning
of the experiment. Phlorotannins were extracted in a 70% ethanol buffer (pH 2.6) and quantified using a
modified Folin-Ciocalteu method. C:N mass ratio of the tissues was determined on an elemental analyser
(Flash EA1112, ThermoScientific) coupled to an isotope ratio mass spectrometer (IRMS Delta plus,
ThermoScientific) via a gas interface (Conflo III, ThermoScientific). In vivo chlorophyll a fluorescence of
photosystem II (PSII) was measured using a fluorometer (Diving-PAM; Heinz Walz, Effeltrich, Germany)
to assess the photosynthetic capacity of the tissues (expressed as quantum efficiency of PSII (Fv/Fm)). The
proportion of organic matter in sediment was determined by measuring the weight loss from dry sediment
samples (48h at 60°C) when ignited at 500°C for 6 h.

DNA extraction

Three different protocols were adapted to extract DNA from each type of sample (algal pieces, sediment
and water). For each cage, five algal pieces (total surface of 13.3 cm?) were incubated in 4.5 ml of lysis
buffer (750 mM Sucrose, 50 mM TRIS pH 8, 40 mM EDTA, 0,014 mM lysozyme) for 45 min at 37°C.
SDS and proteinase K were added to a final concentration of 11.6 mg.ml™" and 230 pg.ml”, respectively,
and samples were incubated for 1 h at 55°C. Nucleic acid extraction was performed by adding one volume
of phenol:chloroform:isoamyl alcohol (25:24:1) to the lysate volume. After centrifugation (4500 rpm, 15
min, 19°C) the aqueous phase was recovered, polysaccharides were precipitated with 0.3 volume of 96%
ethanol followed by a new extraction with phenol:chloroform:isoamyl alcohol. The resulting extracted
DNA was purified with the NucleoSpin Plant II kit (Macherey Nagel) following the manufacturer's
instructions. DNA was eluted in 100 pl of 5 mM Tris/HCI buffer pH 8.5. For water samples, DNA was
extracted from Sterivex filters following a similar protocol as used for the algal samples with addition of
1.5 ml of lysis buffer to the filter and no precipitation of polysaccharides. For sediment samples, DNA was
extracted from 0.5 g of sediment using the DNeasy PowerLyzer PowerSoil Kit (Qiagen) according to the
manufacturer's instructions, and eluted in 100 pl of 10 mM Tris/HCI buffer pH 8.5.

16S rRNA copies quantification

The total number of bacterial 16S rRNA copies in each sample was assessed by quantitative real-time PCR
using the universal primers 926F/1062R (Bacchetti De Gregoris et al., 2011). Amplification and detection
were carried out in a 384-multiwell plate on a LightCycler 480 Instrument II. Each reaction was conducted
in technical triplicate for each sample with 2.5 pl of the LightCycler 480 SYBR Green I Master mix 2X
(Roche Applied Science), 0.5 pl of each primers (3 uM), 0.5 ul of 10X TBT-PAR additive (1.5 M Trehalose,
2 mg.ml" Invitrogen BSA UltraPure, 2% Tween-20, 17 mM Tris-HCI pH8) (Samarakoon ef al., 2013) and
1 pl of DNA template normalized at 0.01 ng.ul" for a final volume of 5 pl per reaction. The targeted 16S
rRNA gene sequence was amplified with an initial hold of 95°C for 10 min followed by 45 cycles of 95°C
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for 10 s, 60°C for 20 s, and 72°C for 10 s. After the amplification step, dissociation curves were generated
by increasing the temperature from 65°C to 97°C. Serial dilutions of Zobellia galactanivorans Dsij"
purified genomic DNA ranging from 10° to 10* 16S rRNA gene copies equivalent were used as a standard
curve and were amplified in triplicate in the same run as the environmental samples. A Non-Template
Control (NTC) was included in the run. The LightCycler 480 Software (version 1.5) was used to visualize
the results and determine the threshold cycle of each sample. The resulting standard curves were analyzed
to assess the amplification efficiency and to calculate the linear regression between the threshold cycle and
the number of 16S rRNA gene copies. ANOVA analyses were conducted to assess differences between
samples, followed by a post-hoc Tukey HSD test for pairwise comparisons. Details on qPCR assays are
given in Table S8, following the MIQE guidelines (Bustin ef al., 2009).

Library preparation and sequencing

The concentration of DNA samples was normalized at 0.1 ng.ul’’. As a positive control, we constructed a
mock community based on the genomic DNA of 32 pure marine bacterial isolates as reported previously
(Thomas et al., 2020). Libraries were prepared in parallel for the 94 samples (24 algal samples, 24 water
samples, 3 initial sediments, 21 underlying sediment, 20 external sediment, one mock community and one
negative control (PCR grade water)). Library were prepared using the primers S-D-Bact-0341-b-S-17 (5°
CCTACGGGNGGCWGCAG 3’) and 799F rc (5 CMGGGTATCTAATCCKGTT 3’) and sequenced on
a MiSeq paired-end sequencing run (300 cycles x 2) as described previously (Thomas ef al., 2020).

Sequence filtering and taxonomic assignation

Raw sequence reads were trimmed to remove low quality bases and Illumina adapters using Trimmomatic
v0.38 with the following options: ILLUMINACLIP:Adaptaters.fasta:2:30:10 SLIDINGWINDOW:4:25
LEADING:25 TRAILING:25 MINLEN:150 (Bolger et al., 2014). Overlapping paired-end sequence reads
were assembled using PANDAseq v2.11 and assembled sequences between 400 and 500 bp long were kept
(Masella et al., 2012). All the following steps for sequence processing were performed in the pipeline
FROGS (Find Rapidly OTU with Galaxy Solution) developed for the Galaxy platform (http://galaxy3.sb-
roscoff.fr, Escudié et al., 2017). Sequences were clustered into OTUs using SWARM v2 (Mahé et al.,
2015), with local clustering threshold d=1. PCR chimera detected with VCHIME from VSEARCH v1.1.3
(Rognes et al., 2016) and singletons were filtered out and OTUs were taxonomically assigned using
the RDP classifier (Wang et al., 2007) on the Silva 16S rRNA (v132) database.
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Supplementary tables

Supplementary table 1: Characteristics of the 92 samples collected and analyzed in the study. Sample AA_T0_C2 was removed from the sequence analysis due to a low number of sequences. DNA yield after extraction, 168 rRNA gene copy number, sequence abundance and OTU numbers of the non-rarefied dataset and
PICRUSt weighted NSTI are mentioned for cach sample, as well as measurements of the 10 contextual parameters used in the study, including 2 alpha diversity indices (OTU numbers afier rarefaction and Shannon index) and 8 environmental factors. OM: Organic Matter; WW: wet weight; DW: dry weight. C/N ratio: carbon to
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swmp Seavatr S052017 h 09 o.535407 247 169 16 s64 138 127 o was s er NA
W B Seavatr snoin i 129 L11Es09 2536 1507 a7 o s 0 or 1593 i w9 162s NA
SWTEES Seamater saon i 24 S7E108 Sas4 1697 " 99 Lis 380 0159y s w9 162s A
swTim Seavatr sno17 i 3 119809 o 1 16 o 1 0 e NA
SWTs 2 Seavatr 017 s w01 696408 2 2008 si 22 19 51 o e w2 s 0o NA
SWTS b Seavatr S2017 s 158 a21ms08 2050 1947 50 252 17 51 om aeas 2 sz 202 NA
WS ¢ Seavatr S2017 5 151 408 300 199 so 22 19 51 o aeas w2 e 0o NA
SWT6a Semater w2017 2 129 3768108 2516 2102 52 2a 154 o o v a0 wn oo NA
SWTo b Seavatr 592017 2 158 5305408 o7 25 52 a4 154 o L P NA
SWToc Seavatr 592017 2 309 1385409 2579 m 5 a4 1 o o b w0 w1 po NA
ST Seavatr 02017 2 199 7526408 e 2348 5 167 156 1624 0 e aes 20 lee NA
SWTT b Seavatr 5102017 o 191 1E09 o1 2403 5o 167 156 1624 ol e 27 e NA
SWTT e Seavatr Snoa0r 2 »y fprts 378 2345 5o 167 56 1624 0 e s 7 e NA
Sl T0.Cl Inial Setiment 142017 o 27 5385407 s619 s bt 100 150 256 om nw w24 na | o
SedTOC2 Intal Setiment 1542017 0 ) 120808 sizs s 76 100 150 256 o b e s 11 02
S T0CH  Inial Sediment 182017 0 04 ae0s s sort 7 100 150 56 oe 1 we s 009 | 0y
SedTICI0  Underying Sediment  2/52017 > ) 157608 om sito 7 1037 1o 63 P o I )
SedTIC25 Undodying Sediment 2572017 > 102 La7Es0s P sise 78 102 oro6 o O S (o
Sl M1 Undedying Sediment 252017 > 54 00E+08 06 sot2 78 1066 134 6 07 s w7 nw | oo
SelTP.CH  Undofying Sediment 18152017 ‘ o 157E08 o056 5754 78 66 1o 105 o5 By ass es B | oo
Sed T2.C24  Undodying Sediment 15152017 . 165 2atesos so2 1509 T4 T 158 105 o by ass 1 asas | ox
Sed T2 C35  Underlying Sediment 18/5/2017 4 12 1.8IE+08 7710 5383 7.6 70.1 173 10.5 0.74 1339 2545 40.7 11.96 0.25
SedTS.C20 Undofying Sediment 30152017 s s Loresos 040 o 70 667 L 127 A S O
Sl T3.C21 Undedying Sediment 30572017 f N 3328108 053 soa8 75 i 15t 127 0 s s ee 136 | 02
S TSI Underying Sediment 30572017 h 148 2 0m+08 w025 stos 75 512 13 127 o6 a4 s 04 asis | oz
Sed THCI6 Undodying Sediment 572017 i i 52608 so23 07 75 os 1 0 07 1ses i ust s | 02s
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Sedex 1 Ex3  Extemal Sdiment 017 > 04 138608 e si96 78 s 6 0 b o s NA
Sedex T2 sl xemal Sediment 8152017 . 65 1osEas soss o 76 130 105 0 B Wl e NA
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Sedex T3 Bl xemal Sediment S052017 s 04 ot 060 s000 75 240 127 o s X NA
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Selln T3 _Bx3 el Sediment 052017 f 1 19608 e 10 75 s64 129 127 0w P NA
Sedex T4 Bl Exemal Sediment sno17 i 55 1ssEs0s s o 76 o 001 0 o159 Bse 16 NA
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g Extemal Sdiment 32017 5 133 o 756 sito 76 22 12 51 0 e w62 2028 NA
Sedex TS B2 Extemal Sediment S2017 s o8 2 aaesos sers 08 75 252 Lt 51 0 ess 062 20 NA
Sedex T Ex3  Extemal Sdiment w2017 15 159 Saskr08 sois sise 76 252 1o s 0n iess 062 028 NA
Sedex To Bl Extemal Sediment 592017 20 151 2 00ks08 som0 oot 76 24 08 o o n w1 o NA
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110  Supplementary table 2: Average Bray-Curtis dissimilarities between bacterial community from each
111 compartment (KA: kelp-associated; SW: seawater; US: underlying sediment; ES: external sediment). All
112 pairwise ANOVA comparisons were significant (P = 0.001, Benjamini-Hochberg correction).

113

114
KA SW US
sw|784 - -
Us | 594 785
ES | 6.12 7.99 0.92
115

111



iated

y table 3.

(GLM, P < 0.05).

and relative sequence abundance = s.d. (n = 3, except n = 2 for kelp-associated at T0) of the 249 kelp-associated OTUs whose relative sequence abundance vary significantly during kelp degradation

Relative abundance (%)

mean + sd
OTU id Taxonomy 0 week 2 weeks 4 weeks 6 weeks 11 weeks 15 weeks 20 weeks 24 weeks
OTU3 Bacteria; Pi ia; Alphapi b ia; Ca b ales; 1 Hellea 2.05+1.58 0.55+£022 5.62+1.86 596+0.53 5.71+0.88 5774252 278 + 0.4 4.63+1.43
OTUS Bacteria; F ia; Alphay b ia; C b les; L 1e Fretibacter 0.12+£0.17 11.7+£8.59 7.87=1.16 7.91+445 335+149 625+1.82 435149 41+1.14
OTU7 Bacteria; Pi ia; Alphap b ia; Ce b ales; H) d Hellea 0 0.07+0.03 5.62+6.16 893+286 3.06+1.92 1.58+0.81 1.2+1.57 2.68+0.95
OTUS Bacteria; P ia; Alphap; b ia; Rhizob izobiaceae; unknown genus 0.02+0.03 811477 11.05+2.82 6.51+2.14 2.02£0.69 0.52+0.35 0.11=0.17 0.03 £0.02
OTU9 Bacteria; P ia; Alphay b ia; Rhizobi hizobi. unknown genus 0 4.89+344 536+0.69 622+32 26=1.71 207+237 1.03+1.57 0.17+0.03
oTuU10 Bacteria; Pi ia; Gammapi ia; Thiohalorhabdales; Thiohalorhabd. G 25.41+4.55 5.07+484 09+024 0.29£023 0.1£0.09 044+£021 025+0.3 0.03+0.01
OTU13 Bacteria; I ia; Alphap b ia; Caulob ales; I I unknown genus 0 6.82+2.27 9.02x042 3.15+1.22 0.73=0.38 0.76+0.19 0.29=0.21 0.39+0.24
OTU14 Bacteria; Pi ia; Alphap b ia; Ce b les; H) d Hellea 22494827 1+£1.32 0.49+0.21 0.55+0.45 045+045 0.73+024 129+0.94 1.13+0.19
OTU16 Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group 0 0.01 =0 0.04+0.02 0.12£0.11 4.44=1.05 544+1.55 9.52+2.01 5.62+1.37
OTU18 Bacteria; F ia; Al b ia; Sphis dales; Sphi Altereryt 0 0.25+0.24 56=022 434+1.67 1.71+1.23 0.57+0.42 0.22=0.18 1.01+1.32
0TU22 Bacteria, ia; Gammapi ia; Ectothiorhodospi) - Thi ispi) » Th 1 /i 0.01 £0.01 0.08+0.06 1.72+0.84 144+0.6 3.42+0.62 6.68+1.42 7.18+3.63 3.63+2.33
OTU23 Bacteria; Pi ia; Alphap) b ia; Caulob. ales; de Litori a. 5.61£2.01 1.38+0.45 0.54=0.08 0.41£0.11 0.67=024 3.1+1.71 221=041 1.83+0.99
OTU24 Bacteria; A ia; Acidimicrobiia; Mi ichales; Mi ich '+ Sva0996 marine group 0 0 0 0.02+0.02 1.3+0.65 1.96+0.75 533+£0.72 2.56+1.08
OTU25 Bacteria; P ia; Gammap ia; Ectothi lospil - Ectothic Spil 'y unknown genus 0 481 +4.14 445+1.17 1.41+0.65 0.14+0.1 0.02+0.02 0.11=0.14 0.04 £0.03
0OTU28 Bacteria; ia; Alphap b ia; Rh b ales; Rh b aceae; Octadecab 0 7.4£2.58 0.66 0.5 0.54£0.26 0.16=0.05 0.05=0.01 0 0.07 £0.06
0OTU30 Bacteria; Pi ia; Alphap b ; unknown order; unknown family; unknown genus 0 0 0 0.02+0.03 0.36+0.08 0.97+0.51 1.35+0.69 6.68+3.67
OTU33 Bacteria, ia; Alphapi b ia; Ca b ales; 1 Litorimona. 5174043 0.76+0.51 0.28=0.08 0.29£0.08 1.15=0.79 1.7+£0.69 2.45=147 1.51+0.47
0TU36 Bacteria; ia; Alphay b ia; Sphij dales; Sphi Sphingorhabdus 0 0.85+0.42 277095 3.27+0.83 0.23=0.14 0.24+0.1 0.14=0.15 0.24+0.33
OTU37 Bacteria; Pi ia; Alphap b ia; Ce b ales; H) d Litorimonas 7174299 0.76+0.18 0.61 £0.35 0.88+0.65 0.33+0.16 0.55+0.41 0.19+0.11 0.15+0.1
OTU38 Bacteria; Pi ia; Alphap b ia; Caulob ales; de Hellea 3.6+2.03 248+1.14 1.74+0.36 0.58+0.2 037=0.1 045+0.17 0.15+0.15 0.07+0.09
OTU48 Bacteria; P ia; Gammay ia; KIS9A clade; unknown family; unknown genus 0 0 0.02+0.02 0.24+0.08 245+0.55 1.93+042 1.87+0.78 0.9+0.31
OTU52 Bacteria; Pi ia; Alphapi b ia; Rh b ales; R b aceae; unknown genus 0 0.02+0.03 0.080.06 0.18+0.21 0.43+0.11 2.1£1.02 1.88+0.79 1.14+0.28
OTU54 Bacteria; I ia; Gammap) ia; KIS9A clade; unknown family; unknown genus 0 0.01 £0.01 0.08=0.05 0.56+0.57 1.08=0.63 1.94+0.68 1.46=0.41 2.06+0.56
OTU55 Bacteria; Pi ia; Gammay ia; Thiohalorhabdales; Thiohalorhabd. G 0 0.02+0.01 0.31+0.19 0.38+0.39 1.15£0.14 1.68+0.72 1.38+0.29 0.86+0.54
OTU59 Bacteria; Pi ia; Alphapi b ia; Rhizobic izobi unknown genus 0 1.46+0.88 1.56+1.08 0.57+0.2 0.73£0.2 044+0.12 0.13£0.19 0.07+0.05
OTU60 Bacteria; I ia; Gammap ia; Al dales; s ! laciecol 0 25+326  0.21+0.16 1.43£232 0.02£0.02 0.09=0.09 0.01=0.02 0.16+0.24
OTU72 Bacteria; Pi ia; Gammapi Cellvibrionales; Cellvibrionaceae; unknown genus 0 0.16+0.14 0.38+0.35 2.2+2.44 0.04+0.02 0.05+0.04 024031 0.19+0.3
OTU75 Bacteria; Pi ia; Alphap b lob ales; de Litori a. 7.74+£2.62 0.05£0.05 0.01=0.01 0.01+0 0 0 0 0
OTU79 Bacteria; A ia; Acidimicrobiia; Mi ichales; Mi ich '+ Sva0996 marine group 0 0 0.01+0.01 0.08+0.11 1.23+1.03 1.03£03 175091 0.86+0.51
OTU8Y Bacteria; Pi ia; Alphapi b ia; Rh b ales; R b aceae; b 0.23+0.31 1.91+0.6 0.53+0.58 0.24+0.13 0.05=0.05 0.02+0 0 0.34 +0.57
OTU107 Bacteria; I ia; Alphap b ia; Caulob ales; Parvularculaceae; unknown genus 0 0 0 0.03+0.05 1.47+0.92 1+0.21 0.46+0.1  0.27+0.05
OTU112 Bacteria; Ej ; Ce lob ia; Campyl les; Arcob ; Arcobacter 0 0 0.06 +£0.03 0.01 +0.02 0.01+0 0 0 0
OTU114 Bacteria; Pi ia; Alphapi b ia; Rhizobic izobi unknown genus 0 0 0.06+0.09 0.04+0.04 1.02+0.37 1.43+£0.63 0.33+0.15 0.17+0.09
OTUL15 Bacteria; ia; Gammap ia; Cellvibrionales; Porticoccaceae; C1-B045 0 0 0 0.03+0.04 0.06=0.02 0.86+0.6 1.34=1.37 1.47=0.36
OTU119 Bacteria; Pi ia; Gammapi ia; Ectothiorhodospi) ;- Thi ispi) » Th lophil: 0 0 0.09+0.11 0274026 1.52+0.34 0.98+0.43 0.32+0.1 0.14+0.02
OTU122 Bacteria; Pi ia; Alphap b ia; Rh b ales; Rhodob aceae; Sulfitob 0 1.5£0.79  0.21+0.13 0.5+0.35 0.05=0.06 0 0 0.01 £0.01
0TU123 Bacteria, ; ia; Pirellulales; Pi I stopirellul 1.66 +1.01  0.8+0.27 0.11+0.02 0.07+0.05 0.1+0.02 0.21£0.06 0.12+0.08 0.11£0.07
OTU125 Bacteria; Pi ia; Gammapi ia; Thiohalorhabdales; Thiohalorhabd. G 0 1.58+£0.99 0.84£0.67 0.26+0.18 0.13+£0.08 0.05+0.01 0.06+0.02 0.05+0.05
OTU137 Bacteria; I ia; Alphap b ia; Rh b ales; Rh b aceae; Octadecab 0.02£0.02 0.36+0.02 031021 0.29£0.05 0.89=0.56 0.64+0.55 0.11=0.14 0.18=0.16
OTU139 Bacteria; Pi ia; Alphap b ia; Tistrellales; Gemini Candid. 4, 0 0 0.01+£0.01 0.01+0.01 0.42+0.18 0.67+0.38 0.36+0.22 1.1+0.61
OTU140 Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group 0 0.01 0.01+0.01 0.06+0.03 1.32+1.19 0.57+0.35 0.67+0.28 0.48+0.1
OTU144 Bacteria; idia; Flavobacteriales; Flavobacteriaceae; Bizionia 0 0.29+0.45 0.8=0.76 0.56+0.34 0.62=0.15 0.2+0.01 023026 0.14+0.02
OTU151 Bacteria; Pi ia; Alphap b ia; Rh b ales; Rh b ; unknown genus 0.02+0.03 0.07+0.05 0.21+0.06 0.34+0.43 08+0.21 0.55+0.38 0.29+0.18 0.06+0.03
OTU155 Bacteria, ia; Alphap b ia; Rh b ales; Rhodob aceae; Octadecab 0 0.92+0.61 0.77+0.8 0.2+0.04 0.08+0.06 0.03+0.03 0.06=0.07 0.05+0.02
OTU159 Bacteria; idia; Chiti) ; Saprospiraceae; unknown genus 0 0 0 0 0.14+0.16 0.96+0.44 0.42+0.42 0.66+0.54
0OTU162 Bacteria; P ia; Alphapi b ia; Rh b ales; Rh b aceae; Tateyamaria 0 1.45+0.86 0.27+0.13 0.24+0.15 0.57+0.31 0.43+0.21 0.28=0.27 0.11+0.04
OTU172 Bacteria; I ia; Alphap b ia; Rh b ales; Rh b aceae; Sulfitob 0 1.37+£1.41 021+0.12  0.1+0.07 0 0.04 £0.05 0 0
OTU174 Bacteria; Pi ia; Gammay ia; Cellvibrionales; Spongiibacteraceae; BDI-7 clade 0 0.01 0.02+0.01 0.09+0.11 1.45+0.9 035+0.13 0.31+0.14 0.14+0.14
OTU178 Bacteria; Pi ia; Gammap; ia; Thiohalorhabdales; Thiohalorhabd. Gre 0 0.01+0.02 0.29+0.38 0.5£0.64 0.37+0.17 03£0.17 03=0.21 0.27 +0.2
OTUI80 Bacteria; | ia; Alphay bacteria; Caulob les; I Li 0 13311 051084 0.04£0.06 0.02=0.02 0 0 0
OTU186 Bacteria; Pi ia; Gammapi ia; Areni les; Arenicell Arenicella 0 0 0.01+0.02 0.33+£0.33 0.44+0.35 0.56+0.68 0.34+0.15 0.32+0.15
OTU190 Bacteria; Bac ; Bacteroidia; Chitinoph ; Saprospiraceae; unknown genus 0.41£0.54 0.04£0.03 0.03+0.02 0.1+0.06 0.23=0.18 0.51£0.46 0.66=0.46 0.91+0.73
0TU192 Bacteria; P ia; Alphay b ia; Sphi d i Sphingorhabdus 0 0 0 0.1£0.09 0.34+0.17 0.8+1.27 0.04=+0.03 0.11+0.05
OTU201 Bacteria; Pi ia; Gammap ia; Areni les; Arenicell Arenicella 0 0.01+0.01 0.01 0.0 0.06+0.03 0.33+0.27 0.31+0.17 0.67+0.09 0.61+0.4
Bacteria; I ia; Alphap; b ia; Rh b ales; Rh b aceae; h b clade NAC11-7

0TU202 lineage 0 0.11+0.05 0.05+0.04 0.17+0.24 0.38+0.04 0.31+£0.12 0.34+0.17 0.38+0.13
0TU203 Bacteria; P ia; Gammap) ia; Ectothiorhodospirales; Thioalkalispi) '+ Thioprofundum 0 0 0.01 £0.01 0.04+0.06 0.15+0.09 0.37+0.19 0.41=0.09 0.8+0.59
OTU210 Bacteria; idia; Chiti) : Saprospiraceae; Portibacter 0 0.01 0 0.01 0.06+0.02 0.69+0.45 0.36+0.35 0.39+0.38
0Tu219 Bacteria; Pi ia; Alphapi b ia; Rh b ales; R b aceae; 0 0.02+0.02 0.01 0.0 0.08+0.09 0.46+0.3 0.47+0.2 0.33+0.17 0.34+£0.13
0OTU220 Bacteria; I ia; Gammap) ia; Thiohalorhabdal iohalorhabd ; G icoccu; 0 0 0.03+0.04 0.05+£0.04 038+0.3 0.59+0.54 0.26=0.09 0.25+0.15
0TU235 Bacteria; Pi ia; Gammay ia; Areni I icell Arenicella 0 0.16 +£0.19 0 0.224+0.33  0.25+0.09 0.25+0.04 0.34+0.14 0.25+0.13
0TU237 Bacteria; Pi ia; Gammapi ia; Cellvibrionales; Cellvibrionaceae; unknown genus 0 0 0.1=0.1 0.36+0.29 0.27+0.2 0.13+0.08 0.25+0.16 0.56+0.67
0OTU241 Bacteria; ia; Alphay b ia; C b les; Parvularculaceae; hipli 0 0 0 0 0.36=0.17 0.48+0.19 0.38=0.09 0.3=0.15
OTU250 Bacteria; Pi ia; Alphap b ia; Ce b ales; H) d Hellea 0.13+£0.18 0.71+£0.22 0.32+0.14 0.58+0.14 0.13+0.08 0.48+0.39 0.07+0.09 0.03£0.01
OTU253 Bacteria; Pi ia; Gammapi ia; KIS9A clade; unknown family; unknown genus 0 0 0.01 0.04+0.04 0.31=0.17 0.38+0.11 0.41=0.24 0.22+0.16
0OTU254 Bacteria; P ia; Alphay b ia; Rh b les; Rh b ; Maribius 0 0.04+0.06 0.05+0.04 0.18+0.22 0.12+£0.04 0.85+0.66 0.19+0.06 0.09 +0.06
0TU259 Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Saprospiraceae; unknown genus 0.02+0.03 0.01£0.01 0.02+0.01 0.03£0.03 0.11+0.06 0.47+0.37 0.25+0.05 0.42+0.33
0OTU263 Bacteria; I ia; Gammap) ia; Thiohalorhabdales; Thiohalorhabd. : Gi icoccu; 0 0.88+0.15 0.16=0.17 0.01 £0.01 0.01 £0.01 0.01 0 0.41+£0.7
OTU265 Bacteria; A teria; Acidimicrobiia; M ichales; Microtrichaceae; Sva0996 marine group 0 0.01+0.01 0.02+0.01 0.01+0.01 0.12£0.07 0.03+0.04 0.28+0.05 0.07 +0.06
OTU272 Bacteria; Pi ia; Alphap b ia; Rh b ales; Rh b aceae; Pacificibacter 0 0.24+£0.22 0.21£0.15 0.48+0.12 0.02+0.01 0.01+0.01 0.02+0.03 0.03+0.02
0OTU276 Bacteria; F ia; Deltag bacteria; Bd brionales; i eae; dibact 0 0.2+028 034+0.14 0.27+021 0.12+0.07 0.14£0.09 0.09+0.02 0.15+0.07
OTU278 Bacteria; Ej - C lob ia; Co I les; Arcob ; Arcobacter 0.1940.17 0.11£0.07 0.08+0.03 0.13£0.05 0.01 £0.01 0 0 0
OTU279 Bacteria, ia; Alphap b ia; Rh b ales; Rhodob aceae; Litoreibact 0 0.02+0.04 0.05=0.04 0.04+0.01 0.4=0.11 0.1£0.05 0.24+0.34 0.39+0.24
OTU281 Bacteria; P ia; Gammay ia; Thiohalorhabdales; Thiohalorhabd. G 0 0 0.07+0.06 0.38+0.25 0.31+0.3 0.26+0.16 0.13£0.07 0.03+0.03
0TU282 Bacteria; Pi ia; Deltap ia; My s; Blrii41; unknown genus 0 0 0 0 0.05+0.09 0.22+034 05+0.22 0.51+0.43
0OTU283 Bacteria; I ia; Alphap b ia; Rh b ales; Rh b aceae; unknown genus 0 0 0 0.01 0.24+0.29 0.09+0.08 0.86=0.72 0.12+0.09
OTU289 Bacteria; Pi ia; Gammay ia; Areni I icell Arenicella 0 0.1£0.1 0.01+£0.01 0.02+£0.02 0.2+0.09 0.41+0.39 0.19+0.17 0.29+0.12
0TU293 Bacteria; B + Bacteroidia; Chiti ; Saprospiraceae; Rubidimonas 0 0.05+0.01 0.45+0.56 0.14+0.08 0.42+0.1 0.16+0.09 0.19£0.05 0.11+0.06
OTU300 Bacteria; idia; Flavobacteriales; Flavobacteriaceae; unknown genus 0 0.03£0  0.34+0.11 0.98+0.73 0.15+0.03 0.05+0.06 0 0.04 £0.03
0TU306 Bacteria; Pi ia; Alphap b ia; Ce b ales; H) d Hellea 0 0.02+0.03 0.16+0.05 0.21+0.17 0.17£0.09 0.27+0.33 0.25+0.18 0.16 £0.09
OTU308 Bacteria; P ia; Alphap; b ia; Ricke : SM2D12; unknown genus 0 0.69+0.78 0.01 £0.01 0.06+0.09 0.01+0.01 023+0.26 0.04+0  0.03+0.03
OTU317 Bacteria; P ia; Gammay ia; Thiohalorhabdales; Thiohalorhabd. G 0 0.71+0.42 0.88+0.79 0.23+0.23 0.09+0.06 0.15+0.2 0.01 £0.02 0.2+0.28
OTU344 Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; unknown genus 0 0 0 0.01£0.01 0.09£0.09 0.1+0.1 0.83+0.38 0.42+0.28
0TU348 Bacteria; I ia; Gammap) ia; Cellvibrionales; Cellvibrionaceae; Candidatus Endobugula 0 0 0 0 0.01 =0.02 0.01 0.07=0.11  0.86 £0.75
OTU351 Bacteria; Pi ia; Alphap b ia; Rh b les; Rh b itob 0 0.5+£0.39 0.33+£0.55 0.06+0.09 0.03+0.04 0.01+0.02 0 0
OTU375 Bacteria; B ; Bacteroidia; Flavob iales; Flavob. iaceae; Lutil 0 0.01+0.01 0.01 0.0 0.01+0.02 0.13£0.07 0.11£0.07 0.07=0.02 0.14£0.13
OTU379 Bacteria; idia; Flavobacteriales; Flavobacteriaceae; Maribacter 0 0.06+0.06 0.35=0.55 0.3+0.45 0.01 =0.01 0 0 0
OTU386 Bacteria; Pi ia; Gammapi ia; pltb-vmat-80; unknown family; unknown genus 0 0 0 0 0.12+0.1  0.04+0.03 0.03+0.01 0.01+0.01
OTU395 Bacteria; Pi ia; Gammapi ia; pltb- 80; unknown family; unknown genus 0 0 0 0 0.02+0.02 0.11+£0.07 0.6=0.11 0.29+0.07
0TU397 Bacteria; P ia; Gamma ia; Tenderiales; Tenderiaceae; Candidatus Tenderia 0 0 0 0 02+0.17 0394042 0.31+0.41 0.12+0.09
0OTU404 Bacteria; Pi ia; Alphapi b ia; Rhizobiales; Rhizobi Ahrensia 0 0.6+0.49 0.24£0.31 0.02+0 0.04+0.04 0.09+0.1 0.01 0.04 +0.04
OTU407 Bacteria; I ia; Alphap b ia; Tistrellales; Geminic Candid i a 0 0 0 0 0.15+0.12  0.1£0.02 0.15+0.01 0.06 +0.04
OTU414 Bacteria; Pi ia; Gammay ia; A dales; Colwelliaceae; Colwellia 0.01 £0.01 0.55+0.58 0.27+0.21 0.42+0.24 0.04+0.03 0.01 £0.01 0.05+0.05 0.03 +0.03
OTU419 Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group 0 0 0 0.01 0.01+0.01 0.02+£0.01 0.54+0.27 0.19+0.21
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OTU425
OTU429
OTU431
OTU435
OTU446
OTU448
OTU461
OTU470
OTU474
OTU492
OTU495
OTU509
OTU516
OTU524
OTU542
OTU549
OTU550
OTU558
OTU570
OTU573
OTU577
OTU578
OTU591
OTU593
OTU594
OTU602
OTU650
OTU658
OTU663
OTU681
OTU685
OTU696
OTU702
OTU705
OTU710
OTU737
OTU748
OTU758
OTU772
OTU808
OTU810

OTU8I1

OTU832

OTU850

OTU882

OTU886

OTU899

OTU913

OTU915

0TU942

OTU953

OTU972

OTU992

OTU994

OTU1006
OTU1024
OTU1038
OTU1047
OTU1050
OTU1051
OTU1094
OTU1101
OTU1117
OTU1118
OTU1122
OTU1165
OTU1171
OTU1196
OTU1239
OTU1241
OTU1319
OTU1345
OTU1364
OTU1365
OTU1381
OTU1406
OTU1411
OTU1434
OTU1486
OTU1509
OTU1547
OTU1549
OTU1747
OTU1874
OTU1904
OTU1985
OTU2091
OTU2175
OTU2186
0TU2203
OTU2242
OTU2269
OTU2306
OTU2563
OTU2638
OTU2706
OTU2716
0TU2727
OTU2762

Bacteria; Py ia; Gammay ia; pltb. 0; unknown family; unknown genus

Bacteria; B ! Bacteroidia; bacteriales; NSI1-12 marine group; unknown genus
Bacteria; I ia; Gammay ia; les; Arenicell ; Arenicella

Bacteria; Proteobacteria; Gammaproteobacteria; CI I di) icol Candid. Thiodi P!
Bacteria; Pi b ia; Alphap b ia; Rhodob ales; Rhodob. aceae; Loktanell
Bacteria; | ia; Alphay bacteria; Caulob les; F I unknown genus
Bacteria; Pi ia; Gammapi ia; Cellvibrionales; Cellvibrionaceae; unknown genus
Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; unknown genus

Bacteria; B idetes; B idia; Flavob 's; NS9 marine group; unknown genus

Bacteria; B : Bacteroidia; Chiti  Saprospiraceae; unknown genus

Bacteria; I ia; Gammay ia; Thiohalorhabdales; Thiohalorhabd. G icoccu;
Bacteria; B ide B idia; FI b iales; FI b iaceae; Me ib

Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; unknown genus

Bacteria; F ia; Alphay bacteria; Sphi dales; Sphi Erythrobacter
Bacteria; P ia; Gammap ia; KIS94 clade; unknown family; unknown genus
Bacteria; Proteobacteria; Alphaproteobacteria; Rhodobacterales; Rhodobacteraceae; Sedimentital
Bacteria; P ia; Alphay bacteria; Micavibrionales; Micavibrionaceae; unknown genus
Bacteria; B + Bacteroidia; Flavob iales; Flavob. iaceae; Dokdonia

Bacteria; | ia; Alphaproteobacieria; Caulob les; | I unknown genus
Bacteria; Proteobacteria; Gammaproteobacteria; Cellvibrionales; Spongiibacteraceae; BDI-7 clade
Bacteria; Pi b ia; Alphap b ia; Rhodob ales; Rhodob aceae; Octadecab
Bacteria; F ia; Alphay bacteria; Micavibrionales; Micavibrionaceae; unknown genus
Bacteria; P ia; Gammap ia; O irillales; Nitrincol Profindi
Bacteria; Proteobacteria; Deltaproteobacteria; SAR324 clad ine group B); unknown family; unknown genus
Bacteria, ia; Alphay b ia; Rhizobi Rhizobi unknown genus

Bacteria; P ia; Gammap ia; Arenicellales; Areni Arenicella

Bacteria; | ia; Alphaproteobacteria; Sphi dales; Sphi Erythrobact
Bacteria; Proteobacteria; Gammaproteobacteria; Arenicellales; Arenicellaceae; HTCC5015

Bacteria; Pi b ia; Deltap) b ia; lovibrionales; llovibrionaceae; Bde ibrio
Bacteria; I ia; Gammay ia; KI894 clade; unknown family; unknown genus
Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Saprospiraceae; unknown genus

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Maribacter

Bacteria; P ia; Alphay bacteria; Caulob les; Parvularculaceae; unknown genus
Bacteria; Proteobacteria; Deltaproteobacteria; NBI~j: unknown family; unknown genus

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Aquimarina

Bacteria; Proteobacteria; Alphaproteobacteria; Rickettsiales; SM2D12; unknown genus

Bacteria; Pi b ia; Alphap b ia; i dales; Sphi le Altererythrobacter
Bacteria; | ia; Alphay bacteria; Micavibrionales; Micavibrionaceae; unknown genus
Bacteria; P ia; Alphaproteobacteria; Micavibrionales; unknown family; unknown genus
Bacteria; idetes; Bacteroidia; Chitinoph Saprospiraceae; unknown genus

Bacteria; P ia; Gammap ia; Ectothiorhodospirales; T/ ispiraceae; Thiohalophil
Bacteria; Proteobacteria; Gammaproteobacteria; Gammaproteobacteria Incertae Sedis; unknown family;
Endothiovibrio

Bacteria; P ia; Alphaproteobacteria; Rhizobiales; Rhizobi P

Bacteria; Epsilonb, ; C lob ia; Ce lob les; Arcobe eae; Arcobact
Bacteria; Pi ia; Gammay ia; Cellvibrionales; Cellvibrionaceae; unknown genus
Bacteria; B + Bacteroidia; Flavob iales; Flavob. iaceae; Ulvibacter

Bacteria; | ia; Alphaproteobacteria; Micavibrionales; Micavibrionaceae; unknown genus
Bacteria; Proteobacteria; Alphaproteobacteria; Caulobacterales; Hy d Litorimonas
Bacteria; Pi b ia; Gammapi ia; Cellvibrionales; Cellvibrionaceae; unknown genus
Bacteria; I ia; Deltay bacteria; Bdellovibrionales; 7 : Peredi
Bacteria; P ia; Alphaproteobacteria; Caulobacterales; Par . unknown genus
Bacteria; idetes; Bacteroidia; Chitinoph Saprospiraceae; unknown genus

Bacteria; B d ia; Chiti : Saprospiraceae; unknown genus

Bacteria; P ia; Deltap ia; Myxococcales; ) unknown genus
Bacteria; | ia; Gammay ia; Al dales; Colwelli ; Colwellia
Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group
Bacteria; Proteobacteria; Deltaproteobacteria; NBI+j; unknown family; unknown genus

Bacteria; Acti ia; Acidimicrobiia; Microtrichales; Mi eae; $va0996 marine group
Bacteria; Bacteroidetes; Bacteroidia; Chitinophagales; Saprospiraceae; unknown genus

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Schleiferiaceae; Schleiferia

Bacteria; B idetes; B idia; Flavob iales; Flavob : Ulvibacter

Bacteria; Pi ia; Gammapi ia; A lales; Alte f P iecol
Bacteria; I ia; Alphap; b ia; Micavibrionales; unknown family; unknown genus
Bacteria; B idetes; B idia; C|  Saprospiraceae; Lewinella

Bacteria; B i : Bacteroidia; Chitinoph ; Saprospiraceae; unknown genus

Bacteria; id idia; Flavob 2s; NS9 marine group; unknown genus

Bacteria; P ia; Alphaproteobacteria; Sphi lales; Sphi Erythrobacter
Bacteria; idetes; Bacteroidia; Chitinoph Saprospiraceae; unknown genus

Bacteria; P ia; Deltay bacteria; NBI+j: unknown family; unknown genus

Bacteria; Proteobacteria; Deltaproteobacteria; NBI~j: unknown family; unknown genus

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Maribacter

Bacteria; Proteobacteria; Gammaproteobacteria; Arenicellales; Arenicellaceae; Arenicella

Bacteria; B i : Bacteroidia; Chitinoph ; Saprospiraceae; unknown genus

Bacteria; | ia; Gammay ia; Pseuds dal 7 Psychrob
Bacteria; Pi ia; Deltap ia; Bde ibrionales; Bacteriovoracaceae; Peredibacter
Bacteria; P b ia; Gammap; b ia; Thiohalorhabdales; Thiohalorhabd. ; G
Bacteria; B idetes; B idia; Chiti : Saprospiraceae; unknown genus

Bacteria; B + Bacteroidia; Flavob iales; Flavob. iaceae; Maribacter

Bacteria; | ia; Alphaproteobacieria; Caulob les; | I unknown genus
Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Devosi unknown genus

Bacteria; Pi b ia; Alphap b ia; unknown order; unknown family; unknown genus
Bacteria; idetes; idia; Chiti  Saprospi . unknown genus

Bacteria; P ia; Gammap ia; O irillales; Mari Mari
Bacteria; Proteobacteria; Alphaproteobacteria; Rick - SM2D12; unknown genus

Bacteria; Pl 7 P ia; Pirellulales; Pi I Blastopi;

Bacteria; P ia; Alphap ia; Micavibrionales; Micavibrionaceae; unknown genus
Marinicella

Bacteria; Planctomycetes; Planctomycetacia; Pirellulales; Pirellulaceae; Blastopirellula

Bacteria; Pi b ia; Alphap b ia; Caulob ales; { Hellea
Bacteria; idetes; idia; Chiti  Saprospi . Portibacte

Bacteria; P ia; Alphaproteobacteria; Sphi i i Altererythrobacter
Bacteria; Proteobacteria; Gammap ia; Cellvibrionales; Spongiibacteraceae; Oceanicoccus

ia; Alphay ; ia; C.

Bacteria, b les; H) d Fretibacter

Bacteria; Planctomycetes; Planctomycetacia; Pirellulales; Pirellulaceae; Blastopirellula

Bacteria; | ia; Alphaproteobacteria; Caulob les; | I Hellea
Bacteria; Planctomycetes; Planctomycetacia; Pirellulales; Pirellulaceae; Blastopirellula
Bacteria; Pi b ia; Gammapi ia; O spirillales; Kangiell iil
Bacteria; | ia; Alphaproteobacteria; unknown order; unknown family; unknown genus
Bacteria; P ia; Alphaproteobacteria; Caulobacterales; Hy i Hellea
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0
0.19+£0.33
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0.06 +0.01
0.26 +0.12
0.1+0.07
0
0.01 +0.01
0.02 +0.02
0.11+0.1
0.13+0.12
0.22+0.21
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0.27 +£0.21
0.01+0.01
0.21+0.11
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0
0.03 +0.01
0
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0
0
0.38 +£0.47
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0.03 +£0.02
0.01
0.01 +0.01
0.02 +0.03
0.1+0.09
0.1+0.05
0.14+0.16
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0.14 +£0.07
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0.04 +0.03
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0.15+0.11
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0
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0
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0
0.08 +0.06
0.16 +0.04
0
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0
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0
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OTU3182
OTU3229
OTU3276
OTU3305
OTU3426
OTU3435
OTU3490
OTU3532
OTU3729
OTU3801
OTU3839
OTU3849
OTU4106
OTU4487
OTU4568
OTU4789
0TU4921
OTU5061
OTUS5246
OTU5411
OTU5477
OTU5822
OTU5839
OTU5884
OTU5945
OTU6077
OTU6162
OTU6659
OTU6938
OTU7314
OTU7447
OTU7547
OTU7719
OTU7859
OTU8100
OTU9042
OTU9573
OTU9972
OTU10001
OTU10178
OTU10257
OTU10320
OTU10623
OTU10957
OTU11098
OTU11570
OTU11777
OTU11975
OTU12698
OTU12868
OTU12957
OTU13709
OTU14039
OTU18606
OTU20851
OTU24220
OTU31944

Bacteria;

B, idetes; B idia; Cl

: Saprospiraceae; unknown genus

b i I

Bacteria; P ia;

Alphap ia; C: ales; Fretibacter

Bacteria; Planctomycetes; OM190; unknown order; unknown family; unknown genus

Bacteria; Proteobacteria; Alphapi b ia; Rhizob: Rhizobi unknown genus
Bacteria; P b ia; Alphap; ia; Caulob, ales; e unknown genus
Bacteria; Py ia; G p ia; Thiohalorhabdales; Thiohalorhabd. G icoccus

Bacteria; Actinobacteria;

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Rhizobiaceae; unknown genus

Bacteria; Pi ia; Gammay ia; Thiohalorhabdales; Thiohalorhabd. G

Bacteria; Pi ia; Gammap; ia; Thiohalorhabdales; Thiohalorhabd. G

Bacteria; Actinob ia; Acidimicrobiia; Microtrichales; Mi ichaceae; Sva0996 marine group

Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; Pi b ia; Gammapi ia; Ectothiorh spil  Ectothiorh spil ; unknown genus
Bacteria; Acti ia; Acidimicrobiia; Microtrichales; Mi eae; $va0996 marine group

Bacteria; P ia; Deltap ia; NBIj; unknown family; unknown genus

Bacteria; Proteobacteria; Alphaproteobacteria; Rhizobiales; Rhizobiaceae; unknown genus

Bacteria; P ia; Alphaproteobacteria; unknown order; unknown family; unknown genus

Bacteria; Actinobacteria;

Acidimicrobiia; Microtrichales; Microtrichaceae; $va0996 marine group

Bacteria; I ia;

Bacteria; Actinobacteria;

Iphap ales; aceae; O

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; Pi b ia; Gammapi ia; Ectothiorh spil ; Ectothiorh spil ; unknown genus
Bacteria; P ia; Gammapi ia; Ectothiorhodospirales; Ectothiorhodospi  unknown genus
Bacteria; Pi ia; Gammapi ia; Thiohalorhabdales; Thiohalorhabd. G i

Bacteria; Actinobacteria; Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; P ia; Alphaproteobacteria; Rhizobiales; Rhizobi unknown genus

Bacteria; P ia; Alphap ia; Caulobacterales; Hy i Fretibacter

Bacteria; | ia; Gammap ia; Ectothiorhodospirales; Ectothiorhodospiraceae; unknown genus
Bacteria; Proteobacteria; Gammaproteobacteria; Ectothiorhodospi) ;- Ectothiorhodospi : unknown genus

Bacteria; Actinobacteria;

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; P ia;

Iphay a; : unknown genus

Bacteria; P ia;

Bacteria; Actinobacteria;

Alphaproteobacteria; Caulobacterales; Hy i Litorimonas

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; P ia;

Bacteria; Actinobacteria;

Ipha a; Ahrensia

Acidimicrobiia; Microtrichales; Microtrichaceae; $va0996 marine group

Bacteria;

a;

Bacteria; Proteobacteria;

Bacteria; Actinobacteria;

Acidimicrobiia; Microtrichales; Mi ichaceae; Sva0996 marine group

Alphapy b ia; Caulob, ales; H) d Litorimonas

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; P ia; Gammapi ia; Ectothiorhodospirales; Ectothiorhodospil : unknown genus
Bacteria; P ia; Alphaproteobacteria; Rhizobiales; Rhizobi i

Bacteria; Proteobacteria; Gammaproteobacteria; Ectothiorhodospirales; Thioalkalispi . Thiohalophil
Bacteria; P ia; Alphay bacteria; Caulob les; Hy d unknown genus

Bacteria; P ia; Alphap ia; i Altererythrobacter
Bacteria; | ia; Gammap ia; KI89A clade; unknown family; unknown genus

Bacteria; Proteobacteria; Gammaproteobacteria; Ectothiorhodospi) ;- Ectothiorhodospi : unknown genus
Bacteria; Pi b ia; Alphap ia; Caulob ales; {f Litorimona:

Bacteria; P ia; Alphaproteobacteria; Caulob I unknown genus

Bacteria; Actinobacteria;

P, b

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; F ia;

Gammap b ia; Alt dales; Colwelli ; Colwellia

Bacteria; Acti ia;

Bacteria; Actinobacteria;

Acidimicrobiia; Microtrichales; Microtrichaceae; $va0996 marine group
Acidimicrobiia; Microtrichales; Microtrichaceae; $va0996 marine group

Bacteria; ia;

Bacteria; Actinobacteria;

Iphap; ia; Zobi ; unknown genus

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; Pi b ia; Gammapi ia; Ectothiorh p + Ectothiorh i ; unknown genus
Bacteria; Acti ia; Acidimicrobiia; Microtrichales; Mi eae; $va0996 marine group
Bacteria; P ia; Alphaproteobacteria; Caulobacterales; Hy i Fretibacter

Bacteria; Actinobacteria;

Acidimicrobiia; Microtrichales; Microtrichaceae; Sva0996 marine group

Bacteria; P ia;

Iphay a; i unlnown genus
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116 Supplementary table 4. Characteristics of clusters detected in the network of kelp-associated bacterial
117  communities (Fig. 4).

118
Cluster Score Nodes Edges
rank

1 10.09 48 237
2 9.23 45 203
3 5.69 33 91
4 5.33 16 40
5 4.71 15 33
6 4.00 15 28
7 3.50 5 7
8 3.00 3 3

119

120

121

122

123

124  Supplementary table 5. Taxonomic affiliation within clusters 1 and 2 in the kelp-associated network
125  (shown in Fig. 4).

126
Class Cluster 1  Cluster 2
Acidimicrobiia 4 0
Alphaproteobacteria 20 34
Bacteroidia 5 3
Gammaproteobacteria 12 7
Deltaproteobacteria 0 1

127

115



y table 6. Associated and relative sequence abundance & s.d. (n = 3) of the 177 underlying sediment-associated OTUs whose relative sequence abundance vary significantly during kelp degradation (GLM, P < 0.05).

Relative abundance (%)

mean + sd

OTU id Taxonomy 0 week 2 weeks 4 weeks 6 weeks 11 weeks 15 weeks 20 weeks 24 weeks
0TU33 Bacteria; Proteob b ; Hyph I Li 0.004=0.004 0.04+0.026 0.016+0.008 0.033=0.022 0.007 =0.009 0 0 0
oTU43 Bacteria; B idetes; ; Flavob ; Flavobacteriaceae; Lutimonas 0.515=0.158 0.975+0.073 1.135+0344 1.684+035 1.637£0.321 1.589+0.578 1.454=0.121 1.108 =0.088
OTU44 Bacteria; Proteob bacteria; Desulfob ; Desulfobulb ; unknown genus 0.124 0.075 0.101 +0.085 0.122+0.055 0.628 +0.16 0.822+0.974 1.14440.426 1.897+0.879 1.202 +0.223
oTU47 Bacteria; ; B idales; Prolixib Dy ibacteri 0.0480.043  0.02+0.035 0.15+0.024 0.629=0.294 0.6450.168 1.099+0.672 0.702+0.079 0.41+0.106
OTU49 Bacteria; Bacteroidetes; Flavobacteriales; Flavobacteriaceae; Lutimonas 0.23520.062 0.531+0.079 0.503+0.095 0.848=0.239 0.712+£0.3 071640236 0.513+0.11 0.4030.117
OTUS0 Bacteria; B idetes; ; Flavob ; Flavob ; Lutimonas 0.102=0.017 0.338£0.017 0387+0.172 0.744=0.125 0.64=0.31  0.69+0.19 0.564=0.073 0.547 =0.064
OTUS1 Bacteria; idetes; idia; idales; Marinifil unknown genus 0.033 +0.058 0.057+0.043 0.553+0.121 1.796+1.52 0.548+0.219 0.39940.076 0.156+0.047 0.273 +0.143
OTU66 Bacteria; Epsilonb, ; Campyl ipylob les; ; Sul 0 0.03+0.016 0.102£0.02 0.181+0.099 0.393=0.295 1.034+0.725 0.683 +0.324 1.164=0.278
oTU70 Bacteria; P b ia; Deltap b ; lfob. ; Desulfobulb : [D b

catecholicum group 0.049£0.044 0.029+0.01 0.136+0.035 0.633=0.062 0.542+0.088 0.62=0.138 0.512+0.139 0.457£0.077
oTU73 Bacteria; Proteobacteria; Gammay ia; Cellvibrionales; Hali Halioglob 0.25920.069 0.633+0.135 0.653+0.145 0.633=0.201 0.4240.032 0.321+0.028 0.263+0.063 0.209 =0.081
oTU77 Bacteria; B idetes; idia; Flavob ; Flavobacteriaceae; Polaribacter 2 0.011£0.013 0.055+0.052 0.163£0.063 0.039£0.015 0.01 £0.01 0 0.005 +0.006 0
0oTU92 Bacteria; idetes; bacteriales; Flavobacteriaceae; unknown genus 0.148£0.049 0.643 +0.682 0373 +0.009 0.682=0.158 0.175+0.088 0.1240.04 0.082+0.05 0.148 £0.06
OTUY6 Bacteria; ; ; Prolixib Dy ibacteri 0.0110.013 0.016+0.016 0.06+0.007 0.51+0.147 0.46+0.138 0.693+0.239 0.42+0.143 0.321£0.137
OTUL01  Bacteria; Bacteroidetes; Flavobacteriales; Flavobacteriaceae; Bizionia 0.3920.139 0.609+0.268 0.31+0.11 0.351=0.116 0.191£0.021 0.145+0.04 0.131+0.053 0.095 =0.034
OTU103  Bacteria; B idetes; ; Flavob ; Flavobacteriaceae; Lutibacter 0.007=0.012 0.119%0.12 053240275 0.829=0.348 0.142£0.114 0.103+0.03 0.195+0.253 0.5250.113
OTUI04  Bacteria; Proteobacieri ia; AT-52-59; unknown family; unknown genus 0.532+0.082 0.275+0.121 0.177%0.036 0.099 % 0.049 0.166 +0.064 0.064 +0.036 0.122%0.033 0.125 +0.042
OTUL12  Bacteria; Epsilonb, I ia; Campylob, les; Arcob ; Arcob 0 0.007£0.013 0.683+0.374 1.127+0.453 0.567=0.894 0.042+0.015 0.034+0.03 0.042=0.015
OTUI20  Bacteria; Bacteroidetes; Flavobacteriales; Flavobacteriaceae; Aquibacter 0.32£0.053 0.269+0.032 0.157+0.069 0.105+0.053 0.094 £0.057 0.031+0.014 0.085+0.022 0.07+0.042
OTUI21  Bacteria; B idetes; b Flavob ; Lutimonas 0.019=0.008 0.064 +0.039 0.116+0.044 0.295=0.067 0.242=0.109 0.386+0.121 0348 %0.14 0.3940.071
OTUI35  Bacteria; idetes; bacteriales; Flavobacteriaceae; unknown genus 0.101 +0.059 0.398 +0.254 0.409+0.043 0.73+0.212 0.166 +0.058 0.039 +0.027 0.015+0.008 0.003 0.004
OTUI46  Bacteria; ; b ; Flavobacteriaceae; Lutib 0.015£0.02 0.039+0.019 0.464+0.286 0.8420.243 0.339+0.404 0.228+0.132 0.034+0.024 0.035=0.014
OTUIS3  Bacteria; Proteobacteria; Gammar ; Cellvibrionales; He Halioglob 0.18£0.009 0.194+0.018 0.142+0.022 0.234£0.023 0.29+0.127 0.329+0.045 0.304+0.04 0247 =0.052
OTUIS6  Bacteria; Proteobacteria; D ia; Desulfob ; Desulfobulb D » 0.003 £0.005 0.02+0.025 0.493+£0.286 0.62+0.247 0.221£0.129 0.325+£0.019 0.096+0.013  0.236+0.1
OTUIS8  Bacteria; idetes; idi bacteriales; Cry h unknown genus 0.1140.018  0.248+0.09 0.237+0.085 0.281+0.058 0.204 +0.124 0.113+0.037 0.076+0.041 0.04+0.015
OTUI67  Bacteria; ; bacteriales; Flavobacteriaceae; Psyc 0.002=0.004 0.151+0.065 0.179+0.032 0.288=0.184 0.189+0.046 0.139+0.081 0.048 +0.027 0.029 +0.02
OTU169  Bacteria; Bacteroi B s B idetes BD2-2; unknown genus 0 0 0.82+0.577  0.79+0.183 0.006 +0.007 0.003 =0.005 0 0
OTUI87  Bacteria; Proteobacteria; Gammay ia; Cellvibrionales; Hali Halioglob 0.089 =0.025 0.082+0.058 0.104+0.032 0.180.068 0.264=0.102 0.376+0.052 0.268 +0.144 0.237 =0.033
OTU196  Bacteria; idetes; idia; Flavobacteriales; Flavobacteriaceae; Lutimonas 0.057 £0.053 0.08+0.073 0.126+0.04 0.314+0.051 0.292+0.071 0.227+0.114 0.2110.054 0.191 +0.033
OTU200  Bacteria; ; idia; Flavobacteriales; Flavobacteriaceae; Ulvibacter 0.2290.121 0.189+0.061 0.114+0.048 0.063=0.027 0.043 =0.008 0.045+0.022 0.087+0.024 0.105 =0.022
OTU205  Bacteria; Proteobacteria; Gammay ibrionales; Hali OM60(NORS) clade 0.098=0.018 0.254+0.032 0.14+0.02 0.254+0.063 0.293+0.151 0281+0.073 0.197=0.11  0.13£0.05
OTU215  Bacteria; Epsilonb ; Campyl pylob ;S : 0 0.012£0.014 0.012£0.008 0.09+0.056 0.181=0.087 0.506+0.347 0.213+0.076 0.317%0.107
OTU216  Bacteria; idetes; b ; Flavobacteriaceae; Acti 0.06+0.015 0.12240.051 0.08340.026 0.203%0.026 0.194 +0.105 0.144 +0.068 0.159%0.031 0.084 +0.044
OTU218  Bacteria; Proteob ; Deltap ; Desulfob ; D eae; unknown genus 0 0.003£0.006 0.076+0.041 0.2280.066 0.195=0.099 0.215+0.034 0.215+0.114 0.192=0.069
OTUz4y  Bacteria; Proteobacteria; Gamma ia; G bacteria Incertae Sedis; unknown family;

unknown genus 0.019=0.011 0.066+0.022 0.096+0.035 0.118=0.012 0.204=0.141 0221 +0.047 0.21+0.058 0.156 =0.069
OTU245  Bacteria; Proteobacteria; Alphap  Rhod. fes; Rhodob Halocynthiib 0.034 0.009 0.051+0.025 0.378=0.15 0.301+0.09 0.177+0.119 0.114+0.061 0.051+0.035 0.016 +0.01
OTU246  Bacteria; Proteobacteria; Gammay ia; A les; Colwelli : Colwellia 0.014+0.02 0.196+0.069 0.378+0.228 0.262=0.054 0.197 +0.138 0219+0.196 0.048=0.013 0.1 +0.063
OTU267  Bacteria; Proteobacteria; Deltap ia; Desulfob ; Desulfobulb unknown genus 0.013=0.011 0.013£0.013 0.013+0.011 0.101%0.029 0.173£0.219 0.25%0.099 0.279£0.15 0.201 =0.079
OTU272  Bacteria; Proteobacteria; Alphap : Rhod, les; Rhodob ; Pacifici 0 0.05+0.055 0.087+0.051 0.026+0.014 0.006 =0.01 0 0 0
OTU286  Bacteria; Proteob ; Deltap ; Desulfob ; D eae; D 0.0120.007 0.005+0.005 0.119+0.067 0.347=0.114 0.137£0.051 0.076+0.037 0.075+0.018 0.06 =0.01
OTU287  Bacteria; Proteobacteria; Deltaproteob. : Desulfob ; Desulfobulb D 0.0010.003 0.003+0.006 0.061+0.032 0.285=0.067 0.231+0.206 0.411+0.13 025+0.078 0.231+0.03
OTU301  Bacteria; B idetes; idia; B ; Prolixib Dy b 0.013=0.013 0.002+0.004 0.017+0.021 0.092=0.027 0.175=0.125 0.202+0.14 0.187=0.054 0.111=0.036
OTU322  Bacteria; idetes; bacteriales; Flavobacteriaceae; Lutimonas 0.0440.029 0.048+0.021 0.083+0.049 0.159%0.011 0.159 +0.063 0.157+0.019 0.091+0.023 0.078 +0.018
OTU324  Bacteria; ; ; : unknown genus 0.0190.022 0.018+0.008 0.093+0.052 0.228=0.025 0.171£0.004 0.139+0.079 0.066 +0.022 0.096 = 0.029
OTU330 Bacteria; P b ia; Deltap b ia; Desulfob ; Desulfobulb, : [D b

catecholicum group 0.012£0.01  0.003+0.005 0.032+0.021 0.1370.054 0.135+0.067 0.155+0.036 0.128+0.035 0.086 +0.022
OTU332  Bacteria; Proteob  Rhod. fes; Rhodob 7 P b 0.003 +0.005 0.037+0.018 0.256+0.244 0.247+0.12 0.17+0.041 0.1124+0.021 0.04=0.007 0.031 +0.021
OTU334  Bacteria; Bacteroidetes; B, ; Prolixib, : Draconibacterium 0.006 =0.01 0 0.007+0.007 0.09+0.033 0.131 £0.067 0.132+0.026 0.094=0.03 0.094 =0.046
OTU335  Bacteria; B idetes; idia; B ; Marinilabiliaceae; Carboxylicivirga 0.004=0.006 0.002+0.003 0.025+0.022 0.145=0.062 0.126=0.068 0.182=0.1 0.111+0.042 0.1410.108
OTU346  Bacteria; idetes; idia; idales; Prolixib : Dy ib 0.001 +0.003 0.015+0.011 0.036+0.027 0.087%0.024 0.151 +0.106 0.241+0.176 0.1470.012 0.094 +0.022
OTU354  Bacteria; Proteob ; Gammap. ia; O spi  Nif 0 0.005+0.006 0.284+0.106 0.191+0.072 0.193=0.268 0.038+0.026 0.085+0.072 0.085=0.01
OTU357  Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Actibacter 0.0230.017 0.033+0.012 0.048+0.013 0.086=0.021 0.073£0.044 0.12£0.015 0.094+0.035 0.106=0.017
OTU360  Bacteria; Firmicutes; Clostridia; Clostridiales; Defluvii Defluvii UCG-011 0 0.006+0.01 0.117+0.028 0271 £0.044 0.045+0.06 0.073+0.058 0.054 +0.024 0.069 =0.033
OTU362  Bacteria; idetes; bacteriales; Flavobacteriaceae; unknown genus 0.0440.025 0.22440.198 0.13240.037 0.177%0.039 0.054 +0.032 0.048 +0.037 0.025+0.006 0.059 = 0.02
OTU363  Bacteria; : ;B ; BD2-2; unknown genus 0.005 =0.008 0 0.085+0.055 0.587=0.35 0.122+0.042 0.255+0.193 0.108+0.026 0.095 £0.05
OTU365  Bacteria; Proteobacteria; Deltaproteobacteria; Desulfob, ; Desulfobulb : D 0.0010.001 0.001+0.002 0.002+0.003 0.085=0.008 0.095+0.057 0.192+0.078 0.193+0.049 0.139 =0.044
OTU369  Bacteria; B idetes; lia; B i Dy b 0 0.002£0.003 0.01£0.008 0.05£0.02 0.166=0.148 0.207+0.157 0.222+0.018 0.142 £0.068
OTU370  Bacteria; Firmicutes; Clostridia; Cl Defluvii UCG-011 0 0.004 +0.007 0.255+0.278 0.366+0.098 0.011%0.009 0.061 +0.085 0.018+0.015 0.058 +0.035
OTU377  Bacteria; Epsilonb, ; Campyl lob les; ; Sulf 0.009=0.015 0.126+0.015 0.056+0.007 0.042=0.013 0.042+0.032 0.088+0.068 0.073+0.042 0.243 =0.104
OTU389  Bacteria; Bacteroidetes; B idia; Gy  unknown genus 0.002=0.004 0.008+0.014 0.012+0.009 0.068=0.041 0.159%0.02 0.203+0.053 0.165=0.044 0.1050.062
OTU390  Bacteria; B idetes; idia; B BD2-2; unknown genus 0.007=0.006 0.004 +0.007 0.006+0.011 0.05=0.04 0.075=0.081 0.188+0.125 0.247=0.071 0.2440.107
OTU408  Bacteria; Proteobacteria; Deltaproteobacteria; Desulfob ; Desulfobulb : D P 0.005 +0.005 0.018 +0.026 0.094%0.028 0.165%0.095 0.092 +0.048 0.16+0.085 0.077%0.018 0.175%0.119
OTU41S  Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Vallitalea 0 0.018£0.019 0.166+0.119 0.187+0.08 0.020.019 0.047+0.021 0.065+0.014 0.202 =0.024
OTU416  Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Lutimonas 0.0180.009 0.023+0.025 0.022+0.016 0.059=0.022 0.062+0.033 0.076+0.031 0.143+0.032 0.121 =0.046
OTU442  Bacteria; Epsilonb ; Campyl ia; Campylob, ; Arcob, ; Arcob, 0 0.013£0.008 0.341+0.129 0.27+0.127 0.012+0.01 0.002£0.002 0.004 +0.006 0.014 =0.022
OTU449  Bacteria; Proteobacieria; G ia; Vibrionales; Vibri ; Vibrio 0.006+0.01  0.04240.014 0.059+0.022 0.07%0.027 0.24240.157 0.151+0.066 0.104+0.059 0.064 =0.03
OTU452  Bacteria; ; Flavobacteriales; Flavobacteriaceae; Lutib 0 0.02+0.034 0302027 0365+0.158 0.019=0.032 0.012+0.015 0 0
OTU4SS  Bacteria; Bacteroidetes; B ;B idales; idetes BD2-2; unknown genus 0.002 =0.004 0 0.002+0.003 0.0230.019 0.052+0.083 0.133+0.065 0.219+0.027 0.12+0.044
OTU456  Bacteria; B idetes; 2 ; Marinifil unknown genus 0 0 0.048+0.022 0.175=0.111 0.086+0.064 0.1050.022 0.053%0.037 0.073 £0.05
OTU467  Bacteria; idetes; les; Marinifil unknown genus 0.0030.005 0.002+0.004 0.037+0.019 0.085=0.037 0.107+0.044 0.086+0.035 0.061 +0.042 0.06 +0.051
OTU475  Bacteria; Proteob ; Deltap ; Desulfob ; D eae; D 0.007=0.011 0.004+0.005 0.005+0.006 0.098 =0.047 0.089 +0.065 0.116+0.037 0.078 +0.041 0.104 =0.063
OTusey  Bacteria; Proteobacteria; Gamma ia; G bacteria Incertae Sedis; unknown family;

unknown genus 0.021£0.011 0.025+0.016 0.017+0.004 0.044=0.025 0.062=0.051 0.096+0.036 0.149+0.032 0.094 =0.046
OTUS00  Bacteria; Proteobacteria; Deltaproteobacteria; Desulfob,  Desulfobulb ;D 0 0.009£0.009 0.387+£0.279 0.329+0.094 0.0580.027 0.008 +0.007 0.01+0.005 0.03 0.038
OTUS02  Bacteria; B idetes; idia; Flavob ; Flavobacteriaceae; unknown genus 0 0 0.009+0.004 0.045=0.049 0.092 +0.088 0.065=0.027 0.048 +0.032 0.047 +0.029
OTUS06  Bacteria; Proteobacteria; Gammap ia; AT-52-59; unknown family; unknown genus 0.175 +0.042 0.138 +0.046 0.049 %0.027 0.037%0.019 0.051 +0.027 0.019+0.019 0.029 %0.009 0.082 0.022
OTUS32  Bacteria; ; idia; Flavobacteriales; Flavobacteriaceae; Lutib 0 0.014+0.012 0.611+0.783 0.157+0.066 0.011+0.019 0.01 £0.009 0.003 +0.005 0
OTUS40  Bacteria; Bacteroidetes; B idia; Chiti : Saprospi ; unknown genus 0.074=0.032 0.093+0.018 0.034+0.014 0.027=0.014 0.013=0.008 0.006+0.002 0.028 +0.008 0.017=0.015
OTUS60  Bacteria; Proteobacteria; Gammay ia; A les; Colwelli Thal 0.057=0.039 0.175+0.139 0.059+0.008 0.04%0.016 0.05+0.025 0.019+0.002 0.038%0.027 0.003 =0.003
OTUS61  Bacteria; Firmicutes; Clostridia; Clostridiales; Defluvii Defluvii UCG-011 0 0.023 +0.031 0.323 +0.327 0.139 +0.121 0 0.02240.011 0.003 +0.005 0.014 %0.012
OTUS66  Bacteria; Proteob ; Gammap. ia; Vibrionales; Vib ; Vibrio 0 0.026 £0.005 0.045+0.015 0.049+0.027 0.122=0.108 0.086+0.038 0.069 +0.057 0.04=0.016
OTUS8S  Bacteria; Bacteroidetes; B idia; B idales; Prolixib : Draconibacterium 0 0.01+£0.01 0.022+0.018 0.063+0.026 0.052+0.05 0.067+0.007 0.095+0.017 0.13+0.031
OTUS87  Bacteria; Proteobacteria; Deltap ia; Desulfob ; Desulfobulb D » 0.02£0.016 0.012+0.019 0.013+0.002 0.094%0.029 0.098 +0.099 0.108=0.029 0.13£0.07 0.135 +0.025
OTU603  Bacteria; Proteobacteria; D bacteria; Desulfob ; Desulfobulb ; unknown genus 0.007 +0.006 0 0.001 +0.003 0.023+0.004 0.05+0.03 0.13840.096 0.115+0.028 0.09 % 0.051
OTU608  Bacteria; ; b ; Flavob ; Aqui 0.003£0.005 0.032+0.021 0.065=0.04 0.064=0.047 0.031£0.021 0.016+0.009 0.027+0.014 0.1810.086
OTU611  Bacteria; Bacteroidetes; B les; Gy iaceae; unknown genus 0 0.004+0.008 0.005+0.006 0.061+0.032 0.071=0.068 0.103+0.018 0.114+0.054 0.078 =0.036
OTU612  Bacteria; B idetes; ;B idetes BD2-2; unknown genus 0 0.008 £0.007 0.005+0.004 0.045%0.028 0.092=0.114 0.189+0.136 0.169+0.074 0.1 +0.037
OTU621  Bacteria; idetes; bacteriales; Flavobacteriaceae; Polaribacter 4 0.01£0.017  0.13+0.1  0.194+0.126 0.144£0.118 0.002 £0.003 0 0 0.025 £0.016
OTU625  Bacteria; Proteob : Gammap. ia; unknown order; unknown family; unknown genus 0.0130.005 0.031+0.018 0.022+0.017 0.054=0.028 0.087+0.072 0.08+0.036 0.14=0.079 0.121=0.016
OTU629  Bacteria; Proteobacteria; Gammay ia; Cellvibrionales; Hali Halioglob 0.041£0.021 0.036+0.026 0.019+0.012 0.011=0.006 0.058=0.018 0.077+0.015 0.082+0.028 0.065 =0.032
OTU636  Bacteria; B idetes; idia; B ;B idetes BD2-2; unknown genus 0 0 0.003+0.006 0.026=0.01 0.029+0.026 0.11=0.076 0.136%0.013 0.085=0.016
OTU660  Bacteria; Proteobacteria; Gammap ibrionales; Hali Halioglob 0.002 +0.004 0.01+0.006 0.017%0.023 0.031%0.012 0.049 +0.024 0.128 +0.035 0.106+0.057 0.071 +0.026
OTU670  Bacteria; Proteob ; Deltap ;B les; MidBa8; unknown genus 0 0 0.017+0.002 0.1520.049 0.082+0.033 0.054+0.037 0.017+0.009 0.036+0.031
OTU671  Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Algibacter 0.005=0.004 0.072+0.028 0.132+0.056 0.228=0.076 0.108=0.019 0.049 +0.008 0.039 =0.007 0.029 =0.005
OTU679  Bacteria; B idetes; b ; Flavobacteri Marib 0 0.005+0.008 0.097£0.02 0.119%0.07 0.027%0.019 0.03 £0.029 0 0
OTU683  Bacteria; idetes; bacteriales; Crocinitomi linirep 0.018%0.016 0.037+0.021 0.183+0.149 0.152£0.012 0.027 +0.045 0 0.002 0.003 0
OTU684  Bacteria; : idia; B idales; BD2-2; unknown genus 0 0 0.129+0.157 0.207£0.099 0.01 =0.008 0 0.007=0.01 0.032+0.024
OTU706  Bacteria; Proteobacteria; Gammar ia; Cellvibrionales; Hali Halioglob 0 0.01£0.009 0.02+0.013 0.028+0.012 0.084=0.047 0.082+0.018 0.063 +0.008 0.047 =0.033
OTU719  Bacteria; B idetes; idia; B ;B BD2-2; unknown genus 0 0.012%0.021 0.003 +0.005 0.029+0.01 0.053=0.015 0.033+0.014 0.068 +0.006 0.126 =0.081
OTU725  Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Vallitalea 0 0 0.117+0.107 0.194%0.058 0.053+0.012 0.097+0.064 0.039%0.02 0.031 +0.032
OTU744  Bacteria; ; idia; Flavobacteriales; Flavobacteriaceae; Lutib 0 0.007£0.011 0.259+0.226 0.125+0.051 0.005=0.008 0.003 +0.006 0 0
OTU746  Bacteria; Proteobacteria; Gammay ia; Cellvibrionales; Hali 0.004=0.006 0.005+0.005 0.012+0.006 0.017=0.006 0.056=0.015 0.07+0.032 0.042+0.004 0.049 +0.02
OTU752  Bacteria; Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Vallitalea 0 0.0030.006 0.081£0.079 0.173 £0.049 0.008 =0.008 0.034+0.014 0.005+0.009 0.069 =0.067
OTU753  Bacteria; Firmicutes; Clostridia; Clostridiales; Ruminococcaceae; unknown genus 0 0 0 0.034£0.032 0.032£0.055 0.109+0.093 0.074+0.043 0.121 £0.063
OTU761  Bacteria; S, ; Spirochaetia; S| les; Spiroch : Spirochaeta 2 0.004=0.006 0.002+0.004 0.038+0.018 0.079=0.008 0.067+0.052 0.069+0.03 0.01+0.004 0.0250.021
oturee  Bacteria; Proteobacteria; Gamma ia; G bacteria Incertae Sedis; unknown family;

unknown genus 0 0.001£0.002 0.015+0.019 0.03+0.011 0.055=0.073 0.072+0.083 0.114+0.021 0.069 =0.029
OTU771  Bacteria; Bacteroidetes; B idia; B idales; Marinifi unknown genus 0 0.01£0.011 0.006+0.003 0.074+0.04 0.037=0.039 0.035+0.008 0.017+0.004 0.191 =0.064
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Bacteria; Proteobacteria; Deliaproteobacieria; Desulfob - Desulfobulb D
Bacteria; B idetes; idia; B R

Bacteria; idetes; : I .

Bacteria; Epsilonb, + Campyl ia; Campylob les: Avcob - Arcob

Bacteria; Bazlermdel(’v, Bacteroidia; Flavobacteriales; FlamhaLlwmcenc unknown genus

Bacteria; B : B BD2-2; unknown genus
Bacteria; les; Prolixib ; Rosei

Bacteria; Proteob : Alphap ia; Rhodob. + Rhodob. - Phaeob
Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; Flavobacteriaceae; Flavicella

Bacteria; Proteobacteria; Deltap ia; D b ; Desulfobulb, unknown genus
Bacteria; P b ia; G p i ibrionales; Hali Halic b

Bacteria; : idi ’ - unknown genus

Bacteria; Pi by ia; Deltap b ia; D dales; Des

Desulfuromusa

Bacteria; Bacteroi idia; B idales; Marinilabili unknown genus

Bacteria; Pmteabfutena Delzapmteabauma, Sva0485; unknown family; unknown genus
Bacteria; Proteobacteria; Alphap : Rhod les; Rhodo - Lokianell

Bacteria; Firmicutes; Clostridia; Closmdxa/es Lurhnnsptmceae Va[[lta/eu
Bacteria; Bac idetes; 5 S

Bacteria; Proteobacteria; Deltap ia; D b ; Desulfobulb [D: b
catecholicum group

Bacteria; P b ia; G p ia; Thiomic irales; Thiomicrospi 3 )
Bacteria; Spir ; Spiroch les; Spir i 2

Bacteria; i 3 b iales; Flavob. d ; Lutimonas

Bacteria; Proteob G » ia: Al - Colwelli - Thal P
Bacteria; Pi by ia; Deltap by ia; Desulfob ;. Desulfobulb ; SEEP-SRB4
Bacteria; Proteobacteria; Gammap : UBA10353 marine group; unknown family; unknown
genus

Bacteria; Proteobacteria; Deltap ia; D b ; Desulfobulb, D %
Bacteria; i idia; Flavob iales; Flavob. d Wi dskyella

Bacteria; Prozeubuczma De/zaprozeobuctma Sva0485; unknown family; unknovm genus

Bacteria; Bacteroidetes; e les; Cy i : unknown genus

Bacteria; Proteobacteria; Deltap ia; les; Blri1; unknown genus

Bacteria; idetes; bacteriales; L bi ; unknown genus
Bacteria; Proteob. ;G i ia; G i bacteria Incertae Sedis; unknown family;
unknown genus

Bacteria; Proteob. ; Deltap : Desulfob: ;D eae; unknown genus

Bacteria; Bac idetes;

ch 1 Bac22; unknown family; unknown genus

Bacteria; B idetes; idia; B ’ BD2-2; unknown genus
Bacteria; Firmicutes; Clostridia; Closzrrdxales Lachnospiraceae; Vallitalea

Bacteria; 3 : idales; Prolixib .

Bacteria; Proteob: ; Deltap bacteria; Desulfob. + Desulfobulb D
Bacteria; Proteobacteria; Gammap : Cellvibrionales; Hal Halioglob
Bacteria; P b ia; Deltap b ia; D de s De

Desulfiuromusa

Bacteria; i 3 les; Prolixib ;D b

Bacteria; 3 b s Fl b - Lutib

Bacteria; Bac idetes; ia; i ’s; B idetes BD2-2; unknown genus
Bacteria; Spi Spirochaetia; Spi les; Spi i 2
Bacteria; Firmicutes; c10;mdm Clostridiales; Defluvi Defluvii UCG-011
Bacteria; 3 B i 3 BD2-2; unknown genus
Bacteria; Bac idetes idia; B i s; Prolixib. ; Draconibacterium
Bacteria; Pi b ia; G ia; A les; Colwelli Colwellia
Bacteria; i 3 b iales; Lentimicrobic ; unknown genus
Bacteria; 2 bacteriales; Flavob i ; unknown genus

Bacteria; Bazlermdel(’v, Bacteroidia; Flavobacteriales; Flavobacteriaceae; Lutibacter

Bacteria; B 3 v Prolixib R

Bacteria; idetes; : idales; Marinifil unknown genus

Bacteria; Proteob; ; Deltap i les; MidBa8; unknown genus

Bacteria; Proteobacteria; Deltaproteob ; Desulfob ; Desulfobulb, ; unknown genus
Bacteria; Proteol ia; Deltaproteob ia; D dales; Desul I
Bacteria; Proteobacteria; Alphap. ia; Rhod les; Rhodob + Roseob
Bacteria; Proteol ia; Deltaproteob ia; les; MidBa8; unknown genus

Bacteria; ; i ; BD2-2; unknown genus

Bacteria; Bacteroidetes; ; idales; Marinifi unknown genus

Bacteria; Proteobacteria; Alphap. ia; Rhod les; Rhodob : Leisingera
Bacteria; idetes; ; VC2.1 Bac22; unknown family; unknown genus
Bacteria; Proteob; ; Deltap ; Desulfob ; D eae; [D b 3
catecholicum group

Bacteria; Proteob; : Gammap. ia; O spi : h irillaceae; Reinekea
Bacteria; Bacteroidetes; idia; B i B. idetes BD2-2; unknown genus

Bacteria; Pi b ia; G 1p. les; Colwelli Colwellia
Bacteria; Proteobacteria; Gammap les; Colwelli Colwellia
Bacteria; Proteob; ; Gammap. € Candidatus Thiobios
Bacteria; Proteobacteria; Deltaproteobacteria; Desulfob; ; Desulfobulb, : D

Bacteria; Firmicutes; Clostridia; Clostridiales; Christensenellaceae; unknown genus

Bacteria; Proteobacteria; Gammap ia; A les; Colwelli Colwellia
Bacteria; Proteobacteria; Gammay ia; les; F d : Psych
Bacteria; ; idia; B idales; Prolixib D i
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Supplementary table 7. Associated taxonomy and relative sequence abundance + s.d. (n = 3, except n = 2 at 11 weeks) of the 27 external sediment-associated OTUs whose relative sequence abundance vary significantly
during kelp degradation (GLM, P < 0.05).

Relative abundance (%)

mean + sd

OTU id Taxonomy 0 week 2 weeks 4 week 6 weeks 11 weeks 15 weeks 20 weeks 24 weeks
OTU44 Bacteria; a; Deltap teria; D ; Desulfc unknown genus 0.12£0.07 0.15£0.07 0.09%0.06 0.17+0.19 0.19+0.01 12304 0.51£036 1.14+0.79
0TU70 group 0.05+0.04 0.01%0.01 0.04£0.03 0174009 0130  039£0.03 0.27£022 0.2%0.05
oTU73 Bacteria; bacteria; Gamma, ia; Cellvibrionales; Hali Halioglob 0.26+0.07 0.39+0.04 044007 048+0.11 02+0.01 024=0.06 024003 0.16+0.06
oTu101 Bacteria; idetes; idia; Flavobacteriales; Flavob ; Bizionia 039+0.14 0292002 026%0.15 0.16+0.05 0.11£0.01 0.09%0.06 0.14£0.08 0.050.02
0TU109 Bacteria; a; Alphap ia; ; Rh ; 0.46+0.08 029=0.05 04+008 032+0.03 036+0.09 027%0.07 0.35+0.04 0.17+0.05
OTU132 Bacteria; | bacteria; Gammaproteob onales; Hali lioglob 0.44+0.07 0.44%0.14 048+0.05 046+0.14 0324009 025%0.09 0.24+0.06 0.15+0.06
OTUI35 Bacteria; ; dia; b b : unknown genus 0.140.06  0.06+0.02 0.09+0.06 0.1=0.05  0.020.01 0 0 0.01+0.01
oTU148 Buacteria; Proteobacteria; Gammaproteobacteria; MBAEI4; unknown family; unknown genus 0.11£0.02 0.15£0.08 052+0.18 029+0.04 03+0.1  029:0.06 0.27£0.09 0.160.05
OTU154 Bacteria; idetes; ; Bacteroidales; Marini Carboxlicivirga 0.09+0.06 0.02%0.01 0.1£0.07 026+0.16 0.17+0.11 022%0.05 036+03 0.12+0.06
OTU160 Bacteria; | b ia; G proteob ; b 3 i Woeseia 0.15£0.06  0.11£0.02 0.26+0.02 0.17+0.04 0.3£0 0.340.06  0.22£0.05 0.14+0.02
OTU167 Bacteria; idetes; idia; Flavobacteriales; Flavobacteriaceae; Psychroserp 0 0.04£0  02£0.07  049+0.2  0.07£0.02 0.12£0.08 0.060.02 0

0TU209 Bacteria; idetes; ; Flavobacteriales; Flavob ; Aquibacter 0.08+0.02 0.140.06 028%0.08 0.19+0.01 0.17£0.06 02+0.07 02006  0.07+0.05
OTU218 Bacteria; a; Deltap teria; D ; Desulfc unknown genus 0 0+0.01 0.01+£0.01  0.064+0.08 0.05+0.01 0.16+0.05 0.07+0.06 0.05+0.03
0TU228 Bacteria; I bacteria; Gammaproteobacteria; Thiol dales; Thi b unknown genus 0.15£0.04  0.12£0.05 029£0.02 024+0.07 036+£0.04 029+0.11 026+0.08 0.14+0.05
OTU255 Bacteria; bacteria; Gamma ia; Cellvibriona i ceae; BDI-7 clade 0.06%0.03 0.1+0.03  04%0.15 0214001 0254001 0.18£0.06 0.08£0.05 0.10.05
0OTU287 Bacteria; Proteobacteria; Delta ; Desulfob ;D eae; Dy opalus 0 0 0.01£0.01  0.04%0.03 0.04£0.05 0.280.1 0.07=0.04 0.08+0.02
0TU328 Bacteri a; Gammap, ¥ : Vibrio 0.06+0.04 0.12+0.03 0.17+0.05 0.05+0.03 0.04+0.02 0.01+0.01  0.03+0.01 0

0TU336 Bacteria; I bacteria; Alphaproteob ; Rhodob les; Rhodob Pseud ia 0.02£0  0.01£0.01 0.01£0.01 0.06+0.02 0.04+0.02 0.07£0.02 0.05£0.02 0.05+0.02
OTU475 Bacteria; b Deltap Desulfob ; Desul Desulforhopal 0.01 %0.01 0 0 0.03+0.02  0.02+0.02 0.14=0.03 0.05%0.04 0.05+0.03
OTU502 Bacteria; idetes; ; Flavobacteriales; Flavobacteriaceae; unknown genus 0 0 0.05£0.04 0.06+£0.05  0.07+0 0.06+0.02  0.16=0.11  0.02+0.02
OTU668 Bacteria; idetes; ; Bacteroidales; I eae; Draconil i 0 0 0.01£0.01  0.04+0.05 0.07+0.06 0.18=0.06 0.06=0.08 0.050.01
OTUG692 Bacteria; Epsilonb lobacteria; Campylob les; ; 0.05+0.06 0.03%0.01 0.1+0.06 0.07+0.03 0.04+0.03 0 0.02 +0.02 0

oTU719 Bacteria; idetes; BD2-2; unknown genus 0 0 0 0 0.02£0.02  0.04=0.02 0.05£0.05 0.03+0.02
0TU947 Bacteria; idetes; ; Flavob ;G e; Salinirepens 0.02£0.01  0.01£0.01 0.03£001 0.04+001 0.05+0.01 0.020.01 0 0

OTU1064 Bacteria; a; Deltap teria; Oli; Ol unknown genus 0 0 0 0 0.01£0.01  0.08+0.02 0.04+0.04 0.04+0.01
OTUL1S9  Bacteria; idetes; idia; bacteriales; b : Gilvibacter 0.02£0.01  0.03£0.01  0.02%0.02 0 0.06£0.03  0.04=0.02 0.06%0.06 0

OTU1283 Bacteria; Firmicutes; Clostridia; Clostridiales; Clostridiaceae 1; unknown genus 0.02+0.01  0.010.01 0 0 0.02£0  0.03£0.02 0.01£0.02 0.05+0.04
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Supplementary table 8: Details of the qPCR assay, following the Minimum Information for publication of Quantitative real-time PCR Experiments (MIQE) guidelines.

Definition of experimental groups Four experimental groups (Kelp-associated, Underlying sediment, External sediment, Seawater) at 8 sampling date (week 0, 2, 4, 6, 11, 15, 20, 24)
Number within each group n=3, except n=2 for external sediment at week 2

Kelp-associated: epiphytic communities from kelp surface; Underlying sediment: surface sediment (0-4 cm) directly underneath cages; External sediment: surface

Description sediment (0-4 cm) 2 m away from cages; Seawater: seawater 1 m above cages
Volume of sample processed Kelp associated: 5 algal pieces (total surface of 13.3 em’); Underlying and external sediment: 0.5 g; Seawater: 1 liter
Kelp associated: sampling with sterilized stainless steel punch; Underlying and external sediment: sampling in sterile plastic tube; Seawater: sampling in Niskin
Processing procedure bottles, followed by prefiltration (3 pm) and filtration at 0.2 pm
Freezing procedure -80°C
Sample storage conditions and duration -80°C, less than 6 months

Procedure Kelp associated and seawater samples: lysis buffer, phenol-chloroform extraction followed by NucleoSpin Plant II kit (Macherey Nagel)
Nucleic acid quantification instrument and method Qubit fluorometer
Purity (A260/280) Nanodrop

gene symbol 16S rRNA gene
amplicon length 136 bp
in silico specificity screen 94.8% coverage for bacteria with Silva TestPrime on SSUr 138.1 (September 2020; 2 mismatches allowed, no mismatch 3 bases from 3' end)

primer sequences 926F: 5-AAACTCAAAKGAATTGACGG-3'; 1062R: 5'-CTCACRRCACGAGCTGAC-3'
manufacturer of oligonucleotides Eurogentec
purification method desalting

reaction volume Sul

amount of DNA 10 pg

primer, Mg2+ and dNTP concentration 600 nM of each primer; Mg“" and dNTP according to kit

polymerase identity and concentration FastStart Taq DNA polymerase

buffer/kit identity and manufacturer LightCycle 480 SYBR Green I Master (Roche)

additives SYBR Green, TBT-PAR

Manufacturer of plates LightCycler 480 Multiwell Plate 384 (Roche)

Complete thermocycling parameters 10 min @ 95°C; 45 cycles of 10 s @ 95°C/20s @ 60°C/10s @ 72°C; 5 s @ 95°C. Melting curve from 65°C to 97°C
reaction setup manual

manufacturer of qPCR instrument Roche

specificity melting curve
Cqof NTC 35.1
Calibration curve with slope and y intercept slope = -3.700 ; y intercept = 42.14
PCR efficiency calculated from slope 86%
Dataanmalysis
qPCR analysis program LightCycler 480 Software, LCS480 1.5.0.39
Method of Cq determination Abs Quant / 2nd Derivative Max
Number and stage of technical replicates 3 technical replicates at the qPCR stage
Statistical method for results significance Kruskall-Wallis test, followed by post-hoc Conover test with Benjamini-Hochberg correction of p-values
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Supplementary Figures

Supplementary figure 1. Fluctuations of the number of detected OTU in the kelp-associated (A), the water
column (B), and the underlying and external sediment (C) compartments during the 6 months-experiment.
Different letters indicate significant differences between sampling dates. ANOVA analysis was conducted
to compare diversity indices over time. When significant ANOVA results were found (P < 0.05), a post-
hoc Tukey HSD test was calculated. Accordingly, different letters indicate significant differences between
sampling dates. Values are mean =+ standard deviation (n = 3, except n = 2 for 0 week in kelp-associated

and 11 weeks in external sediment).
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141 Supplementary Figure 2. Mean relative sequence abundance and taxonomic affiliation of the 10 most
142  abundant OTUs at each sampling date in kelp-associated bacterial communities. All least abundant OTUs
143  were omitted from the pie charts.
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148  Supplementary Figure 3. Relative sequence abundance of bacterial classes in seawater (A) and external
149  sediment (B) samples during the 6 month-experiment. Sequence relative abundances of classes representing
150  less than 0.5% of all sequences at each sampling time were summed into the “Other” category. Values are
151  mean + standard deviation (n = 3, except at week 11 for external sediment n = 2).
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Supplementary Figure 4. Subnetworks of kelp-associated bacterial communities centered on
"Temperature" (A) “C/N ratio” (B) and “Respiration” (C). OTU nodes are color-coded based on taxonomy,
and their size is proportional to the median relative sequence abundance during the experiment. Positive
and negative associations are depicted by light-blue and light-red lines, respectively. Arrows indicate
delayed associations (maximum delay = 1 sampling date).
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164  Supplementary Figure 5. Changes in relative sequence abundance over time for OTUs from cluster 2 in

165  the kelp-associated association network. Values are means of relative sequence abundance (n = 3, except
166  for TO n = 2). The most detailed taxonomic affiliation is given for each OTU.
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168  Supplementary Figure 6. Changes in relative sequence abundance over time for OTUs from cluster 1 in

169  the kelp-associated association network. Values are means of relative sequence abundance (n = 3, except
170  for TO n=2). The most detailed taxonomic affiliation is given for each OTU.
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Supplementary Figure 7. Predicted relative sequence abundance over time for glycoside hydrolases
obtained after running PICRUSt2 metagenome predictions on 16S rRNA data from kelp-associated
bacterial communities. Only enzymes with a relative sequence abundance varying significantly with time
(GLM, P < 0.05) and representing more than 0.01% of the predicted metagenome for at least one sampling
date are shown. Values are means + standard deviation of predicted relative sequence abundance (n = 3,
except for TO n =2).
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Supplementary Figure 8. Relative abundance of the 11 OTUs that vary significantly with time in both
underlying (red) and external (orange) sediments. Values are mean of n = 3, except at week 11 for
external sediment n = 2. The most detailed taxonomic affiliation is given for each OTU.
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Chapter 1V:

Specific detection of the genus Zobellia
in macroalgae-dominated habitats
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Résumé du chapitre

Le genre Zobellia est considéré comme un organisme modele dans 1’étude de la dégradation
microbienne de la biomasse algale. Cependant, trés peu de données sont disponibles sur la présence et

I’abondance de ce genre dans les habitats dominés par les macroalgues.

Afin d’y remédier, nous avons adapté et optimisé des protocoles de PCR quantitative (QPCR) et de
fluorescence in situ par hybridation (FISH), deux outils moléculaires largement utilisés pour la détection
spécifique de taxons d’intérét présents dans le biotope ¢tudié. La mise en place de ces protocoles est
présentée dans la Partie 1 de ce chapitre (Brunet et al., 2021, accepté). Afin de détecter avec précision
la présence de Zobellia spp. a la surface de macroalgues, des amorces de qPCR et une sonde FISH
ciblant spécifiquement le géne de I’ARNr 16S des espéces de ce genre ont été congues in silico. Leur
spécificité et leur robustesse ont été confirmées sur des cultures pures. Il a été montré en particulier que
méme les souches présentant de fortes similarités de séquence au niveau de la région ciblée avec le genre
Zobellia, comme des membres des genres Maribacter, Lewinella ou Marinirhabdus, n’étaient pas
détectées. Le protocole de gPCR développé dans ce chapitre permet de déterminer avec précision entre
10 et 10® copies du géne de I’ARNr 168 spécifique de Zobellia dans un échantillon complexe. Ces deux
outils complémentaires ont par la suite été appliqués sur des échantillons de macroalgues collectés sur
I’estran. Le protocole de FISH a permis de visualiser des cellules de Zobellia au microscope confocal a
la surface de 1’algue rouge Palmaria palmata et de 1’algue verte Ulva lactuca. 11 constitue en ce sens un
outil intéressant pour élucider I’organisation spatiale du genre Zobellia au sein du biofilm et ses
potentielles interactions avec 1’hdte ou les autres taxons bactériens. C’est une technique qui reste

cependant a optimiser pour I’appliquer sur une plus grande diversité de macroalgues.

Dans la Partie 2 de ce chapitre, la méthode de qPCR a été utilisée afin de quantifier 1’abondance du
genre Zobellia au sein de microbiotes épiphytes d’algues collectés tous les mois pendant 1 an sur la
surface de cinq algues différentes, représentant 240 échantillons au total. La présence de Zobellia spp.
a été détectée a la surface de macroalgues appartenant aux trois phyla et son abondance varie selon les
saisons et la partie du thalle considéré. Sur des algues vivantes, le genre Zobellia représente moins de
0,002 % de la communauté bactérienne en été contre 0,03-0,5 % en automne-hiver. La proportion de
Zobellia spp. sur les algues en décomposition échouées sur I’estran est environ 10 fois plus importante
et s’¢léve a 8 % de la communauté totale dans certains échantillons. Ce résultat suggére d’un point de

vue €écologique le rdle crucial des especes de Zobellia dans le recyclage de la biomasse algale.

Afin d’apprendre la méthode FISH/CARD-FISH et la développer pour la détection spécifique du genre
Zobellia, j’ai effectué un séjour de 3 semaines en Avril 2019 dans 1’équipe d’écologie moléculaire
Molecol de I’institut Max Planck de Bréme en Allemagne, aux c6tés des Dr. Rudolf Amann et Bernhard

Fuchs. Au sein de ce chapitre, j’ai donc participé a la mise au point de la méthode FISH/CARD-FISH
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ainsi qu’a ’application des méthodes CARD-FISH et qPCR sur les échantillons environnementaux et

aux analyses qui en découlent.

131



Part 1:
Development and optimization of qPCR and
CARD-FISH protocols for the specific
detection of Zobellia spp.
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Summary

Abstract

The flavobacterial genus Zobellia is considered as a model to study macroalgal polysaccharide
degradation. The lack of data regarding its prevalence and abundance in coastal habitats
constitutes a bottleneck to assess its ecological strategies. To overcome this issue, real-time
quantitative PCR (qPCR) and fluorescence in situ hybridization (FISH) methods targeting the
16S rRNA gene were optimized to specifically detect and quantify Zobellia on the surface of
diverse macroalgae. The newly designed qPCR primers and FISH probes targeted 98 and 100%
of the Zobellia strains in silico and their specificity was confirmed using pure bacterial cultures.
The dynamic range of the qPCR assay spanned 8 orders of magnitude from 10 to 10% 16S rRNA
gene copies and the detection limit was 0.01% relative abundance of Zobellia in environmental
samples. Zobellia-16S rRNA gene copies were detected on all surveyed brown, green and red
macroalgae, in proportion varying between 0.1 and 0.9% of the total bacterial copies. The
absolute and relative abundance of Zobellia varied with tissue aging on the kelp Laminaria
digitata. Zobellia cells were successfully visualized in Ulva lactuca and stranded Palmaria
palmata surface biofilm using CARD-FISH, representing in the latter 10° Zobellia cells.cm™ and
0.43% of total bacterial cells. Overall, gPCR and CARD-FISH assays enabled robust detection,
quantification and localization of Zobellia representatives in complex samples, underlining their
ecological relevance as primary biomass degraders potentially cross-feeding other

microorganisms.

Keywords: Zobellia, gPCR, CARD-FISH, macroalgae, marine flavobacteria
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Highlights
e Flavobacteriia are key players of carbon recycling in coastal ecosystems
e Among them, the genus Zobellia is considered as specialist of macroalgae degradation
e We developed qPCR and CARD-FISH assays allowing robust detection, quantification
and localization of Zobellia on macroalgae

e These tools may help unveil the interactions between Zobellia spp., macroalgae and other

microbial taxa

Introduction

Macroalgae are dominant primary producers in coastal ecosystems and constitute a large
reservoir of organic matter worldwide. A wide range of microorganisms colonize macroalgal
surfaces [20]. These biofilms contain diverse bacteria at densities ranging between 10 and 10°
cells.cm™ [35], which contribute to the remineralization of algal biomass [33]. Among those are
the members of the genus Zobellia (phylum Bacteroidetes, class Flavobacteriia), first described
by Barbeyron et al. [8]. To date, seven valid species compose the genus, namely Z. amurskyensis,
Z. galactanivorans, Z. laminariae, Z. nedashkovskayae, Z. russellii, Z. roscoffensis and Z.
uliginosa. They were isolated from marine environments throughout the world, notably from the
surface of brown [9,37], red [40] and green macroalgae [37]. Additionally, the NCBI database
references 65 unclassified Zobellia strains, mostly isolated from seaweeds. This genus comprises
highly potent degraders of macroalgal polysaccharides. Described members of the genus Zobellia

can grow on algal polysaccharides such as agar, porphyran and carrageenans from red algae and
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laminarin, alginate and fucoidans from brown algae, in line with the high number of
carbohydrate-active enzymes (CAZyme) encoded in their genomes [10,16]. A recent survey of
the twelve available Zobellia genomes revealed that CAZyme-encoding genes accounted for
more than 6% of the genomic content, from 263 genes in Z. nedashkovskayae Asnod3-E08-A to
336 genes in Z. galactanivorans Dsij' [15], illustrating the specialization of Zobellia
representatives in the degradation of algal polysaccharides. Accordingly, Z. galactanivorans
Dsij! has become a model for algal polysaccharide breakdown and assimilation [32], allowing the
discovery of many novel polysaccharidases and Polysaccharide Utilization Loci (PULSs) targeting
algal compounds [21,28,45]. Despite the potential of Zobellia strains for algal biomass recycling,
little is known regarding their prevalence and abundance in macroalgae-dominated habitats,
hindering our understanding of their role in coastal biogeochemistry. Molecular studies revealed
the presence of Zobellia members in diverse coastal ecosystems [1,19,29,34]. Searches in marine
metagenomes show numerous hits with high sequence identities (>90%) to Zobellia genes in a
variety of environments rich in organic carbon, including algal microbiomes, coastal sediments
and seawater from the Atlantic and Pacific Oceans as well as the North Sea and the English
Channel (Supplementary Table 1). Overall, this suggests a widespread distribution and
ecological relevance of Zobellia for carbon cycling in coastal ecosystems. However,
metagenomic sequencing does not allow a precise quantification of taxon abundance in the
environment and can be biased by promiscuous taxonomic sequence assignation. This prompted
us to develop new tools targeting the genus Zobellia, which would allow specific detection in
complex samples, cell localization and both absolute and relative quantification of its abundance.
Real-time quantitative polymerase chain reaction (qQPCR) and fluorescence in sifu hybridization
(FISH) are two well-established molecular methods for specific bacterial taxa detection. qPCR is

a fast, highly sensitive and specific tool allowing absolute quantification of DNA gene copies and
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is suitable to detect minor amounts of target DNA [24]. qPCR assays were previously developed
to quantify microbial taxa associated with macroalgae, such as endophytic eukaryotic pathogens
in brown seaweeds [13,25], bacterial pathogens on Saccharina latissima [6] or the genus
Pseudoalteromonas at the surface of green macroalgae [44]. FISH is a widely used method in
microbial ecology for cell identification and enumeration in complex environments. Its principle
is based on the use of rRNA-targeted oligonucleotide probes labeled with fluorescent dyes, which
allow the detection of a defined group of microorganisms [3]. The use of horseradish peroxidase-
labeled probes in combination with catalyzed reported deposition (CARD) of fluorescently
labeled tyramides was then developed to enhance the fluorescence and improve the detection
signal [38]. FISH combined or not with catalyzed reporter deposition (CARD-FISH) was
successfully applied previously to enumerate seaweed-associated epiphytic or endophytic
bacteria [12,31,46,48,49]. Here, we describe new qPCR and FISH protocols specifically targeting
the genus Zobellia, allowing its detection, absolute quantification and localization at the surface
of macroalgae. qPCR primers and FISH probes were designed and validated in silico. Both
methods were optimized on pure bacterial cultures before being applied on environmental

samples.

Material and Methods

Bacterial strains
All bacterial strains used in this study are listed in Supplementary Table 2 and were grown in

ZoBell 2216 medium [53].
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Environmental samples

Surface microbiota were sampled in February 2020 using sterile swabs on healthy specimens of
Laminaria digitata (Ldig), Ascophyllum nodosum (Anod), Ulva lactuca (Ulac) and Palmaria
palmata (Ppal) at the Bloscon site (48°43°29.982°" N, 03°58’8.27” W) in Roscoff (France).
Three individuals of each species were sampled. One additional sample was obtained from a
stranded specimen of P. palmata at the same time (PpalS). The swabbed surface was 25 cm? on
both sides of the algal thallus. Three different regions of the kelp L. digitata were sampled: the
basal meristem (young tissue, hereafter LdigB), the medium frond (ca. 20 cm away from the
meristem, hereafter LdigM) and the old frond (the blade tip, hereafter LdigO). Swabs were
immersed in DNA/RNA Shield reagent (ZymoBiomics), kept on ice during transport (<2 h) and
stored at -20°C until DNA extraction. Algal pieces from the same individuals were collected with
sterile punchers (1.3 cm diameter), rinsed with autoclaved seawater and placed directly in 2%
PFA in PBS overnight at 4°C. All fixed samples were washed twice in PBS and stored in

PBS:EtOH (1:1 v/v) at -20°C before FISH analysis.

DNA extraction
Environmental DNA from swabs was extracted using the DNA/RNA Miniprep kit
(ZymoBiomics) within 1 month after sampling. Genomic DNA (gDNA) was extracted from Z.

galactanivorans Dsij' and Z. russellii KMM 3677 pure cultures as described in Gobet et al. [26].

Primer design

Zobellia-specific PCR primers were designed using DECIPHER

(http://www?2.decipher.codes/DesignPrimers.html) with 139 aligned 16S rRNA gene sequences

from flavobacteria, including 52 Zobellia strains and 87 sequences representing 23 close genera
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(Supplementary File 1). Primers were searched to amplify 75-200 bp products, with
DECIPHER default parameters. The designed sets of primers were tested for specificity against
the reference database SILVA 138.1 SSU Ref using SILVA TestPrime with 0 mismatch allowed

(Table 1).

qPCR assays

qPCR was carried out in 384-multiwell plates on a LightCycler 480 Instrument II (Roche). Each
5 pl reaction contained 2.5 pl of LightCycler 480 SYBR Green I Master mix 2X (Roche Applied
Science), 0.5 pl of each primer and 1.5 pl of template DNA. Each reaction was prepared in
technical triplicates. The amplification program consisted of an initial hold at 95°C for 10 min
followed by 45 cycles of 95°C for 10 s, 20 s at the chosen annealing temperature (Ta), and 72°C
for 10 s. After the amplification step, dissociation curves were generated by increasing the
temperature from 65°C to 97°C.

The qPCR protocol targeting Zobellia was first optimized on gDNA purified from cultured
Zobellia strains, by testing the efficiency of three different primer pairs and varying T. (55-65°C)
and final primer concentration (100-500 nM). Strains Cellulophaga baltica NN0158407,
Cellulophaga sp. Asnod2-G02 [34] and Maribacter forsetii KT02ds18-6" were used as negative
controls.

The optimum parameters were then used for qPCR amplifications on environmental DNA as
described below, using Zobellia-specific primers 142F/289R. The amplicon size was checked by
2% agarose gel electrophoresis.

Total and Zobellia 16S rRNA gene copies were quantified in environmental samples using the
universal bacterial primers 926F/1062R [5] and the Zobellia-specific primers 142F/289R,

respectively. Reactions were prepared with 1.5 pl of template DNA normalized at 0.5 ng.ul™! with
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Ta set to 60°C for universal primers and 64°C for Zobellia-specific primers and a primer
concentration in the reaction of 300 nM for both pairs. Serial dilutions of purified Z.
galactanivorans DsijT gDNA ranging from 10to 108 16S rRNA gene copies were used as a
standard curve and were amplified in triplicate in the same run as the environmental samples. No-
Template Controls (NTC) were included in the run. The LightCycler 480 Software v1.5 was used
to determine the threshold cycle (Cy) for each sample. Linear standard curves were obtained by
plotting C; as a function of the logarithm of the initial 16S rRNA gene copies. PCR efficiency
was calculated as 107s1°P° - 1 [14]. One-way ANOVA analyses followed by pairwise post-hoc
Tukey HSD were conducted in R v3.6.2 [41]. Details on qPCR assays are given in

Supplementary File 2, following the MIQE guidelines [14].

Sequencing of qPCR products

qPCR products obtained from two selected environmental samples (LdigO and PpalS) were re-
amplified using a Taq DNA polymerase to add 3' A-overhangs and ligated into pCR 2.1-TOPO
vector using the TOPO TA cloning kit (Invitrogen) before transformation into Escherichia coli
NEBS5a cells (New England Biolabs). Clones were grown overnight on LB-agar plates containing
50 pg.ml! kanamycin, with addition of isopropyl B-D-1-thiogalactopyranoside (IPTG) and 5-
bromo-4-chloro-3-indolyl-pB-D-galactopyranoside (X-Gal) following the manufacturer's
instructions. For each environmental sample, 10 white or light-blue clones were randomly picked
and grown separately in LB medium (50 pg.ml™! kanamycin) overnight. Plasmids were purified
using the Wizard Plus SV Minipreps DNA Purification System (Promega) and sequenced with
the M13 Forward (-20) primer. Insert DNA sequences were analyzed by blastn against the NCBI

16S rRNA gene database.

140



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

FISH probe and helper design
The ZOB137 FISH probe specific to the genus Zobellia (Table 1) was designed using the ARB

software (http://www.arb-home.de). Available Zobellia 16S rRNA gene sequences were aligned

using SINA v1.6.1 and added to the Silva reference database (SILVA132 SSURef 12.12.17) in
ARB to be included in the Silva tree. All Zobellia sequences were selected for probe search using
the PROBE DESIGN tool with the following parameters: Max. non-group hits: 2, Min group hits
(%): 100, Length of probe: 18, Temperature: 30-100, G+C content: 50-100. The newly designed
Z0B137 probe, as well as the EUB338 I-III [2,18] and the NON338 [51] probes, were ordered
from Biomers (www.biomers.net), labeled either with the fluorescent dye Atto488 (FISH
protocol) or with the horseradish peroxidase (HRP) enzyme (CARD-FISH protocol). Three non-
labeled helper oligonucleotides (21 nt) were designed to bind adjacent to the ZOB137-target site
(Fig. S1B) in order to enhance the probe signal (see H116, H155 and H176 in Table 1). All
probes and helpers were resuspended in nuclease-free water and diluted to a working stock

concentration of 8.4 pmol.pl.

Optimization of hybridization conditions

FISH formamide melting curves were performed with the ZOB137-Atto488 probe on pure
cultures of Z. galactanivorans Dsij' and Z. russellii KMM 36771, Cells were grown at room
temperature in ZoBell medium for 3 days and fixed in 1% paraformaldehyde (PFA) in PBS [2].
Fixed cells were spotted on glass slides, air-dried and dehydrated in successive short EtOH-baths.
Hybridization buffer (0.9 M NaCl, 20 mM Tris-HCI pH8, 0.01% SDS) with increasing
formamide concentration (10 to 70%) was mixed (9:1) with the ZOB137-Atto488 probe and
spotted on each well. After incubation for 2 h at 46°C, slides were washed 15 min in the

corresponding preheated washing buffer (0.45 to 0 M NaCl, 1 M Tris-HCI pHS, 0 to 5 mM
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EDTA pHS, 0.01% SDS) at 48°C. Counter-staining was performed with 4',6-diamidino-2-
phenylindole (DAPI, 1 pg.mg!) and slides were mounted using Citifluor:Vectashield (3:1).
Fluorescence was observed on a Nikon 50i epifluorescence microscope (filter ET-EGFP (LP))
equipped with an AxioCam MRc camera (Carl Zeiss, Germany). Signal intensity was quantified
using ImageJ [43] on three random images per hybridization. Only the green channel was
analyzed and the background signal was removed. For each hybridization, the maximum intensity

of 50 randomly selected cells was measured.

CARD-FISH

CARD-FISH was performed using a method adapted from Pernthaler et al. [38] and optimized
for the detection of alga-attached bacteria [49]. Fixed Zobellia cells from pure cultures were
harvested onto a 0.2 um polycarbonate membrane. Membrane portions or fixed algal samples (ca.
25-30 mm?) were embedded in 0.1% LE agarose and bleached in ethanol with increasing
concentration. Cells were permeabilized with lysozyme (10 mg.ml !, 15 min, 37°C). Endogenous
peroxidases were inactivated by short incubation in 0.1 M HCl followed by 10 min in 3% H>O>
for membrane portions or by incubation in 0.15% H20O> in methanol (30 min) for algal pieces.
Samples were covered with the hybridization mix (0.9 M NaCl, 20 mM Tris-HCI pHS, 35%
formamide, 1% blocking reagent, 10% dextran sulfate, 0.02% SDS, 28 nM probe and each helper
if needed) for 2.5 h at 46°C. Samples were washed 15 min in a preheated washing buffer (70 mM
NaCl, 1 M Tris-HCI pHS8, 5 mM EDTA pHS, 0.01% SDS) at 48°C and 15 min in 1% PBS before
being covered with a detection solution (1x PBS, 2 M NaCl, 0.1% blocking reagent, 10% dextran
sulfate, 0.0015% H>O;and 1 pg.ml! of Alexasss-labeled tyramides) for amplification (45 min,
46°C). DAPI (1 pg.mg!) counter-staining was performed and slides were mounted once samples

were completely dry with Citifluor:Vectashield (3:1). Membrane portions were visualized with a
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Leica DMi8 epifluorescent microscope equipped with an oil objective 100X and a Leica
DFC3000 G camera (Wetzlar, Germany). Cells on algal tissues were visualized with a confocal
microscope Leica TCS SP8 equipped with HC PL APO 63x/1.4 oil objective and K-Cube filters
A UV and N2.1 using the 405 et 552 nm lasers to detect DAPI and Alexasss signal, respectively.
Z-stack images were collected due to the uneven algal surface (between 21 and 75 single layers
of 0.15 or 0.3 um thickness, depending on the observed field). Total and Zobellia cell counts
were processed on maximum intensity images with Imaris v9.5.1. A total of 21 000 cells were

counted automatically from 7 different fields.

Results

Optimization of qPCR parameters for specific detection of the genus Zobellia

One possible forward primer (142F) and three possible reverse primers (285R, 289R and 294R)
were designed to target specifically the V2 region of the 16S rRNA gene in the genus Zobellia
(Fig. S1A). The target regions were identical in multiple rRNA operons found in available
Zobellia genomes (Supplementary Table 3). In silico tests confirmed that the three primer pairs
match only Zobellia sequences in the entire 16S rRNA database (Table 1). Out of the 54 Zobellia
strains available in SILVA SSU r138.1, only the two strains Zobellia sp. SED8 and Zobellia sp.
M-2 were missed by a stringent in silico test (no mismatch allowed), the former being rescued
when relaxing the stringency (1 mismatch allowed with a 3-bp perfect match zone at 3’ end of
primers).

We assessed the optimal annealing temperature (Ta) and primer concentration for gPCR using 10*
16S rRNA gene copies from two Zobellia strains. Since the 16S rRNA gene sequences of all

valid Zobellia species were identical in the region targeted by primers, we focused our efforts on
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Z. galactanivorans Dsij" and Z. russellii KMM 36777, which belong to two separate subclades
based on core genome phylogeny [15]. Similar results were obtained with the three qPCR primer
pairs and only those obtained with 142F/289R are shown in Fig. 1. Amplification was successful
for the two Zobellia species with primer concentration ranging between 100 - 500 nM (Fig. 1A)
and T. ranging between 55 - 65°C (Fig. 1B). Agarose gel electrophoresis of qPCR products
showed a single band at the expected amplicon size (148 nt) with Zobellia gDNA (Fig. S2A). A
slight increase of Ciwas observed on Zobellia gDNA for primer concentration below 200 nM
(Fig. 1B). Therefore, primer concentration was set at 300 nM for further experiments. C;
remained stable irrespective of the temperature (around 24 and 21 for Z. galactanivorans and Z.
russellii respectively).

Ten-fold serial dilutions of Z. galactanivorans DsijT gDNA were amplified (Ta = 60°C, [primers]
=300 nM) to evaluate the qPCR dynamic range and efficiency of each primer pair. The highest
efficiency (88%) was observed for the pair 142F/289R, compared to 142F/285R and 142F/294R
(86% and 81%, respectively) (Fig. 1C). The linear dynamic range spanned 8 orders of
magnitude, from 10 to 10® 16S rRNA gene copies. To ensure high efficiency and specificity of
qPCR assays on environmental samples, we further used the pair 142F/289R and a high
annealing temperature (Ta. = 64°C). With these conditions, the strains Cellulophaga baltica
NNO015840" and Cellulophaga sp. Asnod2-G02 were used as negative controls to check the assay
specificity, since the target regions of their 16S rRNA gene sequences were the closest to that of
Zobellia based on SILVA TestPrime results (3 mismatches with 142F, 3 mismatches with 289R).
We also tested amplification from Maribacter forsetii KT02ds18-6" (5 and 4 mismatches to 142F
and 289R, respectively), since Maribacter is the closest described genus to Zobellia [7]. No
amplification was detected with any of these negative controls (Fig. S2A). In addition,

amplification from environmental DNA yielded a single product at the expected size (Fig. S2B),
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with melting curves showing a single dissociation peak (Fig. S2D) similar to that obtained on
pure Z. galactanivorans Dsij’ gDNA (Fig. S2C). qPCR products obtained with two selected
environmental samples (LdigO and PpalS, see below) were sequenced (Supplementary File 3).
All retrieved sequences (20/20) had their best blastn hit against 16S rRNA gene sequences from
Zobellia spp (Supplementary Table 4), confirming the specificity of the assay on natural
samples. Sensitivity and specificity were further assessed using environmental DNA extracted
from natural seawater devoid of Zobellia (no amplification detected after 45 cycles of qPCR with
primers 142F/289R) mixed with 10-fold serial dilutions of Z. galactanivorans Dsij' gDNA. The
proportion of Zobellia was calculated by dividing Zobellia 16S rRNA gene copies (amplification
with primers 142F/289R) by total 16S rRNA gene copies (amplification with primers
926F/1062R) (Fig. 1D). Measured and theoretical proportions were highly congruent, confirming
the specificity of the method toward Zobellia spp. The assay shows a strong sensitivity, as it can
detect minor proportions of Zobellia DNA (approximately 0.01%, i.e., 5 16S rRNA genes copies)
when combined with environmental DNA. Detection was saturated when the proportion of
Zobellia was close to 100% (Fig. 1D, top-right corner), a situation unlikely to happen in natural

samples.

Characterization of the newly-designed FISH probe ZOB137

Probe design yielded one candidate, ZOB137 (Table 1) covering 100% of the target group.
Z0OB137 target site was similar to that of primer 142F (Fig. S1B). In silico analysis showed
Z0B137 matches the 54 Zobellia sequences available in the SILVA SSU r138.1 database. Three
outgroup hits were found (uncultured members of the genera Aquibacter and Euzebyella).

We optimized the hybridization stringency for FISH with ZOB137, i.e. the highest formamide

(FA) concentration in the hybridization buffer that does not result in loss of fluorescence intensity
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of the target cells [39]. Melting curves were obtained from hybridizations of Z. galactanivorans
DsijT and Z. russellii KMM 3677 with ZOB137-Atto488 at increasing FA concentrations (Fig.
2). For both strains, cell fluorescence intensity was stable until 35% FA, slightly decreased using
40% FA and dropped using 50-70% FA. Therefore, the optimal FA concentration for ZOB137
was set to 35% for further experiments. ZOB137 was tested using these conditions with two
additional Zobellia strains, Z. amurskyensis KMM 3526" and Z. roscoffensis Asnod1-F08T, and a
fluorescent signal was observed (data not shown).

The CARD-FISH signal obtained after hybridization of Z. galactanivorans remained weak and
might not be detectable in environmental samples (Fig. 3E). The addition of three helper
oligonucleotides in the hybridization mix (H116, H155 and H176) increased the signal intensity
ca. 3-fold under the same exposure time (Fig. 3F). CARD-FISH specificity was tested using
Lewinella marina MKG-38" and Marinirhabdus citrea MEBiC09412" that feature only one
mismatch with the ZOB137 target sequence (respectively C and A instead of T at position

145). No CARD-FISH signal was observed after hybridization of both strains with ZOB137 and
helpers (Fig. 3G-H), confirming the absence of hybridization to non-target organisms using 35%

FA.

Application of Zobellia-specific qQPCR and CARD-FISH assays on natural macroalgal

microbiota

These newly-designed qPCR and CARD-FISH assays were tested on environmental samples, to
detect and quantify the abundance of the genus Zobellia on the surface of macroalgae. Total and
Zobellia 16S rRNA gene copies were quantified on the surface of two fresh brown macroalgae

Laminaria digitata (base, medium and old part) and Ascophyllum nodosum, a fresh green
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macroalga Ulva lactuca and a red macroalga Palmaria palmata (fresh and stranded individuals)
(Fig. 4).

No significant difference was observed in the average total copies.cm™ between the basal (0.27 x
10 copies.cm) and medium (1.8 x 10° copies.cm™) part of L. digitata (Tukey HSD post-hoc
pairwise comparisons, P = 0.8). However, the total number of copies was significantly higher on
the old blade where 14.6 x 10° copies.cm™ were quantified (P = 0.003 and P = 0.005 in
comparison to LdigB and LdigM, respectively). The average total copy number on 4. nodosum,
U. lactuca and P. palmata fresh and stranded was estimated at 7.2, 5.7, 5.1 and 14.6 x 10°

copies.cm™

, respectively.

16S rRNA gene copies were also detected on the four macroalgae with the Zobellia-specific
primers (Fig. 4B). The number of Zobellia-16S rRNA gene copies.cm™ differed along the L.
digitata blade (ANOVA, F26 = 31.8, P =0.001). It was higher on the old blade (10.5 x 103
copies.cm™) compared to the basal (1.3 x 103 copies.cm™, Tukey HSD P = 0.001) and the
medium (2.5 x 10° copies.cm™, P = 0.002) part. The proportion of Zobellia cells within the
epiphytic communities (Fig. 4C) was significantly higher on the basal part (0.54%) than on the
old blade of L. digitata (0.07%) (P = 0.01). Fresh A. nodosum, U. lactuca and P. palmata
displayed 9.7, 6.1 and 11.3 x 103 Zobellia copies.cm™ representing 0.14, 0.12 and 0.21% of the
total number of copies, respectively. On the surface of the stranded P. palmata sample, 1.3 x 10°

2 were estimated, ie. 0.87% relative abundance.

Zobellia copies.cm
The genus Zobellia was successfully detected on the surface of the stranded P. palmata
individual and on a fresh individual from U. lactuca using CARD-FISH (Fig. 5). ZOB137-
hybridized cells were well visible among the epiphytic bacterial communities. A 2-3 pm thick

space without fluorescence was observable between the biofilm and the external algal cells, likely

due to the algal extracellular matrix. ZOB137-hybridized cells did not seem to form aggregates
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on both macroalgae. Zobellia cells observed on algal tissues (Fig. 5) were shorter than those
observed in pure cultures in rich medium (Fig. 3F), indicating different morphologies depending
on environmental conditions. After image analysis on P. palmata, 1.0 x 10° Zobellia cells were
counted per cm? of algal surface, representing ca. 0.43% of detected bacterial cells. Zobellia cells
displayed a homogeneous distribution on stranded P. palmata but not on the surface of U. lactuca
where Zobellia-specific signal was visible only in a few areas. Hence, Zobellia cell count was not

performed on U. lactuca as it would not have been reliable.

Discussion

qPCR and CARD-FISH are widely used, complementary molecular methods to examine
microbial abundance in environmental samples. qPCR is a fast, highly sensitive and specific tool
allowing absolute quantification of gene copies, suitable to detect minor amounts of target DNA
[24]. CARD-FISH is more time-consuming but is not subject to DNA extraction or PCR biases
and enables direct visualization and localization of single bacterial cells associated with the host.
qPCR using universal bacterial primers estimated around 10°-107 total 16S rRNA gene
copies.cm™ on the different macroalgal species. Considering an average of 4 copies of 16S rRNA
gene per bacterial cell [50], these results concur with previous studies showing 10°-10° cells per
cm? on algal surfaces [17,35]. qPCR assays on L. digitata samples showed that total bacterial
abundance increased with kelp tissue age, corroborating observations made on different kelp
species [36,42].

Newly designed qPCR and CARD-FISH assays specifically targeting the genus Zobellia were
tested and optimized on pure cultures before application on macroalgal samples. qPCR assays

using the novel Zobellia-specific primers 142F/289R were shown to be a robust, fast, high-
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throughput and sensitive way to quantify the abundance of Zobellia spp. in environmental
samples. The detection limits were determined by pooling targeted with untargeted DNA, a
relevant approach as we aim to detect Zobellia in natural samples (as discussed in Skovhus et al.
[44]. This method allows the detection of minor proportions of Zobellia in environmental
samples (0.01%), which would be technically difficult using CARD-FISH.

CARD-FISH detection of non-abundant taxa directly on macroalgae is difficult due to the high
background autofluorescence of algal pigments. Here, algal bleaching was performed with
extended ethanol and methanol baths to reduce autofluorescence. Moreover, the addition of three
unlabeled helper oligonucleotides improved the CARD-FISH signal, facilitating cell
visualization. The secondary structure of the 16S rRNA target region for probe ZOB137 might
partly hinder hybridization [11,23]. The combined hybridization of multiple adjacent helper
oligonucleotides assisted to open the targeted region, facilitating probe binding. The use of
helpers for FISH was first described by Fuchs ef al. [22] who recommended to test
experimentally their influence on the probe specificity. In our study, no hybridization signal was
detected using ZOB137 combined with helpers on two strains with single-mismatch, confirming
helpers did not impact probe specificity. A specific CARD-FISH signal was detected with
Z0OB137 at the surface of macroalgae with a flat thin blade, such as the red seaweed Palmaria
palmata or the green seaweed Ulva lactuca. This new protocol represents a powerful tool to (i)
determine the spatial localization of Zobellia cells within macroalgal surface microbiota, (ii)
estimate their physical interactions with other taxa or the host and (iii) assess whether they are
structured into patches or evenly distributed on the surface, as it seems to be the case on P.
palmata thallus. Visualization was more complex with thicker algae such as Laminaria, since
multiple cell layers caused a strong autofluorescence masking the bacterial CARD-FISH signal.

Moreover, thick algal pieces sometimes decomposed during the CARD-FISH process as their
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structure became weaker, more viscous and tissues tended to disintegrate during washing steps.
Hence, specific taxa visualization on algal surfaces remains a challenge depending on algal
species. A way to overcome these issues would be to embed algae in resin and cut thin thallus
sections using a microtome prior to CARD-FISH, as it was successfully done in Ramirez-Puebla
et al. [42] and Tourneroche et al. [46].

Altogether, our analyses revealed that the genus Zobellia was part of the microbiota of all tested
macroalgae, including U. lactuca, P. palmata, A. nodosum and L. digitata on both young or old
regions of the blade. This confirms its widespread distribution in algal microbiomes from
temperate ecosystems, in line with Zobellia numerous adaptive traits to live on macroalgae such
as the ability to degrade polysaccharides and to counteract antibacterial algal defense [10].
Previous studies already reported the presence of Zobellia spp. on A. nodosum (3% of the
cultivable microbiota) [9,34] and L. digitata [47] in Roscoff. Since macroalgal microbiomes are
diverse and can host hundreds of taxa [20], the observed frequency of 0.1-1% for Zobellia shows
the quantitative relevance of this genus in macroalgae-dominated habitats. The highest Zobellia
proportion was observed on the stranded decaying P. palmata individual, highlighting its putative
important activity in macroalgal biomass recycling. Although not dominant in the bacterial
communities, Zobellia spp. might act as primary degraders of algal polysaccharides due to their
outstanding CAZyme repertoire, releasing degradation products that could fuel other taxa via
cross-feeding interactions. In line with this, Z. galactanivorans DsijT was recently shown to
degrade intact kelp tissue, releasing soluble algal compounds that become accessible to
opportunistic taxa [52]. The absolute number of Zobellia 16S rRNA gene copies was positively
correlated with the age of the L. digitata tissues. Kelp decay is more pronounced at the tip of the
blade, which might result in more available substrates for diverse bacterial algal degraders,

including Zobellia spp. By contrast, the proportion of Zobellia 16S rRNA gene copies over total
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copies was highest in the youngest region of L. digitata (i.e. the basal meristem). The high
proportion of the genus Zobellia on young algal tissues might thus reflect its metabolic
specialization towards complex polysaccharides found in the meristem, while it could be
outcompeted by opportunistic taxa on the decaying old blade. Zobellia spp. might also be early
colonizers of newly-produced meristematic tissues, reflecting their adaptation to attach to and
live on algal surfaces. Moreover, intra-thallus variability of algal defense metabolites, such as
iodine, reactive oxygen and nitrogen species and phlorotannins, might create different ecological

micro-niches [4,27,30] selecting for specific taxa.

Using P. palmata surface microbiota as a test case, we showed that both the absolute number and
proportion of ZOB137-hybridized cells concur with the qPCR-estimated Zobellia 16S rRNA
gene copy number. However, it should be interpreted carefully as available Zobellia genomes
feature between 1 to 4 copies of 16S rRNA genes (Supplementary Table 3), so qPCR results
cannot be directly converted into a number of cells. Another bias might lie in the size of the
sampled algal area, as bacteria were quantified from a 50-cm? surface with qPCR but CARD-
FISH was performed only on 30-mm? algal pieces. Tourneroche and co-workers recently drew
attention to the potential within-tissue spatial variability of kelp-associated bacterial communities
[46]. Finally, CARD-FISH analyses detect metabolically active cells as the probe targets 16S
rRNA, while here qPCR was applied on DNA samples and therefore could detect resting or dead
cells. The close proximity of values obtained on stranded P. palmata with gPCR (1.3 x 10°
copies.cm™ for Zobellia 16S rRNA gene) and CARD-FISH (1.0 x 103 Zobellia cells.cm™)
suggests that most Zobellia cells in this sample were active. In the future, the newly-designed
primer pair 142F/289R could be used for reverse-transcription qPCR on RNA extracts to better

estimate Zobellia transcriptional activity.
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To conclude, we validated novel gPCR and CARD-FISH protocols to specifically target the
marine flavobacterial genus Zobellia. We provide the first quantitative estimates of Zobellia
absolute and relative abundance on different macroalgae, suggesting a widespread distribution.
This work paves the way for further studies of the spatiotemporal dynamics of Zobellia in marine

environments.
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629 Table

630  Table 1. Oligonucleotides used in this study. Specificity was tested in silico using the SILVA tools TestPrime and TestProbe for gPCR primers

631  and FISH probes, respectively. Searches were performed against the reference database SILVA 138.1 SSU Ref with 0 mismatch allowed.

Target Name Sequence (5' to 3') Size of Number of hits Group0 Outgroup Reference
group target group in target group coverage (%) hits
. CCTACTGTGGGATAGCCCAG/ .
, Zobellia 142F / 285R GCGGTCTTGGTGAGCCG 54 52 96.3 0 This study
=
o . CCTACTGTGGGATAGCCCAG/ .
E Zobellia 142F / 289R CATCGCGGTCTTGGTGA 54 52 96.3 0 This study
=
=9 . CCTACTGTGGGATAGCCCAG/ .
5 Zobellia 142F / 294R CTACCCATCGCGGTCTT 54 52 96.3 0 This study
&~
= .
. AAACTCAAAKGAATTGACGG/ De Gregoris et al., 2011

Bacteria  926F / 1062R CTCACRRCACGAGCTGAC 1916 523 1565274 81.7 0 [5]

Zobellia Z0OB137 GGCTATCCCACAGTAGGG 54 54 100 3 This study
2
e EUB338, GCTGCCTCCCGTAGGAGT,
= . Amann et al., 1990 [2]
& Bacteria EUB338-Iland GCAGCCACCCGTAGGTGT and 1916 512 1794 219 93.6 0 Daims et al., 1999 [18]
% EUB338-111 GCTGCCACCCGTAGGTGT N
=

None NON338 ACTCCTACGGGAGGCAGC - - - - Wallner et al., 1993 [51]
g Zobellia HI116 GGYAGATYGTATACGCSTTGC - - - - This study
=3
i Zobellia HI155 GTMTTAATCCAAATTTCTCTG - - - - This study
7
& Zobellia H176 CACATGGTACCATTTTACGGC - - - - This study
632
25
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Figure legends

Figure 1. Optimization of PCR parameters. A-B: Effect of primer concentration (A) and annealing
temperature (T.) (B) on the cycle threshold (C;) was determined using the primer pair 142F/289R and 10*
16S rRNA gene copies. Ta was set to 60°C in A and primer concentration to 300 nM in B. C: Standard
curves obtained in gPCR with the three sets of primers using Z. galactanivorans Dsij’ gDNA diluted from
10® to 10" 16S rRNA gene copies. D: Comparison of measured and theoretical proportion of Zobellia 16S
rRNA gene copies in environmental DNA with increasing load of Zobellia gDNA. The 1:1 line was drawn
in light grey as a comparison. Values are mean £ s.d (n = 3). In C and D, T. = 64°C and [primer] = 300 nM.

In all panels (A-D), measurements were performed in technical triplicates.

Figure 2. Dissociation curves of the probe ZOB137 determined using the strains Zobellia
galactanivorans Dsij" (A) and Zobellia russellii KMM 3677" (B) under increasing formamide
concentration. For each formamide concentration, the maximum fluorescence intensity was assessed for
cells on five different microscopic fields (between 30 and 70 counted cells in total for each concentration).

White diamonds represent the mean intensity.

Figure 3. Epifluorescence microscopy images of bacterial cells hybridized with the CARD-FISH
probe ZOB137 (E-H) and counterstained with DAPI (A-D). Lewinella marina MKG-38T and
Marinirhabdus citrea MEBiC09412T were used as negative controls to assess the specificity of the newly-
designed probe ZOB137. Addition of the three helpers in the hybridization mix increased the fluorescence
of the Zobellia galactanivorans cells (F) without affecting the probe specificity (G-H). Upper (DAPI-
stained cells) and lower (CARD-FISH signal) epifluorescent micrographs show identical fields. Exposure

time was 100 ms for CARD-FISH. FA = 35%.
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Figure 4. Number of 16S rRNA gene copies per cm” of algal surface detected either with the universal
bacterial primers (A) or with the Zobellia-specific primers 142F/289R (B). Proportion of Zobellia (C)
was obtained by dividing the number of Zobellia 16S copies by the number of 16S copies detected with the
universal primers for each sample. Measurements were performed in technical triplicates. LdigB, LdigM
and LdigO are basal, median and apical parts of Laminaria digitata, respectively. Anod, Ascophyllum
nodosum; Ulac, Ulva lactuca; Ppal, healthy Palmaria palmata; PpalS, stranded P. palmata. For L. digitata
samples, within-blade variations were tested using one-way ANOVA analyses followed by pairwise post-

hoc Tukey HSD. Different letters denote significant difference (P < 0.05).

Figure 5. Zobellia cells visualization in the stained biofilm of Palmaria palmata (A) and Ulva lactuca
(B). Micrographs are overlay of the CARD-FISH signal (green cells, ZOB137-HRP probe with Alexasss as
the reporter signal) and the DAPI signal (magenta cells) and represent the maximum intensity projection of

Z-stack. Transversal view is shown at the bottom. Bars: 10 pm (A) and 15 pm (B).
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Supplementary Tables

Supplementary Table 1. Survey of genes homologous to Z. galactanivorans Dsij' in marine

metagenomes available on the IMG/MER platform. Only metagenome samples showing at least 50

homolog genes with >90% sequence identity to genes in Z. galactanivorans Dsij" are shown.

Metagenome Origin Location Number of
ID 90% hits
3300009421 red alga Porphyra Sidmouth (UK) 1262
3300027498 red alga Porphyra Sidmouth (UK) 917
3300009410 red alga Porphyra Porto (Portugal) 536
3300009192 red alga Porphyra Porto (Portugal) 480
3300009415 red alga Porphyra Sidmouth (UK) 393
3300032272 coastal sediment Maine (USA) 334
3300027262 red alga Porphyra Sidmouth (UK) 289
3300026840 red alga Porphyra Porto (Portugal) 283
3300027028 red alga Porphyra Porto (Portugal) 260
3300009508 epipelagic water Helgoland (Germany) 231
3300009073 red alga Porphyra Bantry Bay (Ireland) 162
3300032373 microbial mat Maine (USA) 129
3300009446 red alga Porphyra Maine (USA) 114
3300028600 subtidal sediment Helgoland (Germany) 114
3300025881 epipelagic water Helgoland (Germany) 113
3300028599 subtidal sediment Helgoland (Germany) 105
3300027509 red alga Porphyra Bantry Bay (Ireland) 93
3300032136 coastal sediment Delaware Bay (USA) 93
2236876004 estuarine water Columbia River (USA) 83
2236876010 estuarine water Columbia River (USA) 83
3300010392 coastal sediment Rhode Island (USA) 82
3300032258 coastal sediment Maine (USA) 73
3300018420 coastal salt marsh Skidaway Island (USA) 66
3300010430 coastal sediment Atlantic coast 66
3300009505 epipelagic water Helgoland (Germany) 64
3300018048 coastal salt marsh Skidaway Island (USA) 63
3300018417 coastal salt marsh Skidaway Island (USA) 61
3300032231 coastal sediment Maine (USA) 61
3300018876 coastal salt marsh Skidaway Island (USA) 60
3300027623 red alga Porphyra Maine (USA) 58
3300018416 coastal salt marsh Skidaway Island (USA) 58
3300028598 subtidal sediment Helgoland (Germany) 57
3300025793 wetland San Francisco Bay (USA) 57
3300009439 red alga Porphyra Maine (USA) 54
3300018041 coastal salt marsh Skidaway Island (USA) 51
3300017950 coastal salt marsh Skidaway Island (USA) 51
3300019459 coastal salt marsh Skidaway Island (USA) 51
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Supplementary Table 2. List of bacterial strains used in this study.

Strain Use Reference

Zobellia galactanivorans Dsij" positive control for gPCR / FISH  (Barbeyron et al., 2001)
Zobellia russellii KMM 3677" positive control for gPCR / FISH  (Nedashkovskaya et al., 2004)
Zobellia amurskyensis KMM 3526"  positive control for FISH (Nedashkovskaya et al., 2004)
Zobellia roscoffensis Asnod1-FO8"  positive control for FISH (Barbeyron et al., 2021)
Cellulophaga baltica NN015840" negative control for gPCR (Johansen et al., 1999)
Cellulophaga sp. strain Asnod2-G02 negative control for gPCR (Martin et al., 2015)
Maribacter forsetii KT02ds18-6" negative control for gPCR (Barbeyron et al., 2008)
Lewinella marina MKG-38" negative control for FISH (Khan et al., 2007)
Marinirhabdus citrea MEBiC09412" negative control for FISH (Yang et al., 2018)
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48  Supplementary Table 3. Number of copies of 16S rRNA genes in available genomes from the genus
49  Zobellia.
50

Number of 16S

trai
Strain rRINNA genes

Z. amurskyensis KMM 35267

Z. amurskyensis MAR 2009 138
Z. russellii KMM 3677"

Z. laminariae KMM 3676"

Z. uliginosa DSM 20617

Z. galactanivorans Dsil”

Z. galactanivorans OII3

Z. roscoffensis Asnod1-FO8"

Z. roscoffensis Asnod2-B02-B

Z. nedashkovskayae Asnod2-B07-B”
Z. nedashkovskayae Asnod3-E08-A

—_ = = = = NN NN WA
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51

52
53

54
55

Supplementary Table 4. Blastn results on the NCBI 16S rRNA gene database for sequences of qPCR

products
Seq. ID Best blastn hit First blastn hit outside Zobellia
strain % id strain % id
LdigO-1  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
LdigO-2 Zobellia russellii KMM 3677" 99.32 Jejudonia soesokkakensis SSK1-17  89.39
LdigO0-3  Zobellia laminariae KMM 3676"  98.65 Euzebyella marina CY01" 86.86
LdigO-4 Zobellia russellii KMM 3677" 97.97 Jejudonia soesokkakensis SSK1-17  87.88
LdigO-5  Zobellia russellii KMM 36777 100.00  Jejudonia soesokkakensis SSK1-17  90.15
LdigO0-6  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
LdigO0-7  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
LdigO-8  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
Ldig0-9  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 89.05
LdigO-10  Zobellia laminariae KMM 3676 99.32 Euzebyella marina CY01" 87.59
PpalS-1  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
PpalS-2  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
PpalS-3  Zobellia laminariae KMM 3676"  97.97 Euzebyella marina CY01" 86.13
PpalS-4  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
PpalS-5  Zobellia laminariae KMM 3676"  98.66 Euzebyella marina CY01" 85.51
PpalS-6 Zobellia russellii KMM 3677" 100.00 Jejudonia soesokkakensis SSK1-17  90.15
PpalS-7  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
PpalS-8  Zobellia laminariae KMM 3676"  99.32 Euzebyella marina CY01" 87.59
PpalS-9 Zobellia russellii KMM 36777 99.32 Euzebyella marina CY01" 90.51
PpalS-10  Zobellia russellii KMM 36777 98.65 Euzebyella marina CY01" 89.78
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56  Supplementary Figures
57

58
59

60  Supplementary Figure 1. Secondary structure of the Z. galactanivorans Dsij" 16S rRNA V2 region.
61  qPCR primers 142F/289R (A) and ZOB137 FISH probe and helpers (B) designed for the study are
62  highlighted. This graphical representation was prepared using the ARB secondary structure editor.

63
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Supplementary Figure 2. (A) Agarose gel electrophoresis of PCR products obtained on Zobellia
galactanivorans Dsij' (Zg), Z. russellii KMM 3677" (Zr), Maribacter forsetii KT02ds18-6" (Mf),
Cellulophaga baltica NN015840" (Cb) and Cellulophaga sp. strain Asnod2-G02 (C2G02). NTC, no-
template control; L, molecular weight ladder. (B) Agarose gel electrophoresis of PCR products obtained
on DNA from Zobellia galactanivorans Dsij" pure culture (Zg) and four algae-associated microbiota
(PpalS, LdigB, LdigM and LdigO; see details in Figure 4 legend). NTC, no-template control; L,
molecular weight ladder. (C, D) Melting curves obtained from the qPCR assays on pure Z
galactanivorans Dsij’ gDNA (C) and all environmental samples used in this study (D).
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Supplementary Files

Supplementary File 1 (Fasta file). List of the 139 aligned 16S rRNA gene sequences from flavobacteria,
including 52 Zobellia strains and 87 sequences representing 23 close genera, used to design Zobellia-

specific primers with DECIPHER

See online version

Supplementary File 2 (Excel file). Details of the qPCR assay on the environmental samples, following
the Minimum Information for publication of Quantitative real-time PCR Experiments (MIQE) guidelines.

Definition of experimental
groups

Number within each group

Seven experimental groups (L. digitata (basal, medium
and old blades), 4. nodosum, U. lactuca, P. palmata and
stranded P. palmata) at 1 sampling date (February 2020)

n=3, except n=1 for stranded P. palmata

Description

Volume of sample processed
Processing procedure

Freezing procedure

Sample storage conditions and
duration

All groups (except stranded P. palmata): epiphytic
communities from fresh macroalgal surface ; stranded P.
palmata: epiphytic communities from stranded
macroalgal surface

50 cm?

Sampling with sterile swabs using a 5-cm square
template on both sides of the algal thallus

-20°C

-20°C, less than 6 months

Procedure

Nucleic acid quantification
instrument and method

Purity (A260/280)

DNA/RNA Miniprep kit, ZymoBiomics

Method: Quantifluor dsDNA system (Promega);
Instrument: plate reader Spark Tecan

Nanodrop

gene symbol
amplicon length

in silico specificity screen

16S rRNA gene

926F/1062R: 136 bp; 142F/289R: 147 bp
926F/1062R: 81.7% coverage for bacteria; 142F/289R:
96.3% coverage for Zobellia. Coverages assessed with
Silva TestPrime on SSUr 138.1 Ref database (February
2021; 0 mismatche allowed)
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87
88
89

primer sequences

manufacturer of
oligonucleotides

purification method

926F: 5'-AAACTCAAAKGAATTGACGG-3"; 1062R:
5'-CTCACRRCACGAGCTGAC-3"; 142F: 5'-
CCTACTGTGGGATAGCCCAG -3'; 289R: 5'-
CATCGCGGTCTTGGTGA-3'

Eurogentec

desalting

reaction volume

amount of DNA

primer, Mg2+ and dANTP
concentration
polymerase identity and
concentration

bufter/kit identity and
manufacturer

additives

Manufacturer of plates

Complete thermocycling
parameters

reaction setup
manufacturer of gPCR
instrument

Sul
0.75 ng

300 nM of each primer; Mg*" and dNTP according to kit
FastStart Taq DNA polymerase

LightCycle 480 SYBR Green I Master (Roche)

SYBR Green

LightCycler 480 Multiwell Plate 384 (Roche)

10 min at 95°C; 45 cycles of 10 s at 95°C / 20 s at 60°C
(Universal primers) or 64°C (Zobellia-specific primers) /
10 s at 72°C; 5 s at 95°C. Melting curve from 65°C to
97°C

manual

Roche

specificity
Cq of NTC

Calibration curve with slope
and y intercept

PCR efficiency calculated
from slope

melting curve

926F/1062R: 34.7; 142F/289R: no amplification
detected

926F/1062R: slope = -3.262 ; y intercept = 37.18;
142F/289R: slope = -4.097 ; y intercept = 39.27

926F/1062R: 2.026; 142F/289R: 1.754

qPCR analysis program
Method of Cq determination
Number and stage of technical
replicates

Statistical method for results
significance

LightCycler 480 Software, LCS480 1.5.0.39
Abs Quant / 2nd Derivative Max

3 technical replicates at the qPCR stage

One-way ANOVA followed by pairwise post-hoc Tukey
HSD
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Supplementary File 3 (Fasta file). Sequences of qPCR products obtained from environmental samples
LdigO and PpalS. Ten clones were randomly picked for each environmental sample.

>Ppals-1
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATAGTACTATCTTACGGCATCGTATTTATAGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>PpalS-2
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
TAT AAATACGATGCCGTAAGATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>PpalS-3
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
TAT AAATACGATGCCGTAGGGTAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>PpalS-4
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
TAT AAATACGATGCCGTAAGATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>PpalS-5
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAAC
CTTTAACTATAAATACGATGCCGTAAGATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGGCTATCC
CACAGTAGG

>PpalS-6
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
CAT AAATACGATGCCGTAATATGGTACCATGTGGTATTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>PpalsS-7
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
TAT AAATACGATGCCGTAAGATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>PpalS-8
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
TAT AAATACGATGCCGTAAGATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>PpalS-9
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATGGTACCATATTACGGCATCGTATTTATGGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>PpalS-10
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
CAT AAATACGATGCCGTAATATGGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>LdigO-1
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATAGTACTATCTTACGGCATCGTATTTATAGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>Ldig0-2
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAATACCACATGGTACCATCTTACGGCATCGTATTTATGGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>Ldig0-3
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATAGTACTATCTTACGGCATCGTATTCATAGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>Ldig0O-4
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAATACCACATGGTACTATCTTACGGCATCGTATTTATAGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>Ldig0-5
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
CAT AAATACGATGCCGTAATATGGTACCATGTGGTATTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>Ldig0O-6
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATAGTACTATCTTACGGCATCGTATTTATAGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>LdigO-7
CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATAGTACTATCTTACGGCATCGTATTTATAGTTAAA
GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
>LdigO-8
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
TAT AAATACGATGCCGTAAAATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>Ldig0-9
CATCGCGGTCTTGGTGAGCCGTTACCTCGCCAACTAACTAATGGGACGCATACTCATCCCCTACCGTAACCTTTAAC
CAT AAATACGATGCCGTAATATAGTACTATGTGGTCTTAATCCAAATTTCTCTGGGCTATCCCACAGTAGG
>1dig0O-10
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151 CCTACTGTGGGATAGCCCAGAGAAATTTGGATTAAGACCACATAGTACTATCTTACGGCATCGTATTTATAGTTAAA
152 GGT TACGGTAGGGGATGAGTATGCGTCCCATTAGTTAGTTGGCGAGGTAACGGCTCACCAAGACCGCGATG
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Part 2:

Prevalence, abundance and activity of the
genus Zobellia at the surface of diverse
macroalgae
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I. Introduction

Flavobacteriia represent an important part of the epiphytic bacterial communities (Florez et al., 2019).
Their proportion was reported to vary seasonally in costal seawater (Gilbert et al., 2012; Teeling et al.,
2012; Alonso-Saez et al., 2015) or at the algae surface (Kim et al., 1992; Serebryakova et al., 2018;
Florez et al., 2019), depending on algal species (Florez et al., 2017) and on thallus part (Serebryakova
et al., 2018). Among the Flavobacteriia, the genus Zobellia is considered a specialist of algal
degradation (Lami et al., 2021). Seven out of the nine described strains within the genus Zobellia were
isolated from algal surfaces and the others from beach sand and seawater (Barbeyron et al., 2001, 2021;
Nedashkovskaya et al., 2004). In addition, Zobellia genes were reported in molecular studies (Alonso
et al., 2007; Hollants et al., 2013; Dogs et al., 2017) and in marine metagenomes from algal
microbiomes. Hence, the genus Zobellia is known to be part of the bacterial communities in macroalgae-
dominated habitats, but there is no data regarding its precise distribution. Here we aim to (i) assess the
prevalence and abundance of the genus Zobellia on the surface of healthy and decaying macroalgae with
different chemical compositions, (ii) determine if the abundance of the genus follows a seasonal pattern,
and (iii) evaluate its metabolic activity within the biofilm.

A monthly sampling of the microbiota of five different macroalgae dominating the intertidal zone and
encompassing all three algal phyla was conducted in the Roscoff area between February 2020 and
January 2021. The samples were further analyzed by qPCR with the newly validated Zobellia-specific
primers (Brunet et al., 2021, accepted, Part 1) to address the seasonal abundance and activity of Zobellia
spp. at the surface of macroalgae. These results will likely contribute to a deeper characterization of the
interactions between Zobellia spp. and macroalgae by unraveling the ecological strategies of the genus

in the context of algal degradation.

II. Methods

1. Sampling

Surface microbiota were sampled each month during low tides with a high tidal coefficient (> 80)
between February 2020 and January 2021. Due to the Covid-19 pandemic, no sampling was done in
April and May 2020. Microbiota were collected using sterile swabs (Zymobiomics) on healthy
specimens of the brown algae Laminaria digitata (Huds.) Lamouroux, 1813 (Ldig), Fucus serratus
Linnaeus 1753 (Fser) and Ascophyllum nodosum (Linnaeus) Le Jolis 1863 (Anod), the red alga Palmaria
palmata (Linnacus) F.Weber & D.Mohr 1805 (Ppal) and the green alga Ulva lactuca Linnaeus 1753
(Ulac) at the Bloscon site (48°43°29.982” N, 03°58’8.27°” W) in Roscoff (Brittany, France). Three
individuals of each species were sampled. Additionally, samples from stranded algae (Std) were

retrieved: within the mixture of diverse decomposing algae, microbiota from one L. digitata, one F.
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serratus and one P. palmata specimens were collected each month. Swabbed surface was standardized
to 50 cm? using a 5-cm square template on both sides of the algal thallus when possible. For Ascophyllum
nodosum, a 1 cm-width frond was sampled on 25 cm on both sides. Three different regions of the kelp
L. digitata were sampled: the basal meristem (young tissue, hereafter LdigB), the medium frond (ca. 20
cm away from the meristem, hereafter LdigM) and the old frond (the blade tip, hereafter LdigO). The
different algal surfaces sampled (different species and different thallus parts) are referred to as
“compartments” in the analyses. Swabs were immersed in DNA/RNA Shield reagent (ZymoBiomics),

kept on ice during transport and stored at -20 °C until DNA and RNA extraction.

2. Extraction

Environmental DNA and RNA from swabs were extracted simultaneously using the DNA/RNA
Miniprep kit (ZymoBiomics). All samples were processed between December 2020/January 2021
(except for February 2020 samples that were extracted two weeks after collection). DNA concentration
was assessed with the QuantiFluor dsDNA System (Promega) kit and samples were normalized at
0.5 ng.ul™! before gPCR assays. RNA concentration was measured using a Qubit instrument with RNA

HS Assay Kit and samples normalized at 1 ng.ul™' before reverse transcription.

3. qPCR assays

PCRs were carried out in 384-multiwell plates on a LightCycler 480 Instrument II (Roche). Each 5 pl
reaction contained 2.5 pl of LightCycler 480 SYBR Green I Master mix 2X (Roche Applied Science),
0.5 ul of each primer (300 nM final) and 1.5 pl of template DNA. Each reaction was prepared in technical
triplicates. The amplification program consisted of an initial denaturation at 95 °C for 10 min followed
by 45 cycles of 95 °C for 10 s, 20 s at the chosen annealing temperature (Ta), and the polymerization at
72 °C for 10 s. After the amplification step, dissociation curves were generated by increasing the
temperature from 65 °C to 97 °C. Total and Zobellia 16S rRNA gene copies were assessed by using
either the universal primers 926F/1062R with Ta set to 60 °C or the Zobellia-specific primers 142F/289R
with Ta set to 64 °C.

A dilution series of purified Z galactanivorans Dsij" gDNA representing from 10 to 10° 16S rRNA
gene copies was used as a standard curve as explained in Part 1. The number of 16S rRNA gene copies
from Zobellia was divided by that obtained with universal primers to assess the proportion of Zobellia
copies in algal microbiota. The sample LdigB 1 in June displayed 52100 Zobellia 16S rRNA gene
copies, which is 3.2 times more than in the sample with the second highest abundance (16300 Zobellia
copies). After boxplot analysis of all results, it was considered an outlier and was then removed from
further analyses. One-way ANOVA analyses were conducted in R v3.6.2 to assess variations depending

on the type of algae (healthy vs. stranded), as well as two-way ANOV A with interaction effect between

183



algal compartments and sampling months. When significant ANOVA results were found (P < 0.05),

pairwise post-hoc Tukey HSD were conducted.

4. RT-qPCR assays

RT-qPCR was successfully carried out for samples from the stranded alga. The other samples have not

been analyzed yet.

Reverse transcription was conducted on the normalized RNA samples using the ImProm-II Reverse
Transcription System (Promega). After addition of 1 ul of random primers to 9.5 pl of sample, RNA
was denaturated by adding 10.5 pl of the reaction mix (4 pl of 5X Reaction Buffer, 3 pl of MgClo, 1 pl
of ANTP Mix, 0.5 ul of Ribonuclease Inhibitor and 1 ul of Reverse Transcriptase) and incubating the
mix for 5 min at 25°C, followed by 1 h at 42°C and 15 min at 70°C. For each sample, reactions were
carried out with and without reverse transcriptase. QPCR was conducted immediately after reverse
transcription with 1 pl of 10X diluted cDNA as described above. The number of copies obtained without
reverse transcriptase was subtracted from the value obtained with reverse transcriptase to avoid any bias

linked to DNA contamination.

5. Correlation with environmental data

Surface water temperature measured at 1.3 km from the collection site (Estacade sampling station)
between February 2020 and December 2020 was used for correlation analyses. Data were downloaded

from the SOMLIT database (Service d’Observation en Milieu Littoral; http:/www.somlit.fr,

Cocquempot et al., 2019) on September 16" 2021. Pearson correlation coefficients were calculated

between averaged triplicates and surface water temperature using the corrplot package (v0.90).

III. Results

Quantitative PCR was carried out for the 240 DNA samples from algal microbiota to assess the seasonal
prevalence and abundance of the genus Zobellia on macroalgae (Table IV.1, Figure IV.1). For healthy
algae, we found a significant effect of both compartment type and collection month on the total
(Fe,138=45.3, P <0.001; Fo133=15.5, P <0.001, respectively) and Zobellia 16 rRNA gene copies number
(Fe,133=15.7, P <0.001; Fo,133=47.9, P <0.001) as well as on the relative proportion of Zobellia copies
(Fe,133= 6.7, P <0.001; Fo 133=47.6, P <0.001) (Figure IV.2A). Interaction effects were found between
compartment type and collection month for the number of total copies (Fs4133= 5.1, P < 0.001), the
number of Zobellia copies (Fs4,133= 4.0, P < 0.001) and the proportion of Zobellia copies (Fss133= 5.3,
P <0.001), suggesting that seasonal variations depend on the type of the studied compartment and vice
versa. Statistics of seasonal variations for each compartment and differences among compartment at

each sampling month are represented in Figure IV.2C.
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Figure IV.1: Abundance of Zobellia at the surface of healthy macroalgae. The number of total (left) and Zobellia (middle) 16S rRNA gene copies per cm? is shown, as well as the proportion
of Zobellia copies (right). No data are available for Ulac 3 in march as the sample was lost. The sample LdigB 1 is considered as an outlier as 52100 Zobellia copies were measured. The scale
maximum limit was then set at 16300, the number of copies measured in the second most abundant sample. LdigB 1 was not considered for statistical analyses.

185



Pairwise comparisons revealed significant compartment variations, mainly due to fluctuations along the
L. digitata blade (Figure IV.2A) and not to fluctuations between algal species. The number of total
copies differed according to the age of the algal tissue, the old blade of L. digitata displaying a higher
density of 16S rRNA gene copies than the meristem or the medium frond. A similar pattern was observed
for the number of Zobellia copies, with variations between the old blade and the meristem and the old
and medium blade. The proportion of Zobellia copies in L. digitata microbiota tends to follow the
opposite trend as the proportion decreased on older tissues. No significant variation was observed
between the four other algae, whether we focused on the number of total or Zobellia copies and the
Zobellia copy proportion. These algae were similar to L. digitata old blade in term of Zobellia copies
number but similar to the meristem part when focusing on the proportion of Zobellia copies (except for

Anod).

A seasonal pattern regarding the absolute and relative abundance of Zobellia copies was identified, while
no clear pattern was detected for the whole bacterial community. Pairwise comparisons (Figure I'V.2B)
revealed a significantly lower amount of Zobellia copies during summer, from June to September. The
lowest number of Zobellia copies was obtained in August for L. digitata (0-20 copies.cm™ representing
ca. 0-0.0005 % of the total copies) and in July for the other species (ca. 0-600 copies.cm™ representing
0-0.002 % of the total copies). On the other hand, the amount of Zobellia copies peaked twice, in
February-March and October-November, with approximately 10°-10* estimated Zobellia 16S TRNA
gene copies.cm™, representing 0.03-0.5 % of the total amount. In summer, the whole L. digitata blade
displayed an equal distribution of the number of Zobellia copies (no significant differences between
compartments were found, Figure 1V.2C), while the number of total copies was ca. 3 times higher on
the old blade than the meristem. By contrast, during winter-autumn (Feb, Mar, Oct, Nov), 10 times more
Zobellia copies were detected on the old blade compared with the meristem part.

Significant negative correlations were detected between the surface seawater temperature and the
absolute and relative amount of Zobellia copies (Figure IV.3), indicating that less Zobellia copies were
found as the temperature increased. Globally, the variations in the total bacterial community cannot be
explained by the seawater temperature, probably due to the broad diversity of taxa within epiphytic

microbiota that likely display different temperature sensibility.
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Compartment variations depending on the

sampling month

Total Zobellia Proportion
Fe,14  P-value | Fe14  P-value | Fe14  P-value

Feb 10 <0.001| 308 0039 | 56 0004
Mar 6.6 0.002 20.3 <0.001 7.6 0.001
Jun 1.4 0.28 1.65 0.21 2.9 0.046
Jul 41 0014 | 09 0.5 1.5 0.25
Aug 5.5 0.004 1.56 0.23 0.83 0.56
Sep 42 0013 | 42 0013 12 <0.001
Oct 5.6 0.004 4.2 0.013 8.9 <0.001
Nov 65.6 <0.001| 3.5 0.024 2.9 0.043
Dec 168 <0001 | 127 <0.001| 10.1 <0.001
Jan 0.65 0.69 1.9 0.15 6.7 0.002

Seasonal variations depending on the

algal compartment
Total Zobellia Proportion
Fs20 P-value| Fs20 P-value| Fo20  P-value

LdigB 1.5 0.23 45 0.003 | 202 <0.001
Ldigm | 108 <0001| 55 <0.001| 3.1 0.016
Ldig0 9.4 <0.001 17.2 <0.001 28 <0.001
Fser 73 <0.001| 129 <0.001 6.6 <0.001
Anod 1.6 0.2 57  <0.001 8  <0.001
Ppal 3.8 0.006 9.1 <0.001 8.8 <0.001
Ulac 36 0009 | 177 <0001| 127 <0.001

Figure IV.2: Number of total (left) and Zobellia (middle) 16S rRNA gene copies per cm? and proportion of Zobellia copies (right) detected on the different compartments (A) and at
different sampling months (B). Two-way ANOV A analysis was conducted (compartments x months) followed by post-hoc Tukey HSD test. Accordingly, blue letters (a, b, c, d, e) indicate those
differences: if two conditions do not have at least one letter in common they are considered significantly different (P <0.05). (C) As interactions between algal compartments and sampling months
were found with two-way ANOVA, one-way ANOV A were conducted for each compartment and each sampling month, to assess for which months compartment variations were detected (top
row) and for which compartments seasonal variations were detected (bottom row).
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Figure IV.3: Correlation of the seasonal variations with seawater temperature. (A) Heatmap of the Pearson coefficients.
Tiles are white if the correlation is not significant (P > 0.05), otherwise, Pearson coefficients are indicated. (B) Number of total
(left) and Zobellia (middle) 16S rRNA gene copies per cm? and proportion of Zobellia copies (right) according to seawater
temperature. Linear regressions were conducted: the linear trend line is represented in black and the regression coefficient R?,
the F-statistic and the p-value are indicated.

The microbiota of stranded decaying algae was also analyzed (Figure IV.4A). The absolute amount of
Zobellia 16S TRNA gene copies and the Zobellia relative proportion were significantly higher on the
stranded algae compared to the healthy ones (Fi177 = 33.8, P < 0.001 and F; 77 = 69.0, P < 0.001,
respectively) (Figure IV.5). These differences were much less pronounced for the total community
(F1,177= 5.8, P =0.017) as the average fold-change for the comparison stranded vs. healthy was equal to
1.6 and 135 for the total and Zobellia community, respectively.
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Figure IV.4: Number of total (left) and Zobellia (middle) 16S rRNA gene (A) and transcript (B) copies per cm? and
proportion of Zobellia copies (right) at the surface of stranded algae. (C) The ratio transcript / gene copies was assessed.
No data are available for replicate 3 in August as no stranded P. palmata was found this month. RT-qPCR was unsuccessful
for replicate 1 in February and July (Ct values above the ones obtained for the Non-Template Control) with both universal and
Zobellia-specific primers.

188



Zobellia represented 0.1-3.4% of the total number of 16S rRNA gene copies on stranded L. digitata,
0.2-8% on stranded F. serratus and 0.3-5.2% on stranded P. palmata. As observed for healthy algae,

the highest absolute and relative counts were detected during the winter-autumn months.
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Figure IV.5: Number of total (left) and Zobellia (middle) 16S rRNA gene copies per cm? and proportion of Zobellia
copies (right) at the surface of healthy and stranded algae. For healthy algae, only samples from the surface of L. digitata,
F. serratus and P. palmata are represented as stranded specimens were collected from these three species.

For the stranded samples, RT-qPCR was also performed to determine the activity of the genus Zobellia
on macroalgae (Figure IV.4B). The number of total and Zobellia 16S rRNA transcript copies is
approximatively 100 times higher than the number of gene copies. The proportion of Zobellia 16S rRNA

gene copies and Zobellia 16S rRNA transcript were very similar.

The ratio of 16S rRNA transcript copies over gene copies (cDNA/DNA) was calculated (Figure I'V.4C)
as a proxy to assess the amount of 16S rRNA molecules produced from one 16S rRNA gene and compare
the transcriptional activity of the cells. No seasonal pattern could be identified, but the cDNA/DNA
copies ratio seemed higher in the L. digitata samples. The mean cDNA/DNA ratios for L. digitata, F.
serratus and P. palmata samples were respectively equal to 283, 63 and 97 for Zobellia and 307, 75 and
93 for the whole community (February, July and August months for which a value was not assessed for

the three algae were excluded from the mean calculations).

IV. Discussion

1. Widespread distribution of the genus Zobellia on macroalgae

This study monitored for the first time the presence and abundance of the genus Zobellia at the surface
of macroalgae over a whole year. I showed that the genus is part of the biofilm covering the five different
sampled algal species, which cover all three algal phyla and whose chemical composition largely differs
between one another (see Kloareg et al., 2021 for review). This observation is consistent with the fact
that most of the described Zobellia species were isolated from macroalgae (Barbeyron et al., 2001, 2021;
Nedashkovskaya et al., 2004) and that Zobellia sequences were found in metagenomic studies on

macroalgae (e.g. Alonso et al., 2007; Dogs et al., 2017). When annotating Z. galactanivorans Dsij"
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genome Barbeyron et al., 2016, adaptive traits likely allowing stable association with macroalgal hosts
were proposed (potential production of thallusin, exudates utilization, ability to cope with algal defenses,
gliding motility lifestyle). Some were experimentally confirmed in vitro, including the ability the use
mannitol and process halogenated compounds (Fournier ef al., 2014; Groisillier et al., 2015; Grigorian
et al., 2021). Most of these genes related to these traits are conserved in other Zobellia strains, likely
explaining the prevalence of the genus on macroalgal surfaces. Moreover, the described strains can
assimilate several of the main polysaccharides contained in the extracellular matrix (ECM) of the three
algal phyla (Barbeyron ef al., 2001, 2021; Nedashkovskaya et al., 2004). On healthy macroalgae, the
proportion of 16S rRNA gene copies from Zobellia reached 0.03-0.5% of the total community at some
period of the year. This amount appears ecologically relevant regarding the hundreds of different taxa
reported to live on macroalgae surfaces (Egan et al., 2013). However, Zobellia is likely not one of the
most abundant genera as some other taxa (such as Granulosicoccus, Litorimonas or Hellea spp. on
kelps) can represent more than 10 % of the biofilm community on macroalgae (Paix et al., 2019;
Ramirez-Puebla et al., 2020; Brunet et al., 2021 [Chapter III]). Pioneer bacteria might not be the more
abundant representatives in bacterial communities but would still play a crucial role in the ecosystem,
notably compensating by their large CAZymes repertoire. A high proportion of Zobellia spp. would
probably be harmful for the algae due to their potent hydrolytic abilities toward algal polysaccharides.
However, its stable presence on the diverse algal species might suppose a neutral or beneficial
interaction with the host. As reported by Egan ef al., 2013, bacteria might display commensal
interactions with the algae and only become harmful at some point as a result of changes in the

environment.

2. Zobellia abundance exhibits seasonal variabilities

A seasonal pattern was identified irrespective of the algal species for the number of Zobellia 16S rRNA
gene copies and its proportion over the total number of copies. A decrease in abundance was observed
between February/March and the summer months, before an increase in October/November followed
by a progressive decrease in December/January. Kim ef al., 1992 also reported such a decrease between
winter and summer for Flavobacterium spp. in seawater from a habitat dominated by Porphyra
specimens. Several parameters could explain these seasonal variations, such as (i) the variation of
physico-chemical parameters (ii) fluctuations related to the algae itself such as biomass composition or

life cycle.

The macroalgae surface is a dynamic habitat influenced by many environmental parameters such as
variations in physico-chemical parameters (temperature, oxygen, light intensity, etc.), phytoplankton
bloom, storm events, etc. Fluctuations of these variables create diverse ecological niches selecting
specific bacteria that possess adaptive traits reflecting the niche conditions. Here, we observed a strong

negative correlation between the abundance of Zobellia and the temperature of surface seawater, which
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ranged from 10 °C in winter to 18 °C in summer. Temperature is well-known to influence biological
processes (Nedwell and Rutter, 1994) and is an important driver of bacterial community structure on
macroalgae (Gilbert et al., 2009; Takemura et al., 2014; Paix et al., 2021). The same seasonal effect was
reported for all algae, suggesting that environmental parameters (seawater temperature in particular),
would be the main parameters shaping Zobellia abundance, rather than algae-related parameters. The
described Zobellia strains have an optimal growth temperature around 20-30 °C, but temperature likely
impacts the growth differently in natural communities. Algal microbiota encompasses a large diversity
of taxa interacting with each other. Higher temperature conditions might be well adapted for specific
taxa whose presence might prevent the growth of Zobellia at the surface of macroalgae, as they might
privatize the algal surface thanks to their fast growth rate or the release of antagonist metabolites to
which Zobellia is sensitive. For example, members of the genus Vibrio are found on macroalgae
(Takemura et al., 2014; Barberi et al., 2020) and are known to have a short generation time (Ulitzur,
1974). Their abundance in seawater largely depends on the temperature, with maximal counts being
reported in summer (Ulitzur, 1974; Kim ef al., 1992; Takemura et al., 2014).

To complement these quantitative data, 16S rRNA gene metabarcoding was performed on all the DNA
samples and sequence analysis is still underway. It will help to link the variations in abundance of the
genus Zobellia with the succession of other taxa and potentially reveal taxa that might hinder the

presence of Zobellia in summer.

Changes in the chemical composition of algal tissues could also partly explain seasonal variabilities
observed in the abundance of Zobellia. In particular, the chemicals involved in algal defense are strong
selective factors for epiphytic bacterial colonizers.

Phenolic compounds are part of the algal extracellular matrix and are exuded by the algae (Abdullah
and Fredriksen, 2004). Algal tissues appeared to be richer in phenolic compounds during the summer
months (Parys et al., 2009). They are assumed to function as thallus protectors against grazers and
display bactericidal activity (Nagayama et al., 2002; Hierholtzer et al., 2013). Hence, they could
differentially affect the abundance of some epiphytic taxa. However, nothing is known regarding the
sensitivity of the genus Zobellia toward these phenolic compounds. The phenolic content also varies
depending on the algal species and was reported to be higher in Fucales than Laminariales (Holdt and
Kraan, 2011). Here, no significant difference was reported between the different algal species and no
significant abundance decrease was observed for the total community in summer. It would suggest that
phenol content could have only a limited effect on the composition of the bacterial community.
However, it is important to consider that fluctuations within the algal tissues might not represent
fluctuations within the algal exudates. Abdullah and Fredriksen, 2004 reported no significant variations
in phenol concentration in L. hyperborea exudates through the year, but different patterns could occur
with other algae and in different geographical locations. Also, previous studies reported that phenolic

compounds would disrupt cell membranes, alter their permeability and that cells seems to be affected to
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a different extent depending on their exact morphology (Hierholtzer et al., 2013). Their mode of action
indicate that they would potentially be more effective on Gram-positive rather than Gram-negative
bacteria (Zubia et al., 2008; Shannon and Abu-Ghannam, 2016). It would suggest a limited impact on
the epiphytic communities as Gram-negative are believed to represent % of the communities in marine
environments (Kim et al., 1992; Jensen and Fenical, 1995).

Seasonal variations of the iodine content were previously studied for the five algal species we focused
on (Nitschke et al., 2018). They showed that globally, iodine content was minimum during the summer
month and maximum in winter. This is in accordance with Ar Gall et al., 2004 which revealed that, in
winter, L. digitata tissues were twice richer in iodine than in summer. Hence the abundance and
proportion of Zobellia could be correlated with the iodine content in the algal tissues. Z. galactanivorans
Dsij" possesses genes encoding three vanadium-iodoperoxidases (vIPOs), an iodotyrosine dehalogenase
and a haloacid dehalogenase (Fournier et al., 2014; Barbeyron, Thomas, et al., 2016; Grigorian et al.,
2021) and is able to accumulate high iodine concentrations (Barbeyron, Thomas, et al., 2016). Homologs
of these genes are also found in the eight other described strains of the genus, suggesting that the latter
are well equipped to counteract the high amounts of iodinated compounds produced by macroalgae as
a defense mechanism. It could be a selective advantage over other taxa for algal colonization.

Seasonal variations in sugar content and composition were reported in macroalgae (Schiener et al., 2015;
Fletcher et al., 2017; Sfriso et al., 2017) but no clear pattern could be identified, except for laminarin
and mannitol that are more abundant in summer in kelp. These storage sugars display fewer complex
structures than ECM polysaccharides. Their high content in summer might benefit taxa able to use these
carbon sources but lacking the ability to degrade ECM polysaccharides.

The growth cycle of algae might also influence their colonization. For example, kelp blade renewal and
expansion occur in spring at the meristem part (Perez, 1969). In consequence, in May, the whole blade
consists of fresh tissue. Hence the low proportion of Zobellia in summer suggests it might not be an
early colonizer. Moreover, as discussed in Bengtsson et al., 2010, algal exudation is higher in summer
(Abdullah and Fredriksen, 2004) and exudate consumers might dominate the biofilm. By contrast, the
aging tissues in autumn-winter might select for specialist bacteria able to break down the algal
extracellular matrix. Our results are consistent with previous reports of the higher abundance of
Bacteroidetes and Verrucomicrobia in February and November, two phyla known to use algal complex
biomass (Bengtsson et al., 2010). However, I also observed a seasonal pattern in the abundance and
proportion of Zobellia in non-kelp algal species that feature growth cycles compared to L. digitata.
Hence, tissue renewal along the algal growth cycle might not be the main driver of Zobellia abundance

fluctuation.

3. Zobellia is not equally distributed on kelp thallus

We also reported differences in Zobellia abundance between the different parts of the L. digitata thallus.

As observed for the whole community, the absolute amount of Zobellia 16S rRNA genes seems to
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gradually increase along the blade, being maximum at the distal ends. The old blade is much more
damaged than the medium or the meristem part, with evident signs of decay, offering a larger pool of
nutrients. Such a pattern was already reported for several kelp species (Tujula et al., 2006; Staufenberger
et al., 2008; Weigel and Pfister, 2019; Thua et al., 2020). Interestingly, the proportion of Zobellia 16S
rRNA gene copies over the total community tends to be higher at the meristem part. As raised in the
previous part of this chapter (Brunet et al., 2021, accepted), it could result from the different ecological
strategies adopted by the algal consumers. We demonstrated in chapter V that Zobellia spp. grew on
young L. digitata tissues, suggesting their ability to feed on the meristem (characterized by its good
integrity) in the wild. The majority of the bacterial community might not share this specific trait, likely
benefiting from the larger source of accessible compounds offered by the damaged tissues at the distal
part of the blade and might outcompete other taxa specialized in intact tissue degradation (Datta et al.,

2016; Jiménez et al., 2017).

4. Search for Zobellia in stranded macroalgae
a. Stranded decaying macroalgae are strongly enriched in Zobellia copies

Detached macroalgae accumulate on the seashore forming a mixture of stranded decaying algal biomass
from different species. We noticed important variations in the number of total and Zobellia 16S TRNA
gene copies between the different stranded species. It would suggest that even if the stranded algae are
forming a decomposing mixture of various macroalgae on the coast, the different species still have
distinct epiphytic bacterial communities as they might offer distinct ecological niches. The proportion
of Zobellia was approximately 10 times higher at the surface of these decaying algae compared to the
healthy ones, reaching 8% in some samples from Fucus serratus. Those differences were less
pronounced in the total community, suggesting a specific augmentation of the genus Zobellia in this
ecological niche compared to other taxa. This very high proportion in hotspots of decaying algal biomass
strengthens the ecological relevance of Zobellia spp. for macroalgae recycling. Decaying and healthy
algae might offer distinct ecological niches and macroalgal microbiota might shift toward taxa
displaying a consequent CAZyme repertoire during algal decomposition. Such shift was shown in our
previous publication (Brunet et al., 2021, Chapter III) as we reported an increase in algal
polysaccharides degraders following detached kelp accumulation. Members of the genus Zobellia seem
to be part of the resident microbial biofilm on healthy macroalgae, possibly acting as a neutral
microorganism. In stranded algae-associated microbiota, its strong abilities to degrade complex algal

biomass would be a selective advantage, highlighting its saprophyte behavior.
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b. Zobellia metabolic activity on stranded macroalgae

Since rRNA content is positively correlated with growth rate (Schaechter et al., 1958; Kjeldgaard and
Kurland, 1963) and is degraded quickly after cell death, RT-qPCR were performed to distinguish
between metabolically active cells and dead or dormant cells or free DNA fragments. The proportions
of Zobellia 16S rRNA gene copies and Zobellia 16S tRNA transcripts over the total community were
similar for each sample, suggesting that the Zobellia cells present at the surface of macroalgae are
equally active compared with the other community members. The 16S rRNA transcript/gene ratio
calculated for Zobellia copies was similar to the one calculated for the whole community. It does not
seem surprising as the ecological niches resulting from the accumulation and decay of stranded algae
likely select for a broad range of algal degraders actively feeding on the large amounts of substrates
available. The amount of 16S rRNA transcripts was ca. 60-300-fold higher than 16S rRNA gene copies.
Lankiewicz et al., 2016 investigated the 16S rRNA transcript/gene ratio of copiotroph and oligotroph
strains and revealed that for Polaribacter sp. MED152, a coastal member of the class Flavobacteriia,
the ratio was ca. 300-500 when cultivated in the laboratory. This ratio was more than 10-fold lower in
the environment (Delaware estuary), probably due to the slow growth of the strain at the sampling point.
Hence, the ratio calculated in the present study are consistent with what was observed for an actively
growing flavobacteria, supporting the active role of Zobellia in algae utilization. No relationship
between the 16S rRNA transcript/gene ratio and sampling month was clearly detected, suggesting that
temperature might impact differently the activity of the different taxa within the communities and they
might overall compensate each other. Differences were identified between the stranded individuals. L.
digitata was less enriched in total 16S rRNA gene copies, including Zobellia copies, but exhibited a
transcript/gene ratio 3-fold higher than F. serratus or P. palmata specimens. This higher metabolic
activity of Zobellia cells could be due to higher growth rates and/or higher degrading capacities. This is
in accordance with our findings described in Chapter V demonstrating that L. digitata was the only
macroalgae, over the different species | tested, displaying complete tissues breakdown in the presence

of Z. galactanivorans Dsij".

This study provides first insights into the ecological strategies of the algae-degrader genus Zobellia by
assessing its absolute and relative abundance in coastal ecosystems. We established its widespread
distribution on all three algal phyla and identified a clear seasonal pattern. Further study with larger
sampling efforts over several years and at several geographical location would be useful to confirm the
results described in this study and to have a more comprehensive understanding of the distribution of
Zobellia spp. in the wild. Combined with compositional analysis of the collected algal specimens and

measurements of various environmental parameters, such data would help unravel more deeply the
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ecological strategies of the model genus in macroalgae-dominated habitats.

It should be kept in mind that the number of 16S rRNA gene copies in the genome differ among the
bacterial community, potentially leading to quantification biases. As raised in Part 1, qPCR could be
linked with CARD-FISH approach to estimate more precisely the abundance of Zobellia in the wild.
Overall, this study supports that, besides its well-established catabolic interest in algal polysaccharide
degradation, the use of Zobellia galactanivorans as a model microorganism to study algae-bacteria

interactions is also relevant from an ecological point of view.
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Table I'V.1: Characteristics of the 240 samples collected during the seasonal sampling. Prop: Zobellia copies proportion.

Sampling Surface DNA c¢DNA
Name date seawater Algae [DNA] [RNA]
(DD/MM/  temperature (ng.uI")  (ng.ul") Total Zobellia  Prop Total Zobellia  Prop
YYYY) (°C) copies.em” copies.em” (%) copies.em™ copies.em® (%)

02 LdigB 1 10/02/2020 10.6 Laminaria digitata (base) 0.11 too low 2.94E+05  1.17E+03 0.40

02 LdigB 2 10/02/2020 10.6 Laminaria digitata (base) 0.61 3.51 3.98E+05 1.84E+03 0.46

02 LdigB 3 10/02/2020 10.6 Laminaria digitata (base) 0.40 2.62 1.04E+05  7.79E+02 0.75

02 LdigM 1 10/02/2020 10.6 Laminaria digitata (medium) 2.21 3.43 2.63E+06  2.12E+03 0.08

02 LdigM 2 10/02/2020 10.6 Laminaria digitata (medium) 1.63 3.4 1.88E+06  1.95E+03 0.10

02 LdigM 3 10/02/2020 10.6 Laminaria digitata (medium) 0.69 too low 9.03E+05  3.35E+03 0.37

02 LdigO 1 10/02/2020 10.6 Laminaria digitata (old) 10.65 421 1.02E+07  7.90E+03 0.08

02 LdigO 2 10/02/2020 10.6 Laminaria digitata (old) 11.25  8.90 1.35E+07  1.06E+04 0.08

02 LdigO 3 10/02/2020 10.6 Laminaria digitata (old) 1478  7.87 2.02E+07  1.29E+04 0.06

02 Fser 1 10/02/2020 10.6 Fucus serratus 4.98 2.95 6.17E+06  1.29E+04 0.21

02 Fser 2 10/02/2020 10.6 Fucus serratus 4.44 2.98 5.03E+06  4.40E+03 0.09

02 Fser 3 10/02/2020 10.6 Fucus serratus 7.78 3.07 1.04E+07  1.17E+04 0.11

02 Anod 1 10/02/2020 10.6 Ascophyllum nododum 433 2.50 4.99E+06  9.13E+03 0.18

02 Anod 2 10/02/2020 10.6 Ascophyllum nododum 6.11 2 5.88E+06 1.61E+04 0.27

02 _Anod 3 10/02/2020 10.6 Ascophyllum nododum 4.86 39 5.12E+06  4.62E+03 0.09

02 Ppal 1 10/02/2020 10.6 Palmaria palmata 1.87 too low 3.01E+06  3.14E+03 0.10

02 Ppal 2 10/02/2020 10.6 Palmaria palmata 6.10 5.21 7.06E+06 1.43E+04 0.20

02 Ppal 3 10/02/2020 10.6 Palmaria palmata 3.68 2.2 5.09E+06 1.63E+04 0.32

02 Ulac 1 10/02/2020 10.6 Ulva lactuca 9.72 19.30 6.68E+06  6.84E+03 0.10

02 Ulac 2 10/02/2020 10.6 Ulva lactuca 5.94 58.00 7.40E+06  6.46E+03 0.09

02 Ulac 3 10/02/2020 10.6 Ulva lactuca 4.72 114 2.97E+06  4.92E+03 0.17

02 Std 1 10/02/2020 10.6 Stranded L. digitata 4.32 3.66 4.09E+06  2.83E+04 0.69 - - -
02 Std 2 10/02/2020 10.6 Stranded F. serratus 7.40 6.77 1.0OSE+07  6.16E+04 0.59  1.42E+08  1.31E+06 0.92
02 Std 3 10/02/2020 10.6 Stranded P. palmata 7.98 6.12 1.46E+07  1.27E+05 0.87  1.99E+08  3.45E+06 1.74
03 LdigB 1 12/03/2020 10.2 Laminaria digitata (base) 1.31 3.00 1.81E+06  5.34E+02 0.03

03 LdigB 2 12/03/2020 10.2 Laminaria digitata (base) 1.86 4.14 1.98E+06  7.15E+02 0.04
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03 LdigB 3
03 LdigM 1
03 LdigM 2
03 _LdigM 3
03 LdigO_1
03 LdigO 2
03 LdigO 3
03 Fser 1
03 Fser 2
03 Fser 3
03 _Anod 1
03 _Anod 2
03_Anod 3
03 Ppal 1
03 Ppal 2
03 Ppal 3
03 Ulac 1
03 Ulac 2
03 Std 1

03 Std 2
03_Std_3

06 LdigB 1
06 LdigB 2
06 _LdigB 3
06 LdigM 1
06 _LdigM 2
06 _LdigM 3
06 _LdigO 1
06 _LdigO 2
06_LdigO 3
06 Fser 1
06 Fser 2

12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
12/03/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020

10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
10.2
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8

Laminaria digitata (base)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus

Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata

Palmaria palmata

Palmaria palmata

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Stranded P. palmata
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

3.36
1.71
1.26
1.18
41.46
26.50
32.63
15.22
26.32
17.41
7.11
14.28
20.44
33.38
13.13
31.23
12.90
12.32
3.59
6.36
17.88
9.83
2.717
4.62
0.79
11.51
11.31
1.46
16.19
20.77
7.67
7.53

4.5
2.84
2.40
2.30
10.2
11.00
11.8
6.64
4.77
9.57
2.2
4.88
3.11
9.82
7.53
15.7
7.88
4.41
2.40
38.4
5.23
22.5
6.44
2.30
3.1
too low
5.71
5.58
2.30
5.37
5.46
13.8
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1.39E+06
1.60E+06
1.49E+06
2.86E+06
4.28E+07
2.35E+07
2.87E+07
1.07E+07
1.69E+07
2.04E+07
6.02E+06
1.37E+07
1.57E+07
3.33E+07
1.16E+07
1.12E+07
1.50E+07
1.20E+07
1.47E+07
6.32E+06
4.46E+07
2.26E+07
3.24E+06
5.55E+06
1.61E+06
1.29E+07
1.26E+07
1.73E+06
1.56E+07
2.25E+07
7.03E+06
6.85E+06

3.87E+02
9.02E+02
5.33E+02
5.93E+02
4.47E+03
5.13E+03
9.03E+03
1.00E+04
1.03E+04
1.54E+04
1.10E+03
2.92E+03
4.25E+03
1.60E+04
1.20E+04
1.11E+04
8.71E+03
7.62E+03
9.13E+04
6.41E+04
2.33E+06
5.21E+04
2.96E+01
9.82E+01
8.07E+01
1.44E+03
0.00E+00
6.70E+01
1.07E+03
2.47E+02
5.55E+02
8.64E+02

0.03
0.06
0.04
0.02
0.01
0.02
0.03
0.09
0.06
0.08
0.02
0.02
0.03
0.05
0.10
0.10
0.06
0.06
0.62
1.01
5.23
0.23
0.00
0.00
0.01
0.01
0.00
0.00
0.01
0.00
0.01
0.01

5.60E+09
4.89E+08
3.80E+09

2.86E+07
3.60E+06
2.00E+08

0.51
0.74
5.28



06 _Fser 3
06_Anod 1
06_Anod 2
06_Anod 3
06 Ppal 1
06_Ppal 2
06 Ppal 3
06 _Ulac 1
06 _Ulac 2
06 _Ulac 3
06_Std 1
06_Std 2
06_Std_3

07 LdigB 1
07 LdigB 2
07 LdigB 3
07 _LdigM 1
07 _LdigM 2
07 _LdigM 3
07 _LdigO_1
07 _LdigO_2
07 _LdigO 3
07 Fser 1
07 Fser 2
07 Fser 3
07 _Anod 1
07 _Anod 2
07 Anod 3
07 Ppal 1
07 Ppal 2
07 Ppal 3
07 Ulac 1

05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
05/06/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020

14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
14.8
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4
16.4

Fucus serratus
Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata
Palmaria palmata
Palmaria palmata

Ulva lactuca

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Stranded P. palmata
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus
Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata
Palmaria palmata
Palmaria palmata

Ulva lactuca

7.67
10.60
9.18
6.98
6.60
7.57
13.54
2.34
1.50
0.93
0.82
9.71
9.59
2.23
242
3.33
4.45
543
9.42
12.16
10.03
7.55
3.90
4.13
9.92
7.28
7.66
22.43
6.99
4.56
8.74
2.03

5.33
4.86
4.72
3.54
7.76
114
7.18
8.35
3.56
2.20
too low
791
13.20
10.4
2.68
6.18
5.81
3.50
3.94
6.09
6.65
5.90
4.74
3.02
391
5.21
3.27
4.2

7.95

2.8
too low
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9.67E+06
8.88E+06
7.81E+06
6.86E+06
7.87E+06
7.41E+06
1.33E+07
2.78E+06
1.98E+06
1.73E+06
1.27E+06
1.62E+07
1.29E+07
2.95E+06
1.85E+06
2.81E+06
6.33E+06
5.41E+06
9.01E+06
1.23E+07
8.49E+06
8.43E+06
3.81E+06
3.85E+06
6.83E+06
6.91E+06
7.82E+06
1.64E+07
5.95E+06
3.39E+06
9.39E+06
3.09E+06

2.78E+03
3.45E+03
5.47E+02
1.64E+03
1.37E+03
7.91E+02
2.10E+03
5.73E+02
3.06E+02
3.26E+02
8.02E+01
5.91E+04
4.11E+04
2.28E+03
3.13E+02
3.25E+01
2.54E+03
2.96E+02
1.48E+02
2.13E+03
5.82E+01
7.08E+02
0.00E+00
1.20E+02
0.00E+00
4.84E+01
0.00E+00
6.82E+02
0.00E+00
0.00E+00
4.12E+02
9.24E+00

0.03
0.04
0.01
0.02
0.02
0.01
0.02
0.02
0.02
0.02
0.01
0.36
0.32
0.08
0.02
0.00
0.04
0.01
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

2.01E+07
1.06E+09
4.72E+08

3.92E+04
3.17E+06
1.18E+06

0.20
0.30
0.25



07 Ulac 2
07 Ulac_3
07 Std 1

07 Std 2

07 Std 3

08 LdigB 1
08 LdigB 2
08 LdigB 3
08 LdigM 1
08 LdigM 2
08 LdigM 3
08 LdigO 1
08 LdigO 2
08 LdigO 3
08 Fser 1
08 Fser 2
08 Fser 3
08 Anod 1
08 Anod 2
08 Anod 3
08 Ppal 1
08 Ppal 2
08 Ppal 3
08 Ulac 1
08 Ulac 2
08 Ulac 3
08 Std 1

08 Std 2

09 LdigB 1
09 LdigB 2
09 LdigB 3
09 LdigM 1

06/07/2020
06/07/2020
06/07/2020
06/07/2020
06/07/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
05/08/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020

16.4
16.4
16.4
16.4
16.4
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
17.3
15.8
15.8
15.8
15.8

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Stranded P. palmata
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus

Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata

Palmaria palmata

Palmaria palmata

Ulva lactuca

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (medium)

3.52
1.79
2.45
7.94
0.51
1.41
341
6.45
13.59
9.22
12.95
9.20
16.85
15.58
9.03
9.65
9.05
12.09
11.16
11.06
21.28
25.94
16.44
7.83
11.32
436
5.58
2.71
2.20
8.27
3.03
9.02

5.12
2.84
2.10
2.5
10.8
too low
5.48
5.63
5.30
6.33
6.53
3.58
12.6
6.18
8.45
7.1
4.61
7.71
4.93
4.09
4.35
9.78
9.68
11.8
2.3
8.16
4.97
26.7
16.7
3.5
2
2.96
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3.15E+06
2.37E+06
2.55E+06
8.60E+06
4.61E+05
1.47E+06
2.49E+06
7.43E+06
1.50E+07
7.67E+06
1.12E+07
9.14E+06
1.70E+07
1.45E+07
7.82E+06
7.25E+06
7.53E+06
1.23E+07
9.24E+06
1.02E+07
1.96E+07
2.07E+07
1.26E+07
1.05E+07
8.64E+06
2.53E+06
1.50E+07
4.49E+06
2.33E+06
9.56E+06
3.18E+06
1.03E+07

6.83E+01
1.96E+01
5.51E+03
1.95E+04
1.36E+03
0.00E+00
3.61E+01
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
0.00E+00
3.70E+02
0.00E+00
6.92E+01
2.24E+02
1.78E+02
9.38E+02
2.70E+02
1.48E+02
0.00E+00
7.33E+02
1.09E+02
3.38E+01
2.82E+04
2.49E+04
1.97E+02
8.09E+02
2.23E+02
4.03E+02

0.00
0.00
0.22
0.23
0.29
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00
0.19
0.56
0.01
0.01
0.01
0.00

2.97E+08
7.80E+07

1.03E+08
2.35E+08

5.63E+05
1.43E+05

2.03E+05
7.04E+05

0.19
0.18

0.20
0.30



09 LdigM 2
09 LdigM 3
09 LdigO_1
09 LdigO 2
09_LdigO_3
09 Fser 1

09 Fser 2
09 Fser 3
09 _Anod 1
09 Anod 2
09 Anod 3
09 Ppal 1
09 Ppal 2
09 Ppal 3
09 Ulac 1
09 Ulac 2
09 Ulac 3
09 Std 1
09 Std 2
09_Std_3

10 _LdigB 1
10_LdigB 2
10 LdigB 3
10_LdigM 1
10_LdigM 2
10 LdigM 3
10 LdigO_1
10 LdigO 2
10 _LdigO_3
10 Fser 1

10 Fser 2

10 Fser 3

17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
17/09/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020

15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
15.8
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2

Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus

Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata

Palmaria palmata

Palmaria palmata

Ulva lactuca

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Stranded P. palmata
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus

20.89
28.97
20.76
33.79
25.67
15.78
16.66
12.95
19.14
7.98
0.76
7.49
9.39
7.10
14.12
12.43
3.20
1.81
7.33
22.29
3.40
3.21
4.04
27.19
17.47
34.15
10.80
30.56
28.02
8.16
11.57
9.95

4.44
11.5
10.4
5.29
9.52
10.9
14.40
7.36
5.92
7.48
10.6
14.4
5.75
3.68
2.68
17.30
9.62
4.70
43
26.3
26.50
5.08
7.41
6.7
12.3
9.19
16.5
8.92
12.30
8.82
6.42
7.53
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2.12E+07
2.55E+07
1.76E+07
2.17E+07
2.01E+07
1.30E+07
1.19E+07
1.36E+07
1.82E+07
6.56E+06
3.95E+05
5.74E+06
6.99E+06
6.92E+06
1.17E+07
8.02E+06
3.24E+06
2.80E+06
1.99E+07
5.18E+07
3.87E+06
2.81E+06
4.27E+06
3.04E+07
1.95E+07
3.20E+07
1.46E+07
3.62E+07
2.34E+07
8.00E+06
1.12E+07
9.28E+06

1.72E+02
1.49E+03
3.25E+02
2.22E+03
1.20E+03
1.80E+03
2.94E+03
4.69E+03
1.54E+03
7.75E+02
8.96E+01
1.73E+03
1.79E+03
2.27E+03
3.05E+03
2.30E+03
1.45E+03
9.48E+04
5.18E+04
9.32E+05
2.61E+03
1.55E+03
3.69E+03
4.14E+03
6.76E+03
6.17E+03
4.36E+03
6.09E+03
7.25E+03
9.30E+03
8.36E+03
1.06E+04

0.00
0.01
0.00
0.01
0.01
0.01
0.02
0.03
0.01
0.01
0.02
0.03
0.03
0.03
0.03
0.03
0.04
3.39
0.26
1.80
0.07
0.06
0.09
0.01
0.03
0.02
0.03
0.02
0.03
0.12
0.07
0.11

3.13E+09
2.13E+08
5.10E+09

6.60E+07
7.64E+05
1.03E+08

2.11
0.36
2.02



10 _Anod 1

10 _Anod 2
10 _Anod 3
10 Ppal 1

10 Ppal 2

10 Ppal 3

10 Ulac 1

10 Ulac 2

10 Ulac_3

10 Std 1

10 Std 2
10_Std_3

11 LdigB 1
11 _LdigB 2
11 _LdigB 3
11 _LdigM 1
11 _LdigM 2
11 _LdigM 3
11 _LdigO_1
11 _LdigO 2
11 _LdigO 3
11 Fser 1

11 Fser 2

11 Fser 3

11 _Anod 1
11 _Anod 2
11_Anod 3
11 Ppal 1

11 Ppal 2

11 Ppal 3

11 Ulac 1

11 _Ulac 2

19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
19/10/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020
16/11/2020

14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
14.2
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7
12.7

Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata
Palmaria palmata
Palmaria palmata

Ulva lactuca

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Stranded P. palmata
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (base)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (medium)
Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus
Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata
Palmaria palmata
Palmaria palmata

Ulva lactuca

Ulva lactuca

13.48
8.11
11.31
8.01
11.54
14.34
10.89
6.62
16.60
11.74
22.13
5.63
2.59
1.71
3.45
13.36
9.50
12.29
27.53
22.28
34.54
11.78
5.39
0.21
11.66
10.02
12.87
7.71
4.03
6.92
7.58
5.89

10.4
6.76
2.85
9.43
6.25
7.87
591
12.4
8.27
13.80
72.00
35.50
214
2.40
2.97
2.40
4.69
345
3.35
17.3
24.1
22.30
4.19
2
7.82
7.50
5.44
5.44
3.73
too low
too low
5.99
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1.51E+07
6.85E+06
1.14E+07
8.61E+06
9.38E+06
1.36E+07
1.54E+07
6.64E+06
2.46E+07
6.47E+07
5.54E+07
1.82E+07
3.36E+06
1.48E+06
4.30E+06
1.23E+07
8.59E+06
6.25E+06
3.97E+07
5.02E+07
4.70E+07
8.92E+06
4.55E+06
8.85E+04
1.15E+07
1.01E+07
1.45E+07
6.75E+06
3.78E+06
5.28E+06
9.40E+06
5.32E+06

7.30E+03
4.75E+03
4.05E+03
6.31E+03
9.52E+03
1.53E+04
9.44E+03
6.72E+03
1.37E+04
8.40E+04
1.54E+06
2.04E+05
1.99E+03
6.89E+02
1.02E+03
7.73E+03
1.38E+03
2.29E+03
9.32E+03
7.53E+03
1.41E+04
6.32E+03
5.27E+03
2.23E+02
6.66E+03
1.03E+04
3.03E+03
5.21E+03
1.87E+03
3.60E+03
6.86E+03
5.50E+03

0.05
0.07
0.04
0.07
0.10
0.11
0.06
0.10
0.06
0.13
2.79
1.12
0.06
0.05
0.02
0.06
0.02
0.04
0.02
0.02
0.03
0.07
0.12
0.25
0.06
0.10
0.02
0.08
0.05
0.07
0.07
0.10

1.61E+10
2.36E+09
2.72E+09

1.98E+07
8.57E+07
2.72E+07

0.12
3.62
1.00



11 _Ulac 3 16/11/2020 12.7 Ulva lactuca 6.13 4.12

11 Std 1 16/11/2020 12.7 Stranded L. digitata 1.53 23

11 Std 2 16/11/2020 12.7 Stranded F. serratus 6.25 3.75
11 Std 3 16/11/2020 12.7 Stranded P. palmata 4.60 16.4
12 LdigB 1 15/12/2020 11.8 Laminaria digitata (base) 3.54 7.29
12 LdigB 2 15/12/2020 11.8 Laminaria digitata (base) 6.19 4.29
12 LdigB 3 15/12/2020 11.8 Laminaria digitata (base) 1.49 5.63
12 LdigM 1 15/12/2020 11.8 Laminaria digitata (medium) 3.25 4.32
12 LdigM 2 15/12/2020 11.8 Laminaria digitata (medium) 6.99 3.38
12 LdigM 3 15/12/2020 11.8 Laminaria digitata (medium) 1.77 4.26
12 LdigO_1 15/12/2020 11.8 Laminaria digitata (old) 15.15 23
12 LdigO 2 15/12/2020 11.8 Laminaria digitata (old) 32.46 15.4
12 LdigO 3 15/12/2020 11.8 Laminaria digitata (old) 20.22  26.7
12 Fser 1 15/12/2020 11.8 Fucus serratus 7.45 14.1
12 Fser 2 15/12/2020 11.8 Fucus serratus 6.80 6.37
12 Fser 3 15/12/2020 11.8 Fucus serratus 6.19 too low
12 Anod 1 15/12/2020 11.8 Ascophyllum nododum 8.57 3.11
12 Anod 2 15/12/2020 11.8 Ascophyllum nododum 7.02 4.16
12 _Anod 3 15/12/2020 11.8 Ascophyllum nododum 4.82 6.94
12 Ppal 1 15/12/2020 11.8 Palmaria palmata 1590  3.47
12 Ppal 2 15/12/2020 11.8 Palmaria palmata 11.22 10
12 Ppal 3 15/12/2020 11.8 Palmaria palmata 5.35 4.34
12 Ulac 1 15/12/2020 11.8 Ulva lactuca 11.31 2.64
12 Ulac 2 15/12/2020 11.8 Ulva lactuca 10.64 18.1
12 Ulac 3 15/12/2020 11.8 Ulva lactuca 6.23 17.20
12 Std 1 15/12/2020 11.8 Stranded L. digitata 2.61 9.09
12 Std 2 15/12/2020 11.8 Stranded F. serratus 15.18 16.1
12 Std 3 15/12/2020 11.8 Stranded P. palmata 1.75 16.80
01 LdigB 1 14/01/2021 NA Laminaria digitata (base) 2.49 4.71
01 LdigB 2 14/01/2021 NA Laminaria digitata (base) 1.03 5.03
01 LdigB 3 14/01/2021 NA Laminaria digitata (base) 1.40 4.01
01 _LdigM 1 14/01/2021 NA Laminaria digitata (medium) 1.98 2.71
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8.12E+06
1.88E+06
8.71E+06
5.49E+06
3.80E+06
7.29E+06
1.49E+06
3.65E+06
8.34E+06
2.12E+06
1.92E+07
3.16E+07
2.66E+07
5.69E+06
5.57E+06
5.14E+06
1.00E+07
6.16E+06
4.61E+06
7.87E+06
1.07E+07
4.71E+06
5.13E+06
4.67E+06
4.14E+06
1.26E+07
3.22E+07
5.36E+06
3.05E+06
1.02E+06
1.58E+06
2.62E+06

6.29E+03
1.71E+04
6.40E+05
9.81E+04
1.19E+03
8.44E+02
2.60E+02
2.40E+03
1.39E+03
7.04E+02
3.42E+03
2.16E+03
2.47E+03
1.45E+03
1.18E+03
1.53E+03
1.01E+03
1.47E+03
1.08E+03
1.83E+03
3.68E+03
2.50E+03
3.79E+03
5.58E+03
5.52E+03
6.66E+04
2.58E+06
4.68E+04
2.14E+02
5.54E+01
1.36E+02
4.17E+02

0.08
0.91
7.35
1.79
0.03
0.01
0.02
0.07
0.02
0.03
0.02
0.01
0.01
0.03
0.02
0.03
0.01
0.02
0.02
0.02
0.03
0.05
0.07
0.12
0.13
0.53
8.01
0.87
0.01
0.01
0.01
0.02

7.27E+06
1.50E+09
3.64E+08

2.11E+09
1.84E+09
5.12E+08

8.41E+04
9.11E+07
8.31E+06

9.54E+06
1.16E+08
5.50E+06

1.16
6.07
2.28

0.45
6.31
1.07



01 _LdigM 2
01 _LdigM 3
01 _LdigO_1
01 _LdigO 2
01 LdigO 3
01 Fser 1

01 Fser 2

01 Fser 3

01 _Anod 1
01 _Anod 2
01 Anod 3
01 Ppal 1

01 Ppal 2

01 Ppal 3

01 Ulac 1

01 Ulac 2

01 Ulac 3

01 Std 1

01 Std 2

01 Std 3

14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021
14/01/2021

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

Laminaria digitata (medium)

1.00

Laminaria digitata (medium) 2.46

Laminaria digitata (old)
Laminaria digitata (old)
Laminaria digitata (old)
Fucus serratus

Fucus serratus

Fucus serratus
Ascophyllum nododum
Ascophyllum nododum
Ascophyllum nododum
Palmaria palmata
Palmaria palmata
Palmaria palmata

Ulva lactuca

Ulva lactuca

Ulva lactuca

Stranded L. digitata
Stranded F. serratus
Stranded P. palmata

1.48
3.78
6.16
1.58
2.88
4.73
3.69
2.74
2.12
1.83
4.04
2.71
4.717
1.60
1.52
0.63
2.52
3.06

too low
3.25
2.2
3.59
10.10
2.30
4.78
4.52
2.30

2.1

2.10
3.76
4.81
8.88
23

2.79
6.31
4.65
14.5
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8.74E+05
2.83E+06
1.81E+06
3.67E+06
8.50E+06
1.92E+06
2.73E+06
5.43E+06
3.28E+06
3.28E+06
2.88E+06
2.03E+06
3.06E+06
3.81E+06
7.61E+06
2.20E+06
1.60E+06
3.03E+06
4.12E+06
7.92E+06

9.28E+01
3.89E+02
3.50E+02
3.30E+02
1.04E+03
8.24E+02
8.27E+02
1.11E+03
1.44E+03
1.14E+03
5.02E+02
4.03E+02
9.23E+02
9.63E+02
3.91E+03
7.47E+02
9.95E+02
2.79E+03
4.65E+04
3.48E+04

0.01
0.01
0.02
0.01
0.01
0.04
0.03
0.02
0.04
0.03
0.02
0.02
0.03
0.03
0.05
0.03
0.06
0.09
1.13
0.44

6.50E+08
4.26E+08
7.13E+08

2.80E+05
3.43E+06
4.22E+06

0.04
0.81
0.59
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Chapter V:

Degradation of fresh macroalgae
by Z. galactanivorans Dsij'
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Résumé du chapitre

Jusqu’a présent de nombreuses €tudes se sont intéressées a la dégradation des polysaccharides algaux
purifiés par les bactéries. Elles ont permis la caractérisation fonctionnelle, biochimique et structurale de
nombreuses CAZymes menant a la description de voies cataboliques complétes. Cependant ces ¢tudes
ne reflétent certainement pas la complexité des processus nécessaires a la dégradation d’une paroi
d’algue. Cette derniére est en effet un réseau tridimensionnel complexe, composé d’un enchevétrement

de différents polymeres interagissant entre eux ainsi qu’avec de nombreuses autres molécules.

Dans ce chapitre, je me suis donc intéressée a 1’utilisation de la macroalgues fraiches, directement
récoltées sur I’estran, par Zobellia galactanivorans Dsij'. La Partie 1 s’attache a caractériser la capacité
de Z. galactanivorans a utiliser différentes macroalgues brunes dont la composition chimique différe et
les mécanismes métaboliques impliqués. Une croissance significative a ét€ mise en évidence a partir de
tissus de Laminaria digitata, Fucus serratus et Ascophyllum nodosum, révélant ainsi le caractére
pionnier de Z. galactanivorans pour I'utilisation de la biomasse algale fraiche. L’importante activité
alginolytique mesurée et la capacité de Z. galactanivorans a utiliser 1’algue, méme lorsqu’elle n’est pas
en contact avec celle-ci, révéle que la dégradation des tissus algaux repose sur la sécrétion d’enzymes
extracellulaires dans le milieu. Ces résultats suggeérent le probable role de sharing pioneer de Z.
galactanivorans, qui, par la libération de produits de dégradation dans le milieu, pourrait favoriser la
croissance d’autres taxons moins bien €quipés enzymatiquement pour utiliser la biomasse algale. Le
transcriptome complet de Z. galactanivorans au cours de la dégradation algale a révélé 1’induction de
I’expression de PUL spécifiquement dédiés a I’assimilation des polysaccharides d’algues brunes.
Certains de ces PUL, tout comme d’autres clusters de génes, impliqués par exemple dans la réponse au
stress oxydatif ou dans le systeme de sécrétion de type IX, n’étaient induits que par la présence de
macroalgues fraiches et non par celle de polysaccharides purifiés (alginate, FCSP). Globalement, les
réponses obtenues soulignent ’intérét de considérer ’algue dans son ensemble afin de mieux
appréhender les processus de dégradation. La capacité des autres souches du genre Zobellia a initier
I’attaque des tissues de macroalgues a ¢galement été évaluée. Toutes les souches testées peuvent utiliser
la biomasse algale comme seule source de carbone mais Z. galactanivorans est la seule a décomposer
complétement les tissues. Des analyses de génomiques comparatives ont été menées au sein du genre

dans le but d’identifier de potentiels génes a I’origine du caractére pionnier de Z. galactanivorans.

Je me suis également intéressée a 1’utilisation de tissus frais d’algues rouges par Z. galactanivorans
Dsij" (Partie 2). Malgré sa capacité a utiliser des polysaccharides d’algues rouges (agar, carraghénanes
et porphyrane), aucune croissance n’a été détectée initialement a partir de morceaux provenant de
différentes espéces d’algues. Plusieurs hypothéses pouvant expliquer cette incapacité d’utiliser la
biomasse d’algue rouge ont été testées, révélant un acces plus difficile aux polysaccharides de la paroi,

probablement dii a la présence d’une cuticule protéique a la surface de certaines algues rouges.
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J’ai réalisé I’ensemble des expérimentations et analyses de ce chapitre, avec 1’assistance de Nolwen Le
Duff pour la culture des différentes souches de Zobellia a partir d’algues fraiches. Le séquencage

RNAseq a été effectué par la plateforme de séquencage a haut débit de I’'[2BC (Paris-Saclay).
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Part 1:

Insights into the metabolic mechanisms of a
sharing pioneer bacteria during fresh brown
macroalgae utilization
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I. Introduction

Macroalgae are key structuring players in coastal ecosystems, providing food and shelter for diverse
organisms. They cover approximately 3.5 million km* worldwide and their net primary productivity is
estimated at 1521 TgC.yr" (Krause-Jensen and Duarte, 2016). As such, they are main primary producers
in coastal zones and act as a global carbon sink (Duarte et al., 2005). Brown, red and green macroalgae
extracellular matrices (ECM) are rich in carbohydrates which represent up to 50 % of the dry weight
(Kloareg and Quatrano, 1988). Major structural polysaccharides of land plant ECM are also found in
marine algae but in minor proportions, especially cellulose and hemi-cellulose and more rarely pectin.
Instead, specific algal polysaccharides dominate the algal ECM and differ depending on the phylum.
Alginates and fucose-containing sulfated polysaccharides (FCSPs) are produced in brown algae, agars,
porphyrans and carrageenans in red algae and ulvans in green algae. Alginates are linear polymers
consisting of B-D-mannuronic (M) and a-L-guluronic acids (G) arranged in homopolymeric (polyM,
polyG) or heteropolymeric blocks (polyMG). They are the main components of the brown algal ECM,
representing between 10 and 45 % of the algal dry weight (Kloareg and Quatrano, 1988). FCSPs,
accounting for 4-13 % of the dry weight (Fletcher et al., 2017), are either linear or highly branched
polysaccharides containing o-linked L-fucose residues (within the backbone and/or the branches)
together with a variety of other neutral monosaccharides constituents (galactose, mannose, xylose,
rhamnose...) and uronic acids (Deniaud-Bouét et al., 2017). They present many substituents, mainly
sulfate and acetyl groups. The structure of brown algal polysaccharides is consequently highly
heterogeneous and varies according to species, seasons, geographical locations, thallus part, algal
growth stages and environmental factors (Haug et al., 1974; Bruhn et al., 2017; Deniaud-Bouét et al.,
2017; Fletcher et al., 2017; Ponce and Stortz, 2020). Within the ECM, these carbohydrates are cross-
linked and associated with proteins (3-15 %), minerals (7-36 % such as iodine, calcium, iron, copper
and magnesium), phenols (1-13 %), vitamins, amino acids and small amounts of lipids (1-5 %)
(Fleurence, 1999; Verhaeghe et al., 2008; Deniaud-Bouét et al., 2014; Schiener et al., 2015) to form a
complex matrix. Besides ECM polysaccharides, brown algae also produce storage carbohydrates such
as laminarin (B-1,3-glucan) and mannitol (Michel et al., 2010). It is long known that heterotrophic
bacteria are crucial for the mineralization of algal biomass (Mann, 1982). Macroalgae surfaces are
constantly colonized by diverse bacterial communities with densities varying from 10* to 10 cells cm
of macroalgal tissue (Egan et al., 2013). It has been shown that a fraction of these communities, mainly
Bacteroidetes, Gammaproteobacteria, Verrucomicrobia and Planctomycetes, had adapted to feed on
this complex and diverse biomass, showing abilities to hydrolyze soluble high molecular weight algal
compounds thanks to a considerable enzymatic arsenal (Kirchman, 2002; Thomas, Hehemann, et al.,
2011; Teeling et al., 2012; Wietz et al., 2015). Over the last 20 years, many studies focused on the algal
polysaccharide-processing capabilities of marine heterotrophic bacteria (many are reviewed in Arnosti

et al., 2020), deciphering new catabolic pathways and unraveling the role of new carbohydrate active
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enzymes (called CAZymes and classified in the CAZy database http://www.cazy.org, Lombard et al.,

2014), including glycoside hydrolases (GHs), polysaccharide lyases (PLs) or carbohydrate esterase

(CEs), and sulfatases (classified in SulfAtlas http://abims.sb-roscoff.fr/sulfatlas/, Barbeyron et al.,
2016). In Bacteroidetes, CAZymes are usually organized within clusters of coregulated genes involved
in carbohydrate binding, hydrolysis and transport, known as Polysaccharide Utilization Loci (PULSs).
The regulations of these PULs during purified algal substrate degradation were recently studied in a few
transcriptome-wide gene expression analyses, for both cultivated marine bacteria (Zhu et al., 2016;
Ficko-Blean et al., 2017; Tang et al., 2017; Thomas et al., 2017; Koch, Diirwald, et al., 2019) as well
as natural seawater bacterial communities using meta-transcriptomic profiling (Bunse et al., 2021).
However, information on the mechanisms involved in raw algal material assimilation are scarce.
Previously, Zhu et al., 2016 focused on the assimilation of crushed brown macroalgae (kelp powder) by
“Bacillus weihaiensis” Alg07". They suggested a successive utilization of the brown algal
polysaccharides by the cells, an observation in line with another study where Alteromonas macleodii
83-1, was grown on an alginate/laminarin/pectin mixture (Koch, Diirwald, et al., 2019). Gu et al., 2021
showed that a single recombinant amylase could digest different raw dried macroalgae. However, these
studies did not reflect the complexity of the transcriptomic responses which might occur during the
degradation of complex substrate assembly in the field, such as healthy algae, characterized by their
structurally and chemically complex ECM. Indeed, ECMs are a source of a large variety of substrates
interacting together, more or less accessible as some polysaccharides, known for their gelling properties,
might entrap other components, such as other polymers or proteins, and hinder their accessibility
(Fleurence, 1999). Considering the algae as a whole could reveal novel genes and catabolic pathways,
not induced by soluble purified polysaccharides, but playing key roles in algal biomass recycling in the

field.

Recently, it has been suggested that not all the bacteria able to use soluble algal compounds are equally
equipped to breakdown intact macroalgae (Hehemann et al, 2016). As an example, the
gammaproteobacterium A. macleodii has strong capacities for algal polysaccharide utilization but was
unable to cause visible tissue degradation when grown on intact brown algal tissues from Ecklonia
radiata (Koch et al., 2020). As suggested by the authors, this species might then feed on algal exudates
or benefit from the action of specialized bacterial communities, well equipped to process the initial
attack of the algal ECM. These latter could act as pioneers of the degradation by exposing new substrate
niches from the macroalgal tissues for less efficient community members considered as scavengers

(Hehemann et al., 2016; Amosti et al., 2020; Gralka et al., 2020).

The genus Zobellia (Flavobacteriaceae family), frequently found associated with macroalgae (eg.
Martin et al., 2015; Dogs et al., 2017), is composed of 9 validly described strains classified in 7 species
(Barbeyron et al., 2001, 2021; Nedashkovskaya et al., 2004). They appear to be potentially specialized

in algal polysaccharide utilization as their genome encodes a high amount of CAZymes, between 263
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and 336 genes representing from 6.4 to 7.6 % of the coding sequences (Barbeyron, Thomas, et al., 2016;
Chernysheva et al., 2019, 2021), and sulfatases. In particular, Zobellia galactanivorans Dsij’, isolated
from a red macroalga (Potin et al., 1991; Barbeyron et al., 2001), is considered as a model strain to
study macroalgal polysaccharide utilization (Lami et al., 2021). It allowed the discovery of many novel
CAZymes and the description of new PULs targeting alginates (Thomas ef al., 2012, 2013; Dudek et
al.,2020), carrageenans (Ficko-Blean et al., 2017), agars (eg. Jam et al., 2005; Hehemann et al., 2012),
laminarin (Labourel et al., 2014, 2015) and mannitol (Groisillier et al., 2015) by unravelling biochemical
and regulatory mechanisms. Moreover, Thomas et al., 2017 detected the induction of specific catabolic
pathways in the presence of diverse algal carbohydrates and revealed common transcriptomic
regulations when Z. galactanivorans Dsij" was grown on polysaccharides from the same algal phylum.
This strain is also well equipped to cope with algal stress defenses and can accumulate iodine (Fournier
et al., 2014; Barbeyron, Thomas, et al., 2016; Grigorian et al., 2021). A previous study suggested that
Zobellia galactanivorans Dsij' act as a pioneer in the breakdown of the kelp Laminaria digitata and

demonstrated the crucial role of the alginate lyase AlyAl in this process (Zhu et al., 2017).

In this study, we aim to better understand the mechanisms controlling fresh macroalgae degradation. To
tackle this issue, (i) the complete transcriptome of Z. galactanivorans Dsij" was analyzed during the
degradation of three brown macroalgae with distinct chemical composition and compared with purified
sugars to decipher key genes and mechanisms specifically triggered on fresh tissues and (ii) the ability
of Z. galactanivorans to degrade fresh algae tissues was compared with other Zobellia spp. to assess its

singular behavior and hypothesize on potential genetic determinant in fresh macroalgae breakdown.

II. Experimental procedure

1. Purified substrates

Maltose (Sigma-Aldrich), alginate (Danisco, Grindsted FD176) and FCSPs extracted from Ascophyllum
nodosum (Algues & Mer, HMWFSA15424, fraction > 100 kDa) were tested for growth. To check for
alginate contamination, FCSPs were incubated with the alginate lyase AlyAl (Thomas ef al., 2013) and
degradation products were detected on Carbohydrate-PAGE (Zablackis and Perez, 1990). Therefore,
assays to measure the uronic acid content (Blumenkrantz and Asboe-Hansen, 1973; Filisetti-Cozzi and
Carpita, 1991) in the FCSPs were carried out and showed that uronic acids accounted for approximately
24 % (w/w), which is higher than the 9 % estimated by Cumashi et al., 2007 on FCSPs from A. nodosum.
This means that in the worst case, i.e. if FCSP structures do not contain uronic acids which is unlikely,

% of the substrate is actually FCSPs.

Alginate, agar (Sigma-Aldrich), kappa- (Goémar, extracted from Eucheuma cottonii) and iota-

carrageenans (Danisco, 2544-97-01) were used for enzymatic assays.
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2. Strains

Eight Zobellia strains were used in this study, Z. galactanivorans Dsij', Z. amurskyensis KMM 3526",
Z. laminariae KMM 3676", Z. russellii KMM 3677, Z. roscoffensis Asnod1-F08", Z. roscoffensis
Asnod2-B02-B, Z. nedashkovskayae Asnod2-B07-B" and Z. nedashkovskayae Asnod3-E08-A. These
strains were first grown from glycerol stock in Zobell 2216 medium (ZoBell, 1941) at room temperature
before being inoculated in minimum marine medium (referred to as MMM, described in (Thomas, ef
al., 2011) and complemented with 100 pg.ml' kanamycin, 100 pg.ml" streptomycin, 50 ug.ml"
neomycin and 14 ug.mL™" colistin, to which all the tested Zobellia strains are resistant) and amended
with 4 g.I"' maltose as the sole carbon source. After centrifugation (4200 rpm, 10 min), pellets were
washed twice in 1X saline solution. Cells were inoculated in microcosms at ODsoo 0.05. The ability of
these strains to use soluble algal compounds was assessed in previous studies (Barbeyron et al., 2001,

2021; Nedashkovskaya et al., 2004) and is summarized in Table V.S1.

3. Macroalgae treatment

Healthy Laminaria digitata, Fucus serratus and Ascophyllum nodosum were collected in May at the
Bloscon site (48°43°29.982°” N, 03°58°8.27°” W) in Roscoff (Brittany, France). Algal tissues were cut
in small pieces (ca. 2.5-3.5 cm?) with a sterile scalpel and immersed in 0.1 % Triton in milli-Q water for
10 min followed by 1 % iodine povidone in milli-Q water for 5 min to clean them from the resident

epibiotic microbiome. Algae pieces were rinsed in excess sterilized autoclaved seawater for 2 hours.

4. Microcosm set up and sample collection

Zobellia strains were grown at 20 °C under agitation in MMM with macroalgae pieces as the sole carbon
source. Each condition was tested in triplicate. All vessels were autoclaved.

The eight Zobellia strains used in this study were grown in 10 mL with three L. digitata pieces cut in
the meristem part (up to 15 cm from the base).

Z. galactanivorans was grown in 50 ml with 10 brown macroalgal pieces, either young L. digitata (<20
cm), F. serratus or A. nodosum. For comparison it was also grown in the same conditions using 4 g.I"!
maltose, alginate or FCSPs. During the exponential phase, 10 ml of culture medium and 2 algal pieces
were retrieved on ice for RNA extraction of the free-living and algae-attached bacteria, respectively. On
ice, one volume of killing buffer (20 mM Tris-HCI pH 7.5, 5 mM MgCl,, 20 mM NaN3) was added to
the liquid samples and the collected algal pieces were washed twice in killing buffer:H,O (1:1). After
centrifugation of liquid samples (4200 rpm, 10 min), cell pellets were placed in liquid nitrogen, as well
as algae pieces. Samples were stored at -80 °C before further RNA extraction. For enzymatic assays,
culture medium was sampled, filtered onto a 0.2 um filter and stored overnight at 4 °C until incubation

with the different polysaccharides.
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Co-culture systems were used to test the growth of Z. galactanivorans when cultivated in contact or
physically separated from the algal tissues. Incubations were carried out in 100 ml reaction vessels
comprising two compartments with round bottom and a 65 mm flat edge opening (ref 0861050, Witeg,
Germany), separated by a 0.2 um MCE filter (ref GSWP09000, Merck, Germany). Thirty milli-liters of
medium were poured in the two compartments and ten L. digitata pieces were immersed in one. For
enzymatic assays, culture medium was sampled at different times, filtered onto a 0.2 pum filter and

directly incubated with alginate.

5. RNA extraction and purification

Free-living bacteria cells were lysed by adding 400 pl of lysis buffer (4 M guanidine thiocyanate, 25 mM
sodium acetate pH 5.2, 5 g.I'' N-laurylsarcosinate) and 500 ul of phenol and incubated 5 min at 65 °C.
RNA was extracted using phenol-chloroform. Extracts were treated 1 h at 37 °C with 2 units of Turbo
DNAse (Thermofisher) and purified on mini-columns NucleoSpin RNA Clean-up (Macherey-Nagel)

following the manufacturer's instructions. RNA was eluted in 50 pl of nuclease-free water.

RNA from algae-attached bacteria was extracted as follows. Algal pieces were immersed in killing
buffer, vortexed and placed 7 min in an ultrasonic bath to detach bacteria from the algal surface. Algae
were removed, buffer was centrifuged (5 min, 11 000 rpm) and cell pellets resuspended in lysis buffer.
RNA extraction and DNAse treatment were performed as described above for the free-living bacteria.
To avoid RNA loss on purification columns, DNAse inactivation reagent (Thermofisher) was added to
inactivate DNAse and removed after 5 min incubation by centrifugation. The absence of DNA
contamination in all RNA samples was checked by PCR with universal primers S-D-Bact- 0341-b-S-17
and S-D- Bact-0785-a-A-21 targeting the 16S rRNA gene (Klindworth et al, 2013). RNA was
quantified on a Qubit fluorometer (Thermofisher) using the Qubit RNA HS assay kit and its integrity
assessed on a Bioanalyzer 2100 system (Agilent Technology) with the Agilent RNA 6000 Pico assay
kit.

Paired-end RNA sequencing (RNA-seq) was performed by the Plateforme de Séquencage 12BC
(UMRI198, CNRS, Gif-sur-Yvette) on a NextSeq instrument (Illumina) using the NextSeq 500/550
High Output Kit v2 (75 cycles) which included a Ribo-Zero ribosomal RNA depletion step. A total of
25 samples were sequenced (Table V.S2). Sequencing failed for samples FL. Fserl and Att L.dig2 due

to poor sample quality.

6. RNA-seq analysis

Demultiplexed and adapter-trimmed reads were processed with the Galaxy platform (https://galaxy.sb-

roscoff.fr). Trimmomatic (Galaxy Version 0.38.0) was used to perform quality filtering of the reads.

Filtered reads with less than 20 bp in length were discarded. Transcript quantification was done using
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the pseudo-mapper Salmon (Patro et al., 2017, Galaxy Version 0.8.2) with the Z. galactanivorans Dsij"
reference genome (retrieved from MicroScope “zobellia_gal DsiJT v2”; Refseq NC 015844.1). Raw
counts for individual samples were merged into a single expression matrix for downstream analysis.
Principal Component Analysis was performed using the DESeq2 v1.26.0 package (Love et al., 2014) in
R v3.6.2 (R Core Team, 2018) after rlog transformation. Differential abundance analyses were also
carried out with this package and genes displaying a log2 fold change |log2FC| > 2 and a Bonferroni-
adjusted p-value < 0.05 were considered to be significantly differentially expressed. The upset plot was
done using the ComplexUpset package. Hierarchical clustering was performed using the Ward’s
minimum variance method (Murtagh and Legendre, 2014). The ggplot? package was used to make
graphics.

7. Enzymatic activity assays

One volume of filtered supernatant was incubated with 9 volumes of 0.2 % macroalgal polysaccharides
(alginate, agar, kappa- or iota-carrageenans) at 28 °C overnight to assess extracellular polysaccharidases
activity. Incubations were performed in parallel with inactive enzymes (boiled 15 min at 98 °C) as
control. The amount of reducing ends released in the incubation mix was quantified using the
ferricyanide assay (Kidby and Davidson, 1973). For each sample, the activity measured with the boiled
enzymes was subtracted. Finally, the mean value (n=3) measured for the uninoculated microcosms was

subtracted. Significant differences (P<0.05) from 0 were tested using t-tests.

8. CARD-FISH

CARD-FISH assays were performed on samples from an independent microcosm experiment with L.
digitata tissues as the carbon source. Algae pieces were collected at different times after inoculation of
Z. galactanivorans, rinsed twice in milli-Q water, fixed overnight at 4 °C with 2 % paraformaldehyde,
washed twice in PBS and stored in PBS:EtOH (1:1 v/v) at -20 °C. CARD-FISH was performed as
described in Brunet et al., 2021, accepted (Chapter IV, Part 1) using the Zobellia-specific probe ZOB137
with helpers. Cells on algal tissues were visualized with a confocal microscope Leica TCS SP8 equipped
with HC PL APO 63x/1.4 oil objective using the 488 and 638 nm lasers to detect Alexa488 signal and
algal autofluorescence signal, respectively. Z-stack images were collected (layers of 0.29 um thickness)
by using 1024x1024 scan format and a scan speed of 400 Hz. Z-stacks were visualized using the surface

channel mode of the 3D viewer module implemented in the Leica Las X software.

9. Comparative genomics

The number of glycoside hydrolases, polysaccharide lyases, carbohydrate esterases and sulfatases

present in the genome of the different Zobellia spp. was determined using the dbCAN database on the
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MicroScope platform (https://mage.genoscope.cns.fr). Homologs were searched for genes of interest

using synteny results on the same platform with a 50 % identity and an 80 % alignment coverage cutoff.

III. Results

1. Zobellia galactanivorans Dsij’ degrades and utilizes fresh brown
macroalgae tissues as carbon source

Growth was tested with three brown macroalgae from two different orders and with distinct chemical
composition, Laminaria digitata (order Laminariales), Fucus serratus and Ascophyllum nodosum (order
Fucales), as the sole carbon and energy source. As a comparison, Z. galactanivorans was also cultured
on brown algal polysaccharides (alginate or FCSPs). Control conditions included growth on a simple
sugar (maltose), as well as non-inoculated media. Growth was detected on the three algal species
(Figure V.1A), with tissue bleaching and damages only visible on L. digitata pieces after 65 h (Figure
V.1B). In the absence of Z. galactanivorans inoculation, no growth was detected in L. digitata and F.
serratus microcosms (except in one replicate for the later), however a bacterial growth was observed on
A. nodosum at 65 h (ODgg = 0.3). This is probably due to resident epiphytic bacterial communities that
resisted the chemical and the antibiotic treatments applied, given that the A. nodosum cultivable

epiphytic microbiota is enriched in macroalgal-polysaccharides degrading bacteria (Martin ef al., 2015).

The extent and kinetics of algal tissue colonization by Z. galactanivorans was assessed using CARD-
FISH on L. digitata tissues. No Zobellia cells were detected initially on the kelp surface, whereas cell
patches were visible after 22 h (Figure V.1C). The non-fluorescent gap between the bacterial and the
algal cells suggests that at this early colonization stage Z. galactanivorans started to form biofilm on the
mucilage coating L. digitata and did not penetrate into the tissues. After 46 h, Z. galactanivorans
colonization was more pronounced but still arranged in patches and cells were not only localized on the
surface but also deeper within the tissues. This process progressed at 70 h as the tissues were completely
covered by cells and most of them were localized between the algal cells and disrupted their structural
integrity. The absence of algal autofluorescence signal below 25-30 um is the result of'its rapid decrease

in intensity as we move away from the coverslip.
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Figure V.1: Ability of Z galactanivorans Dsij' to use fresh brown macroalgae for its growth. (A) Growth of Z
galactanivorans on either macroalgae pieces (Laminaria digitata, Fucus serratus and Ascophyllum nodosum) or purified sugars
(maltose, alginate and FCSPs). Individual points for replicate experiments are shown. Lines are means of independent replicates
(n =2 or n =3). (B) Photographs showing the integrity of the L. digitata tissues after 65 h. (C) L. digitata tissues colonization
by Z. galactanivorans during the degradation. Micrographs are overlay of the CARD—FISH signal (magenta, Zobellia-specific
probe with Alexa488 as the reporter signal) and the algal autofluorescence (green) and were obtained with the surface channel
mode of the 3D viewer. For the different times, transversal views are shown on the left and top views on the right.

2. Transcriptomic shift during macroalgae degradation

Z. galactanivorans Dsij" transcriptome was analyzed during the degradation of the three macroalgae and
compared with the responses occurring on maltose, alginate and FCSPs. Between 44 and 93 % of the
sequenced reads obtained from free-living bacteria mapped on the genome of Z. galactanivorans Dsij"

(Table V.S2) for cells grown with macroalgae and between 88 and 96 % for cells grown with purified
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sugars.

PCA revealed that transcriptomic profiles differed depending on the carbon source (Figure V.2A).
Except for samples from F. serratus microcosms, triplicates from all conditions clustered together.
However, dispersion was higher for macroalgal samples than purified sugars. Transcriptomes of cells
grown with L. digitata were closer to that obtained with alginate or FCSPs compared to 4. nodosum or
F. serratus.

Differential abundance analysis revealed 1117 and 864 genes up- and down-regulated with at least one
substrate, respectively, using maltose as the control condition (Bonferroni-adjusted p-value < 0.05,
[log2FC| > 2) (Table V.S3). Among them, 56 % (628 upregulated genes) and 52 % (449 down-regulated
genes) showed substrate-specific regulations (Figure V.2B). In particular, half of the genes regulated
with A. nodosum and FCSPs were not differentially expressed in any other conditions. Among the genes
shared with at least two substrates, the highest intersection size was observed between alginate and
FCSPs (270 genes). L. digitata was the algae inducing the highest number of regulations shared with at
least one polysaccharide (399, 254 and 217 genes with L. digitata, F. serratus and A. nodosum
respectively). Focusing on the genes responding to two macroalgae but not the third one, we found that
more regulations were shared between L. digitata and F. serratus (116 genes) than F. serratus and A.
nodosum (89 genes) or L. digitata and A. nodosum (13 genes). Finally, a core set of 70 up-regulated and
59 down-regulated genes responded to the three macroalgae. Among the core set of up-regulated genes,

13 are involved in carbohydrate metabolism and transport.
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Figure V.2: General features of the transcriptomic responses occurring in free-living Z galactanivorans Dsij' during
growth with macroalgae. (A) Principal Component Analysis of the gene expression. (B) Upset plot of the differentially
expressed genes with maltose as the control condition (Bonferroni-adjusted p-value < 0.05 and [log2FC| > 2). Set size represents
the total amount of genes regulated in each condition.
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3. Growth with macroalgae induced specific carbohydrate catabolic
pathways

We further focused our expression analysis on all predicted PULs from Z. galactanivorans Dsij'. Fifty
PULs containing the susC-like/susD-like pair were previously identified during genome annotation
(Supplementary Table S3 in Barbeyron, Thomas, et al., 2016). Another recently described PUL (Ficko-
Blean et al., 2017), targeting 3,6-anhydro-D-galactose and involved in carrageenan catabolism (but
lacking the susC-like/susD-like pair), was added to the analysis as PUL51. The hierarchical clustering
of expression data grouped together PULs targeting simple sugars (maltose and fructose) as well as
starch and chitin (Figure V.3A). The starch PUL12 was strongly repressed in all conditions while the
chitin PUL31 showed a significant repression only with the algal polysaccharides.

The alginate-specific PUL29 was the only one significantly overexpressed in all conditions compared
with maltose (mean log2FC of 4) and the highest expression was observed with L. digitata samples
(Figure V.3B, Figure V.S1). Moreover, PULs predicted to target other brown algal polysaccharides
were triggered and clustered together. In particular, L. digitata significantly induced the expression of
PUL3, 34 and 35 likely targeting FCSPs since they encode sulfatases and fucosidases, as well as PUL26
and 27 whose function is unclear, PUL1 (xylan) and PUL14 (sulfated polysaccharides). The PUL3 and
27 were also significantly induced during the growth on F. serratus, while PUL4 and 28 targeting [3-
glucan and laminarin responded to A. nodosum. Indeed, alginate induced the expression of genes
contained in unclear PULs (PUL 26 and 45), in the fucose PUL7 and a-glucan PUL8. With FCSPs as
the carbon source, a large diversity of 16 induced PULs was observed. PULG6, 26, 27 and 45 (unclear),
like PULS8 and 10 (B- and a-glucan) and PUL38 (FCSPs) were especially strongly up-regulated. Overall,
four PULs induced by macroalgae did not respond to the purified polysaccharides (PUL3, 4, 34 and 35),
including three potentially targeting FCSPs.

No PUL known to be involved in red algal polysaccharides catabolism (PUL40, 42, 49 and 51) clustered
with this set of overexpressed PULs. This analysis revealed that the growth on brown macroalgae
induced the overexpression of specific PULs dedicated to the breakdown of brown algal polysaccharides
only. These results are in line with the measured activity of extracellular polysaccharidases in the
microcosm supernatants containing algal tissues (Figure V.3C). Enzyme mixtures were assayed against
alginate, agar and carrageenans and only the alginolytic activity was significantly higher when Z.

galactanivorans was grown on macroalgae compared with the non-inoculated control (t-test, P<0.05).
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Figure V.3: Regulation of the catabolic pathways during the degradation of fresh algal tissues. (A) Heatmap of the 51
PULs identified in the genome of Z. galactanivorans Dsij". For each PUL, the mean log2FC of all genes is represented, taking
maltose as a control condition. Carbon sources and PULs were arranged according to a hierarchical clustering analysis (Ward’s

method). A PUL was considered regulated (induced in red, repressed in blue) if more than 50 % of the genes were significantly
differentially expressed (*) and strongly regulated if more than 80 % of the genes were significantly differentially expressed

(**). Putative substrates targeted by the PULs are indicated. Hash signs denote PULs biochemically characterized previously

in Z. galactanivorans (##) or in another organism (#). (B) Heatmap representing the 1og2FC of individual genes contained in
the PULs induced with macroalgae and which clustered together in A. (C) Activity of extracellular polysaccharidases secreted

in the microcosms containing macroalgae. The mean value measured in the uninoculated controls was subtracted from each
value. Bars are means of independent replicates (n = 2 or 3) shown as individual points. Significant difference from zero was

tested when n = 3 (t-test; *, P<0.05). FCSP: fucose containing sulfated polysaccharide; PS: Polysaccharide.

4. T9SS and oxidative stress response induction were specific to the
growth on fresh algal tissues

To unravel pathways governing the degradation of complex, fresh macroalgal biomass by Z.

galactanivorans Dsij", the transcriptomic profiles with macroalgae were not only compared with
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maltose but also with the purified algal polysaccharides. With fresh L. digitata, F. serratus or A.
nodosum, 41, 59 or 189 genes were specifically induced when compared both with the polysaccharides
and maltose, respectively (Table V.S4). A large gene cluster was up-regulated with L. digitata and F.
serratus, from zgal 1071 tozgal 1105. It notably encodes three oxidoreductases, a DNA topoisomerase
and a peroxiredoxin, suggesting that this cluster may play a role in the response against the oxidative
stress. Other genes encoding antioxidant proteins were triggered, especially on L. digitata, such as the
superoxide dismutase SodC (ZGAL 114) or a B-carotene hydroxylase (ZGAL 2972), as well as a
protein belonging to the carboxymuconolactone decarboxylase family (ZGAL 1598) which includes
enzyme involved in antioxidant defense (Chen et al, 2015). The two catalases (ZGAL 1427 and
ZGAL 3559) encoded in the Z galactanivorans Dsij' genome were also induced in the presence of L.
digitata and F. serratus in comparison to maltose and alginate. Expression of genes encoding general
stress response proteins was also up-regulated, in particular universal stress protein (ZGAL 3483 and
ZGAL 3862) or CsbD-like protein (ZGAL 2609).

Several genes predicted to encode components of the Type 9 Secretion System (T9SS) were
significantly induced during the growth on fresh algal tissues, in particular with A. nodosum (14 out of
the 33 genes identified in the genome, against 1 and 5 with L. digitata and F. serratus respectively)
(Figure V.4). They include particularly genes encoding SprF family proteins, as well as T9SS-
associated PG1058-like protein. In addition, 7 induced genes encoded proteins of unknown function that
contain conserved C-terminal domains (CTDs) belonging to the TIGRFAMs TIGR04131 (gliding
motility - ZGAL 2022, 2761, 2762, 3727) and TIGR04183 (Por secretion system - ZGAL 93, 1124,
4310). These conserved CTDs are typical of proteins secreted by the T9SS. Globally, with maltose as
control, the T9SS mechanism was strongly overexpressed with A. nodosum (mean log2FC of the T9SS-
related genes induced in at least one condition = 3.0, against 0.7 and 1.9 for L. digitata and F. serratus
respectively) but down-regulated with Alginate (-2.2) and FCSPs (-1.4). Also, Vgr family proteins
(ZGAL 408, 3389), involved in the Type 6 Secretion System (T6SS) were induced with 4. nodosum.
Many other gene clusters were upregulated with macroalgae compared to purified substrates. The larger
one was a cluster containing genes involved in glycolysis, ATP synthase and ABC transport system,
from zgal 3848 tozgal 3883, which was up-regulated with F. serratus and 4. nodosum. Another cluster
of four genes (zgal 2988-zgal 2991) was induced with macroalgae. It contains two GTs and a protein
annotated to be likely involved in EPS/LPS biosynthesis, and then might have a role in biofilm formation

at the surface of macroalgae.
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Figure V.4: Selection of genes specifically induced by fresh macroalgae. Mean expression values (n = 3, except for
F. serratus n = 2) of selected genes significantly triggered (*) with at least one macroalgae compared to both the purified
polysaccharides and maltose (see Table V.S4). No dot was represented if the mean read count was below 200.

Few genes coding for CAZymes were significantly up-regulated when Z. galactanivorans Dsij' was
grown with macroalgae compared to all the purified sugars (Figure V.4). Among them, two genes
belonged to PULs likely active on FCSPs, zgal 205, encoding a GH117 in PUL3 and up-regulated with
L. digitata and F. serratus, and zgal 3445 (ugl41, GH88) within the PUL34, strongly up-regulated with
A. nodosum. Other genes not contained in PUL structures, such as alyAl (zgal 1182, alginate lyase
PL7), cgaAd (zgal 3886, glucan 1,4-a-glucosidase GH15), agaC (zgal 4267, B-agarase GH16), peldl
(zgal 3770, pectate lyase PL1) and dssA4 (zgal 3183, sheath polysaccharide lyase PL9) were induced

with 4. nodosum.
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5. Similar transcriptomic profiles between free-living and algae-attached
bacteria

The transcriptome of algae-attached Z. galactanivorans Dsij" was also analyzed and compared to that
of free-living bacteria. A high proportion of eukaryotic rRNA (4-70 %) was detected in these samples,
while it was below 1 % for the free-living samples (Table V.S2). Therefore, for some samples, a large
fraction of the coding regions was not covered (0 read mapped). To minimize possible bias due to poor
sequencing depth, we discarded the samples from 4. rodosum microcosms for analysis (up to 70 % of
uncovered coding regions) and only considered upregulated genes (and not the down-regulated ones) in
attached bacteria versus free-living bacteria. Overall, very few significant up-regulations were detected
(Figure V.5A). With L. digitata, 19 genes were significantly induced (Bonferroni-adjusted p-value <
0.05) in attached bacteria vs. free-living bacteria, including in particular 2 TetR-type transcriptional
regulators, 2 Ycel family proteins which could be involved in oxidative stress response via the
isoprenoide synthesis (Handa et al., 2005; Weber et al., 2006) and 5 chaperone proteins. Among the 14
genes identified on F. serratus, there are 2 TonB-dependent receptors which are not associated with a
SusD-like protein then likely not involved in carbohydrate metabolism. Several genes from the same

genomic region (zgal 4237-4246), involved in stress responses were also induced on both algae.

No gene encoding CAZymes was significantly induced in attached vs. free-living bacteria, suggesting
that biofilm formation is not required to induce the production of hydrolytic enzymes. This hypothesis
was tested in an additional experiment to assess whether or not forming biofilm at the surface of the
macroalgae is essential for Z. galactanivorans to get access to algal substrates, using extracellular
alginolytic activity as a proxy (Figure V.5B). Although the increase of alginolytic activity was delayed
when Z. galactanivorans was separated from the algae by a 0.2 um filter, the activity was similar in
both conditions after 90 h. After 6 days, the algal tissues were fully degraded when Z. galactanivorans
and L. digitata were in contact. The degradation was slower when Z. galactanivorans was separated
from L. digitata, after 6 days algae pieces were peeling and in decomposition but still had their original

shape.
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Figure V.5: Effect of the attachment to macroalgae during the degradation. (A) Number of genes (Bonferroni-adjusted p-
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6. Comparative physiology and genomics of fresh macroalga degradation
in Zobellia

To investigate if the ability to degrade fresh algal biomass is shared within the genus Zobellia, eight
Zobellia strains were grown with Laminaria digitata pieces (Figure V.6). All eight strains had the ability
to use the fresh L. digitata tissues for their growth. Z. galactanivorans Dsij" had the highest final cell
density (ODgoo = 1.5) and shortest generation time (5.09 h) of all tested strains. It is worth noting that Z.
galactanivorans reached much higher cell density when grown with the meristem part of adult
individuals compared with young plantlets displaying a much thinner thallus, and then offering lower
carbon amount (as in Figure V.1). While the iodine metabolism in macroalgae is related to defense
mechanisms, the higher iodine content measured in plantlets (Kiipper et al., 1998; Ar Gall et al., 2004)
could also explain these growth differences. Z. nedashkovskayae Asnod3-E08-A showed only limited
growth (final ODgoo = 0.4) and the longest generation time (tgen = 16.33 h). However, this strain formed
cell aggregates in the culture medium, probably leading to underestimated OD measurements. Other
strains (which did not form aggregates) showed intermediate final cell density (ODsoo ~ 1) and
generation time (5.92 - 11.74 h). These growth differences were reflected in the final aspect of
macroalgal pieces, where Z. galactanivorans Dsij' was the only strain to completely breakdown algal
tissues after 91 h. In microcosms containing the Z. nedashkovskayae strains the algal tissues started to
peel and to breakdown at the corners of the pieces. For the other strains, no visible trace of degradation
was detected. The number of genes predicted to encode GHs, PLs, CEs or sulfatases was estimated
within the genome of each strain (Figure V.6A) and correlation with the generation time was assessed
(Table V.S5). A strong negative correlation was found between the number of GHs and the generation
time (Spearman, tho = -0.90; P = 0.006; Z. nedashkovskayae Asnod3-E08-A was removed from the
analysis). Among the 305 genes up-regulated when Z. galactanivorans Dsij' grew with L. digitata
compared to maltose, 22 are specific to Z. galactanivorans as no homolog was found in the genome of
the seven other Zobellia strains (Table V.S6). They include two GHs, zgal 3349 (GH20) contained in
PUL33 (putatively targeting an hexosamine polysaccharide) and zga/ 3470 in the FCSP PUL35, and a
susC-like TBDT (zgal 3441) just upstream the FCSP PUL34. Other up-regulated genes within
PUL34/35 are not conserved in all the Zobellia strains (Figure V.6B). Likewise, several genes of the
alginolytic PUL29 (zgal/ 2613 to 2624) were not detected in other Zobellia strains, especially in the two
Z. roscoffensis strains which lack 5 of them. Also, the gene alyA47 (zgal 1182) encoding an extracellular
endo-alginate lyase was only conserved in the Z. nedashkovskayae strains. Several genes located
downstream the alginolytic PUL (zgal 2628-2635) are also specific to Z. galactanivorans Dsij' or
conserved in only one other strain. Two other genes encoding proteins involved in carbohydrate
assimilation (zgal 334 and zgal 2296 encoding a GHnc and a lipoprotein with CBM22, respectively)

are missing in five strains. zgal 334 is located in a cluster of genes encoding sulfatases, fucosidases and
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PLs and might be part of a PUL targeting FCSPs (not found in the 51 PULs identified as the pair susCD-
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Figure V.6: Ability of Zobellia spp. to use fresh L. digitata for its growth. (A) Growth of eight Zobellia strains with L.
digitata pieces. The generation time tg, is indicated for each strain as well as the number of glycoside hydrolases (GH, blue),
polysaccharides lyases (PL, yellow), carbohydrate esterases (CE, orange) and sulfatases (S, red) predicted in their genome
(dbCAN search on the MicroScope platform). Individual points for duplicate experiments are shown. Lines are means of
independent replicates (n = 2 or n = 3). (B) Comparison of genomic loci among the eight Zobellia strains. For Z.

galactanivorans, genes were colored according to their expression log2FC for the comparison L. digitata vs. maltose. Gene ID
is indicated inside arrows and CAZymes and sulfatases are specified above. Top: genes involved in the alginate-utilization
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IV. Discussion

1. Zobellia galactanivorans Dsij’ acts as a sharing pioneer in brown
macroalgae degradation

Marine heterotrophic bacteria from different functional guilds are not equally equipped to process algal
biomass, including the polysaccharide-rich complex supramolecular ECM network. Recently, several
frameworks were proposed to conceptualize these contrasted ecological strategies (Hehemann et al.,
2016; Arnosti et al., 2020; Gralka et al., 2020). First, pioneer bacteria degrade complex organic matter
by the production of specific hydrolytic enzymes. The hydrolysate can then either be assimilated by the
pioneers themselves and/or shared with other bacterial community members referred to as exploiters or
scavengers, which lack the required enzymatic tools and cannot feed on intact substrates. Here, we
showed that Z galactanivorans Dsij" has the capacity to use fresh healthy algal tissues for its growth.
Similar growth rates were observed with the three algal species tested that display distinct morphologies
and chemical compositions. Furthermore, Z. galactanivorans was able to completely break down L.
digitata tissues. This corroborates its role as pioneer in algae recycling, as first suggested by Zhu et al.,
2017. The limited breakdown of Fucales tissues might be explained by their higher content in
phlorotannins (Holdt and Kraan, 2011), which display antimicrobial activity and may reduce tissue
digestibility (Paul et al., 2001; Lopes et al., 2012). By contrast, Koch et al., 2020 indicated that the
gammaproteobacterium Al/teromonas macleodii uses various soluble algal polysaccharides but does not
cause damages on intact Ecklonia radiata (Laminariales) tissues, probably lacking the relevant
enzymatic tools. During the degradation, Z. galactanivorans secreted extracellular alginolytic enzymes
and colonized the algal surface, which might be key features to access carbohydrates within the ECM
and breakdown intact tissues. In addition, we showed that Z. galactanivorans does not require a physical
contact with L. digitata to degrade it, suggesting that the algal breakdown strongly relies on secreted
extracellular enzymes. Accordingly, the increase in alginolytic activity was similar whether the two
organisms were in contact or not, even if it displays a delay in the latter case due to diffusion time. These
secreted enzymes could release low molecular weight compounds acting as public goods that would fuel
other bacteria. Our results therefore suggest that Z. galactanivorans would be a “sharing” pioneer, in
opposition to “selfish” pioneers which sequester the low-molecular-weight (LMW) hydrolysis products
by producing surface-associated hydrolytic enzymes binding the polysaccharides, leading to minor
amounts of released products in the medium (Reintjes et al., 2017; Pluvinage ef al., 2018). The release
of LMW products was already demonstrated by Dudek et al., 2020 and Zhu et al., 2017 who detected
an accumulation of alginate oligosaccharides when Z. galactanivorans was grown on purified alginate
and algal tissues respectively. Moreover, Zhu et al., 2017 revealed that the presence of Z
galactanivorans would enable the growth of other taxa with algal biomass as the sole carbon source,

hence highlighting its sharing pioneer behavior. Such cross-feeding interactions were characterized
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during alginate (Enke et al., 2019) or chitin (Pollak et al., 2021; Pontrelli et al., 2021) assimilation for
example. The other Zobellia spp. tested successfully grew with fresh L. digitata but did not cause
important damages to the algal tissues as observed with Z. galactanivorans. It remains unclear whether
(1) they fed on algal exudates, whose release might be favored by the preparation of algae for microcosm
experiment, and/or (2) acted as pioneers by feeding on ECM polymers but less efficiently than Z.
galactanivorans. The catabolic profiles on purified brown algal sugars conducted in previous works
(Table V.S1) indicate different growth capacities. Indeed, if all strains are able to use mannitol, the main
brown algal exudate, both Z. roscoffensis strains as well as Z. laminariae KMM 3676" display limited
or none abilities to grow with purified alginate, FCSPs and laminarin. Hence, with macroalgae, the latter
likely feed on mannitol, whose release might be favored by the cut of the tissues (even if the extensive
washing steps limited its accumulation), and not on the complex brown algal polysaccharides.
Comparative genomics indicated that CAZymes content likely influences the strain capacity to
breakdown and use fresh algal tissues. Despite high CAZymes content in their genome (Chernysheva et
al., 2019) some Zobellia strains probably lack key genes to efficiently degrade the L. digitata ECM as
Z. galactanivorans Dsij" does. Indeed, although key PULs targeting alginate or FCSPs and triggered
with L. digitata were conserved in Zobellia genomes, some genes, in particular the most upregulated
ones, were restricted to Z. galactanivorans Dsij" or shared with only few strains. They notably encode
proteins related to carbohydrate metabolism. For example, the alginate lyase gene aly41, which was
strongly upregulated by Z. galactanivorans Dsij' in the presence of L. digitata, F. serratus and A.
nodosum (10g2FC 4 - 7), had homologs only in the two other strains that caused visible algal damage
(Z. nedashkovskayae Asnod2-B07-B" and Asnod3-E08-A). Accordingly, alyAl was previously shown
to have a crucial role in initiating algae breakdown (Zhu et al., 2017). Other strain-specific or variable
genes strongly responsive to brown algal biomass might represent additional genetic determinants
essential in the pioneer abilities of intact algae degraders, whose biological function remains to be
elucidated (see Chapter VI). These distinct genomic repertoires would explain the different growth
behavior on intact algal biomass and might suggest distinct polysaccharide/substrate niches. For
example, Z. roscoffensis strains can use xylan (found in green and red algae) but not brown algal
polysaccharides (alginate, FCSPs, laminarin) while this is the opposite for both Z. nedashkovskayae
strains (Barbeyron et al., 2021). Overall, our results highlight the relevance of Z. galactanivorans Dsij"
as an environmental model of sharing pioneer, while other Zobellia strains might be less efficient to use

alginate and FCSPs and prioritize other substrates.
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2. Z. galactanivorans transcriptome exhibits a transcriptomic shift in the
presence of macroalgae

The previous studies focusing on algal biomass degradation were conducted on purified algal
polysaccharides or crushed algae. Consequently, they do not consider the algal tissue complexity or the
mixture of polysaccharide encountered in the field, potentially missing crucial genes and mechanisms.
Here, we reported the first transcriptomic analysis during the bacterial degradation of fresh macroalgal

biomass.

Complete transcriptome analysis during the growth with fresh macroalgae revealed that Z
galactanivorans Dsij" metabolism shifted from simple sugars assimilation toward the degradation of
brown algal polysaccharides. The transcriptome obtained with L. digitata presented the highest
similarities with brown algal polysaccharides, suggesting access, hydrolyze and digest ECM
polysaccharides within the L. digitata tissues more easily, resulting in visible tissue degradation.
Although F. serratus and A. nodosum both belong to the order Fucales, transcriptomes obtained with F.
serratus are not closer to that obtained with 4. nodosum than L digitata. A. nodosum induced a wider
cellular response with many specific regulations. This might partly be due to the growth of antibiotic-
resistant 4. nodosum epiphytic bacteria (as seen in the non-inoculated microcosms) that could have
affected Z. galactanivorans behavior as bacterial interactions likely occurred. However, this also
suggests that the global transcriptomic response is only partially driven by the taxonomy of the degraded
alga. Compared with F. serratus or L. digitata, the A. nodosum thallus is much thicker. Furthermore,
the latter is always found associated with various symbionts and especially with the endophytic fungus
Mycophycias ascophylli (reviewed in Garbary et al.,, 2017). This obligate and extensive symbiont
secretes specific compounds potentially preventing tissue grazing and might also display antibacterial
activity as other macroalgal endophytes (Flewelling et al., 2013) or synthesized various compounds
offering a larger substrate diversity. Fries, 1979 demonstrated the strong ability of this symbiont to use
laminarin for its growth (while it is not able to degrade alginate), this could lead to structural
modification of this polymer within the 4. nodosum thallus potentially explain the specific catabolic

regulations observed when Z. galactanivorans Dsij" was grown with this alga (see below).

Although we showed that Z. galactanivorans Dsij" colonized L. digitata tissues during the degradation,
we did not evidence strong differences between the transcriptomes of free-living and surface-attached
cells (except for oxidative stress response, see below). While difficulties to extract RNA from algae-
attached bacteria resulted in poor sequencing coverage, it should still have been possible to detect strong
upregulations in attached cells. Therefore, this result further supports that surface attachment is not a
requirement for the utilization of algal biomass by Z galactanivorans Dsij' at the later stage of
degradation when samples were collected for RNA-seq analysis. Transcriptomic responses might have

been different at an earlier stage, before the breakdown of the tissues. Indeed, Ebrahimi et al., 2019
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recently showed that a minimal cell concentration is essential to initiate the breakdown of complex
polysaccharides in solid matrices. In line with this, Z. galactanivorans cells rapidly formed discrete and
dense patches on L. digitata tissues before visible degradation. Future time-resolved transcriptome

analysis could inform on early vs. late regulations in alga-attached cells.

3. Deciphering the importance of specific mechanisms in fresh tissue
breakdown, including new catabolic pathways

Alginate is the most abundant polysaccharide in brown algal ECM and likely the most accessible as it
embeds the cellulose-FCSP network (Deniaud-Bouét et al, 2014). This agrees with the stronger
induction of the alginolytic system compared to all other PULSs, regardless of the algal species. This
system was particularly triggered with L. digitata, likely reflecting the higher alginate content in L.
digitata tissues (22-36 %) compared to F. serratus (18-28 %) and A. nodosum (15-20 %) (Kloareg and
Quatrano, 1988).

Furthermore, our analyses revealed several yet uncharacterized PULs that were triggered with
macroalgae. Out of the seven predicted FCSP PULSs identified in Z. galactanivorans Dsij" genome based
on the presence of sulfatase- and fucosidase-encoding genes, three were significantly upregulated with
macroalgae but to various degrees depending on the algal species. This suggests different substrate
specificities, consistent with the large structural diversity of FCSPs. Indeed, FCSPs from Laminariales
are usually built of (1—3)-linked a-L-fucopyranose residues, whereas in Fucales FCSPs typically
contain alternating (1—3)- and (1—4)-linked a-L-fucopyranose residues (Cumashi et al., 2007; Ale and
Meyer, 2013). In addition, the F. serratus and A. nodosum thallus are believed to be richer in fucose and
sulfate than that from L. digitata (Mabeau and Kloareg, 1987; Skriptsova et al., 2012) although it seems
that algae taxonomy might not be the main driver in FCSP composition (Ponce and Stortz, 2020).
It is worth noting that none of the putative FCSP PULs triggered by macroalgae were significantly
induced in the presence of purified alginate or FCSPs. FCSPs from algal tissues probably largely differ
from the purified FCSPs used here as the latter was extracted from A. nodosum at a different location
and time and underwent several purification steps which might have altered the polysaccharide structure.
In addition, purified FCSPs likely do not represent the whole range of structures found in the ECM.
Indeed, FCSPs encompass fucoidans and fucans displaying various types of monosaccharides, linkages
and sulfation motifs and then representing many heterogeneous structures (Deniaud-Bouét et al., 2017)
which might not be equally extracted depending on the purification method. Hence, studying fresh algal
tissue degradation allows preserving polysaccharide structure, composition and interactions with other
compounds as they appear in the environment. This may be a more effective way to reveal new specific
gene clusters crucial for macroalgae breakdown but undetectable when using only purified

polysaccharides.
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Furthermore, due to this heterogeneity, the FCSPs probably represent highly recalcitrant substrates that
required a large set of enzymes to be fully breakdown (Sichert et al., 2020) reported around 100 enzymes
(organized in PULs or isolated in the genome) involved in the FCSP degradation pathways in the
verrucomicrobia ‘Lentimonas’ sp. CC4). It has also been demonstrated that FCSPs are cross-linked with
many compounds (proteins, phlorotannins, alginates) within the ECM and then usually extracted
together with contaminants, even with the storage carbohydrate laminarin (Mabeau et al., 1990;
Deniaud-Bouét ef al., 2014, 2017; Lorbeer et al., 2014; Ponce and Stortz, 2020) resulting in an even
higher substrate diversity that would explain the induction of various gene clusters with macroalgae and
purified FCSPs. In particular, the two PULs with unclear function (PUL26 and 27) could target
additional components of the ECM that would be co-extracted with FCSPs as they are induced with
both FCSPs and macroalgae.

On the other hand, the two identified laminarin PULs were poorly regulated with the three algae.
Therefore, Z. galactanivorans Dsij’ might then use first ECM polysaccharides (such as alginate and
FCSPs) leading to ECM network destruction and later access storage polysaccharides such as laminarin.
Such a substrate prioritization of the multiple carbon sources of raw algal material was previously raised
for [Bacillus] weihaiensis Alg07" as the induction of its alginolytic system preceded the induction of
the genes involved in laminarin and mannitol degradation when grown on algal powder (Zhu ef al.,
2016). Koch et al., 2019 showed that Alteromonas macleodii 83-1 prioritized laminarin over alginate
and pectin when grown on a mixture of purified and soluble polysaccharides. The successive
assimilation of these polysaccharides might then differ whether they are under their soluble form or
associated with many compounds within macroalgae, underlining the importance to consider the ECM
architecture to understand the process of macroalgae decomposition. However, the B-glucan PUL4 and
ZGAL 3183 induced in the presence of A. nodosum were also triggered with purified laminarine (-
1,3-glucans) (Thomas et al., 2017). The substrate specificity of PUL4 is unknown but it could target A.
nodosum specific laminarin-like structure. ZGAL 3183 is homologous to the gene dssA4 which encodes
a lyase degrading sheath polysaccharide surrounding other bacteria (Takeda et al, 2000). Z
galactanivorans might have to compete with other microorganisms (in line with the growth of epiphytic
bacteria with A. nodosum) by attacking their EPSs and it would be consistent with the specific induction
of T6SS-related genes (Vgr family proteins) with A. nodosum only, as T6SS is known to exert
antibacterial activity (Navarro-Garcia et al., 2019). Nevertheless, Thomas et al., 2017 pointed out that
ZGAL 3183 could also be involved in the hydrolysis of alternative motifs in laminarin, such as N-
acetylhexosamine-terminated. As raised above, the presence of endosymbionts from A. nodosum could
result in specific laminarin structures that would explain the specific induction of putative laminarin-

like catabolic systems with A. nodosum.
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The fact that LamE was the only laminarinase induced with A. nodosum (with F. serratus as well),
among the 5 identified in the genome of Z. galactanivorans Dsij", supports this hypothesis as LamE is

the only one to belong to the family GH64 and not GH16, suggesting an activity on different motifs.

Growth with macroalgae tissues also directed cellular metabolism toward counteracting algal defense
responses. One of the algal defense mechanisms is the massive production of reactive oxygen species
(ROSs), which is partly induced by endogenous elicitors (i.e. oligo-alginates) derived from the
degradation of their own cell wall (Kiipper et al., 2001). Here, we showed that ROS-scavenging enzymes
(e.g. superoxide dismutases, peroxidases and catalases), were induced with algae and especially with L.
digitata. Degradation of L. digitata tissues by Z. galactanivorans likely produced large amounts of
elicitors leading to an important algal defense. ROSs could also have been released following the algae
cut but the majority was probably removed during the extended washing steps. In contrast, it was shown
that 4. nodosum and F. serratus do not respond to the addition of endogenous elicitors (Kiipper et al.,
2002), potentially explaining the lower induction of antioxidant pathways in Z. galactanivorans Dsij".
The induction of defense mechanisms against oxidative stress was even more pronounced in bacteria
attached to L. digitata tissues through the expression of chaperones. This likely reflects the higher ROS
concentration at the algal surface than in the medium where the compounds are diluted. Surprisingly,
despite the algal emission of iodine as a chemical defense, none of the enzymes involved in iodine
accumulation identified in Z galactanivorans Dsij' genome (i.e. three vanadium-dependent
iodoperoxidases, Fournier et al., 2014) were induced with L. digitata and F. serratus. One vanadium-
dependent iodoperoxidase (vIPO3) and the haloacid dehalogenase (HAD, Grigorian et al., 2021) were
significantly up-regulated with 4. nodosum compared with alginate and maltose respectively. Although
not significant, the HAD expression was also 3-fold higher with Laminaria and Fucus compared with
maltose. Potential unknown alternative or additional mechanisms allowing the cells to cope with iodine

might have been triggered in the presence of macroalgae.

T9SS-related genes were strongly induced by macroalgae and particularly by A. nodosum, but not with
alginate or FCSPs. This indicates that T9SS might have an essential role during the degradation of fresh
macroalgae. This Bacteroidetes-specific secretion system was formerly known as the Por secretion
system PorSS (reviewed in Lasica et al., 2017). T9SS is notably required by Flavobacterium johnsoniae
in biofilm formation and to secrete chitinases as well as cell-surface gliding motility adhesins, and by
the pathogen Porphyromonas gingivalis to deliver protease virulence factors (Sato et al., 2010; Eckroat
et al., 2021). In many Bacteroidetes, several PULs are coupled with the T9SS for the secretion of
extracellular enzymes containing a T9SS-specific CTD domain (McKee et al., 2021). Our results
suggest that Z. galactanivorans strongly relies on T9SS to secrete ECM-targeting CAZymes and/or
attach to macroalgal surfaces. Besides T9SS-related genes, clusters encoding glycosyl transferases were
also specifically induced by macroalgae. They might participate in EPS production and facilitating cell

attachment and biofilm formation.
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V. Conclusion

This study provides the first insights in the bacterial transcriptomic response during fresh macroalgae
utilization and represents a source of potential genetic determinant for further functional
characterization. Altogether, our results raised the relevance to consider the whole complexity of
macroalgae tissues in further degradation studies, as it would take a step forward in the understanding
of the algal biomass recycling through the identification of new metabolic pathways or the

characterization of bacterial cooperative interactions.
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VIII. Supplementary Tables

Table V.S1: Ability of the eight Zobellia strains tested in this study to use purified brown algal polysaccharides. From
Barbeyron et al., 2001, 2021; Nedashkovskaya et al., 2004. Zgal: Z. galactanivorans Dsij'; Zamu: Z. amurskyensis KMM
3526"; Zlam: Z. laminariae KMM 3676%; Zrus: Z. russellii KMM 3677%; ZrosF08: Z. roscoffensis Asnod1-FO8T; ZrosB02:
Z. roscoffensis Asnod2-B02-B; ZnedB07: Z nedashkovskayae Asnod2-B07-BT; ZnedE08: Z. nedashkovskayae Asnod3-E08-
A. FCSP: Fucose-containing sulfated polysaccharides.

Zros Zros Zned Zned
Zgal Zamu Zlam Zrus FO8 B02 B07 E08
Alginate + + + NA - - + +
FCSP + + + NA - - + +
Laminarin + + + NA - - + +
Mannitol + + + NA + + + +
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Table V.S2: General characteristics of the different RNA samples.

OD600 at RNA . . Genome . . Number of Genes not
Sample Type sampling concentration ratio ratio coverage Prokaryotic  Eukaryotic fragments covered
time (ng/ul) Az60/A2s0 Aze0/A230 (%) rRNA (%) rRNA (%) .post' (%)
trimming

FL Ldigl Free-living 0.3 2.8 1.7 0.7 74.7 6.1 0.7 3.09E+07 0.1
FL Ldig2 Free-living 0.4 19.8 1.8 1.4 58.6 6.4 0.7 2.90E+07 0
FL Ldig3 Free-living 0.3 39 1.7 0.7 929 27.0 1.0 1.09E+07 1
FL_Fserl Free-living 0.9 18.2 1.4 1.0 not sequenced
FL Fser2 Free-living 0.2 332 2.1 0.6 80.0 2.1 0.8 2.62E+07 0
FL_Fser3 Free-living 0.3 213 2.1 0.9 43.5 1.5 0.7 1.78E+07 0.5
FL_Anodl Free-living 0.4 35.8 1.6 1.1 68.7 1.2 0.1 1.25E+07 1.7
FL_Anod2 Free-living 0.4 29.0 1.5 0.9 78.6 2.7 1.0 1.24E+07 0.1
FL_Anod3 Free-living 0.5 90.0 2.1 1.6 59.1 0.8 0.1 3.22E+07 0.2
FL_Maltosel Free-living 0.5 187.0 2.1 2.0 87.5 6.0 0.2 9.51E+06 0.5
FL Maltose2  Free-living 0.5 185.0 2.1 1.3 90.5 12.6 0.1 1.11E+07 0.3
FL Maltose3  Free-living 0.4 232.0 2.1 2.0 90.6 11.8 0.1 1.57E+07 0.1
FL Alginatel  Free-living 0.4 365.0 1.7 0.9 93.6 6.9 0.2 1.21E+07 0.1
FL Alginate2  Free-living 0.3 128.0 1.8 0.7 93.3 6.6 0.2 1.46E+07 0.1
FL_Alginate3  Free-living 0.4 1340.0 1.9 1.1 94.5 7.8 0.1 3.31E+07 0
FL _FCSP1 Free-living 0.2 117.0 1.6 0.9 95.6 4.4 0.0 3.39E+07 0
FL_FCSP2 Free-living 0.2 112.0 1.6 0.8 95.2 4.1 0.0 3.10E+07 0.1
FL_FCSP3 Free-living 0.2 91.7 1.6 0.9 95.5 6.4 0.1 3.24E+07 0
Att_Ldigl Attached 0.3 7.2 1.6 0.1 6.2 4.6 28.8 2.62E+07 3.5
Att_Ldig2 Attached 0.4 too low 1.7 0.4 not sequenced
Att_Ldig3 Attached 0.3 too low 1.4 0.1 24.1 8.5 56.0 2.63E+07 5
Att_Fserl Attached 0.9 8.6 0.9 0.1 46.1 6.1 10.2 8.80E+06 0
Att_Fser2 Attached 0.2 13.0 1.0 0.1 69.1 0.5 39 7.96E+06 0
Att_Fser3 Attached 0.3 13.7 0.8 0.2 324 4.0 16.5 1.54E+07 27
Att_Anodl Attached 0.4 24 0.7 0.2 15.1 2.8 70.7 1.53E+07 1
Att_Anod2 Attached 0.4 too low 0.7 0.2 35.5 4.0 54.5 2.28E+06 60
Att_Anod3 Attached 0.5 too low 0.7 0.2 19.7 33 62.1 7.88E+06 41

235



Table V.S3: Genes upregulated either with Laminaria, Fucus or Ascophyllum when compared either to maltose, alginate or FCSP.
Log2FC is indicated and highlighted in red if P-value < 0.05.

Log2Fold-Change

Lam Lam Lam | Fuc Fuc Fuc | Asco Asco Asco
Gene .
Gene ID name Gene function vs. vs. vs. vs. vs. vs. VS. Vs, Vvs.
Mal Algi FCSP | Mal Algi FCSP | Mal Algi FCSP

ZGAL 1007 RNA polymerase ECF-type sigma factor -1.9 -0.3 1.6 -05 1.1 3.0 -1.2 03 22
ZGAL 1011 lamE lamE Endo-1,3-beta-glucanase, family GH64 1.3 0.5 0.2 2.1 1.3 1.1 1.7 09 07
ZGAL 1018 Hypothetical protein -0.5 0.5 -0.9 -04 0.6 -0.8 09 19 05
ZGAL 1019 Elastase -2.9 1.8 -1.5 -04 44 1.0 1.4 62 28
ZGAL 1021 Glycoside hydrolase, family GH16 0.8 0.6 1.2 05 09 1.5 03 1.0 1.7
ZGAL 1025 Sulfatase, family S1-20 1.5 0.6 0.1 0.7 -0.3  -0.8 0.6 -03 -0.8
ZGAL 1026 nahAl nahAl Beta-N-acetylhexosaminidase, family GH20 1.3 0.7 0.2 0.7 0.1 -04 01 -04 -09
ZGAL 1029 SusD-like lipoprotein 1.2 -04 -1.1 1.4 -0.1 -0.8 1.3 -03 -1.0
ZGAL 105 Conserved hypothetical lipoprotein 1.0 0.3 1.3 0.6 -0.1 0.8 -0.1 -0.8 0.1
ZGAL 106 SAM-dependent methyltransferase 1.9 -0.7 -0.7 0.5 22 21 06 -2.1 -20
ZGAL 1063 Peroxiredoxin 1.8 -0.7  -1.1 0.8 -1.7 2.1 3.1 07 03
ZGAL 1067 des6-2 des6-2 Linoleoyl-CoA desaturase 0.6 -04 27 19 09 -14 28 18 -05
ZGAL 1071 Ribonuclease BN family protein 32 2.8 2.2 35 3.1 2.5 1.2 0.8 0.2
ZGAL 1072 Short-chain dehydrogenase/reductase 3.0 2.1 2.0 1.8 1.0 0.9 0.1 -07 -0.8
ZGAL 1073 Conserved hypothetical protein 4.5 2.9 2.5 2.8 1.2 08 03 -12 -17
ZGAL 1074 Conserved hypothetical membrane protein 2.3 2.5 2.3 2.7 2.8 2.7 03 04 02
ZGAL 1075 Possible Sigma-54 modulation protein 34 2.8 1.6 2.7 2.1 0.9 06 00 -12
ZGAL 1076 Putative protein 4.0 3.1 1.9 3.8 2.8 1.7 1.0 00 -1.1
ZGAL 1077 Citrate transporter family protein 33 2.5 1.9 3.7 2.9 2.2 1.8 1.0 04
ZGAL 1078 Small-conductance mechanosensitive channel 3.6 2.8 2.9 3.1 2.3 2.4 22 14 1.5
ZGAL 1079 Conserved hypothetical membrane protein 2.7 2.3 1.1 2.2 1.9 0.7 02 -02 -1.3
ZGAL 108 Conserved hypothetical lipoprotein 0.4 0.4 2.2 -03 -03 1.5 -05 -06 1.3
ZGAL 1080 Putative membrane protein 2.8 2.7 3.2 27 26 3.1 -0.1 -02 03
ZGAL 1082 topA2 topA2 DNA topoisomerase 1B 4.1 2.9 2.1 3.4 2.1 1.4 1.0 -02 -1.0
ZGAL 1083 Conserved hypothetical protein 4.1 2.6 2.2 2.9 1.4 1.0 09 -06 -10
ZGAL 1084 Conserved hypothetical protein 4.3 2.1 0.5 3.5 1.3 -0.3 1.8 -04 -19
ZGAL 1085 Putative membrane protein 2.3 4.0 3.6 32 49 45 21 38 34
ZGAL 1086 Conserved hypothetical protein 2.3 4.2 4.0 32 51 4.9 1.8 38 35
ZGAL 1089 Two-component system - Sensor histidine kinase 3.0 2.4 2.0 2.9 2.3 1.9 1.7 1.1 0.8
ZGAL 1091 AraC-type transcriptional regulator 4.7 2.6 -1.5 4.1 2.0 -2.1 22 01 -4.0
ZGAL 1092 Conserved hypothetical protein 3.4 2.7 0.5 2.9 2.2 0.0 09 03 -20
ZGAL 1094 dpsA2 dpsA2 DNA protection during starvation protein 34 3.4 1.6 29 29 1.1 04 03 -14
ZGAL 1097 Bacterial surface antigen 0.4 2.2 2.1 0.8 27 25 -07 1.1 1.0
ZGAL 1098 Conserved hypothetical periplasmic protein 1.0 2.0 2.4 1.5 2.4 2.8 04 14 1.8
ZGAL 1099 Alpha/beta hydrolase-fold protein 3.2 33 3.1 3.5 3.7 35 1.7 1.8 1.6
ZGAL 11 Conserved hypothetical membrane protein -0.9 0.9 1.9 -03 1.5 2.5 00 18 27
ZGAL 1100 Putative protein 2.8 2.2 1.8 2.5 1.9 1.6 04 -02 -0.6
ZGAL 1101 Peroxiredoxin 4.1 2.5 2.1 3.0 1.4 1.0 08 -07 -1.2
ZGAL 1102 gdhA  gdhA Glucose 1-dehydrogenase 34 2.8 2.1 3.0 2.4 1.7 0.5 00 -07
ZGAL 1103 Short-chain dehydrogenase/reductase SDR 3.6 2.6 2.5 3.8. 28 26 1.2 02 00
ZGAL_1104 Hypothetical protein 3.4 2.5 2.9 1.3 0.4 0.8 -0.1 -09 -0.5
ZGAL 1105 Conserved hypothetical protein 2.6 2.5 2.7 2.3 2.1 2.4 04 02 05
ZGAL 1106 Exopolysaccharide production protein -1.0 0.5 1.1 -05 1.0 1.5 00 1.5 20
ZGAL 1107 Putative protein -09 0.7 1.8 -05 1.1 2.2 04 20 3.1
ZGAL 1108 etkA  etkA Tyrosine-protein kinase -2.1 0.1 1.3 -2.1 0.1 1.3 -1.3 09 2.1
ZGAL 1109 O-antigen transporter 23 0.7 0.9 -1.5 1.4 1.6 -19 1.1 1.2
ZGAL 1115 Coenzyme A ligase -0.8 1.2 0.0 0.0 2.0 0.8 -1.2 08 -04
ZGAL71 118 wcaF  wcaF Colanic acid biosynthesis acetyltransferase -0.8 -04 0.7 -0.2 0.2 1.3 00 04 1.5
ZGAL 1119 Glycosyltransferase, family GT4 -1.6 0.1 1.3 -1.1 0.5 1.8 -0.1 1.6 28
ZGAL 112 Serine peptidase, family S9 2.2 0.1 -1.3 0.9 -1.2 =26 -05 2.6 -40
ZGAL 1120 Mannosyltransferase, family GT4 -1.5 0.5 1.4 -06 14 2.4 05 24 34
ZGAL 1122 Conserved hypothetical periplasmic protein -0.1 -1.8 -09 -0.1 -18 -09 2.1 0.5 1.4
ZGAL 1123 Hypothetical protein 1.1 2.3 -2.1 0.9 25 23 3.0 -03 -02
ZGAL 1124 Conserved hypothetical periplasmic protein 0.6 35 2.4 2.5 53 4.2 48 7.7 6.6
ZGAL 1126 mutB mutB Methylmalonyl-CoA mutase large subunit 0.5 1.0 -0.4 0.9 1.3 0.0 1.0 1.4 0.1
ZGAL 1127 Two-component system - Sensor histidine kinase 0.1 1.9 2.0 0.8 2.5 -1.3 1.5 32 -0.6
ZGAL 1128 Two-component system - Response regulator -1.7 2.7 0.0 -0.2 4.2 1.5 0.1 45 1.8
ZGAL_1130 Hypothetical protein -1.6  -02 1.8 02 13 3.3 03 1.8 38
ZGAL 1132 Conserved hypothetical protein 3.0 -0.2 0.4 39 0.7 1.3 3.1 -0.1 0.5
ZGAL 1133 Conserved cytochrome ¢ -containing protein 2.1 -0.6 -0.5 2.8 0.1 0.2 1.9 -0.8 -0.7
ZGAL 114  sodC  sodC Superoxide dismutase [Cu-Zn] 2.7 2.6 3.6 09 08 1.8 11 -13 -02
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ZGAL 1143
ZGAL_1144
ZGAL_1146
ZGAL_1148
ZGAL_1149
ZGAL_115
ZGAL_1150
ZGAL_1151
ZGAL_1157
ZGAL_116
ZGAL_1160
ZGAL_1161
ZGAL_1162
ZGAL_1166
ZGAL_1168
ZGAL_1169
ZGAL_1171
ZGAL_1172
ZGAL_1173
ZGAL_1174
ZGAL_1175
ZGAL_1176
ZGAL_1178
ZGAL_1179
ZGAL_1180
ZGAL_1181
ZGAL_1182
ZGAL_1185
ZGAL_1186
ZGAL_1187
ZGAL_1189
ZGAL_1190
ZGAL_1193
ZGAL_12
ZGAL_120
ZGAL_1205
ZGAL_1206
ZGAL_1208
ZGAL_1213
ZGAL_1215
ZGAL_1219

ZGAL_1220

ZGAL_1222
ZGAL_1223
ZGAL_1224
ZGAL_1225

ZGAL_1227

ZGAL_1229
ZGAL_1231
ZGAL_1233
ZGAL_1239
ZGAL_1241
ZGAL_1246
ZGAL_1247
ZGAL_1248
ZGAL_1250
ZGAL_1253

ZGAL_1259

ZGAL 127
ZGAL_1282
ZGAL_1286
ZGAL_1287
ZGAL_1288
ZGAL_1289
ZGAL_1290
ZGAL_1299
ZGAL_13
ZGAL_130
ZGAL_1300
ZGAL_1301
ZGAL_1302
ZGAL_1303

gldN
gldM

gldL
gldK

secG
groS
groL
actP

purH
mreB
mreC
mreD
mrdA
mrdB
msrB2
msrAl

msrA2
alyAl

IpxB
spr
dtpT
dppAl

trmD

rhaB

argA
argC
argD1
proB2
rluB
glpQ

pgmB

fdxAl
yumC2
mrpA
rplS

dpsAl
fkpB

tyrS

Membrane fusion protein

Receptor-like protein kinase

Conserved hypothetical membrane protein

gldN T9SS periplasmic channel component

gldM T9SS motor protein

Bacterial surface antigen

gldL T9SS motor protein

gldK T9SS periplasmic channel component
Sigma-54-dependent transcriptional regulator
Conserved hypothetical membrane protein

secG Protein-export membrane protein secG

groS 10 kDa chaperonin

groL 60 kDa chaperonin

actP Copper-transporting P-type ATPase

Conserved hypothetical periplasmic protein
Hypothetical lipoprotein
purH Bifunctional purine biosynthesis protein PurH
mreB Rod shape-determining protein MreB

mreC Rod shape-determining protein MreC

mreD Possible rod shape-determining protein MreD
mrdA Penicillin-binding protein 2, Family transpeptidase
mrdB Rod shape-determining protein RodA

msrB2 Peptide methionine sulfoxide reductase msrB
msrAl Peptide methionine sulfoxide reductase msrA
Conserved hypothetical membrane protein

msrA2 Peptide methionine sulfoxide reductase msrA
alyAl Endo-guluronate lyase AlyAl, family PL7_3
Conserved hypothetical membrane protein

IpxB Lipid-A-disaccharide synthase, family GT19
spr Peptidase spr, family C40

dtpT Di-/tripeptide transporter

dppAl Dipeptidyl-peptidase IV, family S9
Peptidyl-prolyl isomerase family protein

trmD tRNA (guanine-N1-)-methyltransferase
Two-component system - Sensor histidine kinase
Conserved hypothetical lipoprotein
Glycosyltransferase, family GT2

AraC-type transcriptional regulator

Conserved hypothetical membrane protein
Conserved hypothetical periplasmic protein
Conserved hypothetical periplasmic protein
FAD-dependent pyridine nucleotide-disulfide
oxidoreductase

Conserved hypothetical protein

rhaB Alpha-L-rhamnosidase, family GH78
Glycosyltransferase, family GT2
Glycosyltransferase, family GT2

argA Possible Amino-acid N-acetyltransferase (N-
acetylglutamate synthase)

argC N-acetyl-gamma-glutamyl-phosphate reductase
argD1 Acetylornithine aminotransferase

proB2 Glutamate 5-kinase (Gamma-glutamyl kinase)
rluB Ribosomal large subunit pseudouridine synthase B
Prenyltransferase family protein

Flavoprotein

glpQ Glycerophosphoryl diester phosphodiesterase
Glycoside hydrolase, family GH13_38

pgmB Beta-phosphoglucomutase

SusD-like lipoprotein

Similar to ASPIC and UnbV protein containing FG-GAP
repeats

Non-heme haloperoxidase

Conserved hypothetical periplasmic protein

fdxA1l 2Fe-28 ferredoxin

Conserved hypothetical protein

yumC2 Ferredoxin-NADP reductase

NifU family protein

mrpA Protein mrp

Conserved hypothetical periplasmic protein

rplS Ribosomal protein L19

dpsAl DNA protection during starvation protein
fkpB FKBP-type peptidyl-prolyl cis-trans isomerase 2
Hypothetical protein

Conserved hypothetical protein

tyrS Tyrosyl-tRNA synthetase
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5.1
12
0.9

1.4
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2.3
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1.0
1.0
1.4
0.4
-1.0

1.3

-2.1
-0.9
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-0.4
-13
-0.9
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0.3
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1.4
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0.4
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0.2
2.1

5.6
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1.3
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0.7

4.6
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2.5
1.9
1.5
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0.3
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1.3
1.0
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2.1
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3.1
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3.0
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0.3
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-39
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ZGAL_1307
ZGAL_1308
ZGAL_1309
ZGAL_131

ZGAL_1310
ZGAL_1312
ZGAL_1313
ZGAL_132

ZGAL_1320
ZGAL_1324
ZGAL_1330
ZGAL_1334
ZGAL_1338
ZGAL_1343
ZGAL_1344
ZGAL_1345
ZGAL_1346
ZGAL_1347
ZGAL_1354
ZGAL_1356
ZGAL_1357
ZGAL_1358
ZGAL_1359
ZGAL_1360
ZGAL_1361
ZGAL_1362
ZGAL_1364
ZGAL_1365
ZGAL_1368
ZGAL_1369
ZGAL_1370
ZGAL_1374
ZGAL_1375
ZGAL_1377
ZGAL_1380
ZGAL_1381
ZGAL_1390
ZGAL_1391
ZGAL_1392
ZGAL_1393
ZGAL_1394
ZGAL_1398
ZGAL_1399
ZGAL_1400
ZGAL_1401
ZGAL_1402
ZGAL_1403
ZGAL_1404
ZGAL_1405
ZGAL_1406
ZGAL_1407
ZGAL_1412
ZGAL_1413
ZGAL_1414
ZGAL_1421
ZGAL_1425
ZGAL_1426
ZGAL_1427
ZGAL_143

ZGAL_ 1430

ZGAL_1431
ZGAL_1432
ZGAL_1433
ZGAL_1434
ZGAL_ 1439
ZGAL_1444
ZGAL_1449
ZGAL_1450
ZGAL_1451
ZGAL_1456
ZGAL_1459
ZGAL_146

ZGAL_1463

hemD
lys9

ftsX

phyC

rpmA
rplU

irpA2
gldD
gldE

hupA
rngA

atpCl
atpD1

panD

nudF

katAl

uvrC
ileS

Undecaprenyl-phosphate mannosyltransferas,family GT2
Glycosyltransferase, family GTnc
Conserved hypothetical membrane protein
LysR-type transcriptional regulator

hemD Uroporphyrinogen-III synthase
Conserved hypothetical membrane protein
lys9 Saccharopine dehydrogenase
Conserved hypothetical protein

ftsX Cell division protein, permease component
Conserved hypothetical periplasmic protein
Conserved hypothetical protein
Hypothetical membrane protein

Conserved hypothetical protein

Sigma-54 dependent two-component system
Conserved hypothetical periplasmic protein
Conserved hypothetical periplasmic protein
Conserved hypothetical periplasmic protein
Conserved hypothetical periplasmic protein
phyC 3-Phytase

TPR repeats protein

Putative protein
rpmA Ribosomal protein L27
rplU Ribosomal protein L21

Conserved hypothetical membrane protein
Metallopeptidase, family M16

Family M16 non-peptidase protein
Cytochrome c-containing protein

irpA2 Iron-regulated protein A

Conserved hypothetical periplasmic protein
gldD Gliding motility membrane lipoprotein
gldE Gliding motility membrane protein
hupA DNA-binding protein HU
mgA Ribonuclease G

Conserved hypothetical periplasmic protein
Band 7 family protein

Conserved hypothetical membrane protein
Putative membrane protein

Putative protein

Hypothetical membrane protein
Hypothetical lipoprotein

Putative membrane protein

Conserved hypothetical protein
Hypothetical protein

Hypothetical protein

Conserved hypothetical periplasmic protein
Fibronectin type-III repeats protein
Conserved hypothetical membrane protein
atpCl ATP synthase, F1 sector epsilon subunit
atpDl ATP synthase, F1 sector beta subunit
Conserved hypothetical protein
TonB-dependent Receptor
panD Aspartate 1-decarboxylase
Conserved hypothetical membrane protein
Esterase

Conserved hypothetical membrane protein
nudF ADP-ribose pyrophosphatase
Ankyrin repeats protein

katAl Catalase

Putative membrane lipoprotein
Two-component system - Response regulator, receiver
domain

Putative membrane lipoprotein
TonB-dependent Receptor
Endonuclease/exonuclease/phosphatase family
Conserved hypothetical periplasmic protein
Metallopeptidase, family M23
uvrC Excinuclease ABC, subunit C

ileS Isoleucyl-tRNA synthetase

Conserved hypothetical periplasmic protein
TonB-dependent Receptor

Conserved hypothetical protein

Conserved hypothetical protein

SusD-like lipoprotein

Cytochrome ¢
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1.2

2.4
23
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0.9
0.8
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2.0
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0.1
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ZGAL_1466
ZGAL_147

ZGAL_1474
ZGAL_1475
ZGAL_1476
ZGAL_1480
ZGAL_1481
ZGAL_1482
ZGAL_1483
ZGAL_1492

ZGAL._ 1493

ZGAL_1495
ZGAL_1496
ZGAL_1497
ZGAL_1498
ZGAL_15
ZGAL_150
ZGAL_1502
ZGAL_1503
ZGAL_1504
ZGAL_1509
ZGAL_151
ZGAL_1510
ZGAL_1511
ZGAL_1512
ZGAL_1513
ZGAL_152
ZGAL_1521
ZGAL_1523
ZGAL_1538
ZGAL_154
ZGAL_1549
ZGAL_1553
ZGAL_1575
ZGAL_158
ZGAL_1584
ZGAL_1590
ZGAL_1597
ZGAL_1598
ZGAL_1599
ZGAL_16

ZGAL_160

ZGAL_1601
ZGAL_1605
ZGAL_1610
ZGAL_1611
ZGAL_1614
ZGAL_1615
ZGAL_1619
ZGAL_163

ZGAL_164

ZGAL_1640
ZGAL_1641
ZGAL_1642
ZGAL_1643
ZGAL_1644
ZGAL_1645
ZGAL_1646
ZGAL_1647
ZGAL_1650
ZGAL_1653
ZGAL_1654
ZGAL_1660
ZGAL_1668
ZGAL_1669
ZGAL_167

ZGAL_1672
ZGAL_1673
ZGAL_1675
ZGAL_1679
ZGAL_168

ZGAL_1681

batA
icdA

batE

trxB

asdA
ptsA
galK

acpP1

rpmF

xylP
XynAl
sirC

hsdR2

Conserved hypothetical lipoprotein
SusC-like TonB-dependent transporter
Hypothetical membrane protein

Conserved hypothetical lipoprotein

SCP-like extracellular protein

Aldehyde dehydrogenase

Hypothetical protein

OmpA-like membrane protein

Conserved hypothetical membrane protein
Conserved hypothetical protein
NADP-dependent L-serine/L-allo-threonine
dehydrogenase

MoxR-like ATPase

vWA domain protein

Conserved hypothetical membrane protein
batA Aerotolerance protein BatA

icdA Isocitrate dehydrogenase NADP-dependent
Conserved hypothetical membrane protein
batE Aerotolerance protein BatE

Conserved hypothetical membrane protein
Hypothetical membrane protein

Conserved hypothetical protein

trxB Thioredoxin reductase

Conserved hypothetical protein

Membrane fusion protein

Multidrug efflux transporter

Outer membrane efflux protein

Universal stress protein

ABC transporter, ATPase component

asdA Aspartate-semialdehyde dehydrogenase
ptsA 6-Pyruvoyl tetrahydrobiopterin synthase
galK Galactokinase

Two-component system - Sensor histidine kinase
Nucleobase cation symporter

TRAP transporter, small permease subunit
SusC-like TonB-dependent transporter
Putative protein

acpP1 Acyl carrier protein

Putative protein

Carboxymuconolactone decarboxylase family protein
Conserved hypothetical periplasmic protein
TonB-dependent Receptor

Similar to ASPIC and UnbV protein containing FG-GAP
repeats

Putative small multi-drug export protein
Hypothetical lipoprotein
rpmF Ribosomal protein L32

Conserved hy