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RESUME

Les deux picocyanobactéries marines Prochlorococcus et Synechococcus sont les organismes
photosynthétiques les plus abondants de la planéte, leur vaste distribution étant sans doute liée
a leur importante diversité génomique. La premiére partie de mon travail a consisté a étudier les
bases génétiques de |'adaptation de ces organismes a des niches écologiques distinctes et a
révélé, en comparant 81 génomes de ces deux genres, le role des gains/pertes de génes et des
variations des séquences nucléotidiques dans la diversification de ces organismes. Une deuxieme
partie a consisté en l'analyse des réponses physiologiques d'une souche modéle de
Synechococcus (WH7803) et de quatre autres souches représentatives des écotypes dominants
in situ (clades | a IV) a divers stress environnementaux, afin d'identifier les génes impliqués dans
les réponses spécifiques ou communes a ces différents stress et/ou écotypes. Enfin, la derniére
partie de ma thése a visé a identifier la distribution de I'ensemble des génes de
picocyanobactéries dans I'océan mondial et a la relier aux parametres environnementaux et a la
distribution des écotypes, ce qui a permis de mettre en évidence les répertoires de génes
spécifiques de niches et/ou d’écotypes. L’intégration de ces résultats m’a permis de mieux
comprendre les mécanismes d'adaptation et d'acclimatation, qui ont permis aux
picocyanobactéries de coloniser la quasi-totalité des niches écologiques éclairées des océans.

ABSTRACT

The two marine picocyanobacteria Prochlorococcus and Synechococcus are the most abundant
photosynthetic organisms on the planet, their wide distribution being probably linked to their
large genomic diversity. The first part of my work has consisted in studying the genetic bases of
the adaptation of these organisms to distinct ecological niches and revealed, by comparing 81
genomes of these two genera, the role of gene gains/losses and variations in nucleotide
sequences in the diversification of these organisms. A second part has consisted in the analysis of
the physiological responses of a Synechococcus model strain (WH7803) and of four other strains,
representative of the dominant ecotypes in the field (clades | to IV), to various environmental
factors in order to identify the genes that are involved in specific or common responses to these
different stresses and/or ecotypes. Finally, the last part of my thesis aimed at identifying the
distribution of all picocyanobacterial genes in the world ocean and to link it to environmental
parameters and to the distribution of ecotypes, which made it possible to highlight the gene
repertoires specific of niches and/or ecotypes. The integration of these results led me to get a
better understanding of the adaptation and acclimation mechanisms, which allowed marine
picocyanobacteria to colonize virtually all lit ecological niches of the oceans.
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INTRODUCTION

I. Les picocyanobactéries, des membres clés du phytoplancton

1.1 Le phytoplancton

.1.1 Généralités

L’habitat marin constitue le plus large écosysteme sur Terre, couvrant plus de 70% de la
surface terrestre et atteignant une profondeur de 3,7 km en moyenne. La grande majorité des
organismes I'occupant font partie du plancton (du grec : mAayktog ou planktos, a la dérive), c’est
a dire I'ensemble des organismes pélagiques se déplagant passivement au gré des courants
marins. Ce groupe est composé d’organismes présentant une grande diversité de taille, de
morphologie, de taxonomie, de régime trophique (phototrophe, hétérotrophe, mixotrophe) et
mode de vie (libre, symbiose). Les especes composant le plancton couvrent cing groupes
d’organismes (les virus, les bactéries, les archées, les protistes et les métazoaires) et ont été
divisées historiguement suivant un critére de taille (allant de pico a méga) mais aussi suivant leur
mode de vie (Breitbart, 2012; Sieburth et al., 1978; Suttle, 2007). Le phytoplancton regroupe
I'ensemble des organismes photosynthétiques microscopiques (procaryotes ou eucaryotes)
vivant dans la zone euphotique, qui correspond a la couche éclairée des océans et qui peut

atteindre jusqu’a 250 metres de profondeur.

1.1.2 Role dans la pompe biologique

Les organismes photosynthétiques ne représentent que 0,2% de la biomasse globale mais
ont néanmoins un role majeur dans les cycles biogéochimiques globaux et au sein des
écosystémes marins puisqu’ils sont responsables d’environ 46% de la production primaire nette
globale (Field et al., 1998). L’activité photosynthétique permet a ces organismes de fixer le CO,
atmosphérique afin de générer de la matiere organique qui constitue la base d’'un réseau
trophique complexe. Environ la moitié de cette matiére organique est utilisée par les niveaux
trophiques supérieurs lorsque le phytoplancton est consommé par les organismes hétérotrophes
ou mixotrophes qui nourrissent, a leur tour, les métazoaires (Figure 1). Cependant le reste de la
matiere organique est excrétée durant la croissance et a la mort des organismes
phytoplanctoniques sous forme dissoute (DOM) ou particulaire (POM). Ces substrats riches en
énergie sont consommés par des bactéries hétérotrophes ou mixotrophes, libérant au passage
des nutriments sous forme inorganique qui seront a nouveau disponibles pour le phytoplancton.
La prédation de ces bactéries est aussi une source d’énergie pour les niveaux trophiques
supérieurs. L'ensemble de ces phénomenes est appelé « boucle microbienne » (Azam et al., 1983;

Sherr and Sherr, 2002). Enfin, Une fraction de la matiére organique va couler vers les fonds marins



INTRODUCTION

et sera séquestrée dans les sédiments océaniques pendant plusieurs milliers d’années, c’est la

pompe biologique a carbone (Volk and Hoffert, 1985).

co,
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Figure 1 - Cycle du carbone océanique. DOM : matiére organique dissoute (incluant DOC, DON et DOP,
pour Carbone, Azote et Phosphate organiques dissouts, respectivement) et POM : matiéere organique
particulaire (incluant POC, PON et POP, pour Carbone, Azote et Phosphate organiques particulaires,
respectivement ; d’aprés Buchan et al., 2014.
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1.2 Les picocyanobactéries marines

1.2.1 Découverte

Les organismes du picoplancton ne sont étudiés que depuis la fin des années des années
1970 grace a 'avenement de nouvelles techniques et technologies améliorant le prélevement
d’échantillons et leur analyse. L'introduction de la microscopie a épifluorescence en biologie
marine a permis la découverte de cyanobactéries planctoniques sphériques et de petite taille
(entre 0,8 et 2 um) et fluorescant dans I'orange, di a la présence de phycoérythrine parmi les
pigments composants leurs antennes photosynthétiques. Ces organismes sont retrouvés jusqu’a
des profondeurs allant jusqu’a 400 métres et a des concentrations pouvant atteindre 10° cellules
par millilitre parmi des échantillons prélevés dans diverses zones océaniques (Waterbury et al.,
1979). lls ont pu étre classés dans le genre Synechococcus sur la base de caracteres physiologiques
et morphologiques, préalablement décrits chez des souches d’eau douce appartenant a ce genre
(Waterbury et al., 1979). En 1988, Sallie Chisholm met en évidence durant des campagnes
océaniques des populations de cellules beaucoup plus petites (0,5 a 0,8 um de diametre) que
Synechococcus grace a la cytométrie en flux. Ces populations émettent de la fluorescence rouge,
ce qui indique qu'elles contiennent de la chlorophylle et n’ont pas les pigments accessoires
présents chez les membres du genre Synechococcus qui les font fluorescer dans I'orange
(Chisholm et al., 1988). Cette cyanobactérie tres proche de la lignée de Synechococcus sera plus

tard nommée Prochlorococcus (Chisholm et al., 1992).

Les cellules des cyanobactéries ont deux membranes : une membrane externe, qui forme
la paroi cellulaire, et une membrane interne, la membrane cytoplasmique, qui sépare le
cytoplasme du périplasme. Les deux membranes sont séparées par une couche de
peptidoglycanes. Les cyanobactéries sont donc similaires aux bactéries de type Gram négatif,
mais avec une couche de peptidoglycane membranaire plus épaisse, proche de celle que I'on
trouve chez les bactéries de type Gram positif (Hoiczyk and Hansel, 2000). Les réactions
lumineuses de la photosynthese oxygénique ont lieu dans les thylakoides qui forment un réseau
de membranes intracellulaires. Chez Synechococcus, ces membranes sont disposées en cercles
concentriques trés espacés alors que chez Prochlorococcus, elles sont plus compactes. Cette
différence de disposition est di au fait que I'antenne photosynthétique de Synechococcus est
constituée est un macro-complexe (phycobilisome) alors que Prochlorococcus récolte la lumiére
grace a des protéines intra-membranaires, nécessitant beaucoup moins d’espacement des

membranes thylakoidales.
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1.2.2 ’appareil photosynthétique
1.2.2.1 Photosynthése oxygénique

La photosynthese permet aux organismes phototrophes d’utiliser I’énergie lumineuse
afin de fixer le carbone inorganique utilisé dans la synthése de matiére organique. Chez les
cyanobactéries, la photosynthese est dite oxygénique, au cours de laquelle le donneur d’électron
est une molécule d’eau. La premiére phase de ce processus, dite phase claire, rassemble les
réactions dépendantes de la lumiere qui ont toutes lieu au sein des thylakoides, et implique 4
complexes macromoléculaires : les photosystémes (PS)! et II, le cytochrome bg/f et I’ATP synthase
(Pessarakli, 2016). L'énergie lumineuse, d’abord absorbée par I'antenne collectrice, est ensuite
transférée sous forme d’exciton a une paire spéciale de molécules de chlorophylle (Chl) a (P680)
dans le centre réactionnel du PSIl, composé d’un dimére de protéines D1/D2. Ces molécules de
Chl a excitées (P680*) vont passer a I’état oxydé (P680*) en dissipant I'énergie d’excitation par le
transfert d’un électron a une molécule de phéophytine (Pheop;). Cet électron sera transféré
successivement a deux plastoquinones (Qa puis Qg). Aprés un second turnover photochimique, la
plastoquinone Qg, totalement réduite en plastoquinol, capture deux protons du cytoplasme
(PQH2). Les molécules de Chl a oxydées (P680*) vont récupérer un électron du complexe
d’évolution de I'oxygéne résultant de la dissociation de I'eau. L'oxydation successive de ce
complexe permet I'oxydation de deux molécules d’eau et de relarguer une molécule de dioxygene
et quatre protons dans le lumen du thylakoide. Le cytochrome bg/f joue un réle clé dans la
médiation du transfert d'électrons entre les deux photosystémes et dans |'augmentation du
nombre de protons pompés a travers la membrane vers le lumen. En effet, les réactions au sein
du cytochrome bg/f permettent le transfert d’électrons entre la plastoquinol réduite (PQH,)
provenant du PSll et le transporteur d’électrons (cytochrome cs). Au cours de cette étape, deux
protons passent du stroma vers le lumen du thylakoide pour chaque électron transféré du PSll au
PSI. La génération de ce gradient de protons servira plus tard a fournir de I'énergie a I'ATP
synthase afin de phosphoryler I’ADP en ATP. Le PSl va ensuite catalyser le transfert d’un électron
induit par la lumiére entre le donneur d’électrons (cytochrome cg) dans le lumen du thylakoide et
une molécule acceptrice (ferrédoxine) dans le cytoplasme. Le PSI va collecter la lumiére via des
pigments (molécules de Chl a et B-caroténe) et transférer cette énergie vers une paire spéciale
de molécules de Chl a (P700). Les molécules de Chl a excitées (P700*) vont ainsi émettre des
électrons qui seront transférés successivement par des transporteurs vers le dernier accepteur
NADP*, par lI'intermédiaire de la flavoprotéine soluble ferrédoxine-NADP* réductase (FNR), ce qui

conduira finalement a la production de NADPH (Grotjohann and Fromme, 2005; Pessarakli, 2016).
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Figure 2 - Réactions de la photosynthése. A. Complexes impliqués dans la phase claire de la
photosynthése. L’énergie lumineuse captée par I'antenne collectrice (LHC : Light Harvesting Complex)
est transférée au photosystéme Il et déclenche une chaine de transfert d’électrons responsable
ensuite d’un gradient de protons transmembranaire, de la dissociation de I’eau et de la production de
NADPH. Le gradient de protons est utilisé par I’ATP synthase pour générer de I’ATP. Schéma réalisé
par Justine Pittera (Pittera, 2015). B. Phase sombre de la photosynthése ou cycle de Benson-Calvin. Au
cours de cette phase, le CO; est fixé en utilisant I’ATP et le NADPH produit durant la phase claire (PQ :
plastoquinone, PC : plastocyanine).

Durant la deuxiéme phase de la photosynthése, ou phase sombre, I'ATP et le pouvoir
réducteur du NADPH précédemment produits sont utilisés dans le cycle de Benson-Calvin pour
fixer le CO; afin de synthétiser des carbohydrates. Ce cycle est composé de trois grandes phases.
La premiere, la carboxylation, catalysée par I'enzyme ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO), ajoute un groupement carboxyl a une molécule de ribulose-
1,5-bisphosphate (RuBP), puis clive ce produit pour former deux molécules de 3-
phosphoglycerate (PGA). Vient ensuite I'étape de réduction, au cours de laquelle la PGA est
réduite en glyceraldehyde-3-phosphate (GA3P) par I'action consécutive de la phosphoglycerate
kinase (PGK) et de la GA3P dehydrogenase (GAPDH) en utilisant I’/ATP et le NADPH générés plus
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tot. Cette GA3P est isomérisée avant la derniere étape du cycle, au cours de laquelle elle sera
utilisée pour regénérer I'accepteur primaire de CO,, la RuBP, ou servir de substrat a la syntheése
de carbohydrates qui sont les précurseurs de la plupart des molécules organiques (ADN, ARN,

protéines, etc...).

1.2.2.2 Diversité pigmentaire

Synechococcus est pourvu, a l'instar de la plupart des cyanobactéries, d’une antenne
collectrice de lumiére, le phycobilisome (Figure 3A). Ce complexe multiprotéique est ancré dans
la membrane thylakoidale par un cceur d’allophycocyanine (APC) entouré de six bras, composés
de phycobiliprotéines (PBP) reliées entre elles par des protéines de liaisons (linkers). Il existe
quatre PBPs différentes chez Synechococcus, chacune capable de lier des chromophores
(phycobilines) différents et donc d’absorber des longueurs d’ondes spécifiques (Figure 4 ; Sidler,
1994). La composition en PBP des bras des phycobilisomes a permis de définir trois principaux
types pigmentaires : les bras des souches de type 1 sont composés uniquement de phycocyanine
(PC), le type 2 possede des bras composés de PC et de phycoérythrine | (PEl) et le type 3 a des
bras constitués de PC, de PEI et de phycoérythrine Il (PEIl). Ces compositions distinctes ont une
incidence sur les chromophores fixés par chaque type pigmentaire : le type 1 ne possede que de
la phycocyanobiline (PCB) et absorbe préférentiellement la lumiére rouge ; le type 2, qui contient
a la fois de la PCB et de la phycoérythrobiline (PEB), absorbe la lumiére verte alors que chez le
type 3, on retrouve de la PCB, de la PEB et de la phycourobiline (PUB), cette derniére absorbant
la lumiere bleue. Pour chacun de ces types pigmentaires, le coeur d’allophycocyanine du
phycobilisome lie de la PCB (Six et al., 2007a). Le type pigmentaire 3 a pu étre divisé en sous-types
sur la base du rapport des chromophores PUB et PEB. Ce rapport est faible chez les souches de
type 3a qui absorbent préférentiellement la lumiere verte, intermédiaire chez le type 3b et haut
pour le type 3c qui absorbent tous deux préférentiellement de la lumiére bleue (Humily et al.,
2013; Six et al., 2007a). Les souches du type 3d sont capables de modifier leur rapport PUB:PEB
en fonction de la couleur de la lumiere, ainsi leur phénotype sera de type 3a sous une lumiéere
verte et de type 3c sous une lumiere bleue (Everroad et al., 2006; Humily et al., 2013; Palenik,
2001). A noter gu'’il existe deux types d’acclimatateurs chromatiques (3dA et 3dB) qui sont
phénotypiquement équivalent mais different d’un point de vue génétique par le contenu en
génes et la localisation dans les génomes d’un ilot génomique spécifique de I'acclimatation

chromatique (Humily et al., 2013).
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Synechococcus B prochlorococcus

H0 1,20, +2HT

Figure 3 - Antennes collectrices de lumiére de Synechococcus et Prochlorococcus. A. Synechococcus
collecte la lumiere grace a un complexe multiprotéique, le phycobilisome. B. Prochlorococcus posséde
une antenne composée de protéines intra-membranaires (Pcb) liant des molécules de DV-Chl a et de
DV-Chl b. D’apreés Pittera, 2015.

Les études de la distribution in situ des types pigmentaires, utilisant le rapport PUB:PEB
mesuré par des techniques optiques, telles que la spectrofluorimétrie ou la cytométrie en flux
(Lantoine and Neveux, 1997; Olson and Chisholm, 1990), ainsi que I'analyse de marqueurs
moléculaires, tels que cpcBA ou cpeBA, codant respectivement pour la PC et la PEl (Humily et al.,
2014; Xia et al., 2017, 2018), ont mis en évidence que le type 1 domine dans les eaux de surface
a faible teneur en sel, le type 2 est retrouvé dans les eaux cotieres ou dans des zones
intermédiaires entre les milieux saumatres et océaniques, alors que le type 3 est retrouvé dans
les eaux mésotrophes, ou la lumiere est plutot verte, ou les eaux oligotrophes, ou la lumiéere bleue
pénetre plus en profondeur. Néanmoins, ces études basées sur la fluorescence ou un seul
marqueur moléculaire ne permettent pas de différencier les sous-types pigmentaires de
Synechococcus au sein du type 3. Récemment, la combinaison de trois genes marqueurs,
permettant de discriminer I'ensemble des types et sous-types pigmentaires connus, a permis de
révéler que le type 3a domine dans les régions chaudes (Mer Rouge, golfe du Mexique, nord de
I’océan Indien), le 3c est retrouvé en Méditerranée et dans les zones enrichies en fer de 'océan
Pacifique, alors que le type 3d est trés répandu et domine a hautes latitudes. Les types 3dA et
3dB présentent des distributions complémentaires : le type 3dA est le plus abondant a hautes
latitudes alors que le type 3dB domine en profondeur dans les eaux chaudes. Les acclimateurs
chromatiques représentent a eux seuls 40% de la population totale de Synechococcus (Grébert et

al., 2018).
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Prochlorococcus ne posséde quant a lui pas de phycobilisome mais capte I'énergie

lumineuse grace a des protéines intramembranaires collectrices de lumiere (Pcb), liant des

molécules dérivées de la chlorophylle, les divinyl-Chl a et b (Figure 3B). Sa diversité pigmentaire

est beaucoup moins importante que celle de Synechococcus, mais deux principaux écotypes ont

été mis en évidence : I'un en colonisant les eaux superficielles dont le rapport Chl b/a est faible

(appelé HL pour « high light ») et I'autre, plus en profondeur, dont le rapport Chl b/a est plus fort

(appelé LL pour « low light ») et qui absorbe mieux la lumiere bleue qui prédomine en profondeur

gue I'écotype de surface (Moore et al., 1995; Partensky et al., 1993). Ces deux écotypes different

également par leur optima lumineux de croissance (Moore et al., 1998).
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1.2.3 Importance écologique des picocyanobactéries et distribution

Les picocyanobactéries marines sont les organismes photosynthétiques les plus
abondants de I'océan global et représentent 10% des organismes phytoplanctoniques des 200
premiers métres de la colonne d’eau, avec une abondance globale estimée de 2,9x10%” et 7,0x10%°
cellules pour Prochlorococcus et Synechococcus, respectivement (Flombaum et al.,, 2013;

Whitman et al., 1998).

Le genre Synechococcus posséde une trés large distribution géographique (Figure 5B) puisqu’on
le retrouve dans la majeure partie des régions océaniques a I'exception des régions polaires. Il est
particulierement abondant dans les eaux riches en nutriments tels que les zones cétieres, les eaux
mélangées ou les upwellings avec des concentrations pouvant atteindre entre 1,5 et 3,7 x 10°
cellules/mL (Partensky et al., 1999a; Saito et al., 2005). On le retrouve a de plus faibles
concentrations (1-3 x 10%) dans les zones trés oligotrophes tels que les gyres océaniques

(Partensky et al., 1999a; Zwirglmaier et al., 2007).

Synechococcus

{ Y i ! N | Abundance
3,000 10,000 50,000 100,000 [cells mIT]

Figure 5 - Distribution dans I’océan mondial de Prochlorococcus et Synechococcus. Figure issue de
(Flombaum et al., 2013).

L’aire de distribution de Prochlorococcus est plus restreinte (Figure 5A), puisqu’il est
retrouvé principalement entre 45°N et 40°S (Johnson et al., 2006; Olson et al., 1990; Partensky et
al., 1999a; Zwirglmaier et al., 2007), dans des eaux tempérées et chaudes (supérieures a 10°C),
stratifiées et oligotrophes (Campbell and Vaulot, 1993; Flombaum et al., 2013; Johnson et al.,
2006; Partensky et al., 1999b). De plus, Prochlorococcus est numériquement plus abondant que
Synechococcus dans la plupart des régions ou les deux genres coexistent, en particulier dans les
zones oligotrophes. Synechococcus est plus abondant en surface qu’en profondeur et n’est pas
retrouvé en dessous de 150 m au contraire de Prochlorococcus qui peut croitre jusqu’a 200-250
m, a la limite de la zone euphotique (Partensky et al., 1999a). De par leur abondance dans les

océans, Prochlorococcus et Synechococcus seraient responsables de 8,5% (4 Gt de carbone fixé)

11
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et 16,7% (8 Gt de carbone fixé) de la production primaire net océanique, respectivement

(Flombaum et al., 2013).

Ces organismes, largement répandus dans les zones océaniques, sont donc capables de
coloniser une trés large gamme de niches écologiques aux caractéristiques bien distinctes, ce qui
laisse penser que ces genres possedent de remarquables capacités d’adaptation et
d’acclimatation aux variations des conditions environnementales, ce qui se traduit par une tres

grande diversité génétique et fonctionnelle.
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Il. Diversité génétique et biogéographie des picocyanobactéries
marines

1.1 Diversité génétique des picocyanobactéries marines

Synechococcus est un genre polyphylétique contenant des souches marines et d’eau
douce. Les Synechococcus marins ont d’abord été classés en trois clusters (MC-A, MC-B et MC-C)
sur la base de leur composition pigmentaire, leur tolérance vis-a-vis de la salinité et leur GC%
(Waterbury and Rippka, 1989). Plus tard, les clusters MC-A et B ont été rassemblés dans un méme
groupe : le cluster 5 qui inclut les Synechococcus marins et les Cyanobium (Herdman et al., 2001).
Ce groupe a été subdivisé en 3 sous-clusters (SC): le SC 5.1, qui domine les régions océaniques,
semble étre le plus diversifié et regroupe la majorité des souches décrites ; le SC5.2 regroupe des
membres halotolérants colonisant les zones estuariennes (Cai et al., 2010; Chen et al., 2006) ou
des mers peu salées comme la Baltique (Haverkamp et al., 2008); enfin le SC 5.3, encore peu
connu, comporte des membres marins, limités a quelques zones spécifiques de I'océan (Dufresne
et al., 2008; Farrant et al., 2016) mais également des membres lacustres qui n‘ont été que
récemment découverts (Cabello-Yeves et al., 2017). Alors qu’une dizaine de clades ont été définis
au sein du SC5.1 sur la base de I’ARNr 16S (Fuller et al., 2003; Moore et al., 1998), I'utilisation de
nouveaux genes marqueurs tels que la région intergénique entre les ARNr 16S et 23S (ITS;
Ahlgren and Rocap, 2006; Rocap et al., 2002), le géne rpoC1, codant pour la sous-unité 3 de I’ARN
polymerase (Ferris and Palenik, 1998; Muhling et al., 2006; Palenik, 1994; Toledo and Palenik,
1997), ntcA, le régulateur global du métabolisme de I'azote (Penno et al., 2006) et petB, codant
pour le cytochrome bg (Mazard et al., 2012a), ont permis d’augmenter la résolution taxonomique
au sein de ce groupe. Par exemple, le géne petB permet de distinguer plus de 40 sous-clades au

sein des clades du SC 5.1 (Mazard et al., 2012a).

Prochlorococcus constitue une branche monophylétique au sein de la radiation des
Synechococcus marins chez laquelle on distingue une branche monophylétique correspondant au
phototype HL alors que le phototype LL constituent un groupe polyphylétique a la base des HL
(Figure 6 ; Moore et al., 1998). Par la suite, le phototype de surface a été divisé en six clades
distincts (HLI-VI ; Biller et al., 2015; Huang et al., 2012; Malmstrom et al., 2013; West and Scanlan,
1999) et celui de profondeur en 5 clades (LLI, LLII/II, LLIV, LLV et LLVI; Biller et al., 2015; Huang et
al., 2012; Johnson et al., 2006; Lavin et al., 2010; Malmstrom et al., 2013; Martiny et al., 2009a).
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11.2 Répartition biogéographique et microdiversité des picocyanobactéries

marines

En plus d’une distribution verticale bien spécifique des deux phototypes de
Prochlorococcus, reflétant les différences de préférenda lumineux de croissance déterminées sur
les souches en culture (Moore and Chisholm, 1999; Moore et al., 1998), les études
biogéographiques ont permis de mettre en évidence des différences de distribution spatiale des
clades de Prochlorococcus. Le clade HLI est particulierement abondant a hautes latitudes dans les
eaux tempérées froides, riches et mélangées alors que le clade HLII domine a basses latitudes
dans les eaux chaudes et stratifiées (Chandler et al., 2016; Farrant et al., 2016; Johnson et al.,
2006; Zinser et al., 2007; Zwirglmaier et al., 2007, 2008). En accord avec cette distribution in situ,
des différences d’optima de température et de limites de croissance ont pu étre observées en
laboratoire entre des souches représentatives de ces deux clades (Johnson et al., 2006). Les clades
HLIII et HLIV quant a eux dominent, tout comme le clade HLII, dans les eaux chaudes mais sont
restreints aux zones dites HNLC (‘high-nutrient, low-chlorophyll’ ; Behrenfeld and Kolber, 1999;
Fung et al., 2000; Martin et al., 1994), zones riches en nutriments mais ou la concentration en fer
est tres faible, ce qui a pour effet de limiter la croissance et le développement des organismes
phytoplanctoniques (Farrant et al., 2016; Huang et al., 2012; Kent et al., 2016; Malmstrom et al.,
2013; Rusch et al., 2010; West et al., 2011). Les clades HLV et VI n‘ont été retrouvés dans
I’'environnement qu’a faible concentration, ce qui fait que I'on connait encore mal leur
distribution, si ce n’est que le clade HLV cohabite avec les clades HLIII-IV dans les régions HNLC
(West et al., 2011), alors que le clade HLVI semble étre présent plus en profondeur par rapport

aux autres populations HL (Huang et al., 2012).

La distribution géographique des clades définis au sein du phototype LL est moins bien
définie que celle des clades HL. Le clade LLI est retrouvé a une profondeur intermédiaire par
rapport aux clades HL et aux autres clades LL dans les eaux tropicales stratifiées, alors qu’on le
retrouve jusqu’en surface dans les eaux mélangées a plus hautes latitudes (Johnson et al., 2006;
Zinser et al., 2006). Au contraire du clade LLI, les clades LLII/Ill et LLIV sont limités a la base de la
zone euphotique, en accord avec leur sensibilité a I'exposition aux fortes intensités lumineuses
(Malmstrom et al.,, 2010; Zinser et al., 2006). Enfin, les clades LLV et VI ont été détectés
uniquement dans les zones dites a minimum d’oxygéne (ou OMZ pour ‘oxygen minimum zone’),

retrouvées principalement dans le Pacifique tropical Est et la mer d’Arabie (Lavin et al., 2010).
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Figure 7 - Relation entre la phylogénie Prochlorococcus et I'adaptation aux parameétres
environnementaux. Les traits impliqués dans I'adaptation a la lumiere, la carence en fer, la
température, et la concentration en macronutriments sont liés a la phylogénie du genre d’une
maniére hiérarchique. Figure issue de Martiny et al., 2015.

A I'échelle des clades, il semble donc que la distribution des membres du genre
Prochlorococcus soit principalement influencée par quelques parametres physico-chimiques :
I'intensité lumineuse, la température et la disponibilité en fer (Figure 7). Plus récemment, une
microdiversité intra-clade a également été mise en évidence en examinant les patrons de
distribution de sous-groupes phylogénétiques au sein des différents clades de Prochlorococcus
(Larkin et al., 2016; Martiny et al., 2009a). Dans ce contexte, Farrant et al. (2016) ont délimité des
ESTUs (Ecologically Significant Taxonomic Units), c’est-a-dire un ensemble d’unités taxonomiques
opérationnelles (OTU) appartenant au méme clade et présentant des aires de distribution
géographique semblables. Le clustering des stations de Tara Oceans en fonction de leur
composition en ESTUs et la corrélation de I'abondance relative de ces ESTUs avec les parametres
abiotiques ont permis d’identifier trois assemblages majeurs d’ESTUs dans les eaux de surface et
de mettre en évidence les caractéristiques des niches occupées par ces différents assemblages
(Figure 8). Ainsi, I'assemblage 1 est caractéristiques des eaux tempérées et est dominé par 'ESTU
HLIA, I'assemblage 2 retrouvé dans les zones chaudes et pauvres en azote est dominé par I'ESTU
HLIIA, et enfin I'assemblage 3, caractéristique des zones HNLC, est co-dominé par les ESTUs HLIIIA
et HLIVA (Farrant et al.,, 2016). En dehors de ces ESTUs dominantes, d’autres présentes en
relativement faible abondance se sont révélées intéressantes car leur écologie différe de celle du
clade. En effet, alors que I'ESTU HLIA, qui domine le clade HLI, colonise les eaux tempérées
froides, I'ESTU HLIC semble avoir une tolérance plus importante vis-a-vis de la température
puisqu’elle est également présente dans les eaux chaudes dominées par I'ESTU HLIIA. De méme,

I'abondance relative maximale de I'ESTU HLIIC a été observée au maximum profond de
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chlorophylle (DCM ; Deep Chlorophyll Maximum) dans I'Océan Indien équatorial, ce qui suggere

que cette ESTU pourrait étre adaptée a des profondeurs intermédiaires, tout comme I'ESTU

dominante du clade LLI (LLIA). Enfin, au sein de ce dernier clade, une seconde ESTU (LLIB) présente

la particularité de dominer le clade LLI dans les eaux de surface des zones HNLC de I'Océan Indien

et de I'Océan Pacifique, ce qui montre que I'adaptation a la carence en fer n’est pas spécifique

des clades HLIII et HLIV de Prochlorococcus (Farrant et al., 2016).
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Figure 8 - Biogéographie des ESTU de Prochlorococcus a partir des métagénomes de surface de Tara
Oceans et leur relation avec les parameétres physico-chimiques. A. Abondances relatives des ESTU de
Prochlorococcus a chaque station regroupée en cluster B. Distribution des assemblages d’ESTU de
Prochlorococcus colorées par cluster C. NMDS des parameétres physico-chimiques. Les stations ont été
colorée en fonction de leur cluster d’assemblages. NMDS stress value: 0.0985. Figure extraite de

Farrant et al., 2016.
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Chez Synechococcus, des études ont également montré une répartition spécifique des
différents clades. Au sein du SC 5.1, les clades | et IV co-dominent dans les zones cétiéres et
océaniques a hautes latitudes, caractérisées par des eaux relativement froides et riches en sels
nutritifs (Farrant et al., 2016; Sohm et al., 2015; Tai and Palenik, 2009; Zwirglmaier et al., 2007,
2008). Le clade Il domine dans les eaux oligotrophes et mésotrophes tropicales et subtropicales
(Farrant et al., 2016; Huang et al., 2012; Sohm et al., 2015; Zwirglmaier et al., 2007, 2008). Le
clade Il est retrouvé, en cooccurrence avec le SC 5.3, dans les eaux oligotrophes, pauvres en
phosphate, telles que la mer Méditerranée et le golfe du Mexique (Farrant et al., 2016; Mella-
Flores et al., 2011). Enfin, le clade CRD1 est le clade dominant dans des régions pauvres en fer de
I’océan, et notamment une grande partie du Pacifique sud (Farrant et al., 2016; Sohm et al., 2015).
A part ces cing clades dominants, la distribution des autres clades de Synechococcus reste peu ou
mal connue, a I'exception du clade VIII que I'on retrouve essentiellement dans les estuaires et les

eaux euryhalines (Hunter-Cevera et al., 2016; Xia et al., 2017).

La délimitation d’ESTU au sein de ce genre a permis, a l'instar de Prochlorococcus, de
mettre en évidence une importante microdiversité au sein de certains clades, jusqu’alors
considérés comme des écotypes. En effet, deux ESTUs ont été définis au sein du clade Il : alors
que I'ESTU lIA, qui est I'ESTU dominant du clade Il, est retrouvé comme celui-ci dans les eaux
chaudes oligotrophes ou mésotrophes, 'ESTU IIB colonise spécifiquement les eaux froides et
mélangées. Dans le clade CRD1, trois ESTUs ont été définis, tous présents dans les zones
carencées en fer mais colonisant des niches thermiques distinctes: CRD1B est spécifique des eaux
froides, CRD1C des eaux chaudes tandis que les CRD1A sont présents dans les deux types de
niches, suggérant qu’il seraient capables de s’adapter a une plus large gamme de température
(Farrant et al., 2016). Le clustering des stations, basé sur leur composition en ESTUs, a mis en
évidence 8 assemblages distincts d’ESTUs le long du transect de Tara Oceans (Figure 9A). Ces
assemblages ne semblent pas spécifiques d’une région océanique donnée, méme si on peut noter
que le cluster 2, dominé par I'ESTU IlIA qui coexiste avec les ESTU 5.3A et WPCIA, est
principalement retrouvé en mer Méditerranée et anti-corrélé avec la concentration en
phosphate. L'assemblage 1, dominé par I'ESTU lIA est retrouvé dans les eaux chaudes, non
limitées en fer, mésotrophes ou oligotrophes (Figure 9). Les assemblages 4, 5 et 8, dominés par
les ESTUs IA, IVA et IVB, sont retrouvés dans les eaux océaniques mélangées, les régions cotieres
et les eaux tempérées froides a hautes latitude, ce qui correspond aux paramétres de niche
précédemment déterminés pour I'ensemble des clades | et IV. Globalement, le partitionnement

des niches occupées par les ESTUs de Synechococcus les plus abondants dans I'environnement
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semble contr6lé par trois facteurs principaux: la température, la disponibilité en fer et en

phosphate (Farrant et al., 2016; Sohm et al., 2015; Zwirglmaier et al., 2008).
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Figure 9 - Biogéographie des ESTUs de Synechococcus a partir des métagénomes de surface de Tara
Oceans et leur relation avec les parameétres physico-chimiques. A. Abondances relatives des ESTUs
de Synechococcus a chaque station, regroupées en assemblages (clusters). B. Distribution des
assemblages d’ESTUs de Synechococcus le long du transect Tara Oceans. C. Analyse NMDS des
parameétres physico-chimiques. Les stations ont été colorées en fonction de leur appartenance a un

assemblage. NMDS stress value: 0.1369. Figure extraite de Farrant et al., 2016.
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lll. Réponses des cyanobactéries aux variations des conditions
environnementales

l1l.1 Bases génétiques de I’adaptation chez les picocyanobactéries marines

111.1.1 Caractéristiques générales des génomes de picocyanobactéries

Du fait de leur petite taille et de leur intérét écologique, le séquencage des quatre
premiers génomes de picocyanobactéries a démarré dés les années 2000 (Dufresne et al., 2003;
Palenik et al., 2003; Rocap et al., 2003) et leur nombre n’a cessé de croitre depuis, avec en
particulier trois études comparatives majeures : I'une centrée sur Prochlorococcus (Kettler et al.,
2007) et les deux autres sur Synechococcus (Dufresne et al., 2008; Scanlan et al., 2009). Ces études
ont permis de montrer que les génomes de picocyanobactéries marines sont particulierement
petits par rapport aux génomes de cyanobactéries d’eau douce ou a ceux des bactéries en
général : 1,62 a 2,7 Mb pour Prochlorococcus et 2,11 a 3,34 Mb pour Synechococcus ; Kettler et
al., 2007; Scanlan et al., 2009; Shih et al., 2013). La petite taille de la plupart des génomes de
Prochlorococcus (< 2 Mb, a I’exception des membres du clade LLIV) serait d0 a un phénomene de
réduction du génome qui se serait déroulé au sein de ce genre, de fagon concomitante a la
diminution du contenu en GC%. Ces phénoménes, qui ont été attribués a la perte de plusieurs
génes codant pour des enzymes de réparation des transversions de G:C en A:T (Dufresne et al.,
2005; Partensky and Garczarek, 2010; Rocap et al., 2003), pourraient constituer un avantage
adaptatif dans les zones oligotrophes ou les nutriments sont rares. En effet, ils permettraient pour
les cellules de réduire la quantité de phosphate et d’azote utilisés, notamment pour la synthése
de I'ADN. De plus, un génome réduit permet aux cellules d’étre plus petites, ce qui aurait pour
conséquences i) de diminuer I'effet de diffusion lumineuse et d’auto-ombrage (Morel et al.,
1993), qui constitue un avantage pour les clades LL a la base de la zone euphotique en améliorant
I'apport lumineux, mais également ii) d’augmenter leur rapport surface sur volume, ce qui
favoriserait I'acquisition des nutriments, une caractéristique particulierement avantageuse pour
les clades HL qui dominent dans les eaux pauvres de surface (Chisholm, 1992; Dufresne et al.,
2005). Les génomes des clades HLI et HLII sont généralement plus réduits que ceux des clades LL.
Les souches du clade LLIV, situés a la base de la radiation des Prochlorococcus, possedent quant
a eux les plus gros génomes du genre Prochlorococcus, et sont phylogénétiquement les membres

les plus proches du genre Synechococcus (Biller et al., 2015).

Une seconde hypothése complémentaire avec la premiére, permettant d’expliquer cette
réduction génomique, est basée sur la théorie de coévolution dite de la « Reine Noire », qui pose

comme postulat que certaines fonctions biologiques sont redondantes au sein de I'’ensemble des
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organismes d’'une communauté, d’une niche ou d’un environnement donné. Ces fonctions sont
considérées comme colteuses a I'échelle de la communauté et leur élimination constitue donc
un avantage sélectif. Néanmoins, ces fonctions doivent étre maintenues par d’autres membres
de la communauté microbienne et fournir, par relargage dans le milieu, les produits de ces
fonctions dites de « bien commun » (Ma et al.,, 2018; Morris et al., 2008, 2011, 2012). Par
exemple, bien que tous les génomes de Prochlorococcus soient dépourvus de gene codant pour
la catalase, il a été démontré que les cellules peuvent assimiler celle de bactéries hétérotrophes
coexistant dans le milieu et utiliser leurs propriétés anti-oxydantes (Morris et al., 2011). Cette
théorie pourrait donc également expliquer la perte de certains génes des génomes de

Prochlorococcus.

111.1.2 Génome commun, accessoire et pan-génome

La comparaison des génomes de picocyanobactéries disponibles a également permis de
montrer que ces génomes ne comportent que peu de paralogues, le nombre de génes variant de
1,716 a 3,022 chez Prochlorococcus et de 2,358 a 3,129 chez Synechococcus (Scanlan et al., 2009).
Les génes communs, constituant 52 a 67 % du génome total, permettent d’assurer les fonctions
de biosynthése nécessaires a leur mode de vie autotrophe (Dufresne et al., 2008; Kettler et al.,
2007; Scanlan et al., 2009), alors que les genes accessoires, c’est-a-dire retrouvés dans un sous-
ensemble de génomes, sont les plus susceptibles de jouer un réle dans |'adaptation de ces
organismes a diverses niches écologiques. Alors que le génome commun de ces organismes
commence a étre bien connu (environ 1000 génes pour Prochlorococcus et 1500 pour
Synechococcus ; Biller et al., 2015; Dufresne et al., 2008), la taille de leur pan-génome, c’est-a-
dire de la somme des genes communs et accessoires pour un genre donné, est considérable et
beaucoup plus difficile a appréhender puisque chaque nouveau génome séquencé apporte en
moyenne 160 nouveaux génes dans le cas de Prochlorococcus (Figure 10 ; Biller et al., 2015). Une
projection théorique basée sur 13 génomes de Prochlorococcus a prédit que la population

mondiale de ce genre contiendrait 57,792 génes (Baumdicker et al., 2012).
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Figure 10 - Pan-génome de Prochlorococcus. La figure représente le nombre de nouveaux genes
découvert a chaque nouveau génome séquencé de Prochlorococcus. Le pan-génome est loin de la
saturation, c’est-a-dire que I'ajout de chaque nouveau génome permet de mettre en évidence de
nombreux genes au sein de ce genre. Figure issue de Biller et al., 2015.

La comparaison des 11 premiers génomes de Synechococcus et des 3 premiers génomes
de Prochlorococcus a également permis de mettre en évidence les genes spécifiques des deux
genres de picocyanobactéries. Ainsi, 70 familles de genes se sont avérées spécifiques de
Synechococcus, c’est-a-dire qu’elles auraient été perdues par I'ancétre commun de tous les
Prochlorococcus (Dufresne et al., 2008). Parmi ceux-ci, 23 codent pour des protéines impliquées
dans la photosynthese, tels que les génes impliqués dans la biosynthese d’allophycocyanine et de
phycocyanine, les génes psbA codant pour l'isoforme D1:2 de la protéine D1 conférant une
meilleure résistance du PSIl a la photoinhibition (Garczarek et al., 2008) ou encore des génes
impliqués dans le transport et I’assimilation du carbone (Dufresne et al., 2008). La perte du géne
kaiA, qui code pour un des trois composants de I'horloge circadienne, ce qui explique que
Prochlorococcus ait une horloge minimaliste puisqu’elle semble étre remise a 0 chaque matin
(Holtzendorff et al., 2008). Un certain nombre de transporteurs ABC de solutés compatibles, des
composés participant au maintien de I'osmolarité des cellules, sont également absents des
génomes de Prochlorococcus, ce qui pourrait induire une plus faible tolérance aux fortes salinités
par rapport a Synechococcus (Hagemann et al., 1997; Scanlan et al., 2009). On peut également
noter que des pertes sélectives survenues apres la différentiation du clade LLIV, puisque les génes
psbU et psbV, codant pour deux protéines impliquées dans la stabilisation du cluster manganése
(ou OEC; Roose et al., 2007), sont présents dans ce clade basal et ont été perdus par toutes les
lignées de Prochlorococcus a génomes réduits. A l'inverse, seuls 10 genes se sont avérés

spécifiques de Prochlorococcus (Partensky and Garczarek, 2010). Parmi ceux-ci on retrouve
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également des genes photosynthétiques, comme les génes pcb, codant pour les protéines
d’antenne associées au PSlI, le géne PcCao codant pour une Chl b synthase permettant la synthése
de Chl b; et un homologue de crtL-e, impliqué dans la synthese d’a-caroténe (Satoh and Tanaka,

2006; Stickforth et al., 2003).

111.1.3 Roles des transferts horizontaux et ilots génomiques

A l'instar de I'ensemble des procaryotes, le contenu en génes accessoires et uniques est
trés variable d’'une souche a l'autre au sein de ces genres, indiquant que de nombreux
évenements de perte et gain de géenes ont eu lieu au cours de I'évolution de ces génomes
(Coleman et al., 2006; Kettler et al., 2007). Ces génes accessoires ou uniques sont fréquemment
retrouvés dans des régions hypervariables du génome, appelées des ilots génomiques, qui sont
entourées de régions conservées contenant majoritairement des génes communs a I’'ensemble
du genre (Dufresne et al., 2008; Kettler et al., 2007). Ces ilots génomiques sont enrichis en génes
issus de transfert latéraux, qui chez Synechococcus et Prochlorococcus qui a priori ne possedent
pas de plasmides, auraient lieu grace aux phages qui peuvent servir de vecteurs (Dufresne et al.,
2008; Lindell et al., 2004) mais également potentiellement grace a des vésicules extracellulaires
qui pourraient permettre I'échange de composants cellulaires entre cellules et notamment de
I’ADN (Biller et al., 2014). Le rble précis joué par ces ilots génomiques dans I'adaptation a la niche
écologique reste difficile a déterminer, puisque la fonction de la plupart des génes contenus dans

ces régions est le plus souvent inconnue (Scanlan et al., 2009).

Chez Prochlorococcus, les premiers ilots ont été identifiés en comparant les deux
premiers génomes de souches HL (MED4 et MIT9312; Coleman et al., 2006), ce qui a permis
d’identifier cinq ilots majeurs au niveau desquels le recrutement des lectures environnementales
de I'expédition Global Ocean Survey (GOS; Rusch et al., 2007) ne retournait presqu’aucun ‘hits’
au contraire des régions génomiques conservées adjacentes. Parmi ces cing ilots, I'un est enrichi
en genes impliqués dans le transport, I'assimilation et la régulation du métabolisme du phosphate
et un second en génes impliqués dans I'assimilation des nitrites et des nitrates (Martiny et al.,
2006, 2009b). Contrairement aux genes impliqués dans I'adaptation a la lumiére, le contenu en
génes de ces ilots génomiques est directement relié au lieu d’isolement des souches (ou aux sites
de préléevement pour les métagénomes) et non pas a la phylogénie verticale des cellules puisque
des souches trés proches phylogénétiquement peuvent avoir des contenus en génes différents.
Par exemple, I'abondance relative des genes impliqués dans I'assimilation des nitrates et des
nitrites s’est révélée plus importante dans la mer des Caraibes et dans I'océan Indien que dans la

mer des Sargasses et |I'océan Pacifique oriental, ce qui semble lié a la disponibilité en azote dans
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ces différentes régions (Martiny et al., 2009c) (Martiny et al., 2009). Une étude plus récente a de
plus montré que la répartition des genes impliqués dans I'assimilation des nitrates au sein des
clades semble largement régie par la perte stochastique de genes et la recombinaison homologue

entre cellules étroitement apparentées (Figure 11 ; Berube et al., 2019).
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Figure 11 Distributions des genes de nitrate reductase (narB) et nitrite reductase (nirB) parmi 329
génomes de Prochlorococcus et Synechococcus. Les génomes pouvant utiliser le nitrate (présence du
géne narB) et les génomes possédant nirB sont indiqués avec une barre rouge ou bleue,
respectivement. Les barplots gris indique la complétion de chaque génome. Les génomes provenant
de souches de références sont indiqués par des cercles gris et le résultat des screens de PCR pour narB
sont indiqués par des carrés pleins ou vides, pour la présence ou I'absence de ce géne respectivement.
Les cercles violets sur les branches de I'arbre indiquent que les génomes associés clusterisent
ensemble dans au moins 75 % des 250 arbres réplicats réalisés en bootstrap. Figure issue de Berube
et al., 2019.
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Chez Synechococcus, les ilots ont essentiellement été identifiés en utilisant la déviation
de la fréquence tétranucléotidique par rapport a la moyenne du génome (Dufresne et al., 2008).
Ces ilots sont en moyenne plus nombreux que chez Prochlorococcus et contiennent notamment
des genes impliqués dans le transport de nutriments et la modification de la surface des cellules
et surtout de tres nombreux génes de fonctions inconnues (Dufresne et al., 2008; Palenik et al.,
2006). Ces flots présentent des niveaux de conservation entre souches tres variables, ce qui
suggére que ces ilots ont été acquis plus ou moins récemment au cours de I'évolution de ces
génomes (Dufresne et al., 2008). L'un de ces ilots, regroupant les genes codant pour des protéines
impliquées dans la biosynthese et la régulation des bras des phycobilisomes, a la particularité
d’étre conservé chez toutes les souches de ce genre. Cependant, sa taille et son contenu en genes
sont trés variables entre les souches, et sont directement reliés au type pigmentaire auquel la
souche appartient, indépendamment de sa phylogénie (Figure 12; cf. 1.2.2.2 Diversité
pigmentaire. Dans ce contexte, on peut noter que les souches du type pigmentaire 3d possédent
un ilot supplémentaire, I'llot CA4, qui est responsable de leur capacité a varier leur contenu
pigmentaire en fonction de la couleur de la lumiere ambiante. On retrouve cet flot sous deux
formes : CA4-A qui est toujours en dehors de la région phycobilisome et CA4-B qui est

directement inséré au milieu de cette région (Humily et al., 2013).
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Figure 12 - Contenu en génes et synténie de la région codant pour la biosynthése et la régulation
des bras des phycobilisomes chez Synechococcus. Les rubans de couleurs permettent de repérer la
synténie de bloc de génes partagés entre les différentes versions de cet ilot. En partant du type
pigmentaire 1 jusqu’aux 3, on remarque que cette région est devenue plus complexe par I'acquisition
de blocs de genes. De plus, une région supplémentaire est retrouvée chez les deux types pigmentaires
3d, la forme CA4-B, insérée dans la région PBS et la forme CA4-A, distante de la région PBS sur le
chromosome (Grébert et al, en préparation).
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111.1.4 Role des substitutions nucléotidiques

L’acquisition de nouveaux genes et donc de nouvelles fonctions ne peut pas expliquer a
elle seule I'adaptation a certaines niches environnementales. En effet, on trouve parfois des
organismes trés proches d’un point de vue phylogénétique et occupant des niches distinctes mais
dont le pool de genes est tres similaire, et I'un des meilleurs exemples concerne les clades de
Prochlorococcus colonisant les zones tempérées (HLI) et chaudes (HLII) de I'Océan (Coleman et al,
2006 ; Martiny et al, 2006 ; Kettler et al, 2007 ; Larkin et Martiny, 2017). Ces observations posent
la question du role des variations des séquences nucléotidiques dans la diversification des
génomes et dans I'adaptation a des environnements spécifiques (McDonald and Currie, 2017,
Thrash et al., 2014). Le modele “Maestro” postule que certains traits, correspondant a des
préférenda d’'un parametre donné, vont évoluer par un ajustement progressif qui n’est pas induit
par des gains de génes mais par des altérations de séquences de génes préexistants dans le
génome ou par la duplication de certains génes (Larkin and Martiny, 2017). Dans ce contexte,
plusieurs études ont montré que les genres Prochlorococcus et Synechococcus présentent une
diversité génétique particulierement importante. En séquencant le génome de cellules issues
d’un méme échantillon d’eau de mer, Kashtan et al. (2014) ont par exemple montré que les
populations d’un clade donné de Prochlorococcus (p.ex. HLII) sont constituées de centaines de
sous-populations avec des ‘ossatures génomiques’ (genomic backbones) distinctes, chaque
ossature étant constitué d’'une majorité des génes communs et d’'un petit set de genes
accessoires. De plus, les cellules au sein de sous-populations possédant la méme ossature
différaient en moyenne de 19,000 positions nucléotidiques alors que cette diversité atteignait
77,000 positions entre des cellules appartenant a des sous-populations possédant des ossatures

différentes.
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111.2 Réponses physiologiques aux variations des conditions

environnementales

111.2.1 Réponse de I’appareil photosynthétique et mécanismes de

photoprotection

La réponse de 'appareil photosynthétique aux variations de lumiéere, qui constitue la
principale source d’énergie de ces organismes, joue un role prépondérant dans la réponse au
stress en général chez tous les organismes photosynthétiques. De plus, I'intensité lumineuse est
le seul parametre a avoir des fluctuations pouvant atteindre des fréquences trés élevées (de
I’échelle de I’heure a celle de la milliseconde) et une amplitude aussi importante (de I'obscurité
totale durant la nuit a un ensoleillement maximal au midi solaire ; Schubert and Forster, 1997).
Les changements brusques de ce parameétre et en particulier une augmentation trés importante
de l'intensité lumineuse peuvent induire une diminution de I'efficacité photosynthétique

(photoinhibition) et donc avoir un impact sur la croissance et la survie de ces organismes.

111.2.1.1 Photoinhibition et génération d’espéces réactives de I’oxygéne

Le centre réactionnel du PSII (RCIl) est le site majeur de photoinhibition puisqu’il est le
composant de I'appareil photosynthétique le plus sensible a la lumiére (Vass, 2012). Un excés
d’énergie absorbée par le PSIl aura pour conséquence une surréduction du pool de
plastoquinones (PQ). Le manque de molécules de PQ réductibles laisse le site de liaison de la
plastoquinone Qg inoccupé, ce qui conduit a la stabilisation d’'une semiquinone (Qa’), phénomene
bloquant ou limitant le transport d’électrons (Vass, 2012). Cela va faciliter la formation d’une
molécule de chlorophylle (P680) a I'état de triplet excité, qui interagit ensuite avec une molécule
d’oxygéne pour générer un radical 10, qui constitue I'espéce réactive de I'oxygéne (ROS pour
Reactive Oxygen Species) la plus nocive pour les cellules photosynthétiques (Triantaphylides et
al., 2008). Des ROS peuvent étre générées a partir de la réduction du dioxygene par des
transporteurs d'électrons réduits du coté accepteur du PSII (Pospisil, 2009). Classiquement, on
parle de photoinhibition, lorsque Les ROS affectent directement les composants du PSIl et en
particulier la protéine D1, gqu’ils vont endommager par leur pouvoir oxydant, conduisant a
I'inactivation du transport des électrons dans le PSII (Krieger-Liszkay et al., 2008). La réactivation
est dépendante de la synthése d’'une nouvelle protéine D1, constituant I'une des deux protéines
majeures du RCII. Cependant, la photoinhibition peut également se dérouler du c6té donneur du
PSII par la dégradation du complexe manganese (MnsCaOs), impliqué dans I'étape de dissociation

des molécules d’eau. Ce phénomeéne engendre un arrét de I'apport d’électrons dans le RCII qui
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induit une accumulation de radicaux oxydés dans ce dernier (Ohnishi et al., 2005), qui vont

provoquer la dégradation des protéines D1 et D2 (Sass et al., 1997; Takahashi and Badger, 2011).

Dans les deux cas de figure, les ROS accumulés dans le PSIl lors d’une exposition a un excés de

lumiére sont responsables de 'endommagement du RCII. Le PSI est moins sensible que le PSIl au

stress lumineux mais peut toutefois étre endommagé lorsque le flux d’électrons provenant du

PSIl dépasse la capacité des accepteurs d’électrons du PSI, produisant ainsi des ROS capables de

détruire les protéines du RCl. Ces dommages sont particulierement dangereux pour les cellules

puisque pratiguement permanents en raison de la réparation tres lente des protéines du PSI

(Sonoike, 2011).
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Figure 13 - Sites des dommages induits par la lumiére dans le PSII. Figure extraite de Vass, 2012.

111.2.1.2 Les mécanismes de photoprotection

Les cyanobactéries, comme tous les autres organismes réalisant la photosynthese

oxygénique, ont développé une série de mécanismes de protection permettant de limiter les

dommages de I'appareil photosynthétique, en particulier au niveau du PSII.
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111.2.1.2.1 Cycle de réparation de la protéine D1

Le cycle de réparation de la protéine D1 constitue un élément essentiel dans la réponse
au stress des organismes photosynthétiques en général. En conditions normales et stables de
croissance, les taux de dégradation et de néosynthése des protéines D1 s’équilibrent, permettant
de maintenir une activité photosynthétique constante, et ce ‘turnover’ est d’autant plus rapide
que l'intensité lumineuse d’acclimatation est importante. En revanche, en conditions d’excées de
lumiére ou tout autre stress environnemental entrainant une diminution du métabolisme, la
vitesse de dégradation peut excéder la vitesse de néosynthése de la protéine D1, et I'appareil
photosynthétique est alors photoinhibé, entrainant une diminution de la croissance pouvant
mener a la mort cellulaire (Six et al., 2007b). D'un point de vue moléculaire, la comparaison des
génomes et l'analyse transcriptomique des genes impliqués a également permis de mieux
comprendre la régulation du PSII. Il existe en fait jusqu'a 6 genes psbA par souche de
Synechococcus codant pour la protéine D1, avec toujours une copie unique codant une isoforme
D1:1, qui présente des performances photosynthétiques optimales et est exprimée lorsque
I'intensité lumineuse est faible, et 2 a 5 copies par souches codant pour I'isoforme D1:2, moins
performante mais aussi moins sensible a la photoinhibition et qui est exprimée en condition de
forte intensité lumineuse (Figure 14 ; Garczarek et al., 2008; Sander et al., 2010; Sugiura et al.,
2014). En ce qui concerne les souches du genre Prochlorococcus, elles possédent de 1 a 3 copies
de psbA codant toutes pour lisoforme D1:1 (Garczarek et al.,, 2008). Ainsi, le fait que
Synechococcus possede ces deux isoformes pourrait en partie expliquer que les souches de
Prochlorococcus semblent plus sensibles a la photoinhibition que celles de Synechococcus

(Garczarek et al., 2008; Six et al., 2007b).

\\\P hatons Photons \N\\:\\\\l\%umns Photons
/ . o

woo Photoinactivation / a0 Ph“‘”&za;;‘l‘l'a"“"

du PSII ¥ —

—

H,0 Y0, +2H H,0 %O, +2H
H,0 %0, +2H s H,0 %0+ 2H E:::::!:::Iuster Mn l Désassemblage partiel

Dimerisation L] . ) Activation A i Protéolyse de D1
Ligation du eluster Mn l Désassemblage partiel éparation
Activation

) X Protéolyse de D1 du PSIl
Réparation ) U D
du PSII h —
Pracessing C-term de D1 par CtpA ‘ l
Assamblage post-transcriptionnel ARMm psbA

0
(]LTJ[[J@
Processing C-term de D1 par CtpA ‘ l
Assemblage post-transcriptionnel ARMm psbA e
O [} I Assemblage co-transcriptionnel

Photoinhibition = Diminution de la croissance

Assemblage co-transeriptionnel .
& e Mort cellulaire

Figure 14 - Cycle de réparation de la protéine D1 du photosystéme Il (PSIl) d’apres Garczarek, 2018.

29



INTRODUCTION

Le suivi des différents paramétres impliqués dans ce cycle de réparation a également
permis de mieux comprendre la réponse a divers stress environnementaux chez ces organismes
et I'influence de ‘I'histoire lumineuse’ des cultures sur I'intensité de cette réponse. L'étude de la
réponse de Synechococcus sp. WH7803 au stress di aux fortes lumiéres (HL pour « high light »)
et aux radiations UV a permis de montrer qu’une acclimatation préalable des souches en HL leur
permet de subir une réduction moindre de leur activité photosynthétique que les souches
acclimatées en LL (« low light » pour basse lumiere ; Garczarek et al., 2008). Par ailleurs, les
cultures HL possédent i) un pool beaucoup plus important de transcrits codant I'isoforme D1:2,
ce qui permettrait au PSIl d'avoir une meilleure résistance a la photoinactivation et également ii)
un taux de réparation de la protéine D1 beaucoup plus important que les cultures LL. Les cellules
acclimatées aux HL semblent donc bien mieux préparées a subir un stress additionnel, peut-étre
du fait d'une meilleure gestion du stress oxydant par rapport aux cellules acclimatées en LL
(Garczarek et al., 2008). Cependant, étonnamment l'induction d’un stress oxydant directement
induit par I'ajout de peroxyde d'hydrogéne ou de méthylviologéne dans le milieu de culture a
montré que les cellules préalablement acclimatées en HL sont au contraire plus sensibles au stress
oxydant que les cellules acclimatées en LL (Blot et al., 2011). Les données photophysiologiques
recueillies au cours de cette étude indiquent que l'effet synergique des ROS et de l'intensité
lumineuse sur la photoinhibition des cellules serait d a la fois a un plus fort taux de dégradation
de la protéine D1 et a une inhibition de la synthese de novo de cette protéine par les ROS, alors
que les cellules acclimatées a HL nécessitent une réparation beaucoup plus active de la protéine

D1 pour maintenir leur activité photosynthétique.

Enfin, on observe également qu’en condition de cycle jour/nuit, |'activité
photosynthétique des cellules décroit proportionnellement a I'intensité lumineuse pour atteindre
un minimum au midi solaire mais que cette décroissance est beaucoup plus forte chez
Prochlorococcus que chez Synechococcus (Mella-Flores et al., 2012). Cette observation pourrait
étre liée au fait que le taux de réparation de la protéine D1 au midi solaire est beaucoup plus
élevé chez Synechococcus que chez Prochlorococcus. De plus, les analyses transcriptomiques ont
également révélé des différences importantes entre ces organismes dans les profils d'expression
journalier de plusieurs génes, impliqués notamment dans la biosynthése et/ou la réparation des
dommages aux photosystémes, des antennes collectrices, de la fixation du CO2 ou encore des
mécanismes de protection contre les UV et les stress oxydant, traduisant des différences
importantes dans la régulation de ces processus par la lumiére. Ces résultats suggerent qu'alors
que Synechococcus a développé des moyens efficaces pour gérer le stress dii a la lumiéere et au

UV, Prochlorococcus semble survivre aux heures stressantes de la journée en mettant place un
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set minimum de mécanismes de protection et en réduisant temporairement plusieurs processus
métaboliques clés. Ces propriétés pourraient jouer un role bien plus important qu'on ne le pensait
sur la distribution et la dynamique de ces deux picocyanobactéries in situ (Mella-Flores et al.,

2012).

111.2.1.2.2 Effet des parametres environnementaux sur les phycobilisomes

Plusieurs études ont révélé que Synechococcus était capable de moduler la taille des bras
de ses PBS en réponse a des variations de l'intensité lumineuse, notamment en détachant les
disques distaux de PEIl afin réduire le flux de photons parvenant au PSlI, et donc les dommages
générés (Six et al., 2004, 2007c). Les PBS constituent également des cibles privilégiées des
radiations UV, qui non seulement entrainent une déconnection des phycobiliprotéines au niveau
de I'extrémité des bras des PBS, et plus spécifiquement au niveau de la jonction entre les
phycoérythrines | et I, mais également une déconnection des PBS de la membrane thylacoidale
par protéolyse du linker reliant le coeur du PBS au photosysteme (Lcm; Six et al., 2007c). Enfin, il
a été démontré que ces complexes seraient également impliqués dans I'adaptation différentielle
a la température des thermotypes de Synechococcus puisque les phycobiliprotéines présentent
différents niveaux de thermostabilité moléculaire. En effet, la phycocyanine s'est avérée étre la
moins stable de toutes les phycobiliprotéines en réponse au stress thermique, une sensibilité
potentiellement liée a deux substitutions dont la distribution varie selon les thermotypes (Pittera

et al., 2017).

111.2.1.2.3 ‘Quenching’ non photochimique de la fluorescence (NPQf)

Afin de réguler la quantité d’énergie lumineuse parvenant aux photosystemes, un
mécanisme consiste a dissiper I'exces d’énergie sous forme de chaleur au niveau de I'antenne du
PSIl avant qu’elle n’atteigne le RC et ainsi limiter la dégradation des protéines du RCIl. Ce
phénomeéne, qui est appelé NPQf (pour Non-Photochemical Quenching of fluorescence), se
déroule sur une échelle de temps allant de quelques secondes a quelques minutes (Niyogi and
Truong, 2013). Chez Synechococcus, ce processus se produit lors de I'activation par la lumiere de
la protéine OCP (orange carotenoid protein) qui lie un keto-caroténoide. Lors de I'exposition des
cellules aux fortes lumieres, I’OCP va changer de conformation pour devenir active, puis se lier au
cceur du PBS au niveau de I'APC (Kirilovsky and A. Kerfeld, 2013). Cette interaction va permettre
la dissipation de I'énergie lumineuse par transfert de charge ou d’énergie de la biline excitée de

I’APC vers I'OCP (Tian et al., 2011). Cette protéine est donc a la fois le senseur et le dissipateur de
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I’excés d’énergie lumineuse, qui permet d’éviter que 80% de I'excitation du PBS n’atteigne le RC
(Kirilovsky and A. Kerfeld, 2013; Tian et al.,, 2011). Lorsque la cellule ne subit plus de stress
lumineux, I’OCP se détache du PBS et retourne a sa forme inactive grace a I'action de la protéine
FRP (fluorescence recovery protein; Boulay et al.,, 2010). Malgré le role essentiel de ce
mécanisme, seule une partie des souches de Synechococcus marins possedent I'opéron constitué
des genes codant pour le keto-carotenoide, 'OCP et la FRP. De méme, Prochlorococcus ne
possedent aucun de ces trois genes, ce qui est en accord avec I'absence de PBS dans ces souches
(Scanlan et al., 2009). Néanmoins, les souches de Prochlorococcus sont capables d’avoir une
réponse de type NPQ, en particulier les souches HL qui sont plus susceptibles d’étre soumises a
des variations de l'intensité lumineuse, méme si le mécanisme en jeu n’est pas encore connu

(Bailey et al., 2005; Six et al., 2007b).

111.2.1.2.4 Autres mécanismes de photoprotection

D’autres mécanismes de photoprotection impliquent des protéines inductibles par la
lumiere ou d’autres stress : les high light-inducible protein (HLIP) et IsiA (iron-stress induced),
cette derniere étant également impliquée dans la réponse a la carence en fer (Havaux et al.,,
2003). Les protéines HLIP, présentes aussi bien chez Synechococcus que chez Prochlorococcus,
sont notamment impliquées dans le phénomeéne de dissipation non photochimique de I'énergie
lumineuse absorbée en excés au niveau des antennes (Havaux et al., 2003). Elles peuvent
également avoir la fonction de transporteur de pigment, en capturant la chlorophylle libérée lors
du cycle de réparation du PSII afin d’éviter les potentiels effets phototoxiques des pigments libres
(Xu et al., 2004). La protéine IsiA, uniquement présente chez certaines souches de Synechococcus
marins, s’accumule chez les cyanobactéries lors de carence en fer ou d’exposition aux fortes
lumieres permettant a la fois de protéger le PSIl des dommages liés a la formation de ROS et
d’augmenter les capacités de capture de la lumiere par le PSI (Havaux et al., 2005; Yeremenko et
al., 2004). L'OCP et les HLIP sont aussi impliquées dans I'élimination des radicaux 0, qui

s’accumule dans le RCII en cas de photoinhibition (He et al., 2001; Kerfeld et al., 2017).
111.2.1.2.5 Transitions d’état

Le PSIl et le PSI ont des propriétés d’absorption de la lumiere distinctes et leur degré
d’excitation peut étre déséquilibré par des changements quantitatifs et/ou qualitatifs de lumiére
exposant la machinerie photosynthétique a des risques de photoinhibition. Afin de maintenir une
efficacité photosynthétique maximale, I'énergie peut étre redistribuée entre les photosystémes

a une échelle de temps de quelques secondes par le mécanisme de transition d’état (Allen, 2003;
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Lemeille and Rochaix, 2010). Chez les cyanobactéries, cette transition d’état se caractérise par le
déplacement des PBS a la surface des membranes thylakoidales (Yang et al., 2009). En réponse a
des déséquilibres d’excitation des photosystémes, ce phénomeéne est activé en fonction de I'état
d’oxydoréduction du pool de plastoquinones (Mullineaux, 2014). Ainsi, l'oxydation des
plastoquinones induit I'état 1, tandis que leur réduction induit I'état 2. Les conditions de lumiere
favorisant la surexcitation du PSIl induisent une transition vers I'état 2, dans lequel une grande
partie de I'énergie est détournée du PSIl au PSI, tandis que les conditions de lumiere qui
provoquent une excitation excessive du PSI induisent une transition vers I'état 1, dans lequel
I’énergie est préférentiellement transférée au PSIl (Allen, 2003). En changeant le niveau de
transfert d'énergie vers les photosystemes, les transitions d'état agissent pour controler
I'équilibre du transport d'électrons linéaire (impliquant les deux PS et générant a la fois la force
proton-motrice qui est génératrice d’ATP et un pouvoir réducteur) et du transport cyclique
d'électrons du PSI (impliquant uniquement le PSI et générant la force proton-motrice sans
production de pouvoir réducteur). L'état 2 permet donc d’accroitre I'activité du PSI par rapport

au PSII, favorisant ainsi le transport cyclique d'électrons (Mullineaux, 2014).

111.2.1.2.6 Voies alternatives du transport des électrons

Afin d’évacuer les électrons en surplus dans la chaine de transport des électrons et ainsi
éviter la surréduction des transporteurs, il existe de multiples voies alternatives du transport des
électrons, qui permettent aux cyanobactéries de gérer les variations rapides de l'intensité
lumineuse. Ce role protecteur de I'appareil photosynthétique est géré chez les cyanobactéries
d’eau douces par des flavoprotéines (Bersanini et al., 2014; Zhang et al., 2009, 2012). Chez
Synechocystis sp. PCC 6803, il existe 4 genes codant pour des flavoprotéines (flvi-4), fortement
surexprimés lors de I'exposition a de fortes lumiéres ou en cas de limitation en carbone (Zhang et
al., 2009). Flvl et 3 protegent le PSI en jouant un role de puits a électrons grace a leur activité
oxydoréductase afin de récupérer les électrons du coté accepteur du PSI et les délivrer a une
molécule d’O,, qui est réduite en H,O sans danger pour la cellule, un processus appelé la réaction
de Mehler (Allahverdiyeva et al., 2011, 2013). FLv2 et 4 sont spécifiques des cyanobactéries et
permettent de protéger le PSll de la photoinhibition. De fagon similaire a Fivl et 3, FLv2 et 4
jouent un role de puit a électrons mais au niveau du PSll, permettant d’éviter que le pool de
plastoquinones soit surréduit et donc la production de ROS (Allahverdiyeva et al., 2011, 2013;
Bersanini et al., 2014; Zhang et al., 2012). Le complexe COX (aas-type cytochrome c oxidase) peut
quant a lui recevoir des électrons du cytochrome bs/f qui a potentiellement également une

fonction de puit d’électrons en cas de baisse d’activité du PSI (Lea-Smith et al., 2013). Chez
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certaines souches de Synechococcus marins et la plupart des souches de Prochlorococcus HL et
LLI, on retrouve la protéine PTOX (pour ‘plastoquinol terminal oxidase’) qui permet elle aussi
I'accumulation de plastoquinones réduites. De fagon intéressante, PTOX est composé de 2
atomes de fer alors que le cytochrome bg/f et le PSI contiennent 6 et 12 atomes, respectivement.
L’utilisation de PTOX lors de carence en fer peut étre un avantage puisqu’il permet d’économiser
du fer pour d’autres fonctions (Bailey et al.,, 2008). A noter que chez les picocyanobactéries
marines, seul un couple de flavoprotéines, équivalent a Flvl et 3 est présent et seules quelques
souches de Synechococcus possedent PTOX tandis que presque toutes les souches de

Prochlorococcus possédent une forme spécifique de cette protéine (Scanlan et al., 2009).
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Figure 15 - Représentation du flux d'électron d'une molécule d'eau jusqu'au NADP* et des voies
alternatives de transport d'électron chez les cyanobactéries. Le trait plein correspond a la voie
classique alors le trait en pointillé indique les voies alternatives jouant le r6le de puits a électrons. (Cs:
cytochrome cs; COX : aas -type cytochrome ¢ oxidase; Cyd : cytochrome bd-quinol oxidase; Cyt bgf :
cytochrome bg; Hox : [Ni-Fe]-hydrogenase; Fd : ferrédoxine; Flvl/3 et Flv2/4 : flavoprotéines; FNR :
ferredoxin-NADP reductase; OEC : oxygen evolving complex; PC : plastocyanine; PQ : plastoquinone;
PSI: photosysteme [; PSIlI: photosysteme |l; PTOX: plastoquinol terminal oxidase). Figure de
Pessarakli, 2016.

Les multiples stratégies mises au point pour préserver |'intégrité et le fonctionnement de
la machinerie photosynthétique permettent aux cyanobactéries de survivre et de croitre dans des
conditions de lumiére trés variées en réagissant rapidement aux variations quantitatives et

qualitatives du rayonnement incident dans les différentes niches environnementales occupées.
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111.2.2 Les mécanismes d’ajustement de la fluidité membranaire

La température et le stress osmotique, entre autres, ont un effet direct sur la fluidité
membranaire qui est elle-méme influence la conformation et donc l'activité des protéines
membranaires (Mikami and Murata, 2003) et notamment des photosystemes | et Il. C'est
pourquoi la capacité des cellules a moduler la fluidité de ces membranes est indispensable au
maintien de la ‘fitness’ des organismes photosynthétiques dans une niche thermique donnée
(Mackey et al., 2013, Varkey et al., 2016). Dans ce contexte, une étude récente a montré qu’en
réponse au froid Synechococcus sp. WH7803 était capable d’induire un raccourcissement des
chaines d’acides gras composant les lipides membranaires (conduisant ainsi a un amincissement
de la membrane) et d’activer la désaturation des acides gras a des sites spécifiques des trois
glycolipides présents chez cet organisme (Pittera et al., 2018). Des insaturations sont insérées
dans les chaines d’acides gras par des enzymes de la famille des désaturases, permettant de
maintenir la fluidité de la membrane (Varkey et al., 2016, Xiaoyuan et al, 2008). La comparaison
des génomes de Synechococcus disponibles a permis d’identifier quatre membres principaux de
cette famille, codant deux désaturases A9 (desC3 et desC4) et deux A12 (desA2 et desA3) dont le
pattern phylétique differe entre les thermotypes chauds (clades Il et lll) d’une part et les
thermotypes froids (clades | et IV) d’autre part, suggérant que les capacités de désaturation
pourraient faire partie des stratégies physiologiques sous-jacentes a la spécialisation des lignées

de Synechococcus a différentes niches thermiques (Pittera et al., 2018).

111.2.3 Effet de la carence en nutriments

Les limitations en nutriments sont les principaux facteurs limitant la croissance du
phytoplancton dans le milieu naturel. En fonction des zones et de la saison, le phytoplancton va
étre soumis a différentes carences en particulier pour les nutriments suivants : I'azote (Hunt et
al., 2013; Shilova et al., 2017), le fer (Mann and Chisholm, 2000; Shilova et al., 2017) et le
phosphate (Fuller et al., 2005; Saito et al., 2014). Ces carences ont des effets particuliers sur la
croissance et la physiologie des cellules et peuvent déclencher des mécanismes de réponse,
permettant de gérer ces conditions peu favorables. Les picocyanobactéries étant des composants
majeurs des communautés phytoplanctoniques colonisant les environnements oligotrophes,
elles constituent de tres bons modeles pour comprendre les mécanismes permettant de survivre

a des carences en nutriments.
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111.2.3.1 Carence en phosphate

Dans le cas d’une carence en phosphate, il a été montré que les picocyanobactéries sont
capables de réduire leur quota en phosphate intracellulaire par 4, jusqu’a un point ol la moitié
du phosphate intracellulaire est retrouvé dans I’ADN, le reste du phosphate étant retrouvé dans
d’autres composés cellulaire et dans 'ARN (Bertilsson et al., 2003; Fu et al., 2006). L'un des
mécanismes mis en place pour limiter 'utilisation de phosphate consiste en le remplacement des
phospholipides de la membrane par des lipides dépourvus de phosphate (Van Mooy et al., 2006,
2009). D’autres mécanismes d’adaptation moins connus semblent étre mis en place en cas de
faible concentration de phosphate dans le milieu, tel que suppression de voies métaboliques
dépendantes du phosphate et la limitation de production d’ARN chez Prochlorococcus MED4
(Casey et al., 2016). En cas de limitation en phosphate dans le milieu des picocyanobactéries,
celles-ci sont également capables d’accroitre leur capacité d’assimilation de ce macronutriment
notamment en surexprimant des genes impliqués dans i) le transport du phosphate (pstABC), ii)
la captation du phosphate inorganique (la forme privilégiée par la cellule) dans I'espace
périplasmique par la protéine PstS, codée par une famille de paralogues, iii) I'assimilation de
phosphate organique par hydrolyse d'une macromolécule biologique, une réaction réalisée par
les phosphatases et enfin iv) la motilité des cellules de Synechococcus, qui seraient capables de
chimiotactisme par rapport au phosphate comme c’est le cas pour I'azote (Martiny et al., 2006;
Mazard et al., 2012b; Moore et al., 2005; Pitt et al., 2010; Tetu et al., 2009; Willey and Waterbury,
1989).

Afin de mettre en place ces réponses liées au manque de phosphate, il faut qu’en amont
I'organisme détecte cette carence. Chez Synechococcus et Prochlorococcus, c’est I’histidine kinase
PhoR qui joue ce réle et déclenche I'activation du régulateur transcriptionnel PhoB, qui a son tour
induit la surexpression des génes contenus dans le régulon Pho (pstS, pstABC, PhoD, etc ; Su et
al., 2006, 2007; Tetu et al., 2009). Le complexe PhoR/PhoB, permettant d’induire le transport du
phosphate, fonctionne en synergie avec le régulateur PrtA, qui joue un réle dans I'activation des
genes de phosphatases (Ostrowski et al., 2010). Comme mentionné précédemment (cf. §l11.1.3
Roles des transferts horizontaux et ilots génomiques), la présence/absence de ces génes est
directement reliée aux sites d’isolement des souches, certains de ces genes étant par exemple
absents certains Prochlorococcus HL et les souches cotieres de Synechococcus, colonisant des

zones non limitées en phosphate (Moore et al., 2005; Palenik et al., 2006; Scanlan et al., 2009).
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111.2.3.2 Carence en azote

La carence en azote est connue pour inhiber la croissance cellulaire et impacter
|'efficacité de la photosynthese (Lindell and Post, 2001; Lindell et al., 2002; Steglich et al., 2001;
Tolonen et al.,, 2006). Cette carence peut notamment déclencher ['utilisation de sources
alternatives d’azote. L'ammonium, directement assimilable par les cellules, est la source d’azote
privilégiée par les picocyanobactéries alors que les nitrates et les nitrites nécessitent des étapes
préalables de réduction plus couteuses en énergie. En absence d’'ammonium et en présence de
nitrates et/ou de nitrites, le géne ntcA, un régulateur transcriptionnel retrouvé chez toutes les
picocyanobactéries, est exprimé et active I'expression des génes impliqués dans le transport et
I"assimilation de ces composés, son expression étant maximale en |'absence de source d’azote
(Lindell and Padan, 1998; Lindell and Post, 2001; Lindell et al., 2002; Scanlan et al., 2009; Tolonen
et al.,, 2006). Aprés incorporation des formes oxydées de l'azote par le transporteur
transmembranaire NrtP, le nitrate est réduit par la nitrate reductase (NarB) en nitrite, lui-méme
réduit en ammonium par la nitrite reductase (NirA). En plus de ces sources inorganiques d’azote,
les picocyanobactéries sont capables d’utiliser des sources organiques, telle que I'urée,
incorporée via une perméase de type ABC (UrtA-D), puis dégradée par une uréase codée par les
geénes ureA-G et libérant de 'ammonium (Collier et al., 1999; Scanlan et al., 2009; Valladares et

al., 2002).
111.2.3.3 Carences en micronutriments

Les macronutriments ne sont pas les seuls a étre potentiellement limitants pour la
croissance de ces organismes, c’est aussi le cas des micronutriments, en particulier des métaux
traces. En effet, les concentrations de fer, manganése, zinc et cobalt ont un impact sur la
croissance et la composition des espéces phytoplanctoniques (Boyd et al., 2000; Coale et al.,
1996; Hassler et al., 2012; Moore et al., 2004; Saito et al., 2004; Sunda and Huntsman, 1995). Les
micronutriments sont retrouvés en tres faibles quantités dans I'environnement (pico- a nano-
molaire) et sont pourtant indispensables au métabolisme de ces organismes. Les micronutriments
sont en effet présents dans les cofacteurs et les enzymes du métabolisme cellulaire. Par exemple,
I'appareil photosynthétique est composé de multiples cofacteurs contenant des métaux,
notamment le fer dans les groupements fer-soufre (Fe-S) et les cytochromes, du manganése dans
le groupement manganése du complexe d’évolution de I'oxygene (OEC) dans le PSII, du cuivre
dans les plastocyanines, le zinc dans I’'anhydrase carbonique, le cobalt dans la vitamine B12 et du
magnésium dans chaque molécule de chlorophylle (Scanlan et al., 2009; Shcolnick and Keren,
2006). Les études décrivant les effets chez les cyanobactéries d’une carence ou d’un exces de

micronutriments portent en majeure partie sur le fer.
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Le fer est particulierement essentiel pour les organismes photosynthétiques puisque I'on
retrouve environ une vingtaine d’atomes de fer au sein de I'appareil photosynthétique (Bailey et
al., 2008; Raven et al., 1999). En conditions de carence en ce nutriment, il a été montré que les
génes impliqués dans la biosynthése des phycobilisomes sont sous-exprimés, réduisant par
conséquent le nombre de ces complexes a la surface des thylacoides, et il en est de méme pour
les génes responsables de la synthése du PSI, qui a lui seul contient 12 atomes de fer (Bailey et
al., 2008; Mackey et al., 2015; Morrissey and Bowler, 2012; Thompson et al., 2011). En revanche,
ce stress induit la surexpression des genes codant pour les transporteurs de fer (idiA, futB, futC;
Thompson et al., 2011). Afin de réduire le quota en fer des cellules, certaines enzymes aux
fonctions équivalentes a des enzymes contenant du fer, utilisent un autre métal comme
cofacteurs. C'est notamment le cas de flavodoxine (IsiB), utilisant le cuivre, qui remplace la
ferrédoxine (PetF) mais également de la plastocyanine (PetE, contenant également du cuivre, qui
remplace le cytochrome cs (Pet)) ou encore de la super oxyde dismutase (SOD) contenant du
nickel qui remplace la Fe-SOD (Erdner and Anderson, 1999; Morrissey and Bowler, 2012; Rocap
et al., 2003). Certaines souches vont également surexprimer la protéine IsiA, homologue du géne
codant pour I'antenne photosynthétique de Prochlorococcus, qui en formant un anneau de
protéines pigmentées autour du PSI, serait capable de compenser la diminution de complexes
consommateurs en fer, tels que le PSI ou les PBS, en augmentant le rendement quantique du PSI
(Bibby et al., 2001, 2003; Boekema et al., 2001; Thompson et al., 2011). Il a été suggéré que ces
variations d’expression serait sous le controle d’un régulateur transcriptionnel, Fur, que I'on

retrouve dans I'ensemble des génomes de picocyanobactéries (Scanlan et al., 2009).
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Objectifs de these

Bien que la diversité génétique des deux genres de picocyanobactéries ainsi que leur
biogéographie soient maintenant relativement bien décrites, les mécanismes impliqués dans
|’adaptation et I'acclimatation a leurs niches respectives ainsi que les différences physiologiques
entre écotypes restent encore mal compris. Ce manque de connaissance serait d d’'une part au
nombre encore limité de génomes disponibles au début de ma these qui n’avaient pas permis de
mettre en évidence les spécificités génomiques de chaque écotype, et d’autre part au fait que la
plupart des études physiologiques n’ont pour le moment porté que sur quelques souches
modeles, peu ou pas représentatives d’un point de vue écologique, et sur un nombre limité de

facteurs environnementaux.

Le premier chapitre de cette these a visé a identifier les processus évolutifs qui sont
I’origine de la diversification génétique des génomes de picocyanobactéries et a comprendre dans
quelle mesure celle-ci a contribué au succés écologique de ces organismes et a leur adaptation a
des niches spécifiques. J'ai pour cela utilisé des génomes encore non publiés de Synechococcus
qui permettent enfin d’avoir acces a plusieurs génomes par clade, voire par sous-clade au sein de

ce genre.

Bien que diverses études physiologiques aient étudié la réponse des picocyanobactéries
a des changements des parametres environnementaux, peu d’études ont pour le moment
comparé les réponses physiologiques et transcriptionnelles de ces organismes a divers stress
environnementaux et encore moins la synergie potentielle entre les différents facteurs
environnementaux affectant la croissance et I’état physiologique de ces organismes. Le deuxieme
chapitre de cette thése décrit une étude de la variabilité de la réponse physiologique de la souche

modele Synechococcus sp. WH7803 a différents stress lumineux et thermiques.

En dehors de quelques souches modeéles de picocyanobactéries, la physiologie
comparative de souches représentatives de clades/écotypes abondants in situ a encore été tres
peu abordée. Le dernier axe de cette thése a visé a identifier les mécanismes d’acclimatation aux
variations des conditions environnementales spécifiques ou communs aux quatre principaux
écotypes du genre Synechococcus (clades I-1V). Enfin, I'analyse de données in situ a I'échelle
globale a partir des données de I'expédition de Tara Oceans a permis de valider une partie des

hypotheses formulées durant les différentes parties de cette these.
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Contexte de I’étude

La premiére partie de ce chapitre consiste en une description du systeme d’information Cyanorak
v2.1, regroupant actuellement 97 génomes de picocyanobactéries (dont 31 génomes de Synechococcus non
publiés), un outil qui permet d’affiner manuellement I'annotation fonctionnelle des génomes et de faciliter
les analyses de génomique comparative en termes de présence/absence de génes dans I'ensemble de ces
génomes. En effet dans ce systeme, les génes prédits dans les différents génomes sont rassemblés en groupes
de genes orthologues (CLOG pour ‘Clusters of Likely-Orthologous Genes’), tels que déterminés par Best-Hit
réciproques. En résumé, un CLOG rassemble un groupe de genes dont la séquence, et supposément la
fonction, sont similaires chez les différentes souches. L’annotation réalisée a I'échelle du CLOG est
automatiquement transférée a I'ensemble des séquences qui le compose et devient prioritaire sur
I’'annotation initiale du gene. Cyanorak v2.1 permet donc non seulement de réaliser une annotation
simultanée et évolutive de I'ensemble des génomes de la base, mais également de générer des exports
concernant diverses informations relatives a chague souche ou a chaque CLOG dans différents formats. Ces
exports ont notamment été utilisés dans I'’étude de Doré et al., présentée dans la deuxiéme partie de ce
chapitre, afin de déterminer aisément les genes présents dans I'ensemble des souches, c-a-d le génome
commun, ceux présents dans au moins une souche, c-a-d le génome accessoire, et enfin les genes spécifiques
de différents niveaux taxonomiques et/ou de groupes de souches occupant la méme niche écologique. En
effet, comme nous avons pu le voir dans l'introduction, diverses études récentes décrivant la distribution des
picocyanobactéries marines ont permis de mettre en évidence une microdiversité importante chez ces
organismes et I'existence au sein des principaux clades de populations génétiquement distinctes occupant
des niches environnementales spécifiques. Par ailleurs, d’autres études ont démontré que ces deux genres
présentent également une trées large diversité génomique et certaines différences en termes de contenu en
génes ont pu étre mis en évidence entre les différents groupes phylogénétiques, méme si le nombre limité
de génomes par clade n"avait jusqu’a présent pas permis d’identifier de fagon fiable les génes spécifiques de
clades ou d’écotypes. Dans ce contexte, la deuxieme partie de ce chapitre a contribué a répondre aux
questions suivantes : i) quelles sont les bases génétiques de I'adaptation a différentes niches
environnementales ? et ii) quels mécanismes évolutifs ont-ils permis d’aboutir a cette remarquable diversité

génomique ?
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Contribution

Les étapes d’extraction d’ADN, de séquencage, d’assemblage, d’annotation automatique des 32
nouveaux génomes présentés dans cette étude ainsi que les étapes de clustering en CLOGs et de
développement de I'application Cyanorak v2.1 avaient été réalisées avant le début de ma thése, notamment
a travers une étroite collaboration entre I'équipe ECOMAP et la plateforme ABIMS. En ce qui me concerne,
j’ai activement participé a I'amélioration du systeme d’information, notamment en listant les génes
nécessitant une curation de leur annotation fonctionnelle, en participant a la mise au point avec Mark
Hoebeke d’un outil de curation des starts (StartCorrector, non finalisé a ce jour) et en travaillant sur les
différents formats d’export de données. Par ailleurs, j'ai travaillé en collaboration avec Loraine Brillet-
Guéguen a la génération d’une interface de visualisation des génomes (JBrowse), notamment en générant et
formatant les données de génomique (génes communs, accessoires et uniques, prédiction d’opérons, de
génes gagnés et/ou présents dans des ilots génomiques, etc.) et de transcriptomique intégrées a cet outil,
incluant des données de RNAseq acquises dans le cadre de ma thése et de microarrays acquises

précédemment (Blot et al., 2011).

Concernant le deuxieme manuscrit inclus dans ce chapitre et portant les mécanismes évolutifs de la
diversification des génomes de picocyanobactéries marine et leur adaptation aux niches écologiques, tels
gu’analysés sur les 81 génomes non-redondants de la base Cyanorak v2.1, une grande partie des analyses de
génomique comparative avaient déja été réalisées dans le cadre de la these d’'Hugo Doré. Ma principale
contribution a été de développer un workflow original permettant de détecter les flots génomiques partagés

par les différents génomes de picocyanobactéries analysés dans le cadre de cette étude.
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I.1 Cyanorak v2.1, a scalable information system dedicated to the
visualization and expert curation of picocyanobacteria genomes

Résumé de I’article

Cyanorak v2.1 (http://www.sb-roscoff.fr/cyanorak) est un systeme d'information dédié a l'annotation, la
comparaison et la visualisation de génomes de Prochlorococcus, Synechococcus et Cyanobium, les
microorganismes photosynthétiques les plus abondants sur Terre. La version publique actuelle de la base de
données comprend 97 génomes, couvrant la plupart de la grande diversité génétique connue jusqu'a présent
au sein de ces groupes. Les séquences ont été divisées en 25 834 clusters de groupes de génes orthologues-
like (CLOG). L'interface utilisateur donne accés aux informations détaillées sur les souches, y compris les
caractéristiques génomiques, les numéros d'accession, les métadonnées ainsi qu'une carte interactive
montrant leur site d'isolement. Un visualiseur de génome basé sur JBrowse est également disponible et
permet aux utilisateurs de visualiser des informations supplémentaires liées a chaque génome, telles que les
génes acquis, les llots génomiques, les opérons prédits ou les données transcriptomiques, lorsqu'elles sont
disponibles. L'entrée principale dans la base de données se fait par une recherche rapide ou avancée d'un
terme (nom du géne, produit, numéro EC, code PFAM, etc.), ce qui donne une liste de CLOGs et de genes
individuels. Chaque CLOG bénéficie d'une riche annotation fonctionnelle comprenant les COG, EggNOG, les
numéros EC et K, les GO terms, les TIGR Roles, les Cyanorak Roles ainsi que les motifs TIGRFAM, PFAM, ProSite
et InterPro. Un profil phylétique indique le génotype et le type pigmentaire de toutes les souches possédant
I'orthologie sélectionnée. Ce systeme d'information comprend également plusieurs plugins utiles,
notamment des outils de recherche BLAST, un contexte génomique comparatif, ainsi que diverses options
d'exportation. En résumé, Cyanorak v2.1 constitue un outil inestimable et modulable de génomique

comparative pour I'un des groupes de micro-organismes marins les plus pertinents sur le plan écologique.
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Cyanorak v2.1, a scalable information system dedicated to the
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Abstract

Cyanorak v2.1 (http://www.sb-roscoff.fr/cyanorak) is an information system dedicated to the

expert annotation, comparison and visualization of the genomes of Prochlorococcus, Synechococcus
and Cyanobium, the most abundant photosynthetic microorganisms on Earth. The current public
version of the database encompasses 97 genomes, covering most of the wide genetic diversity known
so far within these groups. Sequences were split into 25,834 clusters of likely orthologous groups
(CLOGS). The user interface gives access to the detailed information about strains, including genomic
characteristics, accession numbers, metadata as well as an interactive map showing their isolation
site. A genome viewer based on JBrowse is also available and allows users to visualize additional
information related to each genome such as gained genes, genomic islands, predicted operons or
transcriptomic data, when available. The main entry to the database is through either fast or advanced
search for a term (gene name, product, EC number, PFAM code, etc.), resulting in a list of CLOGs
and individual genes. Each CLOG benefits from a rich functional annotation including COG,
EggNOG, EC and K numbers, GO terms, TIGR Roles, custom-designed Cyanorak roles as well as
TIGRFAM, PFAM, ProSite and InterPro motifs. A phyletic profile indicates the genotype and
pigment type of all strains possessing the selected ortholog. This information system also includes
several useful plugins including BLAST search tools, comparative genomic context, as well as
various export options. Altogether, Cyanorak v2.1 constitutes an invaluable, scalable tool for

comparative genomics for some of the most ecologically relevant groups of marine microorganisms.
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Introduction

The regular decrease in sequencing costs associated with the rapid development of Next Genome
Sequencing (NGS) technologies has led to the multiplication of microbial genomes (1, 2), making
possible extensive comparative genomics studies. Genomes are generally annotated using gene
calling programs, such as e.g. RAST (3) or Prokka (4), which can provide fairly reliable annotations
for the most conserved core genes involved in general metabolism (e.g., ribosomal proteins, Krebs or
Calvin cycle enzymes, DNA replication, tRNA, etc.) or more specific but well characterized functions
shared by many sequenced organisms (chlorophyll biosynthesis, nitrogen fixation, etc.). However,
these automatic annotations are much less reliable for the least conserved accessory genes, such as
those encoding enzymes responsible for cell wall biosynthesis that are often multi-domains, with
highly variable domain composition, or those coding for species- or even strain-specific functions
(e.g. biosynthesis of secondary metabolites, carotenoids, etc.). Thus, even though an initial step of
automatic annotation is mandatory, functional annotation of predicted coding sequences (CDS) still
require extensive expert human curation to be reliable, especially for non-model organisms. With the
exponential increase of newly sequenced genomes, manually curating individual genomes is however
a highly time-consuming and inefficient approach. A smart alternative is to curate several
phylogenetically related genomes at a time, after gathering sequences into Clusters of Likely
Orthologous Genes (CLOGS), i.e. genes that exhibit reciprocal best hits to one another and are
hypothesized to have the same function in the different members of the dataset (5, 6). This strategy,
notably used in the NCBI’s ‘prokaryotic genome annotation pipeline’ (7) for annotating new genomes
or re-annotating older genomes before inclusion in the RefSeq database, allows propagating rich,
functional annotations made at CLOG level to all proteins composing the CLOG and makes it

possible to unify and standardize these annotations across all sequenced strains.
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Here we present Cyanorak v2.1, an information system based on CLOGs that is dedicated to the
annotation and visualization of picocyanobacterial genomes. Initially created in the mid 2000’s by A.
Dufresne and co-authors to compare the first 14 genomes of marine and brackish picocyanobacteria
(8), the Cyanorak database has tremendously increased since then and relies on a completely
redesigned and tremendously enriched information system (v2.1) which, contrary to Cyanorak v1, is
scalable. The current database encompasses 95 genomes and two metagenome-assembled genomes
(MAGsS), including 31 newly released Synechococcus and Cyanobium genomes (9), which have been
closed using a custom-designed assembly and scaffolding pipeline (10). All strains whose genomes
have been included in the Cyanorak v2.1 database belong to Cyanobacteria Subsection I, Cluster 5
sensu Herdman (11), a coccoid-shaped group that forms a deep monophyletic branch within this
ancient phylum (12). The common ancestor of all Cluster 5 members is thought to have diverged
from other cyanobacteria about 1 Gy ago, during the Mesoproterozoic period (13). Members of
Cluster 5 are also called ‘a-cyanobacteria’, based on the occurrence in their cytoplasm of specific a-
type carboxysomes, phylogenetically and structurally closer to that of thiobacilles than to the B-type
carboxysomes found in all other cyanobacteria, so-called ‘B-cyanobacteria’ (14). Cluster 5 is itself
split into four major groups, including the monophyletic, strictly marine Prochlorococcus lineage and
three deeply branching groups, called sub-clusters (SC) 5.1 through 5.3 (8, 15, 16), recently suggested
to be renamed Ca. Marinosynechococcus (SC 5.1), Cyanobium (SC 5.2) or Ca. Juxtasynechococcus
(SC5.3;9). SC5.1 is the most diversified of all these lineages, with about 10 phylogenetically distinct
clades based on 16s rDNA phylogeny (16), all strictly marine except clade VIII that specifically
gathers halotolerant strains. SC 5.2 also mostly encompasses halotolerant strains as well as one
freshwater representative (Cyanobium gracile PCC 6307). While members of SC 5.3 were initially
thought to be strictly marine (8, 16), freshwater members of this group were recently discovered in
various lakes (17, 18). The current version of Cyanorak v2.1 encompasses representatives of most of

the lineages (SC and clades) known to date in Cluster 5, with the exception of the newly described
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freshwater members of SC 5.3 as well as members of the yet-uncultured SC 5.1 clades EnvA and
EnvB (10, 19). Since all Cluster 5 members possess a similar morphology (spherical to rod shaped)
and lifestyle (aquatic, non-diazotrophic oxyphototrophs; 11) and form a monophyletic branch within
the Cyanobacteria phylum, we assume that members of most CLOGs defined within this genetically
homogeneous group exhibit the same function, while this might not be true when considering more
distant organisms, notably cyanobacteria exhibiting different lifestyles. Here we describe the
construction of the cyanorak V2.1 database, the rich functional annotation available for each CLOG
and the tools and plugins that were developed to explore the genomic diversity of this ecologically

relevant group of organisms.

Material and Methods

Clustering of likely orthologous sequences and CLOG curation

Following the delineation of a first series of CLOGs based on the 14 first sequenced
picocyanobacterial genomes (8), Cyanorak vl CLOG numbers have been cited in a number of
publications (see e.g., 20-28). In order to preserve at best these preexisting CLOG numbers after
addition of 83 new genomes including new genomes either retrieved from Genbank or newly
sequenced at our initiative (see Fig. 1 in Doré et al, Unpub, CHAPTER 1.2), all genes from the 97
genomes were first clustered using all-against-all BLASTp+ comparison and the OrthoMCL
clustering algorithm (29) with an e-value threshold of 10 and new CLOGs were then mapped to
previously defined Cyanorak vl CLOGs. New CLOGs containing all sequences from a vl CLOG
plus additional sequences from new genomes as well as manually curated CLOGs were assigned the
previous vl CLOG numbers. All other sequences were then tentatively assigned to preexisting

CLOGs using HMMER (30) with an e-value threshold of 10-*° and remaining sequences were finally
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clustered using OrthoMCL to define new CLOGs or left as singletons in individual CLOGs if not

clustered.

Since Cyanorak v.1 contained only CDS, these steps also allowed us to generate CLOGs for rRNA,
tRNA, tmRNAs using all-against-all BLASTn+ and the OrthoMCL algorithm using the same
threshold as for CDS (30). After this semi-automatic clustering step, a large number of CLOGs (about
3,800) were further manually curated in order to i) check and complement the functional description
of CLOG:s, ii) verify that members of a given CLOG were truly orthologs, based on their phyletic
pattern, alignments and phylogenetic trees. Paralogs were moved into different CLOGs when they
grouped together into different branches as the bona fide orthologs. In order to refine assessment of
the core genome (9), more than 1,750 genes missed by gene prediction softwares, either because they
were too short (e.g. petM, psbM) or partially overlapping with other genes notably in the case of long
3°-3” overlaps (e.g. for pyrB-ndbA or panB-hemN), were also manually added to different genomes.
Furthermore, many over-predictions (e.g., short CDS of unknown function totally overlapping long
annotated CDS) were eliminated, and this even in genomes retrieved from Genbank. At last, starts of
sequences obviously too short or too long were corrected, based on an alignment of all CLOG

members and/or 5’-end extensions using TBLASTN searches.

Implementation of the Cyanorak v2.1 information system

The development of Cyanorak v2.1 was done in two steps. The first version (v2.0) of this information
system included a history feature keeping track of every change and allowing to readily restore the
database content at any previous date and/state. This version of the information system is still
currently used for the manual curation of the database. However, the history was found to
considerably slow down page loading times, especially when the number of genomes and MAG’s in

the database climbed to 97, and a completely new version of the Cyanorak information system, devoid
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of the history feature (v2.1), was therefore recently developed and proved to be two to three time
faster than v2.0. Several instances of the Cyanorak information system therefore co-exist on our
server: i) the access-restricted, editable cyanorak V2.0 allowing expert curators to edit most fields of
the ‘CLOG’ and ‘gene’ pages, and ii) the public, non-editable Cyanorak V2.1 versions, the latter
being frozen in the state in which the Cyanorak database was at the time of the co-publication of the
present paper and the comparative genomics study of the 81 non-redundant, high quality genomes of
the database (9). This public version will be regularly updated in the future, with concomitant changes
in version number, when new genomes, SAGs, MAGs and/or transcriptomes will be added to the
Cyanorak database and described in the frame of forthcoming publications. An access-restricted,
editable instance based on the v2.1 implementation is currently being developed and should replace

in near future the current v2.0 instance for expert curation purposes.

Results

General characteristics of the database

Built from 97 picocyanobacterial genomes, including 43 Prochlorococcus and 54
Synechococcus/Cyanobium, which are representative of the wide genetic and pigment diversity
existing within these genera, Cyanorak v2.1 encompasses 252,176 genes that were split into 25,834
CLOGs. A plot of the distribution of the number of sequences per CLOG (Supplementary Figure S1)
expectedly shows that the most frequent category are CLOGs with one sequence, i.e. unique genes
(15,283 CLOGsS), and CLOGs with few (2-5) members. Although most of these CLOGs (e.g. 91% of
unique genes) are annotated as “hypothetical” or “conserved hypothetical” proteins, a number of them
display a more precise functional annotation, since they share some similarities to genes or domains
of known function, with among the most abundant: glycosyltransferases, restriction-modification
system proteins, integrases, transposases, methyltransferases, NAD-dependent

epimerases/dehydratases and tetratricopeptide repeat family proteins. The next most abundant CLOG
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category (611 CLOGs) is the one containing 97 sequences, which corresponds to the
picocyanobacterial core genome sensu stricto. As expected, this number is significantly lower than
the picocyanobacterial strict core gene set (911 genes) estimated by Doré et al. (9) using the 81 non-
redundant, high-quality genomes of the Cyanorak database. Yet, given than some of the 97 genomes
or MAG’s, especially those not included in this 81-genome set, are incomplete and/or contain
frameshifted genes (in this case, the two or more gene fragments resulting from a frameshift have
been put in the same CLOG), many CLOGs contain a number of genes that is close but not exactly
equal to 97. So, the picocyanobacterial core genome sensu lato is likely much larger than 611 genes,
and we estimated it using a relaxed definition of core genes (CLOG is considered as core of a
taxonomical group if it is present in > 90% of the strains within this group) to be 893 genes. A small
number of CLOGs contain a large number of sequences, i.e. between 105 and 337 sequences. These
CLOGs most often contain paralogous sequences that cannot be split into different CLOGs based on
phylogenetic analyses. These notably include the identical multi-copy genes coding for the
photosystem II core proteins D1.2 and D2, porins, AbrB-like transcriptional regulators, the phosphate

ABC transporter phosphate-binding protein PstS, etc.

Cyanorak pages and tools

The homepage of the Cyanorak v2.1 information system shortly describe the origin of the
genomes used to build the CLOGs database, the history of its construction and the main reference
that used it. The top banner available from all pages encompasses several clickable menus, including
the ‘organisms page’ that lists the different genomes of the database and their characteristics, a ‘search

page’ with different options to access to CLOG or gene pages of interest, a ‘Blast search page’, a
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direct link to the JBrowse viewer of each genome, as well as several other menus providing useful

information about the database (References, Links, About us).

Organisms page

The ‘organisms page’ consists of two tables, the first one listing Prochlorococcus genomes and the
other one Synechococcus and Cyanobium genomes. They provide taxonomy, pigment type,
sequencing center as well as various genomic characteristics (size, GC%, status, accession numbers,
number of CDS, etc.) for each genome included in the database. Next to each strain name is a
clickable ‘J’ logo that gives access to the JBrowse page of the corresponding genome (see below). A
distribution map of all of the strains drawn with OpenStreetMap® (https://www.openstreetmap.org/)
is also available in this section (Fig. 1), allowing the user to visualize only a subset of strains (e.g.,
Prochlorococcus only) as well as to display the different strains isolated in the same area as a cluster
of strains or individually. In this section, each strain name in the table can be clicked to get more
detailed information (e.g., isolation site, isolator, environment ontology ENVO code, etc.) and also
allows the user to export gene and protein sequences in FASTA format as well as whole genomes in
Genbank format. In each of these files, the annotation of every gene corresponds to that found on
CLOG pages (see below), which was given priority over the initial gene annotation, even if the

genome was retrieved from Genbank.
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Figure 1: Map of the isolation sites of the different sequenced strains included in the Cyanorak v2.1
database. Green markers indicate Prochlorococcus strains and orange markers Synechococcus ones. Each
marker can be expanded to reveal a ‘call-out’ that shows the strain name, isolation coordinates and depth,
as shown for the North Atlantic Sea isolate Prochlorococcus marinus SB strain. The Search Data boxes shown
on the left side of the map allows to search for specific strain(s), genotype, etc.

Genomic Search tools

The main entry to the Cyanorak v.2.1 database content is through the ‘genomic search’ menu, with
three possible options. The first one is a ‘quick search’ of any term mainly through ‘cluster number’,
‘gene names’ and ‘product descriptions’ fields, a term that can be completed by stars before and/or
after the term to extend the search. For instance, a search for dna* will provide a list a CDS clusters
whose gene name annotation starts with “dna” (e.g. dnaA, dnaB, etc.) as well as a list of products
whose description starts with DNA (e.g. DNA gyrase, DNA primase, etc.). Besides matching clusters,
results also return under distinct tabs a list of matching CDS and (if any) RNAs that contain the

searched term in their description. The ‘advanced search’ option allows the user to look into any field
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documented in the Cluster, CDS or RNA pages, including functional categories (e.g., EC or K
number, InterPro entries, GO terms, etc) and to select one, all or a specific set of strains. Finally, the
‘phyletic cluster search’ option is used to search for clusters, CDS and RNA that are shared by a
selection of genomes and that can be either present or absent in other strains depending on the selected
option. This search option is for instance most useful to identify genes specific of a particular strain

combination such as all Prochlorococcus, a given clade or a given pigment type.

CLOG page

By clicking on a Cyanorak CLOG number (format: CK_XXXXXXXX) in the result list of any
term search (see above), the user is sent to a cluster page providing a full description of the function
and phyletic pattern of the corresponding CLOG. An indication in the upper right corner of the CLOG
page specifies whether the cluster has or not been manually annotated, i.e. whether an expert has
edited and validated its sequence content and functional annotation. The cluster page contains several
fields, including from top to bottom: 1) the corresponding gene identifier in the Cyanorak v1 database
(if any), generally corresponding to the last digits of the Cyanorak v2.1 CLOG number, ii) a gene
name and its synonyms (if any) as well as the product description, iii) functional categories including
COG (5) and EggNOG (6) identifiers and their description, CyOG number (as reported in (31)),
Enzyme Commission (EC) and K numbers with hyperlinks to their descriptions in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database (www.kegg.jp), ‘TIGR Roles’ and custom-
designed ‘Cyanorak Roles’, the latter being largely derived from the previous but providing more
details on photosynthetic and other key cyanobacterial processes, as well as gene ontology (GO) terms
and their description; iv) results of protein domain and motif searches, including TIGRFAMs,
PFAMs, ProSite patterns and profiles, as well as InterPro entries, v) numbers of related clusters, i.e.
possible paralogs, and vi) a phyletic pattern providing the distribution of the genes in the different

genomes, classified by taxonomy (genus, clade and, for Synechococcus SC 5.1 strains only,
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subclades, according to (19)), and indicating the pigment type of the corresponding strain (Fig. S2,
(25, 32, 33)). The bottom of the page lists the different members of the CLOG, with their initial
annotation, a useful information when the annotation was made either automatically or by other
research groups.

On the top left of the ‘cluster page’ is a link to the ‘genomic context’, which displays the four
genes upstream and downstream the selected gene in all members of the CLOG. Two possible
representations of the context are accessible through a toggle button: genes are shown either in
relative size or all at the same size (Fig. 2A-B). To ease comparisons, the central gene is always
represented in forward direction whatever its original direction in the genome and the context is
arranged accordingly. Each CLOG has a given (random) color and genome context can be regenerated
around any gene of the current context by clicking on the name of the corresponding gene, while
clicking on a CLOG number, in the relative size mode, opens the corresponding CLOG page.

Links at the bottom of the cluster page allows the user to export all sequences of the CLOG at a
time as an amino acid or nucleotide FASTA file. The descriptor of each sequence in the export is
standardized and provides the genus abbreviated to the three first letters (Cya|Syn|Pro); strain name;
SC, clade or subclade depending on finest taxonomic level available for the strain as in Farrant et al.,
2016; pigment type as in (25); Cyanorak ORF _ID; gene positions and strand in the genome; Cyanorak
CLOG number and gene name if any (e.g. >Syn A15-24 Illa 3c¢|CK Syn A15-24 02629:2153016-

2154431:1|CK_00000125|dnaB).

59



CHAPITRE |

TR G .-
CETEE Al v T EIE
P L B T . # - m-l:-.- ,{u-ahdwrﬁ m

s e J '\|. .....
D D

Crm .50 PSR |
L - E L WP -
L S & i T, ) A
v -0 T § LT ] F L] HE ST --
o il | 2 I —
T — o - o, AR | i.'EI.
ool r t i 3\.=I L =g %
| ;

Figure 2: Genomic context of the malQ gene. A, genes represented in relative size. B, genes represented at
the same size.

Gene page

By clicking on any gene in the cluster page or the relevant search result tab, the user accesses to
the ‘gene page’, which includes most fields previously described for the cluster page. Specificities
compared to the latter includes 1) the source and location of the gene, namely the strain name, contig
and gene location (position and strand) on the contig, generally consisting in the whole chromosome,
i1) a series of identifiers in Cyanorak and, if relevant, in other databases (Genbank, RefSeq, etc.) and
111) the gene sequence in nucleotides and (for CDS) in amino acids. It must be stressed that this page
contains the initial annotation of the gene (e.g. if the genome was retrieved from Genbank), and the
latter often differs from the CLOG annotation, typically much more complete and extensive,
especially if the cluster was manually curated. All genes included in Cyanorak (even when retrieved
from public databases) were given in addition to their initial ORF _ID a unique Cyanorak ORF ID
with the standardized format CK_Genus_Strain XXXXX (e.g. CK_Syn PROS-U-1_00601) in order
to homogenize the gene names and ease the identification of the genome source. Also noteworthy is
that the genomes included in Cyanorak, even those that have been sequenced by other teams, have

all been manually curated to some extent, including prediction of missing genes or removal of wrong
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predictions, and thus differ from their counterpart in other public databases (Genbank, RefSeq, etc.)

not only regarding their annotation (made at CLOG level) but also their gene content.

BLAST

An indispensable complement to the Cyanorak database is the possibility for users to search any
sequence in all genomes or proteomes of the database using several blast options available from the
Blast page. This includes a Blast page allowing to blast a nucleotide or protein sequence against a
selection of up to 59 genomes (‘Blast a selection’) or all genomes (‘Blast all’) using a classical blast
interface. A third option is to use a Galaxy interface (‘Galaxy blast”) allowing users to blast several
sequences in batch using the cluster of the ABiMs platform. Result of the Blast returns the Cyanorak
ORF _ID, the strain taxonomy (at the SC, clades and/or subclade level) and pigment type, the CLOG
number as well as the CLOG gene name and product (e.g. CK Syn A15-24 00652 III Illa 3c

CK _00001060!rpoC1!DNA-directed RNA polymerase complex, gamma subunit).

JBrowse page

An additional menu allows to list the data generated by our group and available through the
JBrowse viewer (34) for each strain (core/accessory genes, gained genes, genomic islands, operon
predictions, transcriptomes, etc.) that can be quickly accessed by clicking on the ‘J’ logo next to each
strain name (Fig. 3). This environment allows the user to visualize the whole annotated genome and
to zoom in and out on each genome and to see the local context and detailed annotation of any gene,
as derived from the ‘CLOG page’ (see above). A ‘select tracks’ menu give access (when available)
to additional data associated to each genome, which can be selected by project, publication, category
(e.g., core/accessory/HGT, microarrays differential expression, RNAseq differential expression,
RNAseq coverage) and, in the case of transcriptomic data, acclimation conditions (e.g. low or high

light), stress conditions (e.g. low temperature, UV radiations, etc), stress duration, etc. To date the
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largest set of complementary data is available for Synechococcus sp. WH7803 given that this strain
has been the subject of several comparative genomics (Doré et al., submitted) and physiological

studies (Blot et al., 2011; Guyet et al., submitted).
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Figure 3: An example of genome visualization using the JBrowse plugin of Cyanorak v2.1.

Exports

Various exports are available from different pages of the Cyanorak v2.1 information system,
including strains and genomes characteristics from the organisms page, annotated complete genomes
from the individual genome pages, individual fasta protein and nucleotide sequences from gene pages
and multifasta protein and nucleotide sequences from cluster pages. Furthermore for an internal use,
the private version of Cyanorak automatically generates weekly exports on the local server including
all previously mentioned exports available from the database but also a ‘cluster attribute file’,
encompassing most information included in the cluster and gene pages for all Cyanorak CLOGs (see
above), all genomes in multiple formats (fasta, gbk, gff), nucleotides and amino acid multifasta files

per genome and per CLOG as well as the corresponding Blast databases. These exports, taking into
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account the most recent modifications of the database, can be used to perform extensive comparative

(meta)genomic/transcriptomic analyses using the tools available on the ABiMs calculation cluster.

Discussion

As the most ancient photosynthetic organisms, cyanobacteria had a key role in the oxidation of
the primitive Earth atmosphere (35) but also in the primary endosymbiosis, an event that led to the
advent of green and red algae and ultimately to all eukaryotic oxygenic phototrophs (36). Besides
their relevance in evolutionary biology, cyanobacteria have also an interest in ecology, given their
ubiquity and abundance in many ecosystems, including oceans and deserts (37) and the noxious
impacts of their bloom-forming toxic representatives in freshwater environments (38). For all these
reasons, but also thanks to their fairly small genomes sizes, ranging from 1.4 to 11.6 Mbp, these
microorganisms have been the subject of many sequencing projects (8, 12, 39), which in turn
triggered the generation of a number of dedicated genome databases. The most ancient of these
databases 1s Cyanobase (http://genome.microbedb.jp/CyanoBase), initially created to provide access
to the first sequenced cyanobacterial genome, the model freshwater Synechocystis sp. PCC 6803 (40,
41). This database has since then been extended to host many more recently sequenced freshwater
and marine cyanobacterial genomes (376 entries, including 86 complete genomes in April 2019), but
it is “‘under maintenance’ since summer 2019. Although this database provides many useful genomic
information, this is not a CLOG database and is therefore not conceived to make extensive genomic
comparisons. Also worth noting, CyanoClust (http://gclust.c.u-tokyo.ac.jp/CyanoClust/) is a database
of homologous groups initially limited to cyanobacteria and plastids and which was more recently
extended to a heterotrophic bacteria and Archaea (42). It provides lists of orthologs generated by the
program Gclust, but the functional annotation is limited to the original product description associated
with individual members of each CLOG. The database that was most similar to Cyanorak v2.1 but

which is currently no more accessible, was the ‘Prochlorococcus portal’ a.k.a. ‘Proportal’ (43), which
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was also listing CLOGs from Prochlorococcus and marine Synechococcus with a strong focus on the
former organism.

Compared to these databases, Cyanorak is particularly function-oriented and aims at providing
rich and up-to-date functional annotations to CLOGs, with a preference for those derived from genes
or proteins that were characterized in cyanobacteria. In contrast to most large CLOG databases
currently available, such as COG (5) or EggNOG (6) that encompass very distantly related organisms,
Cyanorak is focused on Prochlorococcus and marine Synechococcus/Cyanobium, i.e. a monophyletic
and homogenous group of microorganisms sharing a similar morphology and life style, making more
reliable the assumption that reciprocal best hits in different genomes truly correspond to orthologs.
Thanks to this CLOG-based approach, the continuous expert curation efforts deployed since the mid-
2000’s have benefited to all genomes of the Cyanorak database, even those initially retrieved from
Genbank. Furthermore, a number of genes that were missing in these often automatically annotated
genomes have been added, while many overpredictions have been suppressed, so that both gene
content and annotations differ between genomes in Cyanorak and their counterparts in large public
databases.

Another important asset of Cyanorak is the variety of tools for exploring and exporting genomes
from the database. For instance, one can search for CLOGs common or specific to a particular
phylogenetic group of interest, an approach which can provide clues to identify genes coding for a
specific function. Thus, searching Cyanorak for homologs of the MpeZ, an enzyme involved in type
IV chromatic acclimation (CA4), i.e. a reversible pigmentation change occurring in some
Synechococcus strains when shifted from blue to green light (44), has allowed us to identify a second
type of chromatic acclimaters, so-called CA4-B, which possess MpeW, a MpeZ homolog. Both mpeZ
and mpeW genes are located in a specific genomic island, but the gene content, organization and
genomic context were found to differ between CA4-A and CA4-B islands (25). Another interesting

example concerns the chlorophyll (Chl) biosynthesis pathway. It is well known that Prochlorococcus
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lacks monovinyl-Chl @, which is replaced by divinyl-Chl @, even in reaction centers (45, 46).
Comparing the genomic context of the core malQ gene (coding for a glucanotransferase) between all
genomes of the Cyanorak database shows that in marine Synechococcus, this gene is always preceded
by an enzyme that reduces divinyl-Chl @ into mononyl-Chl a, but surprisingly there are two possible
mutually exclusive reductase genes depending on strains, either dvr (47) in strains from clades I-1V,
VIIL, CRD1, WPC1 XX and UC-A or cvr4 (48) in all other Synechococcus lineages (Fig. S3). Dvr
and CvrA possess the same enzymatic function but share no sequence identity, and thus are analogs.
In Prochlorococcus genomes, neither dvr nor cvrA are found upstream mal/Q, and none of these genes
is found elsewhere in the genome, explaining why these strains are all incapable to produce
monovinyl-Chl a.

Cyanorak v2.1 is also a repository for a variety of transcriptomic data, the interpretation of
which heavily relies on the quality of genome annotation. In Cyanorak, these data are connected to
the genome database through a JBrowse interface, which also give access to genomic features such
as predicted operons, gained genes or the core or accessory nature of genes, which can be used to

further refine the interpretation of gene expression data (see e.g. (49)).

FUTURE DEVELOPMENTS

The current version of the database includes rRNA, tRNA and tmRNA, but still no small RNAs,
so we plan to add such information in a forthcoming release, at least for the most conserved sRNAs.
Among other planned improvements of the database, although many gene starts have been corrected
manually, amino acid alignments readily made from exports from CLOG pages show that a large
number of those starts are still seemingly too short or too long in a number of genomes and we will
develop an application that allows to automatically correct likely wrong starts, at least when N-termini
are not too variable. Also, new fields will be added on the CLOG page, including for instance

orthologs of each CLOG in relevant biological models, such as the freshwater cyanobacteria
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Synechocystis PCC 6803 and Synechococcus sp. PCC 7942, the heterotrophic bacteria Escherichia
coli and Bacillus subtilis or the higher plant Arabidopsis thaliana.

Future versions of the Cyanorak database will include a number of transcriptomes for several
Synechococcus strains recently generated by our team but that are still unpublished as well as
genomes newly released from public databases. It must be stressed that Cyanorak does not have the
vocation to host all of the rapidly-growing number of incomplete single amplified- and metagenome
assembled- genomes (SAGs and MAGs), apart from a few representative uncultivated lineages (e.g.,
Synechococcus EnvA/B, Prochlorococcus HLIII-VI). Thus, a pipeline is currently being developed
to easily transfer the rich functional annotation of the Cyanorak genomes to these new partial genomic
sequences and, more generally, to any picocyanobacterial environmental reads retrieved from
metagenomes and metatranscriptomes. A few previous studies, where annotations made in Cyanorak
were used to analyze omic data, have notably allowed us to 1) compare the nitrogen assimilation
capacities of Prochlorococcus populations from inside and outside the Agulhas rings in the South
Atlantic Ocean (50), 11) highlight differences between Prochlorococcus and Synechococcus
populations in their adaption and acclimation responses to iron deficiency in the vicinity of the
Marquesas island (51) and 1i1) demonstrate through the global oceanic distribution of desaturase genes
the key role of these enzymes involved in the modulation of membrane fluidity for the colonization
of different thermal niches by distinct Synechococcus lineages (28). We envision that Cyanorak will
become a reference genome database for the taxonomic and functional annotation of not only newly
released genomes and transcriptomes of marine picocyanobacteria, but also the ever-increasing meta-
omes of these microorganisms, which given the natural abundance and ubiquity in the marine
environment constitute a significant part of all reads retrieved from the upper lit layer of marine

waters.
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Figure S2: Example of phyletic pattern for the psbA gene copies encoding the D1.2
isoform of the D1 protein of photosystem II. Note that this isoform is absent from all
Prochlorococcus strains, while it can be present in up to 6 copies in Synechococcus/Cyanobium
strains. No psbA was modelled in CB0205 due to poor assembly of identical gene copies in

this genome.
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Genomic Context for Cluster CK_00000763
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Figure S4: Example of the genomic context of the malQ gene. The genomic context is highly
conserved downstream this core gene but more variable upstream: Synechococcus strains
possess either cvrA or dvr, while Prochlorococcus possess neither of these gene (see text for

explanations).
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1.2 Evolutionary mechanisms of long-term genome diversification
associated with niche partitioning in marine picocyanobacteria

Résumeé de I’article

Les picocyanobactéries marines des genres Prochlorococcus et Synechococcus sont les organismes
photosynthétiques les plus abondants sur Terre, une réussite écologique que l'on pense liée au
partitionnement différentiel d'écotypes distincts en niches écologiques spécifiques. Toutefois, les
processus sous-jacents qui ont régi la diversification de ces micro-organismes et I'apparition de traits
phénotypiques liés a des niches commencent a peine a étre élucidés. Ici, en comparant 81 génomes,
dont 34 nouveaux Synechococcus, nous avons exploré les processus évolutifs qui ont fagonné la
diversité génomique des picocyanobactéries. L'étalonnage temporel d'un arbre de protéines core a
montré que les gains/pertes de génes se produisaient a un taux étonnamment bas entre les
différentes lignées, avec par exemple 5.6 génes gagnés par million d'années (My) pour la principale
lignée de Synechococcus (sous-groupe 5.1), parmi lesquels seulement 0,71 / My ont été fixés sur le
long terme. Les comparaisons du contenu génétique ont révélé un certain nombre de candidats
impliqués dans |'adaptation des nutriments, dont une grande proportion se trouve dans des flots
génomiques partagées entre des souches plus ou moins proches d’un point vue taxonomique,
identifiés grace a une approche originale de construction de réseaux. Il est intéressant de noter que
des souches représentatives des différents écotypes coexistant dans les eaux pauvres en phosphore
(Synechococcus clades Ill, WPC1 et sous-groupe 5.3) ont montré qu'elles présentaient différentes
stratégies d'adaptation a cette limitation. En revanche, nous avons trouvé peu de genes
potentiellement impliqués dans 'adaptation a la température en comparant des thermotypes froids
et chauds. En effet, la comparaison des séquences de protéines core a mis en évidence des variants
de séquence spécifiques aux thermotypes froids, notamment impliquées dans la biosynthése des
caroténoides et la réponse au stress oxydatif, révélant que I'adaptation a long terme aux niches
thermiques repose sur des substitutions d'acides aminés plutoét que sur la variation du contenu des
génes. Dans l'ensemble, cette étude ne se contente pas de déchiffrer les roles respectifs des
gains/pertes de génes et de la variation de séquence, mais présente également de nombreux génes
candidats probablement impliqués dans le partitionnement des niches de deux membres clés du

phytoplancton marin.
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Abstract

Marine picocyanobacteria of the genera Prochlorococcus and Synechococcus are the most
abundant photosynthetic organisms on Earth, an ecological success thought to be linked to
the differential partitioning of distinct ecotypes into specific ecological niches. However, the
underlying processes that governed the diversification of these microorganisms and the
appearance of niche-related phenotypic traits are just starting to be elucidated. Here, by
comparing 81 genomes, including 34 new Synechococcus, we explored the evolutionary
processes that shaped the genomic diversity of picocyanobacteria. Time-calibration of a core-
protein tree showed that gene gain/loss occurred at an unexpectedly low rate between the
different lineages, with e.g. 5.6 genes gained per million years (My) for the major
Synechococcus lineage (sub-cluster 5.1), among which only 0.71/My have been fixed in the
long term. Gene content comparisons revealed a number of candidates involved in nutrient
adaptation, a large proportion of which are located in genomic islands shared between either
closely or more distantly-related strains, as identified using an original network construction
approach. Interestingly, strains representative of the different ecotypes co-occurring in
phosphorus-depleted waters (Synechococcus clades lll, WPC1 and sub-cluster 5.3) were
shown to display different adaptation strategies to this limitation. In contrast, we found few
genes potentially involved in adaptation to temperature when comparing cold and warm
thermotypes. Indeed, comparison of core protein sequences highlighted variants specific to
cold thermotypes, notably involved in carotenoid biosynthesis and the oxidative stress
response, revealing that long-term adaptation to thermal niches relies on amino acid
substitutions rather than on gene content variation. Altogether, this study not only deciphers

the respective roles of gene gains/losses and sequence variation but also uncovers numerous
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gene candidates likely involved in niche partitioning of two key members of the marine

phytoplankton.

Introduction

Understanding how phytoplankton species have adapted to the marine environment, a
dynamic system through time and space, is a significant challenge, notably in the context of
rapid global change [1-4]. Even though these microorganisms might adapt more rapidly than
larger organisms to environmental change due to their short generation times and large
population sizes, the underlying mechanisms and timescales required for such evolutionary
processes to occur remain mostly unknown. One of the best ways to better understand these
processes is by deciphering the links between current genomic diversity and niche occupancy
of these organisms. Such an approach requires complete genomes with representatives of
distinct ecological niches, a resource which remains limited even with the advent of high-
throughput sequencing and the multiplication of partial single amplified genomes (SAGs;[5—
9]) or metagenomes assembled genomes (MAGs; [10,11]). Due to their ubiquity, their natural
abundance in situ, the occurrence of well-defined ecotypes and good knowledge of how
environmental parameters influence their biogeography, marine picocyanobacteria
constitute excellent model organisms to tackle evolutionary processes involved in niche
partitioning.

Synechococcus and Prochlorococcus are the two most abundant photosynthetic
organisms on Earth [12,13]. As major primary producers, they have a pivotal role in CO;
fixation and carbon export and are key players in marine trophic networks [14—-16]. Although
these organisms often co-occur in (sub)tropical and temperate waters, Synechococcus is
present from the equator to sub-polar waters, while the distribution of Prochlorococcus is

restricted to the latitudinal band between 45°N and 40°S [15,17,18]. This broad distribution
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implies that these two microorganisms are able to survive in a large range of environmental
niches along in situ gradients of temperature, light intensity as well as micro- and macro-
nutrients [13,19-22].

The ability of marine picocyanobacteria to occupy various niches is likely related to the
high intrinsic genetic diversity of these taxa. The Synechococcus/Cyanobium radiation has
been split into three main groups, called Sub-Clusters (hereafter SC) 5.1 to 5.3 [23,24]. While
members of SC 5.2, currently encompassing strains assigned to both the Synechococcus and
Cyanobium genera, are restricted to near coastal and estuarine areas, SC 5.1 and 5.3 are
mainly marine, with SC 5.1 dominating in most oceanic waters and showing the highest
genetic diversity currently comprising 18 distinct clades and 40 sub-clades so far described
[25,26]. The Prochlorococcus genus forms a branch at the base of the Synechococcus SC 5.1
radiation and although it includes seven major lineages, usually referred to as ‘clades’, the
whole genus is actually equivalent to a single marine Synechococcus clade from a phylogenetic
viewpoint [21,24,27]. Lineages thriving in the upper mixed layer, so-called High Light-adapted
(HL) clades, are genetically distinct from those occupying the bottom of the euphotic zone,
so-called Low Light-adapted (LL) clades. Furthermore, while members of HLI were shown to
colonize subtropical and temperate waters, HLII to IV are adapted to higher temperatures
[17,28,29], with HLII colonizing N-poor areas and HLIII and IV being restricted to iron(Fe)-
limited environments [7,30,31]. For Synechococcus, distribution and environmental
preferences have only been well characterized for the five dominant clades in the field (clades
| to IV and CRD1). Members of clades | and IV have been shown to be cold thermotypes that
dominate in coastal, mixed and/or high latitude, nutrient-rich waters, while clades Il and Il
are warm thermotypes, thriving in oligotrophic intertropical areas, with clades Il and Il

predominating in N- and P-poor regions, respectively [20—22,32,33]. Finally, members of clade
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CRD1 were recently found to be dominant in large Fe-depleted areas of the world Ocean
[21,22]. Even though clades globally occupy distinct niches, it was also shown that distinct
ecotypes within Prochlorococcus and Synechococcus clades can display specific distribution
patterns [6,25,34], with for instance distinct genetic groups within clades Il and CRD1
colonizing different thermal niches [21].

Despite good knowledge of both their genetic diversity and environmental preferences,
little is known about how environmental factors influence genome diversity and shape the
community structure of marine picocyanobacteria, especially for Synechococcus. However,
the development of high throughput sequencing techniques now allows such questions to be
addressed. In particular, comparative genomics approaches applied to bacteria have revealed
the high variability of microbial gene content, even for closely related strains sometimes
displaying identical 16S rRNA sequences. They notably led to the definition of i) the core
genome, the conserved part of the genome that encompasses genes shared by all strains, and
ii) the flexible genome, the content of which is much more variable and dependent on the
local biotic and abiotic environment [35,36]. In cyanobacteria, previous studies based on
multiple genome comparisons have shown that these organisms still present a so-called ‘open
pan-genome’ [37-39]. Indeed, each newly sequenced genome brings novel genes without
diversity saturation, and this holds true for Prochlorococcus and Synechococcus, for which
only 17 [40,41] and 14 genomes, respectively [23,39] have so far been compared. These
studies thus highlight that the genomic diversity of natural populations is still mostly under-
sampled, which strongly limits the interpretation of comparative genomic analyses. Here, we
use a dataset of 81 non-redundant genomes of marine or halotolerant picocyanobacteria, of
which 34 are newly sequenced complete Synechococcus genomes, to further assess the

genomic diversity within these genera and how occupancy of new realized niches has
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impacted the evolution of these genomes. Analysis of this unprecedented genome dataset
with original bioinformatic tools allowed us to estimate the relative contribution of gene
gains/losses and sequence divergence on the diversification of marine picocyanobacteria and

to highlight key processes involved in their adaptation to various environmental niches.

Results

Picocyanobacteria exhibit a wide intra-clade genomic diversity

In order to expand the coverage of Synechococcus in available marine picocyanobacterial
genomes, 34 new strains were sequenced from cultured isolates, resulting in a quasi-doubling
of the current number of complete or near-complete genomes publicly available for this
genus. Strains were selected to cover the extent of the phylogenetic and pigment diversity of
Synechococcus, as well as maximize their geographic origin and trophic regimes of their
isolation site (Fig. 1, Supplementary Table S1). It should be noted though, that no cultured
isolates are available yet for the EnvA and EnvB clades [21,25]. The use of Wisescaffolder [42]
allowed us to close 29 out of the 31 genomes sequenced by the Genoscope and the Center
for Genomic Research, with only one gap remaining in strains R§9915 and BOUM118 (both in
the giant gene swmB [43,44]) and three gaps in strain BIOS-E4-1 (two in genes encoding a
PQQ enzyme repeat family protein and one in an LVIVD repeat family protein). This high-
quality genome dataset constitutes a key asset for comparative genomics analyses.
Consistent with the genome streamlining that occurred in most Prochlorococcus lineages
[23,40,45], average genome size and GC% are expectedly lower in Prochlorococcus (1.815 Mb
and 34.8%, respectively) than in Synechococcus/Cyanobium (2.533 Mb and 59.18%

respectively), with genome sizes ranging from 1.625 Mb for Prochlorococcus HLII strain GP2
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to 3.342 Mb for Cyanobium gracile PCC 6307 (SC 5.2) and GC% from 30.8% (EQPAC1, MED4
and MIT9515) to 68.7% (PCC 7001 and PCC 6307, Supplementary Table S1). Of note, members
of the cold-adapted Synechococcus clades | and IV exhibited the lowest GC% values of all
Synechococcus/Cyanobium strains (53.8 £ 0.73%) and this difference is even more marked
using GC3%, i.e. the GC content at the third codon position (56.7 + 1.25%; Fig. 2; p < 10
Wilcoxon test for clades | and IV vs. all other Synechococcus/Cyanobium). By contrast, the
warm-adapted clades Il and Il displayed significantly higher values (70.2 + 1.5%; p < 10~
Wilcoxon test clades Il and Il vs. clades | and IV), while the highest GC3% was found for
members of the brackish strains of Synechococcus clade VIII and SC 5.2 (81.1 + 4.6%; p<10~
Wilcoxon test clade VIl and SC 5.2 vs. all other Synechococcus). Thus, although the strongest
GC3% variation was associated to genome reduction in Prochlorococcus, some of the GC3%
variations might be related to the ecological niches occupied by these organisms and notably

to thermal and variable salinity niches.
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Figure 1: Phylogenetic position of the 53 marine Synechococcus genomes used in this study. A maximum-
Likelihood tree was generated based on 231 petB marine Synechococcus sequences from both cultured
and environmental samples. Diamonds indicate bootstrap support over 70%. Sequences were named after
strain name_sub-cluster_clade_subclade (sub-clade assignments as in Farrant et al. [20] and the
background colors correspond to the finest possible taxonomic resolution obtained for each strain using
the petB marker gene (left hand side legend). Colored circles surrounding the tree indicate newly
sequenced genomes, while squares indicate previously available ones. Note that the WH8020 genome
indicated by a diamond was not used in this study due to its poor quality. Symbols are colored according
to their pigment type as defined previously ([137-139]; right hand side legend).
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Figure 2: Relationship between genome size and GC3% (GC content at the third codon position). Each
symbol corresponds to a different genome, with Prochlorococcus indicated by circles and Synechococcus
by triangles. The color of each symbol indicates the clade or SC.

Although they all belong to a monophyletic, long diverged branch within the
cyanobacteria radiation [46,47], picocyanobacterial genomes show a tremendous diversity of
both nucleotide sequences and gene content. Average nucleotide identity (ANI) and average
amino acid identity (AAl) between pairs of picocyanobacterial genomes indeed ranged from
54.1 10 99.9% and 53.16 to 98.9%, respectively and intra-clade ANI and AAl were on average
91.8% and 91.04% (Fig. 3A, Supplementary Fig. S1), showing that each clade and even most
sub-clades are at least as distant genetically as microbial species, classically defined by the
95% ANI criterion [48,49]. Interestingly, Synechococcus clades | and IV showed a particularly
low ANI with other Synechococcus strains, while their ANIs with Prochlorococcus genomes
were higher than for other Synechococcus-Prochlorococcus pairs. Since we did not observe
this specificity with AAl, it is likely due to the low GC3% of Synechococcus clades | and IV (Fig.

2).
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Figure 3: Genomic diversity of marine picocyanobacteria. A. Heatmap of average nucleotide identity (ANI,
bottom left triangle) and average amino acid identity (AAI, upper right triangle) between pairs of genomes.
Each lane corresponds to a strain, and strains are ordered according to their phylogenetic relatedness.
Strains are as labeled as strain_subclade (or higher taxonomic level when no sub-clade has been defined).
B. Relationships between 16S rRNA identity, AAl, and taxonomic information for Synechococcus (left panel)
and Prochlorococcus (right panel) genomes. Dots correspond to comparisons between pairs of genomes
belonging to the same clade, triangles between pairs of genomes belonging to the same SC but different
clades and squares between pairs of genomes belonging to different SC.
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A plot of the relationship between 16S rRNA identity and AAI for the different pairs of
genomes (Fig. 3B) additionally showed two major discontinuities. The first one at 80% AAl
discriminated pairs of strains of the same clade from pairs of strains from different clades.
Notable exceptions concerned the closely related and globally scarce Synechococcus clades V
and VI as well as clades XX and UC-A, which fall within the intra-clade divergence level in terms
of 16S rRNA identity and AAI, and Prochlorococcus clade LLII-III, which showed a divergence
level similar to Synechococcus intra-SC divergence, suggesting that the gathering of these two
clades into a single clade [27,40] should be reconsidered, as suggested by Yan et al [50]. The
second discontinuity set apart Synechococcus strains of the same SC from strains of different
SC (<98% 16S rRNA identity and <65% AAl), reflecting a very ancient genomic diversification
between the three SC (see below). Prochlorococcus strains from different LL clades also fell
below the 65% AAI discontinuity, highlighting the large divergence within this group. It is
noteworthy that strains within SC 5.2 displayed a particularly low 16S rRNA identity compared
to strains within SC 5.1, likely due to the low number of sequenced genomes relative to the
wide diversity of this lineage, while in contrast the only two Synechococcus SC 5.3 genomes
of our dataset were very closely related.

In order to manually refine the annotation of these genomes and ease comparative
genomic analyses in terms of gene content, all genomes were included in the Cyanorak v2.1

information system (www.sb-roscoff.fr/cyanorak; Garczarek et al., submitted), in which

predicted genes were grouped into clusters of likely orthologous genes (CLOGs) by all-against-
all sequence similarity. This clustering allowed us to determine the core genome, i.e. CLOGs
present in all strains, and the pan-genome, i.e. all CLOGs present in at least one strain, at
various phylogenetic depths [37]. When considering the whole dataset, the number of core

CLOGs as a function of the number of genomes showed an asymptotic decline, tending toward
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a core set of 911 genes (Fig. 4B). In contrast, the pan-genome of marine picocyanobacteria,
containing 27,376 CLOGs, was still far from saturation, revealing that even with 81 genomes,
every newly sequenced picocyanobacterial genome still brought about 192 new genes. This
result held true when considering Prochlorococcus (7,537 CLOGs) and Synechococcus (20,986
CLOGs) independently, indicating that we still missed an essential part of the genetic diversity
within both genera that is yet to be sequenced from the field. A major asset brought by the
34 newly sequenced Synechococcus genomes is the availability of several genomes per clade,
which allowed us to estimate the relative sizes of the core set of CLOGs at different taxonomic
levels (i.e. genus, SC and clades), the accessory genome, i.e. CLOGs shared by at least two
strains but not core, and unique genes, i.e. CLOGs present in a single strain (Fig. 4A,
Supplementary Table S2). While the proportion of accessory genes was pretty constant
between genomes, constituting on average 13 + 2.4% and 20.7 + 6.3% of the Prochlorococcus
and Synechococcus genomes respectively, unique genes constituted the most variable part of
the genomes, ranging from 0.6% to 21.9% and 1.5% to 31.2% of the Prochlorococcus and
Synechococcus genomes respectively, and were directly related to genome size. The newly
sequenced strain BIOS-E4-1 (clade CRD1) contained by far the largest gene number of the
genome dataset (4,426 genes), with a large proportion of unique genes (31.2%). Noteworthy,
a significant proportion of CLOGs was present in all strains of a given clade (e.g. 335 genes for
Synechococcus clade lll, or 143 genes for Prochlorococcus HLI) and could thus potentially be
involved in the adaptation of these taxa to specific environmental conditions. However, it
should be noted that only a sub-set of these CLOGs were truly specific to each clade (e.g. 32
and 11 genes present in clades Il and HLII, respectively; Supplementary Table S3) or
ecologically significant taxonomic units (ESTU sensu [21]; see below and Supplementary Table

S4), i.e. absent from all other clades or ESTUs.
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Figure 4: Core, accessory and pan genomes of marine picocyanobacteria. A. Distribution of clusters of
likely orthologous genes (CLOGs) in picocyanobacterial genomes. A CLOG is considered as core in a
taxonomic group if it is present in > 90% of the strains within this group. Sets of core CLOGS are inferred
only for taxonomic groups with more than 3 genomes. Strains are labeled as strain_subclade (or higher
taxonomic level when no sub-clade has been defined). B. Evolution of the pan and core genomes for an
increasing number of picocyanobacterial genomes (red, 81 genomes), Synechococcus (orange, 53
genomes) and Prochlorococcus (green, 28 genomes). The grey zone around each curve represents the first
and third quartiles around the median of 1,000 samplings by randomly modifying the order of genome
integration.
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Dynamics of the evolution of gene content in marine picocyanobacteria

To better understand the evolutionary processes that led to the diversification of gene
content within marine picocyanobacterial genomes, we estimated by Maximum Likelihood
the number of gene gain and loss events on each branch of a reference phylogenetic tree built
from a concatenation of 821 single core proteins (Fig 5). As previously observed [40,45], the
gain and loss values obtained for Prochlorococcus were consistent with the scenario of a
major genome streamlining process that occurred during the evolution of this genus, since an
excess of gene loss was observed at the base of this radiation (Fig. 5). Globally, the number
of genes gained and lost on each branch of the picocyanobacterial tree was quite variable.
While on internal branches the number of gains and losses remained limited and balanced for
both Prochlorococcus and Synechococcus SC 5.1 (gains <378, losses <479; not taking into
account the genome streamlining at the base of the Prochlorococcus radiation), a higher
number of events were generally observed on terminal branches as well as an excess of gains
compared to losses, with up to 1,662 gained genes on the branch leading to Synechococcus
BIOS-E4-1 (SC 5.1) and 831 on the one leading to Prochlorococcus MIT0701, for 105 and 108
lost genes, respectively.

By using calibration time points from a previous study [47], we estimated that this
corresponds to about 0.71 and 4.62 genes gained (1.67 and 1.80 genes lost) per million years
(My) on internal and terminal branches of Synechococcus SC 5.1, respectively, while internal
and terminal branches of Prochlorococcus HL gained 1.45 and 4.5 genes (0.87 and 3.72 lost;
Table 1). The higher values observed for the terminal branches are related to the high number
of strain-specific genes and reflect the fact that most of the variability in gene content occurs

at the ‘leaves’ of the tree. If we assume the rate of gene gain to be constant over time, this
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suggests that most of the genes gained on internal branches have been secondarily lost and

are therefore not represented in our genomic dataset.
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Figure 5: Estimation of the gene gains and losses during the evolution of marine picocyanobacteria. The
ancestral state of presence/absence of every cluster of likely orthologous genes (CLOGs) was assessed using
Count [130] and used to infer the number of gains and losses of gene families on each branch of the tree
using the phylogenetic core protein tree as reference. The number of gained and lost genes is labeled in
blue and red, respectively. Nodes highlighted in red correspond to the major genome streamlining events
that have occurred in the Prochlorococcus radiation.

89



CHAPITRE |

As genomic islands have been shown to play a key role as repositories of laterally
transferred genes potentially involved in niche adaptation in marine picocyanobacteria
[23,40,50,52,53], we explored the contents of these islands in all analyzed genomes. Most
genomes were too distant to compare genomic islands between strains by whole genome
alignment as performed by Coleman et al. [52] on Prochlorococcus, so here genomic islands
were defined in each strain as regions of the genome enriched in gained genes using a similar
approach as Kashtan et al. [40] but using a threshold to define the limits of the islands in each
strain (see Methods; Supplementary Table S5). The number of gained genes located in
genomic islands and shared by pairs of strains showed that closely related strains share many
more island genes than distantly related ones and that only a few exchanges of genes occur
between distantly related clades (Supplementary Fig. S2). These observations are particularly
striking for Prochlorococcus HL streamlined genomes that share only a low proportion of
island genes with Synechococcus. A notable exception is Synechococcus clade VIII, which
shares more island genes with strains of SC 5.2 than with most SC 5.1 strains, an expected
pattern since these groups co-occur in coastal or estuarine waters of variable salinity
[23,54,55]. To further explore how strains share genomic islands, we used an innovative
network method based on the partial similarity of gene contents between islands shared by
pairs of strains. It allowed us to retrieve islands previously identified either by direct pairwise
comparison of Prochlorococcus HLI MED4 and HLII MIT9312 strains [52] or by analyzing the
deviation in tetranucleotide frequency in individual Prochlorococcus and Synechococcus
genomes [23], demonstrating the validity of our automated approach (Supplementary Fig. S3
and Supplementary Tables S6 and S7). Interestingly, most islands identified by these authors
in Prochlorococcus HL strains appeared to be shared by all HL strains, forming dense red, knot-

shaped modules in the network (e.g., Pro_GI033 = MED4 ISL1; Pro_GI048 = MED ISL2;
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Pro_GI028 = MIT9312 ISL5; Pro_GI000 = MED SVR2; Pro_GI015 = MED4 SVR4; Pro_Gl041 =
MED4 ISL1.1; Pro_GI023 = MED4 ISL2.2; Fig. 6 and Supplementary Table S6). These red knots
correspond to genomic regions prone to gene integration that have likely been acquired by
the common ancestor of all HL strains, then vertically transferred to all descendants, much
like the phycobilisome region that is shared by all Synechococcus strains [23]. In contrast, ISL4
island, initially identified in MED4 by Coleman et al. [52] and later confirmed both by Dufresne
and coworkers [23] and our automated island detection approach (Pro_GI004;
Supplementary Fig. S3), does not form a red knot but only a fuzzy network of interconnected
islands, each shared by only 2 to 4 strains (Fig. 6), so seemingly corresponds to a more recently
acquired island with a highly variable content shared only by a subset of the HL population.
Our approach also unveiled previously undescribed islands specifically shared by sets of
Prochlorococcus LL strains, including Pro_GI027, 039, 044 and 049 specific to LLI strains
(several being enriched in hli genes, known to be amplified in LLI compared to other LL strains;
[56]), Pro_Gl010, 018 and 025 specific to LLII/IIl strains, and Pro_GI002 as well as 13 other
modules specific to LLIV strains, including several containing genes encoding lanthipeptides
([57]; Fig. 6 and Supplementary Table S6). In Synechococcus, the network included relatively
few dense red knots compared to Prochlorococcus (Fig. 7). Among the most notable ones are
three clade llI-specific islands, the first one (Syn_GI013) gathering a gene cluster (cynA-B-D)
involved in cyanate transport ([58]; Supplementary Table S7), the second one (Syn_GI087)
including a specific beta-glycosyltransferase and swmaA, a protein involved in a special type of
motility observed only in members of this clade [59] and the third one (Syn_GI102) that
notably encompasses swmB, encoding a giant protein also involved in this motility process
[44]. Another interesting example is Syn_GI100, which notably encompasses a 3-gene cluster

composed of one nfeD homolog and two flotillin-like genes that both have similarity to the
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floT gene involved in the production of lipid rafts, whose deletion in Bacillus subtilis was found
to strongly affect cell shape and motility [60]. Interestingly, this gene cluster was found in the
only two clade Ill strains (A15-24 and A15-28) that lack swmA and swmB as well as in several
distantly related strains. Conversely, no swmA-B-containing strain was found to possess the
nfeD-floT1-floT2 gene cluster. The network approach also detected quite a few knots
containing both red and blue edges. The latter color indicates that strains sharing these
islands are distantly related to one another. Thus, knots that are mixing red and blue edges
potentially emphasize relatively recent horizontal gene transfers between clades or longer
phylogenetic distances. This includes i) Syn_GI022, a module found in many SC 5.1 strains with
the notable exception of clade Il strains, which encompasses a large gene cluster involved in
glycine betaine synthesis (gbmt1-2) and transport (proV-W-X), located in some strains next to
another gene cluster involved in the biosynthesis of glucosylglycerate (gpgS-gmgG-gpgG;
[32]) and ii) Syn_GI122, a module comprising strains from almost all lineages that
encompasses genes encoding uncharacterized cell surface proteins, secreted CHAT domain-
containing proteins and/or genes involved in the biosynthesis of cyclic AMP (cAMP), including
adenylate cyclases located in the vicinity of cyclic nucleotide-binding proteins, such as the
cAMP receptor protein (CRP) or a cAMP-regulated small-conductance mechanosensitive ion
channel. Altogether, this network approach nicely complements the detection of genomic
islands in single genomes by providing insights about the evolutionary history of these

genomic islands.
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Figure 6: Network of shared gene islands between all Prochlorococcus strains analyzed in this study. Each
node corresponds to a genomic island in a given strain, the gene content of which is listed in Additional file
1: Table S5. Edges were colored according to the phylogenetic distance between strains, with red indicating
closely-related strains and blue more distantly related strains. Edge width corresponds to the Jaccard
distance between islands based on gene content. Nodes were colored based on Prochlorococcus clade.
Modules cited in the text are surrounded with a grey line for those containing islands already described in
the literature (subtitled with their names in [51] and [22]) and a black line for new modules described in
the present study. The gene and genomic island composition of each module is described in Additional file
1: Table S6.
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composition of each module is described in Additional file 1: Table S7.
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Relative contributions of variability at the sequence and gene content levels in the
evolution of picocyanobacteria

The fairly low rate of gene acquisition evidenced in this study raises the question of the
relative weight of gene content variations vs. substitutions in the nucleotide sequence in the
long-term diversification and adaptation processes of these organisms. Figure 8 compares a
phylogenetic tree built with a concatenation of 821 picocyanobacterial core protein
sequences to a dendrogram based on the phyletic pattern (i.e. the pattern of
presence/absence of each CLOG in each strain). Topologies of the two trees were globally
similar, which reveals that fixation of genes and fixation of mutations occurred concomitantly
during the evolutionary history of marine picocyanobacteria. Yet, Synechococcus clade VIl
and SC 5.2 were found to be closely related in the dendrogram based on the phyletic pattern.
Indeed, as previously reported in a study using 11 Synechococcus genomes [23], these taxa
share a fair number of genes, potentially related to their co-occurrence in brackish
environments. Interestingly, the closely related clades V and VI cluster together with these
two taxa, indicating that they may also share with clade VIl and SC 5.2 some mechanisms of
adaptation to low salinity niches (see below). Although the presence of SC 5.3 has been
recently documented in freshwater environments [61], the presence of the two marine
sequenced strains (RCC307 and MINOS11) at the base of this halotolerant group might

instead be due to attraction by SC 5.2.
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Figure 8: Comparison of phylogenies based on core protein sequences and phyletic patterns of non-core
genes. Left, Maximum Likelihood tree based on the alignment of 821 concatenated core proteins. Right,
Neighbor-Joining tree based on the Jaccard distance between the phyletic patterns of 27,376 accessory
gene families found in the 81 picocyanobacterial genomes. Labels are colored according to the strain sub-
clade. Red branches indicate discrepancies between the topology of the two trees. Nodes located at the
base of a clade and highlighted by blue dots were used for branch length comparisons in Additional file 2:

Fig. S4.
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Among the Synechococcus SC 5.1 and Prochlorococcus radiations, it is worth noting that
some clades were closer in terms of gene content than expected from the core phylogeny,
besides a few incongruences within Synechococcus clades |, ll, lll and VI and Prochlorococcus
HLII that are likely due to the relatively low number of specific genes within these clades. This
remark particularly holds for Synechococcus clades WPC1, XX and UC-A grouping with clade
Il in the tree based on the phyletic pattern (Fig. 8). Finally, some clades lost their monophyly
in the tree based on phyletic pattern, such as Synechococcus clades V and VI that were mixed
together or Prochlorococcus HLI that was found to be mixed with HLII. This example is
particularly interesting, since despite their clearly distinct phylogenetic clustering based on
protein sequences and well-known ecological and physiological differences [17,29], these two
clades have a quite similar gene content, with only a few genes (29) present in all HLII strains
but not in all HL strains (Fig. 4A). Similarly, Prochlorococcus clade LLI, which was previously
shown to occupy an intermediate niche between HL and strict LL members (LLII-IV) and to
share genes with both ecotypes [17,62], actually appeared to share more genes with the LLII-
[l clade (1,382 genes) than with HL (1,290 genes). Altogether, these two examples show that
within Prochlorococcus, although HL and LL have different gene contents, differentiation
within HL and to a lesser extent within LLI-IIl rather relies on substitution accumulations than
on variation in gene content.

Another major difference between these trees concerned branch lengths. By computing
for each node at the base of a clade (blue dots in Fig. 8) the average length from the node to
its descending leaves (terminal length), and the length from the node to its parent node
(internal length), we showed that the ratio of terminal to internal branch lengths was
significantly higher (Mann-Whitney paired test, p-value <0.0015) in the phyletic pattern tree

than in the core tree (Supplementary Fig. S4). This suggests that there were more amino acid
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substitutions before the divergence of clades than after, whereas there was more gene
content variation between strains of a clade than between clades. In other words, this
comparison revealed that most of the changes that were fixed in the long term by evolution
are substitutions and not changes in gene content.

In order to quantify more precisely this difference, we compared the estimated number
of gene gains and losses per My (Supplementary Fig. S5) to the number of amino acid
substitutions in core proteins per My (Supplementary Fig. S6) and results of these
comparisons are shown in Table 1. It is important to note that the rates of gene gain/loss and
amino acid substitutions calculated this way should only be considered as lower bound
estimates for several reasons. First, since we only have access to the present-day genomes
and not to ancestral ones, measurements of the rate of genes gained in fact refer to genes
gained and successfully retained over time in at least one strain. Second, the amino acid
substitution rates were measured on core proteins, whose genes likely undergo a strong
purifying selection. This, together with the much longer generation time of picocyanobacteria
compared to model bacteria and with their considerable population size [15,45,63], could
explain why estimated rates were lower than for other bacterial lineages [64,65]. With this
caveat in mind, in Prochlorococcus HL, 356x more amino acid substitutions than gene gains
were estimated for internal branches per My, and 69.6x for terminal branches, primarily due
to a higher rate of gene gain in the latter branches. In Synechococcus SC 5.1, a ratio of 164
and 20 was obtained for internal and terminal branches, respectively, the difference between
the two genera likely being due to the higher rate of protein sequence evolution observed in
Prochlorococcus [45].

We also compared at each node the fixation rate of amino acid substitutions in core

proteins (i.e. amino acids in the alighment that are identical in all descending strains and
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different in all other strains) to the fixation rate of genes (i.e. present in all descending strains
and in no other strain). 201x more amino acid variants than genes were fixed per My in
Prochlorococcus HL (and 116x more for Synechococcus SC 5.1). This corresponds to a fixation
rate of 78 and 18 amino acid changes in core proteins per My for Prochlorococcus HL and
Synechococcus SC 5.1, respectively, while one gene is fixed once every 2.6 My for
Prochlorococcus HL and once every 6.3 My for Synechococcus SC 5.1. While these numbers
show that substitutions played a major role in genomic diversification, the question remains

as what part of this diversification is related to an adaptive process.

Role of gene content in the adaptation of Synechococcus to specific niches

In contrast to Prochlorococcus [27,40,50,53,62], few genomic diversity studies have been
conducted so far in Synechococcus. In order to reveal whether the presence or absence of
genes might be related to Synechococcus adaptation to specific niches, we defined sets of
clades co-occurring in the field and occupying similar niches, based on assemblages of
Ecologically Significant Taxonomic Units (ESTUs) as defined in [21]. We then searched for
genes occurring in strains within a given set and absent from other picocyanobacterial strains
using a relaxed, niche-related definition of specificity (Supplementary Table S4). These
analyses revealed only 18 CLOGs specific to members of both cold thermotypes, clades | and
IV, among which 6 had a putative function, though with seemingly no direct relationship with
adaptation to low temperature. However, the set of 19 CLOGs specific to clade | includes a
particular isoform of the chaperone protein DnaK (Dnak4, CK_00056929; Supplementary
Table S3) in addition to the three gene copies present in most Synechococcus SC 5.1 strains.
This additional copy might be involved in protein folding in cold conditions [66].

Members of clades Ill, WPC1 and SC 5.3, co-occurring in warm, P-depleted oligotrophic
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waters, were found to share a much higher number of genes (85; Supplementary Table S4),
among which 2 were previously reported to be related to phosphate availability: a yet
uncharacterized gene (CK_00002088) found to be downregulated in early phosphate stress
[67] and a chromate transporter (ChrA), which was recently suggested to be involved in
phosphate acquisition in Prochlorococcus, based on its enrichment in P-poor oligotrophic
areas [68]. Clades Ill and WPCL1 also share a cluster of 12 consecutive genes potentially
involved in capsular polysaccharide synthesis and export (including genes similar to kps genes
in Escherichia coli K1, responsible for the formation of a polysialic acid extracellular capsule;
see Kps cluster in Supplementary Table S4) and another cluster of 7 genes that might be
involved in the use of organic nitrogen sources since it encompasses a putative nitrilase
(CK_00002256). Additionally, 32 genes were found to be specific to the 8 clade Il strains,
including the above-mentioned cyanate transporter genes (cynABD; [58]) as well as a
phosphate starvation-induced protein (PsiP1;[69]) and a specific alkaline phosphatase
(CK_00052500) that potentially hydrolyses extracellular organic phosphates (Supplementary
Table S3). Similarly, the two members of SC 5.3 also share a large number of strictly specific
genes (215), including a regulator of phosphate uptake (PhoU; CK_00005756; [70]) as well as
two putative phosphatases (CK_00005504, CK_00005619) and a putative pyrophosphatase
(CK_00005811), in addition to the 4 potential pyrophosphatases present in most
picocyanobacterial genomes (CK_00000642, CK_00000654, CK_00000805 and CK_00008108;
Supplementary Table S3). Altogether, these results suggest that the occurrence of these
genes might contribute to the success of clade Ill, WPC1 and SC 5.3 cells in oligotrophic, P-
depleted environments such as the Mediterranean Sea in summer [21], and indicates that
members of these three taxa have adopted partially different strategies to cope with P

depletion.
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Genes potentially involved in niche adaptation were also found in all three strains of the
CRD1 clade, known to dominate in iron-depleted oceanic regions, which share a quite high
number of specific CLOGs (81, Supplementary Tables S3 and S4), though most of them have
no known function. Among the characterized ones were a second copy of the flavodoxin IsiB,
a Cu-containing protein known to replace ferredoxin in iron-depleted conditions [71], the
ferrous iron transport protein FeoA, an iron-sulfur cluster biosynthesis family protein
(CK_00008433) as well as 3 specific high light-induced proteins (HLIPs) that might provide
protection from oxidative stress to photosystems [72].

Finally, in agreement with their clustering in the dendrogram based on phyletic pattern
(Fig. 8), clades VIII and SC 5.2 share 28 genes including a few strictly specific genes
(Supplementary Table S4), such as a fatty acid hydroxylase (CK_00002851) involved in lipid
biosynthesis, and one or two copies of a P-type ATPase (CK_00045881), a family of ATP-driven
pumps known to transport a variety of different ions and phospholipids across membranes
[73]. It is also noteworthy that SC 5.2 and clade VIl share a fair number of genes potentially
involved in the adaptation to low salinity with members of clades V, VI and sometimes VII,
whose ecological niches are still poorly known [20,21,74] and possibly encompass
environments with variable salinity (Supplementary Table S4). This includes a specific small-
conductance mechanosensitive ion channel (MscS family) that might be involved in the
response to osmotic stress (CK_00056919; [75]) and a bacterial regulatory protein of the ArsR
family that besides regulating the efflux of arsenic and arsenite was suggested to participate
in salt tolerance in Staphylococcus aureus through a Na* efflux activity [76]. In addition,
members of clade VIl share 22 specific genes, including a second potential mechanosensitive
ion channel (MscS; CK_00056915), while members of SC 5.2 share 31 specific genes, including

another mscS gene copy (CK_00003081) as well as genes encoding a putative chloride channel
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(CK_00042275) and a NAD-dependent malic enzyme, a protein known to be enhanced under
salt stress in plants ([77]; Supplementary Table S3). Despite these few examples, it seems that
the number of genes potentially related to the ecological niche occupied by each clade or
assemblage of clades is fairly limited and varies depending on the considered niche, with for
instance few genes related to thermal niche adaptation. Most of the diversity in gene content
therefore relies on differences between individual strains rather than between phylogenetic
or ecotype groups, a large proportion of the sparsely distributed genes having yet unknown

functions, some potentially being involved in niche adaptation.

Role of substitutions in adaptation

Given our observation that a high number of amino acid substitutions have been fixed in
the long term, we also searched for those potentially involved in niche adaptation. We
identified “specific variants” as positions in core protein alignments for which a particular
amino acid is found in all strains of a given clade, ESTU or set of ESTUs and a different amino
acid is found in other strains. In order to reduce the noise due to the accumulation of clade-
specific substitutions and to better identify the niche adaptation signal, we focused on
variants shared by clades | and IV, which do not form a monophyletic group (Fig. 8, left) but
usually co-occur in cold, temperate waters [20-22,29,78,79]. We identified 180 proteins
mainly involved in i) energy metabolism, ii) biosynthesis of cofactors, prosthetic groups and
carriers, such as pigments and vitamins, iii) protein synthesis and protein fate, and to a lesser
extent iv) transport and DNA metabolism (Supplementary Table S8). The first category
encompassed proteins responsible for carbon fixation (RuBisCO subunits RbcS and Rbcl,
carbonic anhydrase CsoSCA, carboxysome proteins CsoS1E and CsoS2, and Calvin cycle

enzyme Fbp-Sbp), two photosystem Il subunits (the extrinsic PsbU protein and the manganese
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cluster assembly protein, Psb27) and a number of proteins involved in electron transport for
photosynthesis and/or respiration (CtcAl, CtcEl, NdhA and two ATP synthase subunits: AtpA
and AtpD). Furthermore, this set includes six proteins potentially involved in the response to
light or oxidative stress: two High Light Inducible Proteins (HLIPs; CK_00001609 and
CK_00001414), two peroxiredoxins (PrxQ), a glutaredoxin (CK_00000445) and a flavoprotein
involved in the Mehler reaction (Flvl). We also identified a few enzymes involved in sugar
metabolism and in particular in the pentose phosphate pathway (Pgl, TalA and Zwf). As
concerns the ‘protein synthesis’ and ‘protein fate’ categories, this includes six ribosomal
proteins and nine amino acid biosynthesis proteins, several tRNA/rRNA modification enzymes
and tRNA aminoacyltransferases as well as seven proteins responsible for folding and
stabilization of polypeptides. Of particular interest are the proteins belonging to the
‘biosynthesis of cofactors, prosthetic groups and carriers’ category, including enzymes
involved in chlorophyll (HemC, ChIN, ChIB), cobalamin (CobO, cobQ, CobU-CobP) and
carotenoid biosynthesis. The latter includes CrtE and GpcE, two enzymes involved in the
phytoene biosynthesis pathway and CrtP, CrtQ and CrtL-b, the three enzymes catalyzing all
the steps required to transform phytoene into B-carotene. It is also interesting to note that
the five proteins displaying the largest number of specific substitutions relative to protein
length are a putative ABC multidrug efflux transporter (CK_00008042; 19 positions specific to
clades | and IV out of 607 amino acids), lycopene B-cyclase, responsible for the last step of B-
carotene synthesis (CrtL-b; 7/347), the bifunctional Calvin cycle enzyme fructose-1,6-
biphosphatase/sedoheptulose-1,7-biphosphate phosphatase (7/347), the photosystem Il
manganese cluster assembly protein Psb27 (3/160) and the ribosomal protein RomB (1/78).

Even though the number of substitutions is not directly correlated to the level of selection
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pressure, the high proportion of specific substitutions in these proteins suggests that they

have been subjected to positive selection.

Discussion

The availability of 81 complete and closed picocyanobacterial genomes with extensive
manually refined annotations, including 34 novel Synechococcus, constitutes a key asset for
comparative genomics analyses. With regard to previous studies (see e.g. [23,32,40]),
sequencing of several strains for most major Synechococcus clades revealed that the extent
of genomic diversity is tremendous, at all taxonomic levels including within clades and most
sub-clades. As previously observed for SAR11 [80,81], ANI and AAl were indeed most often
well below the cut-off of 95% (Fig. 3), usually considered to be the limit between bacterial
species [48,82,83]. Thus, based on this cut-off, most clades within cluster 5 sensu [84] would
correspond to one or even several species, as suggested by one research group [85-87].
However, the delineation of so many species in a radiation that mostly exhibits a continuum
in terms of within clade sequence identity (ID% range: 84 to 100%; Fig. 3B) would create more
confusion than clarification as it would result in most cases into single-strain species, which
cannot be clearly differentiated based on their fundamental (see e.g. [33,88]) and/or
environmental realized niches [21,22,24,68]. With this caveat in mind, it is clear that besides
the Prochlorococcus lineage, there are three extremely divergent monophyletic groups within
the marine Synechococcus/Cyanobium radiation [89], which furthermore can be clearly
discriminated based on 16S similarity vs. AAl plots (Fig. 3B), with an AAl divergence below the
65% limit that has been proposed to discriminate distinct genera [90]. We thus propose to

split the marine Synechococcus group into three distinct taxonomic groups: Ca.
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Marinosynechococcus (SC 5.1), Cyanobium (SC 5.2) and Ca. Juxtasynechococcus (SC 5.3). This
proposal notably solves the inconsistency to have a mix of strains named Cyanobium spp. and
Synechococcus spp. within SC 5.2, which should clearly all be called Cyanobium spp. For the
universal acceptance of the revised taxonomy of this group and cyanobacteria at large [91],
both temporary names proposed for SC 5.1 and 5.3 as well as the potential definition of
species within each of these radiations await validation by a large panel of cyanobacterial
community members. In any case, any creation of new species within this group should likely
take into account previously defined monophyletic clades and subclades as these
phylogenetic groups have been used in most previous laboratory and environmental studies,
whatever the genetic marker used [13,24,25,92-94].

The particularly high degree of genomic divergence occurring within Cyanobacteria
Cluster 5 needs to be taken into account when putting results from comparative genomics of
marine picocyanobacteria in the context of other highly sequenced bacterial groups such as
pathogens and commensals [95-97]. While high divergence and associated low level of
synteny somehow limit the application of classical population genetics approaches, such as
calculation of recombination rates [65], our dataset is in contrast well suited to study the long-
term evolutionary processes that have shaped the genomes of these abundant and
widespread organisms in relation to their ecological niche occupancy. Comparative genomic
analyses on marine picocyanobacteria have so far mainly focused on comparing gene
repertoires from strains isolated from distinct niches, with the idea that niche adaptation
largely relies on differential gene content [23,40,98,99]. Here, a comparison of several strains
per clade led in most cases to the identification of relatively few specific genes of known
function that may confer a trait necessary for niche adaptation, even using relaxed stringency

criteria (e.g. by selecting genes present in >80 or 90% of strains within a clade/ESTU
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assemblage and in <20 or 10% of others; Supplementary Tables S3 and S4). This may be due
to the existence of an extended within-taxa microdiversity [6,21,29,100]: the more genomes
in a taxon, the lower the number of genes found in all strains of this taxon. This fairly low
number of niche-specific genes might also suggest that gene gain/loss, and fixation of these
events during evolution, is a less prominent process to explain niche adaptation of marine
picocyanobacteria than previously thought. Although lateral gene transfer is often considered
to “commonly” occur between cells, and was notably shown to be involved in adaptation to
nitrogen- or phosphorus-poor conditions in Prochlorococcus, no previous study explicitly
stated the evolutionary time scale at which these adaptations took place [23,32,40,50,101—
103]. Here, although the higher estimated rate of gene gains on the terminal branches of the
phylogenetic tree indicates that most detectable events occurred fairly recently with regard
to the long evolutionary history of both genera (Fig. 5, Table 1), adding time calibration to the
tree led to an estimation of only 4.5 and 5.6 genes gained per My on terminal branches in
Prochlorococcus HL and Synechococcus SC 5.1 strains, respectively. Thus, gene gains appear
to be rather rare events. Even though these rates are approximate due to uncertainties in
time calibration and probably underestimated, they are entirely in line with those estimated
for Prochlorococcus HLII populations, thought to have diverged a few million years ago but
only possessing a dozen unique genes [6]. Furthermore, in accordance with previous studies
on other bacterial groups [65,104—106], the fact that rates of gene gain/loss are estimated to
be higher on terminal branches of the tree (Supplementary Fig. S4), together with the high
number of unique genes in every sequenced strain (Fig. 4A), clearly suggests that most
recently acquired genes will not be kept in the long term in both genera. Our calculation
indeed gives an approximate value of 1.45 and 0.71 genes gained and subsequently kept per

My in Prochlorococcus HL and Synechococcus SC 5.1, respectively (Table 1). This low fixation
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rate suggests that most of the recently gained genes have no or little beneficial effect on
fitness in the long term and that we observe them in genomes because purging selection has
not deleted them yet [107-109]. Still, these recently gained genes could be involved in more
transient adaptation processes at the evolutionary scale such as biotic interactions e.g.
resistance to viral attacks, grazing, etc.

Such a result also has important implications for interpreting the role of flexible
genomes in the context of adaptation to distinct niches. Indeed, genes conferring adaptation
to a specific niche are mixed in the genomes with genes with no or little beneficial effect and
are thus difficult to identify — in particular when they have only a putative function. The
relatively low gene fixation rate that we observed (Table 1) also implies that flexible genes
that are fixed within a clade (i.e. clade-specific genes) were gained tens of millions of years
ago, and thus might be more reflective of past selective forces than of recent adaptation to
newly colonized niches. In this context, genes specifically shared by Synechococcus clade VI
and SC 5.2 suggest that adaptation to low salinity environments was a critical factor in their
differentiation from other taxa and the most parsimonious evolutionary scenario would be a
lateral transfer of these genes from a SC5.2-like strain to the common ancestor of clade VIII,
which might date back to 51.6 My (confidence interval 0-141 My). Similarly, adaptation to
phosphorus-depleted oligotrophic areas probably drove the differentiation of Synechococcus
clade lll, as revealed by the relatively large number of P- and other nutrient-uptake genes
specific to this clade. Interestingly, co-occurring ESTUs IlIIA, WPC1A and SC 5.3A only share a
few common genes potentially involved in the adaptation to this limitation. Instead, these
ESTUs seem to have independently acquired different sets of genes to improve P-uptake
and/or assimilation (see Results and Supplementary Table S4). It is also noteworthy in this

context that in Prochlorococcus, P metabolism is not clade-related but dependent on within-
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clade variability in the gene content of specific genomic islands [101,102], further highlighting
the variety of evolutionary paths that led to adaptation to low-P environments in these
different lineages.

As proposed recently for other bacterial model organisms [65,110], sequence
alterations also appear to play a crucial role in genome diversification of marine
picocyanobacteria and to have driven their adaptation to specific environments. Indeed, in
the time necessary for one gene to be gained, we found that 20 to 60 amino acid substitutions
accumulate in any picocyanobacterial genome (as estimated based on terminal branches of
the phylogeny, Table 1). This finding brings new evidence to support the “Maestro Microbe”
model of bacterial genome evolution recently proposed by Larkin and Martiny [111], which
posits that some phenotypic traits, such as thermal preferences, evolve by progressive fitness
optimization of protein sequences rather than gene gains and losses. This theory is mainly
based on the lack of specific genes that may explain trait differences between closely related
organisms inhabiting distinct niches, and one of the best examples concerns Prochlorococcus
clades colonizing temperate (HLI) and warm (HLII) environments [40,52,101,111], which were
partly mixed on our tree based on gene content despite a clear phylogenetic separation based
on core marker genes (Fig. 8). The sequencing of new Synechococcus genomes also allowed
us to extend the Maestro Microbe hypothesis to Synechococcus thermotypes [20,33], since
particularly few genes were found to be specific to the cold-adapted clades | and IV
(Supplementary Table S4). In contrast, our analysis of Synechococcus core genes containing
amino acid variants shared exclusively by all members of these cold thermotypes revealed
potential candidates for adaptation to cold waters (Supplementary Table S8). The fact that all
members of clades | and IV share specific variants of the three proteins involved in the B-

carotene synthesis pathway (with e.g. >2% of the protein sequence comprising residues
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specific to these clades in CrtL-b) is particularly striking, since physiological experiments have
shown that members of clades | and IV were able to maintain or increase their -
carotene:chlorophyll a ratio in response to cold stress, while this ratio decreased in strains
representative of warm thermotypes [33]. Thus, these substitutions might allow cells of the
former clades to maintain B-carotene synthesis in cold conditions, resulting in a reduction of
the cold-induced oxidative stress. Additionally, four proteins potentially involved in the
response to oxidative stress were found to display variants specific to clades | and IV
(Supplementary Table S8). In much the same way, a recent study identified two substitutions
in genes encoding the two subunits of phycocyanin in Synechococcus between these cold-
adapted clades and the warm-adapted clades Il and lll, which were also thought to be involved
in adaptation to distinct thermal niches: RpcA G-43 and RpcB S-42 in the former clades and
RpcA A-43 and RpcB N-42 in the latter [112]. It is worth noting that these genes were not
detected by the stringent approach used here either because of the absence of the multi-
copy cpcA gene in the CB0101 genome due to assembly issues or to a single exception among
the newly sequenced genomes, the clade | strain PROS-9-1 having an RpcB S-42. Given that
clades | and IV have diverged about 425 My ago (confidence interval 308-468 My), the most
parsimonious explanations for these many shared substitutions would be either an adaptive
convergence or an ancient homologous recombination between ancestors of these clades. In
this context, it is interesting to note that mutations were found to arise in just a few
generations in a clonal Prochlorococcus strain as an adaptation to selective conditions such as
UV radiation [113], antibiotics [114] or phage pressure [115], emphasizing the role of such
substitutions in short-term adaptation, although only a subset of these are kept in the long

term.
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Conclusions

Current clades of marine picocyanobacteria might be considered as survivors of a
former set of “backbone” populations (as defined by [6]) that appeared hundreds of millions
years ago, and then optimized their sequence, while eventually losing most of the genes that
initially allowed niche colonization [6,116—118]. More recently, each of these clades further
diversified into a number of new backbone populations, which correspond to the within-clade
microdiversity recently described in Prochlorococcus and Synechococcus (see e.g.
[6,21,29,100]). One explanation for the topology of the phylogenetic tree based on core
proteins (short branches at the leaves of the tree and long branches at the base of clades, Fig.
8) would be the occurrence of periods of rapid diversification, as previously suggested for the
occurrence of the different Synechococcus clades within SC 5.1 and of the Prochlorococcus
radiation [23,119] and more extended periods during which each population stays relatively
genetically homogeneous (e.g. by homologous recombination or by frequent genomic
sweeps). Alternatively, and perhaps more likely, picocyanobacterial populations might
undergo continuous diversification at a fairly constant rate, with diversity purged during rare
but severe extinction events, leaving traces only of the surviving ones. While it is tempting to
relate these events (diversification or purge) to past geological and climatic shifts, this would
need a more thorough examination with an improved time calibration.

One of the next challenges will be to more precisely relate variants (genes or
substitutions) to a particular niche. We could advocate achieving this via comparative
genomics, but this usually necessitates hundreds to thousands of closely related genomes (for
review see [120,121]), as well as a refined phenotypic characterization of the sequenced

strains. Alternatively, one could search in situ data for genes or substitutions related to a
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particular niche or environmental parameter (see e.g. [68,122—-124]). Given the wealth of
marine metagenomes that are becoming available for a large variety of environmental niches,
such an approach should be particularly powerful to unveil niche adaptation processes in the

forthcoming years.

Methods

Genome sequencing and assembly

Thirty-four Synechococcus strains were chosen for genome sequencing based on their
phylogenetic position, pigment content and isolation sites (Fig. 1, Supplementary Table S1).
All but the three KORDI strains were retrieved from the Roscoff Culture Collection (RCC;
http://roscoff-culture-collection.org/) and transferred three times on 0.3% SeaPlaque
Agarose (Lonza, Switzerland) to clone them and reduce contamination by heterotrophic
bacteria. A first set of 25 Synechococcus genomes (including WH8103) were generated at the
Genoscope (CEA, Paris-Saclay, France) by shotgun sequencing of two libraries: a short-insert
forward-reverse pair-end (PE) library (50-150 bp) and a long-insert reverse-forward mate-pair
library (4-10 kb), both sequenced by Illumina™ technology. Additionally, seven other genomes
were sequenced at the Center for Genomic Research (University of Liverpool, UK) by shotgun
sequencing of 250 bp reads. Single or PE reads were first assembled into contigs using the CLC
AssemblyCell® 4.10 (CLC Bio, Aarhus, Denmark). Synechococcus contigs were identified based
on their different coverage compared to heterotrophic bacteria, scaffolded using
WiseScaffolder and 28 out of 31 genomes were closed by manual finishing as described in
[42]. Three genomes (BIOS-E4-1, BOUM118 and RS9915), had only one to three gaps in highly

repeated genomic regions. The base numbering of the circularized genomes was set at 174
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bp before the dnaN start, corresponding approximately to the origin of replication. Automatic
structural and functional annotation of the genomes was then realized using the Institute of
Genome Science (IGS) Annotation Engine (http://ae.igs.umaryland.edu/cgi/index.cgi; [125]).
As concerns KORDI-49, KORDI-52 and KORDI-100 strains, genomes were sequenced from
axenic cultures using a 454 GS-FLX Titanium sequencing system (Roche) at Macrogen (Seoul,
Korea). The obtained reads were assembled using the Newbler assembler (version 2.3,
Roche). To fill contig gaps, additional PCR and primer walking was conducted. Sequences of
all new Synechococcus genomes were deposited in GenBank under accession numbers
CP047931-CP047961 (BioProject PRINA596899), except Synechococcus sp. WH8103 that was
previously deposited to illustrate the performance of the pipeline used to assemble, scaffold

and manually finish these genomes (Supplementary Table S1).

Clustering of orthologous genes

Protein and RNA sequences retrieved from new genomes were clustered with
genomes previously available (Supplementary Table S1) into CLOGs using the OrthoMCL
algorithm [126] and were then imported into the custom-designed Cyanorak v2.1 information
system (www.sb-roscoff.fr/cyanorak/) for further manual curation and functional annotation,
as detailed in [51]. Clustering into CLOGs allowed us to build phyletic patterns (i.e. the number
of copies of each gene in each genome per CLOG), which was used to extract lists of genes
shared at different taxonomic levels. Core genomes were defined at the genus, sub-cluster
and clade levels when more than three genomes were available for a given taxonomic level
(see Supplementary Table S2).

The phyletic pattern was also used to estimate the size of the pan-genome and core

genome. The sampling of genome combinations necessary to draw pan-genome curves was
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performed with the software PanGP [127] using as parameters ‘Totally Random’, SR=100 and
SS=1000. Pan-genome curves were then drawn with R custom designed scripts (v3.3.1,;
[128]). The results of PanGP exponential fits were used as estimates of the asymptotic number

of core genes.

ANI/AAI calculation

Whole-genome ANI and percentage of conserved DNA between pairs of genomes
(percentage of the genome length aligned by Blast with more than 90% ID) were calculated
following the method described in [49]. AAl was calculated following the method described
by [82]. When AAIl values differed for a given pair of strains depending on which strain was

used as a query for BLAST, the highest value was kept.

Phylogeny and tree comparisons

The petB phylogenetic tree was built using PhyML 3.1 [129] with the HKY model and
by estimating gamma parameters and the proportion of invariant sites, based on a database
of 230 petB sequences [21,25]. The confidence of branch points was determined by
performing bootstrap analyses, including 1000 replicate data sets. Phylogenetic trees were
edited using the Archaeopteryx v0.9901 beta program [130]. The tree was drawn using iTOL

(http://itol.embl.de; [131]). Additionally, a set of 821 single-copy core proteins were aligned

with MAFFT v7.164b [132] and concatenated into a single alignment, resulting in a total of
226,778 amino acids. A phylogenetic tree was built with PhyML 3.1 with the WAG model and
estimation of parameters of the gamma distribution and of the proportion of invariant sites.
The phylogeny based on gene content was performed as described in [133]: a Jaccard distance

matrix was computed from the phyletic pattern with the package vegan [134] and the matrix
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was then used by the Neighbor-Joining algorithm implemented in the R package ape [135] to
generate a tree with 100 bootstraps.

The phylogenetic tree based on core proteins was then compared to the tree based
on the phyletic pattern using the R package dendextend v.1.3.0 [136]. Branch lengths were
compared using custom python scripts based on the ete2 toolkit [137]. Briefly, for each node
at the base of a clade (highlighted by blue dots in Fig. 8), the average distance from the node
to the descending leaves (‘external’ length) and the distance to the parent node (‘internal’
length) were calculated. Boxplots of the distribution of ratios of external to internal branch
lengths were drawn in R for both trees and a paired Mann-Whitney-Wilcoxon test assessed

the difference between the mean ratios.

Estimation of gene gains and losses

The number of gene gains and losses were assessed from phyletic patterns using the
software Count [138] that implements a Maximum Likelihood method for estimating the
ancestral states (presence, absence or multiple copies) of every CLOG in the dataset using the
phylogenetic core protein tree as reference and allowing four categories for the gamma
distribution of duplications and branch lengths (options -transfer_k 1 -length_k 4 -loss_k 1 -
duplication_k 4). Cut-off on posterior probability was set at 90%, which allowed us to obtain
2,921 CLOGs at the root of the tree, a number similar to the average number of CLOGs in
present-day Synechococcus strains. The state of presence-absence of each gene family was
then extracted at each node of the tree, and used to calculate the number of gene gains and
losses on every branch.

These estimations of gained genes were also used to predict genomic islands in each

strain. A genomic island, starting and finishing with full-length gained genes, was defined from
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consecutive sliding windows (size 10,000 bp, interval 100 bp) with a ratio of nucleotides from
gained CDS to total coding nucleotides higher than 50%. A network approach was then
applied on all predicted islands to compare the gene content of these islands between all
strains. Jaccard distances based on shared gene content were calculated between islands and
an edge was drawn to connect two islands if their distance was higher than 0.1 (i.e., when
two islands shared at least 10% of their pooled gene content). Network modules detection
was then performed using the modularity algorithm ([139]; resolution = 0.2) implemented in
Gephi version 0.9.2 [140]. Furthermore, in order to take into account the phylogenetic
relatedness between strains sharing genomic islands, a distance matrix based on core protein
sequences was computed and used to color edges between nodes. Networks were then

represented following the “Atlas 2” spatialization implemented in Gephi.

Time calibration of the tree

The core protein phylogeny was used as input for the reltime algorithm [141] and the JTT
matrix-based model [142], as implemented in MEGA7 [143], with default parameters and SC
5.3 designated as an outgroup. Two calibration points were used, based on [47] and TimeTree
[144]: the first calibration point was set on node n2 (Supplementary Fig. S7), i.e. the common
ancestor of strains WH5701 and WH8102 estimated to have occurred between 582 and 878
My ago, and the second on node n4 (i.e. the common ancestor of strains CC9311 and
WH8102; Supplementary Fig. S7), set between 252 and 486 My. This method allowed us to
relate gain/loss events with the time elapsed on each branch of the tree, taking into account
the higher evolution rate of protein-coding genes in Prochlorococcus than in Synechococcus

[45]. We also calculated the number of substitutions for each branch of the tree by multiplying
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branch length by the total number of residues in the alignment, and divided it by the time

elapsed and the branch to obtain a substitution rate per My.

Estimation of the number of fixed genes and fixed substitutions specific to a taxon or shared
between taxa

At a given node of the tree, genes that were found in all descending leaves and no other strain
in the dataset were considered as fixed genes specific to this node. Similarly, every position
that showed the same amino acid variant in all leaves below a node and another amino-acid
in every other strain were considered as fixed variants specific to this node. Terminal branches
were not taken into account in these calculations since, by definition, strain-specific amino
acids or genes occurring in these branches cannot be considered as fixed.

Additionally, we also looked in Synechococcus-Cyanobium core genes for amino acid
variants specific to a set of strains corresponding to clades (Supplementary Table S8). A
variant was considered as specific to a set of strains if it showed the same amino acid in every
strain within the set and any other amino acid in every other strain. To allow comparison
between proteins of different lengths, the number of specific variants was normalized by gene
length. Given that older clades are expected to have accumulated more substitutions, each
set of strains proteins were ranked according to their proportion of specific variants. To
identify candidate proteins potentially involved in adaptation to cold conditions in clades |
and IV, we took the ratio of the protein rank for the “clades | and IV” set of strains to the
median rank for other clades (excluding the clades containing a single strain). We kept only
proteins for which this ratio was below 0.33, i.e. proteins with a rank 3 times higher in the

“clades | and IV” set than in other clades (Supplementary Table S8).
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Table 1: Estimation of the number of gained, lost and/or fixed genes per million years (My) as

well as total and fixed number of substitutions on internal branches (int. b.) or terminal

branches (ter. b.) for Prochlorococcus (Pro) HL and Synechococcus (Syn) SC 5.1. SE: standard

error, adj. R?: adjusted R2.

Rate Pro HL Pro HL Syn SC5.1 Syn SC5.1
(per My) int. b. ter. b. int. b. ter. b.
value 1.45 4.5 0.72 4.62
G ] SE 0.08 0.52 0.12 0.68
enegain  a4j. R? 0.95 0.83 0.46 0.50
p-value <10° <10° <10° <107®
value 0.87 3.72 1.68 1.8
| SE 0.26 0.44 0.16 0.22
Geneloss ™ i r2 0.41 0.82 0.73 0.60
p-value  4.7x10°3 <10° <10° <10°
value 0.39 - 0.16 -
Specific gene SE 0.03 - 0.06 -
fixation adj. R? 0.9 - 0.11 -
p-value <107 - 0.01 -
value 515.51 312.97 117.8 96.54
Substitutions adj. R? 0.98 0.99 0.96 0.98
p-value <105 <107 <10° <10°
N value 78.1 - 18.41 -
Specific SE 5.44 - 0.83 -
amino acid —
e adj. R 0.93 - 0.92 -
fixation
p-value <107 - <107 -
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Supplementary Figures
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Supplementary Fig. S1: Relationship between Average Amino-acid Identity (AAIl) and Average Nucleotide
Identity (ANI). ANI and AAl are shown in Fig 3A.
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Supplementary Fig. $3: Comparison of the genomic islands delineated in previous and current work for
a selection of picocyanobacterial strains. Results are shown for 2 Prochlorococcus strains (MED4, HLI and
MIT9312, HLII) and 2 Synechococcus strains (CC9605, clade Il and WH8102, clade Ill) for which islands were
defined in previous studies. The green line indicates the percentage of gained genes in 10 kb windows with
a 100 bp step. The black line indicates the 50% cut-off that we applied to delineate genomic islands. The
location of islands defined in this study are indicated in orange. The location of islands previously defined
in Supplementary Table S3 of [52] and Supplementary Material 5 of [23] are indicated in blue and red,
respectively. Abbreviations: ISL and SVR correspond to ‘islands’ and ‘smaller variable regions’, respectively
as defined in previous work; Gl, genomic islands, as defined in the present work.
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Supplementary Fig. S4: Comparison of within and between clades evolution rates. The boxplots show the
distribution of ratios of clade external to internal branch lengths for each node highlighted by blue dots in
Fig. 8, as calculated from trees based on core proteins and phyletic patterns, respectively. Differences
between the mean ratios were assessed by a paired Mann-Whitney-Wilcoxon test (p-value < 0.0009).
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Supplementary Fig. S5: Linear regressions used to calculate the rates of gene gains and the rates of
fixation of specific genes. A. Maximume-likelihood tree, only the topology is given. Nodes used to calculate
evolutionary rates are colored in blue (SC 5.1) and orange (Prochlorococcus HL). Circles indicate internal
nodes, and squares indicate leaves. B. The rate of fixation of specific genes is calculated as the slope of the
linear regression between the number of specific genes and the time elapsed on the leading branch, for
internal nodes of SC 5.1 (blue) and HL (orange). C. A zoom on the black rectangle drawn in panel B. D. The
rate of gene gains is calculated as the slope of the linear regression between the number of gained genes
per node and the time elapsed on the leading branch, for internal nodes (circles, left panel) and leaves
(squares, right panel) of SC 5.1 (blue) and HL (orange). E. A zoom on the black rectangle drawn in panel D.
Equations and R? are indicated for each regression.

135



CHAPITRE |

Supplementary Fig. S6: Linear regressions used to calculate the rates of substitution and the rates of
fixation of specific substitutions. A. Maximume-likelihood tree, only the topology is given. Nodes used to
calculate evolutionary rates are colored in blue (SC 5.1) and orange (Prochlorococcus HL). Circles indicate
internal nodes, and squares indicate leaves. B. The rate of specific amino-acid fixation is calculated as the
slope of the linear regression between the number of node-specific amino-acid substitutions and the time
elapsed on the leading branch, for internal nodes of SC 5.1 (blue) and HL (orange). C. A zoom on the black
rectangle drawn in panel B. D. The rate of amino-acid substitution is calculated as the slope of the linear
regression between the number of amino-acid substitutions and the time elapsed on the leading branch,
for internal nodes (circles) and leaves (squares) of SC 5.1 (blue) and HL (orange). E. A zoom on the black
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Supplementary Fig. S7: Phylogenetic tree of the 81 picocyanobacterial strains based on 821 concatenated
core proteins, with internal nodes named. Maximum-likelihood tree, only the topology is given. Node
names used in the text are indicated.
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Supplementary Tables

Supplementary Table S1: Accession numbers and characteristics of the genomes used in

this study.

Supplementary Table S2: Core and accessory genes at each taxonomic level (phylum, genus,
sub-cluster or clade) corresponding to colored boxes in Fig. 4A. A CLOG is considered as core
in a taxonomic group if it is present in >= 90% of the strains within this group and only
taxonomic groups with more than 3 genomes are considered. Accessory genes are shared by
at least 2 strains but are not core at any higher taxonomic level. Unique genes are present

only in one strain. Paralogs are considered separately.

Supplementary Table S3: Genes specific to each Synechococcus clade. As only a few genes
were found to be strictly clade specific, relaxed rules were used (i.e., genes present in at least
80% of strains within a clade and no other Synechococcus strain, cf. column B). Clades
gathering only one sequenced strain were not considered (i.e., clades IX, XX and UC-A). CK
numbers, i.e. CLOG numbers in the Cyanorak v2.1 database, which are cited in the text are

highlighted.

Supplementary Table S4: Genes specific to sets of Synechococcus clades representative of
ecologically significant taxonomic unit (ESTU) co-occurring in the field [21]. CLOGs present
in at least 90% of strains within a given assemblage and in less than 10% of strains outside of
this set (90-10) were selected. When this yielded less than 10 CLOGs, these cut-offs were
lowered to more than 80% of strains within a set and less than 20% outside (cf. column B).

These relaxed rules allowed us to overcome possible issues resulting from the clustering of
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orthologous genes and to take into account clades for which the ecological niche is poorly
known. CK numbers, i.e. CLOG numbers in the Cyanorak v2.1 database, which are cited in the

text are highlighted.

Supplementary Table S5: Coordinates and composition of every genomic island detected in
our dataset. The description of each CLOG (CK_XXXXXXXX) is available in Supplementary

Table 6 for Prochlorococcus and Supplementary Table 7 for Synechococcus.

Supplementary Table S6: Composition of modules of Prochlorococcus genomic islands. The
strain genomic islands comprised in a module are indicated. Numbers in the table indicate
the number of copies of a CLOG that were detected as part of an island of this module.

Modules cited in the text and in Fig. 6 are highlighted.

Supplementary Table S7: Composition of modules of Synechococcus genomic islands. The
strain genomic islands comprised in a module are indicated. Numbers in the table indicate
the number of copies of a CLOG that were detected as part of an island of this module.

Modules cited in the text and in Fig 7 are highlighted.

Supplementary Table S8: Proportion of clade-specific amino acid variants observed in every
Synechococcus/Cyanobium core protein. For each clade and CLOG, the percentage of specific
variants is shown, followed by the CLOG rank based on this percentage. The percentage of
specific variants is also indicated for sets of strains corresponding to ESTUs co-occurring in the
field (as defined by [21]). CLOGs are ordered according to the ratio of the rank observed in

the “clades I/IV set" to the median rank of other clades. Note that clades indicated by a star
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(light grey) contain a single sequenced strain or two quasi-identical strains (e.g. in the case of
SC 5.3) and were not considered in the median calculation. CLOGs selected for the “clade I/IV
set" are highlighted in yellow (see main text). Gene names cited in the text are highlighted in

green.
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Variabilité physiologique en réponse a divers stress chez Synechococcus sp. WH7803

Contexte de I’étude

Les travaux présentés dans le premier chapitre soulignent I'importante diversité génétique des
genres Prochlorococcus et Synechococcus en termes de variations nucléotidiques des séquences et du
contenu en genes et le réle respectif de chacun de ces deux mécanismes évolutifs dans I'adaptation a
la niche écologique. Cette diversité génétique ainsi que les analyses de la distribution in situ des
picocyanobactéries souléve également des questions concernant la plasticité physiologique des
différents écotypes de ces organismes et leur capacité a surmonter plus ou moins efficacement les

variations des parameétres environnementaux dans leurs niches écologiques respectives.

Afin de mieux comprendre les mécanismes de réponse de ces organismes aux variations des
divers facteurs environnementaux, une seconde partie de mon travail a consisté a étudier I'effet de
divers stress modérés (fortes lumiéres, radiations UV, faibles et fortes températures) couplés a
I’acclimatation a deux intensités lumineuses différentes (basses et hautes lumiéres), sur la physiologie
de Synechococcus sp. WH7803, la souche la mieux caractérisée d’un point de vue physiologique et qui
présent I'avantage supplémentaire d’étre axénique. Elle constitue donc une souche modéle pour les
Synechococcus marins. Des cultures ont également été soumises un cycle jour-nuit, simulant les
variations journaliéres naturelles d’intensité lumineuse, et ce a deux températures différentes, afin
d’observer I'impact physiologique de la température sur les variations circadiennes du métabolisme
cellulaire. Outre des mesures de (photo)physiologie (croissance, rendement quantique et réparation
du PS Il, etc.), des transcriptomes ont également été générés a différents temps de stress (ou du cycle
nycthémeéral) afin d’étudier, au travers des variations d’expression génique, les réponses des cellules
de WH7803 au stress, tant d’un point vue métabolique que régulationnel. Ces analyses ont révélé que
les cellules précédemment acclimatées aux fortes lumiéres sont mieux préparées que les cellules
acclimatées aux faibles lumiéres pour supporter un stress lumineux supplémentaire alors qu’un stress
froid semble induire un effet synergique avec les stress lumineux. Globalement, cette étude nous a
permis d'identifier les réponses communes a tous les stress et celles plus spécifiques a un stress donné,
mettant ainsi en évidence des genes potentiellement impliqués dans l'acclimatation a la niche d’'un

membre clé du phytoplancton.

Contribution

Etant donné la multiplicité des conditions et des mesures réalisées, ces expériences ont impliqué la
plupart des membres de I'équipe pour la mise en place des expériences, la récolte des échantillons, les
extractions d’ARN et/ou les optimisations nécessaires a la construction des librairies et a leur

séquencage avant mon arrivée en thése. J'ai pour ma part pris en charge le développement d’'un
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pipeline d’analyse des 154 transcriptomes générés dans le cadre de cette étude, analysé les données
d’expression différentielle obtenues ainsi qu’une partie des données physiologiques et participé a

I'interprétation des résultats obtenus.
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Synergic effects of temperature and irradiance on the physiology of the
marine Synechococcus strain WH7803

Résumé de I’article

Comprendre comment les micro-organismes ajustent leur métabolisme pour maintenir leur capacité
a faire face aux variations environnementales a court terme constitue I'un des principaux défis actuels
de [|'écologie microbienne. Ici, la souche marine de Synechococcus la mieux caractérisée
physiologiquement, WH7803, a été exposée a des cycles jour/nuit modulés ou acclimatée a une
lumiére continue haute (HL) ou basse (LL), puis soumises a diverses conditions de stress, y compris un
stress de basse (LT) ou haute (HT) température, des radiations HL et des ultraviolets (UV). Les réponses
physiologiques ont été analysées en mesurant I'évolution dans le temps du rendement quantique
(quantum yield) du photosysteme (PS) Il, le taux de réparation du PSlI, les changements globaux dans
|'expression des genes ainsi qu'en utilisant les rapports de pigmentation et la composition des lipides
membranaires publiés précédemment pour les analyses de corrélation. Ces données ont révélé que
les cellules précédemment acclimatées au HL sont mieux préparées que les cellules acclimatées au LL
pour supporter un stress supplémentaire de lumiere ou d'UV, mais pas un stress de LT. En effet, le LT
semble induire un effet synergique avec le traitement HL, comme on |'a observé précédemment avec
le stress oxydatif. Alors que toutes les conditions de stress testées ont induit la sous-expression de
nombreux génes photosynthétiques, notamment ceux codant pour le PSI, le cytochrome b6/f et les
phycobilisomes, le stress UV s'est avéré plus délétere pour le PSIl que les autres traitements, et la
rétablissement complet du PSIl endommagé par le stress UV semble impliquer la néo-synthése d'un
assez grand nombre de sous-unités du PSIl et pas seulement le réassemblage de sous-unités
préexistantes apres le remplacement du D1. En revanche, les génes impliqués dans la dégradation du
glycogene et les voies de biosynthese des caroténoides étaient plus particulierement sur-exprimés en
réponse au LT. En résumé, ces expériences ont permis d'identifier les réponses communes a tous les
stress et celles plus spécifiques a un stress donné, mettant ainsi en évidence des genes potentiellement
impliqués dans I'acclimatation a la niche d'un membre clé des écosystemes marins. Nos données ont
également révélé d’'importantes caractéristiques spécifiques des réponses au stress par rapport aux

cyanobactéries d'eau douce modéles.
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Abstract

Understanding how microorganisms adjust their metabolism to maintain their ability to
cope with short-term environmental variations constitutes one of the major current
challenges in microbial ecology. Here, the best physiologically characterized marine
Synechococcus strain, WH7803, was exposed to modulated light/dark cycles or
acclimated to continuous high-light (HL) or low-light (LL), then shifted to various stress
conditions, including low (LT) or high temperature (HT), HL and ultraviolet (UV) radiations.
Physiological responses were analyzed by measuring time courses of photosystem (PS) Il
guantum vyield, PSIl repair rate, global changes in gene expression as well as using
previously published pigment ratios and membrane lipid composition for correlation
analyses. These data revealed that cells previously acclimated to HL are better prepared
than LL-acclimated cells to sustain an additional light or UV stress, but not a LT stress.
Indeed, LT seems to induce a synergic effect with the HL treatment, as previously
observed with oxidative stress. While all tested shift conditions induced the
downregulation of many photosynthetic genes, notably those encoding PSI, cytochrome
be/f and phycobilisomes, UV stress proved to be more deleterious for PSIl than the other
treatments, and full recovery of damaged PSIl from UV stress seemed to involve the neo-
synthesis of a fairly large number of PSII subunits and not just the reassembly of pre-
existing subunits after D1 replacement. In contrast, genes involved in glycogen
degradation and carotenoid biosynthesis pathways were more particularly upregulated
in response to LT. Altogether, these experiments allowed us to identify responses
common to all stresses and those more specific to a given stress, thus highlighting genes
potentially involved in niche acclimation of a key member of marine ecosystems. Our data
also revealed important specific features of the stress responses compared to model

freshwater cyanobacteria.
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Introduction

All microorganisms are constrained to adjust their metabolism in order to maintain
their ability to survive in constantly changing environments. These variations can occur
at different timescales, from seconds to several cell generations. While long-term
variations often induce adaptation, whereby the natural selection alters the genetic
composition (e.g., by gene loss/gain or substitutions; Galhardo et al., 2007; Doré et al.,
2020), short-term variations of the environment can be managed by phenotypic
plasticity, involving physiological adjustments that allow to maintain cellular performance
across varying environmental conditions (Dudley, 2004; Gabriel, 2005). Bacteria possess
numerous mechanisms that enable acclimation to the variety of possible external
stresses (Schimel et al., 2007). These range from up or downregulation of a single
metabolic process to the activation of complex gene expression networks, e.g. through
regulation by two-component sensory systems that translate extracellular signals into
intracellular responses (Suzuki et al., 2001; Los et al., 2010). In this context, comparing
global gene expression profiles on laboratory strains submitted to different individual
stresses and for which conditions can be perfectly controlled, allows not only to uncover
stress-specific global transcriptional responses but also to shed light on novel or
unsuspected cellular stress responses.

Most transcriptomic studies so far have focused on model microorganisms, such as
Escherichia coli (Kannan et al., 2008; Wang et al., 2009; Jozefczuk et al., 2010), Bacillus
subtilis (Mostertz et al., 2004; Nicolas et al., 2012), Caulobacter crescentus (da Silva Neto
et al., 2013) or Chlamydomonas reinhardtii (Nguyen et al., 2008). In the specific case of
cyanobacteria, changes in whole transcriptomes have been extensively investigated in
the unicellular freshwater strains Synechocystis sp. PCC 6803 and Synechococcus sp. PCC
7942 in response to various environmental conditions including light (Hihara et al., 2001;
Huang et al., 2002), temperature (Suzuki et al., 2001; Mikami et al., 2002; Inaba et al.,
2003), oxidative stress (Hihara et al., 2003; Singh et al., 2004), nutrient stresses (Singh et
al., 2003; Suzuki et al., 2004; Krasikov et al., 2012; Blanco-Ameijeiras et al., 2017) and/or
change in ambient CO; levels (Schwarz et al., 2011; Jablonsky et al., 2016). However, none
of these organisms are ecologically relevant, especially concerning the marine
environment, which is affected by universal but also specific environmental parameters

as compared to terrestrial and freshwater ecosystems.
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In oceanic waters, the cyanobacterial community is largely dominated by two genera,
Prochlorococcus and Synechococcus, which are only distantly related to their model
freshwater counterparts. While Prochlorococcus mainly thrives in warm, nutrient-poor
oceanic waters, Synechococcus can colonize a broader range of ecological niches,
extending from the equator to subpolar waters as well as from estuaries to oligotrophic
waters of the ocean (Flombaum et al., 2013; Xia et al., 2015; Paulsen et al., 2016). This
abundance, ubiquity and the availability of many genomes and strains in culture make
Synechococcus one of the most relevant model microorganisms to study the response to
variations of environmental conditions in the marine ecosystem. Quite a few
transcriptomic studies have been conducted on Prochlorococcus and Synechococcus
strains (Tolonen et al., 2006; Lindell et al., 2007; Zinser et al., 2009; Tetu et al., 2009, 2013;
Blot et al., 2011; Thompson et al., 2011; Mella-Flores et al., 2012; Reistetter et al., 2013;
Voigt et al., 2014; Stazic et al., 2016; Lambrecht et al., 2019), but they have mainly focused
on the effect of single environmental factors. Here, the well-characterized marine
Synechococcus strain WH7803, a warm temperature-adapted ecotype, which also has the
advantage of being axenic (Kana and Glibert, 1987a, 1987b; Kana et al., 1988; Garczarek
et al., 2008; Blot et al., 2011; Mella-Flores et al., 2012; Pittera et al., 2018), was selected
to study the effect of various stress conditions, high light (HL), UV, low (LT) and high (HT)
temperatures, on cultures previously acclimated to either low light (LL) or HL conditions,
as well as to assess the effect of diel variations, as triggered by a modulated light/dark
(L/D) cycle. These parameters are indeed well known to affect the physiology of this
organism but the regulatory processes involved remain poorly studied. A comparison of
global gene expression profiles allowed us to identify the common and specific
transcriptomic responses to the different conditions. This study notably revealed that
cells previously acclimated to HL seem to be better prepared than LL-acclimated cells to
sustain an additional light stress but not a LT stress, which in contrast seems to induce a
synergic effect with the HL treatment, as previously observed for oxidative stress (Blot et

al., 2011).
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Materials and methods
Culture Conditions

Synechococcus sp. WH7803, an axenic strain retrieved from the Roscoff culture
collection (RCC752; http://roscoff-culture-collection.org/), was grown in PCR-S11 culture
medium (Rippka et al., 2000) supplemented with 1 mM sodium nitrate and 1 pg.L*
vitamin B12. Cultures were acclimated for at least two weeks at 22°C and 20 umol
photon.m?2.s? (hereafter LL and pE.m™2.s!) or 250 uE.m2.s? (hereafter HL) provided by
multicolor (cool white: 6500K, blue: 470 nm, green: 530 nm) LED systems (Alpheus,
France). For each growth irradiance, a 9 L exponentially growing culture was split in 500
mL aliquots into 1 L flasks (Nalgene, St. Louis, MO, USA) and left under their initial growth
irradiance overnight before being submitted to light, UV or temperature stress conditions
and sampled at different times (Table 1) for various parameters (see below). UVA and
UVB radiations, generated from UVA-351 and UVB-313 fluorescent bulbs (Q-Panel Lab
products, Cleveland, OH, USA), were measured between 280-320 and 320-400 nm,
respectively using a USB2000 spectroradiometer (Ocean Optics, EW Duiven, The
Netherlands). In order to estimate the cell recovery capacities, HL and UV stressed
cultures were then shifted back to their initial growth condition and sampled after 1h (R1)
and 24h (R24). Low (13°C, hereafter LT) and high temperature (30°C, hereafter HT)
stresses were performed in temperature-controlled chambers (Liebherr-Hausgerate,
Lienz, Austria).

For diel cycle experiments, run at two temperatures (21 and 27°C), a bell-shaped
12/12 h L/D cycle, triggering a proper synchronization of cell division, was generated
using the multicolor LED systems and the Ether software (Alpheus, France). The maximal
irradiance (at virtual noon) was set at 669 pE.m2.s?. Two replicate cultures per
temperature were acclimated to L/D cycles for at least two weeks prior to starting
monitoring the different parameters. During the experiment, two replicate cultures were
grown with a continuous input of fresh medium, in order to maintain cells in exponential
growth throughout the whole sampling period. In order to study the kinetics of the
response of cells to light fluctuations, cultures were sampled at virtual 6:00, 9:00, 12:00,
15:00, 18:00, 20:00, 22:00, and 2:00 over threedays for measuring a variety of
parameters described below. Additionally, for flow cytometric analyses, 200 pL samples

were transferred every hour using an Omnicoll Fraction Collector (Lambda, Brno, Czech
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Republic) into microtubes maintained at 4°C by Peltier effect and containing 0.25%
glutaraldehyde grade Il (Sigma Aldrich, St Louis, MO, USA), then stored at -80°C until

analysis.

Flow cytometry
Synechococcus cell concentration was measured by flow cytometry as previously
described (Marie et al., 1999) using a FACSCanto Il flow cytometer (Becton Dickinson, San

Jose, CA, USA) with a laser emission set at 488 nm and distilled water as sheath fluid.

In vivo fluorescence measurement

PSII quantum yield (Fy/Fm) was measured upon excitation at 520 nm with a Pulse
Amplitude Modulation fluorometer (Phyto-PAM |, Walz, Effeltrich, Germany) equipped
with a chart recorder (Vernier, LabPro, Beaverton, OR, USA), as previously described
(Mella-Flores et al., 2012). Briefly, after 3 min acclimation in the dark, cultures were
exposed to modulated light and basal level fluorescence (Fo) was then measured. The
maximal fluorescence levels (Fm) were measured after adding 100 uM of PSII blocker 3-
(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and by triggering saturating light pulses
(655 nm; 2000 pE.m™2.s1). The PSIl quantum yield was calculated as:

F V/FM = (FM - FO)/FM

Fluorescence emission spectra were recorded between 545 and 750 nm upon
excitation at 530 nm (Amax absorption of phycoerythrobilin) with an LS-50B
spectrofluorometer (Perkin-Elmer, Waltham, MA, USA) equipped with a red sensitive
photomultiplier as previously described (Six et al., 2004). In order to determine the
coupling of phycobiliproteins and to observe any dismantlement of phycobilisome (PBS)
rods, fluorescence emission spectra were then used to calculate the phycoerythrin (PE,
Amax = 565 to 575 nm) to phycocyanin (PC, Amax = 645 to 655 nm) ratio as well as the PC to
PBS terminal acceptor (TA; 680 nm). The latter ratio reflects the energy transfer from

phycocyanin to reaction center chlorophylls (Pittera et al., 2017).
PSII repair rate measurements
PSII repair rate was calculated in two different ways depending on stress duration.

For short-term stresses (HL and UV stress, 6-hour stress experiments), PSll repair rate was
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estimated over the 6 hours of stress. Two aliquots of 20 mL were sampled at TO. While
the first one was used as a control, lincomycin (protein synthesis inhibitor) was added to
the second one to a final concentration of 0.5 mg.mL? and the Fv/Fum parameter was
monitored at each timepoint. The difference between the coefficients of the exponential
curves fitted on Fy/Fm measurements was used as proxy of the PSII repair rate. For the
long-term (4-days) experiments (LT and HT stress) and for L/D cycles, six aliquots of 2 mL
were taken at each timepoint, placed in 8-wells plates and lincomycin was then added to
three of them, as described above. All aliquots were placed in the same conditions as the
rest of the culture and Fy/Fm was monitored after 15 min, 30 min and one hour,

respectively.

Pigment and lipid analyses
Pigment content and lipid analyses, corresponding to the same experiments, were
published elsewhere (Pittera et al., 2018) and used here for correlation analyses with

gene expression data (see below).

RNA Extraction

RNA extractions were performed from 150 mL of culture harvested by centrifugation
in an Eppendorf 5804R (7 min, 10,414 x g, 4°C) then in an Eppendorf 5417R centrifuge (2
min, 20,817 x g, 4°C). The cell pellet was then resuspended in 1 mL Qiazol (Qiagen,
Valencia, CA, USA) and quickly frozen in liquid nitrogen. The total duration of cell
harvesting was kept below 15 min. After thawing the tubes at 65°C, followed by
incubation and vortexing for 5 min at this temperature, total RNA was extracted using the
Direct-Zol kit (Zymo Research Corp, Proteigene) as recommended by the manufacturer.
Three successive DNase treatments were performed on the Zymo-Spin™-1IC Column using
the Qiagen RNase-free DNase Set (Qiagen), followed by elution from the column in 30 pL
DEPC-treated water. RNA quantification and quality check were performed using a
NanoDrop® ND-1000 (Thermo Fisher Scientific) and a BioAnalyzer 2100 with the RNA
6000 Nano Kit (Agilent, Santa Clara, CA, USA), respectively. RNA samples were then frozen

in liquid nitrogen and stored at -80°C.
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Library preparation and sequencing

Ribodepletion was performed at the Genotoul platform (Toulouse, France) from 5 pg
of total RNA using the Ribo-Zero Bacteria Magnetic Kits (Illumina) in the presence of
RiboGuard RNase Inhibitor (Epicentre) and treated RNA samples were purified and
concentrated using RNA Clean & Concentrator™-5 columns (Zymo Research). Ribo-
depleted RNA was then was then quantified by Qubit (RNA HS Assay Kit, Thermo Fisher
Scientific) and quality check was performed using a Bioanalyzer (RNA Pico kit) or a Labchip
GX. Libraries were then prepared from 100 to 400 ng of RNA using the lllumina TruSeq
Stranded mRNA kit and sequenced as 150 bp paired-end reads on lllumina HiSeq 3000
System (lllumina, San Diego, CA, USA) at Genotoul (Toulouse, France). 18.5 + 4.7-10°

paired-end reads were generated per sample.

RNA-Seq Analysis

Reads quality check was performed with the FastQC tool (Andrews, 2015). Reads
smaller than 50 nt and with a mean quality score lower than 25 were excluded using
Prinseq v0.20.4 (Schmieder and Edwards, 2011). lllumina adapters, constituting 23.5 +
4.5 % of reads, and rRNAs, constituting 5.0 = 5.9 % of all reads, were removed with
Cutadapt v1.8.3 (Martin, 2011) and SortMeRNA v2.1 (Kopylova et al., 2012), respectively.
The remaining reads were then mapped to the reference genome of Synechococcus sp.
WH7803 using Bowtie2 v2.2.9 software (Langmead and Salzberg, 2012) with ‘--non-
deterministic --end-to-end —sensitive’ parameters and by selecting only the properly
paired reads (i.e., SAM flagged as 99, 147, 163 or 83). Read count tables were obtained
using HTSeq Count v0.6.0 (Anders et al., 2015) with following parameters: ‘--
stranded=reverse -a 10 -m intersection-nonempty’. Gene expression levels between
stress and control conditions as well as adjusted p-values based on the Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995) were determined using SARTools
v1.4.0 (Varet et al., 2016) with embedded DESeq2 v1.14.1 (Love et al., 2014). Genes were
considered as differentially expressed (DE) if the adjusted p-value was < 0.05 and the
absolute value of log; fold change (log,FC) was > 1. The RNA-seq dataset is available as

raw and processed data in the SRA and GEO databases, respectively (see supplemental
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Tables) and can be visualized using JBrowse (Buels et al., 2016) in the Cyanorak v2

database (www.sb-roscoff.fr/cyanorak).

Co-expression network model analysis

Weighted gene correlation network analysis (WGCNA; Langfelder and Horvath, 2008)
was performed on shift experiments to define gene subnetworks, called modules, based
on gene expression patterns. A signed adjacency matrix between genes was calculated
and Pearson correlations were weighted by taking their absolute value and raising them
to the power B = 12 to optimize the scale-free topology network fit. In order to identify
groups of genes, whose expression was correlated to the biological, physical or chemical
traits available for this experiment (including previously published pigment and lipid data;
Pittera et al., 2018), the pairwise Pearson correlation coefficients between the principal
component of each module, referred to as the module eigenvalue (ME), and these traits
was then calculated using the R package WGCNA (Langfelder and Horvath, 2008).
Modules were then filtered using a partial least square (PLS) regression, a dimensionality-
reduction method that aims at determining predictor combinations with maximum
covariance with the response variable. The predictors were ranked according to their
value importance in projection (VIP), as previously described (Guidi et al., 2016).
Furthermore, the UpSet R package was used to count and plot the number of genes per
module that were DE in a given set of conditions (e.g. LLHT and HLLT) by considering only

genes significantly DE in at least one time point of each condition for this set of conditions.

Relationship between genomic features and transcriptomic responses to different
stresses

Transcriptomic data were synthesized as a circos plot integrating: i) core genes, as
determined based on the comparison of the 81 non-redundant genomes of the cyanorak

database (www.sb-roscoff.fr/cyanorak/; Doré et al., 2020), ii) WGCNA module and

submodule membership, iii) predicted operons as extracted from ProOpDB (Taboada et
al., 2012), iv) ‘cyanorons’ that we defined as suites of > 4 adjacent genes on the genome
that belong to the same WGCNA module and displayed at least half of all time points for
a given stress with a similar expression pattern (e.g., all 4 adjacent genes belonging to

module Blue and all displaying either a LogzFC >1 or <1).
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Results

Photophysiological response of Synechococcus sp. WH7803 to variations in light and
temperature conditions

Cultures pre-acclimated under LL (25 pE.m2.s!) or HL (250 pE.m™2.s!) and 22°C were
subjected to a series of light or temperature shifts, as detailed in Table 1. The quantum
yield of the PSII reaction center (Fy/Fwm), used as a proxy for PSII activity, showed that UV
stress induced a much stronger response than HL stress in LL-acclimated cultures of
Synechococcus sp. WH7803, with a decrease of the Fy/Fum after six hours of stress of 60%
and 20%, respectively (Fig. 1A). This Fy/Fm drop was much less pronounced in HL-
acclimated culture under UV stress (20%), potentially related to the much faster D1 repair
rate measured in control HL- than LL-acclimated cultures (6-fold, Fig. 1B). D1 repair rates
were also further enhanced by UV and HL treatments in LL-acclimated conditions and by
UV in HL-acclimated cells. In all cases, cultures were capable of recovering most of their
PSII activity after 24 h, showing that none of these stresses were lethal for the cultures
(Fig. 1A). As concerns thermal stresses, HT shift, induced by an 8°C temperature increase,
only had a small effect on PSII activity for cells previously acclimated to both light
conditions (Fig. 1C), except at the end of the LL HT experiment when cultures reached the
stationary growth phase (data not shown), and these HT conditions led to a fairly high
induction of the D1 repair rate compared to the control at TO (Fig. 1D). In contrast, a shift
to LT, corresponding to a 9°C temperature decrease, induced a strong PSll
photoinactivation with a drop in Fv/Fm of 45% followed by a stabilization for LL-acclimated
cells after one day and a continuous decrease reaching about 70% within a day for HL-
acclimated cells (Fig. 1C), and none of these conditions led to a significant change of the
D1 repair rate of the cells (Fig. 1D). Thus, in contrast to light stresses, cells previously
acclimated to HL do not seem to be better prepared for thermal stress than LL-acclimated
cells.

Photoprotective and/or antioxidant pigments only showed low variations in
response to light and temperature shifts. The ratios of the B-carotene (B-car), zeaxanthin
(zea) and B-cryptoxanthin (B-crypto) to chlorophyll (chl) a only showed low variations in
response to light and temperature shifts, with i) a slight increase of the two latter ratios
and decrease of the first one in response to HL in LL-acclimated cultures, ii) an increase

of the sole B-crypto/chl a ratio in response to UV and iii) a decrease of B-car/chl a in
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response to LT in both light acclimated cultures (Fig. S1). Furthermore, variations of the
ratios of the fluorescence emission peaks were used to assess the efficiency of the energy
transfer within the PBS rods (PE/PC) as well as between the basal part of the rods and the
PSII reaction center (PC/TA), as measured by fluorescence leaks between these
phycobiliprotein subunits (Pittera et al., 2017; Fig. S2). While HL and UV had a rapid and
stronger effect on the base of the PBS rods and/or on the connection of the PBS to the
thylakoid membrane (PC/TA) than at the rod level (PE/PC, Fig. S2A-B), LT seemingly
induced a progressive disruption of the PBS, both at the rod level and at the core level

(Fig. S2C-D). In contrast, the shift to HT had virtually no effect on the PBS structure.
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Figure 1. Variation of the photophysiological parameters in response to changes in light
or thermal conditions in Synechococcus sp. WH7803 acclimated to low or high light.
(A,C) PSII maximal photochemical yield (Fv/Fm) expressed as % of initial Fy/Fuv after a shift
(A) to high light or UV radiations and (C) to low temperature (LT: shift from 22°C to 13°C)
or high temperature (HT; shift from 22°C to 30°C). The dashed line indicates the time (6h)
at which cultures submitted to light stresses were shifted back to their initial light
conditions for recovery. (B, D) Cumulative photosystem Il repair rate (RPSII), (B) during
the 6 h of light stress and (D) during 1h for low and high temperature shifts. While for
panels A, B and C, data represent averages and standard deviations of three biological
replicates, for panel D, boxplots represent distribution of all three independent
measurements, with their medians and interquartiles. The top grey banners indicate the
culture acclimation condition. These data are based on at least three independent
experiments. Abbreviations: Ct, control; LL, low light; HL, high light; UV, ultraviolet; LT,
low temperature; HT, high temperature.
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Comparison of the photophysiological response of Synechococcus sp. WH7803 to a L/D
cycle at two temperatures

At both temperatures, the Fy/Fmratio showed a cyclic evolution, reaching a minimum
value during the light period. However, while at 21°C the Fv/Fm mirrored the light curve
with a minimum at noon and fairly constant higher values during the whole dark period,
at 27°C Fy/Fm was already close to the minimal value at 9 a.m. and reached a maximum
at the light/dark transition and tended to decrease during the night (Fig. 2). Consistently
with the LT and HT stress experiments in continuous light conditions (Fig. 1D), the D1
repair rate was much higher at 27 than at 21°C at all time-points during the light period,
reaching a comparable value at 9 a.m. for the 27°C treatment to the one measured at

noon for the 21°C treatment.
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Figure 2. Daily variations of the photosystem Il maximal quantum yield (Fv/Fuv) and D1 repair rates
for Synechococcus sp. WH7803 cells acclimated to a modulated 12h/12h L/D cycle at 21 or 27°C. (A)
PSII maximal photochemical yield (Fv/Fm) expressed as % of Fy/Fmat 6 a.m. (B) Photosystem Il repair
rate (RPSIl). Note that this parameter was not measured during the night since a previous study
showed that there is no repair during this period (Mella-Flores et al., 2011). Light and dark periods
(LE.m~2.571) are indicated by white and grey background on the figure and by a dashed line during the
light period showing the modulation of light intensity. Error bars indicate standard deviation for four
biological replicates.
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Global description of transcriptional responses

Transcriptome analyses showed that 97.6 £ 1.2 % of the reads mapped to the
reference WH7803 genome, resulting in average in 98.9 % of the genome, including
intergenic and gene coding regions, being covered by more than two reads in the
different experiments, and 99.99 % when considering all experiments altogether. Global
analyses showed a transcriptional response proportional to the stress intensity as
assessed from photophysiological measurements, i.e. there were more DE genes at the
end of the stress than at the beginning (Fig. 3). While light stresses (HL and UV) led to a
high number of DE genes in LL-acclimated cultures (24 and 26 % of all genes at the end of
stress, respectively), only a few genes were DE after UV stress in HL-acclimated cultures.
Differences between LL- and HL-acclimated cultures were less conspicuous during
thermal stress, both responding strongly to LT stress (25 and 29% of all genes were DE at
the end of stress, respectively) and only weakly to HT stress (up to 12 and 4% DE genes,
respectively). Thus, consistently with PSIl activity (Fig. 1A, C), the transcriptomic response
showed that LL-acclimated cells were much more sensitive to UV stress than HL-
acclimated cells, while LT but not HT shift seemed to constitute a very stressful condition
whatever the initial light acclimation condition used.

As concerns the L/D cycle, there were large daily variations of the number of DE
genes compared to the 6 a.m. time point, the highest number being reached at the light-
dark transition at 21°C, while variations were less pronounced during the day at 27°C with
a peak of DE genes at 3 p.m. (Fig. 3B). The direct comparison between 21 and 27°C at
each time point showed that differences in number of DE genes between these
treatments mainly occurred during the dark period and at the L/D and D/L transitions

(Fig. S3).
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Figure 3. Number of differentially expressed (DE) genes in Synechococcus sp. WH7803 in the
different tested conditions. For each condition, the number of induced, repressed and non-DE genes
among the 2,634 genes of the Synechococcus sp. WH7803, are shown in red, blue and grey,
respectively. (A) Shift experiments. The top grey banners indicate the prior acclimation condition of
the culture: LL, low light; HL, high light. Data are based on three biological replicates. For each stress
condition, numbers in x-axis correspond to ‘sampling time’ in hours and the colored bars to the ‘shift
condition’ (UV, ultraviolet; LT, low temperature; HT, high temperature). (B) Light/dark cycle at 21 and
27°C. The top grey banners above graphs indicate the temperature used for the experiment, while the
white and black banners indicate light and dark periods. Data are based on four biological replicates
and differential expression was calculated relatively to the 6 a.m. data point.
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Correlation between gene expression and biophysical parameters

In order to explore transcriptome-wide responses of WH7803 in all shift conditions,
we used a WGCNA approach (Langfelder and Horvath, 2008; Guidi et al., 2016). This
analysis delimited three modules and 13 submodules of co-expressed genes within the
global co-expression network. Each (sub)module thus contains a subset of DE genes,
whose pairwise expression was highly correlated, i.e. expression of genes gathered within
a given (sub)module had a high probability of varying similarly over all stress experiments
(Fig. 4). To further reduce the complexity of these transcriptomic data, we first focused
on i) genes with VIP scores values higher than 1 (hereafter VIP genes), i.e. the minimum
set of genes of a module to obtain an association (correlation or anti-correlation) with a
given trait similar to that of all genes of the module (Table S1), on ii) genes in each module
that were significantly up or down-regulated in specific sets of conditions (hereafter
called UpSet genes; Fig. S4). This approach also allowed us to determine the metabolic
pathways of WH7803, based on KEGG (https://www.genome.jp/kegg/), which were most
affected in response to environmental changes, as detailed in the discussion part.

The yellow module was correlated to the B-car/chl a ratios, Fv/Fm, temperature and
anti-correlated to the PC/TA ratios, to the glycolipid sulfoquinovosyldiacylglycerol (SQDG)
sn-1 and sn-2 acyl chains lengths, as well as to the number of unsaturations on both sn-2
and/or sn-1 acyl chains of SQDG and most other glycolipids (Table S1; Fig. 4). Among the
1,520 genes of this module, 102 were VIP and were dominantly photosynthetic genes
notably involved in the synthesis of pigments, PSI and PSII, cytochrome be/f, plastocyanin
as well as PBS subunits and linkers, most of them being downregulated and belonging to
the turquoise submodule. Of note, most genes coding for PBS components were gathered
into two ‘cyanorons’, i.e. were co-expressed and adjacent on the genome (Fig. 5). The
fact that many genes involved in the light-dependent reactions of photosynthesis were
downregulated in HL, UV and LT treatments suggests that these stresses all had a strong
inhibitory effect on this central metabolic process. Notable exceptions, all clustered in
the brown submodule, were in contrast upregulated in response to most treatments
(Table S1). These include a D1.2 encoding psbA gene, a psbD gene copy, the D1 repair
FtsH2 protein, all involved in the turnover of the two main proteins of the PSIl reaction
center, but also three genes coding for high-light-inducible proteins (HLIPs) as well as ubiH

involved in plastoquinone biosynthesis. VIP genes of this submodule also included several
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chaperones and proteases (GrolL1, GrolL2, ClpB1, ClpC, Dnak3 and a small heat shock
protein, HSP20) as well as three genes coding for sigma factors (rpoD4, 6 and 7), all three

latter genes also showing a notable diel expression (Table S1).
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Figure 4. Correlations between WGCNA modules eigengenes and phenotypic traits. Each row
represents either a gene module (top four rows) or submodules (bottom 14 rows) and number of
genes in the module or submodule are specified in colored rectangles. Colored bars on left hand side
indicate the corresponding module. Biophysical parameters are expressed as a percentage of the TO
of each experiment. The color scale reflects the Pearson correlation coefficient (R2). The size of the
correlation squares is inversely related to the p-value. Genes that could not be clustered into one of
the modules were assigned to the grey module (not shown), and non-significant correlations (Student
Adjusted p-value > 10-3) are indicated by a cross. Abbreviations: PC, phycocyanin; PE, phycoerythrin;
TA, terminal acceptor; FV/FM, PSIl maximal photochemical yield; B-car, B-carotene; chl, chlorophyll;
B-crypto, PB-cryptoxanthin; zea, zeaxanthin; MGDG, monogalactosyldiacylglycerol; DGDG,
digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG, phosphatidylglycerol.
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Fig. 5: Circos representation of Synechococcus sp. WH7803 genomic features and transcriptomes in
response to different stresses. Circles from outside to inside, separated by black lines, include core
genes (black), WGCNA module and submodule membership (cf. Fig. 4 for the corresponding colors),
predicted operon using ProOpDB (orange), Cyanorons (purple) and heatmap for differential gene
expression [Log2(FC)] in all tested stress conditions displayed in the following order: LLHL (0.3, 1, 3,
6), LLUV (0.3, 1, 3,6), LLHT (12, 24, 48, 72), LLLT (12, 24, 48, 72), HLUV (0.3, 1, 3, 6), HLHT (4, 8, 16, 24),
HLLT (4, 8, 16, 24), with number between brackets indicating ‘sampling time’ in hours. Slices
delineated by black lines indicate group of genes mentioned in the text involved in specific functions:
A: ribosomal proteins, B: phycobilisome rod biosynthesis, C: CO2 fixation (carboxysomes and
RuBisCO), D: multiprotein Na+ antiporter subunits, E: ABC-type Mn2+/Zn2+ transport system, E:
exodeoxyribonuclease V (RecBCD complex), F: cytochrome c oxidase subunits, G: ATP synthase, H:
Allophycocyanin.
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When looking at the 1,039 UpSet genes of this module, one can see that 149 were
induced (brown submodule, 110 genes) or repressed (turquoise submodule, 39 genes)
specifically in LLUV and 60 more were mostly induced in LLUV and LLHT, the latter gene
set being upregulated mainly at the last data point of the high temperature stress,
corresponding to cells in stationary phase (Fig. S4). These categories notably included
genes coding for five ATP-dependent Clp proteases (ClpP1-4, CIpS), the stress-inducible
DNA-binding protein DpsA, as well as seven out the 20 subunits of the NADH
dehydrogenase | (Table S1). Furthermore 42 UpSet genes were DE in all stress conditions
except HT treatments, while 84 others were DE in all but HT and HLUV, the latter
conditions previously showed to be the least stressful conditions in this experimental
setup (Fig. 3A). Both sets of genes were mainly downregulated and essentially
encompassed genes involved in the abovementioned photosynthetic light reactions, but
also a few genes involved in heme/vitamin biosynthesis (5 genes), cell division (4 genes)
as well as the universal stress family protein UspG.

The blue module, gathering 827 genes, exhibited a mirrored correlation pattern
compared to the yellow one, except that a significant correlation was found for several
parameters, which were anticorrelated with the yellow module but not significantly (Fig.
4). Although the WGCNA analysis resulted in four submodules within the blue module,
their analysis did not reveal any clear trend with regard to the different treatments.
Among the 135 VIP genes of this module, most of them were upregulated and numerous
genes were involved in central metabolism, including DNA replication and repair, protein
fate, oxidative stress response, fatty acid biosynthesis as well as sugar catabolism (Fig. 6).
Also notable in this module were several two-component systems, three genes of the SUF
(sulfur utilization factor) system (Banerjee et al., 2017), as well as several members of the
DNA/RNA helicase family, which by rearranging the secondary structure of nucleic acids,
could play a role in the response to variations of environmental conditions (see e.g.,
Chamot et al., 1999; Chamot and Owttrim, 2000; Owttrim, 2006). This includes CrhR, an
ortholog of SIr0083, known to be upregulated by cold stress in Synechocystis sp. PCC 6803
(Georg et al., 2019), which was indeed also the case for HL-acclimated WH7803 cells.

Consistently with the fact that the blue module was strongly anticorrelated to
temperature, UpSet genes of this module gathered 55 genes seemingly specific to LT

stresses (LLLT and HLLT), while 41 more genes were found only in LLLT and 49 only in HLLT

163



CHAPITRE Il

conditions (Fig. S4 and Table S1). Genes among these categories were mostly upregulated
and notably included ctpA, encoding the carboxyl-terminal processing protease involved
in the maturation of the PSIlI core subunit D1, the lycopene B-cyclase encoding gene crtl-
b, several genes involved in DNA replication recombination and repair, numerous
glycosyltransferases, potentially involved in cell wall biosynthesis as well as genes
involved in biosynthesis and regulation of vitamins, including biotin (B7; Rodionov et al.,
2002) and pseudocobalamin (B12; Helliwell et al., 2016). Also notable were several
transporters constituting ‘cyanorons' on the circos representation (Fig. 5): an ABC-type
Mn?*/Zn?* transporter as well as several subunits of the multiprotein Na*/H* antiporter
(mrpCDF), which like genes coding for the four other subunits of the latter transporter,
also in the blue module, suddenly shift from being mostly downregulated during the day
to being upregulated during the night. Interestingly, the blue module also encompassed
49 genes differentially regulated specifically in LL-acclimated cultures submitted to UV
stress. While half of them were downregulated, including ftsZ involved in ring formation
during cell division, the other half were upregulated and included a few photosynthetic
genes and several ABC transporters (Table S1).

The magenta module, which encompasses 163 genes, including 12 VIP, was
significantly correlated with only one parameter, namely the variation of cell density
compared to TO. VIP genes notably include two genes involved in the response to
oxidative stress, two coding for subunits of the DNA-directed RNA polymerase (the other
two subunits being also clustered in the magenta module) as well as rbcL, encoding the
large subunit of the RuBisCO, the latter being upregulated in response to the LLHL
treatment but downregulated in LLUV, LLLT and HLLT. Additionally, a large number of
UpSet genes (24), mainly found in the pink submodule, seemed to be upregulated
significantly in LLHL but non-significantly in other conditions (Table S1). This included
genes coding for 19 out of the 53 ribosomal proteins, while 19 others were also in the
pink submodule, all these genes constituting the second largest ‘cyanoron’ of the
WH7803 genome (Fig. 5). In contrast, the magenta submodule essentially gathered genes
upregulated in LLHL but downregulated or not DE in most other shift conditions. It
contains i) not only the abovementioned rbcl gene but also genes encoding the second
subunit of the RuBisCO (rbcS) and most carboxysome shell proteins, altogether

constituting another large ‘cyanoron’, ii) all genes coding for the different subunits of the
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ATP synthase as well as iii) numerous genes involved in nitrogen uptake (focA, amtl,
nrtP), assimilation (cynH, S, glnA, nirA, narB, mobA) and regulation (ntcA). Thus
altogether, it seems that all critical pathways involved in CO; fixation, ATP production and
nitrogen metabolism were specifically activated in response to HL treatment (and showed
a peak of expression at 9 a.m. in L/D), while being downregulated in response to other

treatments.

Discussion

General response of marine Synechococcus to various stress conditions

Understanding how marine phytoplankton will react to variations in the physico-
chemical properties of the marine ecosystem, some of which are triggered by the ongoing
global changes, constitutes one of the major current challenges in microbial ecology. For
this reason, we investigated the response to various ecologically realistic stresses as well
as L/D cycles in WH7803, one of the best physiologically characterized marine
Synechococcus isolates (Kana and Glibert, 1987a, 1987b; Kana et al., 1988; Garczarek et
al., 2008; Blot et al., 2011; Mella-Flores et al., 2012; Pittera et al., 2018). Physiological
responses to these conditions showed that a shift from 22°C to 30°C (LLHT and HLHT)
actually did not constitute a stress for this strain, as shown by a moderate change in Fv/Fwm
(Fig. 1C) and the low number of DE genes (Fig. 3A). In contrast, a shift from 22°C to 13°C
induced a strong stress response, whatever the initial light acclimation conditions,
although the cells were seemingly able to maintain ~60% of their Fv/Fm over the time
course of the experiment when they were initially acclimated to LL, while HL-acclimated
cells appear to be more strongly affected, with a sharp and continuous decrease of their
Fv/Fum. Consistent with a previous study of the oxidative stress response of WH7803 cells
after a pre-acclimation at LL or HL (Blot et al., 2011), a synergic effect seems to occur
between light history and low temperature stress. While this behavior was attributed to
the generation of reactive oxygen species (ROS), inducing both direct damages to the
reaction centers and inhibition of their repair cycles, the deleterious effect of ROS could
be even amplified by the slowing down of the metabolism, and thus of the D1 turnover,
at LT. In contrast, cells acclimated to HL seem to be better prepared to sustain UV stress

than LL-acclimated cells since a much lower number of genes were DE at all time points
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of UV stress in HL- than in LL-acclimated cultures (Fig. 3A) and there was a much smaller
drop in Fy/Fm in HL conditions, partially attributable to a sharp increase in the D1 repair
capacity of the cells (Fig. 1A). As concerns the L/D cycle, the Fy/Fm ratio varied strongly
during the day, as previously described (Mella-Flores et al., 2012). The comparison
between 21 and 27°C revealed that the amplitude of variations of both Fy/Fm and D1
repair rate was more pronounced at higher temperature (Fig. 2). In contrast, the number
of DE genes varied much more at 21°C with a peak at the L/D transition (18:00), while a
large number of genes were DE during the whole light period at 27°C (Fig. 3B), which
tends to support the synergic effect of light and temperature observed in continuous light
conditions. Analyses of the 154 transcriptomes also revealed the common and specific
responses to the different tested conditions and the respective roles of various metabolic
pathways (based on KEGG) either particularly represented in the WGCNA modules based
on TIGR roles and Cyanorak functional categories or previously known to be involved in

stress responses. These pathways are detailed in the following sections.

Chaperones

Chaperone- and protease-encoding genes were among the most strongly induced
genes in response to all stressful conditions (HL, UV and LT) but also at the end of the
exponential growth phase (LLHT-D3). Among these, the two c/pB1 gene copies as well as
genes encoding the GroEL/ES system (groS, L1, L2), the small heat shock protein (HSP20),
HtpG, three out of seven Dnal (dnaJl, 2 and 5), one out of three DnaK (dnak3) as well as
the serine endoprotease degQ, were activated in all stressful conditions, while clpP1-4
and c/lpC seem to be more specific to UV. Consistent with previous studies, the expression
of clpX, encoding a regulatory ATPase/chaperone interacting with ClpP, was repressed

under LLHL, LLUV and HLLT (Schelin et al., 2002; Blot et al., 2011).

Photosynthesis light reactions

As expected from the central role of photosynthesis in the metabolism of
cyanobacteria, photosynthetic genes were among the most DE in the various stresses.
Most genes encoding PSI, cytochromes bg/f and phycobilisomes were strongly
downregulated in LL-acclimated cells in response to HL, UV and LT stresses, with the

notable exception of the four phycocyanin-specific phycobilin lyases cpcS and rpcE-F-T
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(Six et al., 2007), which were slightly upregulated by UV stress. In contrast, genes involved
in PSIl biosynthesis displayed a much more variable response to stress, likely due to the
particular sensitivity of PSIl reaction centers to photodamage (Table S1). Indeed, two
competing processes are at work in the transcriptional response of PSIl genes to stress: i)
the de novo assembly of all PSII subunits and its cofactors and ii) the replacement of
damaged D1 proteins, so-called ‘PSll repair’, which involves partial disassembly and
subsequent rebuilding of PSII (Nickelsen and Rengstl, 2013; Mabbitt et al., 2014; Fig. S5).
Like for other components of the photosynthetic apparatus, the neo-biogenesis of PSII
components seems to be repressed in response to all stresses, as suggested by the
downregulation of psbB-I-K-M-O-T-U-V-X-Y-Z, cyanoP-Q as well as psb30 and psb32
genes. Yet, the expression pattern of all other PSIl genes was seemingly influenced by the
D1 repair process. This includes the three psbA gene copies encoding the D1.2 isoform,
which were strongly induced in all treatments in contrast to the sole gene encoding the
more photosynthetically efficient but less stress-resistant D1.1 isoform (Garczarek et al.,
2008; Kds et al., 2008). Similarly, as previously observed for Synechococcus sp. PCC 7942
(Bustos and Golden, 1992) and Synechocystis sp. PCC 6803 (Viczian et al., 2000), the two
genes encoding D2 proteins displayed a distinct DE pattern. Indeed, while the psbD copy
in operon with psbC was weakly but specifically induced by UV stress, the monocistronic
psbD gene copy was in contrast almost as strongly upregulated as the pool of D1.2-
encoding psbA genes under LLHL, LLUV and LLHT conditions. This suggests that D2 needs
to be synthesized at a similar rate as D1.2 in order to maintain the PSIl active in LL-
acclimated cells exposed to HL or UV radiations (Fig. S5). Of note, none of the psbD copies
were DE in LLLT and the polycistronic copy was even downregulated in HLLT conditions,
while all three psbA genes encoding the D1:2 isoforms were upregulated in these
conditions, suggesting that these stresses induced different damages to the D1 and D2
subunits. Consistently, the expression pattern of the ctpA gene, known to encode the D1
protein carboxyl-terminal processing peptidase, mimicked that of D1:2 but not D2
encoding genes, though being much less DE.

A number of other PSll genes, including psbH-J-L and psbE-F1 encoding cyt bssg, were
specifically upregulated in the LLUV treatment, like the psbCD operon, but more faintly.
Interestingly, this parallels the expression of several genes coding for PSII assembly

factors. This includes ALB3, involved in the integration of precursor D1 proteins (pD1) into
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the thylakoid membrane (Ossenbiihl et al., 2006), ycf39 that encodes a component of a
chl-binding protein complex also including HIiC and HIiD, which is involved in the delivery
of chl a to newly synthesized D1 (Knoppova et al., 2014), ycf48 that encodes a factor
participating in both i) the stabilization of newly synthesized D1 precursors and their
subsequent binding to D2—cyt bssg pre-complexes and ii) in selective replacement of
damaged D1 during PSII repair (Komenda et al., 2012), as well as psbN that, by analogy
with its homolog in plants, is assumed to be involved in both PSIl dimerization during
early biogenesis and in PSII repair (Plochinger et al., 2016; Fig. S5). Additionally, deg1,
involved in the degradation of the D1 protein during repair after photoinhibition (Kapri-
Pardes et al., 2007) as well as three genes encoding a complex also specifically involved
in PSIl repair, ftsH2-3 and psb29 (Beckova et al., 2017), were all specifically upregulated
in the LLUV treatment. Altogether, these data suggest that, in our experimental
conditions, UV stress is more deleterious for PSIl than the other tested treatments in
WH7803, and that the full recovery of damaged PSIl from UV stress might involve the
neo-synthesis of a fairly large number of PSIl subunits and not just the reassembly of pre-
existing subunits after D1 replacement. In agreement with this hypothesis, several genes
involved in key steps of the biosynthesis of chl a, which binds at very early steps of PSII
assembly and that is required for stabilizing PSII pre-complexes (Komenda et al., 2012),
were also more particularly upregulated in response to UV stress. This includes i) two of
the three genes encoding the protoporphyrin IX Mg-chelatase complex (ch/D and H),
which catalyzes the insertion of Mg?* into protoporphyrin IX, ii) cycl1 that transforms Mg-
protoporphyrin IX monomethyl ester into divinyl protochlorophyllide as well as iii) cvrA
that transforms divinyl-chlorophyll a precursor into monovinyl chl a (Islam et al., 2008).
Furthermore, the strong UV-induced upregulation of the pao gene encoding the
pheophorbide a oxygenase, responsible for opening of the chlorin macrocycle of
pheophorbide a, likely indicates that an active chl breakdown occurs in this condition,
potentially allowing cells to eliminate molecules of this potentially phototoxic pigment
associated to damaged PSII proteins (Hortensteiner and Krautler, 2011).

Another stress-specific response related to photosynthesis is the significant induction
of genes coding for RuBisCo, most carboxysome subunits as well as all ATPase subunits
only in response to HL stress, while being downregulated in response to all other stress

conditions. This suggests that, although cells seemingly actively respond to the increase
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in irradiance by reducing the number of photosystems and their light harvesting capacity,
as demonstrated by the downregulation of most genes involved in biosynthesis of
phycobilisomes, PSI as well as PSII subunits not involved in the maintenance of the D1/D2
turnover, they are able to use the extra photons provided by the increase in light intensity
to enhance carbon and energy production. Although less striking, a few photosynthetic
genes also seem to be more DE in response to LT stress, including genes coding for the
three subunits of NADH dehydrogenase specifically involved in CO; fixation (cupB,
ndhD4/F4) as well as ndhM and V, the two latter subunits being essential for cyclic
electron transport around PS | in Synechocystis sp. PCC 6803 (Gao et al., 2016; He et al.,
2016), the expression pattern of these five genes differing from that of the other Ndh

subunits.

Glucose and glycogen metabolism

As previously observed in response to nitrogen deprivation in Synechocystis sp. PCC
6803 (Azuma et al., 2011), sugar catabolism pathways were also strongly affected by the
different stresses tested in this study. The two glycogen degradation pathways, either
through the glycogen phosphorylase (GlgP) or through the isoamylase (GlgX), were
indeed both strongly upregulated in LLLT and also slightly (0.5<log>FC<1) in the LLHL, LLUV
and/or HLLT treatments (Fig. 6). Conversely, all genes involved in glycogen biosynthesis
(glgA-B-C) were downregulated in all these conditions, while the two copies of
phosphoglucomutase (pgmA1/A2), a metabolic branch point between storage and
utilization of carbohydrates was also downregulated under UV and LT stresses.
Furthermore, most genes of the upper glycolysis (including pgi, fbaA and tpiA) and the
oxidative pentose phosphate (OPP) pathways were slightly downregulated by the
different treatments. Conversely, the eda gene, recently shown to be essential for the
Entner-Doudoroff pathway in Synechocystis (Chen et al., 2016) was found to be strongly
upregulated in LLHL, LLUV, LLLT and HLLT treatments (Fig. 6, Table S1). While the absence
of activation of the OPP pathway is expected since this pathway is mostly active in the
dark and in photomixotrophic conditions (Takahashi et al., 2008), these results also tend
to support Chen et al., 2016’s recent hypothesis that the absence in all marine
picocyanobacteria genomes (including WH7803) of orthologs for Synechocystis

phosphofructokinase genes pfkA and pfkB likely implies that these organisms are not able
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to perform the upper part of the glycolysis pathway that transforms glucose-6-phosphate
(G6P) into glyceraldehyde-3P (GA3P). The gapl gene encoding glyceraldehyde-3-
phosphate dehydrogenase type |, the first enzyme of the lower part of the glycolysis
pathway, which is shared between the three glucose degradation pathways, was strongly
upregulated in both LLHL and LLLT treatments, while its anabolic counterpart gap2 was
unaffected in LLHL and downregulated in LLLT (Fig. 6). Moreover, the upregulation of xfp
that encodes a xylulose 5-phosphate/fructose 6-phosphate (Xu5P/F6P) phosphoketolase
that catalyzes the conversion of F6P and inorganic phosphate (Pi) to erythrose 4-
phosphate (E4P) and acetyl phosphate (AcP) and/or Xu5P and Pi to glyceraldehyde 3-
phosphate (GA3P) and AcP, might provide an additional source of GA3P. Altogether,
these results indicate that all stress conditions favored the degradation of glycogen and
then glucose into pyruvate mostly via the Entner-Doudoroff pathway, with the
concomitant production of ATP, NAD(P)H and biosynthetic precursors for amino acids,

nucleotides and fatty acids.
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Fig. 6: Transcriptomic response of glycogen and glucose metabolism genes in Synechococcus sp.
WH?7803. In red, genes induced in at least one stress condition (usually LLLT); in green, genes repressed
in at least one stress condition; in black, genes not significantly differentially expressed whatever the
condition; in grey, no obvious candidate in the genome for this function. Gene products are the
following: glgA, glycogen synthase; glgB, 1,4-alpha-glucan branching enzyme; glgC glucose-1-
phosphate adenylyltransferase; glgP, glycogen phosphorylase; glgX, glycogen isoamylase; malQ, 4-
alpha-glucanotransferase; pgmA, phosphoglucomutase; glk, glucokinase; pgi, glucose-6-phosphate
isomerase; fbp, fructose-1,6-bisphosphatase; pfk, phosphofructokinase; fbaA (a.k.a. cbbA), fructose-
bisphosphate aldolase; tpiA, glycogen isoamylase; zwf, glucose-6-phosphate dehydrogenase; pgl
(a.k.a devB) 6-phosphogluconolactonase; edd/ilvD (potential bifunctional 6-phosphogluconate
dehydratase/dihydroxy-acid dehydratase); eda, 2-keto-3-deoxygluconate-6-phosphate aldolase; gnd,
6-phosphogluconate dehydrogenase; rpiA, ribose-5-phosphate isomerase; rpe, pentose-5-phosphate-
3-epimerase; talA, transaldolase; tktA, transketolase, xfp: xylulose 5-phosphate/fructose 6-phosphate
phosphoketolase; gapl, glyceraldehyde-3-phosphate dehydrogenase (catabolic reaction) gap2,
glyceraldehyde-3-phosphate dehydrogenase (anabolic reaction); pgk phosphoglycerate kinase; pgm
(=gpmB), phosphoglycerate mutase; eno, enolase; pyk, pyruvate kinase. Abbreviations for substrates:
ADP-Glc, ADP-glucose; G1P, glucose-1-phosphate; G6P, glucose-6-phosphate; F6P, fructose-6-
phosphate; DHAP, Dihydroxyacétone phosphate; GA3P, glyceraldehyde-3-phosphate; 6PGL. 6-
phosphogluconolactone; 6PG, 6-phosphogluconate; KDPG, 2-keto-3-deoxygluconate-6-phosphate
aldolase; X5P, xylulose-5-phosphate; R5P, ribose-5P; S7P, sedoheptulose-7-phosphate; E4P,
erythrose-4-phosphate; 1,3 BPG, 1,3, bisphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG, 2-
phosphoglycerate; PEP, phosphoenolpyruvate. Adapted from Osanai et al. (2007), Chen et al. (2016)
and the KEGG database (www.genome.jp/kegg/pathway.html).
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Lipid metabolism

Variations in the relative content of glycolipids are well known to be crucial for cell
acclimation to temperature changes by modulating membrane fluidity. Thinner
membranes (i.e. with a lower fatty acid average length) and/or highly unsaturated
membranes, both favoring their fluidity, are indeed commonly observed in cold-adapted
organisms (Chintalapati et al., 2007; Iskandar et al., 2013) and in response to cold stress,
notably in marine Synechococcus (Varkey et al., 2016; Pittera et al., 2018; Breton et al.,
2019). Here, although strong correlations and anticorrelations were found between
length and saturation levels of the different lipids and blue and turquoise modules,
respectively (Fig. 4), most genes involved in fatty acid chain biosynthesis, in their insertion
into membranes as well as in polar head biosynthesis were not significantly or only
slightly DE. This suggests that these processes are likely co-regulated with other
temperature-dependent response mechanisms and/or post-transcriptionally regulated.
Still, the fatty acyl-ACP reductase, aar, is specifically induced in response to LT in HL-
acclimated cultures. AAR is involved in alkane biosynthesis, a two-step pathway during
which the acyl-acyl carrier protein (ACP) is first reduced to aldehyde by AAR, then the
aldehyde is oxidized to alkane by the aldehyde-deformylating oxygenase (ADO; Schirmer
et al., 2010). The AAR/ADO pathway was recently shown to be involved in cold stress
resistance in Synechocystis sp. PCC 6803, since the lack of this pathway provoked an
increased cyclic electron flow around PSI in the mutant and a significant growth rate
reduction (Berla et al., 2015). Alkanes have thus an essential role in the regulation of the
redox balance and reductant partitioning under cold stress.

The most striking observation in this functional category concerns the fatty acid
desaturases, which by inserting unsaturations into acyl chains, were shown to play a
crucial role in temperature stress response through adjustment of thylakoid fluidity
(Ludwig and Bryant, 2012). Consistent with the data of Pittera et al. (2018) showing that
after a shift from 22 to 13°C, the level of double unsaturations of the MGDG sn-1 chain
increased, the delta-12 fatty acid desaturase gene desA3 was found to be upregulated in
response to LT, while it was downregulated in the opposite thermal shift (LLHT). The gene
encoding the delta-9-desaturase DesC4, which is absent from warm Synechococcus
thermotypes (clades Il and Ill; Varkey et al., 2016; Pittera et al., 2018; Breton et al., 2019),

also appeared strongly DE at LT but also in other stress conditions. At last, genes coding
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for DesA2, a delta-12 desaturase mostly found in warm thermotypes (Pittera et al., 2018)
and DesC3, a core delta-9 desaturase, were in contrast mostly responsive to UV stress,
even though desA2 was also upregulated in HLLT conditions. Thus, all four WH7803
desaturase genes displayed very different expression patterns in response to the various
tested conditions, which might be related to the necessity to finely tune the fluidity of
membranes, constituting the matrix for the photosynthetic machinery. Indeed, the
membrane unsaturation level plays a role in the assembly and functional regulation of
the PSIl complex after photoinactivation, notably by influencing the maturation process

of the D1 precursor (Kanervo et al., 1997; Mizusawa and Wada, 2012).

DNA repair
Many stresses are known to cause DNA damages to bacteria (including cyanobacteria)
either directly (e.g. chemicals, gamma or UV-C radiations, etc.) or indirectly through the
generation of ROS (e.g. induced by light, UV-A and B radiations, or temperature stress;
He and Hader, 2002). Like other marine Synechococcus, WH7803 possesses a broad set
of DNA repair proteins (Cassier-Chauvat et al., 2016). Some of them are involved in direct
DNA damage reversal, such as DNA photolyases or members of the Odt/Ogt family (e.g.
YbaZ, a 6-O-alkylguanine DNA alkyltransferase likely involved in G:C to A:T transversions;
Mazon et al., 2009). WH7803 possesses four distinct putative photolyases, one of them
being synthesized by an operon of two small genes, the first one coding for the FAD-
binding domain (CK_00001541) and the second one for the photolyase domain
(CK_00001540). Three of these photolyases were strongly upregulated in response to
most stresses and more specifically to LLUV, while the fourth one (CK_00001460), whose
C-terminal domain is only distantly related to the typical DNA photolyase domain,
showed only a faint response in LLUV and HLLT conditions. In contrast, the ybaZ gene was
most strongly upregulated in response to LLHL and LLLT. Altogether, it seems that the
WH7803 genes involved in direct DNA damage reversal are activated in response to
distinct stresses.

WH7803 also possesses many genes potentially involved in SOS response (Table S1;
Fig. S6; see also Blot et al., 2011; Cassier-Chauvat et al., 2016). In E. coli, this pathway
constitutes an essential response to stress-induced DNA damages, starting by the

formation by either RecBCD or RecFOR complexes of single-strand DNA (ssDNA),
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recognized by RecA, which then catalyzes the auto-proteolysis of the SOS regulon
repressor LexA (see Baharoglu and Mazel, 2014) for a review). In contrast, in
Synechocystis sp. PCC 6803, the latter protein has been shown to regulate carbon
assimilation and cell motility but surprisingly not DNA repair (Domain et al., 2004; Kizawa
et al., 2016). Accordingly, this strain lacks several DNA repair genes present not only in E.
coli but also in marine Synechococcus spp. (namely mutY and recB, C, J and Q). It is
therefore quite possible that marine Synechococcus display an SOS response, regulated
by LexA, a hypothesis supported by the fact that in WH7803, both recA and /lexA were
strongly upregulated in response to UV shifts (both LLUV and HLUV) and more faintly to
low temperature (either LLLT or HLLT) and high light (LLHL) shifts. Interestingly, the
biosynthesis of the RecBCD and RecF(O)R complexes, recognizing double-strand breaks
and gaps in one DNA strand, respectively, did not seem to occur in the same conditions
in WH7803. While the former encoding genes were slightly upregulated at LT, the latter
were mostly upregulated during the LLUV shift, suggesting that these stresses induce
different DNA damages. Of note, recO displayed a different expression pattern than recF
and recR, questioning whether RecO is truly part of the same complex as RecF-R in marine
Synechococcus, especially since WH7803 RecO-like sequence is less similar to E. coli RecO
than the corresponding RecF and RecR counterparts. It is also interesting to note that
dprA, which displaces SSB, loads RecA onto ssDNA, protects ssDNA from nucleases
(Hovland et al., 2017) and was previously suggested to belong to the LexA regulon in
WH7803 (Blot et al., 2011), is specifically and strongly induced under UV stress.
Additionally, the nucleotide excision repair (NER) pathway, driven by UvrABC, which
allows the repair of lesions in double-stranded DNA (Sancar and Rupp, 1983), was also
activated in WH7803 (Fig. S6). Genes coding for the UvrA-B complex, which recognizes
the DNA lesion, were most strongly upregulated in response to LLUV while UvrC, which
makes incisions on both sides of the lesion before the UvrD helicase removes the ssDNA
carrying the lesion (Kumura et al., 1985), also responded to the HLLT shift. Surprisingly,
the gene encoding UvrD, which removes the ssDNA carrying the lesion, showed no
differential expression whatever the stress, suggesting a post-transcriptional regulation.
The combined action of the DNA polymerase | and a ligase then fills the gap (Husain et

al., 1985). In WH7803, both genes were upregulated by both UV and LT stresses.
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The last pathway, involving translesion synthesis (TLS) polymerases, is known to be
activated only when the SOS-inducing signal persists and allows highly mutagenic bypass
of DNA lesions that are not effectively passed through by the standard replicative DNA
polymerase Pol Il (Patel et al., 2010). In WH7803, the only polymerase potentially
involved in this pathway is polymerase V, encoded by the umuCD operon, which like recA
was most strongly upregulated under UV conditions and also responded to the HLLT shift.
This suggests that UV and HLLT constitute the most damaging stresses for DNA that can

still be repaired but at the expense of an increased frequency of spontaneous mutations.

Compatible solutes and osmoregulation

Besides their role as osmolytes in salt-stressed cells, compatible solutes are also
known to directly protect enzymes and membranes against denaturation caused by other
environmental stresses and notably high or low temperatures (Diamant et al., 2003;
Hincha and Hagemann, 2004; Pade and Hagemann, 2015). Synechococcus sp. WH7803
possesses all genes (ggpP, S and ggtA-D) involved in the synthesis and uptake of the
heteroside glucosylglycerol (GG), and its ability to accumulate GG, considered as the main
compatible solute in marine picocyanobacteria, has been experimentally verified in this
strain (Scanlan et al., 2009). Still, all of these genes were downregulated in all stress
conditions and showed minimal variations during the L/D cycle, except ggpP, displaying
upregulation during the day with a peak at noon. Although WH7803 was found to
accumulate a considerable amount of sucrose, also known to be involved in
osmoregulation, the gene coding for the sucrose phosphate synthase and phosphatase
fusion protein (sps-sds) was also downregulated in stress conditions and the same is true
for most genes involved in synthesis (gbmt1-2) and transport/re-uptake (prow-X) of
glycine betaine (GB), which was shown to be accumulated by WH7803 cells (Scanlan et
al., 2009). In contrast, the gene coding for an additional mono-subunit GB uptake system
(betP) was specifically upregulated under LT (LLLT and HLLT), while both genes (gpgP, S)
potentially involved in glucosyl glycerate (GGA) synthesis, a negatively charged
compatible solute, were specifically upregulated in response to HL stress, potentially
explaining why it was not detected in extracts of WH7803 grown in standard conditions
(Scanlan et al., 2009). Interestingly, genes involved in osmolyte synthesis and transport

were also quite differently regulated by the L/D cycle with most genes involved in GG
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synthesis and transport showing only faint diel variations, GGA genes being most strongly
expressed during the day, while GB genes displayed the most robust diel oscillation with
a peak at the L/D transition and still a strong expression in the first part of the dark period.

In summary, although WH7803 is able to accumulate GG, possibly GGA and to take
up GG, sucrose and GB, these compounds appear to be involved in osmoregulation at

different times of the cell cycle and to respond to distinct environmental conditions.

Oxidative stress response and photoprotection

General oxidative stress response

One of the particularities of photosynthetic organisms is that in response to various
environmental stresses, the photosynthetic electron transport can sometimes outpace
the rate of electron consumption by CO; fixation, leading to a rapid increase of
intracellular ROS, which can produce deleterious effects on the cellular machinery,
including DNA, lipids, proteins and notably PSII reaction centers (Nishiyama et al., 2006;
Takahashi and Murata, 2008; Latifi et al., 2009). In WH7803, a different set of genes
involved in ROS protection and detoxification mechanisms was DE in response to distinct
stresses, suggesting that like in freshwater cyanobacteria, the different systems may
function under a particular condition (Perelman et al., 2003). Among the two WH7803
genes coding for superoxide dismutase (SOD), which catalyzes the dismutation of the
superoxide (O27) radical into Oz and hydrogen peroxide (H20;), only sodB encoding the
Fe-SOD was significantly upregulated in LLHL and LLUV, while sodC, encoding the Cu/Zn-
SOD was only faintly upregulated in HLLT. The gene coding for the glutathione peroxidase
(Gpx), catalyzing the decomposition of H,O, to water and O,, was downregulated in
response to LT stress, while for comparison the two glutathione peroxidases present in
Synechocystis sp. PCC 6803 were shown to be upregulated in response to HL and high
salinity and to be essential for the protection of membranes against lipid peroxidation
(Gaber et al., 2004; Cameron and Pakrasi, 2010). Similarly, the catalase-peroxidase, KatG,
only present in a few picocyanobacterial strains and also acting on H,0;, was also
downregulated in WH7803 but in all stressful conditions. In contrast, three out of the four
peroxiredoxins (ahpC, prxQ1 and prxQ?2), also potentially involved in H,0; detoxification,
were upregulated, the latter two responding to most stressful conditions, while ahpC,

encoding a 2-Cys peroxiredoxin, seemed to be more specific to HL. The differential
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expression of these genes may be in part because catalases mainly detoxify high levels of
H.0;, while peroxiredoxins were shown to rather scavenge low levels of this compound
(Stork et al., 2005).

Thioredoxins (TRX) and glutathiones (GSH) are also known to play a critical role in the
maintenance of the redox homeostasis and protection from ROS in cyanobacteria
(Cameron and Pakrasi, 2010; Sanchez-Riego et al., 2016). Here, among the genes involved
in the synthesis of these thiol molecules, the two gene copies encoding glutathione S-
transferases (gst), were only transiently upregulated in response to LLUV stress, while
two out of the six gst genes present in Synechocystis sp. PCC 6803, s/l1545 and s/r0236,
both homologs of CK_00000203, have been shown to operate in the protection against
stresses such as high light and H,0, (Kammerscheit et al.,, 2019). Additionally, the
Synechococcus core trxB gene, involved in the NADPH-dependent thioredoxin reductase
C(NTRC) system (Scanlan et al., 2009), was the only thiol-encoding gene to be significantly
upregulated in all stressful conditions. Interestingly, NTRC as well as sulfiredoxin, which
in WH7803 displayed a similar gene expression pattern, have been shown in plants and
Anabaena sp. PCC 7120 to be involved in the protection of the photosynthetic apparatus
against oxidative stress damages through an effective reduction of 2-Cys Prx (Sadnchez-
Riego et al., 2016). Altogether, it seems that at least in the tested conditions, the ROS
protection and detoxification systems in WH7803 resemble more to the ones described
in PCC 7120 and in plants, formed by NTRC, 2-Cys Prx and sulfiredoxin, than to the ones
of PCC 6803 that lacks both NTRC coding gene and sulfiredoxin and which strategy mainly
relies on a high peroxidase/catalase activity (Sanchez-Riego et al., 2016). However, we
cannot exclude that in other (e.g. more stressful) conditions, the peroxidase/catalase
system could be activated for ROS detoxification in WH7803.

Another more unusual antioxidant system detected in this study is the cystein
desulfurase SUF system. It is responsible for Fe-S cluster biosynthesis in conditions of Fe
limitation or oxidative stress in many bacteria (Nodop et al., 2008; Bolstad and Wood,
2010; Dai and Qutten, 2012) and constitutes the major pathway for Fe-S cluster assembly
in cyanobacteria (Ayala-Castro et al.,, 2008; Banerjee et al., 2017). In marine
picocyanobacterial, the sufBCD operon, which is highly conserved in cyanobacteria, is
adjacent to the sufR transcriptional repressor and all sequenced picocyanobacterial

genomes also possess a group | sufS (CK_00000030), homologous to the Synechocystis sp.
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PCC 6803 group | NifS-like cysteine desulfurase, SIr0387 (Tirupati et al., 2004). Here, the
gene coding for the SufE protein, involved in the sulfur release from cysteine and that can
stimulate the cysteine desulfurase activity of SufS, was found to be quite strongly
upregulated in LT, while sufBCDS were mostly upregulated in LLLT but also in LLHL and
late LLUV stresses. Thus, by analogy with Anabaena sp. PCC 7120, in which the SufS
protein was suggested to enhance oxidative stress tolerance by decreasing the
intracellular ROS (Banerjee et al., 2017), the SUF system could also be an important
antioxidant system in marine picocyanobacteria in particular under LT stress. In this
context, it is also worth noting that genes coding for two manganese transporters, the
high-affinity MntABC transport system and another ABC-type Mn?*/Zn?* transport system
(SynWH7803_0988-90) were particularly upregulated under LT stresses, suggesting that
like in Anabaena sp. PCC 7120, Mn could also play a role in protection against ROS due to
its antioxidative properties or involvement as a cofactor in several antioxidative enzymes

(Kaushik et al., 2015).

Photoprotection

In cyanobacteria several mechanisms are involved in the dissipation of excess light
as heat in order to limit the production of ROS. While WH7803 lacks the iron stress-
induced protein IsiA, potentially involved in light energy dissipation (Havaux et al., 2005),
as well as a plastoquinol terminal oxidase (PTOX), an oxidase which could be involved in
the removal of electrons from the intersystem photosynthetic electron transport chain
(Bailey et al., 2008), this strain possesses several other mechanisms potentially involved
in photoprotection and conserved in most cyanobacteria, as detailed below.

Although the exact role of high-light-inducible proteins (HLIPs) is not fully
understood, the four hli genes of Synechocystis sp. PCC 6803 seem to respond
differentially to various stresses and their products are thought to prevent photodamages
to chl protein complexes by quenching deleterious singlet excited states of chl a and/or
singlet oxygen (Hirayama et al., 1994; Huang et al., 2002). More specifically, two of them,
HIiC and D, were recently shown to bind chl and B-car in Synechocystis sp. PCC 6803 that
could be used for chl recycling (Niedzwiedzki et al., 2016; Shukla et al., 2018). Among the
nine hli genes present in WH7803, two were highly expressed under most stress

conditions, four others (including CK_00000050, the closest homolog of PCC 6803 HIiC)
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were more specifically induced by UV and HL treatments, two others were only faintly DE
in response to stress, while the last one (CK_00001058, corresponding to the closest
homolog of PCC 6803 HIiD) did not respond to any monitored stress (Table S1).
Interestingly, while most hli genes were upregulated during the day and downregulated
at night, the latter copy, a core and quite well-conserved picocyanobacterial gene, was
specifically induced during the night. This somehow recalls the L/D expression patterns
of Prochlorococcus MEDA4 hli4 and hli11, which were also found to peak during the night
(Zinser et al., 2009).

Photoprotective responses in cyanobacteria also involve the thermal dissipation of
excess light energy captured by the light harvesting antenna by the orange
carotenoprotein (OCP; Wu and Krogmann, 1997; Kirilovsky and Kerfeld, 2016). The ocp
gene is part of an operon of three genes, also including the B-carotene ketolase (crtW),
involved in the synthesis of the keto-carotenoid bound to the OCP protein and the
fluorescence recovery protein (FRP), responsible for acceleration of the detachment of
the OCP from the PBS complex and subsequent deactivation of the OCP (Thurotte et al.,
2017). In Synechocystis sp. PCC 6803, the OCP was found to be strongly induced by various
stresses that exacerbate photodamage and/or prolongate the excited state of antenna
chromophores, notably HL (Hihara et al., 2001), LT (Kerfeld et al., 2017) and oxidative
stresses (Shrivastava et al., 2016), but seems to be constitutively expressed and to remain
at low concentration in non-stressed conditions (Gwizdala et al., 2011). Here, these genes
were indeed only moderately induced during the first part of the light period but were
among the most strongly induced genes in response to light stress (HL and UV) in LL-
acclimated cultured, while they were in contrast more upregulated by LT in HL- than in
LL-acclimated cultures. Altogether, the expression pattern of this operon is thus
consistent with a potential synergic effect between HL and LT, as discussed above.

Besides the abovementioned beta-carotene ketolase, several genes involved in
carotenoid biosynthesis pathways were also upregulated in response to several stresses.
This included crtPQ (LLHL and LLUV), involved in the biosynthesis of lycopene, and crtL-b
(LLLT and HLLT) encoding a cyclase enzyme, which turns lycopene into B-carotene (Fig.
S7). The latter pigment, which is mainly located in the molecular neighborhood of the chl
a molecules bound to reaction centers and acts as an antioxidant (Telfer, 2005), has

previously been shown to be involved in the cold stress response (Pittera et al., 2014).
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Since the B-carotene to chl a ratio decreased in these conditions (Fig. S1D), the
upregulation of crtL-b suggests that the rate of B-carotene breakdown by ROS exceeded
its synthesis rate during the stress period. Interestingly, the crtl-b gene was recently
shown to display the highest number of substitutions specific of the cold-adapted clades
| and IV (Doré et al., 2020), and could thus play a crucial role in the adaptation to cold
temperature in marine Synechococcus. The likely increase of B-carotene synthesis can
also be linked to its role of precursor in the Synechococcus xanthophyll pathway. Indeed,
crtR, coding for an hydroxylase involved in zeaxanthin biosynthesis, was upregulated in
response to HL and UV stress, consistent with the increase of the B-cryptoxanthin and
zeaxanthin to chl a ratios in these conditions (Fig. S1B-C). Although the role of zeaxanthin
has never been formerly demonstrated, it is likely that it affords photoprotection during
stress periods.

At last, a gene coding for a carotenoid cleavage dioxygenase (diox1), catalyzing the
oxidative cleavage of apo-carotenoids was strongly upregulated in all stressful conditions
(Cui et al., 2012). As previously suggested for freshwater cyanobacteria (Hihara et al.,
2003; Scherzinger et al., 2006), these apo-carotenoids could arise from photodestruction
processes mediated by ROS, and cleavage products (retinal or retinal-like compounds)

could be involved in stress signaling in WH7803.

In conclusion, this work constitutes the first comprehensive study of the response of
a ubiquitous marine cyanobacterium to various stresses, taking into account the light
history of the cells. This allowed us to identify the common and specific responses of this
organism to a variety of ecologically relevant environmental conditions and to highlight
significant differences compared to well-studied freshwater model cyanobacteria and in
particular to Synechocystis sp. PCC 6803. The availability of this unique set of 154
transcriptomes, notably including L/D cycles at two temperatures, should be particularly
useful to better interpret the ever-increasing metatranscriptomic data generated from a

variety of ecological niches in the marine ecosystem and at different times of the day.
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Table 1: Description of the experimental conditions

For shift experiments, cells were acclimated to medium temperature (22°C) and either
low light (LL, 25 HE.m™2.s71) or high light (HL, 250 uE.m™2.s7!) conditions and submitted to
low temperature (LT, 13°C), high temperature (HT, 30°C) or ultraviolet radiations (UV-A,
3 W.m™%; UV-B, 0.3 W.m™2). Sampling times between brackets correspond to recovery
time points and were not used for transcriptomic analyses. For 12h/12h L/D cycle
experiments, sampling times correspond to the time of the day, with light period starting
at 6:00 and dark period at 18:00 and the four biological replicates include two replicate

cultures and two consecutive days for each temperature condition.

Acclimation Stress Number of
Sampling times

condition condition biological replicates
LL HL 0,0.3,1,3,6,(7, 24) 3

LL LLUV 0,0.3,1, 3,6, (7, 24) 3

LL LLLT 0,12, 24, 36, 48 3

LL LLHT 0,12, 24, 36, 48 3

HL HLUV 0,03,1,3,6,(7,24) 3

HL HLLT 0,4,8,12, 16,24 3

HL HLHT 0,4,8,12,16,24 3

L/D 21°C n.a. 6,9,12, 15,18, 20, 22,2 4

L/D 27°C n.a. 6,9,12, 15,18, 20, 22,2 4
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FIGURE S1 | Variations of the major liposoluble pigment ratios in Synechococcus sp. WH7803
acclimated to low (LL, 25 pE.m-2.s-1 or high light (HL, 250 pE.m-2.s-1). (A,D) B-carotene to chlorophyll
(chl) a, (B, E) B-cryptoxanthin to chl a and (C, F) Zeaxanthin (zea) to chl a ratios in response to shifts to
(A-C) HL, ultraviolet radiations (UV-A 3 W.m-2, UV-B 0.3 W.m-2), (D-F) low temperature (LT: shift from
22°C to 13°C) or high temperature (HT; shift from 22°C to 30°C). The top grey banners indicate the
light acclimation condition. These data are based on at least three independent experiments.
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FIGURE S2 | Variations of phycobiliprotein fluorescence emission ratio in Synechococcus sp.
WH7803 acclimated to low (LL, 25 pE.m-2.s-1 or high light (HL, 250 pE.m-2.s-1). (A,C) Phycoerythrin
(PE) to phycocyanin (PC) ratio after a shift (A) to high light or ultraviolet radiations (UV-A 3 W.m-2, UV-
B 0.3 W.m-2), and (C) to low temperature (LT: shift from 22°C to 13°C) or high temperature (HT; shift
from 22°C to 30°C). (B,D) Same for the PC to terminal acceptor (TA) ratio. The dashed line indicates
the time (6h) at which cultures submitted to light stresses were shifted back to their initial light
conditions to study recovery. The top grey banners indicate the culture acclimation condition. These
data are based on at least three independent experiments. Other abbreviation: Ct, control.
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FIGURE S3 | Number of differentially expressed (DE) genes in Synechococcus sp. WH7803 at 27°C as
compared to 21°C. The top white and black banners indicate light and dark periods. Data are based
on four biological replicates. Abbreviation in x-axis correspond to ‘sampling time’. Red and blue colors
indicate up- and down-regulated genes, respectively.
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FIGURE S5 | Photosystem Il neosynthesis and repair. A. Neosynthesis occurs in a stepwise manner
and requires several assembly factors (ALB3, Psb28, Psb27, SIl0933-like protein) as well as the D1
protein carboxyl-terminal processing peptidase CtpA (ovals), which transiently interact to mediate the
various PSIl assembly steps. Note that Synechococcus sp. WH7803 possesses an homolog of
Synechocystis sp. PCC 6803 SIl0933 (CK_00000788) but no homolog of PratA, so the latter factor is
probably absent, as indicated by the dotted oval. B. Repair after UV photodamage. When the active
photosystem is photodamaged the Mn4CaO5 cluster (not shown) and the extrinsic proteins (PsbO,
PsbU, PsbV, CyanoP and CyanoQ) as well as the CP43 complex leave the complex. The damaged D1
(and D2?) protein(s) is then removed by the FtsH2/3 hetero-oligomeric complex. The Ycf48 protein
binds to PS IlI, whilst the CtpA protease processes the carboxyl terminal extension of pD1. The Psb27
protein associates with CP43, which attaches to PSII after the replacement D1 (and D27?) proteins.
Psb27 leaves the complex and the Mn4CaO5 cluster and extrinsic proteins in turn bind to the PSII
monomer, before its dimerization (not shown). PSIl subunits or assembly factors, which genes were
found to be significantly upregulated (log2FC = 1) or downregulated (log2FC < -1) in response to the
LLUV treatment (see Table S1), are indicated in red and green, respectively, while others are shown in
black. PSIl subunits are only designated by letters or numbers at the ends of their respective Psb
protein names (e.g., “I” and “30” for Psbl and Psb30, respectively), except for the core PSIl subunits,
which are designated by their common names (D1, D2, CP43 and CP47). pD1 and pD2 are the
precursors forms of D1 and D2, respectively. Note that D2 and pD2 are indicated with a question mark
because it is usually considered that only D1 is actively replaced during the PSIl repair process.
Adapted from Nickelsen and Rengstl (2013) and Mabbitt et al. (2014).
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FIGURE S7 | Expression of Synechococcus sp. WH7803 genes involved in carotenoid biosynthesis in
either LLHL and LLUV (left) or LLLT and/or HLLT (right). Upregulated genes are indicated in red,
downregulated ones are in green, while not significantly differentially expressed genes are in black.
Product abbreviations: GGPP, Geranylgeranyl pyrophosphate; FPP, Farnesyl pyrophosphate. Enzyme
names: crtE, GGPP synthase, crtB, phytoene synthase; crtP, phytoene dehydrogenase; crtQ, 9 9'-di-
cis-zeta-carotene desaturase; crtL-b, lycopene beta cyclase; crtR, beta-carotene hydroxylase.
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TABLE S1 | Inventory and description of Synechococcus sp. WH7803 genes and their
expression patterns in the different tested conditions: HL (yellow background), UV
(purple background), LT (blue background), HT (red background), L/D cycle 21°C vs. 6 h
(light green), L/D cycle 27°C vs. 6 h (medium green), L/D cycle 27 vs. 21°C (dark green).
Gene expression values are shown as heatmap with in red the upregulated genes and in
green, the downregulated genes. The first column corresponds to the clustering based on
expression values within each WGCNA module. Abbreviations: CK, Cyanorak; WGCNA,
Weighted correlation network analysis; PC, phycocyanin; PE, phycoerythrin; TA, terminal
acceptor; Fv/Fn, PSIl maximal photochemical yield ; B-car, B-carotene; chl, chlorophyll; B-
crypto, B-cryptoxanthin; zea, zeaxanthin; MGDG, monogalactosyldiacylglycerol; DGDG,
digalactosyldiacylglycerol; SQDG, sulfoquinovosyldiacylglycerol; PG,
phosphatidylglycerol; VIP, value importance in projection; kTotal, connectivity of each
gene within the WGCNA network; kWithin, connectivity of each gene within its WGCNA
module; kOut, connectivity of each gene outside its WGCNA module; kDiff, difference
between kWithin and kOut.

TABLE S2 | Description of the transcriptomic samples analyzed in this study

TABLE S3 | Available processed data including normalized counts, log2FC and their
associated pvalues and adjusted pvalues. Samples analysed in each file are described in

Table S2.

TABLE S4 | Accession numbers of the raw transcriptomic data used in this study. Please
note that the accession numbers were not yet available at the time of the submission of

the manuscript and will be added in the revised version.
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Contexte de I’étude

Les études concernant la biogéographie des picocyanobactéries ont permis de distinguer des
communautés de Synechococcus et Prochlorococcus présentant différents preferenda vis-a-vis des
facteurs abiotiques et occupant des niches écologiques distinctes. Dans ce contexte, Farrant et al. (2016)
ont pu distinguer 8 communautés majeures de Synechococcus et 3 de Prochlorococcus, chacune dominée
par une ou plusieurs ESTUs. Néanmoins, comme nous avons pu le voir dans le chapitre |, la comparaison
du contenu en genes de I'ensemble des génomes disponibles, méme avec plusieurs génomes par clade
et/ou par ESTU, n’a permis de mettre en évidence que peu de geénes spécifiques d’écotypes et/ou de
niches, susceptibles d’étre impliqués dans les mécanismes d’adaptation a divers facteurs
environnementaux. Cette observation pourrait étre en partie di a un bruit de fond important dans les
comparaisons génomiques, du fait que de nombreux génes accessoires ont été acquis relativement
récemment et que ceux ayant peu ou pas d'effets bénéfiques pour I'adaptation a une niche donnée n’ont
pas encore été purgés par la sélection naturelle. Une solution alternative pour identifier les génes
potentiellement impliqués dans I'adaptation aux divers facteurs environnementaux caractéristiques d’une
niche donnée consiste a identifier les génes spécifiquement présents ou absents dans cette niche,
directement in situ. Dans ce contexte, la premiere étude présentée dans ce chapitre vise a analyser la
distribution des génes de picocyanobactéries a partir des métagénomes de Tara Oceans, en utilisant
comme référence les 97 génomes de Cyanorak v2.1. Cette approche de recrutement de lectures des
metagénomes a été appliquée, d’une part pour étudier sans a priori la distribution de I'ensemble des génes
de ces organismes dans les différentes niches (Doré et al., en prép.), et d’autre part en ciblant un ou
plusieurs genes d’intérét, correspondant a une fonction donnée, comme cela a été le cas pour les génes
de désaturases afin de mieux comprendre les bases physiologiques de la spécialisation des différents

thermotypes (ou écotypes thermiques) chez Synechococcus (Breton et al., 2019 en ANNEXES1).

Enfin, afin de mieux comprendre les mécanismes d’acclimatation des différents écotypes de
Synechococcus aux variations des facteurs environnementausy, il est nécessaire de comparer la physiologie
de souches représentatives de ces écotypes. Au cours du chapitre Il, I'’étude de I'impact de divers stress
environnementaux directement sur la physiologie de la souche modele Synechococcus sp. WH7803 a
permis de mettre en évidence des réponses communes et spécifiques a ces différents stress. Néanmoins,
cette souche appartient au clade V, dont les membres ne sont que peu abondants en milieu océanique.
Pour cette raison, la derniere étude présentée dans ce chapitre a donc visé a comparer la physiologie de
souches représentatives des quatre clades les plus abondants dans I'environnement (clades | a IV),
soumises a des stress haute lumiere et basse température, et a analyser leur transcriptome afin d’identifier
i) les réponses communes aux différents stress et/ou spécifiques d’un stress donné et ii) les réponses

communes a I'ensemble des souches et/ou spécifiques d’une souche donnée, ces derniéres pouvant
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potentiellement étre reliées aux différentes niches écologiques occupées par ces écotypes. Ces résultats
tres préliminaires ont ensuite été en partie replacés dans un contexte environnemental en les comparant

aux résultats des analyses des métatranscriptomes de Tara Oceans.

Contribution :

Dans la premiere étude décrivant la recherche de genes de niches in situ, j’ai participé au recrutement sur
les génomes de référence des lectures de picocyanobactéries a partir de 'ensemble des métagénomes de
Tara Oceans ainsi qu’aux analyses des résultats obtenus. J'ai également réalisé |'intégralité des analyses
de la distribution des genes de désaturases ayant servi a I'article Breton et al. (2019), qui porte sur le réle
de ces enzymes intervenant dans la modulation de la fluidité des membranes photosynthétiques, dans
|’adaptation a la température des différents thermotypes de Synechococcus. Dans la troisieme étude de
ce chapitre, j’ai adapté le pipeline qui avait servi pour I'analyse des données de transcriptomique de
WH7803 afin d’analyser les 108 transcriptomes des souches représentatives des clades -1V, puis j'ai
interprété les données d’expression différentielle ainsi que les données de photophysiologie comparative
lides a cette expérience. Enfin jai réalisé l'intégralité des analyses des métatranscriptomes de

picocyanobactéries de I'expédition Tara Oceans.
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lll.1 Global distribution of Synechococcus and Prochlorococcus gene
repertoires reveals adaptive strategies of picocyanobacterial communities

Introduction

Marine picocyanobacteria of the Prochlorococcus and Synechococcus genera are the two most
abundant members of the phytoplanktonic communities and have a key role in the biological cycles of the
major elements (Partensky et al., 1999, Scanlan et al. 2009). Although these ubiquitous organisms usually
co-occur in most warm and temperate environments, Prochlorococcus is restricted to the 40°S-50°N
latitudinal band, while Synechococcus distribution extends from the equator to subpolar waters
(Flombaum et al., 2013). Their ability to colonize such a wide range of ecological niches is seemingly related
to their large genetic and genomic diversity with three deep branching genetic groups within
Synechococcus, called sub-clusters (hereafter SC) 5.1 to 5.3, SC 5.1 being by far the most abundant in
oceanic waters but also the most diversified (22 clades and about 30 sub-clades), while the monophyletic
Prochlorococcus lineage is divided into two major phototypes, constituting about 11 clades (Ahlgren and
Rocap, 2012; Kent et al., 2019; Mazard et al., 2012a; Sohm et al., 2016; Zwirglmaier et al., 2008). The
delineation of Ecologically Significant Taxonomic Units (ESTUs), i.e., genetic groups within clades occupying
a given ecological niche, at the global scale using Tara oceans metagenomic data has notably allowed one
to discriminate distinct ESTUs assemblages for each of the two genera, each dominated by one or a few
ESTUs and displaying distinct preferenda with regard to abiotic factors (Farrant et al., 2016). In the case of
Prochlorococcus, three major assemblages were identified in surface waters, whose distribution was found
to be mainly driven by temperature and iron availability: (i) the first one dominated by HLIA ESTU in
temperate waters (above 35°N and 32°S), (ii) the second one dominated by HLIIA in warm, iron-replete
waters located between 30°S and 30°N, and (iii) cooccurrence of HLIIIA and IVA in warm, iron-poor, high
nutrients-low chlorophyll (HNLC) areas of the word ocean. As for Synechococcus, eight distinct ESTUs
assemblages were identified along the Tara Oceans transect depending on three main environmental
parameters (temperature, iron and phosphate availability): i) assemblage 1, dominated by ESTU lIA was
by far the most abundant in warm, iron-replete, nitrogen-depleted environments, ii) assemblage 2, co-
dominated by ESTUs IlIA, 5.3A and WPC1A were present in warm, P-depleted areas such as the
Mediterranean Sea, iii) assemblages 4, 5 and 8, where ESTUs IA, IVA and IIB were the major contributors
in nutrient rich, cold and mixed waters at high latitude and at last iv) assemblages 6 and 7, co-dominated
by members of CRD1 and EnvB clades in iron-depleted waters but gathering distinct ESTUs occupying
different thermal niches. These include CRD1B/EnvBB in cold waters, CRD1C/EnvBC in warm waters and
CRD1A and EnvBA in both thermal niches, suggesting that members of the latter ESTUs would be able to

colonize a much larger range of temperature than the two others (Farrant et al., 2016).
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Several genomics studies have been conducted in order to decipher the genetic bases of these
niche specificities (Rocap et al., 2003; Kettler et al., 2007, Dufresne et al., 2008, Scanlan et al., 2009; Doré
et al., submitted). Still, relatively few genes were identified as being specific of the different ecotypes and
thus potentially involved in the adaptation to these conditions, except for genes involved in nitrogen and
phosphate uptake and assimilation, which are enriched in genomic islands specifically in Prochlorococcus
populations inhabiting areas where these nutrients are limiting or in strains isolated from such
environments (Martiny et al., 2006, 2009; Kettler et al., 2007; Doré et al., submitted). Various reasons can
explain the difficulties to identify niche specific genes by a mere comparative genomics approach. This
includes the still quite low number of genomes available for both genera considering their extensive
genomic diversity even despite the recent doubling of Synechococcus genomes available (Doré et al.,
submitted), our limited knowledge of the physiological characteristics of sequenced strains as well as the
imprecise delineation of ecotypes and of the limits of their ecological niches especially for lineages present
in low relative abundance in the field. Here, we applied a whole genome recruitment approach using as
references the 97 well-annotated genomes available within the Cyanorak v2.1 database, complemented
by 40 newly released complete, to analyze the distribution of picocyanobacterial genes at the global scale
along the Tara Oceans transect, as well as their relationship with the ecotypic composition of

picocyanobacterial communities and the physico-chemical characteristics of the sampling sites.

Material and Methods:

Tara Oceans dataset

A total of 109 bacterial-size (0.2-1.6 um for stations TARA_004 to TARA_052 and 0.2-3um for
TARA_056 to TARA_152) metagenomes, collected from 66 stations along the Tara Oceans expedition
transect and corresponding to a subset of the data presented in (Sunagawa et al., 2015), were used in this
study. Briefly, water samples were collected at two depths (surface and Deep Chlorophyll Maximum; DCM)
and all metagenomes were sequenced as lllumina overlapping paired reads of 100-108 bp. As described
in Farrant et al. (2016), paired reads were merged and trimmed based on quality, resulting in 100-215 bp
fragments. All environmental parameters were retrieved from PANGAEA

https://doi.pangaea.de/10.1594/PANGAEA.840718) except for iron and ammonium concentrations that

were modeled as well as iron limitation index Qs that was calculated from satellite data, as described in
Farrant et al. (2016). Picocyanobacterial ESTUs and ESTU assemblages used to describe the genetic
diversity of Prochlorococcus and Synechococcus along the Tara Oceans transect were retrieved from

Farrant et al. (2016).
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Taxonomic and functional assignment of metagenomic reads

Relative abundance of picocyanobacterial ESTUs based on the petB marker gene at each station was
determined using a similar approach as used in Farrant et al. (2016) but using a Ward instead of average
clustering method, which proved to be more efficient for the large datasets used for whole genome
recruitments. For the latter, metagenomic reads mapping on picocyanobacterial genomes were assigned
to clusters of orthologous genes (CLOGs) defined in the information system Cyanorak v2.1 (www.sb-
roscoff.fr/ Cyanorak; Garczarek et al., in prep.). In order to reduce the amount of reads before assignment,
metagenomic reads were first recruited against the 97 picocyanobacterial genomes of the Cyanorak v2.1
database (www.sb-roscoff.fr/cyanorak; Garczarek et al., in prep.) using BLASTN (v2.2.28+; Altschul et al.,
1990) with default parameters but limiting the results to one target sequence (--max_target_seqs 1) and
keeping only results with an E-value below 0.001 (-evalue 0.001). Using the same BLASTN options, resulting
reads were then mapped to an extended database of 819 genomes, including all genomes of the Cyanorak
database complemented with 722 outgroup cyanobacterial genomes downloaded from NCBI ftp on May
4, 2017. Reads mapping to outgroup sequences or having less than 90% of their sequence aligned were
filtered out and remaining reads were taxonomically assigned to either Synechococcus or Prochlorococcus
according to their best hit. Reads were then functionally assigned to a cluster of orthologous genes (CLOGs)
defined in the information system Cyanorak v2.1 based on the position of their BLAST match on the
genome, the coordinates of which corresponding to a particular gene in the database. More precisely, a
read was assigned to a gene if at least 75% of its size was aligned to the reading frame of this gene and if
the percentage of identity of the blast alighment was over 80%. Finally, read counts were aggregated by
CLOG and normalized by dividing read counts by L-I+1, where L represents the average gene length of the

CLOG and | the mean length of recruited reads.

Only environmental samples that contained at least 2,500 and 1,700 distinct CLOGs for Synechococcus
and Prochlorococcus, respectively, were kept, corresponding roughly to the average number of genes in a
Synechococcus and a Prochlorococcus HL genome, respectively. After this filtration step, a CLOG was kept
if it showed a gene-length normalized abundance higher than 1 (i.e., a gene coverage of 1) in at least 2 of
the selected environmental samples. Then, CLOGs that were found in all retained stations were removed
to keep only flexible genes (i.e., genes that are differentially distributed). The resulting abundance profiles
were used to perform co-occurrence analyses by weighted genes correlation network analysis, as detailed
below (WGCNA; Zhang and Horvath, 2005). At last, in order to cluster stations displaying similar CLOG
abundance patterns, abundance of a given CLOG in a sample was divided by the total CLOG abundance in
this sample to obtain relative abundance profiles per sample, which were then used to calculate Bray-
Curtis similarities for clustering analysis of Tara Oceans stations. The same normalisation method was

applied to ESTUs. In order to check whether the distance between stations based on petB
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picocyanobacterial communities and the distance between stations based on gene content were
significantly correlated, a mantel test was used between the Bray-Curtis distance matrices (based on
normalized relative abundance of ESTUs or genes), as implemented in the R package vegan v2.4 with 9,999

permutations (Oksanen et al., 2015).

Gene co-occurrence network analysis

A data-reduction approach based on WGCNA, as implemented in the R package WGCNA v1.51
(Langfelder and Horvath, 2008), was used to build a co-occurrence network of CLOGs based on their
relative abundance in Tara Oceans stations and to delineate modules of CLOGs (i.e., subnetworks). The
adjacency matrix was calculated in “signed” mode (i.e., considering correlated and anti-correlated CLOGs
separately), by using the Pearson correlation between pairs of CLOGs (based on their relative abundance
in every samples) and raising it to the power 12, which allowed to obtain a scale-free topology of the
network. Modules were identified by setting the minimal number of genes in each module to 100 and 50
for Synechococcus and Prochlorococcus, respectively, and by forcing every gene to be included in a module.
The eigengene value of each module (representative of the relative abundance of genes of a given module
at each Tara Oceans station) was then correlated to environmental parameters and to the relative
abundance of ESTUs. Finally, genes in each module with the highest correlation to the eigengene (a
measurement called ‘membership’), were extracted in order to identify genes that were the most

representative of each module.

Results

Distinct picocyanobacterial communities have distinct gene repertoires

Tara Oceans metagenomic reads corresponding to the bacterial size fraction were recruited against
the 97 picocyanobacterial genomes of the Cyanorak v2.1 database, complemented with a selection of 40
WGS. This yielded a total of 1.07 billion recruited reads, of which 87.7% mapped onto Prochlorococcus
genomes and 12.3% onto Synechococcus genomes. In average, Prochlorococcus and Synechococcus reads
represented 6.37 % and 1.08 % of all reads in a given sample, respectively. A total of 96.3% of the recruited
reads were successfully assigned to a Cyanorak CLOG, most unassigned reads corresponding to those

mapping on intergenic regions.

In order to identify picocyanobacterial genes potentially involved in niche adaptation, we analyzed
the distribution of flexible genes across the oceans, by removing core genes i.e. CLOGs detected in every

samples. Tara Oceans stations were first clustered according to their relative abundance of flexible genes,
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resulting in three well-formed clusters for Prochlorococcus (left tree in Fig. 1A). This clustering matched
quite well that obtained when stations were clustered according to the relative abundance of
Prochlorococcus ESTUs, as assessed using petB as a taxonomic marker gene (right tree in Fig. 1A). Indeed,
three main Prochlorococcus ESTU assemblages were also discriminated using petB, as previously reported
by Farrant et al. (2016). Only a few discrepancies can be observed between the two trees, including
stations TARA-070 that display one of the most disparate ESTU composition and TARA-094, dominated by
the rare HLID ESTU (Fig. 1A). For Synechococcus, there was also a good consistency between dendrograms
obtained from flexible genes abundance and from relative abundance of ESTUs (Fig. 1B). Of the eight
assemblages of stations discriminated based on the latter (Fig. 1B), most were retrieved in the clustering
based on flexible gene abundance, except for a few intra-assemblage switches between stations
dominated by ESTU IIA and for station TARA-125, which belongs to assemblage 3, dominated by CRD1C,
but contains a large proportion of IIA, an ESTU dominating in assemblage 1 (Fig. 1B). Interestingly, despite
these few variations between Synechococcus trees based on flexible gene content and ESTU composition,
four major clusters can be clearly delineated in both trees, corresponding to four broadly defined
ecological niches, namely i) cold, nutrient-rich, coastal environments (blue and light red in Fig. 1B), ii) iron-
limited environments (purple and grey), iii) temperate, P-depleted, iron-replete areas (yellow) and iv)
warm, N-depleted, iron-replete regions (dark red). This correspondence between taxonomic and
functional information was confirmed by the high concordance between distance matrices based on ESTU
relative abundance and on CLOG relative abundance (p-value < 10, mantel test r=0.89 and r=0.78 for
Synechococcus and Prochlorococcus, respectively; dataset 1). Altogether, this indicates that distinct
picocyanobacterial communities, as assessed based on a single taxonomic marker, also display distinct

gene repertoires.
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Figure 1. Comparison of clustering based on relative abundance profiles of ecologically significant taxonomic units
(ESTUs) and of flexible genes for both picocyanobacteria. A. Prochlorococcus. B. Synechococcus. Leaves of the trees
correspond to stations along the Tara Oceans transect that are colored according to the code shown at the bottom
of the trees, corresponding to ESTU assemblages as determined by Farrant et al. (2016) by clustering stations
exhibiting similar ESTU relative abundance profiles shown here on the right of each tree. ESTUs were colored
according to the palette below each panel. Dotted lines in dendrograms indicate discrepancies between trees.
Flexible genes correspond to genes that were not detected in a least one sample. Of note, due to a slightly different
clustering method (cf. materials and methods), assemblage 7 (dark grey stations in 1B), which was discriminated from
assemblage 6 in the Farrant et al. (2016) is now included into this assemblage. Abbreviations: 10, Indian Ocean; MS,
Mediterranean Sea; NAO, North Atlantic Ocean; NPO, North Pacific Ocean; RS, Red Sea; SAO, South Atlantic Ocean;
SO, Southern Ocean.

Distribution of flexible genes is tightly linked to environmental parameters and ESTUs
Prochlorococcus

In order to reduce the amount of data and better interpret the global distribution of
picocyanobacterial gene content, a correlation network of genes was built for both genera based on
relative abundance profiles of genes across Tara Oceans samples (Fig. S1A-B). For Prochlorococcus, this
resulted into four main modules of genes and six submodules, which were found to be correlated to
different environmental parameters (Fig. 2A). The brown module was strongly correlated to nutrient
concentrations, in particular nitrates and phosphates, and strongly anti-correlated with iron availability.
This module thus corresponds to genes preferentially found in iron-limited HNLC areas. Indeed, the

distribution profile at the different stations of the brown module eigengene (Fig. S1A), representative of
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the abundance profiles of genes of this module, showed that they are particularly abundant at stations
TARA-100 to 125, localized in the South and North Pacific Ocean, as well as at TARA-052, a station located
close to the northern coast of Madagascar and likely influenced by the Indonesian throughflow originating
from the tropical Pacific Ocean (Song et al., 2004; Farrant et al., 2016). Furthermore, correlation of these
modules with the relative abundance of ESTUs at each station showed that the brown module is also
strongly associated with the presence of HLIIIA and HLIVA (Fig. 2B), previously shown to constitute the
dominant Prochlorococcus ESTUs in low-iron environments (West et al., 2010; Rush et al., 2010; Farrant et
al., 2016) but also the LLIB ESTU, found to dominate the LLI population in surface iron-limited HNLC areas
(Farrant et al., 2016). The blue module is associated to warm, low-chlorophyll oligotrophic regions with
low N and P concentrations and high Fe availability (Fig. 2A), where ESTUs HLIIA dominate the

Prochlorococcus community and HLIIB-D were also present at lower abundance (Fig. 2B, Fig. S1A).

The turquoise module seems to correspond to genes present in cold, chlorophyll-rich waters,
colonized by LLIA ESTUs, and to a lower extent to LLIC and LLID, but anti-correlated with HLII ESTUs. The
turquoise module gathers stations TARA-070, where LLIA is dominating (Fig. 1A) as well as stations
dominated either by HLIA and the coldest stations dominated by HLIIA ESTUs (TARA-0146 and 149), the
common point between all these stations being a strong relative abundance of LLIA (Figs. S1A). At last, the
red module seems to be characteristic of cold, Fe-rich, N- and P-depleted waters, and strongly correlated
to HLIA and anti-correlated to HLII-IV and LLIB ESTUs (Fig. 2A-B), corresponding to assemblages mainly
found at the most septentrional stations of the Tara Oceans transect (TARA_066, 068, 093, 094, 133, 150,

151, 152) as well at all stations of the Mediterranean sea (Fig. S1A).
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Figure 2. Correlation of picocyanobacterial module eigengenes to physico-chemical parameters and ESTU
abundance. A, B. Correlation of module eigenges to physico-chemical parameters for Prochlorococcus (A) and
Synechococcus (B) . C, D. Correlation of module eigenges to relative abundance profiles of ESTUs sensu (Farrant et
al., 2016). Pearson (A, B) and Spearman (B, D) correlation coefficient (R?) is indicated by the color scale. Non-
significant correlations (Student asymptotic p-value > 0.01) are marked by a cross. ®sat : index of iron limitation
derived from satellite data. PAR30: satellite-derived photosynthetically available radiation at the surface, averaged
on 30 days. DCM: depth of the deep chlorophyll maximum.

Synechococcus

The same analysis was performed on Synechococcus genes and the resulting correlation network
was divided into five main modules (Fig. 2C-D) that were further split into 18 sub-modules (Fig. S3), each

of them being abundant in a different set of stations (Fig. S2).

The yellow module is correlated to phosphate and ammonium concentrations and strongly anti-
correlated to iron availability, and thus corresponds to genes found in HNLC areas. Accordingly this module
is correlated to ESTUs CRD1A, CRD1C, EnvAA and EnvBA, previously reported to dwell in iron-depleted
areas (Sohm et al., 2016; Farrant et al., 2016; Figs. 2C-D). Although the midnightblue module has no
significant correlation with environmental parameters, it is most strongly associated with ESTU IIB (Fig. 2C-
D), a minor ESTU from clade Il with an atypical distribution, since it is restricted to fairly cold, mixed waters
and to co-occur with ESTUs IVA and -B (Farrant et al., 2016). It is also the most strongly correlated module
with the scarce ESTU XVIA, the niche of which being still poorly known. In terms of distribution, genes of
this module are mainly found at the northernmost Atlantic stations, TARA_149-151 and at the entrance of
the Mediterranean sea (TARA_004), where the highest abundance of ESTU IIB is indeed observed (Figs. 1
and S2).

The tan module was found in cold, chlorophyll-rich waters with a high relative abundance of ESTUs

IA and IVA-C (Fig. 2C-D) and in the most strongly mixed waters of the Tara Oceans dataset, notably the
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upwelling stations (TARA_067, 093, 133), as well as TARA 145, a cold station sampled in winter, North of
the Gulf stream. The purple module is found in waters with high salinity, iron-rich, P-depleted waters, and
associated with [I1A/B, WPC1A and all SC 5.3 ESTUs, known to co-occur in low P areas of the world ocean
(Fig. 2C-D). Consistently, it was specifically found in Mediterranean sea and the only station of the Gulf of
Mexico (TARA_142, Fig. S2). At last, the salmon module was associated to warm, iron-rich waters. This
module was most strongly associated to ESTU IIA and also to a lower extent to the fairly rare ESTUs VIIA

and 5.3B and its eigengene is accordingly found at stations dominated by ESTU IIA (Fig. S2).

Correlations of submodules with environmental parameters and ESTUs were globally similar to
that of the corresponding module. Still, sub-modules were generally correlated to a lower number of
environmental parameters and/or to a more specific sets of ESTUs than the corresponding module and
correlations were sometimes more significant at the level of submodules, in particular for Synechococcus
for which correlations at the module level were globally lower than for Prochlorococcus (see below). For
instance, among the 1,244 genes of the salmon module, the 170 genes of the salmon submodule are likely
more relevant to better understand adaptation to Fe-replete conditions, the 713 genes of the turquoise
submodule to decipher adaptation to high temperature, while in the lightcyan submodule (116 genes), we
could expect to identify a number of genes specifically present in the still poorly known ESTU VIIA, for
which only one genome is available so far (A18-25c). Similarly, specific genes of the two environmental
ESTUs EnvAA and EnvBA are likely enriched in submodules green and brown, respectively, and more
particularly at stations TARA 111 for EnvAA and TARA_070 for EnvBA, where these ESTUs reach high

relative abundance (Fig. 1B) and the eigengene value of these submodules was also high (Fig. S2).

Identification of genes and genomic islands potentially involved in niche partitioning

In order to identify flexible genes related to particular environmental conditions and to specific
ESTU assemblages, we correlated relative abundance profiles of each gene to the eigengene of its
corresponding (sub)module, a method that allowed us to identify the most representative genes of each
(sub)module and thus genes specifically present (or absent) in a given set of stations (Dataset 1, Figs. 3
and 4). Most genes retrieved this way are coding for proteins of unknown function (91.9% of 6,306 genes).
Still, among the genes with a functional annotation (Datasets 2 and 3), a large fraction seems to have a
function related to their realized environmental niche sensu (Pearman et al., 2008). For instance, many
genes involved in transport and assimilation of nitrites and nitrates (nirA, moaA-C, moakE, moeA, narB, M,
nrtP, all part of the same genomic island: Pro_Gl004; Doré et al. 2020) as well cyanate, an organic form of
nitrogen (cynA, B, D, S; part of Pro_Gl033), are enriched in the Prochlorococcus blue module, which is

correlated to HLII ESTUs and to low inorganic nutrient levels (Fig. 2A-B). This is consistent with previous
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studies showing that while few Prochlorococcus strains in culture possess the nirA gene and even less the
narB gene, natural Prochlorococcus populations inhabiting N-poor areas did possess one or both of these
genes (Martiny et al. 2009; Berube et al., 2015; Berube et al. 2019). This result therefore constitutes a
proof of concept that our network analysis was able to retrieve niche-related genes from metagenomic
data. Furthermore, a distribution map of these or other inorganic N-related genes (Fig. 5A) shows that
they are present in all environments in a various fractions of the Prochlorococcus population, but are
absent in low-Fe environments generally dominated by HLIIA-IVA ESTUs or, in the case of stations
TARA_093 and 094, dominated by HLIB and HLIC ESTUs, respectively. Genes involved in the cyanate
transport have a similar distribution but are usually found in a even lower fraction of the population (Fig.
S5B). This suggests a differential abundance of nitrogen metabolism genes in N-depleted areas, nitrates
and nitrite being the most current form of nitrogen assimilated by Prochlorococcus in these areas, followed
by cyanate, a strategy possibly translating various degrees of adaptation of natural Prochlorococcus
populations to nitrogen deficiency. Although not previously reported as a possible adaptation to low
nitrogen in marine picocyanobacteria, the presence in the blue module of a 7-gene cluster (within
Pro_GI032) also found in Synechocystis sp. PCC 6803 (Podar et al., 2005) and encompassing a nitrilase gene
(merR), is also worth noting. Indeed, nitrilases hydrolyze organic nitriles to carboxylic acids and ammonia,
potentially providing an additional source of NH," in N-poor areas. In Synechocystis grown under nitrogen
starvation conditions, three genes of this cluster, s//0783 encoding a protein of unknown function (ortholog
of CK_00002257), merR and slr0801 that encodes a flavoprotein involved in K* transport (ortholog of
CK_00002258), were highly induced after 6 h of nitrogen starvation, consistent with the presence of NtcA-
binding sites in the upstream region of sll0783 (Schlebusch and Forchhammer, 2010). Although only
present in the HLII strain MIT9301, genes of this cluster seem to be present in a large part of the population
dominated by HLI and HLII ESTUs but absent from the same station as for the other N-related genes (Fig.
S5A-6A). Also worth noting is the presence of a 4-gene cluster encompassing three genes involved in the
biosynthesis of pyrimidines (pyrB2, asnB and pydC) and a yet uncharacterized conserved protein with
similarity to aminohydrolases (CK_00001893). Interestingly, the distribution of this gene cluster is
restricted to a few environments, including the Red Sea, where it is present in the whole Prochlorococcus
population, as well as the northern and southwestern stations of the Indian Ocean, the southwestern
Atlantic Ocean and the central North Pacific ocean (TARA_132), where it occurs only in a fraction of the

population (Fig. S7A).
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Figure 3. Violin plots highlighting the most representative genes of each Prochlorococcus module. For each module,
each gene is represented as a dot positioned according to its correlation with the eigengene of each module, the
most representative genes being localized on top of each violin plot. Genes mentioned in the text have been colored
according to the color of the corresponding module, indicated by a colored bar above each module. Text between
brackets indicates the most significant environmental parameter(s) and/or ESTU(s), as derived from Fig. 2.
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In agreement with the correlation of the blue module with iron availability (Fig. 2A), this module
was also found to contain several genes coding for iron-containing proteins (or complexes), which are thus
specifically present in Fe-rich areas of the world ocean. This includes the abovementioned nirA encoding
the ferredoxin-nitrite reductase, which in Synechococcus elongatus PCC 7942 utilizes six molecules of
ferredoxin (Luque et al, 1993), two 2Fe-2S ferredoxins (petF), the hemJ) gene encoding
protoporphyrinogen IX oxidase, the sdhA-C operon coding for a Fe-S cluster-containing succinate
dehydrogenase complex, a member of the 20G-Fe(ll) oxygenase family, several genes involved in the
oxidative stress response (gsx, gst, glx1) as well as the delta-12 fatty acid desaturase DesA3, characterized
by the presence of three conserved histidine-rich boxes that are presumed to constitute the Fe-binding
active centers of the enzymes (Los and Murata, 1998). All these genes are seemingly absent from HLIIl and
HLIV MAGs (Dataset 2). Interestingly, the blue module also includes another 7-gene cluster, potentially
involved in the transport and assimilation of amino acids, possibly L-arginine or derivatives such as taurine,
which was recently found to be a major carbon and energy source for prokaryotes in the North Atlantic
Ocean (Clifford et al., 2019). Indeed, this cluster encompasses i) the speB2 gene, coding for a Fe(ll)-
dependent agmatinase that, together with the core decarboxylase SpeA, is likely involved in the synthesis
of urea and putrescine from L-arginine, ii) two homologs of Synechocystis sp. PCC 6803 hypA2 and hypB2
which, despite their homology with hypA1 and B1 encoding the hydrogenase nickel incorporation complex
in the same organism, are not involved in hydrogenase activity and therefore have a yet unknown function
(Hoffmann et al., 2006) and iii) three genes coding for an ABC transporter with high similarity to the E. coli
taurine transporter TauA-B-C components. The last gene of the speB2 cluster, encoding a putative Rieske
[2Fe-2S] cluster-containing protein, is surprisingly not found in the corresponding gene cluster in
Synechocystis (sll1077-sl11082) and Cyanobium sp. NSO1, nor elsewhere in their genomes. Whether it has
any role in the metabolism of amino acids, as suggested by its presence in this gene cluster remains
unclear. While this gene cluster is only present in a single HLII strain (UH18301), a distribution map of this
cluster shows that is widespread in all regions except again in low-Fe regions and it is generally present in

lower relative abundance at high latitude (Fig. S8A).

The second Prochlorococcus module (brown) also encompasses a number of genes and gene
clusters that, contrary to the previous ones, appear to be highly correlated to Fe-poor HNLC environments,
dominated by HLIII/IV ESTUs (Figs. 2A-B). This includes the fepDC-cirA-febB-tonB-exbBD gene cluster
potentially involved in siderophore-mediated iron uptake and that was previously observed in HLIV SAGs
as well as in the HLII MIT9201 and MIT9202 genomes (Ahlgren et al., 2020; Garcia et al., 2020; Malmstrom
et al., 2013; see also Dataset 2). This gene cluster is indeed systematically present in a significant part of
the population in all low-Fe areas but also unexpectedly in most stations of the Indian Ocean, dominated

by HLIIA ESTU (Fig. S9A).
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A more original finding is the presence in this module of a 4-gene cluster encompassing the ctaC2-
D2-E2 operon, which codes for an alternative respiratory terminal oxidase (ARTO) and that is also
specifically enriched in F-poor areas (Fig. S9B, Dataset 2). This cytochrome oxidase has been suggested to
be part of a minimal respiratory chain in the cytoplasmic membrane and could provide an additional
electron sink under iron-deprived conditions, in which the relative amount of cytochrome bg/f and PSI
complexes are reduced (Lea-Smith et al., 2013). Furthermore, a Synechocystis mutant in which the ctaD2
and ctaE2 genes had been inactivated was found to display markedly impaired iron reduction and uptake
rates as compared to wild-type cells, suggesting that ARTO is involved in Fe(lll) reduction into Fe(ll) prior
to its transport through the plasma membrane via the Fe(ll) transporter FeoB (Kranzler et al., 2014). The
last gene of the ARTO cluster codes for a member of the glucose-methanol-choline oxidoreductase family
protein, showing some similarity to choline dehydrogenase, which catalyzes the first biosynthesis step of
glycine betaine from choline (Landfald and Stregm, 1986). It is worth noting that the glycine betaine
transporter gene betP is also highly correlated to this module. Its genome context differs between the only
two Prochlorococcus genomes that contains this gene, while in Synechococcus betP is always the last gene
of a cluster encompassing a S-adenosyl-L-methionine (SAM)-dependent methyltransferase, leuDH
encoding the leucine dehydrogenase and soxA encoding a monomeric sarcosine oxidase. This gene cluster,
which is possibly in part involved in the metabolism of glycine betaine or choline, is also present (without
betP) in Prochlorococcus and is highly correlated to the brown module. Another interesting gene cluster
of the brown module comprises three (natF-G-bgtA) out of four genes coding for an ABC-type uptake
transporter for acidic and neutral polar amino acids similar to that described in Nostoc sp. PCC 7120 (Pernil
et al., 2008). The fourth gene (natH) was missed by our approach since it was detected at all stations and
notably found at very low levels at two stations where the other three genes went undetected. Yet, the
phyletic pattern is the same for all four genes in our reference genome database (Dataset 2), i.e. the whole
4-gene cluster is present in five out of 25 Prochlorococcus HL strains, including a HLIV strain, while it is
present in most LL Prochlorococcus and Synechococcus strains. Thus, this operon is clearly part of the
flexible genome in Prochlorococcus HL cells and its distribution suggests that its presence might also be
favorable to life in HNLC areas (Fig. S9C). Globally, most of these genes were displaying very high
correlation values, suggesting that Fe availability constitute a very selective condition for the presence of

these genes.

The Prochlorococcus red module is highly correlated to P-depleted waters dominated by HLIA ESTU
(Fig. 2A-B). Consistently, this module contains numerous flexible genes involved in P transport and
metabolism. Contrary to the abovementioned gene clusters, these genes are split between different
genomic regions whose gene content and organization are highly variable, not only between strains

isolated from P-replete and P-poor regions, the latter generally having more P-related genes than the
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former, but also among strains isolated from low-P regions (Martiny et al. 2006; Martiny et al. 2009).
Several of these genes are located in a region of Prochlorococcus genomes which, in the MED4 strain,
starts with the phoB-R operon encoding a P-stress responsive two-component system and ends with the
core pstABC operon, encoding a phosphate ABC transporter (see Fig. 4 in Martiny et al. 2006). Besides P
metabolism genes, this region also encompasses genes involved in the efflux of toxic analogues of
phosphate (arsB, an arsenate transporter) and sulfate (chrA, a chromate transporter). A global map of the
distribution of several genes of this genomic region coding for key P-related proteins, including PhoB-R, a
PhoA-like alkaline phosphatase (Kathuria and Martiny, 2011), a paralog of the general phosphate regulator
PtrA and an uncharacterized conserved secreted protein (CK_00003429 corresponding to PMMO0707 in
MED4) whose gene is located in-between phoR and phoA, show that these genes are specifically enriched
in P-depleted areas of the ocean (Figs. S10A), consistently with previous reports (Martiny et al. 2009;
Garcia et al., 2020). While all these genes are present at equal relative abundance as the core pstA gene
in the most P-limited areas of the world ocean, namely the Gulf of Mexico, the Panama channel, the
eastern North Atlantic Ocean and the northern red Sea, phoA, CK_00003429 and/or the ptrA-like gene
were either absent or only present in a fraction of the Prochlorococcus population, notably in the South
Atlantic and central North Pacific oceans (Fig. S10A). The red module also contains a distant homolog of
the alkaline phosphatase PhoX (CK_00056879) present in the HLII strain MIT9314, as well as some genes
present in another genomic island of HL strains, called ISL5 by Coleman et al. (2006), and previously
reported to contain several genes strongly upregulated in response to P starvation, such as psiP1 and a
DUF3303 domain containing protein (Martiny et al. 2009; Scanlan et al. 2009). Interestingly, our approach
also retrieved two flexible gene clusters involved in the transport and/or assimilation of phosphonates,
i.e. C—P bonds-containing compounds constituting up to 25% of the high-molecular-weight dissolved
organic P pool in the open ocean (Clark et al., 1998). While most Prochlorococcus strains contains a core
phosphonate ABC transporter (phnD1-C1-E1), only a few HLII strains also possess genes coding for another
ABC transporter, which can be either phnC2-D2-E2 or phn(C3-D3-E3-E4 both distantly related to the core
version (Feingersch et al., 2012), the first one being also associated with genes involved in phosphonate
utilization phnY-Z (Martinez et al., 2010; McSorley et al., 2012) and a phosphonate dehydrogenase (ptxD).
Interestingly, all 7 genes of the phnC2-D2-E2 gene cluster are most often found in low-P areas but in very
low proportion of the population colonizing these niches (Fig. S10B). As concerns the third phosphonate
region (phnC3-D3-E3-E4), it is found in an even higher number of stations, all four genes being present in
the whole population in the most P-limited areas mentioned above, while the variation in the relative
proportions of phnE3 and phnE4 with regard to phnC3 and phnD3, noticed in the southeastern Atlantic
and central North Pacific, seems to indicate that the populations colonizing these areas have a

phosphonate transport system composed of the ATPase PhnC3, the substrate binding component PhnD3

221



CHAPITRE 11l

and either the PhnE3 or PhnE4 permease subunits (Fig. S10C). Of note, the red module is also highly anti-
correlated to temperature and three genes of this module were indeed previously identified as being
strongly associated to cold waters, namely pyrC2, a putative dihydroorotase, pudP encoding a
pseudouridine 5'-phosphatase and CK_00000399 encoding a protein of the 20G-Fe(ll) oxygenase
superfamily (Kent et al., 2016). although the adaptive potential of these genes with regard to temperature

remains to be confirmed.

The Prochlorococcus turquoise module is highly correlated to low temperature and gathers
stations characterized by a strong vertical mixing, where the Prochlorococcus LLIA ESTU is often a major
component and sometimes the dominant ESTU (Figs. 1, 2 and S1). Consistently, the phyletic pattern of
most genes present in this module is characterized by their presence in Prochlorococcus LLI and absence
in HL strains (Dataset 2). While some of these genes are truly specific of LLI strains such as several hli gene
copies, the endonuclease VIl nei, two NAD-dependent DNA ligases as well as psaJ2 encoding a divergent
copy of the core photosystem Il PsaJ subunit, others are shared with Synechococcus and/or strictly LL
Prochlorococcus strains (clades LLII-IV), the latter being generally absent from Tara Oceans surface
samples (Fig. 1A). This gene set notably includes several genes of the phycoerythrin-Ill biosynthesis gene
cluster (ppeA, C, cpeF, T, Y, Z), which is much shorter in HL than LL strains (Hess et al., 2001), rpaC involved
in the regulation of state transitions (Emlyn-Jones et al., 1999), ubiX and D involved in plastoquinone
synthesis, a number of genes involved in DNA repair (xseA, B, mutY) as well as the nitrite transporter focA

and cnaT, involved in controlling nitrite assimilation (Frias et al., 2003).

As expected from the fact that Synechococcus spp. possess a much larger and diversified genomes
than Prochlorococcus HLI-IV and LLI and have consequently a more extensive gene repertoire, the same
network approach applied to Synechococcus retrieved comparatively fewer large gene clusters potentially
related to niche adaptation. Alternatively, this might be a bias due to the use of too stringent thresholds
and the analysis probably needs to be redone using less stringent values. Yet, the Synechococcus salmon
module, whose genes are mostly associated with warm, Fe-replete environments dominated by ESTU IIA,
contains a fairly large number of genes coding for Fe-rich proteins. A distribution map of sdhA-B-C and
gclD1-E-F, encoding respectively the Fe-S cluster-containing (photo)respiratory complexes succinate
dehydrogenase/fumarate reductase (Cooley and Vermaas, 2001) and glycolate oxidase (Eisenhut et al.,
2008), showed that both protein complexes were equally abundant, though at a slightly lower relative
abundance than the core gene petB, over a large part of the Tara Oceans transect, with the notable
exception of Fe-depleted areas, including several stations of the southeastern and equatorial Pacific ocean,
TARA_052 off Madagascar and TARA_070 in the South Atlantic ocean (Fig. S11A), all these stations being
dominated by CRD1, EnvA and/or EnvB ESTUs (Fig. 1). Of note, sdhA-B-C genes seem to be at lower

abundance than gc/D1-E-F and sometimes even absent from the northernmost stations of the Atlantic
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Ocean, and they are only present in a small fraction of the Synechococcus population at the upwelling
station TARA_133, consistent with their absence from all cold-adapted clade | strains (Dataset 3). Also
interesting is the distribution of ftrC and ftrV genes, which respectively encode the [4Fe—4S] cluster-
containing catalytic subunit and the variable subunit of the ferredoxin-thioredoxin reductase, an enzyme
that receives electrons from ferredoxins and then reduces a thioredoxin through a disulfide—dithiol
interchange system (Dai et al., 2004; Fig. S11A). While both genes are found in all Fe-replete areas, ftrC is
found at similar relative abundance as the core gene petB, whereas ftrV is often about twice as abundant.
Even though all sequenced Synechococcus strains of our reference database contain a single copy of the
ftrV gene, this result suggests that natural Synechococcus populations dwelling in Fe-replete areas might
encode two ftrV gene copies, since we did not find any ftrV-related gene in Synechococcus genomes that
could have been recruited by our approach. In contrast, only a very low fraction of the population
colonizing HNLC areas possess ftrC and V genes and most often a higher proportion of the former. This is
in agreement with the fact that MITS9220 (CRD1-A) has no ftrV and only a degenerated ftrC gene, while
BIOS-U3-1 (CRD1-B) has neither of them (Dataset 3). So, we hypothesize that Synechococcus populations
dwelling in HNLC areas might possess such a FtrC remnant, though whether it has retained any function
related to electron transport is unlikely since the sequence of MITS9220 misses most of the cysteinyl sites
necessary to bind the [4Fe—4S] cluster (Dai et al. 2004). The salmon module also contains two non-core
ferredoxins, including petF-CK_00008098 that is restricted to Fe-replete areas, consistent with its absence
from all three reference CRD1 strains, while petF-CK_00057141 displays a more variable pattern, being
notably present at low abundance in Fe-depleted areas and absent at high latitude, in agreement with its
absence from the genomes of cold-adapted clades | and IV strains (Fig. S11B and Dataset 3). The salmon
module also includes several other genes encoding Fe-containing protein genes that are also restricted to
Fe-rich waters, including the pheophorbide a oxygenase (pao), the plastoquinol terminal oxidase (ptox)
and a 2-oxoglutarate/Fe(ll)-dependent dioxygenase domain-containing protein (Fig. S$11C). The differential
distribution of all the abovementioned genes is probably indicating a reduction of Fe quotas in
Synechococcus communities thriving in Fe-depleted regions through the loss of genes interacting with Fe,
as was suggested for Prochlorococcus populations belonging to clades HLIII/IV (Rusch et al., 2010). Also
worth noting in this module are i) a gene cluster already found in the Prochlorococcus blue module (see
above and Fig. S7B) and encompassing pyrB2, asnB, pydC and an aminohydrolase-like gene, as well as
genes coding for a putative urea-proton symporter (ureP) and a small uncharacterized conserved
membrane protein that are absent from all reference Prochlorococcus genomes, and ii) several genes of
the kps gene cluster involved in the biosynthesis and export of capsular polysaccharides from the
cytoplasm to the bacterial cell surface (Silver et al.,, 2001), which could serve as receptors for

bacteriophages and are also involved in the protection against a variety of stress conditions, as capsular
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polysaccharides constitute a physical barrier (Kehr and Dittmann, 2015). In Synechococcus genomes, the
set of kps genes is split into two sub-clusters, i.e. a 11-gene region extending from kpsD2 to neuB and a
smaller region encoding the ABC transporter subunits KpsT-M-E. Although proteins encoded by these two
gene clusters do not contain iron, all of them are in low relative abundance or even absent from low-Fe
environments but also at high latitude (Figs. S7 and S12), consistent with the fact that, like many genes of
the salmon cluster, they are absent specifically from CRD1 strains, possibly because these processes are
too energy-consuming for this peculiar niche. Nevertheless, the asnB cluster is comparatively present in

more niches than Prochlorococcus, notably in the Mediterranean Sea and Indian Ocean.

Most genes that are correlated with the Synechococcus salmon module are also almost as strongly
anti-correlated to the yellow module, and reciprocally. Indeed the latter module is associated with low-Fe,
P-replete areas and CRD1A as the main ESTUs and consistently contains a number of genes potentially
related to adaptation to Fe deficiency. Among the most notable genes of this module are the iron-stress
induced genes isiA, isiB as well as ftn CK_0001204, encoding one of the two ferritin forms existing in
Synechococcus. Although the chlorophyll-binding protein IsiA, forming an additional antenna around PSI
(Fig. S13A; Michel and Pistorius, 2004), and IsiB encoding flavodoxin, a non-iron electron-transfer protein
known to replace the Fe-containing ferredoxin (Fig. S11B; Erdner and Anderson, 1999; Kranzler et al.,
2013), have both been associated with iron-deficiency (Geilk et al., 2001), their distributions show that
they are present in most oceanic niches, with the notable exception of the Mediterranean sea but also at
high latitudes, where only isiA and a second form of isiB (CK_00001833) are present, consistent with their
presence in cold-adapted strains of clades | and IV. As concerns iron storage, the ferritin CK_00001204
appears to be widespread but while it is in single copy in the Red Sea and Indian Ocean, it is seemingly
present in two to three copies at high latitude and in Fe-depleted areas, in agreement with its presence in
3-6 copies in CRD1 genomes. By comparison, we also plotted the distribution of the second ferritin
(CK_00033189) and of bacterioferritin present in Synechococcus genomes, which seems to have a quite
complementary distribution, with bfr being present in a significant proportion of the population mostly in
low-P area, while CK_00033189 is present at low abundance or absent in these areas (Fig. S13A). Also well
represented in this yellow module are several hli gene copies, which seem to be essentially present in
CRD1 strains as well as genes encoding proteins of unknown function containing a nif11-like leader peptide
domain (CK_00050707, CK_00001868, CK_00008566, CK_00002199, CK_00056823), one of which being
present in high copy number in CRD1 genomes (up to 53 in BIOS-E4-1, CK_00050707) and accordingly
present in multiple copies in Fe-depleted areas. Thus, these genes are likely important for survival of
Synechococcus communities thriving in these Fe-depleted areas (Fig. S13B-C). Finally, a second copy of the
cyanate hydratase (cynH2), specific to CRD1 genomes, and a sulfiredoxin, also present in these genomes

and known to be involved in the protection of the photosynthetic apparatus against oxidative stress
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damages through an effective reduction of 2-Cys Prx (Findlay et al., 2005; Sanchez-Riego et al., 2016), are

also present in this module.

The purple module is associated to high salinity, low-P, Fe-replete, and mainly to ESTUs llIA,
WPC1A and 5.3A, typical of the Mediterranean sea waters (Fig. 2C-D). Consistently a number of genes
involved in the transport and/or assimilation of phosphate or its arsenate analog are found in this module,
including phoX, sphX, psiP1 as well as arsB (Dataset 3). Plotting their distribution with regard to the core
petB gene, shows that there are specifically present in low-P regions with phoX and sphX present in most
cells and psiP1 only in a subset of the population (Fig. S14A). Comparatively, the arsenate efflux pump-
encoding arsB gene is present at significant relative abundance in more regions, including the Indian ocean
and South Atlantic, while all these genes are completely absent from low-Fe areas. The comparison of their
distribution with that of the other P or As-related genes retrieved in the salmon module, namely phoB,
phoR, phnZ and arsR, show that the latter are found in a much larger range of environmental conditions,
covering both low-P and low-N regions, consistent with the fact that have a much larger phyletic pattern,
including both clades Il and Il strains (Fig. S14B). The purple module also contains two 7-gene clusters
previously identified in the Prochlorococcus blue module and encompassing agmatinase (speB2) and
nitrilase (merR) (see above). As for Prochlorococcus, these whole clusters are found in both low-P and low-
N niches and quasi absent in low-Fe niches, but they are generally present in a larger fraction of the

population for Synechococcus and this proportion tends to decrease with latitude (Figs. S6B and S8B).

The tan module is associated with cold, chlorophyll-rich environments dominated by ESTUs IA and
IVA. It contains a number of genes involved in photosynthesis, in particular those involved in the CA4-A
form of type IV chromatic acclimation (fciA-C), confirming that Synechococcus CA4-A cells are mostly found
in temperate or cold environments (Grébert et al., 2018; Xia et al., 2017; Dataset 3). This module also
contains a few genes related to iron metabolism, including one isoform of the flavodoxin type (isiB
CK_0001833) and of the ferredoxin gene (CK_00008099). Also noteworthy in this context, is the presence
in this module of the 3-gene ocp operon (ocp, crtW, frp), encoding an important photoprotection system
that protects photosystem Il from excess photon energy by increasing thermal dissipation of the energy
absorbed by the antenna (Boulay et al., 2008). Here the distribution map clearly show that this system is
absent both from N and Fe-depleted areas, notably, the Red Sea, Indian Ocean and South Pacific, while it
is systematically present in the Mediterranean sea and at high latitude (Fig. S15A). At last the tan module
also encompasses a fairly high number of two-component systems genes, including two sensor histidine
kinases and three response regulators, one of the latter (CK_00002009) displaying a very similar
distribution to the ocp operon (Fig. S15B). Altogether, these results support the hypothesis drawn from
experimental studies that coastal strains exhibit a higher tolerance to fluctuating environmental conditions

than oceanic strains (Mackey et al., 2015; Stuart et al., 2009).
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At last the midnight blue module is the smallest Synechococcus module and is mostly correlated
to the minor 1IB ESTU, which was found to be restricted to fairly cold, mixed waters, while the dominant
ESTU of this clade (IIA) is in contrast found in warm waters. This module mainly contains only genes with
no functional annotation that are present in one or a few strains among the reference genomes,
majoritarily PROS-U-1 (ESTU IIB), WH8020 (IA), CC9616 (ESTU XXA) or A15-127 (WPC1A). A network
approach based on the similarity of phyletic patterns in reference genomes and in field populations and
taking into account the proximity of genes in the reference genomes will be developed in the near future

to try to identify gene clusters specific of these populations.

Besides these genes potentially important for adaptation to abiotic constraints, it is important to
note that every module contain a number of genes either originating from phages or coding for defense
mechanisms, thus emphasizing the potential role of biotic interactions in shaping picocyanobacterial
communities and distribution, as well as in the genome diversification of both Prochlorococcus and

Synechococcus genera.

Discussion

The unique combination of deeply sequenced metagenomes collected along the transect of the
Tara Oceans expedition, which crossed a vast range of oceanic regions, and of a manually annotated
reference genome database (Cyanorak v2.1) covering much of the wide genetic diversity existing within
both Synechococcus and Prochlorococcus (Garczarek et al. in prep.), allowed us to considerably refine our
current understanding of the molecular mechanisms used by these ubiquitous and abundant marine
picocyanobacteria to colonize the different oceanic niches. Even though we only detected genes that are
present in our reference database, and thus recruited only a part of the whole picocyanobacterial
pangenome (see Chapter | and ‘Conclusions and Perspectives’), a striking correspondence was found
between the distribution of ESTUs, as assessed by a single, high-resolution, core marker gene petB (Farrant
et al. 2016), and the distribution of genes constituting the flexible genome of these populations in the field
(Fig. 1). As previously suggested for Prochlorococcus (Kent et al., 2016), this strong correlation between
taxonomy and gene content strengthens the idea that, in both genera, genome evolution mainly occurs
by vertical transmission, with a fairly low extent of lateral gene transfer. The network approach used here
further demonstrated that many flexible genes in both genera do not have a random distribution in the
environment but are rather associated to specific ecological niches and often to specific ESTUs. In the case
of Prochlorococcus, analysis of the functions of flexible genes associated with the different niches did not
only confirm previous observations about the presence of individual N-, P- or Fe-uptake genes specifically

in areas depleted in these nutrients (Ahlgren et al., 2020; Berube et al., 2014; Garcia et al., 2020; Kent et
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al., 2016; Martiny et al., 2006, 2009c), but also provided novel insights about possible adaptive strategies
adopted by the ESTUs to colonize these peculiar niches. Indeed, by combining metagenome analyses with
information about CLOG phyletic patterns and comparison of the genomic context of individual genes
between genomes of our reference database, we managed to identify a large number of gene clusters,
including many that were not previously reported in the literature. Several of them are likely involved in
the uptake and/or incorporation of complex organic forms of nutrients, which might either be degraded
into elementary N, P or Fe molecules or possibly directly used by the cells for e.g. the biosynthesis of

proteins or DNA.

In N-depleted areas, besides being able to enhance their capacity for uptake and assimilation of
inorganic forms of nitrogen by acquiring or retaining the well-known gene cluster encompassing a nitrate
transporter (nrtP), nitrite (nirA) and nitrate reductases (narB) and numerous cofactors (Martiny et al.,
2009a), Prochlorococcus cells also appear capable to incorporate i) amino acids or derivatives, for which
we identified transporters (natF-G-H-bgtA, tauA-B-C) and possible assimilation pathways (e.g. the
agmatinase gene cluster), ii) cyanate (cynA-B-D-S), and also possibly iii) other nitrogen sources in the forms
of nitriles or cyanides, which could be metabolized by the nitrilase gene cluster, though the availability of
such C=N-containing compounds (other than cyanate) remains poorly documented so far in oceanic
waters, besides heavily polluted areas. However, we cannot exclude that the latter gene cluster is in fact
devoted to the detoxification of cyanides incorporated by cells, like it is the case for arsenic and chromate
(Saunders & Rocap 2016), since these compounds have been found to be toxic to other marine
phytoplanktonic organisms (Pablo et al., 1997). Also noteworthy in the N-depleted niche is the presence
of a cluster of genes encompassing asnB, prB2 and pydC, which could contribute to an alternative
pyrimidine biosynthesis pathway and thus provide another way for cells to recycle complex nitrogen
forms. Interestingly, as was previously reported for the narB gene cluster (Berube et al., 2019; Martiny et
al., 2009b), it is frequent that only one or very few sequenced Prochlorococcus strains possess these niche-
related gene clusters (e.g. the agmatinase gene cluster is only present in Prochlorococcus marinus
UH18301), whereas their distribution in the field show that they are present in a large part of (and
sometimes the whole) Prochlorococcus population in N-depleted areas of the world ocean. Whether
isolation steps initially select for the scarce cells missing these gene clusters or whether these clusters are
secondarily lost due to a weakening of selective constraints during cultivation in nutrient-replete media
remain to be determined. As concerns Synechococcus, it is interesting to note that although strains exhibit
a more extended gene repertoire to deal with inorganic nutrients compared to the streamlined
Prochlorococcus genomes (Scanlan et al., 2009), as shown by the presence in 50 out of 54
Synechococcus/Cyanobium strains of the whole narB gene cluster (Dataset 2), gene clusters involved in

organic nitrogen are often shared by less strains and metagenomic analyses of their global distribution
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indeed show that a number of them, such as the agmatinase and nitrilase clusters, are, like for
Prochlorococcus, specific to given niches. For both genera, as mentioned in Kent et al. (2016), most of
these N-related genes are specifically absent from Fe-depleted areas, including nrtP-nirA-narB,
agmatinase, nitrilase and ureP-pyrB2-pydC-asnB gene clusters. Thus, the main sources of nitrogen for
populations dwelling in these areas seem to be ammonium and amino acids. Indeed, the ammonium
transporter amtl is core in both genera and a second transporter amt2 as well as an uptake transporter
for polar amino acids (natF-G-H-bgtA) and leudH, involved in the catabolism of leucine, are specifically
present in Prochlorococcus populations colonizing HNLC areas (brown module) and in one HLI strain
isolated from equatorial Pacific Ocean (MIT9515) and a HLIV metagenome, while most of these genes are

core in oceanic Synechococcus.

Adaptation to P-depleted has already been well documented in Prochlorococcus via the acquisition
by lateral transfer in P-limited areas of individual genes into two main genomic regions, the phoB-R region
(Martiny et al., 2006, 2009) and ISL5, encompassing psiP1 as well as several uncharacterized genes strongly
differentially expressed in response to P-depletion (Coleman et al. 2006). Furthermore, Feingersch et al.
(2012) also found that, in addition to the core phosphonate ABC transporter (phnD1-C1-E1), an accessory
transporter (phnC2D2E2) was specific of low-P regions. Yet, we show here that the phnC2-D2-E2 gene
cluster, which also encompasses the ptxD-phnY-Z genes involved in the metabolism of phosphonates, is
present in a very low proportion of the Prochlorococcus population colonizing these niches, while a third
previously unreported phosphonate operon, phnC3-D3-(E3)-(E4), which encompasses either both or only
one of the two permease subunits (phnE3-E4), can in contrast be found in the whole population in some
areas like the Mediterranean sea and is globally more widespread than the other phosphonate gene
region. Altogether, these environmental data seem to indicate that in the most P-limited areas, the whole
Prochlorococcus population possess both the PhoB-R/PhoA/PtrA and the phnC3-D3-E3-E4, while only a
small proportion of the population also possess the phnC2-D2-E2 system, which is consistent with the fact
that no Prochlorococcus strain sequenced to date possesses all three sets of genes (Dataset 2). In
Synechococcus, comparatively few genes specific of P-depleted areas, including phoX, sphX and psiP1 have
been detected, while more P-related genes (phoB, phoR, phnZ and arsR) are found in a larger range of
environmental conditions, covering both low-P and low-N areas. Thus, we hypothesize that ESTUs IlIA,
WPC1A and 5.3A that colonize low-P areas possess both sets of genes, while ESTU IIA, dominating low-N
areas, possesses only the second one. As for N-related genes, P-related genes are quasi absent in low-Fe
niches, with the notable exception of phoB-R, and are generally present in a larger fraction of the

Synechococcus than Prochlorococcus population and this proportion tends to decrease with latitude.

In contrast to macronutrients, it has been hypothesized that survival of Prochlorococcus and

Synechococcus in low-Fe regions was made possible through the elimination from the genomes of genes
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coding for proteins that contain iron as a cofactor as well as the acquisition of genes involved in Fe-storage,
such as ferritin, and/or Fe-scavenging, such as the TonB-dependent siderophore uptake operon
(Malmstrom et al., 2012; Rusch et al., 2010; Kent et al., 2016; Garcia et al. 2020; Ahlgren et al. 2020).
Accordingly, many proteins interacting with iron were indeed found in the present study to be anti-
correlated to HNLC regions either in both genera (succinate deshydrogenase), only in Synechococcus
(glycolate oxidase, pheophorbide a oxygenase, 2-OG/Fe(ll)-dependent dioxygenase domain-containing
protein, PTOX and the typical [4Fe-4S]-containing FtrC/V complex) or in Prochlorococcus (the metal-
dependent fructose-1-6-bisphosphate aldolase class Il FbaA) and populations dwelling on these areas were
also found to be enriched in ferritin for Synechococcus and iron-scavenging genes (fepDC-cirA-febB-tonB-
exbBD) for Prochlorococcus. One novelty of our study is that most Prochlorococcus cells thriving in low-Fe
regions possess the ctaC2-D2-E2 operon, also found in 85% of all Synechococcus sequenced to date and
notably in all CRD1 strains, which encode the cytochrome c oxidase ARTO that could provide an additional
electron sink under iron-deprived conditions (Lea-Smith et al., 2013) and was also suggested to be involved
in the reduction of Fe(lll) into Fe(ll) (Kranzler et al.,, 2014). Also well represented in Synechococcus
population colonizing Fe-depleted areas are numerous nifll-like leader peptide domain, one of which
being present in 53 copies in the CRD1 strain BIOS-E4-1, as well as several genes potentially involved in
the protection of the photosynthetic apparatus against oxidative stress damages, notably numerous hli
gene copies but also sulfiredoxin, which was found to be highly differentially regulated in response to all
stress conditions in WH7803 (Findlay et al., 2005; Guyet et al., submitted). This suggests that the reduction
of the metabolism when cyt bgf and PSI are limited under Fe-deprived conditions could also increase the

cell damages due to reactive oxygen species in these areas.

Besides genes involved in nutrient acquisition and metabolism, we also found in both
Prochlorococcus and Synechococcus several gene modules associated to low temperature and/or to
ecotypes colonizing cold ecological niches (ESTU LLIA and HLIA for Prochlorococcus and IA, IVA and IIB for
Synechococcus). Yet, besides desA3, encoding a fatty acid A12-desaturase that we recently showed to be
present in cold and temperate waters (cf. part 1.2 of this chapter), it is not clear whether any annotated
genes of these modules could be directly related to adaptation to low temperature. This observation tend
to supports the hypothesis that adaptation to cold temperature is not mediated by evolution of gene
content but rather by the evolution of protein sequences (Kent et al., 2016; Larkin and Martiny, 2017; see
chapter | part 1). Still, a number of genes of these modules are coding for proteins involved in
photosynthesis, suggesting a possible remodeling of this process in cold environmental conditions, as
suggested by previous transcriptomic and photophysiological studies (Mackey et al., 2013; Pittera et al.,
2014, 2017; Varkey et al., 2016). We also observed a decrease of the proportion of the population

displaying some gene clusters across a latitudinal gradient, such as the agmatinase, the succinate

229


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3641225/#def1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3641225/#def1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3641225/#def1
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3641225/#def1

CHAPITRE 11l

deshydrogenase or the phoB-R gene clusters, suggesting that populations colonizing these niches have
developed alternative strategies to cope with cold waters or other environmental factors linked to low
temperature. In contrast, our study clearly show that populations colonizing well-mixed waters at high
latitudes or in upwelling areas all possess the ocp-crtW-frp operon, while it was so far unclear why this
important photoprotection system was absent from a number of marine Synechococcus strains (Boulay et
al. 2008). These environments are also characterized by a high number of specific two-components

systems that might also be important to adapt to rapidly changing conditions characterizing these niches.

An important selective force that could not be fully assessed with our dataset is the biotic pressure
exerted by viruses and grazers. Our results show that each picocyanobacterial community, in particularin
Synechococcus, has niche-specific genes originating from phages or involved in cell-surface modification
or other cell defense mechanisms, including bacteriocin-type genes and toxin/antitoxin systems that are
indicative of potential allelopathic interactions with other bacteria (Paz-Yepes et al., 2013). These genes
are often present in only one or a few sequenced genomes and are thus likely responsible for a significant
part of the gene content diversity of marine picocyanobacteria. This highlights the role of biotic
interactions, in particular with cyanophages, in shaping the global distribution of marine picocyanobacteria

and warrants future studies of co-occurrence at the global scale.

In conclusion, our analysis of picocyanobacterial gene distribution in the global ocean reveals that
each community has a specific gene repertoire, either inherited from ancestral cyanobacteria and retained
specifically in some lineages, e.g. for the agmatinase of nitrilase gene clusters, or acquired by more recent
lateral transfers like is the case for a number of genes involved in adaptation to P-depletion. In the latter
case, genes might sweep into populations independently of the host genome and behave as entities having
their own ecological niche (Polz et al., 2013). Such examples was less frequent in Synechococcus, in which
each module (and sub-module) was found to be highly correlated to the abundance of a set of ESTUs. This
might reflect a difference in the evolutionary dynamics between Prochlorococcus and Synechococcus, the
latter being less prone to acquisition of beneficiary genes by lateral transfers. Alternatively, it might be
possible to find genes dissociated from ESTUs by further splitting modules of genes and/or by adding other
environmental parameters. Moreover, the signal contained in the distribution of Synechococcus genes is
somewhat blurred by a huge noise of genes of unknown function. While some of these genes might carry
an adaptive potential, many are probably of little or no benefit for the cell. The situation seems to be
different in Prochlorococcus, in which genome streamlining likely frees more rapidly the genome from such
genomic burdens. Although this analysis of the niche partitioning of genes along the Tara Oceans transect
clearly brought some important new insights about niche adaptation in picocyanobacteria, forthcoming
studies should certainly focus on the distribution of sequence variants, since there are clearly critical to

the adaptation to cold niches, but also on the acclimation response of each community by examining
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corresponding metatranscriptomes and on the impact of biotic interactions, three research paths that

promise important new discoveries in the future.
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Figure S1. Distribution of the eigengene of each Prochlorococcus (sub)module at the different stations along the
Tara Oceans transect. Eigengenes of modules (A) and submodules (B), designated by color names indicated below
each heatmap, represent a consensus of the normalized relative abundance of genes at Tara Oceans stations.
Station names are colored according to ESTU assemblages defined in Farrant et al. (2016) and specify the oceanic
region of each station as follows: SAO, South Atlantic Ocean; MS, Mediterranean Sea; NAO, North Atlantic Ocean;
10, Indian Ocean; RS, Red Sea; SPO, South Pacific Ocean; NPO, North Pacific Ocean.
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Figure S3. Correlation of Prochlorococcus submodule eigengenes to physico-chemical parameters and
ESTU abundance. A, C. Correlation of eigenges to physico-chemical parameters for modules (A) and
submodules (C). B, D. Correlation of eigenges to relative abundance profiles of Prochlorococcus ESTUs for
modules (B) and submodules (D). Pearson (A, C) and Spearman (B, D) correlation coefficient (R?) is
indicated by the color scale. Non-significant correlations (Student asymptotic p-value > 0.01) are marked

by a cross. ®_ : index of iron limitation derived from satellite data. PAR30: satellite-derived

photosynthetically available radiation at the surface, averaged on 30 days. DCM: depth of the deep

chlorophyll maximum.
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Figure S4. Same as Fig. S3 for Synechococcus
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Figure S5 : Global distribution map of the Prochlorococcus blue module gene clusters putatively
involved in transport and assimilation of nitrogen. The size of the circle is proportional to relative
abundance of Prochlorococcus as estimated based on the petB gene and this gene was also used to
estimate the relative abundance of other genes in the population. A. Nitrites and nitrates , B.

Cyanate.
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Figure S6 : Global distribution map of the nitrilase gene cluster. The size of the circle is
proportional to relative abundance of each genus as estimated based on the petB gene and
this gene was also used to estimate the relative abundance of other genes in the population.

A. Prochlorococcus, B. Synechococcus.
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Figure S8 : Global distribution map of the agmatinase gene cluster. The size of the circle is
proportional to relative abundance of each genus as estimated based on the petB gene and this
gene was also used to estimate the relative abundance of other genes in the population. A.

Prochlorococcus, B. Synechococcus.
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neutral polar amino acids.

240

PRen |

23

w23

\‘30

petB
fepB
fepC
fepD
CirA

exbB
exbD
tonB

petB

ctaC2

ctaD2

ctaE2
CK_00001536

petB
natF
natG
natH
bgtA



Variabilité écotypique des mécanismes d’adaptation et d’acclimatation

A
b |
&
B
%T_
o
1
&

< A
< [
. n
. X
v X
4 \
< A
\ X
4 N
‘ .
r
& 1, aats
o o 80 GG 5
1
b %;.
% !
”
P L WY
: -
l’ P
\ (] [}
e & .f' " bv x
e 5
< N
)
4 \
< A
y o7
‘1 X
‘ .

.--“;‘ o 0¥y .V'O"":a

[ ]

pstA

= phoB
phoR

= CK_00003429
phoA

= PtrA-like

pstA

phnC2
phnD2

phnE2

ptxD

phnY

phnZ
CK_00052618

pstA

= phnD3

phnC3

= phnE3

phnE4
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Figure S11 : Global distribution map of the selected Synechococcus Fe-containing proteins
or proteins using alternative metals. The size of the circle is proportional to relative
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Fe-rich respiratory proteins, B. Ferredoxins vs. flavodoxins, C. Other Fe-rich proteins.

242



Variabilité écotypique des mécanismes d’adaptation et d’acclimatation

¥ v .
o D ) = kpsD2
; 9 © fabF2
& = kpsS
o % kpsC
: ¢ " neuA
> 5 @ neuB
! . p iy’ » kpskE
) : o kpsM

‘od & ® g ® " kpsT
"

o . .
® ';-*f Qe SV petB
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Figure S13 : Global distribution map of other selected

Synechococcus as estimated based on the petB gene
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in Fe-replete environments. The size of the circle is proportional to relative abundance of
and this gene was also used to estimate the

of amino acids and pyrimidines, B. Export of capsular polysaccharides.
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population. A. Salmon module, B. Purple module.
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Figure S15 : Global distribution map of key genes of the Synechococcus tan module,
representative of temperate and cold, chlorophyll-rich waters. The size of the circle is
proportional to relative abundance of Synechococcus as estimated based on the petB gene and this
gene was also used to estimate the relative abundance of other genes in the Synechococcus

population. A. ocp operon, B. Two-components systems.
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Supplementary Tables

Dataset 1: Composition of Prochlorococcus and Synechococcus gene modules. The first column shows the
Cyanorak cluster number, and the second and third show the module and submodule to which the gene
belongs. Correlation to the eigengene of each sub-module is displayed in the 19 next columns, followed
by gene name (when available) and gene product. After the product, COG annotation and a custom
hierarchical annotation are indicated, followed by comments. Finally, the 97 last columns indicate the

phyletic pattern of each gene, i.e., the number of copies of the gene in every genomes of the database.

Dataset 2: Composition of Prochlorococcus gene modules. Same as Dataset 1, but for annotated genes.

Genes were kept only if some information about its function was available.

Dataset 3: Same as dataset 2 but for Synechococcus
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lll.2 Distribution globale des génes de désaturases, impliqués dans la
thermoregulation de membranes, chez les picocyanobactéries marines

L'analyse des données méta-omiques de I'expédition Tara Oceans m’ont non seulement permis
d’identifier des genes de niches d’un point de vue global, comme décrit dans la partie précédente, mais
également d’analyser la distribution d’un ou plusieurs génes spécifiques comme j’ai pu le faire dans le
cadre de I'étude de (Breton et al., 2019 ; en annexe 1) visant a mieux comprendre les bases physiologiques

de la spécialisation des différents thermotypes (ou écotypes thermiques) chez Synechococcus.

En effet, bien que la température constitue I'un des parametres les plus discriminants pour la
distribution latitudinale des ESTUs de Synechococcus (Farrant et al., 2016), les mécanismes responsables
de ces adaptations restent peu connus. Jusqu’a présent, seules quelques études ont mis en évidence une
différence dans le maintien de I'activité photosynthétique des différents thermotypes en réponse aux
stress thermiques (Pittera et al., 2014) et également une thermostabilité différentielle des protéines
constituant les phycobilisomes (Pittera et al., 2017). On sait par ailleurs que la température a un effet
direct sur la fluidité membranaire qui elle-méme influence la conformation et donc I’activité des protéines
membranaires (Mikami and Murata, 2003) et notamment des photosystemes | et Il. C'est pourquoi la
capacité des cellules a moduler la fluidité de ces membranes est indispensable pour maintenir la fitness
des organismes photosynthétique dans une niche thermique donnée (Mackey et al., 2013; Varkey et al.,
2016). Dans ce contexte, une étude récente du laboratoire a montré qu’en réponse au froid,
Synechococcus sp. WH7803 est capable d’induire un raccourcissement des chaines d’acide gras composant
des lipides membranaires (conduisant a un amincissement de la membrane) et d’activer la désaturation
des acides gras a des sites spécifiques des trois glycolipides présents chez cet organisme (Pittera et al.,
2018). Des insaturations sont insérées dans les chaines d’acides gras par des enzymes de la famille des
désaturases permettant de maintenir la fluidité de la membrane (Chi et al., 2008; Varkey et al., 2016). La
comparaison des génomes disponibles de Synechococcus a également permis d’identifier quatre membres
principaux de cette famille, codant pour deux A9-désaturases (desC3 et desC4) et deux Al12-désaturases
(desA2 et desA3) dont le pattern phylétique différe entre les thermotypes chauds des clades Il et 11l d’une
part et les thermotypes froids des clades | et IV d’autre part (Tableau 1). Ces résultats suggérent que les
capacités de désaturation pourraient avoir joué un réle clé dans la spécialisation des lignées de
Synechococcus a différentes niches thermiques (Pittera et al., 2018). La comparaison des lipidomes de
souches représentatives des clades | a IV (1 souche par clade), acclimatées a différentes température, a
permis de montrer que pour les désaturases a mono-insaturation, DesC3 serait une désaturase commune
a toutes les souches, faiblement régio-spécifique mais avec une préférence pour la position sn-1 des
chaines en C16 (chaines carbonées contenant 16 atomes de carbones) alors que DesC4, qui est spécifique

des thermotypes froids, permettrait d’accroitre la capacité de monoinsaturation des lipides membranaires
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de ces souches. En ce qui concerne les désaturases responsables des doubles insaturations, DesA2, présent
spécifiquement chez les thermotypes chauds, permettrait d’obtenir de plus hauts niveaux de C16:2
(chaines carbonées composées de 16 atomes de carbone et présentant 2 insaturations) et serait fortement
régio-spécifique en agissant sur la chaine sn-1 des galactolipides. Enfin DesA3, qui semble avoir été
spécifiqguement perdu par les membres du clade I, serait également fortement régio-spécifique et
permettrait d’accroitre la quantité de C16:2 chez les membres du clade Il alors qu’elle est présente mais
semble inactive chez les thermotypes froids. Dans ce contexte, ma contribution a cet article a consisté a
analyser la distribution globale des genes codant pour les 4 désaturases dans les stations Tara Oceans
dominées par un ou plusieurs des quatre ESTUs majeurs (lA, A, llIA et IVA) en fonction de la température
de prélevement de I’échantillon (Figure 16). Le géne desC3 s’avere présenter une distribution constante
quelle que soit la température, ce qui est cohérent avec le fait qu’elle est commune a (et semble active
chez) toutes les souches de Synechococcus examinées. Le géne desC4 est retrouvé uniquement dans les
zones ol la température est inférieure 20°C, en accord avec son role supposé d’accroissement du niveau
de monoinsaturation des membranes des clades | et IV. En ce qui concerne les désaturases responsables
des doubles insaturations, desA2 présente une distribution inverse de celle de desC4, ce qui semble
confirmer que cette désaturase serait limitée aux environnements chauds, colonisés par les clades Il et llI
tandis que desA3 présente une distribution similaire a desC4, a I'exception de la plupart des stations
dominées par le clade Il dans lesquelles ce géne est présent entre 17 et 25°C. Cette distribution suggere
gue la coexistence de desA2 et desA3 chez les membres du clade Ill pourrait leur conférer un avantage
adaptatif dans des environnements soumis a des variations saisonniéres importantes de la température,
telles que celles observées en Mer Méditerranée (dominée par le clade lll), par rapport aux membres du
clade Il, qui ne possédent colonisent des environnements beaucoup plus stables et qui ne possedent que
desA2. Globalement, le fait que la distribution de ces désaturases in situ soit en accord avec les patrons
phylétiques mis en évidence chez les souches représentatives des écotypes tend a confirmer que la
capacité a moduler la fluidité membranaire pourrait avoir joué un role critique dans la colonisation des

différentes niches thermiques par les Synechococcus marins.
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Tableau 1 - Criblage du génome pour les génes présumés de désaturase dans 53 génomes marins de
Synechococcus et Cyanobium, classés par subclusters et les clades phylogénétiques issu de Pittera et al., 2018.

A9 desaturases A12 desaturases Other desaturases

Number
desC3 | desC4 | desC6 | desA2 | desA3 | desA4 | desC | desC | des | des | des of des
genes

Representative sequenced

Sub-cluster! Clade? .
strains

€C9311, MVIR-18-1, PROS-8-1,
| WH8016, ROSB604
SYN20
A15-62, CCO605, M16.1, RS9902,
R59907, TAK9802
n KORDI-52
Al5-44
WHB109, PROS-U-1
WHB102, WHB103, A15-24, A18-46.1,
BOUM118, RS9915, A15-28, A18-40
v BL107, CC9902
v 'WH7803, BMK-MC-1
WH7805, MEDNS5
PROS-7-1
A15-60, A1B-25c
NOUMS7013
RS59909, RS9917
WH8101
IX RS9916
MITS8220, BIOS-E4-1
BIOS-U3-1
WPC1 | A15-127, KORDI-49
XX CC9616
UC-A KORDI-100
NSO01, WH5701
PCCB307
5.2 CBO101
CB0205
PCC7001
53 RCC307, MINOS11

! sensu Herdman et al. (2001) ; 2 see Mazard et al. (2012) and Choi & Noh (2009).
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Figure 16 - Localisation des stations de I’expédition Tara Océans utilisées dans cette étude (a), et abondances
relatives des génes de désaturases lipidiques A9 desC3 (b) et desC4 (c) et de désaturases lipidiques A12 desA2
(d) et desA3 (e), en fonction de la température de surface aux différentes stations. Ces données ont été
générées en utisant les métagénomes des stations dominées par les ESTUs (‘ecologically significant taxonomic
units’, sensu Farrant et al., 2016) majeurs des clades I-IV de Synechococcus. A chaque station, I'abondance
relative de chaque géne de désaturase a été normalisée a I’'abondance relative du géne commun et simple copie
petB. La courbe de ‘fitting’ a été réalisée en utilisant le modele de régression LOESS (span a = 0.8) en utilisant

desC3

25 30

|{c) desC4

15 20 25 30

Seawater temperature (°C)

le package R ggplot2. La zone grisée correspond a l'intervalle de confiance a 95% (Breton et al., 2019).
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lll.3 Physiologie comparative et acclimatation aux facteurs
environnementaux des principaux écotypes de Synechococcus

Contexte du travail

L'analyse de la réponse au stress de la souche modele Synechococcus sp. WH7803 a permis de mettre
en évidence un certain nombre de caractéristiques communes de la réponse a divers stress
environnementaux et d’autres plus spécifiques a un stress particulier (cf. Chapitre 1l). Cependant, cette
souche appartient a un clade peu abondant dans le milieu naturel et dont la niche écologique reste assez
mal connue, méme si certaines études récentes semblent indiquer que le clade V serait plutot présent
dans les zones chaudes, cotiéres et dessalées, telles que certaines régions de la mer Méditerranée (Doré
et al., en prep; Marsan, 2016). De facon a vérifier dans quelle mesure la réponse de WH7803 est
représentative du genre Synechococcus, des analyses physiologiques similaires a celles présentés dans le
Chapitre Il ont été réalisées sur quatre souches représentatives des clades dominants de Synechococcus
(clade I-IV) mais en limitant les conditions testées aux fortes lumiéres et basses températures. En
complément de ces analyses, j’ai également initié I'analyse des metatranscriptomes de Tara Oceans afin
d’essayer de mettre en évidence directement a partir de ces échantillons environnementaux les capacités
d’acclimatation des différents écotypes de Synechococcus en lien avec les niches écologiques qu’ils

colonisent.
Matériel et méthodes

Choix des souches

Afin de mettre en évidence de potentielles différences dans la plasticité phénotypique entre les
lignées, qui pourraient expliquer la distribution des populations naturelles de Synechococcus, nous avons
sélectionné quatre souches répondant aux criteres suivants : i) représentatives de quatre des cing clades
majeurs de Synechococcus dans le milieu naturel (clades |, 1l, lll et 1V), ii) de type pigmentaire 3 afin de
limiter la variabilité en réponse a la lumiére et enfin iii) ayant un génome séquencé, afin de faciliter les
analyses de transcriptomique et d’utiliser les données de génomique pour interpréter la réponse
physiologique de ces organismes. Les souches sélectionnées sont répertoriées dans le Tableau 2, incluant

la souche WH7803 pour comparaison.
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Tableau 2 - Caractéristiques des souches de Synechococcus utilisées dans cette étude

Souche MVIR-18-1 Al15-62 WH8102 BL107 WH7803
Clade | Il 11 \Y \Y
ESTU 1A 1A 1A IVA VA
Type pigmentaire 3a 3dB 3c 3dA 3a
Numéro
- - BX548020 AATZ00000000 CT971583
d’accession
Axenie Non Non Oui Non Oui
Mer de Océan Mer des Mer Mer des
Site d’isolement
Norvege Sud Atlantique Caraibes Méditerranée Sargasses
Latitude
61°00’ N 17°37’'N 22°29'N 41°43’N 33°45’'N
d’isolement
Longitude
1°59’' E 20°57'W 65°36'W 3°33’E 67°30°'W
d’isolement
15/03/198
Date d’isolement 23/07/2007 04/10/2004 15/03/2001 01/07/1978
1
Prof d’isolement
25 15 - 1800 25
(m)
Température*
. 13.98°C 26.02°C* 25.78°C* 13.89°C* 25.85°C*
d’isolement

* D’apres (Pittera et al., 2014)

Conditions expérimentales

Les conditions de culture étaient les mémes que celle utilisées pour la souche WH7803 (cf. Chapitre
1) mais les traitements réalisés se sont limités a des transferts a forte lumiére (250 uE.m2.s%, HL pour ‘high
light’) ou a basse température (13°C, LT pour ‘low temperature’) a partir de cultures acclimatées a faible
lumiére (20 pmol photon.m2.s?%, LL) et & 22°C. De méme que pour WH7803, les paramétres suivants ont
été mesurés a différents temps de stress : le taux de croissance des cellules par cytométrie en flux, les
spectres d’émission de fluorescence entre 545 et 750 nm (exc: 530 nm) par spectrofluorimétrie afin de

calculer les rapports PE/PC et PC/TA, permettant de déterminer le couplage des phycobiliprotéines et le

253



CHAPITRE 11l

potentiel démantélement des bras des PBS et enfin le rendement quantique du PSII (Fy/Fu) et le taux de
réparation du PSll par fluorimétrie PAM. Par ailleurs, nous avons également mesuré lors de ces expériences
le contenu pigmentaire par HPLC, et le contenu en lipides, qui ont fait I'objet d’'une publication
indépendante (Breton et al., 2019). Enfin, 108 transcriptomes ont été générés a différents temps de stress

(Tableau 3) dans les mémes conditions que pour la souche WH7803.

Tableau 3 — Description du plan expérimental

Condition Condition Temps Nombre de réplicats
d’acclimatation  de stress d’échantillonnage (heure) biologiques

LL LLHL 0,0.3,1,3,6,(7, 24) 3

LL LLLT 0, 12, 24, 36, 48 3

Analyse des métatranscriptomes de Tara Océans

Les metatranscriptomes de I'expédition Tara Océans ont été analysés en utilisant la méme approche que
celle utilisée pour les métagénomes (cf. Chapitre lll, partie Il). En bref, les lectures recrutées par BLASTN
(v2.2.28+) sur les 97 génomes de picocyanobactéries de Cyanorak v2.1 (http://sb-

roscoff.fr/Phyto/cyanorak) ont tout d’abord été taxonomiquement assignés a Prochlorococcus ou

Synechococcus en fonction de leur meilleur hit blast, puis fonctionnellement assignés a un CLOG en
fonction de la position de ce hit sur le génome le plus proche, cette position correspondant a un géne
particulier. Pour chacun des deux genres, le cumul des lectures par CLOG a permis d’obtenir un tableau de
contingence répertoriant 'abondance relative de chaque transcrit dans chacune des stations Tara. Les
profils d'abondance relative obtenus ont été utilisés pour regrouper les stations en utilisant une similarité

de Bray-Curtis et pour effectuer des analyses de réseaux de cooccurrence.
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Résultats et discussion

Réponse physiologique au stress

Les variations de rendement quantique du PSIl montrent que les cing souches sont
différentiellement affectées par les stress lumineux et thermiques (Figure 17). Le PSIl de MVIR-18-1 (clade
I) et A15-62 (clade IlI) semble peu affecté par les fortes lumiéres (baisse de 10 % de leur Fy:Fv en 6h), par
rapport a celui des souches BL107 (clade 1V) et WH8102 (clade ll), qui présentent une forte diminution de
leur Fy:Fm apres 6h de stress (40% et 60%, respectivement). Ce comportement semble étre en partie lié a
la capacité de réparation du PSIl des souches puisque MVIR-18-1 et A15-62 sont les deux souches qui
présentent le plus fort taux de réparation en HL et la plus forte induction de ce taux entre les conditions
LL et HL (Figure 18B). En revanche, BL107 et WH8102 présentent un taux de réparation du PSII initial
significativement plus élevé dans les cultures acclimatées en LL et une plus faible induction de cette
réparation en réponse au stress HL. En comparaison, la souche modéle WH7803 (clade V) montre une
sensibilité intermédiaire du PSII et une capacité de réparation plus faible a HL bien gqu’elle soit capable de
maintenir un Fy:Fma 80 % de son niveau initial aprés 6h de stress lumineux. Ceci suggére que cette souche
présenterait une plus faible ‘cross section’ de photoinactivation (o;) en HL que les autres souches (Six et
al., 2007b). Dans tous les cas, les souches semblent capables de récupérer de ce stress lumineux et de
rétablir un Fy:Fm proche du TO, aprés avoir été replacées dans les conditions initiales de lumiére, montrant

gue ce stress n’est pas létal pour ces organismes.
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Figure 17 - Variation du rendement quantique du PSII (FV/FM) en réponse au stress di{i aux fortes lumiéres
(HL, 250 pE.m-2.s-1) et aux basses températures (LT, 13°C ) pour différentes souches de Synechococcus
acclimatées en faible lumiére (20 pE.m-2.s-1) et a 22°C. Ces données sont basées sur au moins trois
expériences indépendantes.
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En ce qui concerne le stress thermique, les deux thermotypes froids, MVIR-18-1 (clade |) et BL107 (clade
IV), semblent pas ou peu affectés par ce stress alors que les trois thermotypes chauds présentent une
diminution de leur Fy:Fm de 40 a 60 % mais avec une dynamique qui differe selon les souches. En effet,
alors que la souche WH7803 présente déja un maximum d’inhibition au bout d’un jour de stress, cette

inhibition est plus progressive sur I’'ensemble de I'expérience pour les deux autres souches.
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Figure 18 - Taux de réparation cumulatif du PSIl pendant les 6 heures de I'expérience pour les cultures
controle (Ct, panneau de gauche) ou soumises a un stress lumineux (HL, panneau de droite). Ces données
sont basées sur au moins trois expériences indépendantes.

L’évolution du rapport PE:PC des PBS montre que seules deux souches présentent des variations
significatives de ce rapport en réponse au stress HL, avec une augmentation pour WH7803 et une
diminution pour BL107 (Fig. 19). Ces variations de fluorescence sont probablement dues a une
déconnexion des hexameéres PEIl distaux chez WH7803, comme précédemment observé chez WH8102 en
réponse aux UV (Six et al., 2007b), et a une déconnexion entre PC et APC pour BL107 a la base des bras
des PBS. De fagon intéressante, il semble que la dégradation des PBS soit indépendante des dommages
générés au niveau du PSll, puisque la souche la plus affectée au niveau du PSIl (WH8102) n'a montré
aucune variation du rapport PE:PC. En réponse au stress LT, toutes les souches a I'exception de MVIR-18-
1, subissent une augmentation du rapport PE:PC (Figure 19), indiquant une altération du couplage de la
phycobiliprotéine conduisant probablement a la déconnexion du PE des bras des PBS, comme
précédemment observé (Pittera et al., 2014; Six et al., 2007c). Cette déconnexion pourrait permettre de

limiter le stress oxydant des cellules d’une part en diminuant la quantité d'énergie atteignant le centre
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réactionnel du PSll et d’autre part en dissipant I'exceés d’énergie sous forme de fluorescence de la PE libre

(Pittera et al., 2014).
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Figure 19 - Variations du rapport d'émission de fluorescence de phycoérythrine (PE) a phycocyanine (PC) chez
différentes souches de Synechococcus acclimatées a faible lumiére (LL, 25 HE.m2.s%). La ligne pointillée
indique le temps (6h) auquel les cultures soumises a des contraintes légeres ont été replacés dans leurs
conditions lumineuses initiales pour étudier la récupération. Ces données sont basées sur au moins trois
expériences indépendantes.

Globalement, ces résultats montrent qu’alors que la réponse au stress lumineux n’est pas
thermotype-dépendante, les souches représentatives des thermotypes froids résistent mieux au stress LT
que les trois autres souches, et la faible photoinactivation du PSll telle qu’indiquée par la faible diminution
de leur Fy:Fwy, suggére que ces souches sont probablement capables de mieux gérer le déséquilibre entre
I'absorption d'énergie lumineuse et son utilisation dans les réactions intervenant en aval dans I'appareil

photosynthétique (Latifi et al., 2009).

Analyse préliminaire de la réponse transcriptomique au stress

Une analyse globale de I'expression des génes pendant les stress HL et LT révele une réponse assez
similaire entre les deux types de stress. En effet, une majorité de genes différentiellement exprimés dans
le stress HL montrent les mémes patrons d'expression que dans le stress LT (Figure 20). Cependant, alors
gu’en réponse au stress HL, l'intensité des profils d’expression est assez similaire pour 'ensemble des

souches étudiées, les deux thermotypes froids, et en particulier la souche MVIR-18-1 isolée a plus haute
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latitude, présentent un niveau d’expression différentielle globalement plus faible que celui des autres
souches en réponse au stress LT, en accord avec les données de physiologie qui montrent que ces souches
sont moins affectées par ce traitement (Figures 18 et 20). En revanche, pour WH7803 (clade V) et dans
une moindre mesure pour A15-62 (clade ll), les niveaux d'expression différentielle se sont avérés plus

élevés en réponse au stress LT que HL.

Le clustering des génes par profils d’expression a permis de mettre en évidence une réponse
commune a I'ensemble des souches et des stress, qui se manifeste par un ensemble de genes fortement
sous-exprimés (cluster 1 et dans une moindre mesure cluster 3) et surexprimés (cluster 2 et dans une
moindre mesure clusters 6 et 7), et ce dans les deux conditions testées (Figure 20A). Parmi les génes les
plus sous-exprimés dans toutes les souches, on retrouve dans le cluster 1 de nombreux génes
photosynthétiques notamment ceux codant pour les sous-unités du PSI (psaA-F, I-M), la plupart des génes
impliqués dans la synthése des PBS (apcA-B, C, E, F, cpcA-B, G1-G2, cpeA, C, E, S, T, mpeA, B, D et E) ainsi
que uspG, codant pour une protéine de stress universelle et un gene codant pour une protéine HLIP. Le
cluster 3 regroupe également des génes photosynthétiques parmi lesquels de nombreux génes de
biosynthése du PSIl (psbB, C, I, K, M, O, Q, T, U, X, Y, Z, 30, 32), du cytochrome bg/f (petD, L, M), les génes
codant pour les autres sous-unités du PBS (apcD, cpcM, cpeR, U, Y, Z, mpeY, rpcT) ou impliqués dans la
synthése de phycobilines (pebA, B), dans la fixation du CO; (RuBisCO, carboxysomes, ndhD4 et F4, cupB)
ainsi que tous les génes impliqués dans la synthese de I’ATPase et quelques génes impliqués dans la
division cellulaire ou I'horloge circadienne (fstQ, kaiA, B, zipN, pex, sepF). Bien que la plupart de ces genes
soient comme ceux du cluster 1 sous-exprimés dans toutes les conditions, les genes de biosynthése de
I’ATP synthase et ceux impliqués dans la fixation du CO; sont en revanche majoritairement surexprimés
en réponse au stress HL spécifiquement chez les thermotypes chauds (A15-62, WH8102 et WH7803). Ainsi,
il semble que les stress lumineux et thermique provoquent une forte inhibition des phases claires de la
photosynthese chez les souches représentatives des 4 écotypes tandis que la phase sombre est
différentiellement affectée entre les thermotypes. Par ailleurs, on retrouve également au sein de ces
clusters des réponses souches-spécifiques au niveau du métabolisme des sucres puisque, par exemple, 3
génes impliqués dans la synthése du glycogene (g/lgA-C) sont réprimés chez la plupart des souches et dans
les deux conditions de stress, alors qu’ils sont faiblement induits chez A15-62, ce qui suggere que cette

souche pourrait continuer d’accumuler du glycogene en conditions de stress lumineux et thermique.
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Figure 20 - Clustering des génes par profils d’expression (log2FC). En rouge, les génes sur-exprimés et en bleu
les génes sous-exprimés.
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A l'inverse des clusters 1 et 3, les clusters 2, 6 et 7, majoritairement constitués de génes
surexprimés chez toutes souches en réponse au stress HL et LT, regroupent des génes codant pour des
enzymes impliquées dans la réplication et/ou réparation de I’ADN (cry2, dnaA, B, X, holB, mutS2, nudF,
radA, ruvB-C, umuC, uvrBC, xseB, phrA, recFR, xseA, ybaZ, yedK), des enzymes de biosynthése des
vitamines b1 (iscS2, rsgA, thiE), b6, b7 (bioC, F, H, birA), b9 (pabB, queC, E) et b12 (cbiG-cobJ, cobA, D, K, L,
Q, S, N, cbiD), des genes impliqués dans la réponse au stress oxydatif (ccsC1, evrA, ftrC, msrB, prxQ, trxB)
et dans le systéme cystéine désulfurase SUF (sufCD), responsable de la biosynthése des centres Fe-S en
condition de limitation en Fe ou de stress oxydant chez de nombreuses bactéries (Bolstad and Wood, 2010;
Dai and Outten, 2012; Nodop et al., 2008). Les clusters 2,6 et 7 comprennent également de nombreux
génes codant pour des ribonucléases (8 génes), des HLIPs (5 génes) ainsi que des génes codant pour les
enzymes impliquées dans la synthése de B-caroténe (crtB, D, P, Q, R, L-b). En accord avec les données de
photophysiologie, les genes de cette derniére catégorie ainsi que le pool de génes codant pour I'isoforme
D1:2 de psbA se sont également avérés plus faiblement induits chez les thermotypes froids que les

thermotypes chauds en réponse au stress LT.

Bien que ces clusters comprennent également de nombreuses protéines heat-shocks ou
chaperones (clpP1-4, clpB1, clpC, dnak3, dnall, 2, 5, groES, grolL1-2, grpE, hsp20, htpG), certaines d’entre
elles ont un comportement souche et/ou stress-spécifique. dnak3, groES, groll et htpG sont
majoritairement surexprimés en HL et sous-exprimés en LT mais en revanche sous-exprimés chez MVIR-
18-1 en HL et surexprimés chez WH7803 en LT. De facon similaire les 4 clpP sont assez fortement induits
chez les souches des clades | a IV mais ne présentent aucune expression différentielle chez WH7803, chez
gui nous avons précédemment montré qu’ils sont spécifiquement induits par le stress UV (cf. Chapitre ).
Enfin clpB1, dnall, 2, grol2, grpE et hsp20 sont plutot sous-exprimés et/ou non différentiellement chez
MVIR-18-1 et BL107 en LT alors qu’ils sont fortement surexprimés chez les thermotypes chauds dans cette
condition. La réponse des genes de cette catégorie fonctionnelle, souvent considérés comme étant
impliqués dans la réponse au stress en général, semble donc assez variable selon les souches et les

conditions de stress.

Parmi les génes montrant un comportement tres différent entre souches, on peut également citer
différents génes impliqués dans la biosynthése du cytochrome c oxidase (ctaA, B, Cl, DI, El) qui en
acceptant des électrons du cytochrome cs contribue a la force proton-motrice et augmente la production
d’ATP au dépend du NADPH. De méme, 3 génes de la partie haute de la glycolyse (zwf, gnd, pgl, cf. Chapitre
Il Guyet et al., Fig.6) sont particulierement induits chez les deux thermotypes froids et chez WH8102 par
les deux stress alors gqu’ils sont réprimés ou non DE chez A15-62 et WH7803, suggérant une régulation

différentielle de la glycolyse et de la voie métabolique des pentoses phosphate.
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La figure 20B met en évidence les profils d’expression différentielle des génes accessoires,
c-a-d absent dans au moins I'une des souches. Globalement, les profils semblent assez similaires dans les
deux conditions de stress. Parmi les génes présents chez plusieurs souches (clusters 2 et 7), on retrouve
notamment les génes du cluster de la caroteno-protéine orange (ocp, frp et crtW), qui réagissent trés
fortement chez toutes les souches qui le possédent en réponse a la lumiére mais plus ou moins fortement
selon les souches en réponse au stress LT. Dans cette méme catégorie, on peut noter que les génes codant
pour la delta-9 désaturase DesC4 et dans une moindre mesure la delta-12 désaturase DesA3, impliquées
dans la modulation de la fluidité membranaire et présents dans les eaux froides (et tempérées dominées
par le clade Il pour DesA2, cf. chapitre lll-partie YY-Fig. XXX), sont particulierement induits par le stress LT
chez WH7803 alors qu’ils sont assez faiblement induits chez le thermotype froid BL107, voir sous-exprimé
chez la souche la plus septentrionale (MVIR-18-1), montrant une gradation dans la réponse au stress LT
selon l'intensité ressentie de ce stress pour les différentes souches. Ces deux désaturases semblent donc
jouer un role majeur, non seulement dans I'adaptation des thermotypes froids a leur niche thermale
spécifique (Breton et al., 2019), mais également dans les environnements subissant de fortes variations
saisonniéres de la température, comme c’est le cas des environnements dominés par le clade Ill en Mer
Méditerranée ou dans les zones cotieres tempérées, telles que celles colonisées par les membres du clade

V (Doré et al., en préparation).

Contrairement aux clusters 2 et 7, les autres clusters regroupent des génes pour la plupart
spécifique d’une souche donnée, le cluster 3 regroupant les génes spécifiques d’A15-62, le cluster 4 de
WHS8102, le cluster 5 de WH7803 et le cluster 6 de MVIR-18-1 (Figure 20B). La plupart des geénes de ces
clusters souches-spécifiques n’ont pas de fonction connue mais certains sont trés fortement
différentiellement exprimés et pourrait constituer des cibles intéressantes pour une caractérisation
fonctionnelle par mutagénése, notamment les genes fortement surexprimés en HL chez A15-62, une
souche qui ne possede pas de cluster d’OCP permettant de dissiper I'exces d’énergie lumineuse, et qui
pourrait utiliser une stratégie alternative de photoprotection. Par ailleurs, en accord avec les comparaisons
génomiques réalisées dans le chapitre 1 de ma thése, aucun cluster de geénes DE spécifique d’un
thermotype donné n’a pu étre identifié. Par exemple, parmi les 18 génes identifiés dans I'étude Doré et
al. (Chapitre | - Tableau S4) comme étant spécifiques des thermotypes froids (clades | et 1V), seuls deux
sont surexprimés en réponse au stress LT chez les deux thermotypes froids (CK_00003324, CK_00002286)
dont I'un, codant pour une pterin-4-alpha-carbinolamine dehydratase, est spécifiquement induit en
réponse a ce stress. Ces résultats suggérent que I'acclimatation aux niches thermiques repose plutot sur
une régulation différentielle de genes communs aux différentes souches et/ou de génes spécifiques d’un

clade ou d’une souche.
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CONCLUSIONS & PERSPECTIVES

I. Mécanismes évolutifs des génomes de picocyanobactéries et role dans
I’adaptation a la niche écologique

Malgré une bonne connaissance de la diversité génétique des picocyanobactéries marines et de leurs
préférences environnementales, la base génétique de la plupart des caracteres phénotypiques et les
processus sous-jacents qui ont régi la diversification de ces picocyanobactéries, commencent tout juste a
étre élucidés. Dans le chapitre | de cette theése, a l'aide de 81 génomes non redondants de
picocyanobactéries, dont 34 génomes de Synechococcus non publiés, nous avons évalué la diversité
génomique de ces deux genres et son influence sur la capacité d’adaptation des différentes lignées a
diverses niches écologiques. L’identité protéique (AAl pour "Average Amino acid ldentity") et la
comparaison de I’ARN ribosomal 16S entre paires de génomes nous ont permis de distinguer clairement
d’un point de vue génomique les 3 lignées profondes (ou sous-clusters) de Synechococcus/Cyanobium et
tous les clades phylogénétiques majeurs au sein de cette radiation. De méme, au sein du genre
Prochlorococcus, ces analyses ont mis en évidence un fort niveau de divergence au sein du clade LLII-III,
qui suggere qu’il serait nécessaire de re-scinder ce clade en deux clades distincts, comme suggéré par Yan
et al. (2018) et plus généralement, de définir de nouveaux clades au sein du phototype polyphylétique LL,
au vu des analyses d’échantillons environnementaux par metabarcode (Martiny et al., 2009) et plus
récemment par SAGs et MAGs (Berube et al., 2018). En termes de contenu génétique, alors que les études
précédentes soutenaient l'idée que I'adaptation a une niche écologique reposait principalement sur le
contenu différentiel des cellules en génes (Rocap et al., 2003; Palenik et al., 2006; Dufresne et al., 2008;
Kettler et al., 2007; Scanlan et al., 2009), |'étalonnage temporel d'un arbre phylogénétique des protéines
communes a ces génomes a montré que les gains/pertes de génes et la fixation de ces événements au
cours de I'évolution se produisaient a un taux étonnamment bas (par exemple, 5,6 génes gagnés My pour
la lignée principale de Synechococcus dont seulement 0,71/My sont fixés a long terme). Pourtant, un
certain nombre de génes se sont avérés spécifiques d’un I'écotype ou d’un clade, et donc probablement
liés a la colonisation de niches écologiques particulieres, comme le confirme I'analyse des métagénomes
de Tara Oceans (cf. ci-dessous). Il est intéressant de noter que le nombre de génes varie en fonction de la
niche considérée, avec un nombre assez important impliqué dans la carence en fer ou en phosphore,
tandis que peu de génes se sont révélés communs aux clades colonisant les niches froides (1, IV) ou chaudes
(11, 11). Ces observations remettent donc en question les réles respectifs des gains/pertes de génes et des
variations de séquence (substitutions) dans la diversification des picocyanobactéries marines. Afin
d’élucider les bases génétiques de I'adaptation a la température, nous avons exploré le role adaptatif des
substitutions d'acides aminés et mis en évidence un certain nombre de genes contenant des substitutions
spécifiques des thermotypes froids (clades | et IV). Parmi les exemples les plus frappants, on peut citer les

génes impliqués dans la biosynthése des caroténoides, ce qui est en accord avec des travaux antérieurs de
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physiologie comparative entre les différents thermotypes de Synechococcus (Pittera et al., 2014) qui ont
montré que les membres des clades | et IV étaient capables de maintenir, voire d'augmenter leur rapport
B-caroteéne:chlorophylle a en réponse au stress du froid, alors que ce rapport diminuait dans les souches
représentatives de thermotypes chauds. Bien que cela reste a vérifier par mutagéneése dirigée, il est donc
possible que ces substitutions permettent aux cellules des clades | et IV de maintenir la synthéese du -
carotene dans les eaux froides, ce qui pourrait également entrainer une réduction du stress oxydatif induit
par le froid chez ces organismes. Un autre aspect original de cette étude a concerné la délimitation semi-
automatique des flots génomiques de chaque génome de picocyanobactéries et la comparaison de leur
contenu en génes entre toutes les souches en utilisant également une approche de construction de réseau.
Ce réseau a notamment permis de mettre en évidence des transferts latéraux potentiels entre souches
aussi bien proches qu’éloignées phylogénétiquement, et notamment certains transferts spécifiques des
LLI, LLI-III ou LLIV, dont l'investigation plus approfondie devrait permettre de mieux comprendre les
spécificités génomiques de ces différents clades. Globalement, les résultats du chapitre | m’ont permis
d’affiner considérablement la compréhension des processus évolutifs impliqués dans la diversification de
ces membres clés du phytoplancton marin. lls soulignent la nécessité de prendre en compte les échelles
de temps de I’évolution du génome pour interpréter les roles adaptatifs respectifs des variations du
contenu génétique et celles des séquences nucléotidiques et leurs liens avec une niche particuliere. Bien
gu’un certain nombre de ces variations aient été mises en évidence en comparant 81 génomes complets
de picocyanobactéries, cela reste un nombre limité de génomes compte tenu de I'importante diversité
génétique existant au sein de ces deux genres, et la comparaison d’un bien plus grand nombre de génomes
proches d’un point de vue phylogénétique permettrait sans doute de faciliter I'extraction du signal du bruit

de fond et de révéler probablement de nombreux autres variants.

Au cours de ma these, une solution alternative a consisté a analyser directement les populations
naturelles via I'analyse de données de métagénomique disponibles, qui permettent d’avoir un apergu des
processus d’adaptation mis en place par les organismes dans une niche écologique donnée. L'analyse de
la distribution des genes des picocyanobactéries dans I'océan mondial par WGCNA a en effet révélé qu’il
existe un répertoire de genes spécifique de chague communauté, comme le montre la concordance entre
les groupes de stations définis sur la base de la composition de la communauté (assemblage d’ESTUs), telle
gu’analysée en utilisant le géne marqueur petB, et ceux définis a partir des profils d’abondance des genes
flexibles recrutés dans les métagénomes de Tara Océans, en utilisant comme références les génomes
présents dans la base de données Cyanorak v2.1 (voir chapitre I). La distribution des modules de génes
définis par WGCNA est non seulement étroitement corrélée a la distribution des ESTUs, mais également
aux différents parametres physico-chimiques acquis lors de I'expédition Tara Oceans. On retrouve en effet

aussi bien pour Prochlorococcus que pour Synechococcus, des modules de génes qui correspondent
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grossierement a 4 niches majeures de I'océan, a savoir les zones chaudes carencées en azote, en
phosphate ou en fer et enfin les zones tempérées et froides trouvées au niveau des upwelling ou a haute
latitude. Dans le cas de Prochlorococcus, le module ‘blue’, qui est dominé par I'ESTU HLIIA et qui est
fortement anti-corrélé a la disponibilité en N inorganique comprend de nombreux genes impliqués dans
le transport et I'assimilation de I'azote. Le fait que certains de ces génes, notamment des réductases du
nitrite et du nitrate et les cofacteurs associés ou des genes de transport et d’assimilation du cyanate, aient
déja été mis en évidence dans des études précédentes (Berube et al., 2014, 2019; Kent et al., 2016; Garcia
et al., 2020), constitue une preuve de concept de |'efficacité de cette approche pour identifier de génes
de niche a partir de données métagénomiques. Comparativement a ces travaux, 'une des forces majeures
de notre étude est qu’elle a permis, en intégrant I'information des génomes et celles des métagénomes,
d’identifier non seulement des génes individuels mais également, au sein des ilots génomiques définis
dans le chapitre 1, des clusters de genes de taille plus réduite partagés par tout ou partie d’'une population
colonisant une méme niche. Ainsi, 'examen du module blue a, par exemple, permis d’identifier un cluster
de 7 génes, potentiellement impliqué dans le transport et I'assimilation d’acides aminés tels que I’arginine
et/ou de dérivés d’acides aminés tels que la taurine, ce dernier composé étant une source majeure de
carbone et d'énergie pour les procaryotes dans I'Océan Atlantique Nord (Clifford et al. 2019). De méme,
comme décrit précédemment (Malmstrom et al., 2013; Rusch et al., 2010), le module brown qui est anti-
corrélé a la disponibilité en fer, contient des génes d’acquisition et de stockage du fer, tandis que les genes
codant pour des protéines contenant du fer sont fortement anti-corrélés a ce module. Un résultat original
venant de I'analyse de ce dernier a été la mise en évidence de la présence d'un cluster de 6 génes codant
notamment une cytochrome oxydase alternative (ARTO), qui pourrait étre impliquée dans la réduction du
Fe(lll) en Fe(ll) avant son transport a travers la membrane par le transporteur de Fe(ll) FeoB (Kranzler et

al. 2014).

Il est important de noter que de nombreux genes des modules blue et brown sont regroupés en
clusters de genes adjacents dans les génomes qui semblent issus soit de transferts latéraux trés anciens,
soit de rétention sélective par certaines lignées a partir d’ancétres cyanobactériens, comme le suggere
leur présence chez des cyanobactéries d’eau douce, telle que Synechocystis sp. PCC 6803, chez qui les
génes sont souvent situés dans le méme ordre au sein des clusters. Au contraire, la plupart des genes du
module red, qui est anti-corrélé a la disponibilité en phosphate, et dont beaucoup sont potentiellement
impliqués dans le transport et le métabolisme du phosphore, sont dispersés entre différentes régions
variables du génome, tels que I'ISL5 définie originellement par Coleman et al. (2006) et retrouvée ensuite
par analyse de réseau (voir Chapitre |), et la composition en génes de ces régions ainsi que leur ordre sur
le génome est souvent beaucoup plus erratique que dans le cas des modules précédents. Cette forte

variabilité laisse a penser que ces génes ont été acquis du milieu environnant par une série de transferts
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latéraux beaucoup plus récents, impliquant potentiellement des phages, et qui se traduit par une grande
variabilité des stratégies adoptées par les populations colonisant ces niches pour faire face a la carence en
phosphore. A noter cependant que le cas du transport du phosphonate, nous avons identifié deux clusters
de génes pour qui, comme ceux des autres modules, la composition et I'ordre des génes semble bien
conservée entre les souches qui les posseédent. De fagon intéressante, I'un deux semble présent chez tous
les membres des populations de Prochlorococcus des zones pauvres en phosphore, comme la
Méditerranée, alors que l'autre, qui, en plus des genes de transport inclut également des génes du
métabolisme des phosphonates (phnY-Z), n’est présent que chez moins de 10% des cellules de

Prochlorococcus peuplant ces zones.

La méme approche de réseau appliquée a Synechococcus a également permis de récupérer de
nombreux génes potentiellement liés a I'adaptation a la niche, mais comparativement moins de grands
clusters de genes que pour Prochlorococcus. Ceci est peut-étre d( au fait que Synechococcus posséde un
génome beaucoup plus grand et diversifié que la plupart des clades de Prochlorococcus et ont par
conséquent un répertoire de génes plus étendu, mais il est également possible que le plus faible nombre
de clusters de génes complets retrouvés chez Synechococcus pourrait étre dG a I'utilisation d’un seuil trop
stringent pour définir les genes flexibles dans I'environnement et il serait donc intéressant de tester
d’autres valeurs de seuils. Comme c’est le cas pour les modules brown et blue de Prochlorococcus, on
retrouve pour Synechococcus deux modules dont les génes présentent des corrélations opposées et donc
des distributions complémentaires dans I’environnement. En effet, le module salmon regroupe de
nombreux génes qui codent pour des protéines riches en Fer (ferredoxines, succinate déshydrogénase,
PTOX, phéophorbide a oxygenase, etc.) alors que le module yellow rassemble des génes impliqués dans le
stockage (ferritine), ou la synthése de protéines permettant de limiter I'utilisation du fer (flavodoxine,
IsiA). A noter également la présence au sein du module yellow de nombreuses copies des petits génes de
type hli et nif11. Si le premier semble notamment impliqué dans la photoprotection, le role des seconds
qui sont tres largement amplifiés dans les génomes de CRD1C reste a élucider. Nous avons également pu
mettre en évidence un certain nombre de génes et clusters communs entre Synechococcus et
Prochlorococcus et retrouvés dans des niches similaires, notamment I'opéron sdhABC impliqué dans la
respiration et le cluster asnB-pydC-pyrB2 impliqué dans le métabolisme des acides aminés, qui sont
spécifiquement absents dans les zones pauvres en fer chez les deux organismes, alors que d’autres
genes/clusters sont spécifiques de Synechococcus tel que la glycolate oxidase, impliquée dans la

photorespiration dans les zones non limitées en fer.

Outre les génes possédant une annotation fonctionnelle, la méthode de recrutement que j’ai utilisée
a permis de mettre en évidence la présence spécifique dans certaines niches de nombreux genes de

fonction inconnue ou mal définie qui pourraient également étre impliqués dans I'adaptation a ces niches.

268



CONCLUSIONS & PERSPECTIVES

L'attribution d’'une fonction putative a ceux qui sont inclus dans des clusters de génes devrait étre facilitée
par le fait que d’autres genes de ces ilots sont homologues de génes caractérisés chez d’autres organismes
et connus pour étre impliqués dans une voie métabolique particuliére. Cependant, il serait important dans
les années a venir de caractériser directement chez une ou plusieurs souches de picocyanobactérie(s)
marine(s) la fonction de ces genes et des clusters dans leur ensemble par des approches de mutagenése
et de biochimie afin de démontrer leur réle dans la survie de ces organismes dans une niche particuliére

du milieu marin.

Par ailleurs, bien que cette analyse ait permis d’identifier des génes impliqués dans la colonisation de
la quasi-totalité des niches de la zone euphotique des océans, nous n’avons, de facon similaire aux analyses
de génomique comparative (Chapitre 1), mis en évidence que peu de génes potentiellement impliqués
dans 'adaptation a la température, alors que ce parameétre a clairement joué un réle prépondérant dans
la diversification des différentes lignées de Prochlorococcus et Synechococcus. Une piste que j'ai
commencé a explorer vers la fin de ma thése, et qui mériterait d’étre poursuivie dans I’avenir, est I'analyse
des variants de séquences (SNPs) dans les données Tara Océans, afin de faire ressortir des mutations qui
pourraient permettre une adaptation des cellules aux variations de température. Cette analyse est délicate
du fait de I'énorme diversité génomique des picocyanobactéries, méme au sein de clades donnés, comme
démontré par I'analyse de centaines de SAGs issus d’'une méme population de Prochlorococcus HLII
(Kashtan et al. 2014), une diversité qui induit un bruit de fond conséquent qui géne l'identification de
substitutions spécifiques d’écotypes donnés. Néanmoins, comme cela a été réalisé sur les génomes dans
le chapitre |, la comparaison de séquences des membres des clades | et IV qui colonisent les mémes niches
thermiques mais qui sont éloignés phylogénétiquement, pourraient sans doute permettre d’identifier des

substitutions potentiellement impliquées dans I'adaptation a la température.
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Il. Caractéristiques générales et spécificités de la réponse transcriptomique
de Synechococcus aux variations des parametres environnementaux

Le chapitre Il de cette thése a été consacrée a I'étude de la réponse physiologique de la souche
modele Synechococcus sp. WH7803 a diverses conditions de lumiere et température. Cette étude, qui a
notamment impliqué 'analyse de 154 transcriptomes, est la plus exhaustive jamais réalisée sur des
picocyanobactéries marines a ce jour. Elle présente l'intérét, comme celle de Blot et al (2011), de prendre
en compte |'histoire lumineuse des cellules (pré-acclimation a forte ou a basse lumiere) et également
d’étudier I'effet des variations nycthémeérales déja en partie abordé par PCR quantitative par Mella-Flores
et al. (2012). Cette étude, qui a bénéficié de la riche annotation fonctionnelle de la base Cyanorak v2.1, a
permis de comprendre quelles voies métaboliques étaient les plus affectées par les différentes conditions
testées. D’un point de vue global, nous avons pu observer un effet synergique entre I'exposition préalable
a forte intensité lumineuse (HL) et le stress basse température (LT), comme précédemment observé par
Blot et al. (2011) entre I'intensité lumineuse et le stress oxydant. Dans cette étude, ce comportement avait
été attribué a un effet plus important sur les souches acclimatées a forte intensité lumineuse des espéeces
réactives de I'oxygene (ROS), induisant a la fois des dommages directs aux centres réactionnels et une
inhibition de leurs cycles de réparation. Par analogie, il est possible que I'effet délétere des ROS puisse
étre également amplifié par le ralentissement du métabolisme, et donc du turnover de la protéine D1 du
photosystéme Il, en réponse au stress LT. En revanche, les cellules acclimatées en HL semblent étre mieux
préparées a supporter le stress UV que les cellules acclimatées en LL, avec un nombre de génes
différentiellement exprimés beaucoup plus faible a tous les temps de stress UV pour les cultures
acclimatées en HL gu’en LL et une baisse beaucoup plus modérée du Fy/Fudans les conditions HL, en partie
attribuable a une forte augmentation de la capacité de réparation de la protéine D1. Ces résultats
suggerent donc que le turnover de cette protéine et sa sensibilité au stress oxydant joue un role central
dans la réponse de ces organismes a toutes les variations des conditions environnementales affectant le

métabolisme des cellules.

La comparaison des réponses transcriptomiques de cette souche a différents stress a également
permis de mettre en évidence des réponses communes ou au contraire spécifiques des diverses variations
de conditions environnementales testées. Dans ce contexte, on peut noter que toutes les conditions de
stress semblent favoriser la dégradation du glycogene, puis du glucose en pyruvate principalement par la
voie Entner-Doudoroff, avec la production concomitante d'ATP, de NAD(P)H et de précurseurs
biosynthétiques pour les acides aminés, les nucléotides et les acides gras. En revanche, les UV induisent
de fagon spécifique une surexpression des génes codant pour des protéases et des protéines chaperonnes,
du géne dprA impliqué dans la réparation de I’ADN simple brin, de certaines Hlip (« High-light inducible

protein »), et également d’'un certain nombre de genes du PSIlI qui semblent impliqués dans la néo-
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synthése de sous-unités du PSIl et pas seulement le réassemblage de sous-unités préexistantes apres
remplacement D1, comme cela est le cas pour les autres stress testés. Ces analyses ont également permis
de mettre en évidence des différences importantes avec le modéle de cyanobactéries d’eau douce le plus
étudié, a savoir Synechocystis sp. PCC 6803, et justifie de ce fait I'intérét d’utiliser des modeles marins,

méme si la souche WH7803 n’appartient pas a un des clades les plus abondants du milieu marin.

Pour cette raison, nous avons également commencé a comparer les réponses transcriptomiques
de souches représentatives de quatre des cing clades dominants in situ (clades I-IV) pour un nombre plus
limité de stress, afin d’évaluer la variabilité écotypique de la réponse au stress chez Synechococcus. Les
analyses préliminaires de ces données ont permis de mettre en évidence des réponses communes entre
souches, en particulier une sous-expression d’une grande partie des génes impliqués dans la
photosynthése et une surexpression des génes impliqués dans la réponse au stress oxydatif et dans Ila
réplication et la réparation de I’ADN, alors que les stress semblent induire un certain nombre de réponses
spécifiques de souches, notamment pour les génes impliqués dans la synthése du glycogene. Il est
important de noter que nous n’avons comparé qu’une souche représentative de chaque écotype dominant
in situ et qu’il serait nécessaire d’avoir plus de représentants de chaque écotype afin d’estimer la variabilité
intra-clade de la réponse au stress. De plus, les analyses transcriptomiques ont été réalisées afin de
pouvoir détecter I'expression de transcrits d’ARN non-codants antisens, dont I'importance dans la
régulation de I'expression des genes chez les picocyanobactéries a été récemment démontrée (Lambrecht
et al., 2020; Muro-Pastor and Hess, 2020; Steglich et al., 2008) et a ont méme pu étre identifié de données
environnementales chez Prochlorococcus (Lott et al., 2020), mais leur identification ainsi que I’'étude de
leur expression reste a réaliser. Par ailleurs, je n’ai pas eu 'occasion pendant ma thése de travailler sur
I’effet de la limitation en nutriments sur ces organismes, qui a été étudié par plusieurs autres groupes mais
sur un nombre limité de souches (Dupont et al., 2012; Ostrowski et al., 2010; Su et al., 2006; Tetu et al.,
2009), ni sur le cinquiéeme écotype dominant dans le milieu marin, a savoir le clade CRD1 qui est
prédominant dans les zones pauvres en fer. Dans ce contexte, des analyses sont actuellement en cours au
sein de I'équipe afin de mieux comprendre la réponse a la carence en fer de souches représentatives des
3 ESTUs définis par Farrant et al. (2016) au sein de ce clade et qui colonisent des niches thermiques
distinctes. Enfin, bien que I'étude de la réponse transcriptomique permette d’avoir un apercu global de
I’état de stress des cellules, elle ne reflete pas forcément la réponse protéomique des organismes aux
stress. Il serait donc nécessaire pour avoir une vision plus holistique de la réponse au stress de ces
organismes de compléter ces résultats par des analyses de protéomique et de quantification des
métabolites, ce qui faciliterait la construction de réseaux métaboliques réalistes pour ces organismes dans

différentes conditions environnementales.
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Malgré ces inconvénients, le vaste jeu de données transcriptomiques que j'ai eu I'occasion
d’analyser, et en particulier les résultats concernant la variabilité circadienne et écotypique de I'expression
des génes dans différentes conditions environnementales, devrait étre particulierement utile afin de
mieux interpréter les données de métatranscriptomique toujours plus nombreuses pour le milieu marin,
générées a partir d’échantillons prélevés dans une vaste gamme de niches écologiques et a différents

moments de la journée.

L'intégration de I'ensemble de ces données d’expression ont également permis d’identifier un
certain nombre de génes cibles qui restent a caractériser d’un point de vue biochimique et fonctionnel
afin de mieux comprendre les mécanismes mis en place dans la réponse au stress par les différents
écotypes. On peut citer par exemple crtL-b, qui code pour une enzyme permettant de transformer le
lycopéne en béta-caroténe, et qui est le géne accumule le plus de substitutions spécifiques aux clades | et
IV et aussi le plus fortement différentiellement exprimé en réponse au stress basse température. Le réle
éventuel de ces substitutions dans I'adaptation a la niche thermique froide pourrait ainsi étre testé en
construisant des mutants dans lesquels les acides aminés concernés seraient remplacés par leur équivalent

en milieu chaud.
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lll. Importance du maintien et de I'amélioration des bases de données
génomiques de référence dans un contexte de croissance exponentielle des
données omiques marines

Le génome est clairement au centre de la plupart des analyses présentées au cours de cette these.
En effet, les études concernant les réponses physiologiques et métaboliques des picocyanobactéries a
divers stress environnementaux, des mécanismes évolutifs impliqués dans la diversification fonctionnelle
des écotypes ainsi que de la distribution biogéographique des génes, nécessitent toutes de disposer d’un
base fiable et la plus compléte possible de génomes de référence. Dans le cadre de cette thése, le systéme
d’information Cyanorak v2.1 a donc constitué un atout précieux afin i) d’identifier les génes communs ou
spécifiques au sein de clades/écotypes, ii) de réaliser des analyses phylogénomiques, iii) d’analyser les
réponses transcriptomiques de ces organismes et enfin, iv) d’extraire les geénes de picocyanobactéries de
I’environnement et de d’identifier les répertoires de genes spécifiques des différentes niches colonisées
par ces organismes. Cependant, bien que les 97 génomes intégrés dans Cyanorak v2.1 couvrent déja assez
bien la diversité génétique des souches cultivées des deux genres de picocyanobactéries, il est important
de noter que les pan-génomes de Prochlorococcus et Synechococcus restent ouverts et que donc seule la
distribution dans I'environnement des génes présents dans notre base de données a pu étre examinée. En
particulier, certains clades tels que EnvA et EnvB, qui sont parfois prépondérants dans les zones pauvres
en fer, restent a ce jour non cultivés et il en est de méme pour certaines lignées de Prochlorococcus au

sein du phototype LL.

Afin de combler ces manques pour de futures analyses méta-omiques, nous avons récemment
entrepris de mettre en place un workflow d’analyse permettant d’utiliser I’ensemble des génomes (WGS
pour ‘Whole Genome Sequences’, SAGs pour ‘Single Amplified Genomes’ ou MAGs pour ‘Metagenome
Assembled Genomes’) nouvellement disponibles dans les bases de données publiques. Une recherche
dans la base du NCBI a la date du 18 juin 2019 a permis d’extraire 782 nouveaux génomes (40 WGS, 73
MAG et 669 SAGs), générés avec différentes méthodes d’assemblage, suivant les études (Fig. 21). Ce
nombre important de nouveaux génomes séquencés est di a I'avenement des techniques NGS,
récemment appliquées a I'écologie des picocyanobactéries marines et permettant de reconstruire des
génomes directement a partir d’échantillons environnementaux et ainsi de s’affranchir de I'étape
d’isolement et de culture de souches pour extraire les données génomiques, comme nécessaire pour les
WGS (Berube et al., 2018; Cornet et al., 2018; Delmont et al., 2018; Haro-Moreno et al., 2018; Haroon et
al., 2016; Kashtan et al., 2014, 2017; Malmstrom et al., 2013; Parks et al., 2017, 2018; Powell et al., 2005;
Tully et al., 2017, 2018). Il est important de noter qu’un MAG correspond a un génome consensus, puisqu'’il

est construit a partir d’'un (ou plusieurs) échantillon(s) pouvant potentiellement contenir plusieurs clades
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et/ou ecotypes d’un organisme donné, chacune des populations de ces clades/écotypes étant elle-méme
constituée d’individus génétiquement distincts, et I'assemblage obtenu peut par ailleurs étre contaminé
par des fragments d’ADN d’organismes co-occurrents. En ce qui concerne les SAGs, ils sont le résultat du
séquencage d'une cellule unique et sont, de ce fait, moins sujets a la contamination, mais ces génomes
sont trés souvent incomplets du fait des amorces utilisées qui n’amplifient pas de fagcon homogéne les
différentes parties du génome (Blainey, 2013; Kogawa et al., 2018; Lasken and McLean, 2014; Shapiro et
al., 2013). Un avantage des SAGs par rapport aux MAGs est cependant de pouvoir analyser le génome a
I’échelle d’un organisme et d’identifier ainsi la variabilité génétique d’une cellule a I'autre au sein d’une
population naturelle, ce qui permet de différencier directement in situ, les variants génétiques maintenus

dans I’'ensemble d’une population et ceux qui correspondent a des variations ponctuelles.

Etant donné que la plupart de ces génomes sont incomplets, nous n'envisageons pas de les
intégrer a la base de données Cyanorak. Cependant, le workflow que nous avons développé nous a permis
de transférer les riches annotations fonctionnelles des génomes intégrés a Cyanorak a toutes ces
séquences (Figure 21). Ce workflow est composé de plusieurs étapes: i) une prédiction de génes est
réalisée avec 'outil Prokka (Seemann, 2014) sur les génomes non annotés; ii) un Blast réciproque est
réalisé entre les séquences protéiques des nouveaux génomes et les clusters de génes orthologues
(CLOGs) de Cyanorak afin d’assigner dans la mesure du possible les génes a un CLOG existant et de
transférer a ce géne I'annotation fonctionnelle de ce CLOG; iii) les genes non associés a un CLOG sont
soumis a une tentative supplémentaire d’assignation a un CLOG sur la base de profils HMM des CLOGs de
Cyanorak en utilisant HMMER (hmmer.org), et enfin iv) les séquences restantes sont clusterisées entre

elles avec orthoMCL (Li et al., 2003) afin de générer de nouveaux CLOGs mono- ou multi-séquences.
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Figure 21- Description du workflow d’intégration de nouveaux génomes. Abréviation : CLOG, Cluster of Likely
Orthologous Genes.

Afin d’estimer la complétude de ces génomes, j'ai par ailleurs estimé la proportion de génes
communs issus des 81 génomes non-redondants de Cyanorak v2.1, ce qui permettra éventuellement de
supprimer un certain nombre de génomes trop incomplets en fonction des analyses réalisées. On peut
notamment voir sur la figure 22 que les SAGs sont les génomes les moins complets. Les génomes ont

ensuite été assignés taxonomiquement en utilisant plusieurs méthodes.
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Figure 22 - Représentation de la complétude des génomes en fonction de leur nombre total de protéines
communes. La complétude des génomes est estimée par la proportion du nombre de génes communs
retrouvés dans les génomes nouvellement téléchargés par rapport aux 825 génes communs aux 81 génomes
non redondants de la base Cyanorak v2.1 (cf. Doré et al., soumis). Les références complétes des datasets utilisés
ici sont listés dans la liste bibliographique située a la fin de cette these.

Une premiere approche a consisté a annoter taxonomiquement ces génomes en utilisant
KrakenUniq (Breitweiser et al. 2018), un outil permettant de classifier rapidement les reads en fonction de
leur composition en k-mer par rapport a une base de référence, ici constituée des 81 génomes non
redondants de Cyanorak v2.1. Cette approche a été utilisée a la fois sur une concaténation des contigs,
aboutissant a une annotation unique par génome, soit sur les contigs découpés en fragments de 150 bp,
permettant d’obtenir une annotation par fragment et donc de détecter de potentielles chiméres au sein
de ces contigs. Par ailleurs, une deuxieme approche a consisté a extraire différents marqueurs
phylogénétiques (ARNr 16S, ITS, petB, rpoC1), qui ont permis de vérifier I'assignation taxonomique
obtenue pour I'ensemble des génomes par krakenUniq, de mettre en évidence de potentielles chiméres
(lorsque les différents marqueurs aboutissaient a une annotation différente) et également de commencer
a réconcilier la taxonomie obtenue par ces différents marqueurs phylogénétiques, pour lesquels la
correspondance n’est pas toujours connue (p.ex. le clade XV de Synechococcus défini sur la base de I'ITS
correspond en fait au sous-clade llh, en utilisant petB). Parmi ces 782 génomes, bien que 27 génomes
apparaissent étre fortement chimériques, ces génomes ont permis d’augmenter la représentativité de
certains clades pour lesquels nous disposions jusqu’a présent d’aucun (Synechococcus EnvA, EnvB) ou
seulement quelques représentants en culture (p.ex. Prochlorococcus LLI, LLIV et Synechococcus clades 1V,

CRD1, WPC1; Figure 23).
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Taxonomic composition of new WGS, SAGs, MAGs
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Figure 23 - Représentation du nombre de génomes par clades pour Prochlorococcus et Synechococcus. La
couleur correspond a la méthode avec laquelle a été générée les génomes telle que précisée dans l'insert. Les
génomes indiqués comme “suspect” correspondent aux probables chimeéres.

En résumé, nous disposons donc désormais d’un set de WGS richement annotés et qui pourront
étre ajoutés a la prochaine version de la base de données Cyanorak ainsi que d’un grand nombre de SAGs
et MAGs qui eux aussi ont bénéficié des annotations de Cyanorak et pourront étre utilisés, en complément
des génomes de référence, pour de futures analyses de méta-omique. A noter que malgré I'ajout de ces
782 WGS/SAGs/MAGs, multipliant par 8 le nombre de génomes disponibles pour ces deux genres, on est
encore bien loin de la saturation du pangenome de Synechococcus et celui de Prochlorococcus semble plus
proche d’atteindre un plateau mais n’est toujours pas saturé malgré presque 700 génomes séquencés

pour ce seul genre (Fig. 24).
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Figure 24 - Analyse des pangénomes de Prochlorococcus (vert) et Synechococcus (orange) calculés a partir des
génomes nouvellement téléchargés et des génomes de Cyanorak. Analyses réalisées avec 188 génomes de
Synechococcus (dont 54 génomes présents dans Cyanorak) et 688 génomes de Prochlorococcus (dont 43
présents dans Cyanorak).

Je n’ai malheureusement pas eu le temps d’analyser plus en détail ce nouveau set de données,
mais il a déja par exemple permis de vérifier que plusieurs génomes de CRD1 et de plusieurs autres clades
possédaient, comme MITS9220, une copie du gene ftrC mais pas de ftrV, ce qui semble confirmer
I’hypothése formulée dans le chapitre Il a propos de la présence éventuelle d’'une forme tronquée de
cette protéine ne fixant pas de cluster [4Fe-4S], et qui serait spécifique des populations de Synechococcus
peuplant les zones pauvres en fer. Cette nouvelle ressource devrait donc s’avérer tres précieuse pour
I’équipe, notamment dans le cadre i) de I'analyse des métagénomes prélevés lors de la campagne TONGA
en novembre 2019, dont le but est d’explorer I'influence des gradients de concentration en fer d’origine
hydrothermale dans le Pacifique sud-ouest et ii) du projet ANR EFFICACY (2020-24) qui prévoit d’analyser
les variations saisonnieéres de la diversité taxonomique et fonctionnelle des communautés de
Synechococcus a deux stations contrastées d’un point de vue océanographique, I'une située en Manche
au large de Roscoff (Astan) et I'autre en Méditerranée au large de Villefranche-sur-Mer (Boussole). Ces
analyses des variations saisonniéres de la composition des communautés et de leur diversité fonctionnelle

seront trés complémentaires des études réalisées a large échelle spatiale dans le cadre de ma thése.
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Summary

e The wide latitudinal distribution of marine Synechococcus cyanobacteria partly relies on the
differentiation of lineages adapted to distinct thermal environments. Membranes are highly
thermosensitive cell components, and the ability to modulate their fluidity can be critical for
the fitness of an ecotype in a particular thermal niche.

e We compared the thermophysiology of Synechococcus strains representative of major tem-
perature ecotypes in the field. We measured growth, photosynthetic capacities and mem-
brane lipidome variations. We carried out a metagenomic analysis of stations of the Tara
Oceans expedition to describe the latitudinal distribution of the lipid desaturase genes in the
oceans.

o All strains maintained efficient photosynthetic capacities over their different temperature
growth ranges. Subpolar and cold temperate strains showed enhanced capacities for lipid
monodesaturation at low temperature thanks to an additional, poorly regiospecific A9-desat-
urase. By contrast, tropical and warm temperate strains displayed moderate monodesatura-
tion capacities but high proportions of double unsaturations in response to cold, thanks to
regiospecific A12-desaturases. The desaturase genes displayed specific distributions directly
related to latitudinal variations in ocean surface temperature.

e This study highlights the critical importance of membrane fluidity modulation by desat-
urases in the adaptive strategies of Synechococcus cyanobacteria during the colonization of

novel thermal niches.

Introduction

Marine Synechococcus are among the smallest photoautotrophs on
Earth but are thought to be responsible for about 17% of the
global marine net primary production (Flombaum ez 4/, 2013).
They constitute a much diversified cyanobacterial radiation, most
of them being gathered in the phylogenetic subcluster 5.1 sensu
Herdman er al. (2001) that, according to analyses based on the
petB gene marker, includes 15 clades and 28 subclades (Mazard
et al., 2012). A number of phylogeographic studies have shown
that five clades (I, II, III, IV and CRD1) predominate in the
ocean, occupying different environmental niches. Clades I and
IV co-occur in nutrient-rich, temperate and cold regions, whereas
clades IT and III are usually found in warmer waters, with clades
II and III dominating in N- and P-depleted areas, respectively
(Zwirglmaier et al., 2008; Sohm ez al., 2015; Farrant et al., 2016;
Paulsen et al., 2016; Kent ez al., 2018). More recently discovered,
the fifth major clade, CRD1, appears to be specialized to iron-

© 2019 The Authors
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limited environments, such as the so-called High Chlorophyll
Low Nutrient areas of the South Pacific Ocean (Sohm et 4l,
2015; Farrant et al., 2016; Kent et al., 2018).

The wide latitudinal distribution of marine Synechococcus,
spanning from the equator to polar circles (Zwirglmaier ez al.,
2008; Huang et al., 2012), suggests that the different lineages
have developed efficient strategies to colonize distinct thermal
environments. Several studies have shown that representative
strains of specific clades exhibit thermal preferenda that are in
good agreement with the temperature of their isolation sites
(Moore ez al., 1995; Mackey et al., 2013; Pittera et al., 2014;
Varkey et al., 2016). These genetically distinct lineages, physio-
logically adapted to distinct niches, thus constitute ‘temperature
ecotypes’ (i.e. ‘thermotypes’), a concept previously defined for
the other dominant marine cyanobacterium, Prochlorococcus
(Johnson ez al., 2006; Coleman & Chisholm, 2007). The physio-
logical bases that underpin the process of thermal niche partition-
ing of marine picocyanobacteria remain, however, poorly known.
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Several studies suggest that the ability to adapt the photosynthetic
mechanisms to different temperatures could constitute a bottle-
neck for competitiveness in different thermal environments (Pit-
tera et al., 2014, 2016). In particular, it has been shown that the
photosystem II of different Synechococcus temperature ecotypes is
differentially affected by thermal stress (Pittera ez al., 2014), and
that their photosynthetic antenna, called the phycobilisome, dis-
play differential functional stability consistent with the tempera-
ture preferenda of the strains (Pittera ez al, 2016). Another
important component that may directly impact the smooth run-
ning of the photosynthetic apparatus at different temperatures is
the lipid matrix of thylakoid membranes. Indeed, it is well
known that membranes are among the most thermosensitive cell
components, because temperature drastically affects their fluidity
and permeability and therefore the activity of all the membrane-
embedded proteins (Mikami & Murata, 2003). The ability to
modulate the fluidity of membranes, notably the thylakoids, can
thus be critical for the fitness of photosynthetic organisms in
specific thermal niches.

Cyanobacterial membranes are composed of three main glycol-
ipids, mono- and digalactosyldiacylglycerol (MGDG and
DGDG) and a charged sulfolipid, sulfoquinivosyldiacylglycerol
(SQDG). In addition, smaller amounts of a phospholipid, phos-
phatidyldiacylglycerol (PG), are usually observed (Murata &
Wada, 1995). Whereas a number of studies have dealt with the
membrane thermoregulation of freshwater cyanobacteria, the
composition of the membranes and the impact of temperature in
their marine counterparts remain poorly studied (Merritt ez 4/,
1991; Van Mooy et al., 2009; Varkey et al., 2016). A recent study
has shown that the model marine strain Synechococcus sp.
WH7803 contains membrane lipids with shorter fatty acid chains
than freshwater cyanobacteria and is able to adjust its membrane
fluidity to different growth temperatures (Pittera er al., 2018).
Indeed, in response to cold, the WH7803 strain induces shorten-
ing of the fatty acid chains at the s#-1 position of the galac-
tolipids, leading to membrane thinning, and activates fatty acid
desaturation at specific sites of the three glycolipids (Pittera ez al.,
2018).

Unsaturations can be dynamically inserted in fatty acid chains
by lipid desaturase enzymes. The catalytic site of these enzymes

Table 1 Characteristics of the four Synechococcus strains used in this study.
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comprises histidine-rich boxes, including a nonheme iron center
whose activity requires electrons and oxygen (Los & Murata,
1998). Genomic studies of the fatty acid desaturase gene content
in marine Synechococcus have shown the presence of four main
distinct genes in the genomes, encoding two A9- (desC3 and
desC4) and two Al2-desaturases (desA2 and desA3; Chi et al.,
2008; Varkey ez al., 2016). A closer look at the phyletic profiles
of these four genes showed that the marine Synechococcus strains
representative of the four dominant clades (I-1V) exhibit distinct
desaturase gene contents, suggesting that the desaturation capaci-
ties could be part of the physiological strategies underlying the
specialization of these lineages to different thermal environments
(Pittera et al., 2018). However, it is not yet known how these dif-
ferential gene contents affect the composition and thermoaccli-
mation processes of the membrane lipidome in the different
temperature ecotypes.

In this study, we analyzed the composition of the membrane
lipidome of a selection of four strains representative of each of
the four dominant marine Synechococcus clades (I-1V) in natural
communities and reveal marked differences in the respective reg-
ulation processes adjusting membrane fluidity in response to tem-
perature. Furthermore, we show that the global oceanic
distribution of the desaturase genes is fully consistent with their
differential distribution among the ecotypes, demonstrating the
significance of these thermoadaptation strategies in thermal niche
partitioning of Synechococcus in situ. We discuss these findings in
the context of the important role of marine Synechococcus in
ocean primary productivity.

Materials and Methods

Growth conditions and experimental design

Four marine Synechococcus strains retrieved from the Roscoff Cul-
ture Collection (http://roscoff-culture-collection.org/) were used
in this study (Table 1): MVIR-18-1 (clade I), A15-62 (clade II),
WHS8102 (clade III) and BL107 (clade IV), of which
only WH8102 was axenic. Strains were grown in PCR-S11
culture medium (Rippka et a/., 2000; Moore et al., 2007) supple-
mented with 1 mM sodium nitrate under low irradiance

Lipid-desaturase gene content

A9-desaturase  A12-desaturase

RCC Average seawater
Strain name number Clade Isolation site Coordinates temperature (°C)  Tpmin (°C)  Tmax (°C)  desC3  desC4  desA2  desA3
MVIR-18-1 2385 | North Sea +61°0', +1°59 10.4+0.3 1.0 28.8
BL107 515 \Y Mediterranean Sea +43°43', +3°33’ 17.9+0.3 10.37 28.4
A15-62 2374 1l Offshore Mauritania +17°37’, —20°27" 23.7+0.4 9.0 30.8
WH8102 539 1 Caribbean Sea +22°29', —65°3’ 27.14+01 13.9 32.2

Taxonomic assignments at the clade level and desaturase gene content are derived from Farrant et al. (2016) and Pittera et al. (2018), respectively. The
average seawater temperature is the annual mean temperature at the isolation site of the strain over the period 2000-2010, as derived from the NASA Sea
Surface Temperature data (https://oceandata.sci.gsfc.nasa.g). The modeled values of thermal limits of growth were calculated using the phytoplankton
growth model defined by Boatman et al. (2017). The presence of a desaturase gene in a strain is indicated by shading.
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(20 pumol photons m~*s™ "), in order to ensure the presence of
several thylakoidal lamellae in the cells (Kana & Glibert, 1987).
Continuous light was provided by multcolor LED systems
(Alpheus, France). The axenicity of Synechococcus sp. WH8102
cultures and minimal contamination levels of the other strains
(<20%) was regularly checked by flow cytometry using SYBR-
Green staining (Marie ez al., 2001).

Cultures of the four cyanobacteria were acclimated for several
weeks to a range of temperatures (10-30°C) in temperature-
controlled chambers (Lovibond, Dortmund, Germany), moni-
tored by flow cytometry and sampled during the exponential
growth phase to measure photosynthetic parameters and analyze
the membrane lipid structure in the acclimated state. To study
the dynamics of the temperature-induced remodeling of the
membranes, we also carried out temperature shift experiments.
Three liters of exponentially growing cultures (at 1—
3 x 107 cells ml™") maintained at 22°C was split into subcul-
tures and transferred to either 13°C or 30°C, under identical
light conditions. One subculture per condition was harvested
every day over 4 d. All experiments were repeated three to four
times.

Flow cytometry, in vivo fluorimetry and pigment analyses

Aliquots of cultures were preserved using 0.25% (v/v) glutaralde-
hyde (final concentration; grade II, Sigma Aldrich) and stored at
—80°C until analysis. Cell concentrations were determined using
a flow cytometer (FACS Canto II, Becton Dickinson, San Jose,
CA, USA) as described previously (Pittera ez al., 2014). Growth
rates were calculated on cultures pre-acclimated to a range of
temperatures as the slope of an In(/V) vs time plot function,
where Nt is the cell concentration at time # The growth models
of Bernard & Rémond (2012) and Boatman ez 2l (2017) were
used to model the optimal temperature for growth (7opr) and
the temperature limits for growth (7N and Tyax; for more
details, see Notes S1).

The photosystem II (PSII) quantum yield (//,/F) was mea-
sured using a Pulse Amplitude Modulation fluorometer
(PhytoPAM I; Walz, Effeltrich, Germany) in the presence of
100 uM  of the PSII blocker 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU), following a previously described proce-
dure (Pittera ¢t al., 2014). The quantum yield was calculated
as:

Fy/Fy = (Fu — R)/Fu

where F is the basal fluorescence level, Fy; the maximal fluores-
cence level and £ the variable fluorescence (Campbell ez al,
1998; Ogawa et al., 2017).

For pigment analyses, 50—-100 ml of culture was harvested by
centrifugation over 10 min, at 4°C and 20000 g (Eppendorf
5804R) in the presence of 0.01% (v/v) pluronic acid (Sigma
Aldrich). The cell pellets were covered with 200 pl of cold
methanol (HPLC grade; Sigma Aldrich), vortexed until complete
resuspension and incubated for 30 min on ice. The pigment
extracts were vortexed again and then centrifuged as described
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above (Eppendorf 5417R). The supernatants were transferred
and supplemented with 10% (v/v) distilled water (final volume),
in order to avoid peak distortion. Pigments were measured by
HPLC using an HPLC 1100 Series System equipped with a pho-
todiode array (Hewlett-Packard) as previously described (Pittera
et al., 2014).

Membrane lipidome analyses

The global detailed procedure has been previously published in
Jouhet e al. (2017) and Pittera ez al.,, (2018). For each condition,
400 ml of culture was harvested by two successive centrifugation
steps of 10 min, at 20000 g and 4°C (centrifuges Beckman
Avanti ]J-25 and Eppendorf 5804R) and stored at —80°C until
analysis. Membrane lipids were extracted in glass hardware fol-
lowing a modified version of the Bligh & Dyer (1959) procedure
(Pittera et al. 2018).

Fatty acid regiolocalization We first identified the positional
distribution of the fatty acids esterified to the four main glyc-
erolipids of the four Symechococcus strain samples. Each strain
was grown at three different temperatures spanning their
respective thermal growth range. The glycerolipids were then
extracted and separated by two-dimensional thin layer chro-
matography (TLC) as previously described (Pittera et al,
2018). Glycerolipids spots were revealed under UV light in the
presence of malvidine-3-O-galactoside (primuline, 0.2% in
pure methanol, Sigma Aldrich) and scraped off the plate. Each
separated lipid class were recovered from the silica by extrac-
tion in glass hardware and dried under nitrogen gas. The posi-
tion of the different fatty acid molecular species esterified to
the glycerol backbone of the purified glycerolipids was deter-
mined by MS/MS analyses as described by Jouhet er al
(2017).

Lipid quantification The quantity of fatty acids in the samples
was first determined by GC coupled with a flame ionization
detector (GC-FID). The lipid samples were first methanolyzed
and analyzed following a previously described procedure (Jouhet
et al., 2017). The lipid samples were then prepared in order to
inject 25 nmol of total fatty acids dissolved in 100 pl of chloro-
form : methanol (2: 1, v/v) containing 125 pmol of each internal
standard. The membrane lipids were separated by HPLC (Agi-
lent 1200) equipped  with a  diol
(150 mm x 3 mm X 5 um; Macherey-Nagel, Diiren, Germany)
at 40°C and quantified by MS/MS with a triple quadrupole mass
spectrometer equipped with a jet stream electrospray ion source
(Agilent 6460) (Jouhet et al., 2017; Pittera et al., 2018). Mass
spectra were processed with the Agilent MassHunter Workstation
software for identification and quantification of lipids. Lipid
amounts (pmol) were corrected for response differences between
internal standards and endogenous lipids and by comparison
with a qualified control (QC). The QC extract corresponded to a
known lipid extract from Arabidopsis cell culture qualified and
quantified by TLC and GC-FID as described by Jouhet ez al.
(2017).
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In situ metagenomic analyses

Tara Oceans dataset We analyzed 33 metagenomes collected
from surface waters during the 7ara Oceans expedition
(Sunagawa er al., 2015; http://www.taraoceans-dataportal.org).
Metagenomes corresponding to the bacterial size fraction (0.2—
1.6 um for TARA_004 to TARA_052 and 0.2-3 um for the
other stations) were sequenced as 100-108 bp Illumina overlap-
ping paired-end reads. Reads were merged using FLasH v.1.2.7
(Magoc & Salzberg, 2011) and trimmed with CLC QuaLITYTRIM
v.4.10.86742 (CLC Bio, Aarhus, Denmark), resulting in 100—
215bp fragments. Temperature data for each station were
retrieved from PANGAEA (https://doi.pangaea.de/10.1594/
PANGAEA.840718).

Functional assignment of metagenomics data Reads were first
recruited against a database of 155 protein sequences of the
four lipid desaturases (DesC3, DesC4, DesA2, DesA3)
extracted from the 53 Synechococcus!Cyanobium genomes of the
information system CyaNORAK v.2 (http://sb-roscoff.fr/Phyto/
cyanorak; Pittera er al., 2018; Dataset S1) using BrasTx analy-
ses (v.2.7.1+; Aleschul ez al, 1990) with default parameters,
limiting the results to one target sequence (--max_target_seqs
1), and considering only the results with an e-value <0.001.
The recruited reads were then mapped with BLastN (with the
same options as above) against a database including the 155
above mentioned Synechococcus/Cyanobium desaturases as well as
many sequences used as outgroups, including 117
Prochlorococcus fatty acid desaturase sequences (Dataset S2),
185 outgroup cyanobacterial genomes from Cyanobase plus
537 genomes from proGenomes (Dataset S3), 6092 additional
nonpicocyanobacterial fatty acid desaturase sequences retrieved
from NCBI (Dataset S4) as well as all marine picocyanobacte-
rial desaturases from Cyanorak. Reads showing a best hit to
outgroup sequences or with <90% of their sequence aligned
were removed and the remaining reads were assigned to
Synechococcus according to their BLASTN best hit. Reads were
then functionally assigned to one of the four desaturase clusters
of likely orthologous genes (CLOGs) from the Cyanorak
database based on their best hit sequence, and read counts were
normalized to the average gene length of each CLOG. To
study the presence/absence of lipid desaturases with regard to
thermal environments, only stations dominated by major eco-
logically significant taxonomic units (ESTUs) of Syrechococcus
clades I-1V, namely ESTUs IA, IIA, IIIA or IVA-C sensu Far-
rant et al. (2016), were used. Furthermore, to ensure sufficient
coverage for the results to be reliable, only stations with a min-
imum of 2500 distinct CLOGs, corresponding to the average
number of genes in Synechococcus genomes, were considered.
Altogether, 52% (33 out of 63) of the 7ara Oceans stations
were retained for analysis. Reads assigned to genes encoding
the four lipid desaturases (desC3, desC4, desA2, desA3) were
then extracted and their respective abundances were normalized
to the corresponding petB reads abundance, retrieved from Far-
rant et al. (2016).
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Results

Thermal preferenda and photosynthetic activity

We acclimated four Synechococcus strains isolated from different
thermal environments to a global range of temperatures spanning
from 10 to 32°C. The strains displayed thermal preferenda that
differed significantly with regard to their thermal growth limits,
especially at low temperatures, and less so by their optimal
growth temperature (Fig. 1a). The subpolar clade I strain MVIR-
18-1 showed significant growth down to 9-10°C but could not
cope with temperatures above 26°C. The cold-temperate clade
IV strain BL107 grew between 14 and 28°C, while the warm
temperate clade IIT strain WHS8102 and the tropical clade II
strain A15-62 grew from 16°C to more than 32°C. Growth vs
temperature models were used to estimate the growth parameters
(Table 1; Fig. S1). Although some differences in these parameters
could be observed depending on the model used (Tables S1, S2),
the subpolar and cold-temperate strains displayed lower estimates
of Tyun and 7jax than the warm-adapted strains (see Notes
S1).

The quantum yield of the PSII reaction center (F,/Fy)
remained generally high over the whole growth temperature
ranges (Fig. 1b). However, the values were somewhat lower at
low growth temperatures (16°C) for strains WH8102 and A15-
62, and at high growth temperatures for the subpolar MVIR-18-
1 and cold temperate BL107 strains.

The B-carotene : Chl 4 ratio increased at high growth tempera-
ture and this trend was more pronounced for the high tempera-
ture strains WH8102 and A15-62 (Fig. lc). For all strains, the
zeaxanthin : Chl 2 mass ratio was high at low growth temperature
and lower at high temperature. This ratio was globally higher in
the subpolar strain MVIR-18-1 and in the temperate strain
BL107 than in the two other strains (Fig. 1d). These variations
probably mostly originated from an increase in the zeaxanthin
cell content with decreasing temperature, as suggested by the
cold-induced increase of the zeaxanthin : B-cryptoxanthin ratio,
the direct precursor of zeaxanthin in its biosynthetic pathway
(Fig. S2). It is also likely that the Chl  cell content decreased in
response to cold.

Membrane lipidomic analyses

General composition of the membrane lipidome We analyzed
the composition of the total membrane lipidome, which in
cyanobacteria includes a very high proportion of thylakoidal
lipids. The two-dimensional TLC analyses revealed four major
spots corresponding to the lipid classes usually observed in
cyanobacteria: MGDG, DGDG, SQDG and PG. In total, there
were about 30 different molecular species of complex lipids in
the four studied strains of marine Synechococcus. The two galac-
tolipids (MGDG and DGDG) were generally the major compo-
nents of membranes and the fatty acids bound to these lipids
were mostly C14, C16 and traces of C18 fatty acid chains. The
number of unsaturations on these chains never exceeded 2. The
global composition of the fatty acids bound to the four different
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lipids in these strains, reported in detail in Tables S3—S6 and Figs
S3-S6 (see Notes S2), was overall similar to that of Synechococcus
sp. WH7803 (Pittera et al., 2018). The s7-1 position most often
bound C16 chains, whereas the s7-2 bound exclusively C14
chains on the galactolipids (Figs S3, S4) and a mix of C14 and
C16 chains on SQDG (Fig. S5).

PG is present in heterotrophic bacteria, complicating the inter-
pretation of the PG data of the three nonaxenic strains. In
cyanobacteria, this minor lipid is thought to play roles in the sta-
bilization of photosystems (Itoh er al, 2012; Mizusawa and
Wada, 2012; Boudiere er al., 2014) rather than being directly
involved in membrane thermoacclimation processes, as sup-
ported by the results for the axenic strains WH8102 and
WH7803 (Pittera et al., 2018; Fig. S6). Hereafter we therefore
compare the major mechanisms involved in thermoacclimation
only for the three major membrane glycolipids present in
cyanobacteria.

Membrane thickness variations in response to temperature As
palmitic (C16:0) and myristic (C14:0) fatty acid chains were
dominant in all glycolipids of all strains, we used the C14: C16
molar ratio as a proxy for assessing variations in membrane thick-
ness. In the four strains, such variations may occur at the s»-1
position of the two most abundant lipids, MGDG and DGDG,
as already observed in Synechococcus sp. WH7803 (Pittera et al.,
2018), and at the s7-2 position of SQDG. The results showed an
increase of the C14 : 16 ratio at the s»-1 position of MGDG and
DGDG in response to low growth temperatures only for the
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subpolar strain MVIR-18-1 and the tropical strain A15-62
(Fig. 2). This process was more pronounced for MGDG than for
DGDG. By contrast, strains BL107 and WH8102 showed a
slight increase in fatty acid length at these positions in response
to low growth temperature. MVIR-18-1 was additionally capable
of decreasing the length of the fatty acid bound to the s#-2 posi-
tion of SQDG in response to growth temperature lower than
14°C (Fig. S5). In cultures grown at 22°C and shifted to either
13 or 30°C, only minor variations of the C14: C16 ratio were
observed (Figs S7-S14).

Mono-desaturation processes on galactolipids MGDG showed
the highest levels of mono-unsaturation, with high proportions
of 14:1 and 16:1 fatty acid chains. At the sn-1 position, the
proportion of C16: 1 chains increased in response to low growth
temperature, especially in the subpolar strain MVIR-18-1 and
the cold temperate strain BL107 (Fig. 3a,b). By contrast, the
warm-adapted strains WH8102 and A15-62 showed much lower
variations in the relative level of C16: 1.

The proportion of C14: 1 chains at the MGDG sn-1 position
also increased at lower temperatures in all strains except for the
warm temperate WH8102, for which the C14 species were low
at this position. The largest C14: 1 to C14 : 0 amplitude changes
were achieved by the subpolar strain MVIR-18-1. This probably
resulted from the replacement of C16 chains by C14 : 1 chains in
de novo synthetized MGDG molecules, rather than active desatu-
ration of C14:0 chains by desaturase enzymes, inducing the
above-mentioned chain shortening. This conclusion is supported
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Fig. 2 Variations of the C14: C16 molar ratio, related to the average
length of the fatty acid bound to the sn-1 position of the
monogalactosyldiacylglycerol (MGDG, a) and the
digalactosyldiacylglycerol (DGDG, b) for the four marine Synechococcus
strains: MVIR-18-1 (blue circles), BL107 (green diamonds), WH8102
(orange triangles) and A15-62 (red squares), acclimated to a range of
temperatures spanning from 10 to 30°C. Measurements are the average
of three to four replicates with error bars & SD.

by the fact that no rapid complementary decrease of C14 : 0 was
observed in acclimated cultures (Fig. 3) or during thermal shift
experiments (Figs S7, S11).

The proportion of C14: 1 chains increased at the MGDG s7-
2 position in the subpolar MVIR-18-1 and in both temperate
strains in response to low temperature, with WH8102 showing
the largest changes (Fig. 4a). Complementary changes between
C14:0 and C14: 1 chains were observed during the shift experi-
ments, suggesting a A9-desaturation activity at this position (Figs
S7,S11).

DGDG showed overall similar variations to MGDG at both
sn-1 (Fig. 3¢,d) and s»-2 (Fig. 4b) positions, but global C16 and
C14 mono-unsaturation levels were lower than for MGDG. This
suggests the occurrence of an active C16: 0 mono-desaturation
process at the sn-1 site, especially for the subpolar strain
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MVIR-18-1, as also observed in the cold (Fig. S8) and warm
(Fig. S12) shift experiment results. The insertion of de novo syn-
thetized C14: 1 chains at the DGDG sn-1 (Fig. 3d) and sn-2
(Fig. 4b) positions in cultures acclimated to low temperature
were observable for all strains, but were weaker than for MGDG.

Mono-desaturation processes on SQDG  As already observed in
Synechococcus sp. WH7803, SQDG showed a quite different fatty
acid composition from the two galactolipids (Pittera ez al., 2018).
In the four strains, the s#-1 position bound quasi exclusively C16
chains (Fig. S5) and was seemingly the site of an active A9-
mono-desaturation activity in cultures acclimated to low temper-
ature (Fig. 3e,f), as well as in cultures subjected to temperature
shifts (Figs S9, S13). The s#-2 position bound C14 and C16
chains, often in comparable proportions (Fig. S5). Active C16: 0
mono-desaturation was induced in cultures acclimated to low
temperature in the four strains, again with greater amplitudes in
the subpolar strain MVIR-18-1 and the cold-temperate strain
BL107, along with a weak increase in the Cl4:1 proportion
(Figs 4d, S9, S13).

Double desaturation processes We used the C16:2 to C16:1
ratio to study the level of double unsaturation of the fatty chains
of the different lipids (Figs 5, S3-S6). Interestingly, double unsat-
urations occurred exclusively on C16 chains, at the s#-1 position
of the two galactolipids. The global level of double unsaturation
was quite high in the strains adapted to warm environments,
WHS8102 and A15-62, whereas C16: 2 chains were barely
detected in the cold-temperate and subpolar strains BL107 and
MVIR-18-1 (Fig. 5). Of note, strain WH8102 responded to low
temperature by a large induction of C16: 2 at the s»-1 position of
MGDG and, to a lesser extent, DGDG. The capacity for efficient
double desaturation activity of strain WH8102 was also observable
during the cold shift experiments (Fig. S7).

Metagenomics of lipid-desaturase genes

Previous studies have shown that marine Synechococcus tempera-
ture ecotypes display different sets of genes encoding lipid-desat-
urases, including the A9-desaturases DesC3 and DesC4 and the
Al12-desaturases DesA2 and DesA3 (Notes S3; Varkey et al.,
2016; Pittera ez al., 2018). To complement the results obtained
on strains representative of cold- (I and IV) and warm-adapted
(IT and III) clades, we used the 7ara Oceans dataset to study the
global distribution and prevalence of the four desaturase genes
along natural thermal gradients (Fig. 6).

The prevalence of the desC3 gene was close to 1 at all stations,
independently of the seawater temperature and ESTU composition
(Fig. 6b). This shows that this desaturase gene is present in all
Synechococeus cells in situ in a single copy, just like perB. By con-
trast, the desC4 gene was virtually absent from waters warmer than
20°C (Fig. 6¢). Below this threshold, the prevalence of this gene
increased quasilinearly as seawater temperature decreased, reaching
values close to 1 in 13°C waters. This gene was most abundant in

populations  colonizing waters below 17°C, dominated by
Synechococcus ESTUs IA and IVA-C (Farrant ez al., 2016).
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The prevalence of the desA2 gene, which encodes a A12-desat-
urase inserting a double unsaturation, showed its maximal value
of ¢. 1 for temperatures above 20°C (Fig. 6d). Below this temper-
ature, prevalence decreased progressively down to zero for seawa-
ter temperatures lower than 14°C. In this dataset, the desA2 gene
is mostly present in populations dominated by Syrechococcus
ESTUs IIA and IIIA.

The other Al12-desaturase, desA3, showed a similar global pat-
tern to the desC4 gene with a marked shift in the relative abun-
dance of this gene between populations dominated by
Synechococcus ESTUs TA and IVA-C, colonizing waters below
18°C, and those dominated by ESTU IIA, thriving in waters
above this temperature. By contrast, note that in Mediterranean
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Growth temperature (°C)

Sea stations dominated by Synechococcus ESTU 1IIA, prevalence
of the desA3 gene remained high independent of temperature
(Fig. 6e), consistently with the fact that desA3 is present in the
genome of all strains representative of clade III, while it is gener-
ally absent from most clade II strains (Pittera ez al., 2018).

Discussion

Photosynthesis regulation in cold- and warm-adapted
Synechococcus ecotypes

Previous studies have shown that adaptation to temperature in

marine Synechococcus relies on the existence of physiologically
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specialized lineages that have colonized different thermal environ-
ments (Pittera et al., 2014; Varkey et al., 2016). The strains used
in the present study were isolated in water masses with contrast-
ing temperatures, from tropical to subpolar habitats, and belong
to the four major Synechococcus clades (Table 1). Study of their
thermal preferenda showed that the two strains isolated from
warm environments, Synechococcus spp. A15-62 (clade II) and
WHS8102 (clade III), were able to grow at temperatures above
30°C. This is consistent with previous studies on the Sargasso
Sea strains WH8103 (clade III) and WH7803 (clade V; Moore
et al., 1995; Pittera er al, 2014, 2018). By contrast, strains
BL107 (clade IV) and MVIR-18-1 (clade I), isolated from tem-

perate and subpolar environments respectively, could not cope
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are average of three to four replicates with
error bars + SD.

with these high temperatures but were able to grow down to
12°C or less (Fig. 1a). These results are in good agreement with
previous observations that clades I and IV predominate in rela-
tively cold environments, whereas clades II and III preferentially
thrive in warmer waters (Zwirglmaier ez al., 2008; Sohm ez al.,
2015; Farrant er al, 2016; Paulsen er al, 2016; Kent er al.,
2018).
preferenda would be likely even more apparent with cultures

Moreover, note that these differences in thermal

grown under higher light irradiance, as discussed in previous
studies (Pittera et al., 2014, 2018).

All four strains managed to maintain fairly high PSII quantum
yield over their whole temperature growth range, showing an effi-
cient acclimation of their photosynthetic apparatus to different
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Fig. 5 Variations of the double-desaturation level, expressed as

C16:2: C16:1 molar ratios, of the fatty acid bound to the sn-1 position of
the monogalactosyldiacylglycerol (MGDG, a) and
digalactosyldiacylglycerol (DGDG, b), for the four marine Synechococcus
strains MVIR-18-1 (blue circles), BL107 (green diamonds), WH8102
(orange triangles) and A15-62 (red squares) acclimated to a range of
temperatures spanning from 10 to 30°C. Measurements are the average
of three to four replicates with error bars 4 SD.

temperatures (Fig. 1b). Pigment analyses suggest that this ability
relies partly upon changes in the relative proportions of major
pigments in thylakoid membranes, which differed between
strains. Synechococcus spp. WH8102 and A15-62 showed a
marked increase of the B-carotene: Chl # ratio in response to
high growth temperature, whereas this increase was moderate in
cold-adapted strains (Fig. 1c). Such variations might originate
from a change in the photosystem ratio because these complexes
bind the two pigments in fixed but very different proportions. As
the B-carotene : Chl # molar ratio is 0.23 in PSI (Xu & Wang,
2017) and 0.31 in PSII monomers (Umena ez al, 2011), our
results thus suggest an increase of the PSII : PSI ratio in response
to high temperatures. This would lead to a decrease the cyclic
electron transport around PSI and increase the transthylakoidal
pH gradient, then enhancing the ATP production in the cytosol
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of the warm-adapted ecotypes at high growth temperature. In
addition, PB-carotene and Chl 2 molecules have recently been
found to be bound to High Light Inducible Proteins (HLIPs) in
Synechocystis sp. PCC 6803, which are stress-inducible proteins
allowing dissipation of excess light (Dolganov er al, 1995;
Komenda & Sobotka, 2016). The characterized proteins, whose
dissipative activity is temperature-dependent, have a 0.33 (HIiD)
and 0.5 (HIiC) B-carotene: Chl « ratio (Staleva er al, 2015;
Shukla et al., 2018). Although such proteins have never been bio-
chemically characterized in marine Synechococcus, their genomes
contain many Ali genes, which probably encode similar pig-
mented proteins (Bhaya ez al., 2002; Scanlan ez al., 2009). There-
fore, the regulation of such proteins might also be involved in
temperature acclimation in marine Symechococcus, especially in
the warm-adapted strains WH8102 and A15-62.

In all strains, the zeaxanthin : Chl  ratio increased in response
to low temperature (Fig. 1d). Moreover, this ratio was globally
higher in the cold-adapted strains MVIR-18-1 and BL107. Vari-
ations of the zeaxanthin : Chl # ratio probably originated partly
from a decrease of the Chl  cell content, a classical cold-induced
response, in order to regulate light utilization in slow growth con-
ditions (Inoue ez al., 2001). However, an upregulation in zeaxan-
thin synthesis was also probably involved, as suggested by the
increase of the zeaxanthin : B-cryptoxanthin ratio (Fig. S2), the
latter pigment being directly converted to zeaxanthin by the B-
carotene hydroxylase (CrtR). Although the localization and func-
tion of zeaxanthin have never been formally demonstrated in
marine Synechococcus, it could have a role in photoprotection by
dissipating excess light under low temperature conditions, a pro-
cess seemingly more prevalent in cold-adapted strains (Fig. 1).
However, it is well known that the integration of polar xantho-
phylls into biological and model membranes strongly affects their
properties (for a review see Popova & Andreeva, 2013). If zeaxan-
thin occurs as a free molecule in marine Synechococcus thylakoids,
it is expected to decrease the membrane fluidity at low tempera-
ture, as shown in Antarctic bacteria (Jagannadham ez 4/, 2000).
Yet, this potentially deleterious increase in membrane rigidity at
low temperature seems to be counteracted by modifications of
the membrane composition in order to maintain proper mem-

brane fluidity.

Marine Synechococcus thermoregulate the membrane
composition differently

Analysis of all molecular species of membrane lipids in four phy-
logenetically and physiologically distinct strains, as well as com-
parisons with our previous data on the model strain WH7803
(Pittera et al., 2018), allowed us for the first time to draw a broad
picture of the composition of the membranes in marine
Synechococcus. These five strains exhibit general features that seem
to be specific for this group, including notably variability of the
chain bound to the SQDG s7-2 position and the relative insensi-
tivity of the composition of PG to temperature (Murata & Wada,
1995; Pittera et al., 2018). Also in sharp contrast to freshwater
strains, all five marine Synechococcus strains contain very low rela-
tive concentrations of C18 chains and are Cl14-rich. Therefore,
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while freshwater strains have C18 and C16 at the s#-1 and s»-2
positions respectively, marine Synechococcus lipids preferentially
bind C16 and C14 at these positions, respectively. This fatty acid
composition implies that marine Synechococcus thylakoids are
probably thinner and globally more fluid than those of freshwater
strains. This is also in good agreement with the much smaller cell
volume of these picocyanobacteria compared to their freshwater
counterparts. In addition, it is worth noting that C14:0 is
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project.org/web/packages/ggplot2/index.
html). The gray shading areas correspond to
the 95% confidence interval.

usually one of the major fatty acids in samples from surface ocean
regions (e.g. Wakeham and Canuel, 1988; Van Mooy and
Fredricks, 2010). Thus, the finding that C14 dominates in all
marine Synechococcus strains investigated so far further confirms
that marine picocyanobacteria are a major source of this lipid in
the oceans.

However, some strains have the capacity to modify the
C16: C14 ratio, and thus to modulate the membrane thickness.

© 2019 The Authors
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Indeed, our results and a previous study show that, whereas it
slightly increased in BL107 (clade IV) and WH8102 (clade III)
in response to cold temperature, strains MVIR-18-1 (clade I),
A15-62 (clade II) and WH7803 (clade V) were able to signifi-
cantly decrease the membrane thickness by synthetizing de novo
shorter lipids, therefore increasing its fluidity (Fig. 2; Pittera
et al., 2018). As these strains inhabit very different thermal envi-
ronments, the capacity to carry out this process does not appear
to be related to the thermotype differentiation. To better under-
stand these different responses, future research should investigate
the influence of other abiotic parameters on a larger number of
strains.

In response to temperature variations, the Synechococcus strains
deployed a panel of different desaturation activities. Our results
show that the cold-adapted strains MVIR-18-1 (clade I) and
BL107 (clade IV) can carry out extensive desaturation of fatty
acid mono-desaturation, on both C16 and C14 chains and at
both sn positions of the three membrane glycolipids (Figs 3, 4).
Of note, the primary A9 monounsaturations are expected to have
larger membrane fluidifying effects than the secondary A12
unsaturations (Hyvonen ez al, 1997; Hyvonen & Kovanen,
2005; Ollila er al, 2007). These large A9 monodesaturation
capacities are thus likely to be critical for tolerance to low tem-
perature. The warm-adapted strains A15-62 (clade II) and
WHS8102 (clade III) were overall able to carry out lower mon-
odesaturation activities (Figs 3, 4). Nevertheless, the tropical
A15-62 strain showed stable and relatively high C16:2 content
in the galactolipids, and WH8102 grown at low temperature
(Figs 5, S7) induced the highest contents of double unsatura-
tions, whereas these were only detected at trace levels in the cold-
adapted strains. Thus, in contrast to cold-adapted strains, strains
adapted to warm environments seem to display much higher
relative contents of double unsaturated fatty acids in their mem-
branes.

Synechococcus thermotypes use different lipid-desaturase
enzymes

The five strains of marine Synechococcus studied to date in the
context of membrane lipid thermoacclimation capacities possess
different sets of desaturase genes (Pittera ez al., 2018; Table 1).
Lipidomic analyses showed that all strains were able to induce
A9-monodesaturations, which is consistent with the presence of
desC3 in all strains. The lipidic profiles of the A15-62 and
WHS8102 strains (Figs 3, 4), which only possess DesC3 to syn-
thesize monounsaturated chains, show that this enzyme can
incorporate A9 double bonds on the three glycolipids, at the two
sn positions and on both palmitic (C16:0) and myristic
(C14 : 0) chains. Therefore, it appears to be a poorly regiospecific
enzyme, responsible for the basal (but essential) monodesatura-
tion capacity of all marine Synechococcus. The cold-adapted
strains MVIR-18-1 and BL107, which contain an additional A9-
desaturase gene (Table 1), desC4, showed increased monodesatu-
ration capacities. This gene, thought to have derived from a
recent gene duplication event (Pittera er al., 2018), could then
provide additional monodesaturation capacity in order to cope
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with lower temperatures. However, on the lipids of these cold-
adapted strains, we found no evidence for sites of monodesatura-
tion that would be specific of the DesC4 enzyme. Therefore, our
results suggest that the two DesC enzymes in marine
Synechococcus are rather generalist monodesaturases of the C16
and C14 chains of glycolipids, that is they display a relatively
weak regiospecificity. This contrasts with the DesC1 and DesC2
enzymes of freshwater strains, which show differential site speci-
ficities (Chintalapati ez al., 2006). Future work should aim to
study the possible induction of the desC4 gene by low tempera-
ture, which would provide further evidence of a monodesatura-
tion booster function of the DesC4 enzyme in marine
Synechococcus.

Double unsaturations were detected mostly in A15-62 and
WH8102, which like all other ecotypes
sequenced to date, possess a specific Al2-desaturase, DesA2

warm-adapted

(Table 1). In contrast to monounsaturations, the double unsat-
urations are located specifically on C16 chains at the s#-1 of
the galactolipids binding a C14: 1 chain at the s7-2 site, indi-
cating a high level of regiospecificity of DesA enzymes in
marine Synechococcus. Note that the WH8102 strain possesses
two Al2-desaturases, DesA3 and DesA2. This probably allows
this strain to induce the strong double desaturation activities
that were observed in response to low temperature (Figs 5,
S7h,k). The role of DesA3 in cold-adapted strains remains
enigmatic because very few double unsaturations were detected
in these strains, both in acclimated cultures and in temperature
shift experiments. It is possible that, in these strains, this
enzyme is activated in response to other environmental factors,
such as high irradiance.

The lipid-desaturase genes show differential distributions in
the ocean

To provide more insight into the physiological strategies used by
Synechococcus temperature ecotypes to thermoregulate their mem-
branes, we studied the distribution of the four lipid desaturase
genes at 33 widespread stations along the 7#ra Oceans transect
(Fig. 6a). As expected, the core gene desC3 displayed a tempera-
ture-independent distribution. By contrast, the A9-desaturase
gene desC4, which is specific of cold-adapted strains (Table 1),
was found exclusively in waters colder than 20°C, consistent with
its hypothesized role of monodesaturation enhancer enabling
growth in cold thermal environments.

The distribution of the desA2 gene displayed a mirror pattern
to desC4, confirming that this A12-desaturase is specific to warm
environments, dominated by either clade II or clade III
Synechococcus cells. Like desC4, the Al2-desaturase gene desA3
was abundant in waters colder than 20°C. This gene was also
abundant between 17 and 25°C, but specifically in assemblages
dominated by clade III strains, consistent with the presence of
this gene in all clade III but no clade II strains sequenced thus far
(Table 1). Clade I Synechococcus are most abundant in olig-
otrophic, phosphorus-limited areas such as the Mediterranean
Sea (Mella-Flores et al., 2011; Farrant et al., 2016), which is sub-
jected to a strong seasonality, being warm in summer (up to
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30°C) but cold in winter, with minimal temperatures as low as
13°C in the northwestern basin. Our results thus suggest that the
presence of both desC2 and desC3 genes confers fitness to clade
I strains, which are subjected to much stronger seasonal vari-
ability over the year than their (sub)tropical clade II counterparts.

Conclusion and perspectives

Our study shows that marine Synechococcus temperature eco-
types can manage, via different mechanisms, to regulate their
photosynthetic apparatus in order to maintain optimal photo-
synthetic capacity over most of their respective temperature
growth range. We also show that marine Synechococcus have
evolved different physiological strategies based on the presence
of specific lipid desaturase gene sets, allowing them to cope
with changes in the fluidity of the photosynthetic membrane
in different thermal niches. Although more work such as
mutant characterization is necessary, our data allow us to pro-
pose functions and ecological roles for the four Synechococcus
desaturases. DesC3 is a constitutive A9-desaturase with weak
regiospecificity and its activity is probably mostly temperature-
independent. Synechococcus strains belonging to clades I and IV
use an additional enzyme, DesC4, which provides them with
enhanced A9 monodesaturation capacities and allow them to
greatly increase the membrane fluidity in cold environments.
The occurrence of the desC4 gene, probably by duplication of
its common ancestor with desC3 (Pittera et al, 2018), has
probably been an important event for the colonization of high-
latitude environments by marine Synechococcus. In warm envi-
ronments, there is little need to have strong variations in mem-
brane fluidity and marine Symechococcus have seemingly
adopted a different strategy. Clade II strains, which live in
warm and stable environments, have globally poor desaturation
capacities. However, they constitutively contain membrane
lipids with more double unsaturation thanks to DesA2, a A12-
desaturase specific to warm environments. In warm-temperate
environments, where temperature is more variable, clade III
strains use the combination of two Al2-desaturases, DesA2
and DesA3. They confer high capacities of double desatura-
tions, which probably help in tolerating the low winter temper-
niche. The of double

unsaturations, which have less influence on the membrane flu-

atures in this preferential use
idity than the monounsaturations, probably allows a finer tun-
ing of this physical property in the thermal environments of
clade II and III strains than their cold-adapted counterparts.
An alternative hypothesis is that Al2-desaturases might be
most efficient at high temperature, while A9-desaturases were
selected in colder environments during the evolution of marine
Synechococcus. In conclusion, this study suggests strongly that
the capacity to greatly modulate membrane fluidity has been
critical for the colonization of different thermal niches by
marine Synechococcus, leading to the differentiation in physio-
logically distinct temperature ecotypes. It furthermore shows
that lipid-desaturase genes are interesting markers for monitor-
ing the dynamics of ocean microbial communities in the con-
text of global change.
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SUPPORTING INFORMATION

NOTE S1: GROWTH RATE MODELLING AND PIGMENT ANALYSES

S1 A: Modelling growth function of temperature

To estimate the cardinal growth parameters for each strain, we used the cardinal
temperature model with inflection (BR model; Bernard and Rémond, 2012). This model helps
describing the growth response of acclimated phytoplankton strains to temperature using
four parameters: the optimal temperature for growth (Topr) at which occurs the optimal
growth rate (uorr), and the minimal and maximal temperatures of growth (Tumiv and Twmax) at
which = 0. The function £(T) is described by the following equations:

O0forT < Tyn

pu(T) = uopr@(T) for Tyyy < T < Tyax
O for T > TMAX

(T - TMAX)(T - TMIN) 2

PO = T T Torr — Taam) @~ Torr) — Tovr ~ Tua) Torr + Ty — 21

It order to compare the results of the BR model with another modelling approach, we
also used the Boatman model (Boatman et al., 2017) that is based on the following equation:

T — Ty )ar

w(T) =u lsin (n
max Tyax — Tuin
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Table S1: Cardinal parameters calculated with the BR model (Bernard and Rémond, 2012). Values in parentheses

are the lower and upper ranges of the confidence interval (95%).

Strain MVIR-18-1 A15-62 WH8102 BL107

Toun (°C) -10.63 7.14 11.03 5.83

(-19.59 t0 -2.62) | (-12.54 to 16.64) | (3.01t017.04) | (-0.35t09.89)

Torr(°C) 26.33 25.80 25.32 23.36
(19.39 t0 29.50) | (24.11t030.26) | (23.76 to 27.56) | (22.37 to 25.10)

Toe (°C) 28.29 32.08 33.58 29.18
(26.86 10 29.43) | (22.97 t0 35.43) | (30.76 to 35.23) | (27.31 to 30.03)

] 0.54 0.51 0.49 0.52

Hopr (day™)

(0.20 to 0.65)

(0.48 to 0.59)

(0.47100.53) | (0.481t00.57)

Table S2: Parameter estimations of the Boatman model (Boatman et al., 2017).

Growth rate (day?)

Strain | MVIR-18-1 | A15-62 | WH8102 | BL107
Hmax (day™?) 0.54 0.56 0.48 0.51
Tmin (°C) -0.92 9.0487 13.93 10.37
Tmax (°C) 28.76 30.80 32.20 28.40
a 3.88 2.22 1.44 1.85
b 0.43 0.5 0.5 0.43
0.7 A MVIR-18-1 0.7 B A15-62
0.6 tgga;?\:s!mdel °®
05| ® Experimental data P
0.4
0.3
0.2
0.1
ol
D
0.7 0.7
0.6 0.6 H
05 0.5
0.4 1 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 0
-10 0 10 20 30 -10 0

Growth temperature (°C)

Figure S1: Growth rate vs. temperature modelled curves for Synechococcus spp. A) MVIR-18-1 (Clade 1), B) A15-
62 (Clade Il), C) WH8102 (Clade Ill) and D) BL107 (Clade 1V), acclimated at temperatures spanning from 10°C to
30°C. The plain, black curve represents the BR model fit with its standard confidence interval (gray shaded area).
The dashed curve represents the Boatman model. Dots represent experimentally measured growth rates.
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S1 B: Pigment analyses

In the carotenoid pathway, B-cryptoxanthin is synthesized from the B-carotene
molecule through mono hydroxylation. Zeaxanthin is then synthesized from B-cryptoxanthin
by a second hydroxylation catalyzed by the B-carotene hydroxylase enzyme (CrtR).

J L e B B
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= 1 ¢ BL107
= ] B A15-62
© 1 WH8102
%3 40 ~ v
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]
o o ]
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5 10 15 20 25 30 35
Growth temperature (°C)

Figure S2: Variations of the zeaxanthin to B-cryptoxanthin mass ratio in Synechococcus spp. MVIR-18-1 (blue
circles), BL107 (green diamonds), WH8102 (orange triangles) and A15-62 (red squares) acclimated to
temperatures ranging from 10°C to 30°C. Each data point is an average of four replicates with error bars + SD.
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NOTE S2: MEMBRANE LIPIDOMICS

S2 A: Cultures acclimated to a range of growth temperatures

Table S3: Relative variations (%) of the acyl chains esterified at the two glycerol positions, sn-1 and sn-2, of the
monogalactosyldiacylglycerol (MGDG), digalacosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG)
and phosphatidylglycerol (PG), in Synechococcus sp. MVIR-18-1 acclimated to temperature ranging from 10 to

25°C. Each data point is an average of three to four replicates (mean + SD).

Growth temperature (°C)

10 14 16 18 22 25 28 | 30
14:0 1.9+0.0 1.4+0.0 1.3+0.0 8.2+76 4.15+2.1 46+2.1
14:1| 25.9%0.6 109+0.1 10.5+0.5 3.91+26 49+0.1 21+1.7
sn-1 | 16:0 5.2+0.0 9.4+04 9.4+0.1 16.8+5.5 15.4+04 20.6£3.6
MGDG 16:1| 65.4%0.6 779+0.4 78.6+0.6 71.1+10.7 755+2.2 72.7+4.1
16:2 1.3+0.0 0.2+0.0 0.3+0.03 0.0+0.0 0.0+0.0 0.0+0.0
14:0( 67.9%0.0 91.5+0.3 88.7+0.2 97.7+15 96.4+0.3 98.2+2.8
o2 14:1| 32.1+0.0 8.5+0.3 11.3+0.2 23%15 3.6+0.3 1.8+28
14:.0 3.1+0.1 24+0.1 6.0+0.4 58+1.2 6.4+1.4 7.5%2.2
14:1 18.7+0.9 10.2+0.1 3303 3.8+1.6 24+1.6 06+1.2
sn-1 [16:0| 11.4+0.5 11.5+0.5 23.2+0.5 25.2+34 33.1+4.1 47.8+10.1
DGDG 16:1| 66.0+0.3 75.8+0.5 66.9+1.3 65.1+3.3 58.0+4.5 44.0+11.2
16:2 0.6+0.0 0.1+0.1 0.4+0.3 0.0+0.0 0.0+0.0 0.0+0.0
14:0( 72404 89.2+0.1 91.2+0.3 99.6 £0.4 989+1.6 99.7+£0.6
2 14:1| 27.5%04 10.7+0.1 8.7+03 03+04 1.0+1.7 0.3+0.6
14:0 1.1+0.1 2.8+0.1 25+0.1 29+03 3.0+03 21+03
14:1 19+0.2 1.1+0.1 09+0.1 0.3+0.1 0.3+0.0 0.04+0.1
16:0| 22.5%0.2 29.6+0.3 29.5+0.2 47.6 +1.7 48.1+3.2 64.8+5.2
st 16:1| 73.6+0.4 65.2+0.1 65.4+0.6 346+6.2 40.9+6.7 23.1+104
18:1 05+0.1 0.6+0.1 0.8+0.0 1.7+0.3 1.7+0.1 1.4+0.2
Sape 18:2 0.3+0.1 0.6+0.1 0.8+0.3 12.7+4.1 58+3.1 83+54
14:.0| 66304 54.6+0.74 65.7+0.8 543+171 53.4+0.8 53.5+04
14:1| 8.01+0.3 2.6+0.2 1.5+0.0 0.4+0.1 0.5+0.1 0.1+0.13
2 16:0 17.8+0.2 27.1+04 21.7+0.5 33.2+0.5 36.0+£0.3 39.0+11
16:1 7.8+0.1 15.7+0.2 11.1+04 122+1.4 10.0+0.7 74+1.6
16:0 1.2+0.9 1.2+0.8 1.1+0.6 1.1+0.6 1.7+0.0 27+24
16:1| 69.8+17.5 68.1+18.2 65.7 £21.8 71.9+15.8 73.9+0.0 76.0+7.1
16:2 1.0+1.0 0.9+0.9 0.8+1.0 0.9+0.9 0.3+0.0 0.4+0.6
st 18:0 22+22 21+1.9 2318 1.8+15 24+0.0 21+1.2
18:1| 24.0+15.6 25.8+16.5 279+19.4 225+14.1 21.4+0.0 17.7+8.2
P 18:2 15+1.3 1.7+1.2 2.0+1.9 1.6+13 0.1+0.0 1.0+1.4
16:0 12.9%0.2 179+0.1 223+19 319+4.7 35.6+£3.9 50.1+16.2
16:1| 80.7%0.7 67.3+15 56.3+4.6 63.4+4.6 52.6+6.4 46.6 £13.3
2 18:0 1.6+0.2 4603 6.4+0.7 14+1.2 59+1.9 1.6+1.9
18:1 48+04 10.2+1.2 149+23 32+13 5.8+0.9 1.6+1.9
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Table S4: Relative variations (%) of the acyl chains esterified at the two glycerol positions, sn-1 and sn-2, of the
monogalactosyldiacylglycerol (MGDG), digalacosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG)
and phosphatidylglycerol, in Synechococcus sp. BL107 acclimated to temperatures ranging from 14 to 28°C. Each
data point is an average of three to four replicates (mean + SD).

Growth temperature (°C)
10 14 16 18 22 25 28 30
14:0 1.5+0.1 1.5+0.2 3.0+£0.6 2.8+0.1 7.2+0.3 3.7+0.3
14:1 9.2+0.1 8.5+0.1 7.2+0.2 9.4+1.2 7.8+0.3 8.6+0.3
sn-1 | 16:0 56+0.1 6.0+0.1 8.2+0.2 85+1.2 1.6+0.4 9.2+0.2
MGDG 16:1 83.3+0.3 83.7+0.4 80.1+0.8 79.1+0.3 70.9+0.5 78.2+0.6
16:2 0.4+0.0 0.3+0.0 1.5+0.0 0.2+0.0 24+0.5 0.3+0.2
14:0 71.3+0.2 743 +0.7 83.0+0.6 88.8+15 929+0.8 94.6+0.1
s 14:1 28.7+0.2 25.7+0.7 17.0+£0.6 11.2+1.5 7.1+0.8 54+0.1
14:0 23+0.2 21+0.1 3.9+0.3 3.9+0.3 8.2+0.3 4.7+0.2
14:1 8.4+0.2 8.4+0.1 6.1+0.2 74+14 6.2+0.4 8.6+0.3
sn-1 | 16:0 19.1+1.2 17.8+0.1 37.1+13 309+2.0 45615 23.7+16
DGDG 16:1 69.9+1.3 71.5+0.1 526+1.1 57.5+09 399+14 62.7+t1.6
16:2 0.2+0.0 0.1+0.03 0.2+0.0 0.2+0.0 0.1+0.1 0.1+0.0
14:0 78.9+0.2 81.7+0.2 91.7+0.8 91.9+0.5 97.7+0.3 94.6+0.5
s 14:1 20.1+£0.2 18.3+0.2 8.3+0.8 2.3+0.5 23103 5.4+0.5
14:0 0.8+0.2 1.1+0.1 13+0.1 1.5+0.3 1.8+0.3 1.6+0.2
14:1 0.4+0.0 0.4+0.0 04+0.1 0.4+0.1 0.3+0.1 04+0.1
16:0 22.9+0.6 24.8+0.7 26.7+0.6 32.8+15 32.5+0.5 40.3+1.6
sl 16:1 74.8+0.8 72.5+0.9 68.0+0.8 63.4+14 56.2+25 56.1+1.5
18:1 0.7+0.0 0.6+0.0 0.9+0.0 1.1+£0.3 14+0.1 09+0.0
Sabe 18:2 0.6+0.1 0.6+0.1 2.6+0.2 0.7+0.3 7.6+2.2 0.6+0.2
14:0 50.9+0.8 51.8+0.6 53.1+11 53.7+3.1 56.0+1.3 60.8+0.8
14:1 5.7+0.1 54+0.3 3.9+0.2 24+0.1 14+0.1 1.5+0.1
sn-2 16:0 27.6+04 28.7+0.8 30.6+1.0 33.6+09 33.3+0.6 326+1.1
16:1 15.8+0.5 14.0+£0.2 12.44+0.5 10.3+2.1 9.2+0.9 56+0.3
16:0 1.1+0.7 1.0+0.5 1.0+0.6 1.1+04 19+0.6 1.0+£1.0
16:1 84.6+5.3 84.5+5.9 86.1+4.4 84.2+2.1 75.6+1.7 79.6+4.3
16:2 1.0+0.1 1.0+0.1 0.8+0.2 09+0.3 0.5+0.1 09+0.1
sn-d 18:0 1.0+0.8 0.9+0.8 0.8+0.5 0.9+0.5 1.1+0.1 1.0+£0.2
18:1 11.6+3.9 11.61+4.4 10.6+3.5 12.1+3.0 193+1.1 16.5+2.7
Pe 18:2 0.7+0.2 0.0+0.1 0.7+0.2 0.8+0.4 1.5+0.2 1.0+£0.5
16:0 15.4+0.2 20.2+0.9 16.9+0.4 20.3+1.9 27.7+1.6 27.3+23
16:1 80.6+0.9 73.2+1.0 79.9+0.7 73424 69.4+19 67.6+2.5
sn-2 18:0 0.6+0.1 1.1+0.0 0.5+0.1 1.2+0.09 0.8+0.0 1.1+01
18:1 3.4+03 55+0.2 2.7+0.5 5.1+0.5 21+03 3.9+0.2
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Table S5: Relative variations (%) of the acyl chains esterified at the two glycerol positions, sn-1 and sn-2, of the
monogalactosyldiacylglycerol (MGDG), digalacosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG)
and phosphatidylglycerol, in Synechococcus sp. WH8102 acclimated to temperatures ranging from 16 to 30°C.
Each data point is an average of three to four replicates (mean + SD).

Growth temperature (°C)
10 |14 16 18 22 25 28 30
14:0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 0.0+0.0 1.3+09
14:1 0.3+0.7 3.2+0.2 7.0+£0.6 15+21 55+0.1 129+0.2
sn-1]16:0 6.9+0.5 10.8+0.3 14.1+04 15.6+0.3 16.0+0.2 13.42+0.2
MGDG 16:1 58.8+0.7 67.3+0.6 74.8+0.3 779+24 78.5+0.2 709+1.0
16:2 339138 18.6+0.5 41+0.1 56+1.7 0.0+£0.0 14+11
14:0 36.0£2.2 56.8+0.8 78.6 £0.6 82.6+1.6 89.3+0.2 81.4+1.6
s 14:1 64.0+2.2 43.2+0.8 21.4+0.6 17.4+1.7 10.7+£0.2 18.6+1.6
14:0 0.0+0.0 0.4+0.6 3.1+0.2 3.0+0.3 3.1+0.1 6.6+0.3
14:1 0.0+0.0 0.8+1.0 3.5+0.1 2504 41+0.1 4.8+0.6
sn-1|16:0 335+0.1 38.6+1.7 34.7+0.8 440+1.4 32.2+0.2 355+3.3
DGDG 16:1 57.1+0.2 55.2+0.5 56.7+0.7 50.6+1.2 60.6 £ 0.1 53.1+3.0
16:2 9.4+0.3 5.0+0.5 19+0.1 0.0+0.0 0.0+£0.0 0.0+£0.0
14:0 69.5+0.3 789+1.0 84.6 £0.6 92.4+0.5 90.8+0.1 91.0+0.8
sn-2 14:1 30.4+0.3 21.1+1.0 15.4+0.6 9.29+0.5 9.2+0.1 8.9+0.8
14:0 0.3+0.0 0.5+0.0 1.0+0.1 0.8+0.0 1.1+0.2 3.2+04
14:1 1.0+0.0 0.1+0.0 0.3+0.1 0.2+0.0 0.2+0.0 0.7+0.1
16:0 35.5+0.8 43.6+1.3 479+2.2 55.7+0.8 56.6 +0.3 54.1+0.7
sl 16:1 54.6 £0.2 52.6+1.46 498+2.1 41.7+0.8 41.2+0.2 41.1+0.6
18:1 3.3+0.2 1.5+0.1 0.5+0.1 0.7+0.0 0.6+0.0 0.6+0.1
Sabe 18:2 6.0+0.6 1.6+0.0 0.4 +0.05 0.7+0.1 0.3+0.0 0.3+0.06
14:0 29.3+1.7 45.1+0.3 63.0+1.9 57.4+0.9 65.6 0.9 65.8+1.5
14:1 7.£0.10 5.72+04 25+0.1 0.8+0.1 0.7+0.0 1.6+0.1
sn-2 16:0 45.7+0.8 40.3+1.0 30.8+1.7 38.8+0.9 31.2+0.8 19.3+1.2
16:1 17.3+1.0 8.8+0.5 3.7+0.2 29+0.1 25+0.1 3.3+0.3
16:0 0.2+0.2 0.1+0.2 0.6+0.5 0.6+0.0 13+0.1 1.7+0.1
16:1 86.1+1.2 95.2+0.1 96.2+1.0 95.9+0.6 949+0.4 92.8+0.4
st 16:2 9.58+1.0 4.7+0.3 3.2+0.6 41+0.6 3.6+0.1 51+0.2
Pe 18:1 41+1.0 0.0+0.0 0.0+0.0 0.0+0.0 0.1+0.2 0.3+0.2
16:0 22.1+0.3 22.1+0.3 21.7+0.4 20.0+0.2 214+0.3 22.1+0.2
2 16:1 779+11 77.9+0.3 78.3+0.4 80.0+0.2 78.6+0.3 78.0+0.2
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Table S6: Relative variations (%) of the acyl chains esterified at the two glycerol positions, sn-1 and sn-2, of the
monogalactosyldiacylglycerol (MGDG), digalacosyldiacylglycerol (DGDG), sulfoquinovosyldiacylglycerol (SQDG)
and phosphatidylglycerol, in Synechococcus sp. A15-62 acclimated to temperatures ranging from 16 to 30°C.
Each data point is an average of three to four replicates (mean + SD).

Growth temperature (°C)
10|14 16 18 22 25 28 30

14:0 28+0.1 26+0.1 1.8+0.1 1.7+0.0 15+0.1 1.6+0.1

14:1 304+1.1 22.8+19 23.3+0.1 21.5+0.3 11.3+0.8 8.2+02

sn-1|16:0 43+0.2 53+04 41+0.1 3.2+0.1 5.4+0.2 7.1+0.1
MGDG 16:1 56.1+0.9 65.0+2.0 62.7+0.2 59.0+0.2 743+1.2 789+0.4
16:2 6.4+0.1 4.4+0.6 8.1+0.3 14.4+0.2 7.5+0.6 41+0.1
14:0 729+0.9 77.7+1.7 68.7+0.7 55.5+04 69.9+15 78.0+0.3
2 14:1 27.1+0.9 223+1.7 31.3+0.7 445+0.4 30.1+15 22.0+0.3

14:0 6.1+0.3 5.1+0.1 49+0.1 5.0+0.0 49+0.2 5.3+0.2

14:1 17.4+0.9 13.2+1.2 10.1+0.3 7.9+0.2 46+0.3 3.6+0.2
sn-1|16:0 244+14 30.6+0.9 36.9+0.7 37.3+04 479+1.6 54.1+0.9
DGDG 16:1 49.4+0.7 48.9+0.6 45.0+0.5 44.8 +0.2 404+1.2 36.0+0.5
16:2 2.610.2 2.0+0.2 29+0.0 5.0+0.1 2.06+0.1 0.8910.1
14:0 80.7+1.1 85.3+1.0 83.5+0.3 78.1+0.3 87.3+0.9 92.1+0.4

2 14:1 194+1.1 14.7+1.0 16.5+0.3 21.9+0.3 12.7+0.9 79+0.4

14:0 3.3+0.2 2.6+0.2 2.7+0.3 3.1+0.1 2.7+0.2 24+0.1

14:1 23+0.2 14+0.1 1.0+0.0 0.8+0.1 0.5+0.0 0.3+0.0
16:0 343+0.4 35.7+0.9 37.0+0.3 38.4+0.6 49.0+1.0 58.6+0.4
sn-1 16:1 58.3+0.3 59.0+1.1 57.0+0.7 55.2+0.7 45.6+0.9 37.5+05

18:1 1.0+0.1 0.6+0.1 1.2+0.3 1.1+0.1 1.1+0.0 0.6+0.0

Sabe 18:2 0.7+0.0 0.5+0.0 1.0+0.1 1.3+0.1 1.0+0.1 0.5+0.0
14:0 50.7+1.0 48.7+1.6 39.6+0.5 37.0+0.8 50.2+1.2 61.9+0.5

14:1 6.5+0.3 5.7+0.3 5.0+£0.2 8.8+0.3 48+0.2 2.8+0.1
sn-2 16:0 334+1.2 36.6+1.7 44.0+0.8 39.6+0.9 36.7+0.7 31.3+0.7

16:1 9.4+0.1 9.0+0.1 11.3+0.2 14.6+0.3 8.2+0.6 40+0.1

16:0 0.8+0.3 09+0.1 0.8+0.1 1.0+0.2 1.6+0.5 1.0+0.2
16:1 74.4+12.6 741+7.1 75.8+6.0 759+49 743+438 73.7+238

16:2 8.1+5.6 7.5+45 7.2+24 7.1+0.7 7.8+1.7 8.0+1.6

sn-1 18:0 1.1+0.8 1.1+05 1.0+0.5 1.1+0.0 0.7+0.1 1.1+0.1
18:1 14.2 +15.2 15.1+9.0 13.9+6.9 13.8+3.6 14.4+4.7 15.1+3.8

Pe 18:2 13+1.8 14+1.2 1.2+1.0 1.1+04 1.2+0.7 1.1+0.7
16:0 149+0.5 13.2+0.6 15.6+0.3 16.7+0.7 25.0+3.4 26.5+0.7
16:1 65.1+3.8 73.9+1.0 78.6+0.2 78.0+1.1 65.9+4.0 65.3+0.9

sn-2 18:0 3.2+0.6 2.1+0.2 21+0.1 1.2+0.1 19+0.2 1.8+0.1

18:1 16.7+2.8 10.8+1.2 47+0.4 42+04 7.1+0.7 6.4+0.4
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Figure S3: Variations of the relative content (%) in acyl chains esterified at the two glycerol positions, sn-1 and
sn-2, of the monogalactosyldiacylglycerol (MGDG) for Synechococcus spp. MVIR-18-1, BL107, WH8102, and A15-
62, acclimated to a range of temperatures. Each value is an average of three replicates.
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Figure S4: Variations of the relative content (%) in acyl chains esterified at the two glycerol positions, sn-1 and
sn-2, of the digalactosyldiacylglycerol (DGDG) for Synechococcus spp. MVIR-18-1, BL107, WH8102, and A15-62,
acclimated to a range of temperatures. Each value is an average of three to four replicates.
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Figure S5: Variations of the relative content (%) in acyl chains esterified at the two glycerol positions, sn-1 and
sn-2, of the sulfoquinovosyldiacylglycerol (SQDG) for Synechococcus spp. MVIR-18-1, BL107, WH8102, and A15-
62, acclimated to a range of temperatures. Each value is an average of three to four replicates.
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Figure S6: Comparison of the relative variations (%) in the acyl chains esterified at the two glycerol positions of
the phosphatidylglycerol (PG) for the four marine Synechococcus strains MVIR-18-1, BL107, WH8102, and A15-
62 acclimated to a range of temperatures (see also Supporting Information Table S2). Each value is an average

of four replicates.
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I1.B Cultures acclimated to 22°C and shifted to 13°C
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Figure S7: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the monogalactosyldiacylglycerol (MGDG) for Synechococcus spp. MVIR-18-1 (A, B, C),
BL107 (D, E, F), WH8102 (G, H, 1) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 13°C. The
results are expressed as percentages of total acyl chains esterified at the specified stereospecific position of the
glycerolipid. Each value is an average of three replicates with error bars + SD.
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Figure S8: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the digalactosyldiacylglycerol (DGDG) for Synechococcus spp. MVIR-18-1 (A, B, C), BL107
(D, E, F), WH8102 (G, H, I) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 13°C. The results
are expressed as percentages of total acyl chains esterified at the specified stereospecific position of the
glycerolipid. Each value is an average of three replicates with error bars + SD.
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Figure S9: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the sulfoquinovosyldiacylglycerol (SQDG) for Synechococcus spp. MVIR-18-1 (A, B, C), BL107
(D, E, F), WH8102 (G, H, I) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 13°C. The results
are expressed as percentages of total acyl chains esterified at the specified stereospecific position of the
glycerolipid. Each value is an average of three replicates with error bars + SD.
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Figure S10: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the phosphatidylglycerol (PG) for Synechococcus spp. MVIR-18-1 (A, B, C), BL107 (D, E, F),
WH8102 (G, H, I) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 13°C. WH8102 was the
only axenic strain. The results are expressed as percentages of total acyl chains esterified at the specified
stereospecific position of the glycerolipid. Each value is an average of three replicates with error bars + SD.
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S2 B: Cultures acclimated to 22°C and shifted to 30°C

MGDG Fatty Acid content
Warm shift 22°C -> 30°C
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Figure S11: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the monogalactosyldiacylglycerol (MGDG) for Synechococcus spp. MVIR-18-1 (A, B, C),
BL107 (D,E,F), WH8102 (G, H, I) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 30°C. The
results are expressed as percentages of total acyl chains esterified at the specified stereospecific position of the
glycerolipid. Each value is an average of three replicates with error bars + SD.
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Figure S12: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the digalactosyldiacylglycerol (DGDG) for Synechococcus spp. MVIR-18-1 (A, B, C), BL107 (D
,E,F), WH8102 (G, H, 1) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 30°C. The results are
expressed as percentages of total acyl chains esterified at the specified stereospecific position of the glycerolipid.
Each value is an average of three replicates with error bars + SD.
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Figure S13: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the sulfoquinovosyldiacylglycerol (SQDG) for Synechococcus spp. MVIR-18-1 (A, B, C), BL107
(D,E,F), WH8102 (G, H, I) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 30°C. The results
are expressed as percentages of total acyl chains esterified at the specified stereospecific position of the
glycerolipid. Each value is an average of three replicates with error bars + SD.
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Figure S14: Relative variations (%) in the acyl chains esterified at the two glycerol positions, sn-1 (left panels) and
sn-2 (right panel), of the phosphatidylglycerol (PG) for Synechococcus spp. MVIR-18-1 (A, B, C), BL107 (D, E, F),
WH8102 (G, H, I) and A15-62 (J, K, L), in response to a temperature shift from 22°C to 30°C. WH8102 was the
only axenic strain. The results are expressed as percentages of total acyl chains esterified at the specified
stereospecific position of the glycerolipid. Each value is an average of three replicates with error bars + SD.
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NOTE S3: FATTY ACID DESATURASE METAGENOMICS

The database including the 155 Synechococcus/Cyanobium desaturases as well as
many sequences used as outgroups including 117 Prochlorococcus fatty acid desaturase
sequences, 185 outgroup cyanobacterial genomes from Cyanobase plus 537 genomes from
proGenomes, 6,092 additional non-picocyanobacterial fatty acid desaturase sequences
retrieved from NCBI as well as all marine picocyanobacterial desaturases from Cyanorak, is
available in a supplemental file as spreadsheet tables (Datasets S1 - S4).

References of the supplementary information
Bernard O, Rémond B. 2012. Validation of a simple model accounting for light and
temperature effect on microalgal growth. Bioresource Technology 123: 520-527.

Boatman TG, Lawson T, Geider RJ. 2017. A key marine diazotroph in a changing ocean: The
interacting effects of temperature, C02 and light on the growth of Trichodesmium erythraeum
IMS101. PLoS ONE 12: 1-20.
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RESUME

Les deux picocyanobactéries marines Prochlorococcus et Synechococcus sont les organismes
photosynthétiques les plus abondants de la planete, leur vaste distribution étant sans doute liée
a leur importante diversité génomique. La premiére partie de mon travail a consisté a étudier les
bases génétiques de |'adaptation de ces organismes a des niches écologiques distinctes et a
révélé, en comparant 81 génomes de ces deux genres, le réle des gains/pertes de génes et des
variations des séquences nucléotidiques dans la diversification de ces organismes. Une deuxiéme
partie a consisté en l'analyse des réponses physiologiques d'une souche modéle de
Synechococcus (WH7803) et de quatre autres souches représentatives des écotypes dominants
in situ (clades | a IV) a divers stress environnementaux, afin d'identifier les génes impliqués dans
les réponses spécifiques ou communes a ces différents stress et/ou écotypes. Enfin, la derniére
partie de ma thése a visé a identifier la distribution de I'ensemble des génes de
picocyanobactéries dans I'océan mondial et a la relier aux parametres environnementaux et a la
distribution des écotypes, ce qui a permis de mettre en évidence les répertoires de génes
spécifiques de niches et/ou d’écotypes. L’'intégration de ces résultats m’a permis de mieux
comprendre les mécanismes d'adaptation et d'acclimatation, qui ont permis aux
picocyanobactéries de coloniser la quasi-totalité des niches écologiques éclairées des océans.

ABSTRACT

The two marine picocyanobacteria Prochlorococcus and Synechococcus are the most abundant
photosynthetic organisms on the planet, their wide distribution being probably linked to their
large genomic diversity. The first part of my work has consisted in studying the genetic bases of
the adaptation of these organisms to distinct ecological niches and revealed, by comparing 81
genomes of these two genera, the role of gene gains/losses and variations in nucleotide
sequences in the diversification of these organisms. A second part has consisted in the analysis of
the physiological responses of a Synechococcus model strain (WH7803) and of four other strains,
representative of the dominant ecotypes in the field (clades | to IV), to various environmental
factors in order to identify the genes that are involved in specific or common responses to these
different stresses and/or ecotypes. Finally, the last part of my thesis aimed at identifying the
distribution of all picocyanobacterial genes in the world ocean and to link it to environmental
parameters and to the distribution of ecotypes, which made it possible to highlight the gene
repertoires specific of niches and/or ecotypes. The integration of these results led me to get a
better understanding of the adaptation and acclimation mechanisms, which allowed marine
picocyanobacteria to colonize virtually all lit ecological niches of the oceans.
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