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Préambule 
 

Les algues brunes représentent un large groupe d’organismes qui comprend environ 1800 

espèces réparties en 265 genres et 14 ordres. Elles sont majoritairement présentes dans le milieu marin 

et plus rarement dans le milieu dulçaquicole (seulement 5 genres étant trouvés dans ce milieu). Les 

espèces marines se trouvent principalement dans les eaux tempérées à froides au niveau de la zone 

intertidale et dans la partie infralittorale, pouvant aller jusqu’à des profondeurs de 220 m si le niveau 

de turbidité de l’eau est suffisamment faible. Elles vivent attachées sur des substrats rocheux, mais 

peuvent, en fonction de leur taille, se fixer sur d’autres types de substrats comme les digues, les quais, 

des mollusques, des zostères ou sur d’autres algues. Elles présentent une morphologie très variable 

allant de filaments microscopiques à des individus pouvant atteindre jusqu’à 60 mètres de long 

(Macrocystis) et possédant une structure complexe avec plusieurs types cellulaires. Elles jouent un rôle 

important dans la biodiversité et l’écologie des océans (Dayton 1985; Steneck et al. 2002; Bartsch et 

al. 2008) comme composante essentielle des écosystèmes côtiers et peuvent former des couvertures 

denses et étendues telles que les « forêts » de laminaires. La coloration brunâtre de ces algues est liée à 

la présence de pigments accessoires dans les chloroplastes, les xanthophylles et principalement la 

fucoxanthine (Paillard 2011). 

L’utilisation par l’homme des algues brunes est courante dans des secteurs économiques variés, 

allant de la pharmacologie, la cosmétologie, en passant par l’agriculture, dans l’agroalimentaire - de 

manière brute ou transformée - et dans l’industrie textile (Kijjoa and Sawangwong 2004; Smit 2004; 

A.D. Hughes et al. 2012). En utilisation directe, pour l’alimentation humaine, elle se fait 

principalement dans les pays asiatiques comme la Chine et le Japon. De manière transformée, on 

connait surtout leur utilisation via l’alginate, un polysaccharide obtenu majoritairement à partir des 

laminaires. Les alginates sont utilisés par les industriels comme texturants polyvalents, épaississants, 

agents gélifiants, stabilisants, cryoprotecteurs (pour les aliments surgelés) et films comestibles. 

Les algues brunes font partie du groupe de Phaeophyceae appartenant au clade des 

Hétérocontes, autrement appelé Stramenopiles (Baldauf 2003). Elles sont l’un des 5 groupes 

d’eucaryotes qui ont évolué vers la complexité multicellulaire de manière indépendante, avec les 

animaux, les plantes vertes, les champignons et les algues rouges (Cock et al. 2010). Cette histoire 
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évolutive indépendante a fait que les algues brunes ont développé un large éventail de nouveaux 

processus au niveau métabolique, cellulaire et écologique, qui sont rares ou absents dans les autres 

clades. Par exemple, la modification des pigments photosynthétiques, avec la présence majoritaire de 

la fucoxanthine, afin de tenir compte de l’absorption d’une partie du spectre lumineux par l’eau lors de 

l’immersion des algues (Charrier et al. 2008). Ou bien encore une voie métabolique des halogènes 

spécifiques (La Barre et al. 2010) et un stockage du carbone, accumulé lors de la photosynthèse, sous 

forme soluble, dans la laminarine (Stewart 1974) ou bien le mannitol (Davis et al. 2003).  

 L’importante distance phylogénétique et cette histoire évolutive indépendante par rapport aux 

autres espèces eucaryotes ont mis en évidence la nécessité d’identifier et de développer un modèle 

biologique pour répondre aux questions spécifiques de la biologie des algues brunes et pour fournir un 

support pour les applications de génétique et de génomique. Dans ce cadre, Ectocarpus a été proposé 

comme modèle pour le groupe des algues brunes en 2004 (Peters et al. 2004) et un projet de 

séquençage du génome d’Ectocarpus siliculosus a été initié. Le choix d’Ectocarpus comme modèle a été 

motivé par le fait qu’elle soit étudiée depuis de nombreuses années (Dillwyn 1809; Müller 1967; 

Müller 1976; Bolton 1983; Schmid and Dring 1993; Maier 1995; Silva et al. 1996; Maier 1997a; 

StacheCrain et al. 1997; Maier 1997b; Busch and Schmid 2001; Peters et al. 2004). Elle est 

facilement cultivable en laboratoire et son cycle de vie peut être complété dans une période comprise 

entre 2 et 3 mois en boîte de Pétri (Peters et al. 2004; Charrier et al. 2008). Enfin, Ectocarpus possède 

un génome relativement petit (215 Mpb) par rapport à d’autres algues brunes.  

Le projet génome s’est achevé en 2010 avec la mise à disposition du génome et de 

l’annotation, représentant une première étape donnant accès à une importante source d’information 

(Cock et al. 2010). La création d’une carte génétique a permis l’organisation des super-contigs en 34 

groupes de liaison (Heesch et al. 2010), valeur qui se rapproche d’une estimation empirique 

d’approximativement 25 chromosomes (Müller 1967). De nombreux autres outils et ressources ont été 

développés autour de ce modèle depuis la disponibilité du génome, incluant par exemple des puces 

micro-array (Coelho et al. 2011a; Dittami et al. 2011), des EST (Expressed Sequence Tag), un tiling 

array, des techniques de protéomique et des outils bio-informatiques comme la mise en place d’un 

réseau métabolique (Prigent et al. 2014) ou d’un logiciel de prédiction de la localisation subcellulaire 

des protéines (Gschloessl et al. 2008).  

L’adaptation de ces techniques au génome d’Ectocarpus a permis d’explorer diverses questions 

biologiques parmi lesquelles, l’étude de la détermination et de l’évolution du sexe.  L’un des premiers 
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défis afin de répondre à cette question a été d’identifier le chromosome sexuel mâle dans le génome de 

référence d’Ectocarpus. Cette thèse a été initiée sur ce premier objectif et s’est poursuivie avec 

l’identification du chromosome femelle et l’analyse comparative de la structure des deux chromosomes. 

La disponibilité du génome complet a permis de réaliser des analyses d’expression différentielle des 

gènes entre individus mâles et femelles, d’identifier les gènes différentiellement exprimés et d’analyser 

leur évolution moléculaire. La disponibilité de nombreuses données de séquençage afin de répondre à 

cette question a en outre permis de proposer une nouvelle version de l’annotation structurale et 

fonctionnelle des gènes d’Ectocarpus. 
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Objectifs 
 

L’objectif de cette thèse était d’étudier les mécanismes à l’origine de la détermination du sexe 

chez l’algue brune Ectocarpus. Cette thèse comprend deux parties distinctes. Une première partie 

centrée sur l’identification et l’analyse de la structure des chromosomes sexuels ainsi que 

l’identification et la caractérisation des gènes différentiellement exprimés entre mâles et femelles. La 

seconde partie est focalisée sur l’amélioration de l’annotation structurale du génome d’Ectocarpus. 

Plus spécifiquement, les objectifs étaient les suivants : 

• Compléter l’identification des régions spécifiques au mâle et à la femelle dans le génome 

d’Ectocarpus et réaliser une analyse structurale des chromosomes sexuels mâle et femelle par 

l’étude de la structure génétique (i.e. la présence et le type des éléments transposables, la 

densité de gènes, la structure des gènes, la présence de pseudogènes, etc.) en comparaison avec 

la structure de la région pseudo-autosomique et les autosomes (Chapitre 1 – article 1 et 2). 

• Réaliser une étude comparative des transcriptomes mâles et femelles afin d’identifier les gènes 

exprimés spécifiquement ou préférentiellement dans l’un des deux sexes à plusieurs stades du 

cycle de vie d’Ectocarpus (Chapitre 1 – article 3). 

• Réaliser une nouvelle annotation structurale des gènes d’Ectocarpus afin d’améliorer et 

compléter l’annotation du génome par l’apport d’informations liées aux nouvelles technologies 

de séquençage (Chapitre 2 – Article 1). 

• Valider la présence de micro-ARN chez Ectocarpus et analyser les caractéristiques au niveau de 

l’expression différentielle entre mâles et femelles et des cibles de micro-ARN identifiés 

(Chapitre 2 – Article 2). 

Chaque chapitre du manuscrit commencera par une introduction, suivie de plusieurs sous parties 

correspondant à chaque article publié ou en cours de publication. Enfin, une discussion et conclusion 

générale sur l’ensemble des chapitres sera proposée en fin du manuscrit. 
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Chapitre 1 : Evolution et analyse 
fonctionnelle de la détermination du sexe 

chez les algues brunes 

Introduction 
Dans le contexte de l’analyse de l’apparition et de l’évolution du sexe chez les Eucaryotes, il 

faut distinguer la reproduction sexuée du déterminisme sexuel. La reproduction sexuée, appelée aussi 

sexe méiotique, est un phénomène extrêmement répandu qui assure la production de nouvelles 

combinaisons génétiques dans presque toutes les lignées eucaryotes, même ancestrales. C’est un 

processus qui se déroule en deux étapes, la première, la syngamie (i.e. fusion de deux cellules 

haploïdes), va engendrer la formation d’un zygote diploïde qui lors de la seconde étape, la méiose, va 

générer la formation de nouvelles cellules haploïdes et ainsi compléter le cycle. L’apparition de la 

reproduction sexuée serait très ancienne et remonterait au début de l’évolution des eucaryotes 

(Cavalier-smith 2002), mais nos connaissances sont très limitées et son origine reste l’une des grandes 

énigmes de la biologie (Speijer et al. 2015).  

Les mécanismes du déterminisme du sexe, quant à eux, i.e. le développement d’individu vers 

l’un ou l’autre des deux types de sexe (mâle ou femelle), ont émergé de manière indépendante et 

répétée au sein de plusieurs lignées d’Eucaryotes et les voies qui déterminent les spécificités sexuelles 

sont très variées. 

La détermination des sexes chez les Eucaryotes 
L’apparition à de multiples reprises de systèmes de détermination du sexe a permis de voir 

émerger une grande diversité de mécanismes. Cependant, ils peuvent être regroupés en deux 

catégories de détermination du sexe, épigénétique ou bien génétique. Même si certaines espèces, 

comme le zebrafish, présentent un état intermédiaire entre ces deux grandes catégories, avec un 

système de détermination du sexe génétique mais qui peut être influencé par des facteurs abiotiques 

(Liew and Orbán 2014). 
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Détermination épigénétique du sexe 

Le premier type de détermination sexuelle est lié à des facteurs épigénétiques (Détermination 

Epigénétique du Sexe - DES) de type abiotique ou bien abiotique. Ce type de déterminisme du sexe 

est phylogénétiquement dispersé et retrouvé dans divers taxons tels que les plantes, les nématodes, les 

amphipodes, les mollusques, les poissons ou encore les vertébrés amniotes (Figure 1) (Janzen and 

Phillips 2006). Dans le cas d’une influence abiotique, le sexe n’est pas déterminé au moment de la 

fécondation, mais durant le développement de l’embryon (Bull 1983). Cette influence abiotique peut 

être liée à la température, la disponibilité des ressources, le pH ou encore la photopériode. Par 

exemple, le cas le plus connu est celui de la détermination du sexe par la température lors du 

développement de l’embryon chez l’ensemble des crocodiliens et des rhynchocéphales (Janzen and 

Phillips 2006), pour certaines tortues (Pieau et al. 1994) et poissons (Godwin et al. 2003). Chez le 

Copépode Pachypygus gibber, la faible ressource en nourriture entraîne une augmentation du nombre 

d’individus mâles (Becheikh et al. 1998). Des influences de type biotique peuvent aussi être à l’origine 

d’une modification du sexe au cours de la vie d’un individu. Chez la crépidule, le sexe est déterminé 

par la position de l’individu dans la population. Un individu sur un substrat sans congénères à 

proximité se développera en femelle. A l’inverse, si l’individu s’installe sur un substrat avec une colonie 

déjà établie ou directement sur ses congénères, il se développera en mâle (Wright 1988; Proestou et al. 

2008). Chez certains poissons, la proportion d’un sexe par rapport à l’autre favorisera le 

développement de l’un des deux sexes (Godwin et al. 2003). 

L’avantage théorique de ce système est la capacité donnée à la population de pouvoir s’adapter 

dans des environnements « inégaux » en modifiant la structure de la population afin d’optimiser le 

fitness (Bull 1985). En d’autres termes, un individu adoptera le sexe qui possède la plus grande 

capacité à survivre et à transmettre son patrimoine génétique dans l’environnement où il se situe. 

Cependant, ce type de déterminisme du sexe a un coût, comme le développement de l’intersexualité et 

un biais au niveau du sexe ratio. De plus, dans le cas des systèmes dépendant de la température, le sexe 

ratio est tributaire des conditions environnementales et de la sélection du site de nidification par le 

parent. 
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Euthériens

Marsupiaux

Monotrèmes

Serpents

Lézards

Tuatara

Oiseaux

Crocodiliens

Tortues

Amphibiens

Poissons

XY ZW Facteur abiotique/biotique  

Figure 1 : Répartition des différents systèmes de détermination du sexe chez les vertébrés (Ezaz et al. 2006). 

Détermination génétique du sexe 

La détermination du sexe peut aussi être liée à des facteurs génétiques (Détermination 

Génétique du Sexe - DGS). Plusieurs systèmes existent, le modèle classique étant le contrôle de la 

détermination du sexe de manière monogénique avec des systèmes chromosomiques tels que XY chez 

les mammifères et ZW chez les oiseaux ou bien UV chez certaines algues ou bien l’hépatique 

Marchantia polymorpha, pour lesquelles un unique locus contrôle la détermination (Figure 1). Chez le 

papillon bombyx (ZW), le chromosome sexuel femelle totalement dégénéré ne possède pas de gènes 

codant pour des protéines, mais une protéine non codante, un piRNA (Piwi-interacting RNA) qui va 

déterminer le sexe par l’activation de l’isoforme femelle du gène Bmdsx (Kiuchi et al. 2014). 

D’un autre côté, le système de polygénétique fait intervenir plusieurs loci indépendants ou 

bien des combinaisons d’allèles afin de déterminer le sexe (Figure 2) (Kosswig 1964). Ce type de 

détermination est trouvé dans une grande diversité de groupes phylogénétiques comme les insectes, les 

mammifères, les poissons ou encore chez les plantes (Moore and Roberts 2013). Par exemple chez la 

souris naine d’Afrique (Mus minutoides), le système de détermination est de type XYW. L’apparition 
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de la copie W provient de l’évolution d’un chromosome X et est caractérisée par l’acquisition d’une 

mutation contre la masculinisation (Veyrunes et al. 2010). Des systèmes plus complexes, faisant 

intervenir différents allèles, sont observés chez des espèces de poissons de la famille des Cichlidae (Ser 

et al. 2010). Cependant, le fait de posséder plusieurs chromosomes sexuels ne donne pas forcément un 

système de détermination du sexe polygénétique. L’ornithorynque possède 5 X et 5 Y, mais la 

détermination sexuelle est identique au système XY monogénétique grâce à une ségrégation commune 

des X et des Y lors de la méiose (Grützner et al. 2004). Les travaux théoriques sur les deux systèmes 

tendent à montrer que le système polygénique multiloci serait une première étape de transition du 

passage de l’hermaphrodisme au système monogénétique (Rice 1987; Bachtrog et al. 2014).  

X

X XX

XXY

Y

XX Y W Z Z X Y Z W X X

P

F1

X XXXY W W Y Z Z X Y Z Z X X Z W X X Z W X Y

Système monogénique Système polygénique
à locus unique

Système polygénique à
multiples loci

 

Figure 2 : Modèle de transmission du sexe dans le système monogénétique XY et les systèmes polygénétiques. 
Adapté de (Moore and Roberts 2013). Dans le système XX/XY, le sexe dans la progéniture est déterminé par le 
parent mâle qui porte le chromosome Y. Dans les systèmes polygénétiques XYW, le sexe de la progéniture est 
aussi porté par le chromosome Y, mais son effet est annulé par le second chromosome sexuel femelle W. Dans 
un système multilocus, plusieurs allèles (en rouge et violet) sont présents et situés sur différents chromosomes 
dont la ségrégation est indépendante. L’allèle présent sur le chromosome W annule l’effet de l’allèle sur le 
chromosome Y, déterminant pour le mâle. De fait, les individus ZW / XY sont des femelles. De même que dans 
le système polygénétique à simple locus, il en résulte la formation d’un seul type génotypique mâle et de trois 
types génotypiques femelles, l’absence des allèles donnant un individu femelle. 
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Les différents cycles de vie sexués chez les Eucaryotes 

Les types de détermination du sexe, présentés précédemment, sont étroitement corrélés au 

cycle de vie de l’espèce. Chez les Eucaryotes, le cycle de vie est caractérisé par l’alternance de deux 

phases, diploïde et haploïde. La transition de la phase diploïde à la phase haploïde est réalisée par la 

méiose tandis que la transition de la phase haploïde vers la phase diploïde est accomplie grâce à la 

syngamie ou autrement appelée fusion des gamètes. Cependant, il existe des variations entre les 

espèces, principalement liées à la durée de chaque phase et au niveau de l’activité mitotique. Ces 

différences peuvent être catégorisées en trois variantes du cycle de vie : le cycle de vie à majorité 

haploïde, le cycle de vie à majorité diploïde et le cycle de vie à alternance des générations ou cycle 

haploïde-diploïde. 

Le cycle de vie haploïde est caractérisé par la dominance de la phase haploïde sur la phase 

diploïde (Figure 3a). La phase diploïde est réduite au minimum sans développement d’un individu 

multicellulaire, le zygote faisant rapidement la méiose, produisant ainsi des méiospores. Les 

méiospores se développent en organismes multicellulaires qui produisent des gamètes haploïdes, 

fusionnant pour redonner un zygote. Ce type de cycle de vie est observé chez les organismes tels que 

les champignons ou encore les algues vertes. 

Le cycle de vie diploïde est caractérisé par la dominance de la phase diploïde sur la phase 

haploïde (Figure 3b). La syngamie engendre le développement d’un organisme multicellulaire 

diploïde, qui, selon les espèces, peut produire des individus avec des sexes séparés ou bien des 

individus hermaphrodites. Comme expliqué dans la section précédente, le sexe peut être déterminé de 

manière environnementale ou de manière génétique. La phase haploïde est réduite à l’état de gamètes. 

Ce type de cycle de vie est observé principalement chez les Opisthocontes, certaines algues vertes et 

brunes ou encore chez les Alvéolés et les Excavés. 

Le cycle de vie haploïde-diploïde est caractérisé par une alternance du développement 

d’individus haploïdes, appelé gamétophytes, et d’individus diploïdes, les sporophytes (Figure 3c). 

Après la méiose chez le sporophyte, les méiospores engendrent le développement de deux individus 

haploïdes, un mâle et une femelle. La fusion de leurs gamètes permet le développement d’un nouveau 

sporophyte. Ce type de cycle de vie est observé chez les algues rouges, les plantes terrestres, certaines 

algues brunes ou chez les champignons. 
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Figure 3 : Les principaux cycles de vie. Selon la phase dominante, entre haploïde et diploïde, on identifie trois 
catégories de cycle de vie. A) cycle de vie haploïde B) cycle de vie diploïde C) cycle de vie haploïde-diploïde. La 

flèche en gras représente la phase dominante. 

Les chromosomes sexuels : origine et évolution 

Les différents types de chromosomes sexuels 

La détermination génétique du sexe monogénétique chez les Eucaryotes inclut trois grands 

types de systèmes chromosomiques sexuels : les systèmes de détermination sexuelle diploïde XY et 

ZW, et le système de détermination sexuelle haploïde UV (Figure 4). 

Dans les systèmes diploïdes XY et ZW, le sexe est déterminé au moment de la fusion des gamètes. Le 

système XY est principalement observé chez les mammifères tandis que le système ZW est 

principalement observé chez les oiseaux et les reptiles. Cependant, les deux systèmes peuvent cohabiter 

au sein d’un même clade, auquel peut s’ajouter la présence d’un déterminisme sexuel biotique, par 

exemple chez les poissons (Ezaz et al. 2006). Le système XY est défini comme étant hétérogamétique 

mâle, ce dernier portant les deux chromosomes sexuels X et Y, le Y étant spécifique au mâle et le X est 

hérité de la mère, tandis que la femelle porte deux copies du chromosome femelle X (Figure 4a). Dans 

le système ZW, contrairement au système XY, l’hétérogamétie est femelle. Cette dernière porte les 

deux chromosomes sexuels Z et W, le chromosome W est spécifique à la femelle et la progéniture 

femelle hérite toujours du chromosome Z de leur père. Le mâle, lui, hérite du chromosome Z de 

chacun des deux parents (Figure 4b). Pour ces deux types de détermination génétique du sexe, ce 

dernier est exprimé durant la phase diploïde, phase qui est très largement majoritaire au niveau de la 

durée par rapport à la phase haploïde, réduite à la vie des gamètes. Il s’agit de systèmes de base, où de 

nombreuses variations peuvent être observées en termes de nombre de chromosomes sexuels. Par 

exemple chez l’ornithorynque, la femelle possède cinq paires de chromosomes X tandis que le mâle 

possède cinq chromosomes X et cinq chromosomes Y (Ferguson-Smith and Rens 2010). 
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Figure 4 : Les trois principaux types de chromosomes sexuels chez les Eucaryotes. Adapté de (Bachtrog et al. 
2014). A) Le système XY dans lequel le chromosome Y est spécifique au mâle. B) Le système ZW dans lequel le 
chromosome W est spécifique à la femelle. Pour ces deux systèmes, le sexe est exprimé durant la phase diploïde. 
C) Le système UV dans lequel le chromosome V est spécifique au mâle et le chromosome U est spécifique à la 

femelle. Dans ce système, le sexe est exprimé durant la phase haploïde.  
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Le système de détermination sexuelle chromosomique haploïde UV est, quant à, lui présent 

chez les algues et les bryophytes (Bachtrog et al. 2011). Dans le système UV, le sexe n’est pas 

déterminé au moment dans la fertilisation, contrairement aux systèmes diploïdes XY et ZW, mais le 

sexe de la descendance méiotique est déterminé par celui qui porte le chromosome femelle (U) ou le 

chromosome mâle (V) après la méiose, en fonction du chromosome sexuel reçu par la spore 

(Figure 4c). Il n’y a donc pas de sexe homogamétique, et les chromosomes U et V sont toujours 

hémizygotes durant la phase diploïde (UV).  

Contrairement aux deux autres systèmes de chromosomes sexuels, les connaissances et les 

données disponibles pour le système UV sont relativement limitées. Bien que les espèces Eucaryotes 

qui possèdent un système UV soient probablement aussi communes que celles du type XY et ZW, très 

peu d’espèces du système UV ont été jusqu’à présent caractérisées (Immler and Otto 2015).  

Formation et évolution des chromosomes sexuels 

Les théories actuelles sur l’origine des chromosomes sexuels ont été émises dans les 

années 1980 et sont régulièrement revues afin de tenir compte des derniers résultats (Charlesworth 

and Charlesworth 1980; Bull 1983; Charlesworth et al. 2005). Pour en faciliter la compréhension, 

l’explication sera, dans un premier temps, basée sur le modèle XY, pour les systèmes de détermination 

sexuelle diploïde. 

Les théories prédisent que l’évolution des chromosomes sexuels se fait à partir d’une paire 

d’autosomes par l’apparition d’un locus de la détermination du sexe, via par exemple l’acquisition d’un 

gène déterminant pour le mâle (Figure 5). L’apparition d’un gène de stérilité pour les femelles sur le 

proto-Y et d’un gène promoteur pour les mâles sur le proto-Y permet la transition d’une population 

jusque-là hermaphrodite vers une population sexuée. La présence de ces gènes dans les chromosomes 

induit la mise en place de mécanismes de réduction de la recombinaison, tels que des réarrangements 

chromosomiques comme les inversions, les transpositions et l’accumulation d’éléments transposables 

(Bergero and Charlesworth 2009). La suppression de la recombinaison engendre l’apparition d’une 

région spécifique au sexe (Sex Determining Region - SDR) afin d’éviter la recombinaison entre les 

loci déterminants pour le sexe, ce qui pourrait causer la stérilité ou bien une réversion vers 

l’hermaphrodisme. A court terme, ces modifications peuvent entraîner une augmentation de la taille 

du Y, pouvant devenir plus grand que le X. 
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Figure 5 : Modèle d’évolution des chromosomes sexuels dans le système XY (Bachtrog 2013). a) Les 
chromosomes sexuels sont formés à partir d’une paire d’autosomes. b) Dans une population hermaphrodite, 
l’acquisition d’un locus déterminant pour l’un des sexes, mâle par exemple, associé à une mutation de stérilité 
pour la femelle, permet l’émergence de sexes séparés, via la formation d’un proto-X et d’un proto-Y. c) 
L’accumulation de mutations sexuellement antagonistes au niveau de la région déterminante pour le sexe 
favorise la cessation de la recombinaison et son extension. d) La région déterminante pour le sexe peut s’étendre 
par l’accumulation de mutations, l’intégration de gènes déterminant pour le mâle et principalement les 
évènements d’inversions dans le chromosome Y. L’accumulation de mutations par le manque de recombinaison 
peut entraîner un phénomène de pseudogénisation dans le chromosome Y. e) L’accumulation d’éléments répétés 
liée à l’arrêt de la recombinaison fait qu’il est possible que la taille globale du chromosome Y dépasse celle du 
chromosome X. f) La dégénérescence génétique due à l’absence de recombinaison peut engendrer la perte de 
portions d’ADN non fonctionnel chez le chromosome Y et entraîner une diminution de la taille de ce dernier.  

La SDR peut intégrer de manière progressive des loci bénéfiques pour le développement du 

mâle, dans le cas du système XY. Ces loci présentant un antagonisme sexuel (Rice 1996) – i.e. qu’ils 

sont bénéfiques pour la mâle, mais désavantageux, voire néfastes, pour la femelle - favorisent 

l’insertion de ces régions dans la SDR mâle. Cette accumulation progressive peut laisser des traces au 

cours de l’évolution, des strates, qui représentent les régions qui ont été incorporées dans la partie non 

recombinante du chromosome sexuel à différentes périodes. Étant donné que ces régions ne sont pas 

intégrées aux mêmes périodes évolutives, et les contraintes n’étant pas les mêmes au sein de la région 

recombinante, il est possible de distinguer les différentes régions intégrées par l’analyse de leurs 

niveaux de divergence évolutive (Figure 6). L’intégration progressive de ces régions bénéfiques pour le 

mâle dans le chromosome Y peut mener à une extension de la région spécifique du sexe (SDR) à 

occuper une majeure partie du chromosome. Les régions pseudo-autosomales (PAR) ont alors une 
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taille limitée, qui permet de maintenir l’appariement des deux chromosomes durant la méiose 

(Charlesworth et al. 2005). Des strates évolutives ont été identifiées et étudiées dans un certain 

nombre d’organismes tels que les animaux (Lahn and Page 1999; Vicoso et al. 2013; Wright et al. 

2014) et les végétaux (Bergero et al. 2007; Wang et al. 2012).  

La suppression de la recombinaison engendre l’accumulation de mutations délétères dans la 

séquence nucléotidique, la perte de fonction de certains gènes engendrant la formation de 

pseudogènes. A long terme, l’accumulation de mutations peut entraîner une diminution de la taille du 

chromosome sexuel hétérogamétique Y lié à la dégénérescence génétique. A l’inverse, la maintenance 

de la recombinaison chez les chromosomes homomorphiques X permet d’éviter la dégénérescence de 

ces derniers et explique leur maintenance par l’élimination des mutations délétères et des différents 

éléments répétés. 
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Figure 6 : Modèle d’évolution ayant amené à la présence de cinq strates évolutives dans le chromosome X chez 
l’humain. Adapté de (Lahn and Page 1999; J.F. Hughes et al. 2012). Chaque inversion réduit la taille de la 
partie pseudo-autosomale par la suppression de la recombinaison entre le X et le Y A) Emergence des 
chromosomes sexuels XY chez les mammifères, première inversion du chromosome Y (240 – 320 Ma). B) 
Deuxième inversion dans le chromosome Y (130 – 170 Ma). C) Expansion de la région pseudo-autosomale et 
troisième inversion dans le chromosome Y (80 – 130 Ma). D) Quatrième inversion dans le chromosome Y (80 – 
130 Ma). E) Cinquième inversion dans le chromosome Y (30 – 50 Ma). En noir, les parties recombinantes. En 

rose et bleu, les parties non recombinantes chez les individus, respectivement femelles et mâles. 

Dans le système UV, le sexe est exprimé au stade haploïde, les femelles portant le 

chromosome U et les mâles le chromosome V. Les travaux théoriques prédisent que les chromosomes 
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U et V devraient présenter des caractéristiques similaires, à savoir une taille similaire, la même vitesse 

et le même degré de dégénérescence (Bull 1978; Immler and Otto 2015). De même que dans le 

système XY, la suppression de la recombinaison durant la phase diploïde entraîne l’accumulation de 

mutation délétère. Mais contrairement au système XY, les théories suggèrent que le temps 

relativement important passé par les chromosomes U et V dans la phase haploïde engendre une 

dégénérescence plus lente des SDR par l’exposition des chromosomes à une sélection purificatrice 

(purifying selection). Quant à l’évolution de la taille des chromosomes U et V, elle serait liée à une 

intégration et non une perte de régions génomiques, contenant des gènes bénéfiques pour le stade 

haploïde (Bull 1978). 

Bien que le système UV soit décrit depuis longtemps (Allen 1917), ces hypothèses restent non 

testées du fait que peu de données empiriques soient disponibles pour les organismes avec un système 

UV (McDaniel et al. 2007; Yamato et al. 2007; McDaniel et al. 2013), comparé aux autres systèmes. 

Structure des chromosomes sexuels 

A travers les clades et les espèces, il existe une grande variation de la structure interne des 

chromosomes sexuels. Comme montré précédemment, dans beaucoup d’espèces, les chromosomes 

sexuels incluent une partie non recombinante, appelée région déterminant le sexe (Sex Determining 

Region - SDR) qui est bordée par une ou deux parties appelées régions pseudo-autosomiques (Pseudo 

Autosomal Region - PAR) qui sont encore capables de recombiner.  

La PAR est particulièrement importante pour maintenir un appariement et une ségrégation 

correctes des chromosomes sexuels durant la méiose, ce qui explique sa persistante dans une grande 

majorité des espèces (Rouyer et al. 1986). Cette présence nécessaire peut entraîner un niveau de 

recombinaison par base supérieur par rapport à celui observé chez les autosomes, et en conséquence, 

les régions distales de la PAR pourraient approcher le modèle de transmission des autosomes, avec 

une chance égale d’être transmise à chaque sexe. La comparaison réalisée entre les plantes et les 

animaux sur le nombre de PAR montre que, le plus souvent, ces derniers ne possèdent qu’une seule 

PAR. Etant donné que les chromosomes sexuels des animaux sont généralement plus âgés que ceux 

des plantes, il semblerait que la présence de deux PAR soit plus importante chez les chromosomes 

sexuels récents (Otto et al. 2011). Cependant, elle reste facultative et pour des espèces comme les 

marsupiaux, elle est absente et l’appariement des chromosomes sexuels est achiasmatique (i.e. dont la 

méiose n’implique pas la recombinaison entre la paire de chromosomes) (Patel et al. 2010). Pour 
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d’autres espèces comme les Diptères et les Lépidoptères pour lesquelles la recombinaison est absente 

chez les mâles (hétérogamétique), la PAR n’est pas présente (Gethmann 1988).  

La taille de la PAR est variable en fonction des espèces. Les chromosomes sexuels dont 

l’histoire évolutive est plus récente ont tendance à posséder des PAR d’une taille plus importante que 

les chromosomes sexuels plus anciens, mais la corrélation entre âge et taille de la PAR reste cependant 

à vérifier (Charlesworth et al. 2005; Otto et al. 2011). Ainsi, chez les espèces ayant récemment acquis 

un chromosome sexuel, une grande variation de taille de la PAR peut être observée, allant d’une taille 

plutôt limitée comme chez l’épinoche (Gasterosteus aculeatus) où la PAR représente 15,8 % (Ross and 

Peichel 2008) à une taille plus importante chez la papaye avec une PAR qui représente 83 % du 

chromosome sexuel (Yu et al. 2009). Chez les espèces ayant une histoire évolutive plus ancienne au 

niveau des chromosomes sexuels, comme chez la souris, la PAR ne représente que 1 % de la taille 

totale du chromosome Y et chez l’homme, 4,6 %. La disponibilité de nombreuses données pour le 

groupe des oiseaux a permis de montrer qu’il y a une forte variation de la taille de la PAR au sein de ce 

groupe et entre les différentes lignées de ce groupe et entre les différentes espèces (Zhou et al. 2014). 

Par exemple, dans le groupe des paléognathes, pour l’emu et l’autruche, 65 % du chromosome sexuel 

Z est toujours recombinant, tandis que seulement 1 % l’est chez le tinamou à gorge blanche.  

Cette évolution qui tend vers la diminution de la PAR est consistante avec l’hypothèse de 

l’antagonisme sexuel pour l’évolution de la SDR (i.e. que plus les gènes sexuellement antagonistes vont 

migrer vers la SDR au cours du temps, plus la taille de la SDR va prendre le pas sur la taille de la 

PAR). La pression de sélection spécifique au sexe agissant dans la sélection différentielle des gènes 

chez le mâle et la femelle est le mécanisme couramment accepté pour expliquer la suppression 

progressive de la recombinaison dans la PAR. La « contraction » de la PAR et « l’expansion » de la 

SDR se déroule par étape dans le temps et crée des « strates évolutives ». Ces strates sont bien 

caractérisées pour plusieurs espèces de différents groupes, telles que l’homme (Lahn and Page 1999), 

la plante Silene (Bergero et al. 2007), les serpents (Vicoso et al. 2013) ou encore les oiseaux (Zhou et 

al. 2014). Cette contraction par étape est due à l’expansion progressive de la SDR par la suppression 

de la recombinaison.  

Un premier mécanisme pour expliquer la maintenance de la PAR est simplement, comme 

présenté précédemment, est son rôle pour le bon déroulement de la ségrégation des chromosomes 

durant la méiose. Un second mécanisme pour expliquer la persistance de la PAR est la translocation 

de régions autosomiques contenant des gènes présentant un antagonisme au niveau du sexe. Ces 
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translocations sont particulièrement favorables pour les régions génomiques sous l’effet d’une sélection 

par le sexe. Elles facilitent la divergence dans la fréquence des allèles entre les mâles et les femelles 

(Charlesworth and Charlesworth 1980). Un dernier mécanisme pour expliquer la maintenance de la 

PAR est la résolution de l’antagonisme sexuel par l’expression différentielle de ces gènes entre les 

sexes. Ce mécanisme a été observé chez l’Emeu (Vicoso et al. 2013). Dans cette espèce, la présence 

d’un gène dont l’expression est favorable pour le mâle et délétère pour la femelle entraîne une 

diminution de l’expression du gène chez les femelles. Cela engendre une résolution de l’antagonisme 

sexuel qui supprime l’effet de pression de sélection qui aurait normalement tendu à supprimer la 

recombinaison au niveau de ce gène entre les chromosomes Z et W et provoquer le passage du gène 

de la PAR vers la SDR. 

La PAR présente des caractéristiques particulières comparées aux autosomes et la SDR. Elle 

possède par exemple un niveau de recombinaison supérieur au niveau de celui des autosomes dans 

certaines régions (Lien et al. 2000; Kondo et al. 2001) et tend à avoir une accumulation d’éléments 

répétés (Smeds et al. 2014). Le fait que les gènes de la PAR soient partiellement liés au sexe devrait 

influencer la dynamique de leur évolution. Des travaux théoriques prédisent que la PAR devrait être 

enrichie par des gènes antagonistes au niveau du sexe (Charlesworth and Charlesworth 1980; Clark 

1988). 

L’arrêt de la recombinaison engendre diverses modifications au niveau de la structure de la 

SDR, comme l’accumulation de mutations délétères, d’éléments répétés et d’amplicons (White 1973; 

Skaletsky et al. 2003; Bachtrog 2013), mais aussi des évènements de pseudogénisation des gènes 

codants (Bachtrog 2005; Zhou and Bachtrog 2012). La caractéristique unique de la transmission 

limitée du Y de père en fils favorise la conservation et le recrutement de gènes bénéfiques et 

spécifiques pour le mâle au sein de ce chromosome (Brosseau 1960; Rice 1996b; Lahn and Page 1997; 

Carvalho et al. 2000; Carvalho et al. 2001). Cela explique que le chromosome Y, au cours de son 

évolution, a perdu une majorité des gènes le composant à l’origine (Bull 1983; Charlesworth 1991; 

Rice 1996b; Bachtrog et al. 2011). Les gènes encore présents dans le chromosome Y possèdent, le plus 

souvent, des fonctions associées à la régulation de l’expression. Certains gènes, comme le SRY chez les 

Thériens, ont évolué pour acquérir des fonctions spécifiques, comme la spermatogénèse ou le 

développement (Cortez et al. 2014). 
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Expression des gènes biaisés par le sexe 
Les mâles et les femelles d’une même espèce partagent un génome commun, mais expriment 

deux phénotypes différents, avec des variations plus ou moins prononcées aux niveaux 

comportemental, morphologique et physiologique. Cependant, seul un nombre limité de gènes sont 

spécifiques aux chromosomes sexuels, comme expliqué précédemment, et un nombre aussi limité de 

gènes ne peut expliquer à lui seul de telles différences entre les individus des deux sexes. La différence 

entre les deux phénotypes peut cependant être expliquée par une régulation différente de l’expression 

des gènes à l’échelle du génome (« expression des gènes biaisés par le sexe ») et non uniquement aux 

gènes localisés dans les chromosomes sexuels.  

Le développement des technologies NGS a permis de réaliser de nombreuses expériences afin 

d’identifier et d’étudier les gènes différentiellement exprimés entre les sexes pour de nombreuses 

espèces comme la drosophile (Perry et al. 2014), les oiseaux (Pointer et al. 2013; Uebbing et al. 2013), 

les poissons (Böhne et al. 2014; Sharma et al. 2014), les nématodes (Albritton et al. 2014) ou encore 

les algues brunes (Martins et al. 2013; Lipinska et al. 2015). Les gènes biaisés par le sexe (GBS) 

montrent deux profils d’expression. Ils peuvent être spécifiques à un sexe, le gène est alors exprimé 

uniquement dans l’un des deux sexes. Ou bien, ils peuvent être différentiellement régulés. Dans ce cas 

de figure, un gène est soit exprimé de manière plus importante dans l’un des sexes (up-regulated) ou à 

l’inverse, il est exprimé de manière plus faible (down-regulated) (Ellegren and Parsch 2007; Parsch 

and Ellegren 2013). Les gènes qui ne présentent pas de différences significatives de niveau 

d’expression entre mâles et femelles sont qualifiés de « non biaisés ». Il est important de noter que 

dans l’étude de l’expression des gènes biaisés par le sexe, on assume que le niveau de transcrits 

(mARN) est hautement corrélé avec le niveau de protéines, mais une régulation traductionnelle des 

mARN ne peut être exclue. 

Origines des GBS 

L’origine des gènes biaisés par le sexe est multiple et peut se regrouper dans trois catégories 

présentées dans les paragraphes suivants. 

Antagonisme sexuel 
L’une des possibilités expliquant l’apparition des GBS est la présence d’un antagonisme au 

niveau des sexes entre les gènes. Un gène ancestral neutre, exprimé de manière équivalente dans les 
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deux sexes peut acquérir une mutation augmentant ou diminuant le niveau d’expression du gène et lui 

conférer un avantage pour l’un des deux sexes et être préjudiciable à l’autre. On voit alors l’apparition 

d’un antagonisme de l’expression entre les sexes. Sous l’effet de l’évolution et sans régulation de 

l’expression spécifique au sexe, un équilibre du niveau d’expression sera atteint et représentera un 

compromis entre les optimums d’expression pour les deux sexes (Ellegren and Parsch 2007). Etant 

donné que l’équilibre ne peut être optimal pour chaque sexe, une modification du niveau d’expression 

du gène peut apparaître afin d’optimiser la valeur sélective (fitness), et engendrer la formation d’un 

gène biaisé par le sexe via des mécanismes de régulation de type cis et trans (Figure 7a) (Williams and 

Carroll 2009). 

ATG

A

ATG

ATG

ou
Chagements au
cours du temps

ATG

C Duplication

ATG

ATG
Copie parentale

Copie dupliquée

ATG

B Epissage alternatif
Expression somatique

Expression biaisé par le sexe

 

Figure 7 : Les différentes voies d’acquisition de gènes biaisés par le sexe (Gallach et al. 2011). A) Un 
changement dans la région cis régulatrice peut amener à une modification du niveau d’expression d’un gène soit 
chez la femelle (rose) ou bien chez le mâle (bleu). B) La présence d’isoformes pour un gène peut amener à 
l’utilisation préférentielle de l’une des isoformes par l’un des sexes. C) La duplication d’un gène peut amener 
l’une des copies à créer un gène biaisé par l’un des deux sexes. Dans les trois exemples présentés, le type 
d’expression du gène (neutre, mâle et femelle) est représenté par la boîte pleine, tandis que les boîtes vides 
représentent les différents exons. Le vert et le marron sont utilisés pour les gènes/exons exprimés de la même 
manière dans les deux sexes. Le bleu fait référence aux gènes/exons dont l’expression est biaisée chez les mâles. 

Enfin, le rose fait référence aux gènes/exons biaisés dont l’expression est biaisée chez les femelles. 
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Epissage alternatif 
Le conflit sexuel pour un gène peut être résolu par un partitionnement de la séquence codante 

du gène pour créer des évènements d’épissage alternatif et ainsi permet la création d’isoformes à un 

gène (Parsch and Ellegren 2013). Dans ce cas, un type d’isoforme est privilégié par un sexe et une 

autre forme par l’autre sexe (Figure 7b). Les études disponibles, principalement chez la drosophile, 

confirment la présence de différence d’expression entre isoformes d’un même gène chez les mâles et 

les femelles (Gan et al. 2010; Chang et al. 2011). Ainsi, chez la drosophile, 36 % des gènes possèdent 

au moins deux isoformes et pour environ 23 % de ces gènes, l’expression des isoformes est biaisée par 

le sexe (Daines et al. 2011). Cependant, l’étude de l’épissage alternatif dans le cas de l’expression 

différentielle des gènes entre mâles et femelles reste encore une source assez peu explorée.  

Duplication de gènes 
Un autre mécanisme qui peut être une source de GBS est la duplication de gènes. Dans ce cas 

de figure, un gène va se dupliquer dans le génome et ainsi entraîner la formation d’une copie 

fonctionnelle. L’expression du gène parental reste inchangée tandis que la copie peut évoluer pour 

avoir un profil d’expression spécifique à l’un des sexes (Figure 7c). La duplication de gènes est une 

méthode particulièrement efficace pour fournir des réseaux de gènes qui sont spécifiques au sexe avec 

une régulation différente de ces réseaux pour les copies de gènes (Gallach and Betrán 2011). Il a 

cependant été observé, chez la drosophile, que la duplication favorise le développement de gènes 

biaisés au niveau de l’expression, majoritairement chez le mâle (Wyman et al. 2012). 

Expression et évolution des gènes biaisés par le sexe 

Au niveau de l’expression, il est difficile d’identifier une tendance générale quant au nombre 

de gènes biaisés par le sexe. En effet, ce nombre est variable et dépend de nombreux paramètres 

expérimentaux comme le design expérimental des expériences, les tissus analysés (un tissu spécifique, 

plusieurs types de tissus, l’organisme complet), l’organisme lui-même, le stade du cycle de vie, les 

outils d’analyses bio-informatique et statistique. Ces paramètres peuvent changer le nombre de gènes 

identifiés comme biaisés par le sexe de manière importante (Ellegren and Parsch 2007). Néanmoins, 

les différentes études semblent montrer un nombre important de gènes différentiellement exprimés 

entre les sexes. Par exemple chez la drosophile, ce nombre de gènes varie entre 50 et 75 % de la 

totalité des gènes exprimés (Assis et al. 2012). Il est important de constater que ces valeurs ne sont pas 

stables en fonction du cycle de vie, et que la quantité et les gènes impliqués varient au cours de la vie 

d’un individu en fonction des tissus analysés durant son développement (Parsch and Ellegren 2013). 
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Toujours dans le cas de la drosophile, l’analyse des gènes biaisés par le sexe au cours du cycle de vie a 

montré que la proportion de ces gènes était stable durant le développement des individus jusqu’à leur 

maturité (Perry et al. 2014). Au niveau des gènes eux-mêmes, certains sont biaisés tout au long de la 

vie de l’individu tandis que d’autres le sont uniquement à certains stades du cycle de vie. 

Les différentes études réalisées au niveau des gènes biaisés par le sexe l’ont été sur des espèces 

dont le niveau de dimorphisme sexuel est relativement important et montrent qu’il existe une 

corrélation entre les niveaux d’expression des gènes biaisés par le sexe et le dimorphisme phénotypique 

observé chez les individus (Pointer et al. 2013). Pour les espèces avec un faible dimorphisme sexuel, les 

premiers résultats commencent à apparaître (Lipinska et al. 2015). 

Au niveau de leur évolution moléculaire, les gènes biaisés par le sexe, plus particulièrement 

ceux biaisés chez le mâle dans le système XY, ont tendance à évoluer de manière plus rapide que les 

gènes non biaisés par le sexe (e.g. Zhang et al. 2004). Ce phénomène est observé chez la drosophile où 

les gènes biaisés par le sexe chez les mâles sont beaucoup plus divergents entre les différentes espèces 

du groupe que les gènes biaisés par le sexe chez femelles ou les gènes non biaisés par le sexe. La 

divergence est d’autant plus forte quand les gènes biaisés par le sexe chez le mâle sont uniquement 

exprimés chez ce dernier (Richards et al. 2005). La même observation a été faite chez C. elegans et 

certains mammifères (Cutter and Ward 2005; Khaitovich et al. 2005). Il a été observé chez les gènes 

biaisés par le sexe chez les mâles, une modification du biais d’usage des codons. Le biais d’usage des 

codons est un phénomène qui résulte de l’utilisation préférentielle, par les espèces, de codons dont la 

traduction est plus efficace pour la formation des ARN (Duret 2000; Duret and Mouchiroud 2000; 

Carbone et al. 2003). Chez la drosophile (Hambuch and Parsch 2005), le maïs et le blé (Whittle et al. 

2007), une réduction du biais des codons est observée chez les gènes sexuellement biaisés chez les 

mâles. Cette évolution plus rapide des gènes biaisés par le sexe chez les mâles peut s’expliquer par la 

possibilité qu’ont ces gènes sous une pression de sélection plus faible à accumuler des mutations sans 

avoir d’impacts sur la valeur sélective (fitness). L’autre possibilité, supportée par des données 

expérimentales chez la drosophile (Zhang and Parsch 2005; Pröschel et al. 2006; Sawyer et al. 2007) 

et certains mammifères (Nielsen et al. 2005), est une augmentation de la pression de sélection sur ces 

gènes qui tend à un remplacement rapide de nucléotides. Cette augmentation de la sélection positive 

des gènes biaisés par le sexe chez les mâles peut être le résultat de la sélection naturelle, de la sélection 

sexuelle ou d’un antagonisme sexuel. 
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Les algues brunes et l’étude de l’évolution des sexes 
La plupart des connaissances acquises sur le déterminisme sexuel portent sur les animaux, les 

plantes et les champignons. Très peu d’informations sont disponibles sur le fonctionnement du 

déterminisme sexuel dans les autres groupes Eucaryotes et il reste encore beaucoup à explorer. 

L’importante distance phylogénétique séparant les algues brunes des autres groupes 

d’Eucaryotes (Charrier et al. 2008) fait que ce groupe présente un intérêt particulier pour l’étude de la 

détermination sexuelle et l’évolution des chromosomes sexuels (Figure 8). Dans le cadre de l’étude de 

la détermination du sexe, les connaissances et les données disponibles pour le système UV sont 

relativement limitées comparé aux deux autres systèmes XY et ZW. Plus précisément, des données 

génomiques sont disponibles pour l’algue verte Volvox (Ferris et al. 2010), pour l’algue brune 

Ectocarpus sp. (Ahmed et al. 2014) et l’hépatique Marchantia, dont seul le chromosome V est 

disponible (Yamato et al. 2007). 
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Figure 8 : Arbre phylogénétique des Eucaryotes (Baldauf 2008). En jaune, vert et marron, les principaux 

groupes étudiés dans le cadre de la détermination du sexe.  
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Ectocarpus est le modèle génétique et génomique retenu pour le groupe des algues brunes 

depuis la publication du génome mâle (Cock et al. 2010). Ectocarpus est une petite algue brune 

filamenteuse qui peut atteindre 30 cm dans la nature, mais qui peut devenir fertile en laboratoire à 

partir de 1-3cm (Charrier et al. 2008).  

Ectocarpus a un cycle de vie haploïde-diploïde qui implique une alternance entre deux 

générations multicellulaires hétéromorphiques indépendantes, la phase gamétophytique et la phase 

sporophytique (Figure 9). La phase diploïde voit le développement d’un sporophyte asexué, qui une 

fois mature, libère des méiospores haploïdes. Les méiospores vont se développer en gamétophytes 

haploïdes, mâles lorsqu’ils possèdent le chromosome V, ou bien femelles lorsqu’ils possèdent le 

chromosome U. Les gamétophytes adultes produisent des gamètes mâles et femelles qui peuvent 

fusionner et donner le développement d’un sporophyte, complétant le cycle de vie d’Ectocarpus. Les 

gamètes non fécondés peuvent se développer de manière parthénogénétique et former un parthéno-

sporophyte fonctionnel. Il présente la particularité de ne pas être morphologiquement différenciable 

du sporophyte diploïde (Peters et al. 2008). Une fois adulte, le parthéno-sporophyte va produire des 

gamètes qui vont se développer en gamétophytes. Le sexe est exprimé durant la phase haploïde 

menant à la différenciation des individus mâles et femelles. Les individus mâles et femelles de la phase 

gamétophytique ne montrent qu’un niveau limité de différenciation sexuelle au niveau morphologique, 

la différence étant sur le nombre de structures reproductrices, plus abondantes chez le mâle. 
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Figure 9 : Le cycle de vie d’Ectocarpus sp.   
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De nombreux outils et ressources ont été développés autour de ce modèle depuis la 

disponibilité du génome (Figure 10), incluant la PCR quantitative (Le Bail et al. 2008), des 

techniques de mutagénèse (Bail et al. 2012) et le développement de différents mutants (Peters et al. 

2008; Coelho et al. 2011b), la cryopréservation (Heesch et al. 2012), une carte génétique (Heesch et 

al. 2010), des puces micro-array (Coelho et al. 2011a; Dittami et al. 2011), des EST (Cock et al. 

2010), des techniques de protéomique et métabolomique (Ritter et al. 2010; Ritter et al. 2014) et des 

outils bio-informatique comme la mise en place d’un réseau métabolique (Prigent et al. 2014), la 

recherche et l’identification de miRNA (microRNA) (Billoud et al. 2014; Tarver et al. 2015) ou 

encore la prédiction de la localisation subcellulaire des protéines (Gschloessl et al. 2008). D’autres 

méthodes sont en cours de développement chez Ectocarpus, telles que des méthodes de tilling, pour la 

création de librairies de mutants, et de RNAi. 
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Microarray
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Collection de
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Figure 10 : Aperçu des développements réalisés autour d’Ectocarpus. En italique, les techniques toujours en 

cours de développement pour Ectocarpus. 
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Apport de la bio-informatique pour l’étude du 
déterminisme du sexe 

Dans le cadre de l’étude du déterminisme du sexe, plusieurs types d’informations sont 

nécessaires afin de pouvoir en comprendre les mécanismes mis en jeu : l’accès à l’information 

génomique, permettant l’étude des chromosomes sexuels, et l’information transcriptomique pour 

étudier, par exemple, l’expression des gènes entre mâles et femelles. 

Le développement des techniques NGS a permis un énorme bond en avant dans l’étude des 

données génomiques et transcriptomiques, en donnant un accès à moindre coût et de manière massive 

à ces sources d’informations, permettant une très grande variété d’analyses comme la détection et 

l’annotation d’isoformes, les analyses d’expression différentielle, l’accès à des transcriptomes sans le 

génome de référence, la détection de SNP ou SNV, etc. De nombreuses méthodologies et logiciels 

ont été développés autour de ces données afin de les traiter et ainsi répondre aux différentes questions 

biologiques posées.  

DNA-seq 

L’accès à la séquence génomique est indispensable afin de caractériser le génome et surtout les 

chromosomes sexuels. Pour cela, le traitement des données de séquençage demande une méthodologie 

de préparation et d’assemblage des données, mais aussi d’évaluation de la qualité de l’assemblage afin 

d’obtenir une séquence génomique optimale (Ekblom and Wolf 2014; Wajid and Serpedin 2014). 

L’assemblage de données génomique pour d’obtenir la séquence finale du génome, représente 

un défi à plusieurs niveaux. Au niveau biologique, il existe une grande hétérogénéité entre les espèces, 

certaines pouvant présenter un très haut niveau de duplication, par exemple chez le blé (Salse et al. 

2008) ou le riz (Yu et al. 2005), augmentant considérablement la difficulté de l’assemblage. Comme 

présenté précédemment, les chromosomes sexuels sont caractérisés entre autres par une grande 

richesse au niveau des éléments répétés. Cette caractéristique fait qu’il est d’autant plus difficile de 

réaliser un assemblage correct de ces régions. Mais les dernières évolutions dans les techniques de 

séquençage permettent aujourd’hui de passer outre cette limitation, par exemple dans le cadre de 

l’assemblage du chromosome sexuel chez le champignon Microbotryum lychnidis-dioicae, réalisé à l’aide 

de reads longs PacBio (Badouin et al. 2015). 
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Une fois le génome disponible, il reste à identifier clairement les séquences correspondantes 

aux chromosomes sexuels. Avec la disponibilité massive des données de séquences, de nouvelles 

méthodologies plus ou moins complexes ont été développées, par exemple la méthode YGS (Y 

chromosome Genome Scan) qui compare la fréquence des kmers entre données de séquençage 

provenant d’individus mâles et femelles (Carvalho and Clark 2013). D’autres approches ont montré 

leur efficacité, par exemple la détection via la recherche de différences de taux de couverture lors du 

mapping des reads de librairies mâles et femelles (Chen et al. 2012), le séquençage de BAC provenant 

des chromosomes sexuels après leur identification avec des sondes de gènes identifiés comme étant liés 

aux chromosomes sexuels (Wang et al. 2012; Blavet et al. 2015), des approches de RAD-seq (Qiu et 

al. 2015), ou encore des méthodologies d’assemblage de novo combinées à l’utilisation d’un génome 

assemblé et annoté d’une espèce proche afin d’identifier et reconstruire les chromosomes sexuels 

(Vicoso et al. 2013). 

RNA-seq 

L’accès aux informations du transcriptome permet de disposer de la séquence des gènes, soit 

via l’annotation du génome de référence ou par l’assemblage de novo de données RNA-seq. Le 

développement des techniques de RNA-seq a permis d’accéder de manière facilitée à cette 

information, et de lever les limitations liées aux techniques de micro-array et EST (Malone and Oliver 

2011). Elle a permis, en outre, d’apporter tout une série de nouvelles possibilités, par exemple l’accès à 

l’information sur les évènements d’épissage alternatif, la détection de fusions de gènes, l’accès au 

niveau d’expression aussi bien des gènes faibles que ceux fortement exprimés (Ozsolak and Milos 

2011). Plusieurs publications recensent les principaux types de méthodologies avec les outils associés 

(Oshlack et al. 2010; Chen et al. 2011), mais ne donnent qu’une vue limitée des outils disponibles. 

Différentes initiatives ont été lancées afin de recenser de la manière la plus exhaustive l’ensemble des 

outils disponibles et de les catégoriser selon leur fonction (Henry et al. 2014). Dans le cas des outils 

pour le traitement des données issues de séquençage RNA-seq, le site OMICtools recense, en 

septembre 2015, cent quarante-trois outils dédiés à ce type d’analyse. Cependant, certaines suites 

logicielles sont plus connues que d’autres, telles que le pipeline d’analyse de données RNA-seq 

Tuxedo (Trapnell et al. 2012) pour l’analyse de RNA-seq avec génome de référence. Dans le cadre de 

l’étude du déterminisme du sexe, la principale utilisation des données RNA-seq est liée à 

l’identification des gènes biaisés par le sexe et l’étude de leurs caractéristiques et leur évolution, mais 

aussi l’assemblage et l’identification des gènes spécifiques aux mâles et femelles (Bergero and 
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Charlesworth 2011; Chang et al. 2011; Chibalina and Filatov 2011; Assis et al. 2012; Muyle et al. 

2012; Martins et al. 2013; Sun et al. 2013; Lipinska et al. 2015).  

Design expérimental et préparation des données 
La première étape consiste à réaliser un plan d’expérience, qui doit prendre en considération 

bien évidemment la question biologique qui est posée, le type de matériel biologique à utiliser, la 

plateforme de séquençage la plus adaptée, mais aussi les contraintes qui peuvent intervenir pour la 

post-analyse (Strickler et al. 2012). Par exemple, dans le cas d’analyse de l’expression différentielle 

entre plusieurs conditions, il est indispensable de disposer de réplicats biologiques, au minimum deux, 

afin de prendre en compte la variation biologique entre les individus ainsi que la profondeur de 

séquençage pour identifier correctement les gènes différentiellement exprimés (Liu et al. 2014; Sims et 

al. 2014). D’autres contraintes peuvent influencer aussi la prise de décision sur le type de séquençage à 

réaliser, par exemple l’utilisation de données single-end ou paired-end, la taille des reads ou bien la 

profondeur de séquençage désirée. 

Une fois le séquençage réalisé, une phase d’exploration des données est nécessaire (Figure 11a) 

afin de s’assurer de la qualité des données avec des outils tels que FastQC 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/), HTSeq-qa  (Anders et al. 2015) ou 

bien Kraken (Davis et al. 2013). En fonction du résultat et du type d’analyse à réaliser, il est parfois 

nécessaire de préparer les données. Ces étapes comprennent la plupart du temps une phase de 

« nettoyage » et de sélection des reads selon un score de qualité et une taille minimale. Elles peuvent 

inclure une étape de décontamination et de suppression des adaptateurs utilisés lors du séquençage. 

De nombreux outils sont disponibles pour réaliser ces différentes tâches de préparation des données. 

Certains sont génériques et peuvent exécuter plusieurs types de tâches, telles que Trimmomatic 

(Bolger et al. 2014), PRINSEQ (Schmieder and Edwards 2011a) ou FASTX-toolkit 

(http://hannonlab.cshl.edu/fastx_toolkit/) et d’autres, dédiés à la réalisation de traitements spécifiques, 

tels que DeconSeq sont utilisés pour supprimer les amorces de séquençage (Schmieder and Edwards 

2011b) ou bien RiboPicker pour supprimer les reads correspondant à des contaminations d’ARNr 

(Schmieder et al. 2012). 

Une fois la qualité des données validés, il est possible de passer à leur exploitation au travers 

des différents pipelines d’analyse RNA-seq. 

http://hannonlab.cshl.edu/fastx_toolkit/
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Figure 11 : Exemple de pipeline de préparation et d’assemblage des données issues de séquençage RNA-seq. 
Adapté de (Oshlack et al. 2010; Garber et al. 2011). A) Une fois le séquençage réalisé, les données de sortie sont 
préparées pour la suite des analyses. Cette étape de préparation consiste principalement à vérifier la qualité des 
données, retirer les adaptateurs de séquençage, supprimer les bases de mauvaise qualité, supprimer les 
contaminants. B) Les données traitées sont ensuite alignées et assemblées, avec deux voies possibles selon la 
disponibilité ou non d’un génome de référence. 
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Alignement et assemblage de lectures 
A partir des données obtenues après séquençage, deux méthodologies d’assemblage des 

données sont disponibles (Figure 11b). La première, basée sur l’utilisation du génome de référence, 

consiste à aligner les lectures (reads) des différentes librairies contre le génome de référence, avec ou 

sans l’utilisation des annotations structurales des gènes. La seconde possibilité, communément appelée 

approche de novo, obligatoire en l’absence de génome de référence, est de partir de l’information 

contenue dans les reads pour les assembler entre eux afin d’obtenir la séquence des transcrits. Ces deux 

approches sont décrites de manière plus spécifique dans les paragraphes suivants. 

Approche avec génome de référence 

La disponibilité d’un génome de référence permet de faciliter la tâche de mapping et 

d’assemblage des reads. La première étape consiste à réaliser un mapping des reads contre le génome 

de référence, avec des mappeurs dédiés. Il faut en effet tenir compte de la structure des gènes, les 

données RNA-seq étant obtenues à partir de mRNA et le mapping réalisé sur un génome. Il existe 

donc des reads qui sont situés sur les jonctions entre exons, côte à côte sur le mRNA mais pouvant 

être distants sur le génome à cause de la présence d’introns. Des outils ont été développés afin de tenir 

compte de cette structure particulière, les « splicing-aware aligner », tels que TopHat (Trapnell et al. 

2009), SpliceMap (Au et al. 2010) ou bien GSNAP (Wu and Nacu 2010). Ces différents outils 

utilisent des méthodologies différentes pour réaliser le mapping des reads contre un génome 

(Figure 12). Par exemple, TopHat et SpliceMap, utilisant la méthode dite « exon-first », vont d’abord 

chercher à mapper les reads sur la totalité de leur longueur, sans autoriser de gaps. Ensuite, les reads 

restants sont découpés en sous-parties et mappés contre le génome. Une extension est ensuite réalisée 

afin de retrouver la structure du read, en autorisant l’insertion de gap (Figure 12a). L’autre méthode, 

dite de « seed-extend », utilisée par des outils tels que GSNAP, va d’abord créer les différentes graines 

(seeds) pour chaque read et va ensuite mapper ces seeds contre le génome. Une fois la seed mappée, 

un processus d’extension est réalisé afin de retrouver le mapping complet du read, en autorisant 

l’insertion de gaps (Figure 12b).  

En plus du génome, il est possible de fournir aux mappeurs les annotations structurales des 

gènes afin de les guider dans leur tâche. La disponibilité d’annotations lors de cette étape peut 

grandement influencer le taux de mapping des reads, surtout dans le cas des reads situés au niveau de 

la jonction entre exons. Par exemple, dans le cas d’une analyse comparative du taux de mapping sans et 

avec l’annotation de référence chez l’humain, plus d’un tiers des reads situés au niveau des jonctions 
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n’étaient pas mappés en l’absence de l’annotation (Zhao 2014). Une fois l’étape de mapping réalisée, il 

est possible de passer directement à la partie expression différentielle lorsque l’on dispose d’une 

annotation structurale des gènes pour le génome (Figure 13a). Un comptage du nombre de reads par 

gène et par condition est alors réalisé avec des outils tels que HTSeq (Anders et al. 2015) ou 

featureCounts (Liao et al. 2014).  

 

Figure 12 : Les différentes stratégies pour le mapping des reads RNA-seq contre un génome (Garber et al. 
2011). A) Méthode « exon-first » | TopHat, SpliceMap. Dans un premier temps, l’ensemble des reads non 
épissés sont mappés contre le génome. Les reads non-mappés sont divisés en sous-parties et mappés sur le 
génome. Un processus d’extension des parties mappées est réalisé afin de vérifier qu’il s’agit bien site d’épissage 
alternatif B) Méthode « seed-extend » | GSNAP. Les reads sont découpés en sous-parties afin d’obtenir les 
différentes graines (seeds) qui sont alors alignées contre le génome. Un processus d’extension de la seed est 
ensuite réalisé pour obtenir des alignements de plus grande taille, pouvant inclure les intervalles provenant de la 
présence de sites d’épissage. 

En l’absence d’annotations structurales des gènes, il est nécessaire de passer par une étape 

d’assemblage des reads afin de reconstruire les transcrits et isoformes (Figure 11b). Plusieurs outils 

d’assemblage des transcrits sont disponibles, tels que Cufflinks (Trapnell et al. 2010), StringTie 

(Pertea et al. 2015) ou Scripture (Guttman et al. 2010). Les outils comme Cufflinks et StringTie 

utilisent les informations de mapping des reads afin de créer un graph et le parcours de ce dernier 

permet d’identifier les différentes isoformes. Cependant, même en présence d’une annotation de 

référence, l’étape d’assemblage des transcrits peut être réalisée afin, par exemple, de compléter 
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l’annotation structurale déjà existante, soit par la prédiction de nouveaux gènes ou par la prédiction des 

isoformes des gènes déjà annotés. L’annotation est fournie, en plus des mapping des reads, à 

l’assembleur afin de le « guider » et va permettre, en plus de l’assemblage des annotations de référence, 

la découverte de nouveaux gènes et de nouvelles isoformes. De plus, la mise à disposition de 

l’annotation permet d’assurer un transfert des annotations de référence dans le nouvel assemblage afin 

d’en évaluer plus facilement la qualité, mais permet aussi d’assembler plus facilement des gènes avec 

une faible couverture RNA-seq, avec des méthodologies telles que le RABT (reference annotation 

based transcript assembly) (Roberts et al. 2011). Ce genre d’approche d’assemblage de transcriptome 

avec annotation de référence a été utilisé avec succès chez l’homme (Trapnell et al. 2010) et chez la 

drosophile (Daines et al. 2011).  

 L’approche avec génome de référence est un domaine où les développements logiciels sont très 

fréquents, avec des mises à jour régulières des outils, de nouvelles versions d’un outil ou encore de 

nouveaux outils dans le but d’améliorer les performances autant au niveau de la qualité des prédictions 

que des performances computationnelles (Langmead et al. 2009; Trapnell et al. 2009; Trapnell et al. 

2010; Langmead and Salzberg 2012; Dobin et al. 2013; Kim et al. 2013; Pertea et al. 2015). 

Approche sans génome de référence ou de novo 

Dans le cas de l’absence d’un génome de référence, l’approche d’assemblage des reads de novo 

permet, à partir de l’information contenue dans les reads, d’assembler directement les transcrits et 

leurs isoformes. Plusieurs outils sont disponibles pour répondre à cette problématique, tels que Trinity 

(Grabherr et al. 2011), SOAPdenovo (Luo et al. 2012), Oases (Schulz et al. 2012) ou encore Trans-

ABySS (Robertson et al. 2010). Ces outils se basent sur la création de graphs de De Brujin à partir de 

reads découpés en kmers de taille n et le parcours de ces graphs, afin de retrouver les différents 

transcrits et les isoformes du transcriptome. L’assemblage de transcriptome de novo pose plusieurs 

problèmes. Par exemple, la création des graphs de De Brujin est particulièrement sensible aux erreurs 

de séquençage, provoquant la création de transcrits partiels ou de transcrits chimériques 

(McGettigan 2013). Il est donc indispensable d’avoir un contrôle et une préparation des données en 

amont particulièrement rigoureux. Les assembleurs de novo, du fait des algorithmes utilisés, sont très 

consommateurs de ressources, autant au niveau matériel avec une forte utilisation en RAM et CPU, 

mais aussi en terme de temps de calcul (Lu et al. 2013). Cependant, l’évolution des programmes fait 

que certains points sont améliorés entre les différentes versions, par exemple pour le logiciel Trinity, 
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dont le temps d’exécution a nettement diminué, de l’ordre de 60%, entre la première et la dernière 

version du logiciel (http://trinityrnaseq.github.io/performance/). 

Malgré les contraintes associées à cette méthodologie, au niveau de la préparation des données 

et de la consommation en ressources, elle présente l’avantage de se passer de génome, ce qui permet 

d’augmenter considérablement le nombre d’espèces pouvant être étudiées au niveau transcriptomique, 

tout en fournissant une qualité suffisante au niveau de la reconstruction des transcrits (Grabherr et al. 

2011; Strickler et al. 2012). 

Expression différentielle 
 Une fois les données de comptage de reads obtenues pour chaque gène dans les différentes 

conditions et pour l’ensemble des réplicats, il est possible de réaliser des analyses d’expression 

différentielle entre les gènes. Cependant, il est nécessaire, dans un premier temps, de corriger les 

données de comptage par une étape de normalisation. En effet, les données de séquençage présentent 

des biais inhérents à la technique, tels qu’une variation de la couverture en reads liée à la taille des 

gènes (Oshlack and Wakefield 2009) ou encore la variation de taille entre les librairies (Mortazavi et 

al. 2008). Plusieurs méthodes sont disponibles pour normaliser les données, comme la méthode 

TMM (Trimmed Mean of M values) (Robinson and Oshlack 2010), la méthode RPKM (Reads Per 

Kilobase per Million mapped read) (Mortazavi et al. 2008) ou la méthode implémentée dans le 

package d’analyses d’expression différentielle DESeq (Anders and Huber 2010). Elles ne sont pas 

équivalentes, certaines étant plus efficaces que d’autres (Dillies et al. 2012), et le choix d’une méthode 

adéquate est d’autant plus important qu’elle a une grande influence sur les analyses statistiques qui en 

découlent (Hoffmann et al. 2002). 
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A Estimation de l’abondance

Condition 1
Gene_1 255
Gene_2 667
...
Gene_n 777

Condition 2
Gene_1 288
Gene_2 1458
...
Gene_n 22
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Figure 13 : Exemple de pipeline de l’analyse d’expression différentielle et de visualisation des données RNA-
seq. Adapté de (Oshlack et al. 2010; Griffith et al. 2015). A) Le comptage du nombre de reads alignés contre le 
transcriptome permet d’estimer l’abondance de chacun des gènes. B) A partir du comptage du nombre de reads 
par gène et par condition, il est possible d’identifier les gènes différentiellement exprimés entre plusieurs 
conditions. C) Les données obtenues peuvent être visualisées de manière graphique via des packages R ou bien 

des outils spécifiquement développés à cette fin. 
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 Une fois les données normalisées, il est possible de passer à l’étape d’analyses statistiques de 

l’expression différentielle entre différentes conditions (Figure 13b). A cette fin, plusieurs outils 

statistiques sont disponibles, principalement distribués via des packages R. Les différences entre les 

différents outils sont liées aux méthodologies statistiques employées afin d’identifier les gènes 

différentiellement exprimés entre conditions. Il existe par exemple des outils basés sur la méthode 

binomiale négative tels que DESeq (Anders and Huber 2010), edgeR (Robinson et al. 2010) et 

baySeq (Hardcastle and Kelly 2010) d’autres basés sur des tests non paramétriques comme NOIseq 

(Tarazona et al. 2011) ou encore des méthodes basées sur la détection au niveau du transcrit et ensuite 

rapportées au niveau du gène, comme Cuffdiff 2 (Trapnell et al. 2013) et EBSeq (Leng et al. 2013). 

Les analyses comparatives de ces outils ont montré un manque de consistance entre leurs résultats 

selon le type de données ou encore le nombre de réplicats (Kvam et al. 2012; Seyednasrollah et al. 

2015). Il est donc particulièrement important d’adapter l’utilisation de l’outil aux données à analyser 

ou bien de mener des analyses comparatives sur les résultats obtenus afin d’assurer des résultats 

corrects (Seyednasrollah et al. 2015). 

Dans le cadre de cette thèse, les différentes méthodologies bio-informatiques pour 

l’assemblage des données DNA-seq et RNA-seq ont permis d’identifier le chromosome femelle et les 

gènes associés, d’étudier la structure et l’évolution des chromosomes sexuels et de réaliser une étude 

des différences d’expression des gènes entre mâle et femelle à différentes étapes de la croissance 

d’Ectocarpus, résultats qui sont présentés dans les articles suivants. Ces méthodologies et résultats ont 

aussi été utilisés afin de réaliser une réannotation complète du génome d’Ectocarpus, incluant la 

prédiction et l’identification des miRNA et lncRNA (long non-coding RNA), résultats qui seront 

présentés dans la seconde partie du manuscrit. 
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Article 1 - A Haploid System of Sex 
Determination in the Brown Alga 
Ectocarpus sp. 

Introduction 
L’article présenté porte sur l’identification et l’analyse génomique de la SDR femelle chez 

l’algue brune Ectocarpus. Plus spécifiquement, ma contribution à cet article a été d’identifier le SDR 

femelle et de vérifier si l’identification des séquences de la SDR mâle était complète. A cette fin, 

plusieurs méthodologies, basées sur différents types de données de séquençage, ont été utilisées et 

combinées afin de pouvoir identifier l’ensemble des séquences composant les SDR. 

La première approche a consisté à combiner l’utilisation de données RNA-seq d’individus 

mâles et femelles avec des données génomiques. Les données RNA-seq ont été obtenues à partir 

d’individus mâles (Ec603) et femelles (Ec602) de deux souches quasi isogéniques (Figure S1), avec un 

total de quatre librairies Illumina single-end, deux pour chaque sexe, obtenues à partir de 

gamétophytes matures. Les données génomiques comprenaient le génome mâle (Ec32) (Cock et al. 

2010) et l’assemblage du génome femelle (Ec597) (Figure S1) (données non publiées). Dans le cas du 

génome mâle, les données Sanger ont été assemblées au VIB à Gand. Pour le génome femelle, quatre 

librairies Roche 454 single-end, deux librairies Ilumina mate-paire (avec une taille d’insert de 10 kb) 

et une librairie Illumina paired-end ont été séquencées et l’assemblage de ces données a été réalisé par 

le Génoscope. Les assemblages des données RNA-seq par sexe ont permis d’obtenir deux 

transcriptomes, un premier avec les données mâles et un second avec les données femelles. La 

comparaison des transcriptomes a permis d’identifier les transcrits spécifiques à chaque assemblage et 

donc à chacun des deux sexes. La recherche d’homologies de séquences avec Blast entre les transcrits 

sexe spécifiques et les deux génomes a permis d’identifier les séquences dans les assemblages des deux 

génomes correspondant à des loci spécifiques de chacun des sexes. 

Afin de palier au fait que cette technique permet d’identifier uniquement les séquences 

génomiques possédant des gènes spécifiques à l’un des deux sexes, j’ai adapté l’approche YGS (Y 
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chromosome Genome Scan) (Carvalho and Clark 2013) aux données d’Ectocarpus afin de vérifier 

l’exhaustivité de l’identification précédemment réalisée.  

Une fois les différentes séquences composant la SDR femelle identifiées et validées, une autre 

partie de ma contribution, réalisée en collaboration avec le VIB à Gand, a été d’annoter 

structuralement la SDR femelle dans le but d’obtenir la structure des différents gènes. La prédiction 

de gènes a été réalisée en utilisant le même protocole que lors de l’annotation du génome mâle, par 

l’utilisation de l’outil Eugène (Cock et al. 2010). De plus, afin de prendre en compte l’information 

fournie par les données RNA-seq, les prédictions obtenues avec Eugène ont été annotées de manière 

experte en les croisant avec les transcrits assemblés par Cufflinks et l’alignement des transcrits Trinity 

contre les séquences génomiques. Dans le cas du génome mâle, ce dernier ayant déjà été annoté lors de 

la publication du génome, une réannotation experte complète des gènes de la SDR a été réalisée pour 

vérifier la qualité des modèles de gènes. Une fois la prédiction et l’annotation experte des gènes des 

deux SDR réalisées, les données RNA-seq ont été mappées une seconde fois avec TopHat pour 

optimiser le mapping des reads sur ces gènes. Le niveau d’expression de l’ensemble des gènes a été 

mesuré à l’aide de Cufflinks/Cuffdiff afin de permettre la comparaison du niveau d’expression des 

gènes de la SDR avec les gènes présents dans les autosomes. 

Le contig sctg_285 présente la particularité d’avoir une portion de sa séquence qui appartient à 

la SDR et l’autre à la PAR. La localisation précise de la zone de transition entre ces deux régions 

représente un point important. Les techniques de mesure du taux de recombinaison permettent de 

déterminer la zone de transition, mais avec une précision limitée. Une dernière partie de ma 

contribution a été de réaliser le mapping des données DNA-seq femelle sur ce contig d’origine mâle. 

Cela a permis d’améliorer considérablement la localisation de la zone de transition entre les deux 

régions par l’analyse du taux de couverture des reads le long du super-contig, le taux de couverture 

étant nul au niveau de la SDR mâle et d’une moyenne de 40x au niveau de la PAR. 

Les résultats de ces travaux ont été intégrés avec d’autres analyses dans l’article suivant, publié 

dans Current Biology en septembre 2014. 
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Summary

Background: A common feature of most genetic sex-determi-
nation systems studied so far is that sex is determined by non-
recombining genomic regions, which can be of various sizes
depending on the species. These regions have evolved inde-
pendently and repeatedly across diverse groups. A number
of such sex-determining regions (SDRs) have been studied in
animals, plants, and fungi, but very little is known about the
evolution of sexes in other eukaryotic lineages.
Results:We report here the sequencing and genomic analysis
of the SDR of Ectocarpus, a brown alga that has been evolving
independently from plants, animals, and fungi for over one
giga-annum. In Ectocarpus, sex is expressed during the
haploid phase of the life cycle, and both the female (U) and
the male (V) sex chromosomes contain nonrecombining re-
gions. The U and V of this species have been diverging for
more than 70 mega-annum, yet gene degeneration has been
modest, and the SDR is relatively small, with no evidence for
evolutionary strata. These features may be explained by the
occurrence of strong purifying selection during the haploid
phase of the life cycle and the low level of sexual dimorphism.
V is dominant over U, suggesting that femaleness may be the
default state, adopted when the male haplotype is absent.
Conclusions: The Ectocarpus UV system has clearly had a
distinct evolutionary trajectory not only to the well-studied

XY and ZW systems but also to the UV systems described
so far. Nonetheless, some striking similarities exist, indicating
remarkable universality of the underlying processes shaping
sex chromosome evolution across distant lineages.

Introduction

Genetic determination of sex is mediated by sex-determining
regions (SDRs) of various sizes or by sex chromosomes in a
broad range of eukaryotes. Sex chromosomes have arisen
independently and repeatedly across the eukaryotic tree,
and comparative analysis of different sex-determination sys-
tems has provided insights into how these systems originate
and evolve. A typical sex chromosome pair is thought to
have derived from a pair of autosomes through the acquisition
of genes involved in sex determination. If more than one locus
involved in sex determination is located on the chromosome,
recombination between loci is expected to be suppressed
to avoid the production of maladapted individuals with a
combination of male and female alleles of the sex-determining
genes. This leads to the establishment of a nonrecombining
region on the nascent sex chromosome, with important con-
sequences for the evolution of this region of the genome [1].
For example, as a result of the suppression of recombination
within the SDR, repetitive DNA tends to accumulate, leading
to an increase in SDR size and degeneration of genes within
the nonrecombining region. At a later stage, deletion of
nonfunctional DNA fromwithin the SDRmay lead to a decrease
in the physical size of the SDR.
There is also evidence that the nonrecombining region can

progressively encroach on the flanking regions of the chromo-
some so that it encompasses an increasingly greater propor-
tion of the sex chromosome. This process is thought to be
driven by the recruitment of genes with differential selective
benefits to the two sexes (sexually antagonistic genes) into
the SDR [2] (but see [3]). Extension of the SDR in this manner
can lead to the creation of ‘‘strata,’’ which are regions of the
SDR that have become nonrecombining at different points in
evolutionary time [4–7].
The geneticmechanismof sex determination also influences

how the sex chromosomes evolve. In organisms in which sex
is expressed in the diploid phase, such as most animals and
land plants, one sex is heterogametic (XY or ZW), whereas
the other is homogametic (XX or ZZ). In these systems, only
the Y or W contains nonrecombining regions because the X
and Z recombine in the homogametic sex. In some algae and
bryophytes, the male and female sexes are genetically deter-
mined after meiosis, during the haploid phase of the life cycle
[8, 9]. This type of sexual system, termed UV to distinguish it
from the XY and ZW systems described above [10], exhibits
specific evolutionary and genetic properties that have no exact
equivalent in diploid systems. In UV systems, the female and
male SDR haplotypes function in independent, haploid, male
and female individuals, and, consequently, there is no hetero-
zygous sex comparable to XY males or ZW females. This
difference between UV and XY/ZW systems should have
important implications for SDR evolution [8, 9]. In particular,
the female U and the male V are expected to be under
similar evolutionary pressures not only because they function
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independently in different individuals but also because neither
the U nor the V SDR haplotype recombines [8, 9]. As a result,
both haplotypes are expected to exhibit the effects of loss of
recombination, such as gene degeneration, to a similar extent.
Gene degeneration is, however, expected to be limited in both
the U and the V regions, provided they both contain genes that
are essential during the haploid phase. It has also been sug-
gested that changes in the size of the U or V involved princi-
pally additions of beneficial (but not essential) genes rather
than gene losses [8, 9]. Some asymmetry may be expected
between the U and V, however, if sexual selection is stronger
in males [11] or if one of the chromosomes plays a more active
role in sex determination. These verbal predictions of the char-
acteristics of UV systems still need to be rigorously tested
empirically.

Although eukaryotic species with UV systems may be as
common as those with XY and ZW systems, very few of the
former have been characterized, with detailed sequence data
being available for only two members of the Archaeplastida
lineage: the liverwortMarchantia (which has a fully sequenced
V chromosome but a partially identified U chromosome) [12]
and a UV pair of unknown age in the green alga Volvox [13],
together with more fragmentary information recently obtained
for the moss Ceratodon [14]. Clearly, additional detailed
sequence information is required to fully test the predictions
that have been made with respect to UV sex-determination
systems and to evaluate the generality of these predictions
in a broad phylogenetic context.

We report here the identification and the genetic and
genomic characterization of the U and V sex-determining
regions of the brown algal model Ectocarpus sp. (formerly
included in E. siliculosus) [15, 16]. Brown algae belong to
the Stramenopiles, a lineage very distantly related to animals,
fungi, and green plants (the common ancestors dating back
more than one giga-annum [Ga]). The brown algae are consid-
ered to possess sex chromosomes rather than mating-type
chromosomes [17–19] for a number of reasons: (1) there is
a strict correlation between gamete size and sex in anisoga-
mous species; (2) all sexual brown algal species exhibit
some form of sexual dimorphism [20, 21]; and (3) heteromor-
phic sex chromosomes have been identified in some species
[22, 23]. Previous work has shown that sex is determined
by a single, Mendelian locus in Ectocarpus sp. [24]. During
the haploid-diploid life cycle of this organism, meiospores,
produced by the sporophyte generation, develop into dioicous
(separate male and female) gametophytes, which then pro-
duce either male or female anisogametes (Figure 1A).

We show here that the Ectocarpus sp. UV has features
typical of sex chromosomes in other systems, such as low
gene density and a large amount of repeated DNA. The male
and female SDRs are extremely diverged, reflecting a long in-
dependent evolutionary history, which we estimated at more
than 70 mega-annum (Ma). Despite its age, the SDR consti-
tutes only one-fifth of the sex chromosome. A possible expla-
nation for this observation was suggested by the low number
of sex-biased genes, implying that sexual conflict may be
insufficient in Ectocarpus sp. to drive extensive SDR expan-
sion. Both the male and female SDR haplotypes showed signs
of degeneration despite the action of purifying selection during
the haploid phase of the life cycle. Analysis of expression data
suggested that the genes escaped degeneration function
during the haploid phase of the life cycle. Themale SDR haplo-
type was dominant over the female haplotype, suggesting
that the V chromosomedeterminesmaleness, with femaleness

possibly being the default state when this chromosome is ab-
sent. A male-specific high mobility group (HMG) domain gene
was identified as a candidate male sex-determining gene.
Analysis of the Ectocarpus sp. SDR has underlined the univer-
sality of sex chromosome evolution across the eukaryotes and
has provided important insights into sex chromosome evolu-
tion in UV sexual systems.

Results

Identification and Characterization of the

Ectocarpus sp. SDR
The initial screen for SDR sequence scaffolds used compara-
tive genome hybridization experiments [25] to identify three
male-specific scaffolds. PCR-based markers were used to
localize these scaffolds to linkage group 30 of the Ectocarpus
sp. genetic map [26] (Figure 1B; Tables S1A–S1C available on-
line). Searches for additional male SDR scaffolds were then
carried out by searching for scaffolds carrying male-specific
genes using male and female transcriptomic data and by
adapting the Y chromosome genome scan (YGS) method,
which uses short-read sequencing and k-mer comparison to
identify sex-linked sequences [27] (see the Supplemental
Experimental Procedures for further details). Together, these
methods allowed the identification of two large sequence scaf-
folds corresponding to the male SDR haplotype. Sex linkage
was systematically verified by genetic mapping (Tables S1B
and S1C).
Further analysis of the segregation patterns of genetic

markers corresponding to SDR scaffolds in a single family of
2,000 siblings detected no recombination events (Figure 1B).
The SDR therefore behaves as a discrete, nonrecombining
haplotype. This genetic analysis indicated that the male SDR
extended over a region of approximately 920 kilobase pairs
(kbp) (Figure 1C; Table 1).
To characterize the female haplotype of the sex locus, we

sequenced the genome of a female Ectocarpus sp. strain
that is closely related to the sequencedmale strain (FigureS1A)
[16]. Several strategies were used to identify candidate female
SDR scaffolds (Supplemental Experimental Procedures and
Tables S1E–S1H). These included searches for female ortho-
logs of male SDR protein sequences, a search for scaffolds
carrying female-specific genes based on male and female
transcriptomic data, and the adaptation of the YGS method
[27] to search for female rather thanmale scaffolds. The cumu-
lative size of the female sex-linked scaffolds was 929 kbp.
Assuming that the combination of approaches used here has
provided a near-complete list of male and female SDR scaf-
folds, this indicates that the male and female SDR haplotypes
are of similar size (Figure 1C; Table 1).
To confirm cosegregation of the SDR with sexual pheno-

type, 34 Ectocarpus strains of known sex from different
geographical origins and species were genotyped with several
sex locusmarkers, corresponding to both themale and female
SDR haplotypes (Table S1D). In all cases, the SDR genotype
correlated with sexual phenotype, confirming that this region
is the sex-determining locus in Ectocarpus.
The SDR is flanked by two large recombining regions, which

we refer to as pseudoautosomal (PAR) domains. Analysis of
molecular marker segregation [26] indicates that these regions
recombine during meiosis, unlike the SDR (Figure 1B). The
PAR had gene density, intron length, and percent GC content
intermediate between those of the autosomes and the SDR
(Figure 1B; Table 1). These unusual features are characteristic
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of the entire recombining part of the chromosome and are not
restricted to the regions closest to the SDR (Figure 1B). It is
currently not clear why the PAR exhibits these structural differ-
ences compared to the autosomes.

Both the male and female SDR haplotypes are rich in trans-
posable element sequences (Figure 1B; Figure 2A) and gene
poor compared to the autosomes (Table 1), features typical
of nonrecombining regions [1]. With only one exception (long

Figure 1. The UV Sex-Determination System of

the Brown Alga Ectocarpus sp.

(A) Life cycle of Ectocarpus sp. in culture.

The sexual cycle (left side of panel) involves an

alternation between the diploid sporophyte and

haploid, dioicous (male and female) gameto-

phytes. The sporophyte produces meiospores

through meiosis in unilocular sporangia (single-

chambered, spore-bearing structures; Uni). The

meiospores are released and develop as game-

tophytes (each containing either a U or a V sex

chromosome), which then produce gametes

in plurilocular gametangia (multiple-chambered,

gamete-bearing structures; Plr). Fusion of male

and female gametes produces a zygote (con-

taining both the U and the V sex chromosomes),

which develops as a diploid sporophyte,

completing the sexual cycle. Unfertilized gametes

can enter an asexual parthenogenetic cycle by

germinating without fusion to produce a parthe-

nosporophyte (right side of panel). The partheno-

sporophyte produces spores through apomeiosis

in unilocular sporangia, and these develop as

gametophytes, completing the parthenogenetic

cycle. Note that the haploid parthenosporophytes

and the diploid sporophytes do not express sex.

The parthenogenetic cycle is only shown for

a female, but male gametes can also develop

parthenogenetically in some Ectocarpus line-

ages. Life cycle stages used for the qRT-PCR

analysis of SDR gene expression are marked

with an asterisk.

(B) Genetic and physical maps of the Ectocarpus

sp. sex chromosome. The left side of the panel

shows a genetic map of the Ectocarpus sp. sex

chromosome (LG30). The positions of simple

sequence repeat (SSR) markers are indicated to

the right of the linkage group, with the prefix

‘‘M’’ for marker, followed by the number of the

supercontig that contains the SSR, and, finally,

in some cases, with a suffix to distinguish

markers that originated from the same supercon-

tig. Sex-linked markers are shown in blue.

Numbers to the left indicate map distances (in

cM) between the intervals given by the lines that

cross the vertical bar. The genetic map was

generated using a segregating family of 60 indi-

viduals, except for the nonrecombining region,

where a larger population of 2,000 meiotic indi-

viduals was used. The central panel depicts

the extent of recombination between markers

located inside the Ectocarpus sp. nonrecombin-

ing region. The number of meiotic siblings used

to assay for recombination between each pair of

markers is indicated, with the percentage of re-

combinants detected in parentheses. Note that

no recombination was detected between any of

the sex locus markers. See Table S1B for the

coordinate position of each marker on its respective scaffold. The right side of the panel shows a physical map of the sex chromosome and a heatmap

of the GC percent, gene density, and TE density along the LG30 and along an autosome (LG06) for comparison. The heatmap was computed using a

4,000 base pair (bp) sliding window.

(C) Overview of the Ectocarpus sp. male and female SDR haplotypes. Genes are indicated by arrows, with the lighter colors corresponding to gametologs.

Gene names (LocusIDs) are indicated, with pseudogenes in gray font and putative transposon remnants in gray italics. Putative transposon remnants

were counted as protein-coding genes, but Esi0068_0068/FeV4scaf25_3 was not included in the set of gametolog pairs. The relative sizes of the male and

female SDR genes are indicated, but they are not drawn to the same scale as the underlying scaffolds indicated by the dotted line and the scale bar. Only

female SDR scaffolds carrying genes are represented. Scaffolds are separated by double diagonal lines, indicating that the relative positions of scaffolds

within the SDR are unknown. Double-headed arrows indicate the estimated sizes of the SDR haplotypes. The gray bars indicate the sex chromosomes.

SDR, sex-determining region; PAR, pseudoautosomal region. See also Figure S1.
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terminal repeat transposons in the female SDR), all transpos-
able element (TE) classes were more abundant in the SDR
and the PAR than they were in the autosomes, with the differ-
ences being particularly marked for both SDR haplotypes.
When individual classes of transposable elements were
considered, retrotransposons (which represent the least abun-
dant transposon class in the Ectocarpus sp. genome as a
whole) showed the most marked proportional enrichment in
the SDR haplotypes compared to the autosomes (Figure S2A).

About 30% of the euchromatin of the male-specific (nonre-
combining) region of the human Y chromosome consists of
multiple, different ‘‘ampliconic sequences,’’ which exhibit
99.9% identity within each set of repeated sequence. The iden-
tity between these sequences has been taken as evidence for
a high level of gene conversion within this region [5, 30]. It was
further suggested that gene conversion might ‘‘substitute’’ for
interchromosomal recombination to some extent, counteract-
ing the degenerative effects of reduced recombination within
the SDR. Very little intrahaplotype sequence similarity was
identified within either the male or the female Ectocarpus sp.
SDR haplotypes (Table S1J). The total lengths of the repeated
regions within the male and female SDRs were only 2.5% and
3.2%, respectively. It therefore seems unlikely that mecha-
nisms similar to those proposed for the human Y chromosome
have operated in this SDR, although it should be noted that
large ampliconic repeats are difficult to assemble, and some
sequences of this type may not have been identified, particu-
larly for the female haplotype.

The male SDR haplotype contains 17 protein-coding genes
and three pseudogenes, whereas 15 protein-coding genes
and seven pseudogenes were found in the female haplotype
(Figure 1C; Figure 3; Table S2). Eight of the female protein-
coding genes and three of the pseudogenes are homologous
to male SDR sequences (‘‘gametologs’’), consistent with the
two SDR haplotypes having evolved from a common ancestral
autosomal region. The classification of these genes as game-
tologs was supported by expression analysis, which showed
that transcript abundances for gametolog pairs were strongly
correlated (Figure S2B), and by their conserved intron and
exon structures (Figure S3). This correlated expression pattern
is consistent with the gametolog genes having been retained
because they have non-sex-specific functions during the
haploid phase of the life cycle. The genes and pseudogenes
that were only found in one (male or female) haplotype may
have been either acquired since the divergence of the U and
the V regions or lost by the counterpart haplotype. Eighteen
of the male and female genes and pseudogenes that were
found in only one haplotype had homologs outside the SDR
(including, in two cases, genes on linkage group 30; Figure 3

and Table S2). The high similarity between some of these
SDR genes and their closest autosomal homologs would be
consistent with these gene pairs having arisen from recent
gene duplication events (i.e., since the divergence of the U
and the V) that created either the SDR or the autosomal
copy. The remaining two genes that were found in only one
haplotypemay represent cases of gene loss in the other haplo-
type, but they could also have resulted from gene relocation to
the SDR. Testing these hypotheses will require comparison
with a homologous gene from an outgroup species.

Genomic Degeneration of the SDR Region

Suppression of recombination across the SDR is expected to
lead to genetic degeneration unless there is strong selection
on gene function to counteract this effect. There are several
indications that genetic degradation has occurred, at least to
some degree, in the Ectocarpus sp. SDR. We identified a set
of optimal codons for Ectocarpus sp. (Figures S2C and S2D).
Selection on codon usage is known to be of weak intensity
and particularly sensitive to loss of recombination [31, 32].
The coding sequences of SDR genes exhibited significant un-
derrepresentation of optimal codons (Figure 2B). This suggests
maladapted codon usage (althoughwe cannot exclude that the
underrepresentation is due, at least in part, to reduced rates of
biased gene conversion [33] due to the loss of recombination
within the SDR). In addition, transcripts of SDR genes tended
to be less abundant on average than transcripts of autosomal
genes, although note that codon usage and expression level
are likely to be correlated, so these two parameters are not
necessarily independent. Reduced transcript abundance was
particularlymarked forSDRgenes thatwereexclusivelypresent
in one of the haplotypes (Figure 2C), and itmay reflect degrada-
tion of thepromoter andcis-regulatory sequencesof theseSDR
genes. The same tendencywas observed for the Volvoxmating
locus,wherehaplotype-specificgeneswereexpressedat lower
levels than genes that were part of a gametolog pair [13], sug-
gesting that genetic degeneration of haplotype-specific SDR
genes may be a general phenomenon. Note that expression
analysis of theEctocarpus sp. gametologgenesdidnot provide
any evidence that these genes are degenerating.
SDR genes were found to be much longer on average

than genes elsewhere in the genome, due principally to the
presence of longer introns (Table 1). This difference was partly
explained by the presence of a larger amount of inserted trans-
posable element DNA (Figures 2A and S2E), which is typical of
nonrecombining regions.
Although these various analyses provided some evidence

for genomic degeneration in the SDR, the overall degree of
degeneration was modest compared to previously character-
ized systems [34], perhaps because both the U and the V SDR
haplotypes have essential functions during the haploid phase
and are constantly exposed to selection (in contrast to Y or
W chromosome genes, which are always heterozygous). An
analysis of SDR gene expression supported this hypothesis:
transcripts of SDR genes were consistently present during
the haploid phase of the life cycle (Figure 4). Another potential
explanation for the limited degree of degeneration is that the
SDR is small compared to most previously characterized sys-
tems, and this may have limited the potential for Hill-Robert-
son interference among selected sites [35–37].

Predicted Functions of SDR Genes

Of the nine genes that were found in the male, but not the fe-
male, SDR haplotype, one was of particular interest because

Table 1. Statistics for Several Features of the Male and Female

Ectocarpus sp. SDR Compared with the PAR and the Complete Genome

Male

SDR

Female

SDR PAR Genome

Total sequence (Mbp) 0.92 0.93 4.08 205.27

Genes (including pseudogenes) 20 24 228 15,779

Average gene length (bp) 25,710 18,836 8,188 6,974

Average CDS length (bp) 1,373 1,050 1,217 1,607

Average intron length (bp) 3,605 3,691 1,062 702

Average number of introns

per gene

6.67 4.81 6.28 7.14

Gene density (genes per Mbp) 22.82 23.66 55.88 76.87

GC (%) 51.29 44.74 52.20 54.02
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it was predicted to encode anHMGdomain protein (Figure S4A
and Table S4A). This family of proteins has been implicated in
sex ormating-type determination in both vertebrates and fungi
[38, 39]. The SDR of the green alga Volvox also contains an
HMG gene [13]. In addition, several of the genes that were
found in both the male and female SDR haplotypes (gameto-
logs) were predicted to encode potential signal transduction
proteins (including a Ste20-like kinase, a casein kinase, a
GTPase, a RING zinc-finger protein, and a MEMO domain pro-
tein; Table S2) and could potentially be involved in the regula-
tion of sex determination.

An Ancient Sex-Determining Region

At the sequence level, the male and female haplotypes are
extremely divergent. No large blocks of sequence similarity
were found, and the only regions with a high level of similarity
corresponded togametolog exons (FigureS3). This divergence
suggests that the male and female haplotypes have been
evolving independently over a long period. Two phylogenetic
trees were constructed based on sequences of either an SDR
or an autosomal sequence from three Ectocarpus lineages
and three distantly related brown algal species, Scytosiphon
lomentaria, Sphaerotrichia firma, and Laminaria digitata. The
topology of the phylogenetic tree based on the autosomal
region was consistent with sequential speciation, with se-
quences from male and female strains of the same lineage
grouping together (Figure 5A). In contrast, in the phylogenetic
tree based on the SDR gene, sequences grouped together ac-
cording to gender (Figure 5B). Note that we were not able to
obtain sequence for this gene from female L. digitata individ-
uals, suggesting that theymay have lost the female gametolog.
These data suggest that the SDR originated at least 70 million
years ago and may be substantially older. The rate of synony-
mous site mutations (dS) in the coding regions of the 11 male
and female gametolog pairs (Figure 5C) was used to indepen-
dently evaluate the age of the SDR. The dS values for these
gene pairs were compared with values for orthologous, auto-
somal gene pairs across 12 brown algal and diatom species
for which divergence times had been estimated (Supplemental
Experimental Procedures). The dS values for the SDR genes
were remarkably high (mean value of 1.7, withmost genes hav-
ing dS > 1), and comparisons with values obtained for the pairs
of autosomal orthologs indicated that themaleand femalehap-
lotypes of the SDR stopped recombiningmore than 100million
years ago (Figure S5). Note, however, that the estimations
basedongeneticdivergenceareapproximatebecauseof satu-
ration of synonymous site mutations at the evolutionary dis-
tancesmeasured. These analyses suggest that theEctocarpus
sp. UV SDR is an old system, comparable to the Drosophila
(60 Ma) [34] and mammalian (180 Ma) [41, 42] XY systems.
When dS values were calculated on an exon-by-exon basis,

individual exons with a markedly lower dS value than those of
the other exons within the gametolog gene pair were identified
for 3 of the 11 gametolog pairs (Figure S3). The presence of
these rare variant exon pairs suggests that gene conversion
events affecting individual exons or small gene regions may
have occurred since the divergence of the male and female
SDR haplotypes, but more detailed studies are needed to
address this possibility.

Figure 2. Comparison of Genomic Features of the SDR, PAR, and

Autosomes

(A) Percentage of DNA corresponding to different classes of transposable

elements (TEs) in different genomic fractions. Pairwise comparisons using

a Fisher’s exact test indicated that all of the sex chromosome compart-

ments (PAR, male SDR, female SDR) were significantly different from the

autosomal compartment (p < 0.0001).

(B) Median frequency of optimal codons in coding regions of autosomal,

PAR, and male and female SDR genes. Error bars indicate 95% confidence

intervals around the median. An analysis using the codon adaptation index

(CAI, another codon usage index [28], which was computed using R and the

seqinR package [29]) gave similar results.

(C) Mean transcript abundance in sexually mature, male and female

gametophytes for genes in different genome fractions, determined by

RNA-seq and expressed as fragments per kilobase per million reads

(FPKM) mapped. The notched boxplot graph shows the means of auto-

somal genes (n = 14,677), PAR genes (n = 205), male and female

SDR genes (n = 37), and SDR without gametolog genes (n = 16).

Significant adjusted p values compared with autosomes, as calculated

by Wilcoxon tests, are indicated by asterisks above each box (*p <

0.01, **p < 0.001).
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Figure 3. Relationships between SDR Genes and

Autosomal Genes and Expression Patterns of the

SDR Genes

Schematic diagram showing homology relation-

ships between male and female SDR genes and

autosomal genes. Autosomal or PAR (i.e., non-

SDR) genes are shown in green; male and female

SDR genes are shown in blue and pink, respec-

tively, with putative functional genes in dark blue

or dark pink and pseudogenes in light blue or light

pink. Putative transposon remnants are shown in

gray. A green box indicates the existence of at

least one homolog outside the SDR, and the

number to the right of the green box indicates

the number of matches outside the SDR with an

E value of less than 1024. Homology relationships

were defined based on a BLASTP E value of less

than 1024 when predicted protein sequences

were blasted against the complete set of Ectocar-

pus sp. predicted proteins. Percentage identity

between predicted proteins is indicated above

the arrows. The value in parentheses corresponds

to the length of the matched region as a percent-

age of the total length of the protein to the left

of the arrow. Gene abbreviations are as in the

following examples: for male SDR or non-SDR

genes, 68_16 indicates Esi0068_0016; for female

SDR genes, 15_1 indicates FeV4scaf15_1. Note

that the order of the genes is not intended to

correspond to their locations in the genome. The

right side of the panel depicts transcript abun-

dances for each of the male and female SDR

genes in male and female mature gametophytes,

respectively, measured by RNA-seq and ex-

pressed as FPKM. See also Figure S2.
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Limited Expansion of the Ectocarpus sp. SDR
Given its age and the prediction that an SDR should progres-
sivelyenlargeover time toencompassa largepartof its chromo-
some [1, 43], it is remarkable that the Ectocarpus sp. SDR
accounts for only about one-fifth of linkage group 30 and ex-
tends over less than one megabase pair (Mbp). It is possible
that the small size of the SDR is related to the low level of sexual
dimorphism inEctocarpus sp. because the recruitment of sexu-
ally antagonistic genes is believed to be an important driver of
SDR expansion [1, 43]. Moreover, sexually antagonistic poly-
morphisms are predicted to be less stable in haploid systems
than in diploid systems because dominance effects in XX (or
ZZ) individuals are expected to favor allele maintenance in the
latter [44, 45]. This effect may also limit expansion of the SDR
by reducing the number of genes with sexually antagonistic
polymorphisms available for recruitment into the SDR. Consis-
tent with these hypotheses, comparison of the transcriptomes
of male and female gametophytes indicated that only about
4% of Ectocarpus sp. genes showed sex-biased expression at
thematuresexual stageof the lifecycle (compared, for example,
with up to 50%–75% in Drosophila [46, 47]; Table S4C).

SDR Gene Expression and Dominance

Quantitative PCRwas used to measure the abundance of SDR
gene transcripts in near-isogenic male and female strains (Fig-
ure 4) at different stages of the life cycle (Figure 1A). Whereas
no clear pattern was observed for the female SDR genes, tran-
scripts of two-thirds of themale SDR genes that were analyzed
were most abundant in mature gametophytes (Figure 4), sug-
gesting that these genes have a role in fertility. Interestingly,
the transcript of the male gene that is predicted to encode
an HMGdomain protein wasmore than 10-foldmore abundant
in mature gametophytes than at the other stages assayed
(Figure 4). The other fertility-induced genes included both
additional male-specific genes (encoding conserved unknown
proteins) and several gametolog pairs (predicted to encode,
for example, a GTPase, a MEMO-like domain protein, a nucle-
otide transferase, and a homoaconitate hydratase; Table S2).

Diploid gametophytes bearing both the male and the female
SDR haplotypes (UV) can be generated artificially, and these
individuals are always phenotypically male, indicating that the
male haplotype is dominant [24, 48]. This dominance relation-
ship would be consistent with the existence of a master
regulatory gene that determines maleness, carried by the V
chromosome. To determine whether the dominance of the
malehaplotype isdosedependent,weusedthe lifecyclemutant
ouroboros [48] to construct 13 independent triploid (UUV) and
tetraploid (UUUV) gametophytes (Figure S1A and Table S1I).
All tested polyploids produced male gametes (as determined
by genetic crosses with tester lines). Measurements of tran-
script abundances for 11 female SDR genes did not detect a
marked downregulation of these genes in diploid heterozygous
gametophytes compared to haploid gametophytes (Figures
S4B and S4C). This suggests that the male haplotype does not
silence female gene expression in this heterozygous context
(although it was not possible to rule out that the expression of
specific female haplotype genes was suppressed). It is likely,
therefore, that gametophytes adopt the female developmental
program by default, when the male SDR haplotype is absent.

Discussion

This study has demonstrated that sex is determined during
the haploid phase of the brown alga Ectocarpus sp. by a

nonrecombining region on linkage group 30 that extends
over almost 1 Mbp. The male and female haplotypes of the
SDR were of similar size but were highly diverged, with the
only significant similarity being the presence of 11 gameto-
logs, three of which were predicted to be pseudogenes in
the female. Based on comparisons of these shared genes
across diverse brown algal species, the SDR was estimated
to be more than 100 million years old. Compared with previ-
ously characterized systems [49], the Ectocarpus sp. UV chro-
mosomes can clearly be classed as an ancient (as opposed to
a recently evolved) sex-determining system.
The brown algae belong to the Stramenopiles, which

diverged from the lineages that led to green plants and animals
more than one billion years ago [50]. This study therefore
confirms that SDRs from diverse eukaryote groups share a
number of fundamental features, such as stable maintenance
of pairs of functional alleles (gametologs) over long periods
of evolutionary time, suppressed recombination within the
SDR, low gene density, and accumulation of transposable ele-
ments. The presence of 11 gametolog pairs provided unam-
biguous evidence that the Ectocarpus sp. UV pair is derived
from an ancestral pair of autosomes, as has been observed
for XY and ZW systems in animals and plants [1, 7, 43].
Analysis of the Ectocarpus sp. SDR has also allowed a num-

ber of predictions that specifically concern UV sexual systems
[8, 9] to be tested. UV systems are not expected to exhibit the
asymmetrical degeneracy of the sexual chromosomes (degen-
eracy of the Y and W chromosomes) observed in XY and ZW
systems [34], and this supposition is supported by the similar
estimated sizes of the male and female SDR haplotypes in
Ectocarpus sp. Based on parameters such as transcript abun-
dance and frequency of optimal codons, the Ectocarpus sp.
SDR genes exhibit evidence of degeneration, but the degree
of degeneration is modest compared to that observed for Y-
located genes in XY systems of comparable age [34]. Because
transcripts of all the SDR genes were detected in the game-
tophyte generation, the modest degree of degeneration is
consistent with purifying selection acting to maintain gene
functionality during the haploid phase, when the U and V chro-
mosomes are found in separate male and female organisms.
Selection is indeed expected to be stronger during the haploid
phase, and it is expected to limit degeneration, as suggested
for the V chromosome of Marchantia [12], another UV system,
and by the low nonsynonymous to synonymous site mutation
(dN/dS) ratios observed for sex-linked pollen-expressed
genes in Silene latifolia, a plant with XY chromosomes [51].
The detection of modest levels of gene degeneration indicates
that UV SDRs are nonetheless subject to the degenerating ef-
fects of suppressed recombination to some degree. Expres-
sion analysis indicated that in Ectocarpus sp., the SDR genes
that escape degeneration belong principally to gametolog
pairs, which presumably play a role during the haploid phase,
or are male haplotype-specific genes, which are presumably
required for male fertility. The Ectocarpus sp. SDR contains a
large proportion of sex-specific genes (20 male and female
sex-specific genes compared with only 11 gametolog pairs).
This situation contrasts markedly with the UV system of
Volvox, where the vast majority of the mating region genes
are shared between haplotypes [13]. This difference in gene
composition suggests that these two UV systems have had
different evolutionary histories, perhaps having been affected
in different ways by gene gain and gene loss events. Bull pre-
dicted that changes in the sizes of the U and V SDR haplotypes
should be due to gain of genes beneficial to the gametophyte
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Figure 4. SDR Gene Expression during the Life Cycle

Male and femaleSDRgeneexpressionduring the life cycleofEctocarpussp.measuredbyqRT-PCR, relative toahousekeepinggene (EF1a).Geneannotations

are indicated in parentheses (see Table S2 for further details). Abundances of transcripts for female and male SDR genes were measured using RNA from

(legend continued on next page)
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rather than gene loss [8, 9]. The presence of a large proportion
of haplotype-specific genes in the Ectocarpus sp. SDR, rela-
tive to the gametologs, and the expression patterns of many

gametophytes andparthenosporophytesof strains carrying either theUor theV sexchromosome, respectively, and fromdiploid sporophytes (strains carrying

both the U and the V). Bars with different letters are statistically different (p < 0.05). Details on the statistical analysis are presented in the Supplemental Exper-

imental Procedures. The colored dots next to gene names indicatewhether the gene is a gametolog (blue and pink dots) or whether it is only found in either the

male or the female haplotype (blueor pink dot, respectively).Graphscorresponding to gametologpairs are linkedby a horizontal line. SP, diploid heterozygous

sporophyte; iGA, immature gametophyte; mGA, mature gametophyte; pSP, parthenosporophyte; CHP, conserved hypothetical protein.

Figure 5. Estimation of the Age of the Ectocarpus

sp. SDR

(A) Maximum likelihood tree created in MEGA5

[40] based on the Kimura 2-parameter model us-

ing sequence data amplified from 453 bases of

the autosomal region ITS2 and adjacent 50-LSU.
The percentage of trees in which the associated

taxa clustered together (bootstrap values from

1,000 resamplings) is shown next to the branches.

Initial trees for the heuristic search were obtained

automatically by applying Neighbor-Joining and

BioNJ algorithms to a matrix of pairwise dis-

tances estimated using the maximum composite

likelihood (MCL) approach and by then selecting

the topology with the best log likelihood value. A

discrete gamma distribution was used to model

evolutionary rate differences among sites (five

categories, +G, parameter = 0.2094). Distinct line-

ages are indicated by different colors. Samples

correspond to three different Ectocarpus line-

ages, E. siliculosus lineage 1a (E. sil 1a), E. sp.

lineage 1c (E. sp 1c), and E. fasciculatus lineage

5b (E. fas 5b), and three distantly related brown

algae, Sphaerotrichia firma (S. fir), Scytosiphon

lomentaria (S. lom), and Laminaria digitata

(L. dig). Lineage names and sex are indicated at

the branch tips. The strains used are described

in Table S1A.

(B) Maximum likelihood tree with equivalent

parameters to those shown in (A) (gamma

distribution, +G, parameter = 0.2868) for 148

bases of the sex-linked, exonic region of one

gametolog pair (Esi0068_0003/FeV4scaf15_1).

Pink and blue indicate sequences from female

and male individuals, respectively.

(C) Plot of dS values of gametolog and PAR

homologous pairs against gene distance, with

gene order according to the male physical

map. Blue and purple lozenges represent genes

on the two male SDR scaffolds, sctg_68 and

sctg_285and439, respectively. Green triangles at

each end of the x axis represent two flanking

PAR genes. One-sided SE bars represent half

the SE of the estimation. Double diagonal bars

indicate that the orientation of the locus relative

to the flanking PAR is not known. Dotted lines

indicate mean levels of synonymous site diver-

gence between Ectocarpus sp. autosomal genes

and autosomal genes of species from the brown

algal groups indicated.

See also Figure S5.

haplotype-specific genes, which indi-
cate a role during fertility, would be
consistent with his prediction. However,
because there is an autosomal paralog
for most of these haplotype-specific
genes, it is also possible that functional
redundancy of SDR genes and their

autosomal paralogs allowed gene loss to occur. Future anal-
ysis of additional related SDRs, together with an outgroup spe-
cies in which the region homologous to the Ectocarpus sp.
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SDR is autosomal, may help to trace changes in SDR gene
content over evolutionary time and determine the relative
importance of gene gain and gene loss during the emergence
of this system.

Despite being ancient, the Ectocarpus sp. SDR is quite
small. Given the low level of sexual dimorphism in Ectocarpus
sp. and the small number of genes that show sex-biased
expression, both of which suggest that there is limited scope
for sexual conflict, the small size of the SDR is consistent
with the view that SDR expansion is driven by the evolution
of genes with sexually antagonistic effects [1, 52]. In a number
of sex chromosome systems, the expansion of the nonrecom-
bining region of the Y (or W) has been shown to have pro-
ceeded through several events of recombination suppression,
and these recombination events have formed regions with
different degrees of X-Y (or Z-W) divergence (evolutionary
strata) [4, 53] (reviewed in [1, 49]). The lack of detectable
strata is consistent with the conclusion that this region has
experienced limited expansion. However, given that strata
may be extremely difficult to detect in ancient haploid systems
(because both U and V can accumulate rearrangements),
we cannot totally rule out the absence of these events. Indeed,
recent evidence suggests the possible existence of at least
two recombination suppression events in the UV system of
the bryophyte Ceratodon [14], and therefore that UV systems
may acquire evolutionary strata in some cases. Note also
that the Ectocarpus sp. system provides independent evi-
dence that the age of an SDR does not necessarily correlate
perfectly either with its size or with the degree of heteromorphy
(e.g., [54, 55]).

In Ectocarpus sp., the male SDR haplotype was dominant
over the female haplotype, even when three copies of the
female haplotype were present. It is therefore possible that
femaleness may simply be the default state, adopted when
the male haplotype is absent. This situation is comparable to
that observed in diverse animal, fungal, and land plant sex-
determination systems but differs from that observed with
the UV systems of somemosses. In the latter, the male and fe-
male factors are codominant, leading to monoicy when both
the male and female SDR haplotypes are present in the same
gametophyte [56]. Functional differences can therefore be
observed between different sex-determination systems, inde-
pendent of the genetic nature of the system (XY, ZW, or UV).

The male-specific HMG gene is a good candidate for the
gene that determines maleness in Ectocarpus sp. If this can
be confirmed experimentally, it will raise important questions
about the evolution of sex and mating-type-determination
gene networks across the eukaryote tree, suggesting shared
or convergent mechanisms in brown algae, fungi, and animals.

Experimental Procedures

Ectocarpus Culture

Ectocarpus strains were cultured as described [57].

RNA-Seq Transcriptome Data

RNA sequencing (RNA-seq) analysis was carried out to compare the abun-

dances of gene transcripts in male and female mature gametophytes. Syn-

chronous cultures of gametophytes of the near-isogenic male and female

lines Ec603 and Ec602 (see Table S1A and Figure S1) were prepared under

standard conditions [57] and frozen at maturity. Total RNA was extracted

from 2 bulks of 400 male individuals and 2 bulks of 400 female individuals

(two biological replicates for each sex) using the QIAGEN Mini kit (http://

www.qiagen.com) as previously described [48]. For each replicate, RNAs

were quantified, and cDNAs for transcriptome analysis were polythymine

primed, fragmented, cloned, and sequenced by Fasteris. We used both

de novo assembly (Trinity) (r2012-01-25) [58] and TopHat (v.2.0.8) [59, 60]

and Cufflinks (v.2.1.1) [60, 61] algorithms. Statistical testing for sex-biased

gene expression was performed using DEseq [62].

Identification and Mapping of the Male SDR

A comparative genome hybridization approach [25] identified several

regions of the genome exhibiting polymorphisms between male (Ec32)

and female (Ec568) strains. Primers were developed for these putative

sex-linked regions, and mapping was performed by genotyping the 60 indi-

viduals of the mapping population [26]. Details of the PCR conditions are

given in the Supplemental Experimental Procedures. The approaches

used to improve the assembly of the male SDR and to verifiy the com-

pleteness of the male SDR using both an RNA-seq-based method and

an approach based on the YGS method developed by Carvalho and

Clark [27] are described in detail in the Supplemental Experimental

Procedures.

Recombination Analysis

Recombination between sex locus markers was analyzed using a large

segregating family of 2,000 meiotic individuals (Figure S1) derived from a

cross between the male line Ec494 [48] and the female outcrossing line

Ec568 [26].

Sequencing of a Female Strain and Identification and Assembly of the

Female SDR

The genome of the female strain Ec597 (Table S1A and Figure S1A) was

sequenced using a whole genome shotgun strategy that involved the imple-

mentation of both Illumina HiSeq 2000 technology and Roche 454 pyrose-

quencing. Velvet (v.1.1.05) was used to run several assemblies during the

sequencing process, including the v.3 assembly (which used all the paired-

end reads and reads from one of the mate-pair libraries) and the final v.4 as-

semblywith the complete read data set (Table S1E). An independent de novo

assembly was also carried out with the CLC assembler (http://www.clcbio.

com/products/clc-assembly-cell) using only the paired-end Illumina data.

Female SDR scaffolds were identified using three different approaches.

First, we blasted the deduced protein sequences of male SDR genes (all an-

notated genes on the twomale SDR scaffolds sctg_68 and sctg_285and439)

against the female genome assembly. Fourteen candidate female SDR

scaffolds were identified in the V4 assembly using this approach. Second,

we used an approach that employed RNA-seq transcriptome data. Third,

we also adapted the YGS method [27] to identify female-linked sequences.

These approaches are described in detail in the Supplemental Experimental

Procedures. All putative female-specific scaffolds were verified by PCR us-

ing between 8 and 57 individuals. Several approaches were used to improve

the assembly of the female SDR. Details are given in the Supplemental

Experimental Procedures.

Annotation of SDR Scaffolds

The male SDR scaffolds had been annotated as part of the Ectocarpus sp.

genome project [16], but the gene models were considerably improved by

integrating transcript information derived from theRNA-seq analysis carried

out as part of this study and by using comparisons of male and female

gametolog gene models. The updated gene models can be accessed on

the OrcAE database (http://bioinformatics.psb.ugent.be/orcae/overview/

Ectsi) [63]. The female SDR scaffolds were annotated de novo by running

the gene prediction program EuGène [64], which incorporated the signal

prediction program SpliceMachine [65], using the optimizedMarkovmodels

and SpliceMachine splice site predictions derived previously for the male

genome sequence [16]. Gene prediction incorporated extrinsic information

frommapping of the RNA-seq data onto the female-specific scaffolds. Both

male and female SDR gene models were manually curated using the raw,

mapped RNA-seq data, the Cufflinks and Trinity transcript predictions,

and the comparisons between the male and female haplotypes.

Pseudogenes were identified manually by comparing SDR sequences

with genes in the public databases. An additional screen for pseudogenes

was carried out by blasting male protein sequences against the genomic

sequence of the female SDR and vice versa. All sequences that had been

annotated as ‘‘gene’’ or ‘‘TE’’ were excluded from this latter analysis using

Maskseq and RepeatMasker, respectively.

Homologous genes present in both themale and female haplotypes of the

SDRwere considered to be gametologs if they were detected as matches in

a reciprocal BLASTP search against the SDR scaffolds (E value cutoff: 1024).

The same criterion was used to identify homologs of SDR genes located

outside the SDR (Table S2).
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Identification of Transposons and Other Repeated Sequences

in the SDR

An Ectocarpus-specific TE library (described in [16]), which had been

compiled with REPET [66], was used to annotate SDR transposons. TEs

were also annotated by running the de novo annotation software Repclass

[67] with default parameters. See the Supplemental Experimental Proce-

dures for details.

Intrahaplotype Sequence Similarity

Analyses of sequence similarity within the male and female SDR haplotypes

were performed using a custom Perl code [5]. By default, the threshold for

sequence identity was fixed to 97%. When the threshold was reduced to

50%, the same result was obtained.

Quantitative RT-PCR Analysis of SDR Gene Transcript Abundances

during the Ectocarpus sp. Life Cycle

The abundance of male and female SDR gene transcripts during the Ecto-

carpus sp. life cycle was assessed by quantitative RT-PCR (qRT-PCR).

Primer pairs were designed to amplify regions of the 30UTR or the most 30

exon of the gene to be analyzed (Table S4D). In silico virtual PCR amplifica-

tions were carried out using the electronic PCR program [68] and both the

male and female genome sequences to check the specificity of oligonucle-

otide pairs. qRT-PCR analysis was carried out for 13male SDRgenes and 11

female SDR genes (Figures S4A and S4B). The remaining SDR genes could

not be analyzed either because they had very small exons, which posed a

problem for primer design, or because it was not possible to obtain a single

amplification product. RNA extraction and qRT-PCR were performed as

previously described [48].

Construction of Phylogenetic Trees for an SDR and an Autosomal Gene

Exon sequences from an SDR and an autosomal sequence were amplified

from three Ectocarpus lineages, from S. firma (E. Gepp) Zinova and

S. lomentaria (Lyngbye) Link, distantly related brown alga within the order

Ectocarpales, and from the kelp L. digitata (Hudson) J.V. Lamouroux. For

the SDR gene, an exon region was amplified for the gametolog pair

Esi0068_0003 (male) and FeV4scaf15_1 (female). Alignable sequence data

from the internal transcribed spacer 2 (ITS2) nuclear autosomal region

and adjacent large subunit (LSU) were obtained for the same strains. Se-

quences were edited using the Codon Code sequence aligner and aligned

with Muscle in the program SeaView [69]. Evolutionary history was inferred

using both the Neighbor-Joining (Figures 5B and 5C) and PhyML methods

implemented in MEGA5 [40], with the same topology resolved by both

methods. The strains and lineages used are described in Table S1A, and

the primers are described in Table S3.

Synonymous Divergence

Pairwise alignments of the deduced protein sequences of gametolog gene

pairs were performed in SeaView using Muscle with default parameters.

Regions with poor alignments were further analyzed with Gblocks [70].

The aligned protein sequences were then back translated to coding

sequence, and dS was calculated using Codeml within the suite of pro-

grams in PAML v.4 [71].

Estimating the Age of the Ectocarpus sp. SDR

Coding sequence data from 65 Stramenopile species, including two dia-

toms, were obtained from the Hogenom database v.6 and from GenBank

[72]. Homologous genes were identified using a clustering approach.

Orthologous sequences were identified and checked using phylogenetic

information (described in the Supplemental Experimental Procedures).

Coding sequences from other Phaeophyceae species were added to the

cluster data, and further data cleaning was carried out so that only ortholo-

gous sequences were retained, as described in the Supplemental Experi-

mental Procedures. A pairwise alignment of the Ectocarpus sp. genes

with all of the identified orthologous genes from each cluster was then

carried out using Prank [73], and alignments were improved using Gblocks

[70, 71]. The programs Codeml and Yn00 from PAML v.4 [71] were then run

on each gene pair in order to calculate pairwise dS values. The resulting dS

values were plotted against the divergence times estimated by Silberfeld

et al. [74] and Brown and Sorhannus [75].

Codon Usage Analysis

A set of 27 optimal codons was identified by comparing the codon

usage of highly expressed genes (ribosomal genes) with the rest of the

genome using the multivariate approach described in Charif et al. [29].

Fop values were correlated with RNA-seq expression levels (Figures S2C

and S2D).

Sex Determination in Strains Carrying Different Numbers of U and V

Chromosomes

Polyploid gametophytes were constructed using the ouroborosmutant [48]

(Figure S1A). Details of genetic crosses and ploidy verification are given in

the Supplemental Experimental Procedures.

Accession Numbers

The GenBank accession number for the raw sequence data (Supplemental

Experimental Procedures) reported in this paper is ERP002539. The SRA

accession numbers for the raw sequence data (Supplemental Experimental

Procedures) reported in this paper are SRX468696 and SRX468697.

Supplemental Information

Supplemental Information includes Supplemental Experimental Proce-

dures, five figures, and sixteen tables and can be found with this article

online at http://dx.doi.org/10.1016/j.cub.2014.07.042.
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Discussion et perspectives 
L’article présenté a permis de démontrer que les mécanismes d’évolution au sein des 

chromosomes sexuels U et V sont similaires à ceux des autres systèmes XY et ZW, avec une 

suppression de la recombinaison au niveau des SDR, une diminution de la densité de gènes, la 

présence accrue de pseudogènes et l’accumulation d’éléments transposables. Dans le cas d’Ectocarpus, 

les SDR possèdent un nombre similaire de gènes. Certains de ces gènes sont homologues entre les 

deux SDR et sont appelés des gamétologues. Une première analyse de l’évolution moléculaire des 

gènes a montré une pression évolutive similaire entre les gènes de la SDR mâle et femelle. L’analyse 

de la datation de la SDR a permis d’estimer son âge à plus de 100 millions d’années, résultat validé par 

des analyses complémentaires (Lipinska et al. in press). Contrairement à d’autres espèces comme 

l’homme, Ectocarpus ne montre pas de présence de strate évolutive au niveau des deux SDR. 

Cependant, cette absence de la présence de strate n’induit pas obligatoirement son absence, mais notre 

incapacité à pouvoir la détecter. En effet, contrairement au chromosome X qui continue de 

recombiner lorsque ce dernier est présent chez une femelle, l’absence de recombinaison des SDR dans 

le système UV induit que ces deux régions ont évolué indépendamment et simultanément, rendant 

impossible la détection de strates évolutives. 

Le séquençage des génomes d’autres algues brunes et l’identification des SDR permettraient 

d’étudier l’évolution de cette région génomique au sein de ce groupe. L’identification complète de 

chaque chromosome sexuel permettrait une analyse plus fine de la dynamique de l’évolution de la taille 

des SDR et des PAR, une l’analyse du contenu en gènes des SDR, leurs fonctions et les mouvements 

entre les génomes ou encore de l’évolution moléculaire des gènes sexe spécifiques.  

L’identification et la caractérisation des deux SDR, mâle et femelle, chez Ectocarpus ont 

permis une comparaison de ces deux régions. Cependant, la SDR femelle reste relativement 

fragmentée avec un total de 27 scaffolds, comparée aux 3 super-contigs de la SDR mâle. De plus, la 

proportion de nucléotides inconnus dans la SDR femelle approche les 30% tandis qu’elle n’est que de 

5% chez la SDR mâle. Des efforts ont été menés pour tenter d’apporter une amélioration avec 

l’assemblage de la SDR femelle par l’utilisation de données PacBio (données non publiées). Des 

difficultés d’extraction de l’ADN et du protocole de séquençage ont cependant limité l’utilisation de 

ces données, ne permettant d’obtenir qu’une couverture de 1,5x, ne permettant pas d’améliorer 
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l’assemblage de la SDR femelle. D’autres séquençages de type PacBio sont prévus afin de palier à ce 

manque de couverture et permettre d’améliorer l’assemblage de la SDR femelle. 
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Article 2 - The Pseudoautosomal Region 
of the U/V Sex Chromosomes of the 
Brown Alga Ectocarpus Exhibit Unusual 
Features 

Introduction 
Les régions recombinantes du chromosome sexuel (PAR) ont un lien particulier avec la région 

non recombinante (SDR). La présence de ce lien fait qu’il a été prédit que la PAR présente des 

caractéristiques particulières au niveau structural et fonctionnel (Otto et al. 2011). Cet article présente 

les différents résultats sur l’analyse de la PAR chez Ectocarpus. 

Ma contribution à cet article a été dans un premier temps de réannoter manuellement 

l’ensemble des super-contig composant le chromosome sexuel (groupe de liaison 30 – LG30) pour 

réaliser une comparaison la plus précise possible au niveau de la structure des gènes, mais aussi le 

groupe de liaison 4 (LG04) qui présente une taille similaire au LG30. En effet, plusieurs études 

suggèrent que la taille du chromosome doit être prise en compte avant de pouvoir réaliser des analyses 

comparatives des structures (Burt 2002; Jensen-Seaman et al. 2004). Les données de mapping des 

reads de dix librairies RNA-seq (quatre librairies provenant de gamétophytes immatures mâles et 

femelles, deux librairies par sexe ; quatre librairies provenant de gamétophytes matures mâles et 

femelles, deux librairies par sexe ; et deux librairies provenant d’un parthéno-sporophyte mature), 

obtenu avec TopHat2, ont été intégrées au sein de Orcae afin de faciliter le travail de réannotation 

réalisé avec l’outil GenomeView (Abeel et al. 2012).  

Une fois le processus de réannotation réalisé, différentes caractéristiques structurales ont été 

comparées entre la PAR, le LG04, les autosomes et les SDR afin de déterminer si la PAR présente 

des particularités structurales. La densité des éléments transposables, la densité de gènes, le 

pourcentage de GC et de GC3 des gènes, la taille des gènes, la taille des introns et des CDS, et le 

nombre d’exons ont été comparés. 
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 Une autre partie de ma contribution a été l’analyse de l’expression des gènes durant différentes 

phases du cycle de vie, et a été réalisée à l’aide de données RNA-seq, comprenant quatre librairies 

provenant de gamétophytes immatures mâles et femelles (deux librairies par sexe) ; quatre librairies 

provenant de gamétophytes matures mâles et femelles (deux librairies par sexe) ; et six librairies 

provenant de différents tissus du parthéno-sporophyte, afin de déterminer les profils d’expression des 

gènes dans la PAR lors de ces différents stades par rapport aux gènes autosomiques. 

Les résultats de ces travaux ont été intégrés avec d’autres analyses dans l’article suivant, publié 

dans Molecular Biology and Evolution en août 2015. 
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Abstract

The recombining regions of sex chromosomes (pseudoautosomal regions, PARs) are predicted to exhibit unusual features
due to their being genetically linked to the nonrecombining, sex-determining region. This phenomenon is expected to
occur in both diploid (XY, ZW) and haploid (UV) sexual systems, with slightly different consequences for UV sexual
systems because of the absence of masking during the haploid phase (when sex is expressed) and because there is no
homozygous sex in these systems. Despite a considerable amount of theoretical work on PAR genetics and evolution,
these genomic regions have remained poorly characterized empirically. We show here that although the PARs of the U/V
sex chromosomes of the brown alga Ectocarpus recombine at a similar rate to autosomal regions of the genome, they
exhibit many genomic features typical of nonrecombining regions. The PARs were enriched in clusters of genes that are
preferentially, and often exclusively, expressed during the sporophyte generation of the life cycle, andmany of these genes
appear to have evolved since the Ectocarpales diverged from other brown algal lineages. A modeling-based approach was
used to investigate possible evolutionary mechanisms underlying this enrichment in sporophyte-biased genes. Our results
are consistent with the evolution of the PAR in haploid systems being influenced by differential selection pressures in
males and females acting on alleles that are advantageous during the sporophyte generation of the life cycle.

Key words: pseudoautosomal region, sex chromosomes, UV sexual system, brown algae.

Introduction
Sex chromosomes have commonly been found to possess
strikingly distinctive features compared with autosomes, for
example in terms of the content and density of genes and
repeat sequences. These characteristics are thought to be a
consequence of suppression of recombination between the
sex chromosomes (X and Y or Z andW in diploid systems, or
U and V in haploid systems; reviewed in Otto et al. [2011]). A
broadly established model of sex chromosome evolution pre-
dicts gradual expansion of the region of suppressed
recombination, driven by selection for linkage between the
sex-determining region (SDR) and loci at which selection dif-
fers between males and females (Charlesworth et al. 2005;
Immler and Otto 2015). Expansion of the SDR reduces the
recombining portion of the sex chromosome, the so-called
pseudoautosomal region (PAR). However, the recombining
region is usually not lost completely and it is thought that
most species retain a PAR because homologous recombina-
tion in this region plays a critical role in chromosomal pairing
and segregation during meiosis (Rouyer et al. 1986; Shi et al.
2001). Moreover, there are situations where sexually antago-
nistic (SA) forces may be too weak to drive a marked

expansion of the SDR, and an extensive PAR may be pre-
served. This may be expected to occur, for example, in organ-
isms with a low level of phenotypic sexual dimorphism (e.g.,
Ahmed et al. 2014) or where SA selection has been resolved
by alternative processes such as the evolution of sex-biased
gene expression (Vicoso et al. 2013).

The evolutionary fate of PAR genes is expected to differ
from that of either autosomal or fully sex-linked genes. In
particular, sex differences in allele frequencies should bemain-
tained more easily in the PAR, either due to SA polymor-
phisms (which are maintained under a wider range of
conditions than on autosomes), or to other forms of selection,
such as heterozygous advantage (Otto et al. 2011). These
effects are expected to be strongest very near the SDR, and
to decay as the genetic distance from the SDR increases (the
rate of decay being inversely proportional to the strength of
selection maintaining polymorphism; Charlesworth et al.
2014; Kirkpatrick and Guerrero 2014).

There has been little empirical work on PARs. Analyzes of
the structure and genetic behavior of the PAR have mainly
focused on organisms that have old, well-differentiated sex
chromosomes such as humans and other mammals (Flaquer
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et al. 2008; Raudsepp et al. 2012), and more recently birds
(Smeds et al. 2014). These PARs have been shown to exhibit
several unusual features compared with autosomes, including
higher levels of recombination (Soriano et al. 1987; Lien et al.
2000; Kondo et al. 2001), greater abundance of repetitive
DNA (Hinch et al. 2014; Smeds et al. 2014), and differences
in GC content (Montoya-Burgos et al. 2003). These studies
focused on organisms with diploid sexual chromosome sys-
tems (XY and ZW), whereas in a large number of taxa includ-
ing many red, brown, and green algae, land plants and fungi,
sex is determined during the haploid phase of the life cycle
(UV systems; Bachtrog et al. 2011). Many of the theoretical
predictions made for diploid sexual systems are also relevant
to UV sexual systems, for example concerning the evolution
of recombination suppression and the maintenance of sex
differences in allele frequencies in the PAR (Immler and Otto
2015). Some effects, such as the potential of sex differences in
selection to drive gene differentiation in the PAR, are ex-
pected to be stronger in UV systems because the U and V
chromosomes occur only in females and males, respectively
(in contrast with the X, for example, which can occur inmales
and females). At present however, few empirical data are
available for haploid sexual systems to test these various
predictions.

We have recently shown that the UV sex chromosomes of
the brown alga Ectocarpus have a small nonrecombining SDR,
despite being at least 70 My old, and that this region is bor-
dered by two relatively large PARs (Ahmed et al. 2014). Here,
we show that the PARs of these chromosomes recombine at a
similar rate to autosomal regions of the genome and yet ex-
hibit many features typical of nonrecombining regions. The
PARs are enriched in physically linked clusters of genes that
are preferentially, and often exclusively, expressed during the
sporophyte generation of the life cycle and many of these
genes appear to have evolved since the Ectocarpales diverged
from other brown algal lineages. A model is presented that
provides a possible mechanism for the accumulation of these
sporophyte-biased genes on the PARs.

Results

The PAR of the Ectocarpus Sex Chromosome
Exhibits Unusual Structural Features

The PARs of the Ectocarpus sex chromosome (linkage group
30, LG30) represent about 2Mb of sequence on each side of
the 1Mb SDR.We have previously noted that the PARs exhibit
a number of structural differences compared with the auto-
somes. For instance, values for gene density, mean intron
length, and percentage of GC content are intermediate be-
tween those of the autosomes and the SDR (Ahmed et al.
2014).

Several studies (Burt 2002; Jensen-Seaman et al. 2004) sug-
gest that chromosome size should be taken into account
when comparative analyzes of chromosome structure are
carried out. In Ectocarpus, transposable element (TE) content
tends to be negatively correlated with linkage group physical
size (Spearman’s correlation test �=�0.113, P=0.598)
whereas gene density and GC percentage increase with

chromosome size (Spearman’s correlation test �=0.303,
P=0.151 and �=0.284, P=0.178, respectively).
Consequently, to analyze in detail the unusual structural fea-
tures of the Ectocarpus PARs, we compared the sex chromo-
some not only to the autosomal regions as a whole (all
chromosomes apart from the sex chromosome) but also
with one specific chromosome, linkage group 4 (LG04),
which is of similar size (5.028Mb) to the sex chromosome.
For this comparison, all genes on LG30 and LG04 were man-
ually curated to produce high-quality annotations for both
chromosomes. Comparison of these two genomic regions
showed that the PARs contained more TE sequences and
lower gene density than LG04, and that GC content and
the size of coding regions were significantly lower for the
PAR, compared with LG04 (fig. 1A–D). Moreover, PAR
genes tended to have longer introns, and fewer and smaller
exons on average than genes on LG04 (fig. 1E–H). All of these
differences were also detectedwhen the PARswere compared
with the autosomes (fig. 1A–D; supplementary fig. S1,
Supplementary Material online), confirming that the PARs
are unusual. Moreover, the features that distinguish the
PARs from the autosomes were not confined to the regions
that were close to the SDR. The PARs exhibited some struc-
tural heterogeneity along their length, with, for example, a
significant negative correlation between TE content and gene
content (Pearson’s correlation test r=�0.606, P< 0.01), but
we found no evidence that the features that distinguish the
PARs from the autosomes (gene structure, GC content, etc.)
were more marked in the vicinity of the SDR (supplementary
table S1, Supplementary Material online). These unusual
structural features are therefore characteristic of the entire
PARs.

Recombination along the Sex Chromosome

The structural analysis described above strongly indicated
that the Ectocarpus PARs exhibit features resembling those
of the nonrecombining SDR. Recombination is completely
suppressed within the SDR of the Ectocarpus sex chromo-
some (Ahmed et al. 2014) but analysis of molecular marker
segregation has confirmed that the PARs recombine during
meiosis (Heesch et al. 2010). In order to build a more com-
prehensive recombination map of the Ectocarpus sex chro-
mosome, an expanded segregating population of 280
individuals was genotypedwith 23 LG30markers. The average
recombination rate for the PARs was 40 cM/Mb whereas the
average recombination rate for autosomes was 23 cM/Mb.
Comparisons of average rates between adjacent markers in-
dicated that this difference was not significant (Mann–
Whitney U test, P=0.28). However, recombination events
were unevenly distributed along the sex chromosome
(fig. 2). Specifically, two regions of high recombination (one
of them recombining at about ten times the genome average)
were found on each side of the SDR. Recombination between
markers within these peaks was significantly higher than the
background recombination rate on the sex chromosome
(Mann–Whitney U test, P=0.0038). When markers within
these recombination peaks were excluded, the PARs had an
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average recombination rate of 15.3 cM/Mb, which was
still not significantly different from the genome average
(Mann–Whitney U test, P=0.388). Globally, we found no
significant correlation between recombination rate and TE
or gene content (Pearson’s correlation test, P 4 0.05)
along the length of the PARs, although there was a tendency
for regions that exhibited higher recombination rates to have
higher gene density and lower TE density (fig. 2).

Genetic recombination rates along the PARs were also
studied in a segregating family generated from two parental
strains of another Ectocarpus species, Ectocarpus siliculosus
lineage 1a (Stache-Crain et al. 1997), demonstrating that
the PARs are also a recombining region in this sister species
(supplementary fig S2 and table S2, Supplementary Material
online).

Expression Patterns of PAR Genes during
the Ectocarpus Life Cycle

The PARs contain 209 protein-coding genes. We investigated
their patterns of expression, using RNA-Seq, at several stages
of the life cycle of Ectocarpus, including male and female im-
mature and fertile gametophytes, and different tissues of the
sporophyte generation. The PAR genes exhibited significantly
lower mean expression levels than genes on LG04 (median
5.88 RPKM (reads per kilo base pair per million) for the PARs
compared with 11.16 RPKM for LG04; Mann–Whitney U test,
P=4.50� 10�10) and than autosomal genes in general
(median 9.88 RPKM for all autosomes; Mann–Whitney U
test, P< 1.10� 10�7) (fig. 3A). This difference in transcript
abundance was particularly marked during the gametophyte
generation, and slightly less marked during the sporophyte
generation.

A heatmap representing the expression levels of the
PAR genes revealed a striking pattern (fig. 3B; supplemen-
tary fig. S3A, Supplementary Material online). Several clus-
ters of genes had coordinated patterns of expression during
the life cycle, including two clusters of PAR genes that were
strongly upregulated during the sporophyte generation, and
a cluster of genes that exhibited transcription below the
detection limit (RPKM< 1), during both the gametophyte
and the sporophyte generations. The sporophyte-biased
gene clusters were localized in regions of the PAR that ex-
hibited low levels of recombination (in supercontigs sctg_96
and sctg_266, fig. 2; supplementary table S3, Supplementary
Material online). No other linkage group exhibited similar
patterns of generation-biased gene clusters (supplementary
fig. S3B, Supplementary Material online).

To further analyze the relationship between genomic loca-
tion and life cycle expression pattern, we carried out a genome-
wide analysis to identify genes thatwere differentially expressed
during the alternation between the sporophyte and gameto-
phyte generations of the life cycle. About 25% of the genes in
the Ectocarpus genome were significantly differentially regu-
lated between the generations (fold change [FC]� 2, false dis-
covery rate [FDR]< 0.1), with slightly fewer sporophyte-biased
genes (~12% of the genome, 1,883 genes) than gametophyte-
specific genes (~13%, 2,083 genes). The PAR was found to be
significantly enriched in genes that are upregulated during the
sporophyte generation (�2 test, Padj = 2.2� 10�7, Bonferroni
correction) (fig. 3C), while none of the autosomes exhibited a
significant enrichment in sporophyte-biased genes (supple-
mentary figs. S3B and S4C, Supplementary Material online).

To examine the relationship between level of expression
and degree of generation-bias, the sporophyte-biased genes

FIG. 1. Structural characteristics of the PAR compared with the SDR, LG04, and autosomes. (A) Percentage of TE calculated per supercontig; (B) gene
density per supercontig; (C) percentage of GC per gene; (D) percentage of GC3 per coding sequence (CDS); (E) gene size; (F) CDS size per gene; (G) total
intron length per gene; (H) number of exons per gene. Statistical differences were tested using pairwise Mann–Whitney U test. Letters shared in
common between the groups indicate no significant difference.
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on the PARs, on LG04, and on all autosomes were grouped
according to fold-change in transcript abundance between
the sporophyte and gametophyte generations, and the mean
expression level (RPKM) of each group was plotted (fig. 3D).
For LG04, and for autosomal genes in general, the degree of

sporophyte-biased expression was determined by the level of
expression in the gametophyte, so that their high fold differ-
ence correlated with low gametophyte expression. In con-
trast, all the sporophyte-biased genes on the PAR exhibited
very low levels of expression in the gametophyte generation

FIG. 2. Recombination frequency and distribution of TEs and gene density in the sex chromosome of Ectocarpus. The x axis indicates the physical
position along the sex chromosome. Upper panel: y axis indicates the recombination rate (cM/Mb). Error bars represent 95% confidence intervals (CI).
The recombination frequency around the SDR is unusually high. The average recombination between two adjacent markers on the PAR is 40.3 cM/Mb
(18.8–66.9, 95% CI), compared with 217.2 and 95.0 cM/Mb for the peaks at the borders of the SDR. The red dashed line represents the average
recombination frequency over the entire Ectocarpus genome. The black and red lines on the x axis indicate boundaries between supercontigs (sctgs) and
the midpoints of supercontigs, respectively. Gray background rectangle above the upper graph indicates the distribution of generation-biased genes
along the sex chromosome. Orange: sporophyte-biased genes; green: gametophyte biased genes. Horizontal bars and asterisks represent clusters of
sporophyte-biased genes. See also figure 3. Gene and TE density along the Ectocarpus sex chromosome on the lower panel are represented by the solid
red and dashed blue lines, respectively. Analysis of gene and TE density was performed by calculating the percentage of bases on each supercontig that
are part of a gene or a TE, respectively. Vertical gray dashed lines indicate the boundaries between the PARs and the SDR. Note that the existing genetic
map only allowed 70% of the genome sequence to be assigned to linkage groups (Heesch et al. 2010) and therefore we cannot exclude the possibility
that missing scaffolds have led to an underestimation of the Mb/cM ratio in some regions of the sex chromosome.
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FIG. 3. PAR gene expression during different life cycle stages. (A) Average gene expression (log2RPKM) of all autosomes, LG04 (a linkage group of similar
size to the sex chromosome) and PAR genes in male and female gametophytes (immature and fertile), and sporophytes. Letters shared between groups
indicate no significant difference (Mann–Whitney U test, P< 6.0� 10�5). (B) Heatmap showing the expression levels of PAR genes during different life
cycle stages relative to their position on the sex chromosome (the SDR is excluded). Clusters of sporophyte-biased genes (also represented in fig. 2) are
highlighted by asterisks. GA: gametophyte; SP: sporophyte (C) Enrichment of sporophyte-biased genes on the PAR compared with autosomes (�2 test
with Bonferroni correction, ***Padj = 6.03� 10�5). (D) Expression of sporophyte-biased genes on autosomes, LG04 and PAR measured during the
sporophyte (pink) and gametophyte (green) generations. Mean gene expression levels (log2RPKM) at several degrees of generation-bias (from FC 4 1
to FC 4 10) are shown. Error bars represent standard errors of the mean.

5

The Pseudoautosomal Regions of the Ectocarpus Sex Chromosomes . doi:10.1093/molbev/msv173 MBE

http://mbe.oxfordjournals.org/


and the degree of sporophyte-biased expression (fold change)
was determined both by attenuation of expression during the
gametophyte generation and by the strength of expression
during the sporophyte generation.

Two types of measurement can be used to describe the
expression of a gene in a multicellular organism: the level of
gene expression in terms of the number of transcripts present
in a particular tissue, and the breadth of expression (�), which
measures how often the gene is expressed through the life
cycle and/or in how many different tissues it is transcribed
(Lipinska et al. 2015).

We calculated the breadth of expression of Ectocarpus
genes using gene expression data collected for two types of
tissues and at different stages of the life cycle. Globally, PAR
genes exhibited greater expression specificity than either
LG04 genes or autosomal genes in general (Mann–Whitney
U test, P< 0.003) (supplementary fig. S5A, Supplementary
Material online). Sporophyte-biased PAR genes had � values
that were significantly higher than those of unbiased PAR or
autosomal genes (Mann–Whitney U test, P< 6.5� 10�5)
(supplementary fig. S5B, Supplementary Material online).

Fifty-one sporophyte-biased and 18 gametophyte-biased
genes were identified on the PARs (supplementary table S3,
Supplementary Material online). A significant proportion
(~50%) of the PAR sporophyte-biased genes were located
in the two life cycle gene clusters mentioned above. In
these clusters, 9 (sctg_266) and 13 out of 19 (sctg_96) con-
tiguous genes exhibited sporophyte-specific expression (fig. 2;
supplementary fig. S4A, Supplementary Material online).
Clustering analysis confirmed that the distribution of sporo-
phyte-genes on the PAR was not random (Runs test,
P< 2.2� 10�16). The sporophyte-biased genes in the two
clusters included a duplicated pair of adjacent genes for
which there was one copy in each cluster (supplementary
table S3, Supplementary Material online). The regions corre-
sponding to the clusters, which are not closely linked to the
SDR (fig. 2), exhibit lower recombination rates (on average
9 cM/Mb) than the average PAR rate. However, genes located
on the clusters did not exhibit different characteristics from
other sporophyte-biased genes located outside the clusters
and did not differ from unbiased PAR genes (supplementary
fig. S4B, Supplementary Material online). The remaining spo-
rophyte-biased genes were distributed along the PAR in trip-
lets (1), pairs (5), or individually (16) (supplementary fig. S4A,
Supplementary Material online). Neither functional domains
nor orthologues in public databases were detected for most
of these genes and it was therefore not possible to identify any
enrichment with respect to function. However, possible roles
in protein–protein interactions (leucine rich repeats, tetratri-
copeptide repeats, or ankyrin repeats motifs) were predicted
for 7 of the 51 sporophyte-biased PAR genes.

Fewer than 12% of the genes in the Ectocarpus genome (i.e.,
1,947 genes) exhibits sex-biased gene expression (Ahmed et al.
2014), including 31 that are located in the PAR (supplemen-
tary fig. S4A and table S3, Supplementary Material online).
This latter set of genes did not display any unusual structural
characteristics compared with unbiased PAR genes (supple-
mentary fig. S4B, Supplementary Material online). There was

also no significant tendency for generation-biased genes on
the PAR to be also sex-biased (�2 test, P=0.25). Nonetheless,
12 of the 69 generation-biased on the PAR exhibited both
generation- and sex-bias and there was a marked correlation
between the precise type of life cycle generation-bias and the
type of sex-bias: all seven of the genes that were both game-
tophyte-biased and sex-biased were male-biased, whereas
four out of five of the genes that were both sporophyte-
biased genes and sex-biased were female-biased (supplemen-
tary table S3, Supplementary Material online).

The Ectocarpus PAR Is Enriched in Young Genes

Recently evolved genes (referred to as “orphan” genes) tend
to exhibit similar features to those that we observed for the
PAR genes, including shorter coding regions, fewer exons,
lower expression, and weaker codon bias compared with
older genes (Arendsee et al. 2014; Palmieri et al. 2014). We
therefore investigated whether gene age might be one of the
factors underlying the unusual features of the PAR. Complete
genome resources are currently insufficient to identify orphan
genes, which are defined as having evolved within a species or
group of species, in Ectocarpus but wewere able to distinguish
“young genes” from “old genes” by carrying out BLASTp com-
parisons with other complete stramenopile genomes, includ-
ing the recently published Saccharina japonica genome (Ye
et al. 2015), and sequences in the public databases. Young
genes were defined as having no BLASTpmatch (10�4 E value
cutoff) with any of these other genomes (indicating that they
are likely to have evolved since the split from the most recent
common ancestor, about 100Ma; Silberfeld et al. 2010). The
PARwas significantly enriched in young genes comparedwith
all the autosomal linkage groups (34% vs. 10%, �2 test with
Bonferroni correction, P=1.5� 10�14). On average, young
genes tended to be smaller and to have higher tissue specifi-
city than old genes and their coding regions were smaller with
lower codon adaptation index (CAI) and GC3 (Mann–
Whitney U test, supplementary table S4, Supplementary
Material online). When gene age was factored out by com-
paring only old genes or only young genes between the PAR
and the autosomes, the PAR genes still exhibited higher per-
centage TE, lower GC content, longer gene size, shorter
coding regions (significant for old genes only), shorter exons
(significant for old genes only), and longer introns (Mann–
Whitney U test, supplementary table S4, Supplementary
Material online). Taken together, these analyzes indicated
that the unusual features of the PAR genes could be explained
in part by enrichment in young genes. However, when age is
corrected for, PAR genes still exhibit markedly different fea-
tures to autosomal genes. Interestingly, the proportion of
young genes that showed generation-bias expression patterns
was higher on the PAR than on the autosomes (52% vs. 28%,
�2 test, P=4.18� 10�7).

Evolution of the PAR Genes

The rate and pattern of evolution of Ectocarpus genes was
analyzed by comparing sequences from the reference strain
(Ectocarpus sp. lineage 1c Peru) with orthologous sequences
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from another Ectocarpus species (E. siliculosus lineage 1a).
Compared with a set of 88 genes from LG04, the 84 PAR
genes that were analyzed displayed, on average, significantly
elevated values for nonsynonymous to synonymous substitu-
tion ratios (dN/dS) (Mann–Whitney U test, P< 0.001).
However, when the generation-biased genes (40 genes)
were removed from the data set, no significant difference in
mean dN/dS ratios was detected between the PAR and au-
tosomal gene sets (fig. 4A). Moreover, the sporophyte-biased
PAR genes showed dN/dS ratios that were significantly higher
than sporophyte-biased genes on LG04 (Mann–Whitney U
test, P=2.268� 10�5), indicating that the increased evolu-
tionary rates were related to the fact that these generation-
biased genes were located on the PAR. The faster rate of
evolution of the sporophyte-biased PAR genes was due to
an increase in the rate of nonsynonymous substitutions (dN)
and not to a decrease in the rate of synonymous substitution
(dS) (fig. 4B and C) (Mann–Whitney U test, P< 0.01). Finally,
note that although the average dN/dS ratio for unbiased PAR
genes was similar to that of the autosomal gene set, the
average values for both dN and dS were significantly greater
than for the autosomal genes (Mann–Whitney U test,
P< 0.01).

Interestingly, there was a weak, negative correlation be-
tween expression breadth and dN/dS for the PAR genes
(Spearman’s �=0.206, P=0.0526). In other words, PAR
genes with higher dN/dS tended to exhibit a lower breadth
of expression.

Of the 40 sporophyte-biased PAR genes analyzed, 24 had
dN/dS ratios that were greater than 0.5, which could be an
indication of adaptive evolution (Swanson et al. 2004).
To perform a maximum likelihood analysis of positive
selection (PAML), we searched for orthologues of the

sporophyte-biased genes using transcriptome data for two
additional Ectocarpus species (Ectocarpus fasciculatus lineage
5b and Ectocarpus sp. lineage 1c Greenland; supplementary
table S5, Supplementary Material online). Complete sets of
four orthologues from the four species were obtained for only
seven of the sporophyte-biased PAR genes and the PAML
analysis was therefore carried out using these sets. For one
of these comparisons both pairs of models (M1a–M2a, M7–
M8) suggested positive selection (Esi0096_0082, !=0.86,
P< 0.05).

Codon-usage bias has been observed in almost all genomes
and is thought to result from selection for efficient and ac-
curate translation of highly expressed genes (Kanaya et al.
2001). Optimal codons have been described for Ectocarpus
(Ahmed et al. 2014) and a weak but significant correlation
was noted between codon usage bias and gene expression
levels (Wu et al. 2013). In accordance with these findings, the
genes on the PARs, which were expressed at a lower level, on
average, than autosomal genes (fig. 3A; Mann–Whitney U
test, P=6.06� 10�5), showed significantly lower frequency
of optimal codons (CAI) compared with autosomal genes
(Mann–Whitney U test, P=2.0� 10�5). Interestingly, we
found that genes in the regions close to the SDR tended to
have higher CAI than more distal genes, although the signif-
icance is borderline (Spearman’s �=�0.15, P=0.028).

However, when codon usage analysis was carried out spe-
cifically for the groups of sporophyte-biased and unbiased
genes, the CAIs were significantly lower only for the sporo-
phyte-biased genes on the PAR, compared with all other
genes (Mann–Whitney U test , P< 0.004) (supplementary
fig S6, Supplementary Material online). Analysis of the
Drosophila genome identified a positive correlation between
codon bias and recombination rate (Haddrill et al. 2007;

FIG. 4. Rates of evolution of PAR (generation-biased and unbiased) genes compared with autosomal genes (LG04). Pairwise dN, dS, and dN/dS ratios
were calculated by comparing orthologous gene sequences from Ectocarpus sp. (lineage 1c Peru) and Ectocarpus siliculosus (lineage 1a). (A) Ratio of
nonsynonymous to synonymous substitutions (dN/dS). (B) Nonsynonymous substitutions (dN). (C) synonymous substitutions (dS). Letters shared
between groups indicate no significant difference (Mann–Whitney U test, P< 0.01).
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Campos et al. 2012). Ectocarpus PAR genes located in regions
with low recombination rates had significantly lower CAI
(Mann–Whitney U test, P=0.01879), but we found no signif-
icant difference in CAI for sporophyte-biased genes located in
PAR with low versus average-to-high recombination rates.
Therefore, the local recombination rate does not explain
the low codon usage bias of the sporophyte-biased PAR
genes (supplementary fig. S7, SupplementaryMaterial online).

A Model for the Spread of Generation-Biased
Alleles Located in the PAR

In XY or ZW systems, it has been argued that the excess of
sex-biased genes often observed on X (or Z) chromosomes
may result from SA selection (e.g., Vicoso and Charlesworth
2006). For example in XY systems, alleles with recessive or
partially recessive effects that increasemale fitness at a cost to
female fitness are expected to spread more easily on the X
than on autosomes; modifiers that decrease the expression of
these genes in females may then spread, leading to an excess
of male-biased genes on the X. We developed a theoretical
model to explore whether a similar scenario (involving gen-
eration-antagonistic rather than SA selection) could explain
the excess of sporophyte-biased genes observed on the PARs.
This would imply that alleles increasing the fitness of sporo-
phytes but with a fitness cost to gametophytes would spread
more easily in the PAR than on autosomes.

The model (detailed in the supplementary material S1,
Supplementary Material online) considers a selected locus
located at a recombination distance r from the SDR of a UV
sex-determination system, at which two alleles (denoted A and
a) have different effects on the fitness of sporophytes, female
gametophytes andmale gametophytes. The different events of
the life cycle are diploid selection, meiosis (recombination),
haploid selection (within each sex), and fertilization (random
union of gametes); the fitnesses of the different genotypes are
given in table 1 (note that the results only depend on relative
fitnesses within each ploidy phase and sex, as we assume that
selection takes place independently among females, males, and
sporophytes). Themodel is similar to that recently proposed by
Immler and Otto (2015) but, while these authors explored
conditions under which selection favors decreased recombina-
tion between a PAR locus and the SDR, we focus on the con-
ditions for the spread of a rare allele (say allele a) at the selected
locus, as a function of r, and the fitness effect of the allele on
sporophytes (sd) and on female (sf) and male (sm) gameto-
phytes. We focus on generation-antagonistic alleles (sd and
sh= (sf+ sm)/2 have opposite signs), because the spread of
such alleles may result in an increase in the frequency of
genes that are differentially expressed in sporophytes and
gametophytes (generation-biased genes) (table 1).

Overall, our analysis (fig. 5) shows that genomic localiza-
tion has little effect on the spread of alleles when selection is
similar in both sexes (sf& sm). However, when selection dif-
fers between the sexes (and in particular when the gameto-
phyte-deleterious allele is neutral or slightly beneficial in one
of the sexes), themodel indicates that a sporophyte-beneficial
allele benefits from sex-linkage, as this allows the allele to

avoid being inherited by the sex where it is disfavored.
Linkage to the SDR is also predicted to benefit the gameto-
phyte-beneficial allele, but to a lesser extent since this allele
still suffers from a fitness cost in the sporophytic generation.
This can be seen on figures 5B and C: reducing the recombi-
nation rate between the selected locus and the sex-
determining locus (from to solid curves for r=0.5 to the
dotted curves for r=0.01) increases the parameter regions
where alleles increase in frequency when rare, this effect
being more marked for the sporophyte-beneficial allele
(blue curves) than for the gametophyte-beneficial allele (red
curves; note that the scale of the x axis is logarithmic).
Therefore, taking into account the possibility of sex-
differences in selection, being in the PAR expands the range
of parameters allowing generation-antagonistic mutations to
spread, but more so for sporophyte-beneficial, gametophyte-
deleterious alleles than for gametophyte-beneficial, sporo-
phyte-deleterious alleles. Again, this effect is generated by
the fraction of generation-antagonistic mutations that is dif-
ferentially selected in males and females. This model could
thus explain the observed excess of sporophyte-biased gene
expression in the PAR, assuming that reduced expression in
gametophytes would have evolved secondarily to prevent the
expression of alleles that are deleterious in at least one sex
(note that complete linkage to the SDR would be another
means to resolve this conflict).

Discussion

The Ectocarpus PAR Does Not Exhibit an Increased
Recombination Rate Compared with Autosomes but
Does Exhibit Local Peaks of Recombination

PARs play a critical role in successful progression through
meiosis in the heterogametic sex of most plant and animal
species because at least one crossover is required for correct
segregation of the sex chromosomes (e.g., Burgoyne et al.
1992; Wai et al. 2012), generating a strong selective force to
maintain recombination in the PAR. Accordingly, in human
males, PAR1 has a crossover rate that is 17-fold greater than
the genome-wide average. In contrast, the recombination rate
in females, where recombination is between homologous X
chromosomes, is comparable to the genome-wide average
(Page et al. 1987; Flaquer et al. 2008). In UV systems, meiosis
occurs in the sporophyte and, consequently, there is no male
or femalemeiosis and all meiotic events involve pairs of U and
V chromosomes in which recombination can only occur in
the PARs. This feature of UV systems might be expected to
further increase overall recombination rates in the PAR, but
measurement of the recombination rate along the Ectocarpus
PAR indicated a mean rate that was not significantly different

Table 1. Fitnesses of the Different Genotypes at the Selected Locus.

AA Aa Aa A a

Sporophyte 1 1þ h sd 1þ sd

Female gametophyte 1þ sf 1

Male gametophyte 1þ sm 1
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from that of the rest of the genome. The absence of a detect-
able increase in recombination rate is probably explained by
the large relative size of the PAR in Ectocarpus, which occupies
approximately 80% of the sex chromosome (Ahmed et al.
2014). Similarly, the PAR of the blood fluke, and the PAR of
the emu, which represent a high proportion (57% and 75%,
respectively) of their sex chromosomes, both exhibit average
recombination rates that are similar to those of autosomes
(Criscione et al. 2009; Janes et al. 2009). Therefore, there ap-
pears to be a general tendency for PARs that constitute a large
proportion of the physical size of the sex chromosome not to
exhibit increased recombination rates compared with
autosomes.

Although the mean recombination rate along the
Ectocarpus PAR was comparable to that measured for auto-
somes, recombination mapping identified two peaks of ele-
vated recombination rates flanking the SDR. Fine scale
mapping of recombination rates along all the Ectocarpus link-
age groups will be required to determine whether this type of
recombination peak is a specific feature of the sex chromo-
some or if such peaks occur in autosomes (e.g., surrounding
regions of reduced recombination such as the centromeres).
Recombination hotspots at borders of SDRs have been de-
scribed for species with XY or ZW sexual systems, including
humans (Flaquer et al. 2008), mice (Soriano et al. 1987), blood
flukes (Criscione et al. 2009), medaka fish (Kondo et al. 2001),
emu (Janes et al. 2009), flycatcher birds (Smeds et al. 2014),
Populus (Yin et al. 2008), and papaya (Wai et al. 2012). A
similar phenomenon has also been observed in fungal
mating type chromosomes (Hsueh et al. 2006).

The PARs Recombine at Similar Levels to the Rest of
the Genome but Exhibit Structural Characteristics
Typical of Nonrecombining Regions

The Ectocarpus PARs exhibit a number of features that are
typical of genomic regions with reduced levels of genetic re-
combination (Charlesworth D and Charlesworth B 2005), in-
cluding increased TE content, decreased gene density, smaller
average coding sequence size, larger average intron size, higher
gene GC content, higher rates of both synonymous and
nonsynonymous substitution (and higher dN/dS ratios),

and lower average gene expression levels compared with au-
tosomes. Paradoxically, despite these features, the mean re-
combination rate measured for the PAR was not significantly
different from that of the autosomal part of the genome.
Moreover, we found no evidence that the majority of the
PAR genes (excluding sporophyte-biased genes) contained
higher levels of suboptimal codons than autosomal genes.
However, note that PAR gene coding regions are significantly
shorter than those of autosomal genes and this might coun-
teract any tendency for suboptimal codons to accumulate,
because selective pressures on codon usage are typically
stronger for genes that encode short proteins (Duret and
Mouchiroud 1999). The PAR was found to be enriched in
young genes compared with autosomes but while the pres-
ence of these genes contributes to some extent to the un-
usual features of this region, this enrichment alone does not
explain all the unusual structural features of the PAR.

We considered possible evolutionary mechanisms that
might explain these unusual structural and functional fea-
tures of the PAR and its constituent genes. Genetic linkage
to the SDR is expected to influence the evolution of the PAR,
but the effect should be limited to regions of the PAR that are
very close to the SDR, unless selection is very strong
(Charlesworth et al. 2014). This was not the case for the
Ectocarpus PAR, as the unusual structural features were char-
acteristic of the entire PAR and were not limited to regions
adjacent to the SDR. To date, no mechanisms have been
proposed which would allow the SDR to influence the evo-
lution of linked, recombining regions over the distances ob-
served here. It is not clear at present, therefore, whether the
unusual structural features of the Ectocarpus PAR are related
in some way to the presence of the SDR on the same chro-
mosome or if they indicate that the evolutionary history of
the PAR has been different from that of the other autosomes.

Preferential Accumulation of Sporophyte-Biased
Genes on the PAR

The Ectocarpus PAR is enriched in sporophyte-biased genes
compared with the autosomes and these sporophyte-biased
genes appear to be evolving in a differentmanner to the other
genes on the PAR. PAR genes in general showed elevated

FIG. 5. Conditions for the spread of generation-antagonistic alleles. The sporophyte-beneficial allele (a) increases in frequency when rare above the blue
curves, while the gametophyte-beneficial allele (A) increases in frequency when rare above the red curves. Solid curves: r=0.5; dashed curves: r=0.1;
dotted curves: r=0.01. The strength of selection in males sm is fixed to 0.1, while the different panels correspond to different values of sf : 0.05 (A), 0 (B),
and� 0.05 (C). Note that swapping sf and sm would yield exactly the same results, as the model assumes that both sexes are equivalent.
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levels of both synonymous and nonsynonymous mutations
compared with autosomal (LG04) genes whereas the sporo-
phyte-biased PAR genes showed highly elevated rates of
nonsynonymous mutations but a similar synonymous muta-
tion rate to unbiased autosomal (LG04) genes. The elevated
rate of nonsynonymous substitutions could be indicative of
adaptive evolution, and indeed a signature of positive selec-
tion was detected for one out of the seven sporophyte-biased
PAR genes that could be analyzed for this feature. However,
while positive selection may be driving the evolution of some
of the sporophyte-biased genes, this is unlikely to be the case
for all of them. The set of sporophyte-biased PAR genes had a
reduced content of optimal codons compared with an auto-
somal gene set, suggesting that themajority of these genes are
under relaxed purifying selection. One possible explanation
for the accumulation of nonoptimal codons in these genes is
that they may escape haploid purifying selection (Lewis and
Benson-Evans 1960; Lewis 1961; Lewis and John 1968), as they
are completely silent during the gametophyte generation.
Consequently, alleles with suboptimal codons will be
masked in diploid heterozygous individuals and will not be
selected against during the haploid phase.

Another possibility is that the lack of expression of the
sporophyte-biased PAR genes during the gametophyte gen-
eration leads to relaxed selection due to the reduced breadth
of expression of these genes. Breadth of expression, that is, the
degree of tissue or developmental stage specificity, is known
to effect nonsynonymous substitution rates (Duret and
Mouchiroud 2000). However, this hypothesis alone is not
sufficient to explain the higher evolutionary rates of sporo-
phyte-biased genes, because gametophyte-biased PAR genes,
which also have a reduced breath of expression, had similar
nonsynonymous mutation rates to an average PAR gene.

Mathematical modeling was used to identify evolutionary
mechanisms that might explain the preferential accumula-
tion of sporophyte-biased genes in the PAR. Consistent with a
recent model proposed by Immler and Otto (2015), we show
that generation-antagonistic alleles spread more easily on the
PAR than on autosomes if selection differs betweenmales and
females. The model presented here may explain our empirical
observations that generation-biased genes accumulate pref-
erentially on the PAR, provided that differences in expression
between generations result from generation-antagonistic se-
lection. However, note that there is evidence that the rela-
tionship between sex-biased gene expression and SA selection
is complex (Innocenti and Morrow 2010; Parsch and Ellegren
2013) and this is likely also to be the case for the relationship
between generation-biased gene expression and generation
antagonistic selection. Generation-biased gene expression
may therefore only be an approximate proxy for genera-
tion-antagonism.

Our model also predicts that sporophyte-beneficial, game-
tophyte-detrimental alleles tend to benefitmore from linkage
to the SDR than gametophyte-beneficial, sporophyte-
detrimental alleles, in situations where selection is much
weaker in one sex than in the other. Such a process might
explain the prevalence of sporophyte-specific genes in the
Ectocarpus PAR. Although this phenomenon should occur

predominantly in regions that are tightly linked to the SDR
(as the influence of the SDR is predicted to decrease rapidly
with genetic distance), it may extend over a larger proportion
of the PAR if the reproductive system involves partial clonality
or inbreeding (thereby reducing effective recombination
rates). Note that a recent field study identified both sexual
populations and populations that were reproducing asexually
(Couceiro et al. 2015), consistent with significant levels of
asexual reproduction occurring under some conditions.

Young genes are 3-foldmore abundant in the PARs than in
autosomes. This enrichment is likely to be due to a combi-
nation of factors. As new genes are often derived from TEs
(Tautz and Domazet-Loso 2011; Arendsee et al. 2014) the
higher density of TEs in the PARs may play a role by permit-
ting a higher rate of creation of new transcribed loci. This
hypothesis is supported by the fact that, compared with the
young autosomal genes, a greater proportion of the young
genes in the PARs share homology with elements in the re-
peated fraction of the Ectocarpus genome (46.3% compared
with 31.7%, Mann–WhitneyU test, P=0.038). Note, however,
that additional factors are likely to be operating because this
mechanism does not explain why the young PAR genes are
enriched 2-fold in sporophyte-biased genes compared with
young autosomal genes. Novel, transcribed loci are thought to
arise at a high frequency in the genome butmost of these loci
are thought to be subsequently lost unless they are stabilized
by selective forces (Tautz and Domazet-Loso 2011; Arendsee
et al. 2014). It is possible that the mechanism considered in
our model (where the excess of sporophyte-biased genes on
the PAR results from the spread of sporophyte-beneficial,
gametophyte-detrimental alleles) promotes the emergence
of new genes with sporophyte-biased expression in the
PAR. However, this mechanism alone does not seem suffi-
cient to explain the high proportion of young PAR genes that
are generation-biased (52%), as it seems unlikely that such a
high proportion of the selectively advantageous new genes
have generation-antagonistic effects.

Sporophyte-Biased Genes in the PAR
Occur in Clusters

Almost half of the sporophyte-biased PAR genes are located
in two gene clusters that are highly enriched in sporophyte-
biased genes. Clustering of genes with related functions does
occur in eukaryotic genomes, although to a lesser extent than
in prokaryotes (Williams andHurst 2002;Mugford et al. 2013),
but the Ectocarpus genome as a whole does not exhibit un-
usually high levels of functional clustering (Cock et al. 2010).
At present it is not clear what mechanisms led to the forma-
tion of these gene clusters on the PAR. Gene duplication has
not played a major role in the evolution of these clusters
although there are paralogous pairs of two genes across the
two clusters. The model presented in this manuscript pro-
vides a possible mechanism for the accumulation of sporo-
phyte-biased genes near the SDR and this could lead to
clustering. However, neither cluster is adjacent to the SDR,
although it is possible that the clusters have translocated to
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their current positions as a result of sex chromosome
rearrangements.

Conclusion
We provide the first detailed analysis of the structural and
evolutionary features of the PAR of a pair of UV sex chromo-
somes. We show that this PAR recombines at a rate that is
not different from any other region of the genome, but re-
markably, exhibits a number of structural and evolutionary
features that are typically associated with regions of sup-
pressed recombination. The PAR has significantly accumu-
lated clusters of genes that are differentially expressed
during the sporophyte versus gametophyte generation of
the life cycle, and these generation-specific genes exhibit
clear signs of accelerated evolution.We propose amechanism
that may explain some of the exceptional evolutionary fea-
tures of these regions compared with autosomes.

Materials and Methods

Ectocarpus Strains and Culture Conditions

Ectocarpus strains were cultured as described (Coelho et al.
2012) and details are provided in supplementary material S1,
Supplementary Material online. Supplementary table S5,
Supplementary Material online, describes the Ectocarpus spe-
cies used in this study. Note that, currently only three species
are recognized within the genus Ectocarpus (E. siliculosus,
E. fasciculatus, and E. crouanorium) (Peters et al. 2010) but
there is increasing evidence that the taxa E. siliculosus repre-
sents a complex of several species. As the type specimen for E.
siliculosus was isolated in England, we refer to the non-
European strains related to E. siliculosus (such as the
Peruvian and Greenland strains) as “Ectocarpus sp.”. The E.
sp. lineage 1c Peru is the reference species of Ectocarpus used
for the genome sequencing project and genetic map (Cock
et al. 2010; Heesch et al. 2010). To study PAR recombination
in an additional Ectocarpus species we used E. siliculosus lin-
eage 1a. E. sp. lineage 1c Greenland and E. fasciculatus lineage
5b were used to evaluation of rates of gene evolution.

Generation of a Fine Recombination Map

A segregating population of 60 individuals that had been used
for the genetic map (Heesch et al. 2010) and additional 220
individuals from a segregating population derived from a
cross between strains Ec494 (male) and Ec568 (female)
(Ahmed et al. 2014) were used to more precisely estimate
recombination frequencies across the PAR. Simple sequence
repeat markers for each of the 23 supercontigs of the sex
chromosome (LG30) have been described previously
(Heesch et al. 2010; Ahmed et al. 2014), and additional mar-
kers are described in supplementary table S2, Supplementary
Material online, and in supplementary material S1,
Supplementary Material online.

RNA-Seq

RNA-Seq analysis was carried out to compare the relative
abundances of PAR gene transcripts at several different de-
velopmental stages of the life cycle (immature and fertilemale

and female gametophytes and two tissues of the sporophyte
generation, namely basal filaments and upright filaments).
The RNA extractions and processing of sequenced reads
were performed as previously described in Ahmed et al.
(2014) and Lipinska et al. (2015) (see supplementary table
S6, Supplementary Material online, for the sequencing and
mapping statistics and supplementary material S1,
Supplementary Material online, for details of the Materials
and Methods).

Differential expression analysis between male and female
gametophytes, as well as between gametophyte (male and
female libraries as replicates) and sporophyte was performed
with the DESeq package (Bioconductor) (Anders and Huber
2010) using an adjusted P value cutoff of 0.1 and a minimal
fold-change of 2 (see supplementary material S1,
Supplementary Material online, for more details). The PAR
was also analyzed for the presence of duplicated genes.
Duplicated gene pairs were detected as described in Cock
et al. (2010).

Evaluation of Rates of Gene Evolution

To estimate evolutionary rates of PAR genes, we searched
E. siliculosus lineage 1a genomic data for orthologues of E.
sp. lineage 1c Peru genes by retaining best reciprocal
BLASTn matches with a minimum e value of 10� 10�10.
Sequences that produced a gapless alignment that exceeded
100bp were retained for pairwise dN/dS (!) analysis using
PAML (codeml, F3x4 model, runmode=�2). To detect PAR
genes under positive selection, we used transcriptomic and
genomic data from four different Ectocarpus species (detailed
in supplementary material S1 and table S5, Supplementary
Material online). Nucleotide alignments (with a minimum
length of 100 bp) were constructed using ClustalW imple-
mented in Mega6 (Larkin et al. 2007; Tamura et al. 2013),
curated manually when necessary and transformed to the
PAML4 required format using perl fasta manipulation scripts
(provided by Naoki Takebayashi, University Alaska Fairbanks).
Nonsynonymous (dN) and synonymous (dS) rates were esti-
mated by the maximum likelihood method available in
CODEML program (PAML4 package). Effective number of
codons and CAI were calculated using CAIcal server (http://
genomes.urv.es/CAIcal/) (Puigbo et al. 2008).

Classification of “Old” and “Young” Genes

To determine the effect of gene age on various structural
parameters, Ectocarpus genes were classified as “old genes”
or as “young genes” based on the presence or absence, re-
spectively, of homologous sequences in seven complete stra-
menopile genomes or in the NCBI database (excluding
Ectocarpus sequences; February 2015). For the stramenopiles,
BLASTp searches were carried out against the following com-
plete deduced proteomes: Thalassiosira pseudonana (diatom;
Thaps3 assembled and unmapped scaffolds, http://genome.
jgi-psf.org/Thaps3/Thaps3.download.ftp.html; Armbrust et al.
2004), Phaeodactylum tricornutum (diatom; Phatr2 assem-
bled and unmapped scaffolds, http://genome.jgi-psf.org/
Phatr2/Phatr2.download.ftp.html; Bowler et al. 2008),
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Aureococcus anophagefferens (Pelagophyceae; http://genome.
jgi-psf.org/Auran1/Auran1.download.ftp.html; Gobler et al.
2011); Nannochloropsis oceanica (Eustigmatophyceae;
https://bmb.natsci.msu.edu/BMB/assets/File/benning/
genome_assembly.txt; Vieler et al. 2012), Nannochloropsis
gaditana (Eustigmatophyceae; http://www.nature.com/
ncomms/journal/v3/n2/full/ncomms1688.html; Radakovits
et al. 2012), Phytophthora capsici (oomycete; http://www.
ncbi.nlm.nih.gov/pmc/articles/PMC3551261; Lamour et al.
2012), and S. japonica (http://124.16.129.28:8080/saccharina/;
Ye et al. 2015). Recent estimates indicate that all these species
diverged from the Ectocarpales lineage more than 100 Ma
(Brown and Sorhannus 2010; Silberfeld et al. 2010). Genes
were classified as old genes if their protein sequences detected
a BLASTp match with an E value of less than 10�4 in any of
the subject genomes.

Supplementary Material
Supplementary material S1, tables S1–S7, and figures S1–S7
are available atMolecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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Discussion et perspectives 
 Les analyses menées sur l’étude des caractéristiques de la PAR ont montré que l’ensemble de 

cette région présente un profil particulier par rapport au reste du génome, avec des caractéristiques 

proches de celles de la SDR. Ainsi, la densité d’éléments transposables est supérieure à celle des 

autosomes, tandis que la densité des gènes est plus faible. De plus, la structure des gènes est altérée par 

rapport aux autosomes, avec une taille supérieure liée à une augmentation de la longueur des introns. 

En revanche, la taille de la séquence codante diminue, de même que le pourcentage de GC. Les 

mécanismes à l’origine de ces modifications et l’influence de la SDR sur la PAR restent encore à 

identifier. 

En plus de présenter une modification de sa structure, la PAR présente aussi des 

modifications au niveau des profils d’expression des gènes. Globalement, le niveau d’expression des 

gènes par rapport au reste des autosomes est significativement plus faible, plus particulièrement durant 

la phase gamétophytique. Une caractéristique particulière de la PAR d’Ectocarpus est la présence de 

clusters de gènes ayant un profil d’expression similaire durant le cycle de vie, avec la présence de deux 

clusters fortement surexprimés durant la phase sporophytique et un cluster constamment sous-exprimé 

durant la phase gamétophytique. 

L’analyse des gènes orphelins menée, même si incomplète du fait du manque de données 

génomiques disponibles chez les algues brunes, a permis d’identifier chez Ectocarpus les gènes 

« jeunes » et les gènes « ancestraux ». La différence entre les deux catégories est basée sur la 

présence/absence d’un gène d’une espèce dans les autres espèces proches (Tautz and Domazet-Lošo 

2011). Par exemple, un gène d’une espèce non retrouvé, par recherche d’homologie de séquence, dans 

les autres espèces proches sera qualifié de « jeune ». Chez Ectocarpus, la PAR présente un 

enrichissement en gènes « jeunes » par rapport aux autosomes, enrichissement qui pourrait être 

expliqué par la plus forte présence d’éléments transposables dans la PAR, qui sont connus pour 

favoriser l’apparition de nouveaux gènes (Arendsee et al. 2014). Cette hypothèse est supportée par le 

fait que l’analyse des gènes « jeunes » a montré que ces derniers présentaient une homologie de 

séquence avec les éléments répétés identifiés dans le génome d’Ectocarpus. Cependant, d’autres 

mécanismes susceptibles d’expliquer l’apparition de nouveaux gènes ne peuvent être exclus. 
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La disponibilité prochaine de nouvelles données génomiques et transcriptomiques, pour 

d’autres algues brunes, permettra de disposer de la séquence nucléotidique des chromosomes sexuels 

d’autres espèces afin de pouvoir étudier les différences structurales et fonctionnelles, ainsi que l’histoire 

évolutive des PAR dans ce clade. Plus particulièrement, avec l’étude des mouvements de gènes entre la 

PAR et les SDR, mais aussi entre les autosomes et la PAR, la taille relative des PAR dans les 

chromosomes sexuels et potentiellement, déterminer l’influence de la SDR sur la dynamique évolutive 

de la PAR. Les données transcriptomiques permettront de déterminer si la présence du cluster de 

gènes spécifiques au stade sporophytique est une caractéristique propre à Ectocarpus ou se retrouve 

dans d’autres espèces. Enfin, la disponibilité de ces informations génomiques et transcriptomiques 

permettra d’identifier de manière précise les gènes orphelins, autorisant l’identification et la datation 

des évènements d’acquisitions et de pertes de gènes. L’étude des fonctions des gènes acquis à 

différentes périodes évolutives permettra de mieux appréhender l’histoire évolutive de ce groupe et voir 

l’adaptation des espèces à leur milieu.  
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Article 3 - Sexual Dimorphism and the 
Evolution of Sex-Biased Gene Expression 
in the Brown Alga Ectocarpus 

Introduction 
 L’article présenté porte sur l’identification des gènes biaisés au niveau de leur expression entre 

les sexes à différents stades du cycle de vie, sur l’analyse des caractéristiques au niveau de leur profile 

d’expression, et sur l’évolution moléculaire de ces gènes. 

Plusieurs séquençages RNA-seq ont été réalisés afin de mesurer l’abondance des gènes lors de 

différents stades de développement des gamétophytes. Des individus mâles (Ec603) et femelles 

(Ec602) de deux souches quasi isogéniques ont été séquencés à deux stades de développement, au 

niveau immature et mature. Pour chaque stade de développement, un total de quatre librairies ont été 

séquencées, avec deux réplicats biologiques pour chaque sexe.  

Ma contribution à cet article a été de préparer les données puis les mapper avec TopHat2, en 

utilisant comme guide les annotations de références, et obtenir le comptage des reads pour chaque 

gène avec HTSeq-count. L’analyse de l’expression différentielle entre mâles et femelles a été réalisée 

en utilisant DESeq afin d’identifier les gènes présentant une différence significative d’expression entre 

les individus mâles et femelles. Les gènes biaisés par le sexe ont ensuite été analysés afin d’identifier la 

présence ou non de gènes dupliqués afin de déterminer si ces derniers peuvent être impliqués dans la 

résolution d’un antagonisme sexuel.  

Une partie de ma contribution a été de réaliser l’analyse d’enrichissement fonctionnelle, basée 

sur l’utilisation des GO termes avec le logiciel Blast2GO, afin de déterminer si des fonctions 

métaboliques étaient surreprésentées dans les gènes identifiés comme différentiellement exprimés. 

Enfin, ma dernière contribution a été de générer l’assemblage de novo du transcriptome de 

l’espèce sœur Ectocarpus fasciculatus, avec l’assembleur Trinity, à partir de données provenant de quatre 

librairies paired-end (deux par sexe – données non publiées) afin de pouvoir analyser la différence de 

taux d’évolution entre les gènes biaisés et non biaisés par le sexe.  
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Les résultats de ces travaux ont été intégrés avec d’autres analyses dans l’article suivant, publié 

dans Molecular Biology and Evolution en février 2015. 
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Abstract

Males and females often have marked phenotypic differences, and the expression of these dissimilarities invariably
involves sex differences in gene expression. Sex-biased gene expression has been well characterized in animal species,
where a high proportion of the genome may be differentially regulated in males and females during development. Male-
biased genes tend to evolve more rapidly than female-biased genes, implying differences in the strength of the selective
forces acting on the two sexes. Analyses of sex-biased gene expression have focused on organisms that exhibit separate
sexes during the diploid phase of the life cycle (diploid sexual systems), but the genetic nature of the sexual system is
expected to influence the evolutionary trajectories of sex-biased genes. We analyze here the patterns of sex-biased gene
expression in Ectocarpus, a brown alga with haploid sex determination (dioicy) and a low level of phenotypic sexual
dimorphism. In Ectocarpus, female-biased genes were found to be evolving as rapidly as male-biased genes. Moreover,
genes expressed at fertility showed faster rates of evolution than genes expressed in immature gametophytes. Both male-
and female-biased genes had a greater proportion of sites experiencing positive selection, suggesting that their acceler-
ated evolution is at least partly driven by adaptive evolution. Gene duplication appears to have played a significant role in
the generation of sex-biased genes in Ectocarpus, expanding previous models that propose this mechanism for the
resolution of sexual antagonism in diploid systems. The patterns of sex-biased gene expression in Ectocarpus are consis-
tent both with predicted characteristics of UV (haploid) sexual systems and with the distinctive aspects of this organism’s
reproductive biology.

Key words: sex-biased gene expression, haploid–diploid life cycle, brown algae, UV sex chromosomes.

Introduction
In many animal and plant species, males differ markedly from
females in morphology, physiology, and behavior. Most of
these phenotypic differences are mediated by differential
gene expression in the two sexes (Ellegren and Parsch 2007)
and this differential gene expression may involve a significant
proportion of the genome, as much as 75% in Drosophila for
example (Assis et al. 2012). These sexually dimorphic patterns
of gene expression evolve as a consequence of different se-
lection pressures acting on males and females.

The advent of new generation sequencing has allowed
comparative transcriptomic studies of males and females
from a range of different species with separate sexes including
Drosophila (e.g., Perry et al. 2014), birds (e.g., Pointer et al.
2013; Uebbing et al. 2013), cichlid fishes (Bohne et al. 2014),
guppies (Sharma et al. 2014), nematodes (Albritton et al.
2014), moths (Smith et al. 2014), the pea aphid (Jaquiery
et al. 2013), and brown algae (Lipinska et al. 2013; Martins

et al. 2013). A general theme that has emerged from these
studies across diverse species is that a significant proportion
of the genes in the genome exhibit sex-biased expression,
indicating that the expression of sexual dimorphism is asso-
ciated with marked genetic reprogramming. In most cases,
however, there are marked morphological differences be-
tween male and female individuals of the species that were
studied and analyses of species displaying different degrees of
sexual dimorphism would be useful to test the correlation
between this character and level of sex-biased gene
expression.

Studies such as those listed above are starting to provide a
comprehensive overview of sex-biased gene expression in a
broad range of species, but the evolutionary causes and con-
sequences underlying the patterns of sex-biased gene expres-
sion have been examined in only a small subset of these
systems. Most of our knowledge of how sex-biased genes
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evolve comes from work with Drosophila and birds (reviewed
in Parsch and Ellegren 2013), although some studies have also
looked at hermaphrodite species and have provided evidence
for sexual selection in these systems (Whittle and
Johannesson 2013; Gossmann et al. 2014). Evolutionary anal-
yses have identified several unusual features of sex-biased
genes. For example, in gonochoristic/dioecious systems,
male-biased genes typically evolve more rapidly at the protein
level than female-biased or unbiased genes (e.g., Zhang et al.
2004; Haerty et al. 2007; Assis et al. 2012; reviewed by Ellegren
and Parsch 2007; see also Mank et al. 2007). This is believed to
result from sex differences in selective pressures on genes; the
rapid divergence of male-biased genes resulting from sexual
selection due to male–male competition or female choice,
natural selection, and/or relaxed purifying selection arising
from gene dispensability or reduced functional pleiotropy
(Ellegren and Parsch 2007; Mank and Ellegren 2009; Parsch
and Ellegren 2013).

The genetic nature of the sexual system can also have an
influence, both on the distribution of sex-biased genes in the
genome and on their patterns of evolution. In XY sexual sys-
tems, for example, X chromosomes spend twice asmuch time
in females as they do inmales. Depending on the dominance/
recessivity of themale-beneficial allele, this can lead to demas-
culinization of (i.e., loss of male-biased genes from) the
X chromosome (e.g., Arunkumar et al. 2009; Bachtrog et al.
2010; Leder et al. 2010) or to enrichment of male-specific
genes on the X (e.g., Khil et al. 2004; Bellott et al. 2010;
Jaquiery et al. 2013). Moreover, adaptive fixation of recessive
beneficial mutations in X-linked genes (Charlesworth et al.
1987), mutational biases associated with dosage compensa-
tion (Begun et al. 2007), or the smaller effective population
size (Ne) of sex chromosomes (Vicoso and Charlesworth
2009) may cause genes located on the X (and Z) to evolve
more rapidly, the so called faster X effect, and this phenom-
enon has been observed experimentally, at least in some sys-
tems (Presgraves 2008; Mank et al. 2010; Kayserili et al. 2012;
Meisel et al. 2012; Avila et al. 2014; Campos et al. 2014;
Kousathanas et al. 2014).

These latter effects have not yet been investigated in
so-called UV sexual systems, commonly found in mosses
and many algae, in which sexuality is expressed during the
haploid phase of the life cycle (Bachtrog et al. 2011). There are
several important differences between UV systems and the
more intensely studied XY and ZW systems and these are
expected to have consequences for the evolution of
sex-biased genes and for the expression patterns of these
genes. For example, in XY and ZW systems recombination
is suppressed only for the Y or W chromosome. The X and Z
chromosomes can recombine because they are homozygous
in one of the sexes. In contrast, in UV systems neither the U
nor the V recombines.Moreover, despite the fact that they do
not recombine, U and V chromosomes are expected to
degenerate less markedly than Y and W chromosomes
because they function in a haploid context where both the
U and the V are directly exposed to purifying selection
(Bull 1978). Finally, the effective population sizes of sex chro-
mosomes differ across different sexual systems and this can

have a marked effect on the evolution of the genes carried by
these chromosomes. Both the U and the V chromosome have
half the effective population size of autosomes (all else being
equal) whereas in XY and ZW systems the Y/W and X/Z
chromosomes have a quarter or three quarters the popula-
tion size of autosomes, respectively. As far as sex-biased genes
are concerned, masculinization or feminization of sex chro-
mosomes is expected in UV systems only at regions very
closely linked to the nonrecombining region because the
male and female sex-determining region (SDR) haplotypes
function in independent, haploid, male and female individ-
uals. Similarly, a phenomenon similar to the faster X effect is
not expected because there is no equivalent of the X chro-
mosome, which recombines but is hemizygous in half of the
individuals. Moreover, recent transcriptomic studies from a
diverse range of species and tissues (reviewed in Mank 2013)
suggest that incomplete or imperfect dosage compensation
may be responsible for an important proportion of sex-biased
gene expression. Dosage compensation is not expected to
occur in UV systems because the U and V chromosomes
determine sex during the haploid phase and thus gene
dosage is the same for the sex chromosomes and the
autosomes.

On the other hand, other features are anticipated to be
shared by both diploid (XY and ZW) and haploid (UV) sex-
determination systems. For example, in any sexual system
resolution of sexual antagonism is expected to be one of
the processes that lead to the emergence of sex-biased gene
expression. Theoretical models predict that sexually antago-
nistic alleles should accumulate in the pseudoautosomal re-
gions (PARs) of sex chromosomes, because even partial
linkage to the SDR can be adaptive, allowing alleles to be at
least partially restricted to the sex for which they are best
adapted (Otto et al. 2011; Charlesworth et al. 2014). This
effect is expected not only for the PARs of Y and W chromo-
somes but also for the PARs of U and V chromosomes. This
accumulation of sexually antagonistic genes (Charlesworth
et al. 2014; Kirkpatrick and Guerrero 2014) might be expected
to lead to the PARs becoming enriched in sex-biased genes,
although note that there is evidence that the relationship
between sexual antagonism and sex-biased gene expression
may be quite complex (Innocenti and Morrow 2010; Parsch
and Ellegren 2013).

This study focused on sex-biased gene expression in the
model brown alga Ectocarpus. Brown algae are a group of
multicellular photosynthetic organisms that have been evolv-
ing independently of both animals and green plants for more
than a billion years (Cock, Coelho, et al. 2010). As a group, the
brown algae are of considerable interest for investigating the
origins and evolution of sexual systems because they have a
remarkable variety of levels of sexual dimorphism, reproduc-
tive system, types of life cycle, and sex chromosome systems.
Ectocarpus is a small, filamentous alga that exhibits limited
levels of sexual dimorphism, male and female individuals
of the sexual phase of its haploid–diploid life cycle, the
gametophyte, are morphologically similar organisms and
both produce small flagellated gametes (Luthringer et al.
2015). Sex determination in this organism was recently
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shown to involve a UV sex chromosome system (Ahmed et al.
2014). In the present study, the level of sexual dimorphism in
Ectocarpus was precisely quantified using morphometric
methods and RNA sequencing (RNA-seq) was used to
characterize sex-biased expression. Several unusual features
were noted, compared with previously characterized sexual
systems. First, fewer than 12% of Ectocarpus genes exhibited
sex-biased expression, consistent with the low level of sexual
dimorphism in this species. Second, both male and female
sex-biased genes showed accelerated rates of evolution com-
pared with unbiased genes, with male- and female-biased
genes evolving at a similar pace. This balanced rate of evolu-
tion is also consistent with the low level of sexual dimorphism,
which presumably provides limited scope for asymmetric
sexual selection. Gene duplication has played a significant
role in the generation of sex-biased genes in Ectocarpus and
the evolution of these genes has been shaped by both positive
selection and relaxation of purifying selection. We identified
no clear effects of the UV sexual system on the genomic
distribution of sex-biased genes but the PAR was found to
be enriched in female-biased genes expressed during the
mature gametophyte stage.

Results

Ectocarpus Exhibits a Low Level of Sexual Dimorphism

Sex is determined genetically during the haploid gametophyte
generation of the Ectocarpus haploid–diploid life cycle (fig. 1)

by a UV sexual system (M€uller 1975; Ahmed et al. 2014).
Meiosis occurs during the sporophyte generation, producing
meiospores, which develop into either male or female game-
tophytes. The gametophyte generation produces either male
or female gametes, depending on its sex, in sexual structures
called plurilocular gametangia.

Morphometric analysis showed that male gametophytes
were significantly smaller than female gametophytes at fertil-
ity but that they produced significantly more reproductive
structures (plurilocular gametangia) despite their smaller size
(fig. 2A, Student’s t-test, P< 0.0001). Consequently, male ga-
metophytes presumably produce more gametes than fe-
males, because they produce a larger number of plurilocular
gametangia per individual.

Ectocarpus gametes have been described as beingmorpho-
logically isogamous and physiologically anisogamous (Schmid
et al. 1994). The physiological anisogamy refers to the
behavior of the two types of gamete during the fertilization
process. The female gametes settle rapidly after release from
the plurilocular gametangia, retract their flagella, and then
produce a pheromone to attractmale gametes. Male gametes
swim for longer and are attracted to the immobile female
gametes by the pheromone. We used flow cytometry to pre-
cisely measure male and female gamete size in three different
species of Ectocarpus. This analysis, based on measurements
of more than 1,000 gametes, showed that male gametes not
only exhibit physiological and behavioral differences

FIG. 1. The Ectocarpus life cycle. The life cycle of Ectocarpus sp. involves alternation between two independent multicellular generations, the game-
tophyte (GA) and the sporophyte (SP). Sporophytes produce meiotic spores (meiospores) that develop into haploid gametophytes, which are either
male or female (dioecious). After approximately 3 weeks, gametophytes become fertile and produce gametes in reproductive structures (plurilocular
gametangia). After release into the water column, male and female gametes strongly differ in their behavior and physiology. Female gametes settle
rapidly and release a pheromone to attract male gametes, which then fuse with the female gametes to form zygotes (syngamy). Zygotes develop to
produce diploid sporophytes, completing the cycle. Gametes that fail to fuse are able to develop parthenogenetically into haploid parthenosporophytes
(pSP). Parthenogenesis is depicted for both male and female gametes. This is observed in some strains but in the majority of Ectocarpus species only the
females are capable of parthenogenesis. Partheno-sporophytes are morphologically and functionally indistinguishable from diploid sporophytes. Life
cycle stages used for transcriptomic analysis are marked with an asterisk.
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compared with female gametes but they are also slightly, but
significantly, smaller (fig. 2B, Mann–Whitney U test,
P< 0.0001).

Taken together, these analyses identified sexual dimor-
phisms at both the gametophyte and gamete stages that
had not been previously described. Ectocarpus therefore
clearly exhibits sexual dimorphism, but the differences be-
tween males and females are subtle.

Analysis of Gene Expression during the Development
of the Sexual Generation, the Gametophyte

Gene expression patterns during sexual differentiation were
measured by deep sequencing (RNA-seq) of cDNA from hap-
loid male and female gametophytes of Ectocarpus at two
different sexual developmental stages: In juvenile immature
gametophytes before the formation of the sexual structures
(approximately 10 days after meiospore settlement) and at
sexual maturity, when sexual structures were visible (fig. 1).
Transcript abundances, measured as RPKM (reads per kilo-
base per million mapped sequence reads), were strongly cor-
related between biological replicates of each sex and life cycle
stage, with r ranging from 0.91 to 0.99 (P< 2 e�16).

Counts of expressed genes (RPKM 4 1) identified 13,102
and 12,660 genes that were expressed at the immature stage
(male and female, respectively) and 13,941 and 13,663 genes

that were expressed at maturity (male and female, respec-
tively). This indicates that about 88% of the protein-coding
genes in the genome are transcribed during the gametophyte
generation (supplementary fig. S1, Supplementary Material
online).

Sex-Biased Gene Expression

Fewer than 12% of Ectocarpus genes showed sex-biased ex-
pression during the gametophyte generation (including both
immature and fertile stages). This is considerably less than the
numbers identified in previously characterized systems with
more marked morphological sexual dimorphism such as
Drosophila (e.g., Jiang and Machado 2009) and birds
(Pointer et al. 2013) but coherent with the low level of mor-
phological sexual dimorphism in Ectocarpus.

Unexpectedly, the number of genes that were differentially
transcribed betweenmales and females was higher during the
immature gametophyte stage than at gametophyte fertility
(fig. 3A and B). Male-biased genes were more numerous than
female-biased genes at both developmental stages, although
the numbers for the most strongly differential genes (fold
change [FC] 4 10) were comparable for the two sexes
(fig. 3A and B and supplementary table S1, Supplementary
Material online). Themajority of the sex-biased genes showed
significant sex-biased expression in only one of the two de-
velopmental stages analyzed; only 12% of themale- and 3% of
the female-biased genes were differentially expressed in both
immature and fertile gametophytes (supplementary fig. S2,
Supplementary Material online). Moreover, 3% of the genes
that showed male-biased expression in the immature game-
tophytes were female-specific at maturity. Transitions from
female-biased to male-biased were not detected. As females
produce fewer plurilocular gametangia thanmales, we cannot
exclude that differences in tissue complexity between male
and female fertile gametophytes explain, at least in part, the
slight excess of male-biased to female-biased genes (supple-
mentary figs. S1 and S2, Supplementary Material online).
Note, however, that comparison of immature gametophytes
(where reproductive structures are absent) also identified a
slight excess of male-biased over female-biased genes.

To examine the relationship between degree of sex-biased
expression and transcript abundance (expression level), the
sex-biased genes were grouped according to the FC difference
between male and female samples and mean expression level
in males and in females plotted for each group (fig. 3C). This
analysis indicated that when genes exhibited a high degree of
female-biased expression, this was predominantly due to
downregulation of these genes in males. This was observed
at both immature and fertile gametophyte stages. The results
obtained for male-biased gene were more complex. In imma-
ture gametophytes, the situation was similar to that observed
for the female-biased genes in that a high degree of male-
biased expression appeared to be correlated with downregu-
lation in females. In contrast, in mature gametophytes, when
genes exhibited a high degree of male-biased expression this
appeared to be due to a combination of both decreased ex-
pression in females and upregulation in males. We also noted

FIG. 2. Sexual dimorphism in Ectocarpus gametophytes. (A) Number of
reproductive structures (plurilocular gametangia) per female (n=6) and
male (n=8) gametophyte. Males produced significantly more reproduc-
tive structures (Student’s t-test, P< 0.0001). Error bars show standard
errors. The number of plurilocular gametangia for each female gameto-
phyte was 128, 109, 74, 121, 101, 98 and for each male gametophyte 176,
145, 198, 178, 169, 170, 181, 161. (B) Mean diameters (mm) of female
(n=5,668) and male (n=5,619) gametes. Female gametes (mean diam-
eter 4.46mm) were significantly larger (Mann–Whitney U test,
P< 0.0001) than male gametes (mean diameter 3.83mm). Error bars
show standard errors. Mean gamete sizes for male and female individ-
uals of other Ectocarpus species are provided in supplementary figure S5,
Supplementary Material online.
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that, on average, female-biased genes were expressed at sig-
nificantly higher levels than male-biased genes in both fertile
and immature gametophytes (Mann–Whitney U test,
P< 2 e�16) (fig. 3D).

Breadth of Expression of Sex-Biased Genes

The breadth of expression of a gene, that is, the extent to
which its expression is limited to specific tissues or develop-
mental stages, is a key determinant of its speed of evolution

FIG. 3. Sex-biased gene expression. (A) Comparison of gene expression levels in male and female immature gametophytes. (B) Comparison of gene
expression levels in male and female mature gametophytes. Colored dots indicate genes that exhibited significantly different levels of transcript
abundance (sex-biased genes). Percentages in each panel indicate genes that were at least 2-fold female-biased (FB; upper left) and male-biased (MB;
lower right). FC (fold change); P-adjusted (Padj). Unbiased genes were defined as Padj 4 0.1 or less than 2-fold difference between the sexes. See also
table 1. (C) Mean gene expression levels (RPKM) at several degrees of sex-bias (from FC 4 1 to FC 4 10) for female- (pink) and male-biased (blue)
genes in fertile and immature gametophytes. Genes located in the SDR were excluded from this analysis. Error bars represent standard errors. (D)
Boxplot showing the mean expression levels (RPKM) of female- and male-biased genes for immature and fertile gametophytes.
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(Duret and Mouchiroud 2000; Zhang et al. 2004). In the moss
Funaria hygrometrica, which also has a haploid–diploid life
cycle, the effect of breadth of expression was shown to be
stronger than the masking effect associated with expression
during the diploid phase (Szovenyi et al. 2013). In organisms
with haploid–diploid life cycles, the breadth of expression of
sex-biased genes is restricted because they tend to be prefer-
entially expressed during the haploid phase (sexuality is only
expressed during this phase of the life cycle). This restricted
pattern of expression is expected to have a significant effect
on their evolutionary rates.

When determining the breadth of expression of Ectocarpus
genes, we integrated both spatial (tissue) and temporal (de-
velopmental and/or life cycle stage) information to obtain
meaningful estimates because this species exhibits only a lim-
ited level of tissue differentiation during development. We
determined the breadth of expression of the sex-biased
genes using the specificity index (�) (see Materials and
Methods) and gene expression data collected both for differ-
ent tissues (upright filaments vs. prostrate tissues during the
sporophyte generation; fig. 1) and for different stages of the
life cycle (parthenosporophyte, immature and fertile gameto-
phyte and gamete stages; fig. 1). Male and female sex-biased
genes had significantly higher � values compared with unbi-
ased genes, indicating that the former have a greater tendency
to be expressed specifically in particular tissues or stages of
the life cycle. However, no difference in breadth of expression
was observed when the male- and female-biased gene sets
were compared with each other (fig. 4). Note that the de-
crease in the breadth of expression of SBGs was not solely due
to their sex-biased pattern of expression; when � was calcu-
lated with a data set in which the male and female samples
had been pooled, the male and female SBGs still showed a
significantly lower breadth of expression than unbiased genes
(Kruskal–Wallis test, P< 10�4).

Functional Analysis of Sex-Biased Genes

An analysis of gene ontology (GO) terms associated with the
sex-biased genes was carried out using BLAST2GO (Conesa
and Gotz 2008) to search for enrichment in particular func-
tional groups and to relate gene function to phenotypic
sexual dimorphisms. Significant enrichment of specific GO
categories was only detected for fertile male gametophyte
and immature female gametophyte sex-biased genes. The
set of male-biased genes in mature gametophytes was en-
riched for “microtubule” and “calcium binding-related” pro-
cesses. These genes may be involved in the production of
flagellated gametes inside plurilocular gametangia. Note
that the same GO categories were enriched in the set of
sex-biased genes expressed in male gametes identified by
Lipinska et al. (2013). The set of female-biased genes in juve-
nile gametophytes was enriched for “photosynthesis” GO
terms, consistent with the more extensive growth phase in
the female gametophyte.

A test was also carried out to identify GO terms en-
riched in the expressed gene sets of the immature com-
pared with the fertile developmental stage of the
gametophyte, irrespective of sex. Genes involved in
posttranslational regulation of gene expression, cellular
component biogenesis, and photosynthesis were signifi-
cantly enriched in immature compared with fertile game-
tophytes (FDR< 5%), whereas genes predicted to be
involved in signaling, microtubule-based processes, and
energy metabolism were significantly enriched in mature
compared with immature gametophytes (FDR< 5%) (sup-
plementary table S2, Supplementary Material online). The
enriched gene GO terms were coherent overall with the
transition from vegetative growth to reproductive function,
particularly the production of flagellated gametes, between
these two stages of development.

Table 1. Relative Gene Expression for Male and Female Gametophytes.

No. Genes % of Expressed Genes

Immature gametophytes

Female-biased (Padj< 0.1)

FC 4 2 585 4.62%
FC 4 4 131 1.03%
FC 4 10 68 0.54%
Total expressed genes (RPKM 4 1) 12,661

Male-biased (Padj< 0.1)

FC 4 2 1,077 8.22%
FC 4 4 295 2.25%
FC 4 10 78 0.60%
Total expressed genes (RPKM 4 1) 13,102

Fertile gametophytes

Female-biased (Padj< 0.1)

FC 4 2 168 1.23%
FC 4 4 61 0.45%
FC 4 10 29 0.21%
Total expressed genes (RPKM 4 1) 13,660

Male-biased (Padj< 0.1)

FC 4 2 314 2.25%
FC 4 4 54 0.39%
FC 4 10 32 0.23%
Total expressed genes (RPKM 4 1) 13,937

NOTE.—Categories of immature or fertile gametophyte sex-biased genes with different levels of FC between the two sexes indicated both as number of genes (N. genes) and as a
percentage of the total number of genes expressed (% of expressed genes) in the immature or fertile gametophyte of the corresponding sex.
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Genomic Locations of Sex-Biased Genes

An analysis of the genomic distribution of sex-biased genes
expressed in fertile gametophytes found that the PAR region
of the sex chromosome was enriched in female-biased genes
expressed at this stage compared with the rest of the genome
(Chi-squared test, P< 0.01) (supplementary fig. S3,
Supplementary Material online). Moreover, when RPKM
values were used to determine the ratios of transcript abun-
dances in fertile female gametophytes compared with fertile
male gametophytes for all the PAR genes, a significant bias
toward expression in the femalewas detected, comparedwith
all the autosomal genes (Kruskal–Wallis, P< 0.001) (fig. 5).
These tendencies were not observed for sex-biased genes ex-
pressed in immature gametophytes. These observations sug-
gest that the PAR and the autosomes are not evolving under
the same selection pressures during the fertile gametophyte
stage of the life cycle.

Evidence of a Role for Gene Duplication in Resolving
Sexual Antagonism

Gene duplication is thought to have played a significant role
in the evolution of sex-biased gene expression in Drosophila
(Connallon and Clark 2011; Wyman et al. 2012). Duplication
of a gene can release one or both of the duplicated products
from selective constraints allowing the evolution of modified
patterns of expression or of new gene functions. Gene dupli-
cation therefore represents a potential means to resolve
sexual antagonism. The simplest mechanism would be the
generation, after duplication, of one male- and one female-
biased gene with male- and female-optimized functions, re-
spectively. Other alternatives are possible, however. For ex-
ample, it may be sufficient for only one member of a
duplicated pair to evolve sex-specific functions to resolve a

sexual antagonism. In such cases, gene duplication could help
resolve sexual conflict for genes with ontogenetic or pleiotro-
pic constraints by allowing one of the duplicated paralogs to
evolve sex-biased expression whereas other maintains a gen-
eral, sex-independent function (Gallach and Betran 2011;

FIG. 4. Breadth of expression of the sex-biased genes as determined using the specificity index. Comparison of specificity index values (�) for unbiased
and for male- and female-biased genes. Male- and female-biased genes had significantly larger specificity index values (i.e., lower breadth of expression)
compared with unbiased genes (Kruskal–Wallis test, P< 10�5).

FIG. 5. Ratios of female-to-male expression level in immature and fertile
gametophytes for genes on autosomes and genes on the PAR. The
figure shows log2 of female/male RPKM ratios for autosomal and
PAR genes during the immature and fertile gametophyte stages.
Outliers were removed from the plot.
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Wyman et al. 2012). It is also possible that duplication of a
gene that is already sex-biased may allow one of the dupli-
cates to evolve an even stronger sex-biased function (Wyman
et al. 2012).

Genome-wide analysis detected a total of 879 duplicated
gene pairs in Ectocarpus. Of these, 174 pairs included at least
one sex-biased gene. Only 3 of these 174 pairs included both a
male-biased and a female-biased gene. These three duplicated
gene pairs were autosomal and sex-biased expression was
detected during the immature gametophyte stage.
Comparisons with sequence data sets for other
Ectocarpales species identified orthologs for only one of the
genes from these three autosomal gene pairs (Esi0002_0006)
but this locus did not show any signatures of positive selec-
tion. The other sex-biased, duplicated gene pairs included
143 pairs in which only one member of the pair exhibited
sex-biased expression and 28 pairs where both members
exhibited sex-biased expression, but in the same sex. The
143 duplicated gene pairs in which only one member
exhibited sex-biased expression potentially correspond to
events where gene duplication has released one member of
the gene pair from selective constraints allowing it to evolve a
sex-specific function. This hypothesis is supported by the fact
that the specificity index (�) values for the non-sex-biased
members of these pairs are significantly lower than those of
the sex-biased members (Kruskal–Wallis test with Dunn’s
posttest, P< 10 e�8) and are not significantly different from
values for randomly selected single copy unbiased genes
(fig. 6A and B).

No evidence has been found for whole genome duplica-
tion events having occurred in the lineage leading to
Ectocarpus (Cock, Sterck, et al. 2010), suggesting that the
879 duplicated gene pairs in the genome of this species
arose as a result of small-scale duplication events. When the
proportion of the genome corresponding to sex-biased genes
is taken into account (1,947 of 16,262 genes), duplicated gene
pairs containing at least one sex-biased gene are overrepre-
sented in the total set of 879 duplicated gene pairs (Chi-
squared test, P=1.5 e�12). This overrepresentation was also
detected if only male-biased (Chi-squared test, P=8.77 e�6)
or only female-biased genes (Chi-squared test, P=2.47 e�5)
were considered. The results of these tests suggest that the
resolution of sexual conflict was one of the forces driving gene
duplication in this genome and support a role for gene du-
plication in the generation of sex-biased genes in this species.

Sex-Biased Genes Are Evolving More Rapidly

To test for differences in rates of evolutionary divergence
between different categories of sex-biased and unbiased
genes, we calculated levels of nonsynonymous (dN) and syn-
onymous (dS) substitution using pairwise comparisons with
orthologs from the sister species Ectocarpus fasciculatus.

The results of this analysis indicated that genes that ex-
hibited sex-biased expression patterns (either male- or
female-biased expression) in fertile gametophytes had
evolved significantly faster (i.e., had higher dN/dS values)
than had unbiased genes (Mann–Whitney U test, P< 0.01).

A similar, but weaker, pattern was observed for genes that
were male-biased in immature gametophytes (Mann–
Whitney U test; P< 0.01) but the rates of evolution of
female-biased genes identified at this developmental stage
were not significantly different from those of unbiased
genes (fig. 7A). Therefore, although the evolution rates of
male and female sex-biased genes were similar overall, differ-
ences were detected when the developmental stage at which
the genes were expressed was taken into account. These dif-
ferences suggest not only that the average selection pressure

FIG. 6. Duplicated sex-biased genes in Ectocarpus. (A) Distribution of
sex-biased genes among the duplicated gene pairs. (B) The sex-biased
members (Duplicated sex-biased) of the 143 duplicated gene pairs that
include one sex-biased and one unbiased member have a narrower
breadth of expression than the unbiased members of these pairs
(Duplicated unbiased). A random sample of unbiased single copy
genes (Unbiased) is included for comparison. Comparison of breadth
of expression is presented using the specificity index (�). The median for
unbiased members of duplicated pairs was significantly lower than the
median for sex-biased paralogs (Kruskal–Wallis test with Dunn’s post-
test, P< 10 e�8) but was not significantly different from the median for
single copy unbiased genes.
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FIG. 7. Rates of evolution of female-biased, male-biased, and unbiased genes. Pairwise dN, dS, and dN/dS ratios were calculated by comparing
orthologous gene sequences from Ectocarpus sp. lineage 1c Peru and Ectocarpus fasciculatus. (A) Ratio of nonsynonymous to synonymous substitutions
(dN/dS). (B) and (C) Nonsynonymous substitutions (dN) and synonymous substitutions (dS). (D) Frequency of classes of dN/dS ratio in unbiased genes
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may vary during development but also that there may be
some asymmetry in the evolution rates of male- and
female-biased genes that are expressed at particular develop-
mental stages. Concerning this latter point, however, it is
possible that the stage at which the comparison was carried
out is not directly comparable in males and females because
the immature females delay reproduction in order to prolong
growth. The comparison is therefore between a stage inmales
where there may already have been a cryptic transition to-
ward the reproductive phase, as indicated by the greater
overlap between the male-biased gene sets identified in im-
mature and fertile individuals, and a stage in females which is
equivalent in terms of timing but which corresponds to a
continuation of the prereproductive growth phase.

The elevated dN/dS values for sex-biased compared
with unbiased genes were due to significantly higher levels
of nonsynonymous substitution (Mann–Whitney U test,
P< 0.05) and not to a reduction in the synonymous substi-
tution rate (fig. 7B and C). Analysis of the distribution of dN/dS
values indicated that the different groups of sex-biased genes
(i.e., male- or female-biased, expressed in immature or fertile
gametophyte) tended to be enriched in genes with high
dN/dS values, including values of 1 or more, and to contain
fewer genes under strong selective constraint (dN/dS< 0.1)
compared with the group of unbiased genes (fig. 7D).
No correlation was detected between the degree of sex-bias
(FC calculated by DESeq) and the rate of evolution (dN/dS) of
the tested genes (Spearman’s �=0.166, P=0.0516).

Analysis of specificity index (�) values indicated that the
rates of evolution of the sex-biased genes were only weakly
correlated with breadth of expression (Spearman’s �=0.1395,
P=0.0229). This suggests that the effect of sex-biased expres-
sion on evolution rate was not solely an indirect effect of
restricting gene expression patterns.

Expression bias in sexual tissues has been associated with
optimal codon usage, a feature that promotes efficient trans-
lation (Duret 2000; Duret and Mouchiroud 2000). For in-
stance, optimal codons occur less frequently in male-biased
than in female-biased sexual genes in Drosophila (Hambuch
and Parsch 2005), suggesting that adaptive protein evolution
has modified selection on codon usage. Calculations of the
Effective Number of Codons (ENC) and the Codon
Adaptation Index (CAI) indicated that selection to maintain
codon usage bias in Ectocarpus sex-biased genes is globally
preserved (supplementary fig. S4A and B, Supplementary
Material online).

As expected, codon usage bias was strongly correlated with
the level of gene expression in Ectocarpus (CAI vs. log2RPKM,
Spearman’s �=0.623, P=3.76 e�06). A slight decrease in CAI
was observed in female-biased comparedwith unbiased genes
(Mann–Whitney U test, P=0.02) but there was no significant

difference in codon usage parameters (CAI and ENC) either
between the male-biased genes and unbiased genes or be-
tween male and female sex-biased genes.

Evidence for Positive Selection of Sex-Biased Genes

To assess whether differences in divergence rates were due to
increased positive selection or relaxed purifying selection, we
used sequence data from several Ectocarpales species (sup-
plementary table S3, Supplementary Material online) to esti-
mate direction of selection. We tested 137 sex-biased genes
(65 female-biased and 72male-biased; including 12 genes with
dN/dS 4 0.5) and 137 randomly selected unbiased genes
using the paired nested site models (M1a, M2a; M7, M8)
implemented in PAML4 (CODEML) (Yang 2007). The
second model in each pair (M2a and M8) is derived from
the first by allowing variable dN/dS ratios between sites to be
greater than 1, making it possible to detect positive selection
at critical amino acid residues. This analysis detected evidence
of positive selection for 5 of the 12 sex-biased genes with
dN/dS values of greater than 0.5, including both male- and
female-biased genes. Moreover, evidence of positive selection
was also found for 12 of the remaining 125 sex-biased genes
with lower dN/dS values based on either one or both pairs of
models (M1a–M2a, M7–M8) (supplementary table S4,
Supplementary Material online). In contrast, only 5 of the
137 unbiased genes had signatures of adaptive evolution,
indicating that the set of sex-biased genes was significantly
enriched in genes that were under positive selection
(Fisher’s exact test, P=0.0149).

Discussion

A Complex Relationship across Sexual Species
between the Proportion of the Transcriptome
Showing Sex-Biased Expression and the Degree of
Sexual Dimorphism

Analyses of sex-biased gene expression in Drosophila have
shown that a large proportion of the transcriptome is differ-
entially expressed in the two sexes (Ellegren and Parsch 2007;
Jiang and Machado 2009; Assis et al. 2012). A similar obser-
vation was made for turkeys, where it was further shown that
male-biased gene expression is significantly enhanced, across
the genome, in dominant compared with subordinate males
(Pointer et al. 2013). Given that dominantmales exhibit stron-
ger secondary sexual characteristics than subordinates, these
studies indicate a correlation between the degree of sex-
biased gene expression and the extent of sexual dimorphism.
However, there is also evidence that the relationship between
the level of sex-biased gene expression and the degree of
sexual dimorphism may be more complicated. For example,
inDrosophilamore sex-biased genes were detected during the

FIG. 7. Continued
and male- and female-biased genes expressed in immature and fertile gametophytes. Outliers were removed from the plot. Pairwise statistical
significance between the four groups of sex-biased genes on the one hand and the unbiased genes on the other was calculated for panels (A)–(C),
only statistically significant differences are indicated (*P< 0.05, **P< 0.01, ***P< 0.001).
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juvenile stage than in adults, despite the lower degree of ob-
servable sexual dimorphism during the former phase of de-
velopment (Mank et al. 2010; Perry et al. 2014). Further
studies are therefore required to investigate the exact rela-
tionship between these two parameters.

Ectocarpus represents an interesting system in this respect
because the studies that have been carried out to date have
focused on species that exhibit very marked sexual dimor-
phism. In contrast, we show here that this brown alga exhibits
a limited degree of sexual dimorphism, restricted to subtle
growth-habit and fertility differences during the gametophyte
stage and a small difference in male and female gamete sizes.
Accordingly, less than 12% of the genes in the genome were
found to be differentially regulated between sexes, supporting
the hypothesis that the overall degree of sex-biased gene ex-
pression and the level of phenotypic sexual dimorphism are
correlated.

Analysis of the expression of Ectocarpus sex-biased genes
during development revealed a more complex relationship
between the expression patterns of these genes and the man-
ifestation of sexually dimorphic traits. As observed with
Drosophila, more sex-biased genes were detected during the
sexually immature stage than in fertile, sexually mature indi-
viduals, despite the fact that the former exhibited less marked
sexual dimorphism. Similarly, male and female gametes have
been shown to exhibit high levels of sex-biased expression
despite limited phenotypic sexual dimorphism (Lipinska
et al. 2013). Thus, there is evidence in both Drosophila and
Ectocarpus that the correlation between the level of sex-
biased gene expression and the level of observed sexual di-
morphism breaks down to some extent when the relationship
is examined over the course of development. As Ectocarpus
and Drosophila are two phylogenetically distant organisms
with very marked differences in their levels of sexual dimor-
phism, these observations suggest that the lack of correlation
between sex-biased gene expression and sexual dimorphism
in immature individuals may be a general feature of sexual
systems, but further studies on diverse sexual organisms are
required to confirm this. One possible reason for this could be
that part of the sex-biased gene expression is related to dif-
ferences at the cellular level that do not have any effect on
morphology.

Analysis of predicted gene functions indicated that about
12% of the male-biased genes expressed during the immature
stage were also expressed in fertile gametophytes, but there
was less overlap between female-biased genes expressed at
the two stages (3% of the female-biased genes). This suggests
that immature females were principally carrying out processes
unrelated to those engaged at maturity, such as filamentous
growth for example, whereas reproductive processes were
already initiated to some extent in immature males, before
any phenotypic change could be detected. Somewhat para-
doxically, therefore, one of the roles of sex-biased genes in
females may be to suspend reproductive functions to allow
more extensive vegetative growth during the juvenile phase.

As far as the mechanism of evolution of the sex-biased
genes in Ectocarpus is concerned, the set of sex-biased
genes in this species is enriched in genes that are

members of duplicated pairs indicating that neo- or subfunc-
tionalization following gene duplication is one of the mech-
anisms through which sex-biased genes evolve in this brown
alga. Gene duplication has been proposed to be one of the
means of resolving sexually antagonistic conflict in other sys-
tems (Connallon and Clark 2011; Gallach and Betran 2011;
Wyman et al. 2012).

Symmetrical Evolution Rates of Male- and Female-
Biased Genes in Ectocarpus

In general, sex-biased genes tend to evolve at faster rates than
unbiased genes and this effect is usually significantly more
marked for male-biased genes than for female-biased genes
(reviewed in Ellegren and Parsch [2007]). The faster evolution
rate is thought to be due, at least in part, to positive selection
acting on the sex-biased genes, the most likely underlying
causes being sexual selection and/or sexual antagonism. The
sex-biased genes in Ectocarpus also exhibit faster evolution
rates than unbiased genes but this system is unusual in
that, overall, male- and female-biased genes have evolved at
similar rates. There are several possible explanations for this
symmetry. The most obvious explanation, which is consistent
with the low level of sexual dimorphism in this system, is that
male- and female-biased genes are under similar levels of
sexual selection. Both male and female gametes are small,
motile cells that are produced in large numbers in plurilocular
gametangia bymale and female gametophytes, respectively. It
is not known whether gamete competition occurs during
fertilization under natural conditions but, if it does occur,
the mechanism involved affords scope for both male and
female competitions. Male gametes may compete to find
and fertilize the settled female gametes, but the abundant
female gametes may compete for optimal niches in which to
settle and then compete with each other to attract male
gametes through pheromone production. It is therefore
quite possible that selection pressures on males and females
are very similar in this organism.

Sex-biased genes in Ectocarpus are expressed during the
haploid phase of the cycle and therefore directly exposed to
purifying selection (Kondrashov and Crow 1991; Orr and
Otto 1994; Gerstein et al. 2011). Another possible explanation
for the symmetric evolution rates of male- and female-biased
genes in Ectocarpus may be that haploid phase purifying se-
lection is strong enough to mask any effects of sexual selec-
tion or sexual antagonism. This seems unlikely, however, as
land plants also possess a haploid gametophyte generation
and selection-driven evolution suggestive of sexual selection
has been detected in this group of organisms (Arunkumar
et al. 2013; Gossmann et al. 2014).

Another possible factor affecting evolution rate is breadth
of expression pattern, as broadly expressed genes tend to be
more constrained and therefore to evolve less rapidly than
genes with restricted patterns of expression (Hastings 1996;
Duret and Mouchiroud 2000). In Drosophila one of the rea-
sons that female-biased genes evolve less quickly than male-
biased genes may be that, in general, they tend to have
broader patterns of expression (e.g., Meisel 2011; Grath and
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Parsch 2012). Our analysis, based on RNA-seq analysis of mul-
tiple life cycle stages and tissues, indicated that, in contrast,
both male- and female-biased genes in Ectocarpus tend to
have restricted patterns of expression compared with unbi-
ased genes (fig. 4). This parallel reduction in breadth of ex-
pression may be one of the factors underlying the
symmetrical accelerated evolution of male- and female-
biased genes in this species. However, we noted that there
was only a weak positive correlation between expression
breadth (�) and evolutionary rate (dN/dS), suggesting that
other factors have also influenced evolutionary rates.

In summary, therefore, possible explanations for the sym-
metrical rates of evolution of male- and female-biased genes
in Ectocarpus include limited sexual selection, impacting sim-
ilarly males and females, due to a low level of sexual dimor-
phism and comparable levels of breadth of expression
pattern.

Sexual Selection Is One of the Forces that Drives the
Evolution of Male- And Female-Biased Genes in
Ectocarpus

The mean dN/dS value for sex-biased genes in Ectocarpuswas
more than twice as high as that of unbiased genes. This dif-
ference, which was particularly marked for genes expressed in
fertile gametophytes, was due to a significantly higher rate of
nonsynonymous changes compared with the unbiased genes.
A test for adaptive evolution detected evidence for positive
selection in a significant proportion of the sex-biased genes
with the highest dN/dS values (40.5). Similar observations
have beenmade for sperm-specific genes in Arabidopsis thali-
ana (Arunkumar et al. 2013) and for gametophyte-specific
genes in the moss Funaria hygrometrica (Szovenyi et al. 2013).
The evidence that positive selection acts on a considerable
number of Ectocarpus sex-biased genes indicates that sexual
selection may be one of the forces driving their evolution.
Note however that positive selection only affects a subset of
the Ectocarpus sex-biased genes and a significant proportion
appear to be under relaxed selection. One important consid-
eration in this respect is that a gene that is expressed in only
one sex will experience half as much purifying selection be-
cause selection can only act on the gene when it is in the
appropriate sex (Barker et al. 2005).

Patterns of Genomic Distribution of Sex-Biased Genes

In XY and ZW systems, the pattern of segregation of the sex
chromosomes can have a measurable influence on the distri-
butions of sex-biased genes on this linkage group. For XY
systems, for example, X chromosomes spend twice as much
time in females as they do inmales. Male beneficial mutations
can either accumulate or be purged from this chromosome
depending on whether they are recessive or dominant (Rice
1984). There is no equivalent to this phenomenon in UV
systems because the sex chromosomes function in the hap-
loid generation. However, UV systems may share other fea-
tures with XY and ZW systems that affect the distribution of
sex-biased genes. In particular, even partial linkage to the SDR
can be beneficial for genes with sexually antagonistic alleles,

allowing alleles to segregate preferentially to the sex for which
they are most adaptive (Otto et al. 2011; Jordan and
Charlesworth 2012). This is predicted to lead to the accumu-
lation of sexually antagonistic genes in the PAR, which in turn
could lead to an accumulation of sex-biased genes in this
region because sex-biased expression is one of the possible
mechanisms of resolving sexual antagonism. There is some
experimental evidence for this mechanism from work on the
ZW sexual systemof the emu, which has shown that the PARs
of the homomorphic sex chromosomes of this species are
enriched in male-biased genes (Vicoso et al. 2013). As ex-
pected, this effect was most pronounced for genes expressed
in older embryos with fully developed gonads.

For UV systems, in the absence of any additional selective
pressure favoring genes of one sex or the other, this effect of
linkage to the SDR would not be expected to lead to a pref-
erential accumulation of male-biased genes compared with
female-biased genes or vice versa, but it might be expected to
result in a general excess of sex-biased genes in the PAR. We
did not observe any such excess in Ectocarpus, the proportion
of sex-biased genes in the PAR was not significantly different
from the proportion in the autosomes. However, compared
with the autosomes, the Ectocarpus PAR was found to be
significantly enriched in genes that exhibited female-biased
expression during the fertile gametophyte stage. One possible
explanation for this enrichment in female-biased genes may
be a combination of an effect of linkage to the SDR together
with stronger selection for female-biased genes during the
fertile gametophyte stage.

There is accumulating evidence that gene duplication has
played a significant role in the evolution of sex-biased genes in
animals (Connallon and Clark 2011; Gallach and Betran 2011;
Wyman et al. 2012) and the data presented here indicate that
this has also been the case for Ectocarpus, suggesting that
similar mechanisms may be operating to generate sex-
biased genes across diverse eukaryote sexual systems.

Materials and Methods

Biological Material

Ectocarpus strains were cultured at 13 �C in autoclaved nat-
ural sea water (NSW) supplemented with half-strength
Provasoli solution (PES; Starr and Zeikus 1993) with a
light:dark cycle of 12:12 h (20mmol photons m�2 s�1) using
daylight-type fluorescent tubes. All manipulations were
performed under a laminar flow hood in sterile conditions.
Near-isogenic lines, Ec602 female and Ec603 male, were pre-
pared by crossing brothers and sisters for eight generations.
This produced male and female strains with essentially iden-
tical genetic backgrounds apart from the sex locus.
Supplementary table S3, Supplementary Material online, de-
scribes the Ectocarpus species used in this study. Note that
currently only three species are recognized within the genus
Ectocarpus (E. siliculosus, E. fasciculatus, and E. crouanorium;
Peters et al. 2010) but there is increasing evidence that the
taxon E. siliculosus represents a complex of several species. As
the type specimen for E. siliculosus was collected in England,
we prefer to refer to the non-European strains related to
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E. siliculosus (such as the Peruvian and Greenland strains) as
“Ectocarpus sp.”

Male and female gametophytes of Scytosiphon lomentaria
were collected at Asari, Japan in March 2012. Scytosiphon
lomentaria has been described as exhibiting near-isogamy,
with the male gametes being slightly smaller than the
female gametes (Nagasato and Motomura 2002). The male
and female gametophytes are morphologically similar and no
sexual dimorphism has been described at this stage.
Scytosiphon lomentaria was cultured in NSW with full
strength PES. Two different light conditions were required
to complete the life cycle. Short-day conditions, with a
light:dark cycle of 10:14 h (20mmol photons m�2 s�1), were
used to produce unilocular sporangia from a diploid sporo-
phyte. After a month approximately 100 young gameto-
phytes were isolated. The gametophytes were then
subjected to long-day conditions with a cycle of 14:10 h to
induce gametophyte maturation. Gametophytes became
fertile after approximately 4 weeks and were frozen in liquid
nitrogen. Each individual was sexed by crossing with male and
female tester lines.

Measurement of Gamete Size

Male and female gamete size was measured in three different
Ectocarpus species (see Stache-Crain et al. 1997 for a descrip-
tion of the lineage structure of the genus Ectocarpus): Isogenic
male and female strains of Ectocarpus sp. lineage 1c Peru
(Ec602 and Ec603), E. siliculosus lineage 1a Naples, and
Ectocarpus sp. lineage 4 New Zealand. Synchronous release
of gametes from 3- to 4-week-old cultures was induced by
transferring ten gametophytes to a humid chamber in the
dark for approximately 14 h at 13 �C followed by the addition
of fresh PES-supplemented NSW medium under strong light
irradiation. Gametes were concentrated by phototaxis using
unidirectional light, and collected in Eppendorf tubes.
Gamete size was measure by impedance-based flow cytom-
etry (Cell Lab QuantaTM SC MPL, Beckman Coulter). Values
of gamete size shown represent the mean � SE of each
gamete and measurements were taken for at least three bio-
logical replicates. A t-test (a=5%) was performed using
GraphPad Prism software to compare female and male
gamete size.

Measurement of Gametophyte Size and Fertility

For the analysis of gametophyte habit and fertility, male and
female near-isogenic strains (Ec602 and Ec603; supplementary
table S3, Supplementary Material online) were placed in cul-
ture conditions as described above at constant density (ten
individuals per 140-mm Petri dish). In each Petri dish, all ten
gametophytes grew synchronously and attained approxi-
mately the same size. The gametophytes attained sexual
maturity (production of plurilocular gametangia) after
3–4 weeks in culture. The number of plurilocular gametangia,
each containing approximately 300 gametes, was counted
under an inverted microscope for one individual randomly
taken from each Petri dish. It was not possible to accurately
weigh a single gametophyte, so ten gametophytes were

pooled, weighed and the individual weight estimated by
dividing by 10. Results shown correspond to the mean
� SE for six biological replicates for Ec602 and eight biological
replicates for Ec603. Significant differences were tested using a
corrected t-test with R software (a=5%).

Generation of RNA-seq Data

RNA-seq analysis was carried out to compare the relative
abundances of gene transcripts at different developmental
stages of the life cycle (fig. 1). For the gametophyte generation,
synchronous cultures of gametophytes of the near-isogenic
male and female lines Ec603 and Ec602 were grown under
standard conditions and frozen at early stages of develop-
ment (about 10 days after meiospore release) and at fertility
(presence of plurilocular gametangia). For each stage, total
RNAwas extracted from 2 bulks of 400male individuals and 2
bulks of 400 female individuals (two biological replicates for
each sex) using the Qiagen Mini kit (http://www.qiagen.com)
as previously described (Coelho et al. 2012). Two biological
replicates of basal parthenosporophyte filaments from strain
Ec32 (which carries the V chromosome) were frozen in liquid
nitrogen 10 days after settlement of gametes. Similarly, two
biological replicates of upright filament tissue were isolated 15
days after settlement of gametes.

Two biological replicates for each sex of S. lomentariawere
prepared by pooling between 8 and 12 individuals per sample.
RNA from male and female pools was extracted using the
protocol described by Apt et al. (1995). RNA quality and
quantity was assessed using an Agilent 2100 bioanalyzer, as-
sociated with an RNA 6000 Nano kit.

RNA Sequencing

For each replicate, the RNA was quantified and cDNA was
synthesized using an oligo-dT primer. The cDNA was frag-
mented, cloned, and sequenced by Fasteris (CH-1228 Plan-les-
Ouates, Switzerland) using an Illumina Hi-seq 2000 set to
generate 100-bp single-end reads. Supplementary table S5,
Supplementary Material online, shows the statistics for the
sequencing and mapping. Data quality was assessed using the
FASTX toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.
html) and the reads were trimmed and filtered using a quality
threshold of 25 (base calling) and a minimal size of 60 bp.
Only reads in which more than 75% of the nucleotides had a
minimal quality threshold of 20 were retained.

Filtered reads were mapped to the Ectocarpus sp. genome
(Cock, Coelho, et al. 2010) (available at ORCAE; Sterck et al.
2012) using TopHat2 with the Bowtie2 aligner (Kim et al.
2013). More than 90% of the sequencing reads for each library
could be mapped to the genome. The mapped sequencing
data were then processed with HTSeq (Anders et al. 2014) to
obtain counts for sequencing reads mapped to exons.
Expression values were represented as RPKM and a filter of
RPKM 4 1 was applied to remove noise and genes with very
low expression levels. This resulted in a total of 14,302 genes
with expression values above the threshold (supplementary
fig. S1, Supplementary Material online). The SRR accession
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numbers for the raw sequence data are SRR1660827,
SRR1660828, SRR1660829, and SRR1660830.

Differential expression analysis was performed with the
DESeq package (Bioconductor) (Anders and Huber 2010)
using an adjusted P-value cut-off of 0.1 and a minimal fold-
change of 2 (supplementary fig. S2, Supplementary Material
online). Full lists of sex-biased genes can be found in supple-
mentary table S1, Supplementary Material online.

The sex-biased genes were also analyzed for the presence of
duplicated genes to determine whether duplications might
have arisen to resolve sexual conflict. Duplicated gene pairs
were detected as described in Cock, Sterck, et al. (2010).
Briefly, each Ectocarpus protein was compared with the
entire set of Ectocarpus proteins using BLASTp and duplicate
genes were defined as two sequences from different loci with
a maximal E value of e.10�4. The clustering analysis was per-
formed using the MCL algorithm (Markov Cluster Algorithm;
Li et al. 2003) with the inflation value fixed at 3.0.

Measurement of Synonymous and Nonsynonymous
Mutation Rates

To estimate rates of evolution of sex-biased gene sequences,
we searched E. fasciculatus transcriptome data (Gachon CM,
unpublished data) for orthologs of sex-biased and unbiased
control genes (the latter was a random subset of 47 genes
without differences in expression levels between males and
females) by retaining best reciprocal BLASTn matches with a
minimum e value of 10 e�10. The orthology of genes derived
from duplications in Ectocarpus sp. was further evaluated
by calculation of phylogenetic trees using E. siliculosus
and E. fasciculatus sequences, along with S. lomentaria
sequences as outgroups. MEGA6 (Larkin et al. 2007; Tamura
et al. 2013) was used for maximum-likelihood analyses and
branch support was assessed with by bootstrapping (1,000
replicates).

Putative orthologs were aligned using ClustalW imple-
mented in MEGA6 (Larkin et al. 2007; Tamura et al. 2013)
and manually curated. Sequences that produced a gapless
alignment that exceeded 100 bp were retained for pairwise
dN/dS (!) analysis using Phylogenetic Analysis by Maximum
Likelihood (PAML, CODEML, F3x4 model, runmode = �2)
implemented in the PAL2NAL suit (Suyama et al. 2006; Yang
2007) Genes with saturated synonymous substitution values
(dS 4 1) and genes located in the SDR were excluded from
the analysis.

The ENC and the CAI were calculated for all sex-biased
and unbiased genes in this study using CAIcal server
(http://genomes.urv.es/CAIcal/) (Puigbo et al. 2008).

Positive Selection Analysis

We used transcriptomic and genomic data from four different
Ectocarpus species and another Ectocarpales species, S. lomen-
taria to detect positive selection (supplementary table S3,
Supplementary Material online). Ectocarpus sp. lineage 1c
Greenland, E. fasciculatus, and S. lomentaria transcriptome
data were generated using Illumina HiSeq v3 paired-end tech-
nology (2� 100 bp) and quality filtered using either the

FASTX toolkit or Trimmomatic (http://www.ncbi.nlm.nih.
gov/pubmed/24695404) (Gachon CM, unpublished data).
Transcriptome assemblies were generated using the Trinity
de novo assembler (Grabherr et al. 2011) with default param-
eters and using normalized mode. Transcripts were filtered
for isoform percentage (41) and RPKM (41). Ectocarpus
siliculosus lineage 1a genomic data were aligned to the refer-
ence genome and consensus sequences of coding regions
with at least 10� coverage were recovered using the CLC
Assembly Cell (www.clcbio.com).

Orthologs of Ectocarpus sp. lineage 1c Peru sex-biased and
unbiased genes were identified in E. siliculosus lineage 1a,
Ectocarpus sp. lineage 1c Greenland, E. fasciculatus, and
S. lomentaria by selecting transcripts that could be aligned
over at least 100 bp using a best reciprocal BLASTn approach
(E value cutoff of 10�10). Nucleotide alignments for genes
identified from at least four of the five species were made
using ClustalW implemented in MEGA6 (Larkin et al. 2007;
Tamura et al. 2013) curated manually when necessary and
transformed to PAML4 format using perl fasta manipulation
scripts (provided by Naoki Takebayashi, University Alaska
Fairbanks).

Levels of nonsynonymous (dN) and synonymous (dS) sub-
stitution were estimated by themaximum-likelihoodmethod
available in the CODEML program (PAML4 package) using
the F3x4model of codon frequencies and a user tree specified
according to the phylogeny (Stache-Crain et al. 1997).
CODEML paired nested site models (M0, M3; M1a, M2a;
M7, M8) (Yang 2000, 2007) of sequence evolution were
used and the outputs compared using the likelihood ratio
test. Empirical Bayes methods allowed for identification of
positively selected sites a posteriori (Yang 2000, 2007).

Breadth of Gene Expression

RNA-seq data corresponding to complete organisms from
seven different stages of the life cycle (male and female gam-
etes, parthenosporophytes, immature and fertile male and
female gametophytes) and to two different tissue types
(basal structures and upright filaments) were used to esti-
mate breadth of gene expression. The gamete transcriptomic
data (Lipinska et al. 2013) were converted to RPKM in order
to make them comparable with the other libraries. The spe-
cificity index (�) (Yanai et al. 2005) was used as a measure of
breadth of expression for each gene, using the following for-
mula

� ¼
XN

i¼1
1� xið Þ

N� 1
:

For each gene, we calculated xi as the expression profile
in the given library i normalized by the maximal expression
value across all analyzed tissues and life cycle stages (N).
� index values range from 0 to 1, where 1 corresponds to
strong tissue/life cycle stage specificity (low expression
breadth).
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Analysis of Predicted Gene Functions

InterProScan (Zdobnov and Apweiler 2001) and BLAST2GO
(Conesa and Gotz 2008) were used to recover functional an-
notations for Ectocarpus proteins. For BLAST2GO, a Fisher
exact test with an FDR corrected P value cutoff of 0.05 was
used to detect enrichment of specific GO-terms in various
groups of sex-biased genes.

Genomic Location of Sex-Biased Genes

A Chi-squared test of observed and expected distribution of
sex-biased genes across the Ectocarpus linkage groups (Heesch
et al. 2010) was used to test whether sex-biased genes were
randomly distributed throughout the genome. The expected
distribution was calculated with the assumption that the sex-
biased genes were randomly distributed and therefore that
representation on a particular chromosome should have been
proportional to the number of genes on that chromosome.
The Chi-squared test was performed in Excel 2010 (Microsoft,
Redmond, WA). All other statistical analyses were performed
in RStudio (R version 3.0.2).

Supplementary Material

Supplementary figures S1–S5 and tables S1–S5 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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Discussion et perspectives 
Les résultats de l’analyse de l’expression différentielle ont mis en évidence une quantité 

relativement limitée de gènes différentiellement exprimés entre mâle et femelle chez Ectocarpus 

(~12%), aussi bien au stade immature que mature. Cette valeur faible serait cohérente avec le niveau 

limité de dimorphisme sexuel chez Ectocarpus. Cependant, cette hypothèse reste à tester et des 

analyses sont déjà prévues à cette fin, en comparant le nombre de gènes différentiellement exprimés 

entre mâles et femelles avec le niveau de dimorphisme sexuel pour plusieurs algues brunes. En effet, le 

groupe des algues brunes présente des espèces avec différents niveaux de dimorphisme sexuel, comme 

au niveau des gamètes, avec des espèces isogames, anisogames ou bien oogames (Luthringer et al. 

2014) et permettrait donc de tester cette hypothèse. 

L’analyse de l’expression différentielle chez les gamétophytes immatures a suggéré que les 

mécanismes de différenciation au niveau métabolique entre mâles et femelles sont mis en place de 

manière précoce. Une partie des gènes identifiés comme différentiellement exprimés l’étaient aussi 

bien au stade immature que mature, tandis qu’une autre partie des gènes étaient différentiellement 

exprimés soit au stade immature ou au stade mature. Cela semble indiquer dans, le second cas de 

figure, que certains gènes interviennent à des moments précis dans le cycle développement de 

l’organisme. L’utilisation d’autres espèces d’algues brunes et l’analyse de leurs transcriptomes à 

différents stades du cycle de vie, permettraient de vérifier l’établissement précoce des mécanismes de la 

différenciation sexuelle. De plus, l’étude approfondit des gènes biaisés par le sexe, à des stades 

spécifiques du développement de l’organisme, pourrait aider à identifier les voies métaboliques 

impliquées dans la croissance et la maturation des individus. En complément, pour Ectocarpus, la 

disponibilité de librairies RNA-seq des gamètes mâles et femelles permettrait d’affiner l’identification 

des gènes impliqués dans le processus de développement des gamétophytes. 

Nous avons montré, chez Ectocarpus, que l’évolution moléculaire des gènes biaisés par le sexe 

était similaire entre les gènes mâles et femelles. Le faible dimorphisme sexuel entre mâles et femelles 

pourrait expliquer que la pression évolutive soit relativement faible entre mâles et femelles, et 

expliquerait en partie cette évolution symétrique des gènes biaisés. L’identification et l’analyse des 

gènes biaisés par le sexe dans d’autres algues brunes, présentant différents niveaux de dimorphisme 

sexuel, permettraient de vérifier cette hypothèse. L’identification des gènes dupliqués dans les autres 
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génomes d’algues brunes permettrait d’analyser la vitesse d’évolution moléculaire de ces gènes par 

rapport aux gènes non dupliqués. 

Au niveau des outils bioinformatiques utilisés, les résultats de DESeq et DESeq2 ont été 

comparés afin de valider les résultats publiés et analysés en utilisant DESeq. Au stade immature, 1662 

gènes ont été identifiés comme différentiellement exprimés par DESeq et 1532 par DESeq2. La 

comparaison des résultats a montré que 1418 gènes (80%) sont retrouvés en commun par les deux 

logiciels, 247 (13%) étant spécifiques à DESeq et 114 (6%) spécifiques à DEseq2. Au stade mature, 

482 gènes ont été identifiés comme différentiellement exprimés par DESeq et 635 par DESeq2. La 

comparaison des résultats a montré que 425 gènes (61%) sont retrouvés en commun par les deux 

logiciels, 57 (8%) étant spécifiques à DESeq et 210 spécifiques à DEseq2 (30%). Après analyse des 

résultats, aucune différence significative n’a été constatée sur l’interprétation des données d’expression 

différentielle et donc sur les résultats et les conclusions de l’article publié. 
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Conclusions générales et perspectives 
Les travaux présentés dans ce Chapitre ont permis d’apporter une importante contribution sur 

les connaissances dans le domaine de l’analyse fonctionnelle et évolutive du déterminisme sexuel, plus 

particulièrement pour les chromosomes sexuels de type UV. Ectocarpus représente un modèle 

particulièrement intéressant dans l’étude de mécanismes évolutifs et fonctionnels des chromosomes 

sexuels. D’une part, en raison de l’importante distance phylogénétique la séparant des autres espèces 

communément étudiées et d’autre part, car ce type d’étude permet d’accroitre la quantité de données 

disponibles pour le système sexuel UV, afin de tester les différentes hypothèses sur la dynamique 

évolutive des systèmes de détermination du sexe. 

Les résultats présentés ont montré que les chromosomes UV chez Ectocarpus ont une 

trajectoire évolutive différente comparée aux systèmes XY et ZW. Cependant, certaines 

caractéristiques qui ont été révélées montrent des similarités très fortes avec ces deux systèmes, tels que 

l’accumulation d’éléments répétés dans le chromosome sexuel ou bien encore une évolution 

moléculaire plus rapide des gènes de la SDR. Ces similarités montrent une certaine universalité des 

mécanismes impliqués dans l’évolution des chromosomes sexuels à travers des lignées très éloignées. 

Le chromosome sexuel d’Ectocarpus, d’une taille de 5 Mpb, est caractérisé par la présence de 

deux régions non recombinantes (PAR), respectivement d’une taille de 2,5 Mpb et de 1,5 Mpb, 

bordant la région non recombinante, d’environ 1 Mpb, aussi bien chez le mâle que chez la femelle. La 

région non recombinante aurait évolué entre 70 et 100 millions d’années, mais présente toujours une 

taille et une dégénérescence génétique relativement faible. La SDR d’Ectocarpus présente un 

enrichissement en gènes surexprimés au stade gamétophytes matures, phase durant laquelle le sexe est 

exprimé, avec des caractéristiques particulières au niveau de se structure génomique. La SDR est aussi 

enrichie en éléments transposables et présente une diminution de la densité de gènes. Ces gènes sont 

caractérisés aussi par un niveau moyen d’expression plus faible que dans le reste du génome, tandis que 

les gènes de la PAR, aussi plus faiblement exprimés, sont plus spécifiques du stade sporophytique, 

avec la présence de clusters de gènes surexprimés durant cette phase. 

Au niveau du génome, le nombre de gènes différentiellement exprimés entre mâles et femelles 

est d’environ 12% lors de l’ensemble de la phase gamétophytique. Cette valeur, relativement faible par 

rapport à d’autres espèces, pourrait s’expliquer par le faible dimorphisme sexuel observé entre les 
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gamétophytes, pouvant impliquer la modification d’un nombre limité de voies métaboliques. Des 

études comparatives entre plusieurs algues brunes présentant des différences au niveau du 

dimorphisme sexuel seront menées afin de confirmer ou d’invalider cette hypothèse. De plus, un suivi 

temporel plus fin lors du développement des gamétophytes permettrait de mieux comprendre les 

mécanismes sous-jacents et les différentes voies métaboliques impliquées dans la mise en place du 

dimorphisme sexuel. Ces analyses seront complétées au niveau de l’étude de l’évolution moléculaire 

des gènes biaisés par le sexe par l’obtention de nouvelles données transcriptomiques, mais aussi 

génomique, sur un nombre important d’autres algues brunes. Elles permettront d’étudier plus en détail 

le lien entre la présence de gènes dupliqués et le niveau d’expression différentielle entre les copies, 

potentielle source de résolution de l’antagonisme sexuel. 

Bien que l’ensemble de ces informations permette d’apporter un éclairage supplémentaire sur 

les mécanismes pour le système UV, beaucoup de travail reste à réaliser avant de pouvoir généraliser 

les conclusions qui ont été obtenues avec Ectocarpus. La disponibilité récente du génome d’une autre 

algue brune, Saccharina japonica (Ye et al. 2015), et les différents projets amorcés afin de séquencer 

différents génomes d’algues brunes devraient permettre d’étudier l’évolution de la structure des 

chromosomes sexuels et de leurs gènes au sein de ce clade, et ainsi aider à comprendre les mécanismes 

évolutifs du déterminisme sexuel. 
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Chapitre 2 : Annotation structurale et 
fonctionnelle chez l’algue brune modèle 

Ectocarpus sp. 

Introduction 
L’avènement du séquençage NGS a permis de grandement faciliter l’accès à l’information des 

gènes et des génomes. Cependant, l’effort d’annotation et de mise à jour de cette dernière sont 

focalisés sur un nombre restreint d’espèces, comme l’homme (Harrow et al. 2012) ou bien Arabidopsis 

thaliana (Lamesch et al. 2012), espèces qui présentes la particularité d’être des modèles en biologie. 

Ces modèles sont particulièrement importants pour diverses raisons, présentées plus en détail dans les 

parties suivantes. Comme développé dans le Chapitre 1, Ectocarpus est le modèle biologique pour les 

algues brunes. De l’importance de ce modèle pour ce groupe et dans le contexte de cette thèse, il a été 

possible de fournir une nouvelle version du génome ainsi que de l’annotation des gènes, travail 

présenté dans ce Chapitre. 

Définition et caractéristiques d’un modèle biologique 
Un modèle au sens large du terme est une généralisation, une représentation ou un point de 

référence de quelque chose qui peut prendre différentes formes, allant d’un objet, une équation ou bien 

un organisme (Hesse 1963; Ransom 1981; Hestenes 1987; Bolker 2009). Il sert de représentation par 

l’exemple ou par substitution. L’origine de la notion d’organisme modèle en biologie est difficile à 

retracer, mais l’établissement de ce concept s’est ancré dans les années 1960 et 1970 avec le 

développement des techniques de biologie moléculaire (Ankeny and Leonelli 2011; Dietrich et al. 

2014). Aujourd’hui, l’une des définitions d’un organisme modèle en biologie est « des espèces non 

humaines qui sont largement étudiées afin de comprendre un ensemble de phénomènes biologiques, avec l’espoir 

que les données et les théories générées par l’utilisation du modèle seront applicables à d’autres organismes, en 

particulier ceux qui sont en quelque sorte plus complexes que le modèle original » (Ankeny and Leonelli 

2011).  
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Le concept d’organisme modèle en biologie peut, selon les auteurs, se diviser en deux 

groupes : les organismes modèles expérimentaux et les organismes modèles génétiques (Bier and 

Mcginnis 2004; Ankeny and Leonelli 2011). On distingue d’abord les organismes modèles 

expérimentaux utilisés pour répondre à certains types de questions, pour lesquelles l’information de la 

séquence nucléotidique n’est pas nécessaire. Parmi ces modèles, on retrouve principalement les espèces 

utilisées pour l’étude du développement embryologique chez les vertébrés, comme le xénope (Bier and 

Mcginnis 2004). L’autre type de modèle est apparu plus récemment, avec la possibilité d’accéder à la 

séquence génomique, et correspond aux organismes modèles génétiques. Il qualifie les espèces qui sont 

utilisées pour des analyses génétiques et génomiques et regroupe un très grand nombre d’espèces, 

comme la souris, la drosophile, Arabidopsis, C. elegans ou encore le zebrafish. Une espèce n’est pas 

forcément exclusive à un groupe, par exemple, le chien appartient aux deux catégories. Il est utilisé à la 

fois comme ressource génétique pour, entre autres, l’étude des maladies génétique (Galibert et al. 

2004), mais aussi comme ressource pour des études comportementales (Hare et al. 2002). 

Que le modèle soit expérimental ou génétique, on distingue encore deux groupes de modèles 

en fonction des questions que l’on cherche à résoudre. Un premier groupe est constitué par les 

modèles « exemples » qui correspondent aux espèces, chacune représentative de son taxon. Le but est 

d’acquérir des connaissances sur ces espèces modèles afin de comprendre les processus et mécanismes 

de la biologie, et utiliser les connaissances acquises pour les généraliser et les étendre à l’ensemble du 

taxon représenté (Bolker 2009). Cependant, la généralisation de ces connaissances reste soumise au 

fait que l’on considère que l’espèce modèle utilisée est bien représentative du taxon. Le deuxième 

groupe contient les modèles de « substitution » dont l’utilisation principale est centrée à des fins de 

recherche biomédicale. L’objectif est d’utiliser des espèces proches de l’homme pour comprendre les 

mécanismes des maladies humaines, dans le but de développer des traitements (Bier and Mcginnis 

2004), mais aussi de tester la nocivité de substances ou pathogènes (Bolker 2009). Le NIH fournit une 

liste des organismes pouvant être utilisés à des fins de recherche biomédicale 

(http://www.nih.gov/science/models/).  

Méthode de sélection d’un modèle biologique 

La sélection d’un modèle est une tâche relativement complexe qui dépend à la fois des 

connaissances acquises ce potentiel modèle et ce que l’on cherche à connaître. Les questions dont on 

cherche à connaître les réponses sont donc importantes pour orienter le choix du modèle. Ainsi, plus 

la quantité des informations disponibles sera importante, plus théoriquement, il sera facile de 

http://www.nih.gov/science/models/
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déterminer si le modèle sera adapté ou non pour répondre aux différentes questions. D’autres critères 

peuvent entrer en jeu pour la sélection du modèle, par exemple l’aspect historique pour les espèces qui 

sont étudiées de longue date et dont la littérature est assez étendue. Ou bien la position 

phylogénétique, pour permettre l’utilisation du modèle dans le but obtenir des inférences pour les 

autres espèces du groupe ou pour les comparer avec les modèles d’autres taxons pour des analyses 

d’évolution. Les organismes modèles ont des caractéristiques expérimentales particulières, comme un 

temps de développement de génération court avec un haut taux de fertilité, une taille physique et de 

génome réduit, un organisme facile à maintenir et une disposition à l’utilisation de techniques de 

modification génétique.  

Cependant, les progrès de ces dernières années dans le développement des technologies de 

séquençage haut débit (Illumina, Roche, PacBio, etc) et des techniques d’édition des génomes 

(CRISPR/cas9 ou TALEN) font que la limite qui existait jusqu’à présent entre les organismes 

modèles génétiques et non modèles génétiques commence à devenir floue (Müller and Grossniklaus 

2010). Ces technologies permettent d’obtenir et d’étudier de manière précise une grande quantité 

d’informations sur des organismes qui ne correspondent pas aux critères de sélection d’un organisme 

modèle, mais qui présentent des intérêts particuliers à divers niveaux. Par exemple, des organismes 

avec des intérêts pour l’étude d’un groupe, de certaines maladies ou qui sont relativement proches du 

modèle de référence d’un groupe, mais avec de fortes différences phénotypiques ou génotypiques. Les 

cas les plus emblématiques correspondent aux projets génome nK qui consistent à faire du séquençage 

massif de populations, par exemple les projets 1000 génomes (Consortium 2010) et 100 000 génomes 

(http://www.genomicsengland.co.uk/the-100000-genomes-project/), ou bien d’individus isolés dans 

une multitude de taxons, comme dans le projet génome 1 kp (Matasci et al. 2014). 

Séquençage du génome de l’organisme modèle 

Dans le cas d’un organisme modèle génétique, la première étape suivant la sélection de 

l’espèce est le lancement d’un projet génome consistant à obtenir la séquence nucléotidique du modèle 

retenu. Cette étape pose de nombreux défis, aussi bien au niveau du séquençage que de l’assemblage 

du génome. Les premiers projets de génomes Eucaryotes dans les années 1990 et début 2000 étaient 

basés sur l’utilisation de librairies YAC puis BAC et sur la technologie de séquençage Sanger (Lander 

et al. 2001). Le principal problème de premiers projets de séquençage et assemblage de génome était 

l’effort considérable qu’ils réclamaient, aussi bien au niveau financier, humain et en terme de durée, 

par exemple plus de 13 ans et 3 milliards de dollars pour le projet génome humain (Lander et al. 2001; 

http://www.genomicsengland.co.uk/the-100000-genomes-project/
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Sboner et al. 2011). L’avènement de la seconde génération de séquençage, avec les technologies 

développées principalement par des sociétés telles que Roche et Illumina, a permis de démocratiser les 

projets génomes. En effet, ces technologies ont induit une diminution drastique du coût et du temps 

de séquençage tout en augmentant le débit et en déplaçant ainsi les efforts en termes de ressources et 

temps de la partie séquençage vers les parties assemblage et post-analyse (Sboner et al. 2011). La 

réduction de la taille des reads, principalement dans le cas de la technologie développée par la société 

Illumina, a demandé le développement d’outils d’assemblage de génome adapté à ces types de 

séquences et pose des problèmes, tels que l’assemblage des régions répétées. Les derniers 

développements des technologies de séquençage ont pour but de faciliter la partie d’assemblage des 

génomes en allongeant la taille des reads afin de résoudre les problèmes posés par l’assemblage des 

reads courts. Les développements en cours sont réalisés par les sociétés telles que Pacific Biosciences 

qui propose déjà la technologie PacBio, Oxford Nanopore Technologies Ltd, Genia Corporation, 

BioNano Genomics, LightSpeed Genomic. 

1) ADN double brin

2) Ligation des adaptateurs

3) Séquençage

ADN polymérase

Read néo-synthétisé

Suppresion des adaptateurs

Alignement des fragments

Séquence consensus circulaire (CCS)

4) Post-traitement

 

Figure 14 : Principe du séquençage PacBio CCS (circular consensus sequence) (Fichot and Norman 2013).  



 

105 
 

A titre d’exemple, pour Ectocarpus, deux génomes ont été assemblés à des périodes et avec des 

méthodologies différentes. Le premier génome, présenté dans le chapitre précédent, correspond au 

génome de référence, issu d’un individu mâle haploïde (Cock et al. 2010). Ce dernier a été séquencé 

en utilisant la technique Sanger à partir de librairies plasmidiques, produisant des reads d’environ 

600 pb et avec une couverture supérieure à 10x. Les reads ont été assemblés avec le logiciel Arachne 2 

(Jaffe et al. 2003), qui a produit 14 043 contigs assemblés en 1 902 scaffolds. Le deuxième génome, 

dont seulement une partie des séquences a été publié (Ahmed et al. 2014), provient d’un individu 

femelle haploïde. Pour ce génome, plusieurs technologies de séquençage ont été utilisées et 

combinées. Dans un premier temps, quatre librairies single-end basées sur la technologie de 

pyroséquençage Roche 454, ainsi qu’une librairie paired-end et deux librairies mate-paire utilisant la 

technologie Illumina, ont été séquencées, pour une couverture avoisinant au final les 100x. 

L’assemblage de ces données avec Velvet (Zerbino and Birney 2008) a produit 34 856 contigs 

assemblés en 19 264 scaffolds. Dans un second temps, afin de tenter de réduire la fragmentation de 

l’assemblage, un séquençage PacBio CCS a été réalisé, produisant une couverture de 1,5 x (Figure 14). 

L’amélioration de l’assemblage a été effectué en utilisant les outils du package SMRT-Analysis, plus 

particulièrement l’outil AHA (A Hybrid Assembler) (https://github.com/PacificBiosciences/SMRT-

Analysis) (Figure 15). L’utilisation de cette technologie, permettant d’obtenir de long reads, peut 

partiellement aider à faire le lien entre plusieurs contigs, n’a cependant pas permis d’améliorer 

l’assemblage. D’une part, la longueur des reads obtenus a été plus courte (~3,5 Kb) que la moyenne 

normalement obtenue (~5Kb) lors du séquençage, résultat d’un processus d’extraction de l’ADN chez 

Ectocarpus qui n’autorise que difficilement l’obtention de fragments de grande taille. D’autre part, 

l’efficacité du séquençage n’était pas optimale et la couverture très limitée n’a pas permis de lier 

correctement les différents contigs entre eux. 
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Figure 15 : Principe de fonctionnement de l’outil AHA (A Hybrid Assembler) pour le scaffolding de séquence 
génomique. Les reads PacBio sont dans un premier temps alignés contre les scaffolds avec la possibilité que 
certains reads chevauchent plusieurs scaffolds. Ensuite, les différents liens entre scaffolds sont répertoriés et seuls 
ceux ayant un taux de couverture suffisant sont conservés. En parallèle, les liens formés directement entre les 
scaffolds sont identifiés. La séquence des reads PacBio est utilisée afin de joindre les scaffolds entre eux au 
niveau des liens validés. Enfin, une étape supplémentaire peut-être réalisée, qui permet d’utiliser l’information 

des alignements pour fermer les gaps au sein des scaffolds. 

Annotation d’un génome 
Un génome est le résultat d’un ancien et long processus évolutif, et contient une grande 

diversité d’éléments aussi bien structuraux que régulateurs. L’accès à la séquence du génome ne 

représente qu’un premier niveau d’information finalement assez peu utilisable à l’état brut. Un 

processus d’annotation est donc indispensable pour permettre l’ajout des couches d’informations 

supplémentaires indispensables pour extraire l’information biologique afin de permettre l’analyse et 

l’interprétation des processus biologiques (Figure 16). Un prérequis essentiel avant de démarrer cette 
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étape d’annotation est de posséder un niveau de qualité de l’assemblage du génome suffisant, comme 

une faible fragmentation des contigs et assez peu de nucléotides inconnus, pour permettre une 

annotation correcte des différents éléments constitutifs. Dans le cas contraire, le processus 

d’annotation ne peut se dérouler de manière correcte (Yandell and Ence 2012). Le processus 

d’annotation est découpé en un ensemble de sous processus adaptés à l’identification et l’annotation de 

chaque type d’élément présent dans le génome. C’est un processus qui est lent, très consommateur en 

temps et en ressources computationnelles et humaines. Il est, de plus, différent entre génome 

Procaryote et Eucaryote, les structures et l’organisation des gènes étant très différentes entre les deux 

clades, mais aussi à l’intérieur de chaque clade. Dans la suite du manuscrit, la description de 

l’annotation sera focalisée sur le groupe des Eucaryotes.  

Annotation au niveau nucléotidique

Annotation au niveau protéique

Annotation fonctionnelle

ATG STOP
ADN génomique

pré-ARNm

ARNm

Transcription

post-transcriptionnelles

Protéine

Traduction

Fonction

AUG STOP

poly-ACap

poly-ACap

Isoforme 1

Isoforme 2

5’ UTR 3’ UTRExonIntron

C

B

A

A
nnotation structurale

A
nnotation
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Figure 16 : Les différents niveaux de l’annotation. Adapté de (Stein 2001; Zhang 2002). 



 

108 
 

Annotation structurale, au niveau nucléotidique 

Le début du processus d’annotation est une étape massivement automatique faisant appel à 

une grande quantité de ressources computationnelles.  

L’identification des éléments répétés représente la toute première phase du processus 

d’annotation structurale. Il a pour but de détecter et d’identifier les régions de faible complexité et les 

éléments transposables, afin de les recenser et localiser. Cette identification est un point crucial à 

réaliser pour chaque génome, les éléments répétés étant souvent spécifiques à chaque génome (Yandell 

and Ence 2012). En plus de l’information apportée aussi bien quantitative que qualitative par cette 

étape de détection et d’identification, elle est utilisée dans la suite du processus d’annotation afin de 

« masquer » ces régions (A, T, G, C vers N). Cette étape de « masking » des éléments répétés est 

particulièrement importante lors de la phase de prédiction automatique des gènes codant pour 

minimiser le risque de produire des faux positifs. En effet, la présence d’une phase ouverte de lecture 

(ORF – Open Reading Frame) dans certains transposons peut induire en erreur les prédicteurs de 

gènes (Yandell and Ence 2012), d’autant plus que ces transposons peuvent représenter une grande 

fraction d’un génome Eucaryote. Chez l’homme, 47 % de la séquence génomique est constituée de 

répétitions (Lander et al. 2001). De plus, l’absence de cette étape peut poser des problèmes, par 

exemple pour les recherches de similitude BLAST (Konerding 2004). 

L’alignement des données représente la seconde étape. Elle consiste le plus souvent à aligner 

les protéines de l’espèce ou d’espèces proches sur le génome, ainsi que les données EST partielles ou 

pleine longueur et enfin les données RNA-seq, afin de disposer d’informations sur la structure des 

gènes avant même le processus de prédiction. Les données RNA-seq représentent une source 

d’information particulièrement remarquable, quel que soit le type de séquençage utilisé (Illumina, 454, 

PacBio), permettant une bien meilleure délimitation des exons, des sites d’épissage alternatif et 

l’obtention de l’information sur les évènements d’épissage alternatif (Yandell and Ence 2012; Eckalbar 

et al. 2013). Plus précisément, l’assemblage des reads RNA-seq, de novo ou avec génome de référence, 

permet la reconstruction complète d’une grande partie des transcrits, aussi bien dans la partie codante 

(CDS) que non codante (UTR) (Lomsadze et al. 2014), ce qui fournit une excellente source 

d’information pour les prédicteurs de gènes. 

Ensuite, vient l’étape à proprement parlé de l’identification des gènes codants qui consiste à 

prédire la localisation et la structure des gènes du génome. Étant donné les variations extrêmement 
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importantes entre les organismes au niveau de la structure des gènes, cela réclame des outils 

suffisamment souples pour pouvoir s’adapter à tout type de génome. En contrepartie, les logiciels de 

prédiction de gènes demandent un entraînement spécifique à chaque espèce ou groupe d’espèces afin 

d’optimiser leurs paramètres (Yandell and Ence 2012). Il existe deux méthodes pour réaliser la 

prédiction des gènes. La première consiste à utiliser des prédicteurs ab initio apparus dans les 

années 90 (Brent 2008). Ils utilisent des modèles mathématiques afin de réaliser la prédiction de gènes 

et sans avoir besoin d’une source externe d’information autre que le génome. La limitation principale à 

ce type de prédiction est qu’elle fournit des structures de gènes incomplètes. Elle ne permet la 

prédiction qu’exclusivement de la structure codante du gène (CDS) faisant l’impasse sur la structure 

des UTR (Brent 2008). Le deuxième type d’approche est, lui aussi, basé sur l’utilisation d’une 

prédiction ab initio, mais avec l’utilisation de sources externes d’informations. On parle alors de 

logiciel de prédiction de gènes fondée sur des preuves (evidence-driven gene predictions) (Yandell and 

Ence 2012). Pour cela, ils utilisent les résultats d’une grande variété de sources externes, par exemple 

les alignements des EST et/ou des transcrits, des résultats d’alignement de protéine, la position des 

éléments répétés ou encore la probabilité d’un site AG ou GT d’être respectivement accepteur ou 

donneur d’un exon. L’obtention de ces données externes au prédicteur demande un travail 

considérable, chacune de ces sources d’information réclamant un pipeline d’analyse dédié, mais 

l’amélioration de la qualité de la prédiction est particulièrement importante par rapport à une simple 

prédiction ab initio, pouvant permettre l’obtention de la structure complète des gènes et de ses 

isoformes. 

Identification des ARN non codants 

L’annotation des génomes est passée d’un stade où on se limitait à la recherche et l’annotation 

des gènes codant pour des protéines, à un stade où l’on cherche aussi à déterminer et annoter le plus 

grand nombre d’éléments possible, par exemple les pseudogènes, les régions régulatrices et les ncRNA 

(non-coding RNA) (Griffiths-Jones et al. 2003; Karro et al. 2007; Lagesen et al. 2007). Par exemple 

chez l’humain, des efforts ont été faits pour compléter et améliorer l’annotation des gènes non 

codants, notamment des lncRNA (Consortium et al. 2005; Derrien, Johnson, et al. 2012; Harrow et 

al. 2012). L’identification de ces ncRNA demande des méthodologies et des outils spécifiques et est 

réalisée soit en parallèle ou après l’annotation des gènes codants. Ces dernières années, deux grandes 

catégories de ncRNA sont particulièrement étudiées, les miRNA et les lncRNA, présentés dans les 

deux parties suivantes. 
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miRNA 
Les miRNA sont des gènes non codants d’environ 22 nucléotides de long avec un rôle de 

régulation de l’expression des gènes dans le génome, par leur action de répression de l’expression (Lee 

et al. 1993; Krol et al. 2010). Ils sont situés dans les régions intergéniques, mais aussi dans des gènes 

codants ou non codants, aussi bien dans les introns que les exons (Kim et al. 2009; Ha and Kim 

2014). On les retrouve chez les animaux et les plantes, mais entre les deux groupes, les mécanismes de 

biogenèse des miRNA sont différents. Les miRNA semblent absents dans le groupe des 

champignons. Cette absence chez les champignons et la présence de deux types de mécanismes de 

biogenèse suggèrent que le système de régulation par les miRNA aurait évolué au moins à deux 

reprises (Jones-Rhoades et al. 2006). 

Comme dit précédemment, les mécanismes de biogenèse des miRNA sont différents entre les 

animaux et les plantes (Figure 17). La différence principale vient de l’étape de maturation du miRNA 

qui se déroule uniquement dans le noyau chez les plantes, et dans le noyau et le cytoplasme chez les 

animaux. Chez les animaux (Figure 17a) (Bartel 2004; He and Hannon 2004; Ha and Kim 2014), 

l’étape de transcription du miRNA par une polymérase II permet l’obtention d’un pri-miRNA. La 

première étape de maturation du miRNA est initiée par l’enzyme DROSHA qui va cliver le pri-

miRNA afin d’obtenir le pre-miRNA. Ce dernier est ensuite exporté vers le cytoplasme à l’aide de la 

protéine exportin5, pour qu’il puisse terminer sa maturation. Une fois dans le cytoplasme, le pre-

miRNA est clivé par l’enzyme Dicer pour libérer le duplex double brin du miRNA. Ce duplex produit 

deux miRNA matures, l’un qui correspond au brin 5’ (suffixe -5p) et l’autre au brin 3’ (suffixe -3p). 

Seulement l’un des deux brins est prévalent par rapport à l’autre, en terme d’expression et d’activité 

biologique. Le brin prévalent est simplement nommé miRNA mature, tandis que l’autre brin 

correspond au miRNA* (Ha and Kim 2014). Le duplex miRNA va se coupler à une protéine 

Argonaute (AGO) et former le complexe pre-RISC pour « RNA-induced silencing complex ». Le 

miRNA* est ensuite clivé pour ne conserver que le miRNA mature.  
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Figure 17 : Les voies de biogenèse de miRNA. Adapté de (Bartel 2004; Ha and Kim 2014). A) La voie de 
biogenèse des miRNA chez les animaux. B) La voie de biogenèse chez les plantes. Pour plus de détails, se référer 

au texte. 
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Chez les plantes (Figure 17b) (Bartel 2004; Axtell et al. 2011), contrairement aux animaux, la 

maturation du miRNA est complétée dans le noyau. L’étape de transcription du miRNA est réalisée 

par une polymérase II qui permet l’obtention d’un pri-miRNA. La première étape de maturation du 

miRNA est initiée par l’enzyme DCL1 pour « Dicer like ». Habituellement, le clivage est réalisé à la 

base du pri-miRNA, puis dans un deuxième temps, DCL1 clive la boucle du pre-miRNA 

précédemment obtenu pour former le miRNA. Cependant, il est possible que les deux étapes soient 

inversées, c’est-à-dire que dans un premier temps, il y a le clivage de la boucle pour former le pre-

miRNA puis le clivage de la base qui donne le miRNA. Une fois la maturation du miRNA terminée, 

ce dernier est exporté vers le cytoplasme par la protéine HASTY, une protéine homologue à 

l’exportine5. Enfin, le miRNA se fixe à la protéine AGO pour former le complexe pre-RISC. Le 

miRNA* est ensuite clivé pour ne conserver que le miRNA mature.  

 Une fois le complexe RISC formé, l’action de régulation de l’expression des gènes se fait par 

ciblage du complexe par complémentarité de séquence entre le miRNA mature et le gène, dont le site 

de fixation est le plus souvent localisé au niveau du 3’ UTR du gène cible (Bartel 2009). 

Plusieurs méthodes bio-informatiques sont disponibles afin de permettre la détection et 

l’identification de miRNA. Une première méthodologie consiste à rechercher de manière ab initio les 

structures qui sont potentiellement des miRNA, avec des logiciels tels que MiPred (Jiang et al. 2007), 

miRPara (Wu et al. 2011) ou bien miRscan (Lim et al. 2003). La deuxième méthodologie est basée 

sur l’utilisation de données de séquençage afin de détecter la présence des miRNA dans un génome, 

avec des outils tels que mirDeep (Friedländer et al. 2008), DASP (Huang et al. 2010) ou bien 

miRAnalyzer (Hackenberg et al. 2009). Une dernière méthodologie se base sur la recherche de 

structures secondaires par la minimisation d’énergie afin d’identifier les motifs de repliement 

spécifiques aux miRNA, avec des outils tels que RNAfold (Hofacker 2002), UNAfold (Keith 2008) 

ou le ViennaRNA Package (Lorenz et al. 2011). 

Malgré les performances correctes de ces logiciels, la structure complexe des miRNA fait qu’il 

est difficile de prédire de manière fiable leur structure, ce qui induit la prédiction d’un nombre 

significatif des faux positifs (Hu et al. 2012). Beaucoup reste à faire dans le domaine afin d’améliorer 

la sensibilité et la spécificité des logiciels. 

MiRBase est aujourd’hui le principal catalogue de séquences et d’annotations de miRNA et 

contient des données pour plus de 200 espèces avec environ 25 000 loci de miRNA, soit environ 
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30 000 miRNA matures (Kozomara and Griffiths-Jones 2014). Cependant, une partie des 

annotations est incorrecte voire fausse (Meng et al. 2012). Par exemple, une analyse réalisée sur un 

sous ensemble des données a montré qu’un tiers des miRNA était potentiellement faux (Chiang et al. 

2010). La grande quantité d’informations erronées présente dans miRBase s’explique en partie par 

l’insertion d’annotations obtenues à partir de données de NGS, données qui ne sont pas toujours assez 

sensibles pour la détection des miRNA (Ha and Kim 2014). Mais des efforts sont faits par les 

développeurs de miRBase afin de palier à ce problème, par exemple l’attribution de score de confiance 

pour chaque miRNA ou encore l’intervention de la communauté dans l’annotation experte des 

miRNA (Kozomara and Griffiths-Jones 2014). 

lncRNA 
 Les lncRNA sont des gènes non codants de longueur variable, mais d’une taille minimum de 

200 pb (Derrien et al. 2012; Rinn and Chang 2012). Les données de GENCODE montrent que 

98 % des lncRNA sont épissés, mais qu’ils ne possèdent généralement que deux exons. Les exons des 

lncRNA ont une taille similaire à ceux des gènes codants, tandis que les introns des lncRNA ont une 

longueur significativement supérieure (Derrien et al. 2012). Au niveau de leur localisation dans le 

génome, il existe plusieurs catégories de lncRNA (Figure 18), avec une localisation intergénique ou 

génique. Dans le cas de la localisation génique, les lncRNA peuvent se situer au niveau d’un exon, 

dans un intron ou bien certains peuvent chevaucher un gène. Chez l’homme, la majorité des lncRNA 

est intergénique (Derrien et al. 2012). Les lncRNA sont majoritairement retrouvés dans le noyau de la 

cellule, mais certains sont présents dans le cytoplasme (Derrien et al. 2012; Fatica and Bozzoni 2014). 
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Figure 18 : Les différentes catégories de lncRNA selon leur localisation génomique (Derrien et al. 2012). 

Tout comme les miRNA, les lncRNA régulent le niveau d’expression des gènes, mais aussi 

leur traduction, par répression ou par activation des gènes, via des mécanismes cis (Ørom et al. 2010; 

Derrien et al. 2012) ou trans régulateurs (Figure 19) (Cabili et al. 2011; Guttman et al. 2011; Derrien 

et al. 2012). Par exemple chez la drosophile, la transcription est réprimée par un complexe PRE/PcG 

qui va se fixer à la chromatine, tandis que le complexe PRE/trxG permet l’activation des gènes. La 

régulation entre les deux complexes est assurée par la présence de lncRNA qui va favoriser la 

formation du complexe PRE/trxG, et ainsi permettre l’expression des gènes (Schmitt et al. 2005). Au 

niveau de leur transcription, l’expression moyenne des lncRNA est plus faible que celle des gènes 

codant pour des protéines. De plus, l’expression des lncRNA semble être spécifique à certains tissus 

(Derrien et al. 2012; Djebali et al. 2012).  
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Figure 19 : Modèles d’actions des lncRNA nucléaires. Adapté de (Fatica and Bozzoni 2014). A) Exemple de 
régulation transcriptonnelle cis par les lncRNA. B) Exemples de régulation transcriptonnelle trans par les 
lncRNA. 

De même que miRBase pour les miRNA, plusieurs bases de données ont été créées et 

centralisent les informations sur les lncRNA, avec des bases généralistes telles que lncRNAdb (Amaral 

et al. 2011; Quek et al. 2015) ou bien spécifiques à une espèce, comme LNCipedia pour l’homme 

(Volders et al. 2013; Volders et al. 2015). Elles ont pour but d’améliorer l’annotation des lncRNA afin 

d’en comprendre les différentes fonctions biologiques, en proposant aux utilisateurs des données 

manuellement annotées, ainsi que des outils pour réaliser et visualiser ces annotations. 
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 La prédiction des lncRNA reste un domaine relativement récent. Actuellement, un nombre 

limité d’outils est disponible afin de réaliser cette tâche, tels que lncRNA-MFDL (Fan and Zhang 

2015) ou LncRNA-ID (Achawanantakun et al. 2015), CPAT (Wang et al. 2013) ou bien PLEK (Li 

et al. 2014). Il reste donc encore beaucoup de développement de méthodologie et d’outils pour 

compléter la prédiction, la classification et la détermination de la fonction biologique des différents 

lncRNA (Derrien, Guigó, et al. 2012). 

Identification des ARN non codants chez Ectocarpus. 
Dans le cas d’Ectocarpus, une première prédiction des miRNA a été réalisée lors du projet 

génome, permettant l’identification de vingt-six miRNA. De plus, l’annotation structurale et 

fonctionnelle des mRNA a permis de mettre en évidence la présence d’un gène Dicer, Argonaute ainsi 

que de deux gènes codant pour des polymérases ARN-dépendant, indiquant la présence des gènes 

impliqués dans le processus de biogenèse des miRNA (Cock et al. 2010). La disponibilité de nouvelles 

données de séquençage spécifiques au sRNA (smallRNA) avec une profondeur de séquençage 

supérieure, et l’amélioration des logiciels d’analyses ont permis de vérifier l’exhaustivité et la qualité 

des premières annotations. De plus, la disponibilité de données RNA-seq, présentées dans la 

Chapitre 1, a permis de réaliser la détection de lncRNA dans le génome d’Ectocarpus. Ces deux 

analyses s’inscrivent dans un projet plus global de réannotation complète du génome d’Ectocarpus. 

Annotation fonctionnelle, au niveau des protéines 

Après l’annotation structurale, qui permet d’obtenir la position et la structure des gènes du 

génome, il est important de déterminer la fonction associée à ces gènes. Le processus d’annotation 

fonctionnelle est réalisé au niveau de la structure protéique des gènes dans l’objectif d’identifier la 

fonction potentielle des gènes, les domaines et les motifs protéiques connus, ainsi que la recherche des 

familles de gènes. 

L’une des méthodes les plus couramment utilisées est la recherche d’une homologie de 

séquence avec d’autres protéines avec des outils tels que le blastp (Altschul et al. 1990) contre 

différentes bases de données. Il existe cependant des bases de données protéiques dites de « haute 

qualité » telles que SwissProt/UniProtKB (Consortium 2015) qui contient les séquences de protéines 

manuellement curées. 

En plus de l’annotation par homologie de séquence, la recherche de domaines et de motifs 

protéiques est un complément d’information particulièrement informatif. De nombreuses bases 
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existent, telles que PFAM (Finn et al. 2014) ou PROSITE (Sigrist et al. 2013). Le développement de 

l’outil InterPro (Jones et al. 2014) a été motivé dans le but de pouvoir facilement faire de 

l’interrogation croisée de ces différentes bases de données de domaines et motifs pour obtenir une 

annotation unique au format InterPro. 

Annotation fonctionnelle, au niveau des processus biologiques  

La dernière étape de l’annotation consiste à faire le lien entre l’annotation des gènes et les 

différents processus biologiques associés, le but étant d’avoir une carte donnant les interactions entre 

l’ensemble des gènes du génome. Différents systèmes existent, comme Gene Ontology (Ashburner et 

al. 2000), KEGG (Kanehisa and Goto 2000) ou encore BioCyc (Caspi et al. 2014). 

Annotation experte 

L’information apportée par la prédiction automatique aussi bien structurale que fonctionnelle 

ne représente qu’une petite partie du travail d’annotation d’un génome, s’appuyant sur des ressources 

logicielles. Il est important d’aborder l’aspect humain dans ce genre de projet. Il représente la clef de 

voûte d’un projet génome, afin de fournir une annotation de qualité et durable dans le temps. 

Beaucoup de projets génomes intègrent une vérification manuelle de l’annotation qui consiste à 

identifier puis corriger les erreurs commises par les outils d’annotation automatique. Pour l’annotation 

structurale, cela consiste à modifier la structure des exons – introns. Pour l’annotation fonctionnelle, 

en plus de la correction possible de l’annotation, le but est aussi d’ajouter l’information contenue dans 

la littérature scientifique dans la base de données, afin de fournir l’annotation la plus précise possible 

et ajouter l’information qui n’est pas disponible dans les bases de données. Ces étapes de curation des 

données d’annotation automatique peuvent se dérouler de différentes façons. Elles peuvent faire appel 

à une communauté d’annotateurs dispersée et supervisée qui comprend plusieurs groupes 

indépendants travaillant sur un sous-ensemble des gènes (Mazumder et al. 2010) et qui sont 

supervisés par le responsable du projet d’annotation. Un rassemblement de la communauté 

d’annotation (Stein 2001; Mazumder et al. 2010; Yandell and Ence 2012) est une autre méthode 

utilisée avec succès pour les projets génomes entre autres de la drosophile (Hartl 2000; Pennisi 2000) 

et de la souris (Kawai et al. 2001). Elle consiste à réunir, dans un lieu et pour une période déterminée, 

un regroupement de biologistes et de bioinformaticiens afin de vérifier et d’améliorer l’annotation de 

manière intensive et rapide. Une autre solution est de faire appel à une communauté d’annotation 

composée d’étudiants ayant au préalable reçu une formation sur le fonctionnement de l’annotation 
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manuelle (Mazumder et al. 2010). Elle a par exemple été utilisée avec succès pour l’annotation de 

métagénomes (Hingamp et al. 2008). 

Visualisation des données 

La collecte et l’organisation des données telles que la séquence génomique, les annotations, les 

SNP, les données d’expression (microarray, RNA-seq) ou encore la carte génétique, sont 

particulièrement importantes afin de pouvoir fournir une ressource centralisée et un système de 

visualisation facile d’accès pour la communauté scientifique. Ces données sont intégrées dans des bases 

de données pour les organismes modèles qui ont pour rôle de mettre en relation les différentes 

données dans le contexte du génome afin de pouvoir les interpréter dans le contexte de la biologie de 

l’organisme (Cline and Kent 2009). La mise en place d’un système de bases de données pour un 

organisme modèle réclame un important travail de développement, autant au niveau de la mise en 

place du schéma de la base de données, que dans le développement des outils de visualisation et de 

l’interface (Stein et al. 2002). Afin de réduire ces coûts et d’éviter de refaire un développement pour 

chaque organisme modèle, les développements ont été centralisés au sein du projet GMOD (Generic 

Model Organism Database) (Stein et al. 2002) dans le but de proposer un ensemble d’outils pour 

utiliser pleinement les données associées à l’organisme modèle. Le projet GMOD propose par 

exemple des outils comme la base de données CHADO (Mungall and Emmert 2007), la visualisation 

des données avec JBrowse (Skinner et al. 2009) ou encore l’annotation structurale et fonctionnelle des 

gènes avec WebApollo (Lee et al. 2013). Les bases de données pour les organismes modèles ont la 

particularité d’être très dynamiques du fait de la possibilité d’apporter des corrections aux données et 

d’ajouter de l’information de manière manuelle ou automatique à travers une interface dédiée (Stein et 

al. 2002; Skinner et al. 2009).  

Evolution de l’annotation 

L’annotation d’un génome n’est pas une donnée statique, elle demande un travail continu 

après la mise à disposition de la première version. Elle est amenée à évoluer avec le temps par 

l’intégration aussi bien des nouvelles connaissances que de nouvelles données. L’évolution de 

l’annotation se fait généralement de manière constante et progressive dans le temps, avec la mise à jour 

régulière de l’annotation des gènes. Par exemple, ces dernières années chez l’homme, cette 

amélioration s’est entre autres focalisée sur la détection des différentes isoformes des transcrits 

(Trapnell et al. 2010; Grabherr et al. 2011; Au et al. 2013).  
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Elle peut cependant recevoir une nouvelle version pour laquelle l’ensemble de l’information de 

l’annotation est mise à jour. En effet, l’un des problèmes récurrents rencontré par les génomes annotés 

il y a plusieurs années est la faible quantité de gènes dont la prédiction inclut les UTR (Haas et al. 

2005; Lorenzi et al. 2010; Eckalbar et al. 2013) et le manque de couverture fourni par les EST, limité 

aux gènes les plus fortement exprimés (Morozova et al. 2009). Dans un projet standard de séquençage 

des ADNc, approximativement 20-40 % des transcrits sont partiellement ou pas du tout séquencés 

(Brent 2008). Les avancées dans les technologies de séquençage et la diminution des coûts offrent une 

grande opportunité pour améliorer l’assemblage et l’annotation de ces génomes, par, entre autres, 

l’inclusion de données RNA-seq durant le processus de prédiction des gènes (Eckalbar et al. 2013). 

Ces données, dans le cas de la seconde génération de séquençage, permettent théoriquement de 

reconstruire les transcrits dans leur totalité (Lomsadze et al. 2014) (CDS + UTR) et autorisent la 

détection des évènements d’épissage alternatif (Ozsolak and Milos 2011). Les générations de 

séquençage ultérieures, grâce à leur taille de reads beaucoup plus longue, permettent d’obtenir 

directement les transcrits et potentiellement une partie ou la totalité des isoformes sans processus 

d’assemblage (Au et al. 2013). Ces données autorisent la détection aussi biens des transcrits 

faiblement exprimés que fortement exprimés et permet donc de lever la limitation liée aux EST. La 

diminution des coûts de séquençage offre aussi la possibilité de séquencer différents tissus et/ou 

différents stades du cycle de vie pour obtenir un transcriptome le plus complet possible. Par exemple, 

le processus de réannotation chez Anolis carolinensis utilise 14 librairies RNA-seq, de différents tissus 

et à différents stades du cycle de vie (Eckalbar et al. 2013). 

La principale difficulté du processus de réannotation est de définir quand un gène doit être 

mis à jour et dans quelle mesure. La comparaison de l’annotation de référence avec la nouvelle 

prédiction et la consolidation des résultats est une tâche spécifique qui peut être réalisée par un 

nombre limité d’outils comme AEGeAN (Standage and Brendel 2012), PASA (Haas et al. 2003) ou 

encore MAKER (Cantarel et al. 2008). Cette tâche demande en effet de pouvoir obtenir une 

annotation consensus entre la précédente version de l’annotation et les informations apportées par les 

nouvelles données disponibles. 

La base de données GenBank permet la mise à disposition de cette nouvelle annotation afin 

de remplacer l’ancienne, sous contrainte que la nouvelle annotation soit soumise par l’un des auteurs 

de la publication originale. Cependant, si la mise à jour apporte une amélioration significative, son 

intégration dans les bases de données publiques est possible pour des personnes ne faisant pas partie 
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de la publication originale (Yandell and Ence 2012). La démarche pour la mise à jour est relativement 

simple et demande de faire une nouvelle soumission des annotations 

(www.ncbi.nlm.nih.gov/genbank/wgs_update ; 

www.ncbi.nlm.nih.gov/genbank/eukaryotic_genome_submission). 

Impact de l’annotation sur les analyses ultérieures 

L’accessibilité des données NGS a permis le développement de nombreuses analyses, par 

exemple la détection de variants ou bien les analyses d’expression différentielle. Dans le cas d’études 

sur des espèces dont le génome et les annotations sont disponibles, le plus souvent les données de 

séquençage sont mappées contre le génome en se basant sur les prédictions des structures de gènes 

obtenus pendant le processus d’annotation. Seulement, il est rare de disposer d’un génome dont 

l’annotation structurale est parfaite. Récemment, plusieurs équipes se sont intéressées à l’évaluation de 

l’influence des données d’annotation structurale sur les résultats obtenus avec les données NGS. 

L’utilisation de l’annotation structurale lors du mapping des reads contre le génome de référence 

permet par exemple d’augmenter le taux de reads correctement mappés de manière globale. 

L’annotation fournit surtout une aide pour permettre un mapping correct des reads au niveau des sites 

de jonction exon-exon. Sans cette source d’information, une partie des reads ne s’alignent pas au 

niveau des sites de jonction ou alors de manière incorrecte (Zhao 2014; Zhao and Zhang 2015). Il a 

été aussi montré que selon l’origine de l’annotation structurale utilisée (RefSeq, ENSEMBLE, 

GENCODE, UCSC), des variations sur les résultats du mapping sont constatés, ce qui peut changer 

de manière importante le comptage des reads associés à chaque gène et les analyses d’expression 

différentielle (Zhao and Zhang 2015). De même, dans les analyses de détection de variants, le choix 

de l’annotation est particulièrement critique pour la suite des analyses et influence de manière 

significative les résultats (McCarthy et al. 2014; Frankish et al. 2015). Il est cependant important de 

garder à l’esprit que les variations des résultats peuvent être dues à la source d’information utilisée, 

mais aussi au choix des logiciels et des méthodologies employées (McCarthy et al. 2014).  

 

Dans le cadre du projet Ectocarpus, la première version de l’annotation a été réalisée en 2007 et 

se basait sur l’utilisation du prédicteur Eugène (Schiex et al. 2001) et des données EST obtenues par la 

méthode Sanger (Cock et al. 2010). Comme montré précédemment, le développement des techniques 

de séquençage NGS et l’amélioration des outils de prédiction permettent d’apporter de nettes 

http://www.ncbi.nlm.nih.gov/genbank/wgs_update
http://www.ncbi.nlm.nih.gov/genbank/eukaryotic_genome_submission
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améliorations des annotations structurales actuelles. Lors de cette thèse, de nombreuses données 

RNA-seq ont été générées, donnant la possibilité d’initier un processus de réannotation structurale et 

fonctionnelle du génome d’Ectocarpus. Ce projet a inclus aussi bien la mise à jour des gènes existants, 

que la prédiction de nouveaux gènes, codants (ARNm) que non codants (snoRNA (small nucleolar 

RNA), miRNA et lncRNA). Les résultats de ces travaux sont présentés dans les articles suivants. 
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Article 1 - Re-annotation and improved 
large-scale assembly of the genome of the 
brown algal model Ectocarpus 

Introduction 
 Ectocarpus représente le modèle biologique chez les algues brunes, groupe phylogénétiquement 

éloigné des autres espèces modèles, dont le génome a été publié en 2010 (Cock et al. 2010), mais dont 

les annotations structurales ont été obtenues en 2007. Le processus de réannotation manuelle que j’ai 

réalisé sur le chromosome sexuel ainsi que sur le groupe de liaison 4, travaux présentés dans l’article 2 

du chapitre 1, a montré que la disponibilité de données RNA-seq pouvait grandement aider dans 

l’amélioration globale de l’annotation structurale du génome. Afin de pouvoir intégrer l’information de 

ces données et fournir une réannotation complète de manière automatique, le pipeline utilisé lors de la 

première version de l’annotation a été mis à jour et relancé. A cette fin, un assemblage de novo avec 

Trinity, couplant dix librairies RNA-seq (quatre librairies provenant de gamétophytes immatures 

mâles et femelles, deux librairies par sexe ; quatre librairies provenant de gamétophytes matures mâles 

et femelles, deux librairies par sexe ; et deux librairies provenant d’un parthéno-sporophyte mature), a 

été réalisé afin d’obtenir le transcriptome le plus complet possible. Les transcrits assemblés ont été 

alignés contre le génome d’Ectocarpus à l’aide de GenomeThreader. Le résultat des alignements a été 

fourni à Eugène, en plus des données déjà générées lors de la première annotation. Le consensus entre 

la première version de l’annotation et cette nouvelle version a été réalisé en utilisant AEGeAn. 

De plus, des données RAD-seq ont été générées permettant ainsi de réaliser une amélioration 

de l’assemblage du génome, en autorisant l’organisation et l’orientation des super-contig afin de les 

organiser en pseudo-chromosomes. Les annotations nouvellement obtenues ont ensuite été transférées 

sur la nouvelle structure génomique en utilisant ALLMAPS. 
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Introduction 

Ectocarpus has been studied since the nineteenth century and work on this organism has provided 
many insights into novel aspects of brown algal biology (Müller, 1967; Charrier et al., 2008). This 
long research history, together with several features of the organism that make it well adapted for 
genetic and genomic approaches (Coelho et al., 2012), led to it being proposed as a general model 
organism for the brown algae in 2004 (Peters et al., 2004) and to the initiation of a genome 
sequencing project that produced a first complete genome assembly in 2010 (Cock et al., 2010). The 
publication of the genomic sequence was followed up with the development of many additional 
tools and resources including a genetic map (Heesch et al., 2010), gene mapping techniques, 
microarrays (Dittami et al., 2009; Coelho et al., 2011), transcriptomic data (Ahmed et al., 2014; 
Lipinska et al., 2015), proteomic techniques (Ritter et al., 2010) and bioinformatics tools (Gschloessl 
et al., 2008; Prigent et al., 2014). The genome information, together with these complementary 
resources, is currently being exploited to further our understanding of a broad range of processes, 
including life cycle regulation (Coelho et al., 2011), sex determination (Ahmed et al., 2014; Lipinska 
et al., 2014; Lipinska et al., 2015), development and morphology (Le Bail et al., 2011), interaction 
with pathogens (Zambounis et al., 2012) and metabolism (Meslet-Cladière et al., 2013; Prigent et al., 
2014).  

The brown algae are an important taxonomic group for several reasons; they are key, primary 
producers in many coastal ecosystems and, as such, have a major influence on marine biodiversity 
and ecology (Dayton, 1985; Steneck et al., 2002; Bartsch et al., 2008; Klinger, 2015; Wahl et al., 
2015). Brown algae also represent an important resource of considerable commercial value (Kijjoa & 
Sawangwong, 2004; Smit, 2004; Hughes et al., 2012) and industrial exploitation of these organisms 
has increased markedly in recent years with the expansion of aquaculture activities, particularly in 
Asia (Tseng, 2001). Finally, brown algae are of considerable phylogenetic interest because they are 
very distantly related to well studied groups such as the animals, fungi and land plants and, 
moreover, have evolved complex multicellularity independently of these other lineages (Cock et al., 
2010; Cock & Collén, 2015).  

A high-quality genome resource is essential if these important features of the brown algae are to be 
investigated effectively. The version of the Ectocarpus genome that was published in 2010 included 
detailed manual annotations of a large proportion of the genes but gene structure predictions were 
based on a limited amount of transcriptomic data (Sanger expressed sequence tags) and the large-
scale assembly of the sequence contigs only associated about 70% of the genome sequence with 
linkage groups. Moreover, annotation efforts had focused almost exclusively on protein-coding 
genes, largely ignoring the non-coding component of the genome. The study described here set out 
to address these shortfalls exploiting the large amount of transcriptomic data that has been 
generated since the publication of the first version of the genome and using recently developed 
genetic and bioinformatic approaches to improved large-scale assembly and genome annotation. 
Here we report a complete reannotation of the genome based on extensive RNA-seq data. This 
updated version of the genome annotation includes information about transcript isoforms and 
integrates non-coding loci such as microRNAs (miRNAs) and long non-coding RNAs (lncRNAs). The 
large-scale assembly of the genome has also been considerably improved using a high density, RAD-
seq-based genetic map to anchor sequence scaffolds onto the chromosomes. Finally, we also report 
additional resources including a genome-wide set of single nucleotide polymorphisms for genetic 
mapping and improvements to the genome database such as the addition of a JBrowse-based 
genome browser that allows multiple types of genome-wide data to be visualised simultaneously.  
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Results 

Reannotation of gene structure based on RNA-seq data 

The initial set of Ectocarpus gene models (referred to hereafter as the v1 annotation) was generated 
using EuGène (Schiex et al., 2001) based on a limited amount of transcriptomic information (91,041 
Sanger expressed sequence tags, ESTs) together with information such as genomic sequence 
composition, splice site predictions and sequence similarity to coding regions from other species 
(Cock et al., 2010). The available EST data did not cover all the predicted genes and many genes 
were only covered partially. Consequently, the v1 annotation was based to a large extent on de novo 
predictions and only included limited information about the untranslated regions (UTRs) of the 
genes. The v1 annotation has been gradually improved since 2010 by the addition of 325 and 410 
new functional and structural annotations, respectively, for individual genes through the Orcae 
database (http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi; Sterck et al., 2012). Most of the 
new structural annotations were based on more complete transcriptome information obtained 
through RNA-seq analyses that had been carried out since the publication of the genome sequence. 
This gene-by-gene approach improved the quality for a number of selected genes but it was 
necessary to extend the approach to improve annotation quality across the whole genome. 

A genome-wide reannotation was therefore carried out based on the analysis of 507 million base 
pairs of RNA-seq data from ten libraries corresponding to three stages of the Ectocarpus life cycle: 
partheno-sporophyte (this study) and young and mature gametophytes (Ahmed et al., 2014; Lipinska 
et al., 2015; Table S1). Note that this genome-wide reannotation integrated the results of the 
manual gene-by-gene annotation carried out since publication of the v1 annotation by preferentially 
retaining high quality, expert functional and structural annotations during the integration of the 
genome-wide analysis into the database. The final result of the consolidation of these analyses will 
be referred to hereafter as the v2 annotation. 

To improve the prediction of gene structure genome-wide, the 507 million base pairs of RNA-seq 
data was assembled into 34,551 de novo transcripts using Trinity (Grabherr et al., 2011). 
GenomeThreader (Gremme et al., 2005) was able to align 91% of these transcripts to the genome, 
often with multiple, alternative transcripts mapping to a single gene locus. Gene prediction for the 
v2 annotation was then carried out using EuGène and the 34,551 de novo transcripts, along with 
83,502 Sanger ESTs (after cleaning) and SpliceMachine (Degroeve et al., 2005) splice site predictions. 
The 21,958 gene models generated by this prediction were then compared with the 16,256 genes of 
the v1 annotation (Cock et al., 2010) using AEGeAn (Standage & Brendel, 2012) and a combination of 
automatic and manual criteria were used to select the optimal gene model for each locus.  

The gene predictions produced by the RNA-seq-based analysis fell into three groups: 1) loci in which 
the exon structure of the coding sequence was identical with that predicted by the v1 annotation 
(10,426 genes), 2) loci where the predicted coding sequence exon structure was different to that of 
the v1 annotation (5,336 genes) and 3) novel loci that were not predicted by the v1 annotation 
(5,237 genes). For the first set of genes, the v1 gene models could be replaced directly with the RNA-
seq-based models, providing considerable additional information about the UTR structure of the 
genes (addition or extension of UTRs for 5,661 of the 10,426 genes, e.g. Figure 1A). For the second 
set of genes, if the RNA-seq-based prediction had a similar structure to the v1 annotation but 
contained modified or additional exons (e.g. Figure 1B), it was retained. RNA-seq-based models with 
a similar structure but which predicted fewer exons than the v1 annotation were only retained if the 
predicted protein shared more than 65% with the v1 protein for loci with four or more exons or 
more than 30% identity for loci with less than four exons. This second set of genes also included 
predictions which indicated that v1 annotation genes needed to be fused (e.g. Figure 1C) or split 
(e.g. Figure 1D). For these loci, the v1 and RNA-seq-based predictions were inspected manually to 
select the optimal model for each locus. Finally, the 5,237 RNA-seq-based predictions that 
corresponded to loci that had not been identified by the v1 annotation were filtered to remove 
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probable false positives. Predictions were retained only if 1) their transcripts had an abundance of 
>1 RPKM across the entire set of RNA-seq data, 2) the start codon of the gene was not located in a 
repeated region (to exclude transposon-derived ORFs; Yandell & Ence, 2012) and 3) their coding 
region was >100 bp. After applying these filters, 2,030 of the 5,237 new predictions were retained 
and integrated in the v2 annotation.  

Overall, the addition of these new genes and updates to the existing genes (fusing or splitting 
existing gene models) brought the total number of genes in the v2 annotated genome to 17,407. 
Compared with the v1 annotation, the final v2 annotation involved modifications to 11,035 gene 
loci, including 5,383 modifications that affected the exon structure of the coding sequence and 5,652 
that only involved adding information about the UTRs. Of the former, 831 involved gene fusions (to 
produce 402 genes in the v2 annotation), 18 involved splitting v1 annotation gene predictions to 
create 37 genes in the v2 annotation and 120 genes were deleted. The v2 annotation now includes 
coordinates for at least one of the UTR regions for 78.7% of the 17,407 genes (compared to 52.6% 
for the v1 annotation; Figure 2). The v2 annotation is publically available through the ORCAE 
database (http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi; Sterck et al., 2012).  

 

Prediction of gene function 

The final 17,407 genes of the v2 annotation were further analysed to improve the prediction of gene 
function. This was carried out by comparing the predicted proteins with the InterPro database using 
InterProScan. For the 2030 new genes we obtained 212 matches with the database that allowed 135 
new annotations including 79 associated GO terms. Overall, whilst only 5,583 of the 16,256 genes of 
the v1 annotation had been annotated (5,989 with associated GO terms), a total of 10,688 genes 
now have functional annotations in the v2 annotation (7,383 with associated GO terms). 

 

Integration of non-protein-coding genes 

With the exception of tRNA loci (Cock et al., 2010), the v1 annotation provided very little 
information about non-protein-coding genes. The v2 annotation includes considerably more 
information about this type of locus, in particular integrating 64 microRNA loci, eight ribosomal RNA 
loci and 656 small nucleolar RNA loci recently predicted by Tarver et al. (2015).  

 

Improved chromosome-scale assembly of the genome scaffolds using a high-density, RAD-
seq-based genetic map 

A microsatellite-based genetic map (Heesch et al., 2010) was originally used to produce a large-scale 
assembly of the Ectocarpus genome consisting of 34 pseudo-chromosomes (Cock et al., 2010) 
corresponding to the 34 linkage groups of the genetic map. The pseudo-chromosomes were 
constructed by concatenating sequence scaffolds based on the genetic order of sequence-anchored 
microsatellite markers on the genetic map (Cock et al., 2010). However, due to the low density of 
the markers, the large-scale assembly included only 325 of the 1,561 sequence scaffolds (70.1% of 
the total sequence length) and, moreover, only 40 (12%) of the mapped scaffolds could be 
orientated relative to the chromosome (i.e. only 12% of the scaffolds contained at least two 
microsatellite markers which recombined relative to each other). 

To improve the large-scale assembly of the Ectocarpus genome, we took advantage of a high-
density, single nucleotide polymorphism (SNP)-based genetic map that has recently been generated 
using a Restriction site associated DNA (RAD)-seq method (unpublished data). The 4,207 SNP 
markers used to construct the genetic map were mapped to sequence scaffolds and the 
recombination information for these markers used to construct a new set of pseudo-chromosomes. 
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The new large-scale assembly represents a significant improvement because it includes 530 of the 
1,561 sequence scaffolds (90.5% of the total sequence length) and 49% of the scaffolds have been 
orientated with respect to their chromosome. Moreover, the high-density map has allowed several 
fragmented linkage groups / pseudo-chromosomes to be assembled, reducing the total number 
from 34 to 28. The exact number of chromosomes in Ectocarpus sp. strain Ec32 is not known but 
cytogenetic analysis of European strains of another Ectocarpus species, E. siliculosus indicated the 
presence of approximately 25 chromosomes (Müller, 1966; Müller, 1967). 

The genome of Ectocarpus strain Ec32 contains an integrated copy of a large DNA virus, closely 
related to the Ectocarpus phaeovirus EsV-1 (Cock et al., 2010). Microarray analysis had shown that 
all the viral genes were silent and the RNA-seq data analysed here confirmed this observation, 
indicating complete silencing of this region of the chromosome under all conditions analysed (Figure 
S1). 

The Ectocarpus genome database has been modified to take into account the large-scale assembly of 
the sequence scaffolds. For example, in the v2 annotation, sequentially numbered locusID have been 
assigned to genes to indicate their position along each pseudochromosome. 

 

Structure of the sex chromosome 

Linkage group 30 of the v1 assembly was recently shown to carry the sex-determining region and 
therefore to correspond to the sex chromosome in Ectocarpus (Ahmed et al., 2014). This linkage 
group consisted of 20 scaffolds in the v1 assembly but has been considerably extended in the v2 
assembly with the addition of a further 16 scaffolds, increasing the estimated physical length of the 
chromosome (cumulative scaffold length) from 4,994 to 6,933 kbp. The non-recombining sex-
determining region was not affected by this update, as all the additional scaffolds are located in the 
pseudoautosomal regions of the chromosome. However, as we have recently described a number of 
unusual features of the pseudoautosomal regions (Luthringer et al., 2015), we verified that these 
observations were still valid for the updated version of the chromosome. This analysis confirmed 
that the updated pseudoautosomal regions continue to exhibit a number of structural features that 
are intermediate between those of the autosomes and the sex-determining region. In particular, 
compared with the autosomes, the updated pseudoautosomal regions still exhibit significantly 
reduced gene density, increased content of transposable element sequences, lower %GC content 
and the genes had significantly smaller and fewer exons (supplementary Figure S2). The conclusions 
of the Luthringer et al. study therefore remain valid for the updated version of the sex chromosome. 

 

A genome-wide sequence variant resource for genetic analysis of brown algal gene 
function 

One of the major objectives of the Ectocarpus genome project was to facilitate the investigation of 
gene function in the brown algae. To create an additional genetic resource for gene mapping in 
Ectocarpus, a genome re-sequencing approach was used to identify sequence variants (single 
nucleotide polymorphisms, SNPs, and indels) across the entire genome. DNA-seq sequence data was 
generated for the genome of the female outcrossing line Ec568 (Heesch et al., 2010; Peters et al., 
2010) and this data was compared with the reference genome of the male strain Ec32 (Cock et al., 
2010) plus the female sex-determining region from the Ec32-related strain Ec597 (Ahmed et al., 
2014). Hi-seq2500 Illumina technology was used to generate 25,976,388,600 bp of 2x100 bp paired-
end, sequence reads for the female outcrossing line Ec568, corresponding to 121x genome coverage. 
The sequence reads were mapped onto the reference genome scaffolds using Bowtie2 and sequence 
variants were identified by combining the output of three different variant predictors: Samtools 
mpileup and bcftools, SHORE qVar and the GATK UnifiedGenotyper. The 340,665 high quality 
sequence variants identified using this approach are listed in Table S2. 
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To further validate the sequence variants as potential genetic markers, we used a bulked segregant 
approach to determine whether they behaved as Mendelian loci. A population of segregating 
progeny was generated by crossing a UV-mutagenised derivative of the reference genome strain 
Ec32 (strain Ec722) with the female outcrossing line Ec568. One hundred and eighty haploid 
gametophyte progeny, each corresponding to an independent meiotic event, were obtained from 
the resulting diploid sporophyte and sorted according to phenotype. Genomic DNA from two pools 
corresponding to 96 wild type and 84 mutant individuals were sequenced on an Illumina platform to 
generate 23,429,143,400 bp and 20,785,058,400 bp of 2x100 bp paired-end sequence, respectively. 
Each dataset was then independently mapped against the genome sequence scaffolds of the Ec32 
reference strain (Cock et al., 2010) plus the scaffolds for the female sex-determining region from 
strain Ec597 (Ahmed et al., 2014) and two lists of variants were generated using SHORE consensus. 
We retained only variants that were shared by these two lists (i.e. identified in both the wild type 
and mutant pools) and applied an additional filter, retaining only variants for which the sum of the 
two observed frequencies was 1 ±0.2. This strategy allowed the identification of 390,804 sequence 
variants that exhibited a 1:1 segregation pattern in the progeny population and were therefore 
behaving as Mendelian loci. Using this list, 237,839 of the 340,665 sequence variants obtained by 
mapping the Ec568 DNA-seq data against the reference scaffolds (see above) were validated as 
Mendelian genetic markers (Table S2). The average distance between adjacent pairs of the 237,839 
potential genetic markers is 823 bp, providing a high-density resource for genetic analysis in this 
species. 

 

Extension and improvement of the Ectocarpus genome database 

The v1 annotation of the Ectocarpus genome has been publically available on the Orcae database 
(http://bioinformatics.psb.ugent.be/orcae/overview/EctsiV2) (Sterck et al., 2012) since its 
publication in 2010. We have replaced the v1 annotation with the v2 annotation described in this 
study to make the latter broadly available. In addition, a Jbrowse genome browser has been created 
(http://mmodev.sb-roscoff.fr/jbrowse/index.html?data=data/public/ectocarpus/) to allow 
simultaneous visualisation of multiple types of data in a genome context. The Jbrowse genome 
browser provides access to both the v1 and v2 annotations, raw Eugène and Cufflinks gene 
predictions, EST and RNA-seq transcript data, raw RNA-seq data for messenger RNAs and small 
RNAs, genetic makers including microsatellites and SNP markers, micro-array data and tiling array 
data. The Jbrowse genome browser is intended to be complementary to the Orcae database, 
providing an environment where users can compile and compare diverse datasets. It is also possible 
for registered users to create private versions of the browser in order to upload unpublished and 
working datasets.  

 

Discussion 

The Ectocarpus genome has become an important resource, both for scientists working on this 
filamentous brown alga as a model organism and as a keystone genome for the relatively poorly 
characterised stramenopile lineage within the eukaryotic tree. The work described here has 
significantly increased the quality of this resource in several respects. Extensive RNA-seq data has 
been used to improve 12,160 existing gene models, to identify 2,030 new protein coding genes and 
to determine the abundance and nature of alternative transcripts of these genes. The non-protein-
coding part of the genome has also been characterised, notably with the inclusion of a genome-wide 
catalogue of lncRNA loci. In addition, a high-density, RAD-seq-based genetic map was used to 
significantly improve the large-scale assembly of the genome and a genome-wide SNP resource has 
been developed for future genetic analyses. These updated and new resources have been integrated 
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into the Ectocarpus genome database, which has also been improved to facilitate exploitation of the 
genome data and associated information.  

With the integration of the new information and resources described here, the Ectocarpus genome 
represents one of the most extensively annotated genomes within the stramenopile group and, as 
such, will serve as an important reference genome for future genome analysis projects. Recently, the 
Ectocarpus genome provided a reference for the analysis of the larger and more complex genome of 
the kelp Saccharina japonica (Ye et al., 2015) and similar comparisons are expected in the future as 
part of the many ongoing brown algal and stramenopile genome projects.  

 

Methods 

Biological material 

Ectocarpus strains were cultured at 13°C in autoclaved natural sea water (NSW) supplemented with 
half-strength Provasoli solution (Starr & Zeikus, 1993) with a light:dark cycle of 12h:12h (20 μmol 
photons m−2 s−1) using daylight-type fluorescent tubes. All manipulations were performed under a 
laminar flow hood under sterile conditions. The male genome sequenced strain Ec32 is a meiotic 
offspring of a field sporophyte, Ec17, collected in 1988 in San Juan de Marcona, Peru (Peters et al., 
2008). Ec722 is a UV-mutagenised descendant of Ec32. The female outcrossing line Ec568 is derived 
from a sporophyte collected in Arica in northern Chile (Heesch et al., 2010). 

RNA-seq 

The analyses carried out in this study used RNA-seq data generated for biological replicate 
(duplicate) samples of partheno-sporophytes and of both young and mature samples for both male 
and female gametophytes (ten libraries in all). The production of the young (Lipinska et al., 2015) 
and mature (Ahmed et al., 2014) gametophyte RNA-seq data (100 bp Illumina HiSeq 2000 single-end 
reads) has been described previously. For each of the replicate partheno-sporophyte samples, total 
RNA was extracted and used as a template by Fasteris (CH-1228 Plan-les-Ouates, Switzerland) to 
synthesise cDNA using an oligo-dT primer. The cDNA libraries were sequenced with Illumina HiSeq 
2000 technology to generate 100 bp single-end reads. Data quality was assessed using the FASTX 
toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) and the reads were trimmed and 
filtered using a quality threshold of 25 (base calling) and a minimal size of 60 bp. Only reads in which 
more than 75% of nucleotides had a minimal quality threshold of 20 were retained. Table S1 shows 
the number of raw reads generated per sample and the number of reads remaining after trimming 
and filtering (cleaned reads). The cleaned reads were mapped to the Ectocarpus sp. genome (Cock et 
al., 2010) (available at ORCAE; Sterck et al., 2012) using TopHat2 with the bowtie2 aligner (Kim et al., 
2013). More than 90% of the sequencing reads for each library mapped to the genome. 

De novo assembly of the pooled RNA-seq data from the ten libraries was carried out using Trinity 
(Grabherr et al., 2011) in normalized mode with default parameters. Weakly expressed transcripts 
(isoform percentage <1 and RPKM <1) were removed from the dataset. The remaining transcripts 
were aligned against the Ectocarpus reference genome (Ec32) using GenomeThreader (Gremme et 
al., 2005) with a maximum intron length of 26,000 bp, a minimum coverage of 75% and a minimum 
alignment score of 90%. 

Gene prediction and comparison of the RNA-seq-based gene predictions with the v1 
annotation 

Gene prediction was carried out using the EuGène program (Schiex et al., 2001), as described 
previously (Cock et al., 2010). In addition to the previous data used for the first annotation, 
alignments of the Trinity RNA-seq-derived transcripts against the Ectocarpus sp. reference genome 
were added to the Eugène pipeline. The mapped Trinity transcripts were compared with the gene 
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structures of the v1 annotation using AEGeAn (Standage & Brendel, 2012) and a combination of 
automated and manual approaches used to select the optimal gene structures.  

Functional annotation of new gene models 

Functional annotation of the new predicted gene models was carried out based on the identification 
of protein domains using the InterProScan (Jones et al., 2014).  

 

Detection of non-protein-coding genes  

The detection of microRNA, ribosomal RNA and snoRNA loci has been described previously (Tarver 
et al., 2015). 

 

Improvement of the large-scale genome assembly based on a RAD-seq-based genetic map 

To improve the large-scale assembly of the Ectocarpus genome scaffolds, the SNP markers recently 
used to generate a high-density, RAD-seq-based genetic map (unpublished data) were located on 
the sequence scaffolds and the linkage information for these markers used to order the sequence 
scaffolds into pseudochromosomes and to orientate scaffolds with respect to their corresponding 
pseudochromosome. 

 

Genome-wide identification of sequence variants to generate a genetic marker resource 

Genome sequence data for the female outcrossing line Ec568 (CCAP 1310⁄334, isolated from Arica, 
northern Chile; Peters et al., 2010) was generated using Illumina HiSeq2500 technology (Fasteris, 
Switzerland), which produced 25,976,388,600 bp of 2x100 bp paired-end sequence. Sequence 
variants were detected as described previously (Godfroy et al., 2015). Prinseq (Schmieder & 
Edwards, 2011) was used to clean and trim the sequence data. Bases with quality scores less than 20 
were trimmed from both ends and only reads with a mean quality of at least 25 and which were 
longer than 50 nucleotides after trimming were retained. Bowtie2 (Langmead et al., 2009) was used 
to map the reads to a 196,942,248 bp reference genome sequence that consisted of the 1,561 
scaffolds (195.8 Mbp) of the Ec32 genome (Cock et al., 2010) plus 39 scaffolds (0.9 Mbp) 
corresponding to the female haplotype of the sex-determining region from strain Ec597 (Ahmed et 
al., 2014). The Indel Realigner and Base Score Recalibration programs of the GATK suite (McKenna et 
al., 2010; DePristo et al., 2011) were then implemented to improve read alignment and quality 
parameters, respectively. The Samtools depth program was used to estimate sequencing depth per 
base based on the mapping. Sequence variants were identified using a combination of three 
different variant-calling programs: Samtools mpileup and bcftools, SHORE qVar and the GATK 
UnifiedGenotyper. The following filters were then applied to retain only high quality sequence 
variants: variant loci were selected if 1) coverage was to a depth of between 20 and 50, 2) the 
variant sequence was at a frequency of 0.95 or higher and 3) the Phred-scaled variant quality score 
was over 50. These filters were either applied during variant calling (SHORE qVar) or afterwards 
(Samtools mpileup and Unified Genotyper) using bcftools. VCF files were then compared using the 
VFCtools suite (vcf-isec command) and only sequence variants identified by at least two of the 
programs were retained.  

To determine whether sequence variants behaved as Mendelian loci, a cross between a UV-
mutagenised derivative of the reference genome strain Ec32 (strain Ec722) and the female 
outcrossing line Ec568 (Heesch et al., 2010) was used to generate a population of 180 progeny 
segregating the two parental alleles of each of the variant loci. Two libraries were constructed with 
pools of 84 and 96 haploid, partheno-sporophyte individuals and sequenced using Illumina 
HiSeq2500 technology (Fasteris, Switzerland) to generate 20,785,058,400 bp and 23,429,143,400 bp 
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of 2x100 bp paired-end sequences, respectively. The reads were trimmed and cleaned with Prinseq 
using the parameters described above. Bowtie2 was used to map the reads to the genome sequence 
scaffolds of the Ec32 reference strain (Cock et al., 2010) plus the scaffolds for the female sex-
determining region from strain Ec597 (Ahmed et al., 2014) and the mapping quality was then 
improved using GATK Indel Realigner and Base Score Recalibration. SHORE convert was used to re-
format the mapping files and variants were called using the SHORE consensus program to generate, 
for each of the two libraries, three files containing SNPs, deletions and insertions. The SNP variants 
were retained for identification of Mendelian genetic markers. The VarScan compare tool was used 
to identify SNPs shared by the two pools of haploid individuals. For each of these SNPs the sum of 
the variant frequencies observed in the two pools was calculated, and only those for which this sum 
was between 0.8 and 1.2 were retained. VarScan compare was then used to extract the Ec568 
variants from the list of Mendelian segregating SNPs. 

 

Database curation of the v2 annotation 

A Genome Browser was implemented based on Jbrowse (Standage & Brendel, 2012) using a Chado 
database (Mungall & Emmert, 2007). The browser integrates both v1 and v2 reference gene models, 
raw gene models predicted by Eugène, transcripts predicted by Cufflinks and EST and RNA-seq read 
data. 
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Tables 

Table 1. Overview of the modifications to the v1 annotation during the production of the v2 
annotation of the Ectocarpus genome 

 Number of genes 

v1 and v2 gene models identical (cds level) 10,426 

v1 gene model updated 5,336 

New gene models in v2 2,030 

v1 models fused in the v2 784 

v1 models split in the v2 18 

Models refactored 512 

v1 gene model removed 123 

 

Table 2. Comparison genome-wide statistics for the v1 and v2 annotations of the Ectocarpus 
genome 

  Annotation-v1 Annotation-v2 

Genes     

Number of coding genes 16,256 17,426 

Mean gene length (bp) 6,859 7,542 

Longest gene (bp) 122,137 123,931 

Shortest gene (bp) 134 150 

Exons   

Total number 129,875 138,690 

Mean number per gene 7.3 7.96 

Max number per gene 171 173 

Mean length (bp) 242.2 299.80 

Introns     

Total number 113,619 121,264 

Mean length (bp) 703.8 738.87 

Max length (bp) 25,853 36,147 

UTRs   

Genes with 5' UTR 1,098 918 

Genes with 3' UTR 4,766 3,056 

Genes with 5'3' UTR 2,484 9,737 

Genes without UTR 7,598 3,715 

Mean length 5' UTR (bp) 120.60 139.61 

Mean length 3' UTR (bp) 674.74 901.66 
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Gene annotation    

Genes with predicted functions 5,583 10,688 

Genes with associated GO terms 5,989 7,383 

miRNA loci 26 64 

rRNA loci n/a 5 

snoRNA loci n/a 656 

lncRNA loci n/a 2442 
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Figures 

 

A)

B)

C)

D)

 

Figure 1. Representative comparisons of v1 and v2 annotation gene predictions illustrating the 
major types of annotation correction carried out during the transition between the two versions. 
Protein coding exons are in light or dark green for genome annotation versions v1 and v2, 
respectively, UTRs are in grey and introns are indicated by thin black lines. A) analysis of the RNA-seq 
data allowed the identification of UTRs for gene Ec-27_006370. B) v2 genes Ec-27_006520 and Ec-
05_002440 have been extended and modified compared to their v1 equivalents. C) v1 genes 
Esi0002_0099 and Esi0002_0101 were fused to create a single locus, Ec-01_007860. D) v1 gene 
Esi0002_0311 was split to create two loci, Ec-01_006420 and Ec-01_006421. Arrows indicate gene 
features that were not identified or misidentified by the v1 annotation. 
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Figure 2. Comparison of the degree of completeness of gene annotations in the v1 and v2 versions 
of the Ectocarpus genome annotation. 
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Figure 3. Large-scale assembly of the Ectocarpus scaffolds into pseudochromosomes based on a 
high-density, RAD-seq-based genetic map. Each bar represents one of the 28 chromosomes. 
Sequence scaffolds (supercontigs) are drawn to scale and identified with numbers (e.g. 207, 
sctg_207). Left or right pointing arrowheads indicate that the scaffolds have been orientated with 
respect to the chromosome (i.e. scaffolds with at least two markers separated by a recombination 
event); unorientated scaffolds are indicated with a spot. 
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Supplementary Figures 

 

 
Figure S1. Suppressed transcription from a viral genome inserted into chromosome 6. Heatmap 

representing transcript abundances (RNA-seq log2 TPM) for all the genes on chromosome 6 in six 

different tissue samples. 
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Figure S2. Comparisons of structural characteristics of the sex-determining and pseudoautosomal 

regions of the sex chromosome with both a representative autosome and with all autosomes for 

both the v1 and v2 versions of the Ectocarpus genome annotation. A) % TE calculated per 

supercontig; B) gene density per supercontig; C) gene size; D) CDS size; E) % GC per gene; F) %GC3 

per coding sequence; G) total intron length per gene; H) number of exons per gene. Statistical 

differences were tested using the pairwise Mann-Whitney U-test; letters (a, b, c) shared between 

groups indicate no significant difference. Outlying points have been removed for clarity. Autos., 

autosomes; LG04, linage group 4; Chr10, chromosome 10; PAR, pseudoautosomal region; SDR, sex-

determining region. 
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Supplementary methods 

Manual annotation of genes through the Orcae database 

The v2 annotation took into account the functional and structural annotation of 325 and 410 genes, 
respectively, carried out through the Orcae database 
(http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi; Sterck et al., 2012) since the publication 
of the v1 annotation. Many of the structural annotations were based on the same set of RNA-seq 
data that was used for the genome-wide gene structure prediction but exploited transcripts that had 
been generated using a reference-guided approach with Tophap2 and Cufflinks2 (Trapnell et al., 
2010; Kim et al., 2013). Tophat2 was able to map 92% of the cleaned reads to the genome sequence 
and 36,565 transcripts were assembled by Cufflinks2 (including multiple transcripts for some loci) 
using the mapping information and the initial gene models as guides.  

 

Supplementary tables 

 

Table S1: Ectocarpus RNA-seq data used in this study 

Species Strain Stage Sex Library Raw reads 
Cleaned 

reads 

Genbank 
accession 
number 

Reference 

Ectocarpus 
sp. 

Ec32 

Mature 
gametophyte 

Male 
GPO-1 25,119,067 22,428,865 SRR1166429 

(Ahmed et 
al., 2014) 

GPO-2 26,873,490 23,642,187 SRR1166430 
(Ahmed et 
al., 2014) 

Female 
GPO-3 21,005,896 18,668,732 SRR1166441 

(Ahmed et 
al., 2014) 

GPO-4 32,150,185 28,667,939 SRR1166452 
(Ahmed et 
al., 2014) 

Immature 
gametophyte 

Male 
GBP-24 80,602,259 78,459,187 SRR1660829 

(Lipinska et 
al., 2015) 

GBP-25 85,602,259 83,125,361 SRR1660830 
(Lipinska et 
al., 2015) 

Female 
GBP-22 75,827,247 73,723,385 SRR1660827 

(Lipinska et 
al., 2015) 

GBP-23 93,562,945 90,903,680 SRR1660828 
(Lipinska et 
al., 2015) 

Partheno-
sporophyte 

n/a 
GBP-7 37,221,214 37,018,065 n/a This study 

GBP-8 29,670,293 29,491,668 n/a This study 
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Discussion et perspectives 
 Le génome d’Ecotcarpus représente une importante ressource pour l’étude du groupe des algues 

brunes dans lequel relativement peu d’informations génomiques sont disponibles. Ce travail a permis 

de notablement augmenter la qualité de la ressource génomique d’Ectocarpus. D’une part, par une 

amélioration de l’assemblage du génome avec la mise à disposition d’une carte génétique hautement 

résolutive, permettant de fournir un assemblage du génome à grande échelle avec une organisation des 

super-contigs en pseudo-chromosomes. D’autre part, via l’amélioration des annotations structurales et 

fonctionnelles au niveau des anciens modèles de gènes, par une structure exonique plus fine et par une 

nette amélioration de la prédiction des UTR, mais aussi par l’annotation de nouveaux gènes. Enfin, la 

nouvelle annotation fonctionnelle des gènes a aussi permis d’améliorer les connaissances sur les 

fonctions des gènes chez Ectocarpus. 

L’ensemble de ces informations a été intégré dans une nouvelle base de données hébergée au 

sein de la plateforme Orcae. De plus, les annotations des rRNA, snoRNA et miRNA elles sont 

désormais intégrées dans la plateforme d’annotation Orcae. La mise à jour de l’ensemble du génome et 

des annotations, ainsi que leur mise à disposition, permet de fournir l’un des génomes les mieux 

annotés au sein du groupe des algues brunes, pouvant servir de génome de référence pour des projets 

d’analyse de génomes. 

Cependant, des travaux sont toujours en cours afin de proposer une annotation structurale la 

plus exhaustive possible. Deux points sont encore en cours d’analyses, la détection et la quantification 

des isoformes pour les mRNA et la recherche des lncRNA.  

Dans le cas de l’annotation des isoformes, le pipeline utilisé comprend le mapping des reads, 

réalisé avec TopHat2, sur le génome et l’assemblage des reads en transcrits, avec StringTie. Après un 

premier filtre des résultats de StringTie, afin de ne conserver que les potentielles isoformes, il apparait 

que les gènes chez Ectocarpus ont en moyenne 1,6 isoformes. Il reste à vérifier manuellement que les 

prédictions de StringTie sont correctes, sur un sous échantillon de gènes, ainsi que d’analyser les 

changements induits par la présence de ces isoformes au niveau de la structure des protéines et de leur 

fonction. 

La prédiction des lncRNA a été réalisée avec l’outil FEELnc (non publié) 

(https://github.com/tderrien/FEELnc) qui se base sur les résultats de StringTie afin de déterminer 

https://github.com/tderrien/FEELnc
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parmi les transcrits assemblés, la possibilité qu’il s’agisse d’un lncRNA. Un total de 1828 lncRNA ont 

pu être identifiés, comprenant 2688 transcrits, soit environ 1,5 isoformes par lncRNA. La taille 

moyenne de ces lncRNA est de 1593pb, avec une médiane à 1121pb. La suite des analyses 

comprendra le comptage des reads sur ces lncRNA, afin de vérifier leur présence, et pour réaliser une 

analyse de l’expression différentielle, entre mâles et femelles, pour les stades immatures et matures 

chez les gamétophytes. Les résultats seront comparés avec ceux de l’analyse de l’expression 

différentielle au niveau des mRNA pour identifier de possibles régulations cis. Enfin, une prédiction 

des lncRNA chez Saccharina japonica devrait être réalisée afin de pouvoir comparer les lncRNA avec 

ceux d’Ectocarpus, dans le but d’étudier le niveau de conservation des lncRNA entre ces espèces. 
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Article 2 - MicroRNAs and the evolution 
of complex multicellularity: identification 
of a large, diverse complement of 
microRNAs in the brown alga Ectocarpus 

Introduction 
Le processus de réannotation du génome d’Ectocarpus ne s’est pas limité à l’amélioration des 

annotations des gènes codants, mais il s’est aussi attaché à valider la présence des miRNA détectés lors 

de la première version de l’annotation (Cock et al. 2010) ainsi que les miRNA prédits de manière in 

silico (Billoud et al. 2014).  

Afin de permettre une détection fine des miRNA, quatre librairies RNA-seq dédiées aux 

smallRNA ont été séquencées à partir d’individus mâles (Ec603) et femelles (Ec602) de deux souches 

quasi isogéniques, au stade de gamétophytes matures, avec deux librairies par sexe. De plus, les 

données utilisées lors de la première détection, et correspondant à des gamétophytes et des 

sporophytes, ont aussi été utilisée (Cock et al. 2010).  

Ma contribution à cet article a été de réaliser le mapping des reads contre le génome de 

référence, avec Bowtie2 (Langmead and Salzberg 2012), dont seul les reads mappés sur la totalité de 

leur longueur ont été conservés. Les données de mapping ont été utilisées par miRDepp2 (Friedländer 

et al. 2012) afin de réaliser la prédiction des miRNA chez Ectocarpus.  

Une autre partie de ma contribution a été d’obtenir un comptage du nombre de reads au 

niveau de plusieurs types de structures génomiques (exons, introns, rRNA, tRNA, snoRNA, régions 

intergéniques) afin de déterminer la proportion de reads dans chaque groupe. Dans le cas des 

snoRNA, j’ai généré une nouvelle prédiction afin de prendre en compte le supplément d’information 

apporté par les données RNA-seq, avec l’aide de l’outil snoSeeker (Yang et al. 2006).  

Enfin, ma dernière contribution à cet article a été la recherche des cibles potentielles des 

miRNA l’aide de la version web de TAPIR (Bonnet et al. 2010) 
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(http://bioinformatics.psb.ugent.be/webtools/tapir/) en se basant sur l’importante complémentarité de 

séquence entre le miRNA et le mRNA cible. 

Le résultat de ce travail a été intégré avec d’autres analyses dans l’article suivant, publié dans 

Nucleic Acids Research en mai 2015. 
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MicroRNAs (miRNAs) are small, 20–24 nucleotide RNA
molecules (exceptionally up to 26 nucleotides) that regulate
gene expression by affecting the translation or the stabil-
ity of target gene transcripts. These small RNA molecules
are generated from the double stranded regions of hairpin-
containing transcripts by the action of RNAseIII endonu-
cleases such as Drosha andDicer and are then incorporated
into RNA-induced silencing complexes (RISCs), which use
the miRNAs as guides to recognize and bind to specific
RNA targets. miRNAs have been shown to play key roles in
the regulation of many important processes in both plants
and animals (1,2) and it has been suggested that the acqui-
sition of these versatile regulatory molecules may have been
a key factor in the evolution of complex multicellularity (3–
5).
The lack of sequence similarity between plant and animal

miRNA families and marked differences between the path-
ways that generate miRNAs in the two groups suggest that
these molecules evolved independently in the two lineages
(6–9). In contrast, key components of the miRNA system,
such as Dicer endonucleases and Argonaute (which is the
central component of RISCs), are found in diverse eukary-
otic lineages and are thought to be very ancient and per-
haps common to all eukaryotes (10,11). These proteins are
thought to have evolved originally as components of sys-
tems involving other classes of small RNA, such as the small
interfering RNAs (siRNAs), and only later to have been re-
cruited as components of miRNA pathways (9). Like miR-
NAs, siRNAs are small RNA molecules generated by en-
donuclease digestion but they may be derived from diverse
sources of double stranded RNA such as viral genomes,
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long transcribed inverted repeats or the products of conver-
gent transcription. miRNAs on the other hand, are derived
by endonuclease digestion of self-complementary precursor
RNAs that form hairpin structures.
Although miRNAs were originally identified in land

plants and animals, it has become increasingly clear in re-
cent years that these are not the only eukaryotic lineages to
have evolved regulatory systems based on these small RNA
molecules. Within the animal lineage, the miRNAs of de-
mosponges are unrelated to those of other animal groups
andmay have evolved independently (12). Similarly, the uni-
cellular green alga Chlamydomonas reinhardtii also appears
to possess an miRNA system that is unrelated to that of
the land plant lineage (13,14), and no miRNA gene has
been shown to be shared between land plants and green
algae (15). There is also convincing evidence for the pres-
ence of miRNA systems in the brown alga Ectocarpus (16)
and the social amoeba Dictyostelium (17,18). In addition,
microRNA-like molecules have been reported in the fun-
gus Neurospora crassa (19). Together these reports suggest
that at least six or seven different eukaryotic groups pos-
sess miRNA systems. Moreover, these miRNA systems ap-
pear to have evolved independently in each group because
no miRNAs are shared across groups and many interme-
diate lineages do not possess miRNAs (20). For example,
miRNAs have been reported in the brown algae but no
strong candidate miRNA loci have been identified in the
genomes of three diatoms, which represent another lineage
within the stramenopiles (21,22). A common evolutionary
origin for the miRNA systems of diverse eukaryotic lin-
eages therefore seems highly unlikely, as it would have re-
quired widespread loss of miRNA systems from interme-
diate lineages and extensive sequence divergence of shared
miRNA loci. It is possible, however, that additional eu-
karyotic groups possess miRNA systems that have not yet
been characterized. Indeed, putativemiRNAs have been de-
scribed in several additional lineages, although closer exam-
ination of the reported molecules has often failed to sup-
port their classification asmiRNAs (20). Given the key roles
of miRNAs as regulatory molecules in a broad range of
processes and their implication in major evolutionary tran-
sitions such as the emergence of complex multicellularity
(3–5), it is important both to experimentally confirm and
characterize miRNA regulatory systems in groups where
these systems exist and to clearly confirm their absence from
other lineages.Here, we used deep sequencing of small RNA
molecules, together with northern blot analysis, to iden-
tify and characterize miRNA loci in the filamentous model
brown alga Ectocarpus and applied a set of stringent cri-
teria to distinguish strong candidate miRNAs from other
genomic sources of small RNAs such as siRNA loci. This
analysis demonstrated that a recently described set of can-
didate miRNAs (23) are highly unlikely to correspond to
miRNA loci and are more likely siRNAs, but also identi-
fied a large repertoire of 63 miRNA families in the Ectocar-
pus genome, the large majority of which had not been de-
scribed previously. The complexity of the miRNA system
in Ectocarpus is discussed in the light of the emergence of
complex multicellularity in the brown algal lineage. We also
discuss the importance of applying stringent criteria to val-
idate candidate miRNA loci in the context of understand-

ing miRNA emergence and evolution across the eukaryotic
tree.

Ectocarpus strains and culture

Two near-isogenic, male and female inbred lines Ec602 and
Ec603 were derived from the male strain Ec137 and the fe-
male strain Ec25 by repeatedly crossing male and female
sibling progeny for six generations (see Ahmed et al. for
a detailed pedigree (24)). Ec137 (which carries the imme-
diate upright mutation) (25), and Ec25 are siblings of the
genome sequenced strain Ec32 (16). Two replicates of game-
tophytes for each sex were cultivated under standard con-
ditions (26) and frozen at maturity (4 weeks old). Males
bore many plurilocular gametangia, females were larger
with fewer plurilocular gametangia. All material was ex-
amined under binocular and light microscopes to verify the
presence of plurilocular gametangia and pools of about 400
individuals from these synchronous cultures were frozen in
liquid nitrogen for each replicate.

Small RNA sequencing

The generation of 3 203 265 and 3 911 417 small RNA se-
quence reads for the sporophyte and gametophyte genera-
tions of Ectocarpus, respectively, has been described previ-
ously (16). An additional 77 702 501 small RNA reads (46
161 660 male and 31 540 841 female) were generated for the
duplicate, near-isogenic male and female gametophyte sam-
ples (Supplementary Table S1). For the latter, small RNAs
were isolated and prepared for sequencing byFasteris (Plan-
les-Ouates, Switzerland). Between four and 12 �g of to-
tal RNA was extracted for each replicate using the Qia-
gen Mini kit. RNA was separated on a polyacrylamide gel
and the 15–30 nucleotide fraction isolated by excision. Ad-
dition of single-stranded adapters and PCR amplification
was carried out using the DGE-Small RNA kit (Illumina,
San Diego, USA) and small RNAs were sequenced on a
HiSeq 2000 (Illumina). The sRNA sequence data can be ac-
cessed in the SRAKnowledge Base with the accession num-
ber SRP052304.
Adaptor sequence was removed from the raw sequence

reads in Galaxy (27) and sequences of <18 or >26 nu-
cleotides or which contained one or more unknown nu-
cleotides were discarded.

Mapping of sRNA sequence reads to the Ectocarpus genome
and transcriptome

The filtered reads were mapped against the Ectocar-
pus genome using Bowtie2 (28) with default parame-
ters. Only fully mapped reads were retained (–end-to-end
option in Bowtie2). Read coverage for genomic feature
(exons, introns, rRNA, tRNA, snoRNA and intergenic
regions) was obtained using Samtools (29). Ectocarpus
snoRNA loci were predicted using ACAseeker and CD-
seeker. Coordinates of other genomic features, including
rRNA and tRNA loci, were obtained from the Ectocarpus
genome database at Orcae (http://bioinformatics.psb.ugent.
be/orcae/overview/Ectsi) (30).

http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi
http://nar.oxfordjournals.org/
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Sliding window analysis of sRNA read coverage was cal-
culated using a custom script and a non-overlapping slid-
ing window of 25 kb. The data is presented as sRNA read
counts per window. Visual analysis of the mapping pattern
of the sRNA reads onto the genome indicated that it was
not consistent with more than a very limited level of con-
tamination by degradedmRNA fragments. This conclusion
was also supported by the fact that 47% of the reads that
mapped tomRNA-encoding regions of the genomemapped
to the antisense strand compared to the mRNA transcript
(data not shown).
Expression levels (transcript abundance) of protein-

coding genes in male and female gametophytes were de-
termined using the Illumina RNA-seq dataset described by
Ahmed et al. (24).

Identification of Ectocarpus protein-coding genes with poten-
tial roles in small RNA pathways

Ectocarpus homologues of plant, animal and fungal
protein-coding genes that have been implicated in various
aspects of sRNA biogenesis and function were identified
by screening for species to species best reciprocal Blastp
matches.

Identification and characterization of miRNA loci in Ecto-
carpus

Ectocarpus is distantly related to both land plants and ani-
mals. Screens for miRNAs therefore employed both miRD-
eep2 (31), which implemented criteria for the identification
of animal miRNAs, and miRDeep-p (32), a modified ver-
sion of miRDeep that was adapted for the identification of
plant miRNAs by allowing extended precursor sequences.
After filtering, the reads from all six samples (Supplemen-
tary Table S1) were combined into a single dataset and pro-
vided as input for each program. Candidate miRNA pre-
cursors were then extracted from the output files and the
miRDeep-2 and miRDeep-p outputs compared using Blast
to identify and remove redundant candidate miRNA pre-
cursors that had been identified by both programs.
Custom scripts, which incorporated Bowtie (28), were

used to align all the sRNA sequence reads to the candi-
date precursor miRNA loci, with no mismatches allowed.
For each miRNA locus, the sRNA species with the highest
read count was comparedwithmiRBase using Blast and the
most similar match recovered if matches were detected. The
entire precursor sequence was folded with Vienna RNAfold
(33) and a further script was implemented to combine the
output of this analysis with the sRNA read mapping results
and miRBase Blast search results.
Similar analyses of sRNA read mapping were also car-

ried out for 23 EctocarpusmiRNA loci recently reported by
Billoud et al. (23).

Investigation of the genomic origin of theEctocarpusmiRNA
loci

To identify miRNA families, ungapped alignments of ei-
ther the mature miRNA sequences or just the seed re-
gions (nucleotides 2–8) were generated with Muscle (34)

and pairwise sequence identity calculated using MEGA
(35). Pre-miRNA sequences were analysed with Repeat-
Masker (http://repeatmasker.org) against Repbase to detect
sequence relationships with repeated elements. Similarity
with other genomic regions was detected using Blastn and
the pre-miRNA sequences as a query against the Ectocar-
pus genome sequence (http://bioinformatics.psb.ugent.be/
orcae/overview/Ectsi) (30). The principal aim of the latter
analysis was to determine whether the Ectocarpus miRNA
loci might have been derived from duplicated copies of
protein-coding genes.

Searches for homologues of Ectocarpus miRNA loci in other
stramenopile genomes

Searches were carried out for homologues of Ecto-
carpus miRNA loci in the genomes of four stra-
menopile species: Thalassiosira pseudonana (diatom;
Thaps3 assembled and unmapped scaffolds, http:
//genome.jgi-psf.org/Thaps3/Thaps3.download.ftp.html)
(36), Phaeodactylum tricornutum (diatom; Phatr2 as-
sembled and unmapped scaffolds, http://genome.
jgi-psf.org/Phatr2/Phatr2.download.ftp.html) (37),
Aureococcus anophagefferens (Pelagophyceae; http:
//genome.jgi-psf.org/Auran1/Auran1.download.ftp.html)
(38) and Nannochloropsis oceanica (Eustigmatophyceae;
https://bmb.natsci.msu.edu/BMB/assets/File/benning/
genome assembly.txt) (39). Two different strategies were
used. The first involved comparing the entire pre-miRNA
sequences with the genomes using Blastn and then
analysing the results manually for extended regions of
similarity that preferentially included the miRNA and
miRNA* regions of the pre-miRNA. The second method
involved querying both the miRNA and miRNA* se-
quences against the genomes and retaining matches with
less than four mismatches. The region surrounding each
match was then recovered from the subject genome se-
quence and tested for the ability to form a hairpin loop
with sufficient complementary base-pairing between the
candidate miRNA and miRNA* sequences.

Comparisons with miRNA loci from other eukaryotic lin-
eages

Structural features of the Ectocarpus miRNAs were com-
pared with those of miRNAs from species belonging to
other eukaryotic lineages. The sets of miRNAs from the
other eukaryotic lineages had been validated previously
(40,41) using the same four criteria that we employed in
this study to select valid Ectocarpus miRNAs (see the Re-
sults and Discussion section for details of the four crite-
ria). The species used for the comparisons were Drosphila
melanogaster, Danio rerio (animals), Amphimedon queens-
landica (demosponges), Dictyostelium discoideum (slime
molds), Arabidopsis thaliana, Physcomitrella patens (land
plants), Chlamydomonas reinhardtii (chlorophyte green al-
gae). The miRNA expression data were recovered from
miRBase (8). Foldback lengths (42) were calculated for the
miRNAs from each species using precursor sequences de-
posited in miRBase v21 that had both the 5′ and 3′ prod-
ucts annotated and have been previously validated as gen-
uine (40,41), and from the annotated Ectocarpus miRNAs

http://repeatmasker.org
http://bioinformatics.psb.ugent.be/orcae/overview/Ectsi
http://genome.jgi-psf.org/Thaps3/Thaps3.download.ftp.html
http://genome.jgi-psf.org/Phatr2/Phatr2.download.ftp.html
http://genome.jgi-psf.org/Auran1/Auran1.download.ftp.html
https://bmb.natsci.msu.edu/BMB/assets/File/benning/genome_assembly.txt
http://nar.oxfordjournals.org/
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described herein. The region corresponding to eachmiRNA
precursor was identified in the respective genome sequence
using Blast and the region, together with 100 nucleotides
of flanking sequence in both directions, was recovered.
RNAfold (33) was used to predict secondary structure, and
the foldback was deemed to have ended either at the first
occurrence of three consecutive unbound nucleotides or at
the occurrence of another secondary structure.

Northern blot analysis

Samples of either 50 or 63 �g of total RNA from male or
female Ectocarpus strains were subjected to northern blot
analysis as previously described (43). DNA oligonucleotide
probes complementary to the miRNAs of interest were ra-
dioactively labelled at the 5′-end using T4 polynucleotide
kinase.

Searches for potential target genes ofEctocarpusmiRNA loci

Potential target genes of Ectocarpus miRNAs were identi-
fied using the web version of TAPIR (http://bioinformatics.
psb.ugent.be/webtools/tapir/) in precise mode with the de-
fault options.

Sequence analysis of gametophyte small RNAs

The first description of miRNA loci in the brown alga Ec-
tocarpus was based on the analysis of about seven million
sRNA sequences generated using both sporophyte and ga-
metophyte tissue (16). For the present study, an additional
78million sRNA sequence reads were generated using repli-
cate samples of RNA from male and female gametophytes.
Mapping of the sRNA sequence reads to the genome indi-
cated that they were derived from all chromosomes, with no
obvious bias towards particular linkage groups or regions
within linkage groups (Supplementary Figure S1). After ex-
clusion of reads corresponding to ribosomal RNA (rRNA),
transfer RNAs (tRNAs) and small nucleolar RNAs (snoR-
NAs), the highest coverage of mapped sRNA reads per base
pair was for transposable elements (Table 1). This confirms
an earlier observation (16) and suggests a possible role for
these sRNAs in maintaining genome stability by repressing
transposition. Small RNAs have been associated with si-
lencing of transposable elements in a broad range of eukary-
otic organisms, including animals, plants and fungi (44).
Thirty seven percent of the mapped reads corresponded to
regions annotated as genes, with the exon regions being cov-
ered slightly more densely than the introns (1.5-fold).
One unusual structural feature of the Ectocarpus genome

is that the coding strands of adjacent protein-coding genes
exhibit a strong tendency to alternate between the two
strands of the DNA as one scans along the chromosome, a
feature that is normally associated with very small eukary-
otic genomes (16). One consequence of this is that 9508 of
the 16 192 genes in the Ectocarpus genome are part of a
convergently transcribed gene pair, i.e. the two genes are lo-
cated adjacent to one another on the chromosome and tran-
scribed convergently. Pairs of convergent transcription units
have been reported to be an important source of sRNAs in

both animals and land plants (45–47). This is thought to be
because overlap between the pairs of transcripts generates
regions of double-stranded RNA. In Ectocarpus, the num-
ber of sRNA reads thatmapped to genes that weremembers
of convergent gene pairs (median FPKM 0.20) was slightly,
but significantly (Kruskal–Wallis test, P-value < 8.1e−09),
greater than for the other genes in the genome (median
FPKM 0.18). However, analysis of mRNA-seq expression
data showed that convergent genes were also expressed at
a slightly higher level than non-convergent genes (mRNA
median FPKM of 10.1 compared with 8.8, Kruskal–Wallis
test,P= 6.8e−16) and when the number of sRNA reads per
gene was normalized for this difference there was no signif-
icant difference between genes that were members of con-
vergent pairs and the other genes in the genome (Kruskal–
Wallis test, P = 0.77). This indicates that convergent gene
pairs are not a preferential source of sRNAs in Ectocarpus.
An analysis was also carried out to identify protein-

coding genes with potential roles in small RNA pathways
in Ectocarpus. Reciprocal best Blast analysis identified >30
homologues of plant, animal and fungal genes that have
been implicated in various aspects of sRNA biogenesis and
function (Table 2).

Ectocarpus has a large and diverse repertoire of microRNAs

A screen was carried out for miRNA loci using the algo-
rithms miRDeep2 and miRDeep-p, which are optimized
to detect animal-like and plant-like miRNAs respectively,
together with custom scripts. This analysis identified 1882
candidate miRNA loci, which were then manually filtered
following established criteria based on highly conserved
features common to both animal and plant miRNA loci
(20,40,41): (i) at least 15 nucleotides of the miRNA must
pair with the opposite arm of the hairpin, (ii) there should
be evidence for the expression of both the miRNA and the
miRNA*, (iii) the 3p product should extend two nucleotides
beyond the 5p product at its 3′ end (with a corresponding
extension at the 3′ end of the 5p product), (iv) 5′ cleavage of
the miRNA must be precise, with the clear majority of the
reads (at least 66%) starting at the same nucleotide.
The final set of 63 microRNA families (representing 64

loci) included six of the miRNA families previously de-
scribed by Cock et al. (16), together with 57 newly identi-
fied families (Supplementary Table S2, Figure 1 and Sup-
plementary Figure S2). Northern blot analysis was car-
ried out to independently validate a subset of nine of these
miRNA loci using RNA from a separate set of RNA sam-
ples. sRNA species of the expected size were detected in
both male and female gametophyte RNA samples for all of
the nine miRNA loci (Figure 2). The relative abundances
of the miRNAs, estimated from the northern blot analy-
sis, corresponded approximately with estimations based on
RNA-seq, with somemiRNAs, such as esi-MIR11396a and
esi-MIR11368, being expressed at high to very high levels
and others, such as esi-MIR11377 and esiMiR3458, being
less abundant.
A striking feature ofEctocarpusmiRNAs is their remark-

able diversity, with almost every miRNA constituting a dis-
tinct miRNA gene family. When the seed regions of the
miRNAs (nucleotides 2–8) (48) were compared, only one

http://bioinformatics.psb.ugent.be/webtools/tapir/
http://nar.oxfordjournals.org/
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Table 1. Mapping of sRNA reads to different fractions of the Ectocarpus genome

Genome fraction or feature sRNA read count Cumulative size (bp) Read coverage (reads per bp)

Exons 3 469 027 25 662 441 0.14
Introns 10 424 142 81 093 270 0.13
Intergenic 7 050 763 73 482 052 0.10
Transposons 8 915 590 10 605 262 0.84
tRNA 755 534 21 829 34.61
rRNA 7 092 058 7903 897.39
snoRNA 57 845 88 311 0.66

Esi-MIR11380

1       10        20        30        40        50        60        70        80        90        100
CCCCGACUUUUCGGUUGUACUCUCUAAUUAGUACGCCGACAUAGAGGCAUUCCUUUAUGUCGUAGAUGCUAAUAGGCAGUACAAGCGAAACGUCGCGGG
(((((((.(((((.(((((((.((((.(((((((..(((((((((((....)))))))))))..).)))))))))).))))))).))))).)))).)))
.......UUUUCGGUUGUACUCUCUAAUU......................................................................x268*
.......UUUUCGGUUGUACUCUCUAAU.......................................................................x50
.......UUUUCGGUUGUACUCUCUAAUUA.....................................................................x3
.......UUUUCGGUUGUACUCUCUA.........................................................................x1
.......UUUUCGGUUGUACUCUCUAA........................................................................x1
........UUUCGGUUGUACUCUCUAAUU......................................................................x5
........UUUCGGUUGUACUCUCUAAU.......................................................................x1
........................................................................UAGGCAGUACAAGCGAAACGU......x93*
........................................................................UAGGCAGUACAAGCGAAAC........x2
........................................................................UAGGCAGUACAAGCGAAA.........x2
........................................................................UAGGCAGUACAAGCGAAACG.......x2

          10        20        30         40         
   -    U     G       C    A      - GC           C 
CCC CGAC UUUCG UUGUACU UCUA UUAGUA C  CGACAUAGAGG A
GGG GCUG AAAGC AACAUGA GGAU AAUCGU G  GCUGUAUUUCC U
   C    C     G       C    -      A AU           U 
        90        80         70        60        50

1       10        20        30        40        50        60        70        80        90        100
UGUGUGGUGCAGCCGGGCUCGGCGCACUCCUGCCUCUGUAGAUUGCCUCGAGAUGUCUACAGAGGCAGGAGUGCGCCGACCCCAGCUGACCCACACAC
(((((((..((((.(((.(((((((((((((((((((((((((..(.....)..))))))))))))))))))))))))).))).))))..))))))).
.......UGCAGCCGGGCUCGGCGCACU......................................................................691*
.......UGCAGCCGGGCUCGGCGCAC.......................................................................2
.......UGCAGCCGGGCUCGGCGCA........................................................................1
........GCAGCCGGGCUCGGCGCACU......................................................................1
..................................UCUGUAGAUUGCCUCGAGAUG...........................................1
.......................................................................UGCGCCGACCCCAGCUGACCC......123*
.......................................................................UGCGCCGACCCCAGCUGACC.......51
.......................................................................UGCGCCGACCCCAGCUGAC........8
.......................................................................UGCGCCGACCCCAGCUGACCCA.....3
.......................................................................UGCGCCGACCCCAGCUGA.........3

          10        20        30        40         
-       UG    C   C                         UG CU 
 UGUGUGG  CAGC GGG UCGGCGCACUCCUGCCUCUGUAGAU  C  \
 ACACACC  GUCG CCC AGCCGCGUGAGGACGGAGACAUCUG  G  C
C       CA    A   C                         UA AG 
       90        80        70        60        50 

Esi-MIR11382

Esi-MIR11386

1       10        20        30        40        50        60        70        80        90        100
UGGUGCCCUCUCCGUGGAACUCGGCGAUGACCUCUUGGGCCCCGAUGGCAGCCAUCGGGGCCCAGGAGGUGGUAGCGGAGUUCCAAGGAGAGGUCGUCG
.((((.(((((((.((((((((.((.((.(((((((((((((((((((...))))))))))))))))))).)).)).)))))))).))))))).)))).
.....CCCUCUCCGUGGAACUCGGCGAUG......................................................................x1
........UCUCCGUGGAACUCGGCGAUG......................................................................x536*
........UCUCCGUGGAACUCGGCGAU.......................................................................x24
........UCUCCGUGGAACUCGGCGAUGA.....................................................................x5
........UCUCCGUGGAACUCGGCGA........................................................................x3
.........CUCCGUGGAACUCGGCGAUG......................................................................x2
...................................................CCAUCGGGGCCCAGGAGGUGG...........................x2
........................................................................UAGCGGAGUUCCAAGGAGAGG......x67*
........................................................................UAGCGGAGUUCCAAGGAGA........x4
........................................................................UAGCGGAGUUCCAAGGAGAG.......x2

         10        20        30        40          
U    C       G        G  G  G                   C 
 GGUG CCUCUCC UGGAACUC GC AU ACCUCUUGGGCCCCGAUGG \
 CUGC GGAGAGG ACCUUGAG CG UG UGGAGGACCCGGGGCUACC A
G    U       A        G  A  G                   G 
        90        80        70        60          

Esi-MIR11391

1       10        20        30        40        50        60        70        80        90        100
UUUGCCUACGAUACACGGACGGAGAUCUUGAAACCAACGUUCCCGUCUGCCGGGGACAAUGAUUUACCAAGAUCUCGAGCGGUGUAUCGUGGGCACC
..((((((((((((((.(...((((((((((((.((..(((((((.....)))))))..)).)))..)))))))))...).))))))))))))))..
.....CUACGAUACACGGACGGAGAUC......................................................................x1
......UACGAUACACGGACGGAGAUC......................................................................x71*
......UACGAUACACGGACGGAGAU.......................................................................x15
......UACGAUACACGGACGGAGA........................................................................x3
........................................................................UCUCGAGCGGUGUAUCGUGGG....x38*
........................................................................UCUCGAGCGGUGUAUCGUGG.....x7
........................................................................UCUCGAGCGGUGUAUCGUG......x1

         10        20        30          40        
UU              G ACG         --   C  AC       UC 
  UGCCUACGAUACAC G   GAGAUCUUG  AAA CA  GUUCCCG  \
  ACGGGUGCUAUGUG C   CUCUAGAAC  UUU GU  CAGGGGC  U
CC              G GAG         CA   A  AA       CG 
      90        80        70        60        50  

Figure 1. Representative Ectocarpus miRNA loci. Representation of read data mapping and the positions of the miRNA (red) and miRNA* (blue) on
the predicted hairpin for four representative Ectocarpus miRNA loci. Note the high degree of homogeneity of 5′ ends. Lines cutting across the hairpins
indicate the two nucleotide offset typical of Dicer processing. Similar diagrams for the full set of 64 miRNAs are shown in Supplementary Figure S2.

Figure 2. Northern blot analysis of miRNA expression in male and female gametophytes. Hybridization to 50 (esi-MIR3455b, esi-MIR11368, esi-
MIR11375, esi-MIR11377, esi-MIR11388, Esi-miR3458, Esi-miR3466) or 62.3 (esi-MIR11396a, esi-MIR11396b) �g of male or female total RNA per
lane. Exposure times were the same for all samples except for esi-MIR11396a, which is highly abundant and was exposed for one day rather than 4 days.

http://nar.oxfordjournals.org/
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Table 2. Ectocarpus homologues of proteins involved in microRNA function or related small RNA pathways in other species

Query
species Query gene Function Accession number

Ectocarpus best
Blastp E-value

Reciprocal best
blast (species to
species) Ectocarpus homologue

Ath DCL2 Dicer NP 566199.4 1E−12 Yes Esi0039 0031
Aga Ago1 Argonaute EAA00062.4 3E−94 Yes Esi0203 0032
Ddi AgnA Argonaute (piwi) EAL69296.1 2E−29 No No homologue
Ath RDR1 RNA-dependent RNA polymerase NP 172932 4E−30 Yes Esi0512 0001
Ath RDR6 RNA-dependent RNA polymerase NP 190519 4E−88 Yes Esi0100 0017
Ath SDE3 SDE3/MOV10/Armitage AAK40099.1 3E−62 Yes Esi0216 0047
Ath DAWDLE pri-miRNA generation NP 188691.1 3E−47 Yes Esi0132 0041
Ath SQUINT pre-miRNA processing Q9C566 1E−54 No Multiple cyclophilins
Ath HSP90 pre-miRNA processing AED96244.1 0 Yes Esi0138 0009
Ath HASTY Nuclear export (exportin5/MSN5/HASTY) Q84UC4 0.00002 Yes Esi0059 0032
Ath SERRATE RNA binding protein that may maintain hairpin

structure or direct Dicer
Q9ZVD0 8E−10 Yes Esi0289 0007

Ath HYL1 RNA binding protein that may maintain hairpin
structure or direct Dicer

NP 563850.1 No hit n/a No homologue

Ath TOUGH RNA binding protein that may maintain hairpin
structure or direct Dicer

AAR99647.1 1E−23 Yes Esi0125 0056

Ath HEN1 2′-O-Methylation of miRNAs NP 567616.1 No hit n/a No homologue
Ath SUO miRNA-mediated translational repression NP 190388.2 No hit n/a No homologue
Ath MOS2 miRNA processing NP 174617.1 2E−23 Yes Esi0084 0044
Ath PRL5 miRNA processing NP 193325.1 6E−131 Yes Esi0025 0074
Ath CDC5 miRNA processing NP 172448.1 3E−69 Yes Esi1122 0001
Ath SICKLE miRNA biogenesis NP 567704.1 No hit n/a No homologue
Ath KTF1/RDM3/SPT5-

like
AGO4 interactor NP 196049.1 2E−16 No No homologue

Ath CBP20 Cap binding complex NP 199233.1 5E−39 Yes Esi0206 0003
Ath CBP80 Cap binding complex NP 565356.1 6E−28 Yes Esi0155 0015
Ath DECAPPING1 Decapping complex NP 563814.1 4E−16 Yes Esi0489 0024
Ath DECAPPING2 Decapping complex Q8GW31 3E−40 Yes Esi0010 0022
Ath VARICOSE Decapping complex AEE75331.1 3E−19 Yes Esi0205 0050
Ath 3-HYDROXY-3-

METHYLGLUTARYL
CoA REDUCTASE

Isoprenoid synthesis protein that affects miRNA
action

NP 177775.2 3E−83 Yes Esi0027 0087

Ath HYDRA1 Isoprenoid synthesis protein that affects miRNA
action

NP 173433.1 0.00000001 No No homologue

Ath SMALL RNA
DEGRADING
NUCLEASE 1

miRNA degradation AEE78626.1 1E−25 Yes Esi0118 0050

Ath HESO miRNA uridylation NP 181504.2 3E−14 No Uridyltransferases eg.
Esi0771 0003

Ath AMP1 Inhibition of protein production NP 567007.1 1E−87 Yes Esi0122 0005
Ath KATANIN Cytoskeleton genes that affect miRNA action NP 178151.1 4E−93 Yes Esi0007 0029
Ath dsRNA BINDING

PROTEIN4
tasiRNA biogenesis Q8H1D4 No hit n/a No homologue

Ath SGS3 RNA-directed DNA methylation AAF73960.1 No hit n/a No homologue
Ath C-TERMINAL

DOMAIN
PHOSPHATASE-
LIKE1

Phosphorylation role in dsRNA gene regulation NP 193898.3 0.023 No No homologue

Ath CLSY1 Generation of 24nt rasiRNAs NP 189853.1 3E−17 No No homologue
Ath PolIV siRNA synthesis NP 176490.2 7E−42 No No homologue
Ath NRPE1 siRNA synthesis NP 181532.2 9E−43 No No homologue
Dme Pasha Drosha complex AAF57175.1 No hit n/a No homologue
Hsa EWSR1 Drosha complex NP 053733.1 1E−16 Yes Esi0222 0008
Hsa p68/DDX5 Drosha complex NP 004387.1 3E−87 Yes Esi0013 0199
Hsa p72/DDX17 Drosha complex NP 001091974.1 5E−157 Yes Esi0007 0206
Hsa Fus Drosha complex AAC35285.1 2E−12 No No homologue
Hsa ADAR pri-and/or pre-miRNA editing EAW53187.1 0.000003 No No homologue
Hsa TRBP pre-miRNA processing Q15633.3 No hit n/a No homologue
Hsa PACT pre-miRNA processing AAL68925.1 1E−26 No No homologue
Dme loquacious pre-miRNA processing AAY40789.1 No hit n/a No homologue
Hsa KSRP Promoter of miRNA biogenesis AAB53222.1 2E−11 No No homologue
Hsa Lin28 Drosha/Dicer inhibitor AAH28566.1 No hit n/a No homologue
Hsa TNRC6 (GW182) RISC component NP 055309.2 0.84 No No homologue
Hsa TNRC6A Ago interactor Q8NDV7 No hit n/a No homologue
Hsa TNRC6B/KIAA1093 Ago interactor TNC6B HUMAN No hit n/a No homologue
Hsa TNRC6C Ago interactor Q9HCJ0 No hit n/a No homologue
Hsa TRIM65 Ubiquitination of TNRC6 NP 775818.2 0.000001 No No homologue
Dme R2D2 Double-stranded RNA binding protein Q9VLW8 No hit n/a No homologue
Dme FMR1 miRNA biogenesis Q9NFU0 No hit n/a No homologue
Dme BEL ATP-dependent RNA helicase Q9VHP0 1E−134 Yes Esi0186 0022
Dme RM62 DEAD-box RNA helicase P19109 1E−140 No Multiple RNA helicases
Cel ERI1 RNA exonuclease O44406 6E−26 Yes Esi0039 0083
Cel RDE-4 siRNA production Q22617 No hit n/a No homologue
Cel SID1 Systemic RNA interference Q9GZC8 No hit n/a No homologue
Spo Hrr1 RNA-directed RNA polymerase complex O74465 2E−41 No No homologue
Spo Cid12 Poly(A) polymerase O74518 0.00000002 No Esi0053 0139 (Poly(A)

polymerase)
Spo Chp1 RNAi pathway Q10103 No hit n/a No homologue
Spo Tas3 RNAi pathway O94687 No hit n/a No homologue

For Dicer, Argonaute and RNA-dependent RNA polymerase, searches were carried out with multiple sequences from diverse eukaryote lineages (10). Ath, Arabidopsis thaliana; Aga, Anopheles gambiae,
Ddi, Dictyostelium discoideum; Dme, Drosophila melanogaster; Hsa, Homo sapiens; Cel, Caenorhabditis elegans; Spo, Schizosaccharomyces pombe; n/a, not applicable.
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pair of genes (esi-MIR11384a/esi-MIR11384b) was classed
as belonging to the same family. The same result was ob-
tained when a criterion of at least 85% identity between en-
tire, mature miRNAs (15) was used to define members of
a gene family. Even when this latter criterion was consid-
erably relaxed to at least 75% identity, only three families,
each with twomembers, were identified. These observations
suggest that miRNA gene duplication has not played an im-
portant role in the generation of new miRNA loci in the
brown algal lineage. This is in stark contrast to the role that
both individual gene and whole genome duplications have
played in miRNA family expansion in both animals (49,50)
and land plants (15). The low number of paralogues within
miRNA families in Ectocarpus is consistent with both the
lack of evidence for any whole genome duplication events
in the lineage leading to this organism and the unusually
low number of tandem duplications of protein coding genes
(823) identified in this species (16).
Mapping of the 64miRNA loci to theEctocarpus genome

indicated that they were distributed randomly across the
chromosomes (Supplementary Figure S1). Clusters of miR-
NAs (defined here as being within 5 kb (15)) are common
in both animals and land plants (15,49,51,52). In contrast,
the Ectocarpus miRNA loci exhibited very little tendency
to cluster in the genome, with only two pairs of loci being
separated by <5 kb. The miRNAs encoded by one of these
pairs of clusters shared 76% identity, suggesting that they
may have been derived from a tandem duplication event.
However, such local duplication events appear to have been
very rare.
There is evidence that some miRNA loci in both ani-

mals and plants producemore than one pair of miRNA-like
molecules from a single pre-miRNA hairpin structure (53–
56). These additional miRNA-like molecules are often in
phase with the miRNA/miRNA* pair, in which case they
have been called miRNA-offset RNAs (moRNAs). There
is accumulating evidence that these additional miRNA-like
molecules have biological functions (55,56) and, therefore,
they may contribute significantly to the total size of the
miRNA repertoire in some species. In plants these miRNA-
like molecules tend to exhibit a strong preference for a U or
A nucleotide at the 5′ end (90% in Arabidopsis) (56) but this
does not appear to be the case in animals (53). We did not
obtain evidence that this type of miRNA-like molecule oc-
curs commonly in Ectocarpus, but esi-MIR11352 was of in-
terest because a putative moRNA (UCUUUGAUCGGA-
CAUGUUUCU) with a 5′ U nucleotide and 5′ processing
homogeneity was detected for this locus, along with a po-
tential ‘star’ product (Supplementary Figure S2).
In addition to the 64 miRNA loci identified, we also

noted the presence of a large number of loci that were iden-
tified by miRdeep2 and/or miRdeep-p and fulfilled the ma-
jority of the criteria we used to define miRNA loci but were
located in genomic regions consisting of complex, exten-
sive palindromic sequences that generated multiple sRNA
species over a region of several hundred base pairs (see Fig-
ure 3 for an example of such a locus). Sixty-five of these
additional loci, which we classified as weak miRNA candi-
dates, are shown in Supplementary Figure S3. The analysis
of these loci highlighted the importance of manually check-
ing the genomic context of a candidate miRNA even if loci

are computationally predicted with high confidence. Fur-
ther analysis will be required to determine whether these
loci actually produce functional miRNAs, but it is possi-
ble that they may represent so-called transitional miRNAs
(57), i.e. newly emerging miRNA loci.

Quantitative PCR is not a suitable strategy for identifying
novel miRNAs

Detailed analysis of the mapped sRNA reads allowed us to
demonstrate that 23 Ectocarpus miRNA loci recently de-
scribed by Billoud et al. (23) failed to pass the quality con-
trol criteria applied here. These candidate miRNAs were
part of a larger set (500–1500 depending on criteria) that
had been identified using a bioinformatic approach. A sub-
set of 72 candidates were analysed by Billoud et al. using
quantitative PCR and 23 were subsequently reported as
miRNAs. However, we were unable to validate any of these
23 candidate miRNAs using our sRNA read data. For five
of the candidates no sRNA reads mapped to the loci, for an
additional thirteen candidate miRNAs the most abundant
class of read was not the annotatedmiRNAproduct and for
the final five candidates the miRNA/miRNA* pairing was
clearly incorrect (Supplementary Figure S4). Thus the can-
didate miRNAs identified by Billoud et al. are most likely
siRNAs.
Quantitative PCR is commonly used to validate candi-

datemiRNAs identified by bioinformatic approaches due to
its low cost. The analysis carried out in this study identified
limitations of this approach and demonstrated the impor-
tance of validation using sRNA read data. sRNA read data
allows key criteria such as evidence for the existence of both
miRNA and miRNA* species, homogeneity of 5′ process-
ing and pre-miRNA processing consistent with dicer activ-
ity, to be tested.Whilst quantitative PCR is clearly useful for
the quantification of known miRNAs, as a tool to validate
novel candidate miRNA loci it suffers from the weakness
of not being able to distinguish miRNAs from rare RNA
species, siRNAs or degraded products of diverse RNA tran-
scripts.

Expression patterns of Ectocarpus miRNAs

Expression levels (Supplementary Table S2) varied between
0.24 and 8387.33 RPM for the miRNA and between 0.01
and 131.95 RPM for the miRNA* (the miRNA being de-
fined as the most strongly expressed of the two species (58)).
Sex-biased expression of miRNA loci has been reported

for both animals (59–62) and land plants (63). Statistical
tests, implemented with DEseq and EdgeR, were therefore
carried out to determine whether any of the miRNA loci
were differentially expressed in male and female individu-
als, but no statistically significant differences were detected.
Similarly, there was no evidence that the miRNAs were dif-
ferentially expressed between the sporophyte and gameto-
phyte generations of the life cycle. Note that the RNA blot
analysis did not provide any evidence for differential expres-
sion of the miRNA loci between male and female individu-
als (Figure 2), in agreement with the analysis of the RNA-
seq data.
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CCGCGATGATGCGGGCGTTTGTGTAGTGTAGGTTTGGTTTCTCCATCTTTTCTGTTTGTCGCCGCGAAGCGATAGTCCCACTAAGCTGGACGCGTGTCGTAGCGTATGACACGTGTCTAGCTTAGTGGGAGTACCGCTTCGCGGCAATAAGCAGAACAGGTGAAGGAACCAAACCTTCACTTCCAAAACGCCCGCATCATCGCGGAGGG
((((((((((((((((((((....((((.(((((((((((((.(((((.((((((((((.(((((((((((.((.((((((((((((((((((((((((((...)))))))))))))))))))))))))).)).))))))))))).)))))))))).))))).))))))))))))).))))....))))))))))))))))))))....

.........TGCGGGCGTTTGTGTAGTGT....................................................................................................................................................................................x1

..........GCGGGCGTTTGTGTAGTGTA...................................................................................................................................................................................x1

.................TTTGTGTAGTGTAGGTTTGGTT..........................................................................................................................................................................x42

.................TTTGTGTAGTGTAGGTTTGGT...........................................................................................................................................................................x61

.................TTTGTGTAGTGTAGGTTTGGTTT.........................................................................................................................................................................x3

.................TTTGTGTAGTGTAGGTTTG.............................................................................................................................................................................x1

.................TTTGTGTAGTGTAGGTTTGG............................................................................................................................................................................x2

..................TTGTGTAGTGTAGGTTTGGTT..........................................................................................................................................................................x49

..................TTGTGTAGTGTAGGTTTGGTTT.........................................................................................................................................................................x10

..................TTGTGTAGTGTAGGTTTGGT...........................................................................................................................................................................x1

...................TGTGTAGTGTAGGTTTGGTT..........................................................................................................................................................................x108

...................TGTGTAGTGTAGGTTTGGTTT.........................................................................................................................................................................x3845

...................TGTGTAGTGTAGGTTTGGTTTC........................................................................................................................................................................x14

...................TGTGTAGTGTAGGTTTGGT...........................................................................................................................................................................x14

...................TGTGTAGTGTAGGTTTGG............................................................................................................................................................................x4

....................GTGTAGTGTAGGTTTGGTTT.........................................................................................................................................................................x7

....................GTGTAGTGTAGGTTTGGTT..........................................................................................................................................................................x1

.....................TGTAGTGTAGGTTTGGTTT.........................................................................................................................................................................x3

......................GTAGTGTAGGTTTGGTTT.........................................................................................................................................................................x1

......................................TTCTCCATCTTTTCTGTTTGT......................................................................................................................................................x2

......................................TTCTCCATCTTTTCTGTTTGTC.....................................................................................................................................................x12

......................................TTCTCCATCTTTTCTGTTTGTCG....................................................................................................................................................x1

.......................................TCTCCATCTTTTCTGTTTGTC.....................................................................................................................................................x10

.......................................TCTCCATCTTTTCTGTTTGTCG....................................................................................................................................................x4

........................................CTCCATCTTTTCTGTTTGTCG....................................................................................................................................................x2

.........................................TCCATCTTTTCTGTTTGTCGC...................................................................................................................................................x68

.........................................TCCATCTTTTCTGTTTGTCG....................................................................................................................................................x4

...........................................CATCTTTTCTGTTTGTCGC...................................................................................................................................................x2

..................................................TCTGTTTGTCGCCGCGAAGCGA.........................................................................................................................................x1

..........................................................TCGCCGCGAAGCGATAGTCCC..................................................................................................................................x1

.............................................................CCGCGAAGCGATAGTCCCACT...............................................................................................................................x6

.............................................................CCGCGAAGCGATAGTCCCAC................................................................................................................................x1

.............................................................................................................................TGGGAGTACCGCTTCGCGGCAAT.............................................................x1

.............................................................................................................................TGGGAGTACCGCTTCGCGG.................................................................x38

.............................................................................................................................TGGGAGTACCGCTTCGCGGC................................................................x212

.............................................................................................................................TGGGAGTACCGCTTCGCGGCA...............................................................x2854

.............................................................................................................................TGGGAGTACCGCTTCGCGGCAA..............................................................x99

.............................................................................................................................TGGGAGTACCGCTTCGCG..................................................................x4

..............................................................................................................................GGGAGTACCGCTTCGCGGCAA..............................................................x1

..............................................................................................................................GGGAGTACCGCTTCGCGGCA...............................................................x16

.................................................................................................................................................AATAAGCAGAACAGGTGAAGGA..........................................x1

..................................................................................................................................................ATAAGCAGAACAGGTGAAGGA..........................................x5

...................................................................................................................................................TAAGCAGAACAGGTGAAGGAA.........................................x63

...................................................................................................................................................TAAGCAGAACAGGTGAAGGA..........................................x5

.......................................................................................................................................................................ACCAAACCTTCACTTCCAAA......................x1

.......................................................................................................................................................................ACCAAACCTTCACTTCCAAAA.....................x3

...............................................................................................................................................................................TTCACTTCCAAAACGCCCGCA.............x1

         C           A  G                          G 
      UGU GCCGCGAAGCG UA UCCCACUAAGCUGGACGCGUGUCGUA \
      AUA CGGCGCUUCGC AU AGGGUGAUUCGAUCUGUGCACAGUAU C
         A           C  G                          G 
 

.-GCGUUUGUG|  UGU   UU   UU 
           UAG   AGG  UGG  \
           GUC   UUC  ACC  U
\ ---------^  UU-   U-   UC 

  U    C           A  G                          G 
   UUGU GCCGCGAAGCG UA UCCCACUAAGCUGGACGCGUGUCGUA \
   AAUA CGGCGCUUCGC AU AGGGUGAUUCGAUCUGUGCACAGUAU C
  G    A           C  G                          G bii

bi

aii

ai

Figure 3. Example of a weak candidate miRNA.Weak candidate miRNA 8 was identified by miRDeep2 (31) with a high score (1.6e+3). The locus encodes
potential miRNA (2854 reads) and miRNA* (6 reads) products (ai), with the expected 2 nucleotide offset and a characteristic hairpin loop (aii). However,
when the precursor sequence was extended, two regions were identified on the 5′ side that exhibited higher expression (3845 and 68 reads, respectively) than
the miRNA* sequence originally annotated by miRDeep2 (bi). When this longer precursor was folded (bii) it no longer formed a characteristic hairpin,
and the two products lacked both the required offset and sufficient complementary base pairing.

Prediction of miRNA target genes

Sequence complementarity between miRNAs and their tar-
get mRNAs varies across eukaryotic groups, with plant and
green algal miRNAs tending to have a high level of comple-
mentarity with their target genes and animal miRNA, in
contrast, tending to have low complementarity (although
there is evidence that plant miRNAs can also have low com-
plementarity targets (64)). As a first step towards identi-
fying putative targets of Ectocarpus miRNAs, we carried
out a search, using TAPIR (65), based on the assumption
that complementarity between the miRNA andmRNA tar-
get was high. This analysis identified 160 potential target
genes in the Ectocarpus genome (Supplementary Table S3),
with individualmiRNAs beingmatched to between zero (17
miRNAs) and 13 target genes. Experimental validation will
be required to verify that these genes are actually targets of
the Ectocarpus miRNAs.
Interestingly, seven of the 160 genes were predicted to be

targeted by two miRNAs. In four of these seven cases, the
two miRNAs had different seed regions and targeted differ-
ent regions of the gene. Note however that, in general, the
high diversity of the seed regions of theEctocarpusmiRNAs
suggests that there is unlikely to be a high level of target re-

dundancy in this species, i.e. in most cases target genes are
unlikely to be targeted by multiple miRNA loci.
Functions could be predicted for 104 of the putative tar-

get genes based on sequence information and this analysis
indicated that they were involved in a broad range of cel-
lular processes. Strongly represented cellular processes in-
cluded cellular signalling and regulation (11 genes), prote-
olysis (11 genes), membrane function (10 genes) and genes
with a probable role in defence (10 genes), with an addi-
tional 18 genes involved in general protein-protein interac-
tions.

Genomic origin of the Ectocarpus miRNAs

Several mechanisms have been described for the generation
of new miRNA loci; these include: (i) duplication of exist-
ing miRNA loci (66), (ii) generation of miRNA loci from
duplicated copies of protein-coding genes (67,68), (iii) evo-
lution from transposable elements (17,69,70) and (iv) evo-
lution from the many hairpin regions scattered throughout
the genome (52,71,72). The near absence of miRNA fami-
lies and miRNA clusters in Ectocarpus suggests that dupli-
cation of miRNA loci has not been not a major mechanism
for the generation of new miRNA loci in this species. Simi-
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larly, comparison of the Ectocarpus pre-miRNA sequences
with transposon sequences using RepeatMasker and with
the Ectocarpus protein-coding genes using Blast did not de-
tect any evidence that the miRNAs were derived from the
latter features. By deduction, therefore, these analyses sug-
gest that hairpin regions in the genome may have been an
important source of new miRNA loci in this lineage. Hair-
pin regions within introns may have been favoured during
this process because they had the advantage of already be-
ing transcribed. Evolution of miRNA loci from genomic
hairpins is thought to have been an importantmechanismof
miRNA genesis in animals, and it has been suggested that
this mechanism, as opposed to recruitment of duplicated
fragments of future target genes, may have been favoured
by the low level of sequence similarity between animal miR-
NAs and their targets (15). It remains to be determined
whether this is also the case for Ectocarpus. The search car-
ried out in this study identified potential targets that shared
high similarity with the Ectocarpus miRNAs but further
analysis will be required to validate these potential target
genes.
The majority of the Ectocarpus miRNA loci are located

within protein-coding genes (75%). This contrasts with
the situation observed in land plants, where most (84%)
miRNA loci are located in intergenic regions (15) and is
more similar to that of several animals including humans
and Drosophila, where nearly half of the miRNA genes oc-
cur in introns (52,73). One of the factors that may explain
the observed distribution of EctocarpusmiRNA loci is that
protein coding genes, and particularly intron sequence, con-
stitute an exceptionally large proportion of the genome se-
quence in this species (16). Indeed, the EctocarpusmiRNAs
that occur within protein-coding genes were found princi-
pally located within introns, the only exceptions being three
miRNAs that were located in untranslated regions. All but
three of the miRNA loci that were located within protein
coding genes were transcribed from the same strand as the
host gene (Supplementary Table S2), indicating that the in-
tronic miRNAs could be co-transcribed as part of their host
genemRNA.However, no correlationwas detected between
the abundances of these miRNAs (RPM) and the abun-
dance of their host gene’s mRNA (FPKM) in the duplicate
male and female gametophyte samples (Spearman’s rank
correlation coefficient ρ = 0.0019, P-value = 0.98). Lack
of correlation between the abundances of intronic miRNAs
and their host gene mRNA transcripts has also been ob-
served in animal systems (74) (but see also (75)). When the
abundances of these two molecules are not correlated, this
may be either because their relative abundances are signifi-
cantly influenced by post-transcriptional processes affect-
ing the processing or stability of at least one of the two
types of molecule or because the two features are tran-
scribed independently (or a combination of these two phe-
nomena). Several studies have indicated that a significant
proportion of human intronic miRNAs possess their own
promoters, which could function independently of the host
gene promoter (e.g. (76,77)). It is possible that many of the
intronic Ectocarpus miRNAs are also transcribed indepen-
dently of the host gene. Note that, while the emergence of
new miRNA loci may be favoured in regions of the genome
that are already transcribed such as introns, subsequent ac-

quisition of an independent promoter would confer greater
flexibility of expression. In this respect it is interesting to
note that, in animals, evolutionarily old intronic miRNA
loci appear to be more likely to possess their own promoter
region than young intronic miRNA loci (76).
None of the intronic miRNAs were mirtrons. The in-

tron that contains miRNA esi-MIR11390 (intron 3 of gene
Esi0084 0039) is predicted to form a stem-loop that involves
the entire sequence of the intron but the miRNA/miRNA*
duplex is not located next to the splice site.

Evolutionary origins of the Ectocarpus miRNA loci

Comparisons of miRNA complements of diverse species
within both the land plant and animal lineages has shown
that these loci accumulate gradually over evolutionary time,
that their sequences are strongly conserved and that they are
rarely lost once acquired (40,41,78). Where loss of miRNA
loci has occurred, this can often be correlated with genome
reduction and phenotypic simplification, for example in lin-
eages that have adopted a parasitic life history (79). It has
recently been suggested thatmiRNA loss is amore common
phenomenon than previously reported (80) but this latter
study did not adequately take into account the widely ap-
preciated phenomenon of apparent loss of miRNA loci due
to the use of low coverage genome and/or small RNA se-
quence data, which can lead to considerable over-estimation
of the rate of miRNA loss during evolution (40,81,82). Cur-
rent evidence therefore indicates that a certain proportion
of miRNA loci are conserved over long periods of evolu-
tionary time. Based on this observation, we carried out a
search for homologues of the Ectocarpus miRNAs in other
stramenopile lineages.
At present, the Ectocarpus genome is the only complete

genome sequence available for the brown algae, but the
genomes of several other members of the stramenopile su-
pergroup have been sequenced. A search was carried out for
sequences homologous to the 64Ectocarpus pre-miRNA re-
gions in the genomes of two diatom species, Thalassiosira
pseudonana (36) and Phaeodactylum tricornutum (37) and
members of the Pelagophyceae (Aureococcus anophagef-
ferens) (38) and the Eustigmatophyceae (Nannochloropsis
oceanica) (39). The latter two classes are more closely re-
lated to the brown algae than the diatoms (83). Blastn
search results were analysed for matching regions that ex-
hibited at least partial conservation of the miRNA and/or
miRNA* sequences and could potentially encode RNAs
with hairpin structures, but no clear matches were found
in any of the four species analysed. Recent estimates indi-
cate that these four species of stramenopiles may all have
diverged from the brown algal lineage more than 400 Mya
(83). It is therefore possible that extensive divergence over
this length of evolutionary timemay have obscured homolo-
gies. However, given that subsets of both animal and land
plant miRNA loci have been strongly conserved over sim-
ilar periods of time (15,40,41,49), this is unlikely to have
been the case for all of the miRNA loci. Moreover, recent
extensive searches of three diatom genomes failed to find
any strong candidate miRNA loci, indicating that this stra-
menopile group does not possess a miRNA regulatory sys-
tem (21,22). Taken together, these observations suggest that
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the Ectocarpus miRNA loci have evolved since the brown
algal lineage diverged from that of the Eustigmatophyceae.
There is currently convincing evidence for the existence

of miRNA loci in six diverse eukaryotic groups: metazoans,
demosponges, slime molds, land plants, chlorophyte green
algae (Chlamydomonas) and brown algae (1,2,12–14,16,17).
Despite considerable conservation of miRNAs within lin-
eages, there are no well-supported cases of miRNA loci be-
ing shared between lineages, suggesting that miRNA sys-
tems have evolved independently in each lineage, presum-
ably from existing systems such as siRNAs. Interestingly,
almost all of the organisms that have been shown to possess
miRNAs exhibit some form of multicellularity (Chlamy-
domonas being an exception) and, conversely, the eukary-
otic groups that exhibit the highest levels of multicellular
complexity––animals, land plants and brown algae (3)––all
possess miRNA systems. This correlation between com-
plex multicellularity and the presence of regulatory systems
based on miRNAs has led several authors to suggest that
the latter may have played a key role in the evolution of the
former (4,5). This suggestion is supported by the fact that,
in animals at least, developmental complexity (estimated ei-
ther based on numbers of different cell types or by scoring
morphological characters) is approximately correlated with
the complexity of the miRNA component of the genome
(50,84,85). A similar correlation can be made across eu-
karyotic groups. We show here that the three eukaryotic
lineages that exhibit the highest levels of developmental
complexity–– animals, land plants and brown algae––also
have considerably more complex miRNA repertoires (at
least 60 miRNA loci) than less developmentally complex
organisms. For example, Drosophila, Arabidopsis and Ec-
tocarpus possess 110, 64 and 63 miRNA loci, respectively
((40,41) and this study). In contrast, organisms from lin-
eages with a lower level of developmentally complexity, such
as Amphimedon (eight miRNAs), Dictyostelium (11 miR-
NAs) and Chlamydomonas (10 miRNAs), have markedly
fewer miRNA loci (40,41).

Comparison of miRNA structural features across eukaryotic
lineages

If the miRNA systems of diverse eukaryotic lineages
evolved independently from a common, ancestral small-
RNA-based regulatory system (Table 2) then we would ex-
pect the different, extant miRNA systems to exhibit marked
differences due to their independent evolutionary histories.
To explore this prediction, structural features of the Ecto-
carpus miRNA loci were compared with those of miRNA
loci identified in other lineages. On average, the Ectocar-
pus miRNA foldbacks were longer than those of any of
the other eukaryotic lineages (170 nt) but were more sim-
ilar to the long foldbacks of land plant (e.g. Arabidop-
sis, 136 nt), green algal (Chlamydomonas, 140 nt) and
slime mold (Dictyostelium, 132 nt) miRNA loci than to
the markedly shorter foldbacks (∼82 nt) of eumetazoan
miRNA loci (Figure 4). Note that the foldbacks of the Am-
phimedon miRNA loci were significantly longer than those
of Drosophila or zebrafish, supporting an independent ori-
gin for the miRNAs in this lineage.

The majority of the Ectocarpus miRNAs were 21 nu-
cleotides in length (84.3%), the remaining ten loci produc-
ing miRNAs of 20 (one locus) or 22 nucleotides (Figure
4). Land plants, Chlamydomonas and Dictyostelium show a
similar preference for 21 nucleotide miRNAs, whereas an-
imal and demosponge miRNAs do not show this bias. As
expected, the size ranges ofmiRNA*s from different species
followed a similar pattern to that of themiRNAs (Figure 4).
The Ectocarpus miRNAs also showed an exceptionally

strong tendency to have a U residue at the first position
(92%) whereas this was considerably less marked for the
miRNA* sequences (36%). This bias was observed for all
miRNAs independent of whether they corresponded to the
5p or the 3p product. The preference for U at the first posi-
tion was variable across the other eukaryotic lineages (Fig-
ure 4). A strong bias was also observed for Chlamydomonas
(80%), land plant (e.g. 74% for Arabidopsis), demosponge
(75%) and animal (e.g. 73% forDrosophila and around 40%
for animals in general (86)) miRNAs, whereas no bias (22%)
was observed for Dictyostelium. None of these organisms
showed a bias for a particular residue at the first position
of the miRNA* (Figure 4). Note, however, that the lack of
a strong bias does not necessarily mean that the miRNA*
species are not selected as guide strands because different
argonaute proteins may have different sequence preferences
(87).
Analysis of the crystal structure of human Ago2 protein

bound to miRNA has indicated that a short loop within
the middle (MID) domain, called the nucleotide specificity
loop, is likely to play a key role in determining preference
for specific 5′ miRNA nucleotides (preference for U and A
over G and C). The Ectocarpus genome encodes one Arg-
onaute homologue (Esi0203 0032, Table 2), which is 39.8%
identical (66.2% similar) to humanAgo2. Residues involved
in non-specific binding of the 5′ miRNA nucleotide, such as
Ago2 Y529, Q545 and K570 are conserved in the Ectocar-
pus protein but the region corresponding to the nucleotide
specificity loop is highly divergent. Structural analysis of
AGO/miRNA complexes will therefore be required to de-
termine whether steric constraints imposed by the AGO
protein underlie the bias towards 5′ U residues in brown al-
gal miRNAs.
In Ectocarpus, there was a weak preference for the

miRNA to be located in the 3p rather than the 5p posi-
tion (66%). This was also the case for Dictyostelium (73%)
Drosophila (61%) and Chlamydomonas (60%), whereas
miRNAs tended to be evenly distributed between the two
positions in Arabidopsis (48%) and Amphimedon (50%).

When these various structural features are taken together,
the miRNA repertoires of each eukaryotic lineage exhibit
different ranges of characteristics, a pattern that is consis-
tent with eachmiRNAsystemhaving an independent evolu-
tionary origin. The Ectocarpus miRNA loci are more sim-
ilar to land plant miRNAs in terms of their structure but
resemble animal miRNA in other respects, such as their
strong tendency to be located within genes for example. We
also noted that the structures of animal miRNA loci are
quite distinct from those of miRNA loci from all the other
eukaryotic groups, in particular foldbacks are significantly
shorter. This unusual structure feature of animal miRNAs
may reflect a molecular constraint specific to that lineage,
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Figure 4. Structural characteristics of miRNA loci from different eukaryotic lineages. (a) Variation in foldback length, a and b indicate statistically different
size ranges (Kruskal–Wallis test, padj = 1.2e−10), (b) position of the miRNA (3p or 5p) on the hairpin, (c, d) miRNA and miRNA* size distributions,
(e, f) proportions of U, A, C and G at the first residue in miRNAs and miRNA*s from different lineages. The ranges of miRNA size (Kruskal-Wallis test,
padj = 2.2e−16), miRNA* size (Kruskal-Wallis test, padj = 2.2e−16) and preference for a uracil residue at position one of the miRNA (Fisher exact test,
P= 0.0002) were significantly different across species. Aqu, Amphimedon queenslandica (number of miRNAs = 8);Ath,Arabidopsis thaliana (n= 69);Cre,
Chlamydomonas reinhardtii (n = 10); Dre, Danio rerio (n = 166); Ddi, Dictyostelium discoideum (n = 11); Dme, Drosophila melanogaster (n = 110); Esp,
Ectocarpus sp. (n = 64); Ppa, Physcomitrella patens (n = 40).
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such as the involvement of a dual RNAseIII Drosha/Dicer
system in miRNA processing for example.
miRNA loci from different eukaryotic lineages also ex-

hibited differences in terms of their expression. For ex-
ample, on average, the miRNA product of an Ectocar-
pus miRNA locus was 446 times more abundant than the
miRNA* product, allowing the two products to be clearly
distinguished. Similar marked preferences for the miRNA
product were observed for Chlamydomonas and Arabidop-
sis miRNA loci (425x and 225x, respectively) but the situa-
tion was different inDictyostelium and inDrosophila, where
mean miRNA/miRNA* abundance ratios were only 18×
and 83×, respectively. The low ratio observed forDrosophila
is consistent with the observation that both miRNA and
miRNA* species have been shown to be involved in gene
regulation in this species (88).
Interestingly, the 65 weak candidate EctocarpusmiRNAs

shared a number of structural characteristics with the 64
genuine miRNAs, including a tendency to be located within
protein-coding genes (67%), a strong bias towards having a
U residue at the first position of the miRNA (95% for the
miRNA but only 30% for the miRNA*) and a strong bias
towards miRNAs that are 21 nucleotides in length (92%).
These observations support the hypothesis that the weak
candidate loci may represent evolving or nascent miRNA
loci (7,57,89,90).

Analysis of sRNA read mapping and application of a set of
strict criteria allowed us to demonstrate that a previously
identified set of 23 Ectocarpus loci that had been thought to
be sources of miRNAs are more probably siRNA sources.
However, the same analysis also allowed the identification
of a large number of previously undescribed miRNA loci
bringing the total number of well-supported miRNA loci in
Ectocarpus to 64. The identification of these new loci con-
siderably expands the size of the miRNA complement in
this organism and provides additional support for the pres-
ence of bone fidemiRNAs in the brown algae. The 64 Ecto-
carpus miRNA loci were classified into 63 families indicat-
ing an exceptionally high level of sequence diversity com-
pared with miRNA repertoires from other eukaryotic lin-
eages. The Ectocarpus miRNA loci exhibited a number of
other exceptional features including the long lengths of their
foldback loops, a very strong preference for a uracil at the
start of the miRNA and a very marked difference between
the abundances of the miRNA and the miRNA* species.
Ectocarpus miRNA loci share features with both animal

and plant miRNAs but are not homologous to themiRNAs
in these other lineages, consistent with the hypothesis that
miRNAs have evolved independently in each of these three
lineages. This hypothesis is further supported by the ab-
sence of homologues of Ectocarpus miRNAs in other stra-
menopile genomes, suggesting that the brown algal miRNA
repertoire evolved after the diversification of this eukaryotic
supergroup. Given the developmental complexity of some
brown algal species, the discovery of this large repertoire
of miRNA loci in Ectocarpus also reinforces the proposed
link between the acquisition of miRNAs and the emergence
of complex multicellularity (3–5). It is particularly striking

that the three eukaryotic lineages that exhibit the highest
levels of multicellularity complexity appear to possess sig-
nificantly more miRNAs than species from lineages that ex-
hibit less developmental complexity.
An important aim for the future will be to develop

methodologies to investigate the mechanism of biogene-
sis and to identify the cellular functions of the Ectocar-
pus miRNA loci. This study did not find any evidence for
differential expression of miRNA loci in males or females
or in the different generations of the life cycle. Additional
analyses will be required to determine whether these genes
are regulated in response to other stimuli or coincidentally
with other developmental events. Another important future
question concerns the evolutionary origins of these loci. Are
themiRNA loci conserved in other brown algal species?Did
their emergence in the stramenopile lineage predate the evo-
lution of complex multicellularity in this group? At present,
genome sampling within the stramenopiles is too sparse to
allow this type of question to be addressed, but this situa-
tion is likely to change rapidly in the coming years.
Finally, there is a danger that the proliferation, in re-

cent years, of poorly substantiated reports of miRNAs from
diverse eukaryotic species, often based on the application
of inappropriate methodologies, will obscure the deep evo-
lutionary history of these key regulatory molecules. We
demonstrate here the importance of combining deep sRNA
read data with stringent selection criteria and a reference
genome sequence for the unambiguous detection and val-
idation of miRNA loci. We hope that this study will con-
tribute towards the development of a generally adopted,
rigorous miRNA validation mechanism and thereby, in the
longer term, to an improved understanding of miRNA evo-
lution within the eukaryotic tree.

Following submission to miRBase, an additional family of
two members (esi-MIR11396a and esi-MIR11396b) was
identified based on similarity between hairpin sequences
bringing the number of miRNA families to 62.
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Discussion et perspectives 
 Les résultats de la prédiction réalisée avec miRDeep2 et les vérifications réalisées en Northern 

Blot ont permis de valider l’existence de soixante-trois miRNA chez Ectocarpus tout en invalidant une 

partie des prédictions obtenues lors de la première annotation du génome, qui correspondent plus 

probablement à des siRNA (short interfering RNA). 

 L’utilisation des données RNA-seq des sRNA, pour l’analyse de l’expression différentielle 

avec DESeq (Anders and Huber 2010) et EdgeR (Robinson et al. 2010) entre mâles et femelles chez 

les gamétophytes matures, n’a pas permis de détecter des miRNA différentiellement exprimés de 

manière significative. De même, entre sporophytes et gamétophytes, aucune évidence pour que des 

miRNA soient différentiellement exprimés n’a été trouvée. 

 La détection des cibles réalisée avec TAPIR s’est basée sur l’hypothèse que la complémentarité 

de séquence entre le miRNA et les mRNA cibles était élevée. L’analyse a permis de détecter cent 

soixante cibles potentielles dans le génome d’Ectocarpus, avec une partie des miRNA sans mRNA cible 

détecté (17), et certains miRNA possédant jusqu’à treize cibles. De manière intéressante, sept des cent 

soixante mRNA cibles identifiées étaient la cible de deux miRNA. L’analyse fonctionnelle réalisée sur 

les cibles a montré qu’un nombre important de processus cellulaires était ciblé par les différentes 

miRNA, avec une plus forte proportion de gènes impliqués dans des processus de régulation et de 

signalisation, de protéolyse, de fonction membranaire ou bien encore dans la défense. 

 Le peu d’homologie entre les miRNA d’Ectocarpus et les miRNA présentent chez les animaux 

et les plantes, tend à valider l’hypothèse que les miRNA ont évolué de manière indépendante dans ces 

différents clades. Cependant chez Ectocarpus, les mécanismes de biogenèse des miRNA restent encore 

à déterminer, de même que les fonctions cellulaires des différents miRNA détectés. 
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Conclusions générales et perspectives 
 Les différents processus d’amélioration au niveau structural et fonctionnel du génome 

d’Ectocarpus ont permis de fournir une amélioration significative de ce modèle des algues brunes. Ces 

différents travaux soulignent l’importance de maintenir et de faire évoluer de manière régulière 

l’annotation et la structure du génome afin de tenir compte de l’amélioration des connaissances dans 

de nombreux domaines, mais aussi dans l’évolution des technologies, afin de répondre aux demandes 

de chercheurs.  

 Les travaux réalisés sur Ectocarpus ont ainsi permis de fournir, cinq ans après la publication du 

génome, une deuxième version de l’assemblage du génome et de ses annotations. Au niveau du 

génome, ce dernier est désormais structuré en vingt-huit pseudo-chromosomes grâce à la carte 

génétique hautement résolutive, obtenue à partir de données RAD-seq. Pour l’annotation structurale 

des gènes, la nouvelle version apporte une très nette amélioration de la structure des gènes, 

principalement au niveau de la prédiction des UTR, mais aussi au niveau de la structure exonique des 

gènes, ainsi que la détection de nouveaux gènes. Une autre amélioration est la prédiction des isoformes 

associées à chaque gène, travail toujours en cours de réalisation. En plus d’une mise à jour de la 

structure des mRNA, la nouvelle version de l’annotation structurale comprend l’ajout des données sur 

différents ncRNA, en l’occurrence les snoRNA, miRNA et lncRNA. En effet, le développement des 

techniques de séquençage a permis de faciliter la découverte et la détection de ces différents types de 

ncRNA. Ainsi pour Ectocarpus, cela a permis de valider la présence de miRNA dans le génome et 

possiblement de siRNA, mais aussi la détection de lncRNA. Beaucoup cependant reste à faire afin 

d’étudier plus précisément les mécanismes de biogenèse et les fonctions biologiques de ces ncRNA, et 

les comparer aux données acquises avec celles d’autres espèces dans différents clades. 

Afin de prendre en compte les modifications dans la structure des gènes codants dans la 

deuxième version de l’annotation et l’augmentation des informations disponibles dans les différentes 

bases de données, l’annotation fonctionnelle a été actualisée. Cela a permis de mettre à disposition une 

annotation plus précise et plus complète et d’avoir une vue plus précise de la fonction d’une grande 

quantité des gènes. 

Finalement, cette amélioration globale des données génomiques et d’annotation du modèle 

Ectocarpus représente une base solide pour de futurs développements et de nouvelles analyses qui 
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permettront de poursuivre l’exploration de ce groupe phylogénétiquement original que sont les algues 

brunes. 
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Abstract: Sexual dimorphisms have been described in several groups of organisms, but while an important number of investigations have 
focused on animal and plant systems, much less is known about this phenomena in other eukaryotes. We review here the current know-
ledge on sexual dimorphisms in the brown algae, a group of multicellular eukaryotes that have been evolving separately from animals and 
plants for more than a billion years. We discuss the ecological implications of these sexual dimorphisms, describe recent studies aimed 
at understanding the molecular basis of sex-related differences, and highlight the advantages of the brown algae to study the evolution of 
sexual dimorphism in a broad evolutionary context.

Keywords: sex, seaweed, evolution, sex chromosomes, isogamy, anisogamy, gamete size

Introduction

Sexual dimorphisms, which can be defined as phenotypic 
differences between male and female individuals of the 
same species, have been described to various degrees in 
many different groups of eukaryotic organisms. In his book 
on sexual selection Darwin (1871) described many exam-
ples where females and males within a single animal spe-
cies differed dramatically in morphology, colouration, size, 
and behaviour. He proposed that gender-related differences 
evolved due to sexual selection resulting from variation in 
mating success among individuals. In recent years, there has 
also been a growing interest in plant sexual dimorphism (e.g. 
Delph et al. 2010, reviewed in Barrett & Hough 2013).

The aim of this short review is to discuss what is cur-
rently known about sexual dimorphism in brown algae, 
a group of multicellular eukaryotes that has evolved inde-
pendently from animals and plants for more than a billion 
years, and to explore the potential of this group as a source 
of alternative model systems to study this phenomenon. We 
discuss the sexually dimorphic traits that have been identi-
fied in brown algae and some of the ecological implications 
of these dimorphisms. We also look at recent work aimed at 
investigating the molecular basis of sex-related differences 
in this group.

The brown algae exhibit a broad range of differences 
between male and female gametes, including isogamous 

(gametes of the same size), anisogamous (where the female 
gamete is larger than the male gamete) and oogamous spe-
cies (where the female gamete is larger and non-motile). 
Classically, males and females are defined based on the rela-
tive size of the gametes they produce, females producing 
relatively few, large and usually non-motile gametes (eggs 
or ovules) and males producing many, small and often motile 
gametes (sperm or pollen). For the purpose of this review 
we will use the terms “male” and “female” as employed in 
the phycology literature, i.e. females are defined as either 
producing larger gametes or, in the case of morphologically 
isogamous species, producing gametes that quickly settle 
and release a pheromone to attract male gametes. Males are 
defined as producing smaller gametes or gametes that swim 
for longer, have an exploratory behaviour and respond to the 
female pheromone (Berthold 1881; Maier 1995). In this con-
text, the term “isogamy” relates strictly to the gamete size, 
and does not take into account the physiological and behav-
ioural differences that are consistently present in all brown 
algal “isogamous” lineages.

Dioicy is prevalent in the brown algae

Sexual dimorphism can only be expressed at the level of 
the whole thallus in species where males and females are 
separate individuals. Separate males and females can occur 
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either during the diploid or during the haploid phase of the 
life cycle, in which case the species is described as either 
dioecious or dioicous, respectively (see App. 1). A survey of 
representative species from all the main orders of the brown 
algae suggests that dioicy is the prevalent reproductive 
system in this phylogenetic group (Fig. 1). This situation 
contrasts markedly with that described for flowering plants, 
where only about 6% of species have separate sexes and 
this state is viewed as an evolutionary dead-end (Richards 
1986; Heilbuth et al. 2001). The rarity of dioecy in flowe -
ing plants may be related to the existence of widespread 
self-incompatibility systems in this group, as these systems  
allow species to be hermaphroditic without incurring prob-
lems related to inbreeding due to selfing. To date, there is 
little evidence for the existence of self-incompatibility sys-
tems in the brown algae (but see Gibson, 1994) and this 
may account at least in part for the observed difference 
in the frequency of dioicy. Other land plant groups also 
lack self-incompatibility, including for example gymno-
sperms, which are mostly monoecious but with a few line-
ages that include both monoecious and dioecious members 
(Givnish 1980). In mosses, more than half of the species 
are dioicous, the remainder being hermaphrodite (Wyatt & 
Anderson 1984).

Among gymnosperms, there is a strong correlation 
between the mode of reproduction (dioecy or monoecy) and 
the mode of pollen dispersal: monoecious species tend to be 
wind-dispersed and dioecious species to be animal-dispersed 
(Givnish 1980). Efforts have been made to identify simi-
lar factors that may influence or be related to reproduction 
mode in brown algae. Reproductive mode may indeed cor-
relate with ecological factors, such as position on the shore, 
e.g. dioecious Fucales are preferentially found on the middle 
shore and hermaphrodites higher up the shoreline (Vernet & 
Harper 1980). Interestingly, it has been noted that monoicy 
is occasionally accompanied by the loss of sexual reproduc-
tion, at least under laboratory conditions (Müller & Meel 
1982; Kuhlenkamp & Müller 1985).

Analysis of the distribution of sexual systems across the 
phylogenetic tree of the brown algae (Fig. 1) suggests that 
there have been several transitions between modes of repro-
duction during the evolution of this group. This conclusion is 
supported by several specific reports of transitions between 
dioicy/dioecy and monoicy/monoecy (Peters et al. 1997; 
Cánovas et al. 2011). The occurrence of sterile paraphyses 
in dioecious female Fucus was hypothesized to correspond 
to relics of the antheridium-bearing paraphyses (Billard et 
al. 2005), suggestive of a shift from monoecy to dioecy in 
this genus.

The prevalence of dioicy across the brown algal phylog-
eny suggests that this may have been the ancestral state for 
this group. A similar situation has been described for mosses, 
which are found to be extremely labile in their transitions 
between dioicy and hermaphroditism. Here, transitions to 
dioicy were found to occur at twice the rate of transitions to 

 
Fig. 1. Distribution of the sexual systems in the different brown algae lineages, based on the phylogenetic tree of Silberfeld et al. 
(2010). For simplicity, we use the terms monoicy/monoecy and dioicy/dioecy, although in some cases (some Fucus species for 
instance) the term hermaphroditism would be better adapted. The species used for this tree are the same as in Silberfeld et al. (2010) 
except for the following cases where species without known sexuality were replaced by closely related sexual species: Hincksia 
granulosa, Leathesia difformis, Asperococcus bullosus, Punctaria latifolia were replaced respectively by Feldmannia michelliae, 
Chordaria linearis, Dictyosiphon foeniculaceus, Striaria attenuata. Dashed lines were used for these species. Grey indicates lineages 
in which sexuality is unknown.

hermaphroditism at the genus level (McDaniel et al. 2013) 
and dioicy has also been proposed to be the ancestral state 
for this group (Wyatt 1982).

Traits distinguishing male and female sexes 
in dioicous and dioecious species of brown 
algae

Several sexually dimorphic traits have been described in 
brown algae (Table 1). These can be divided into two main 
classes: 1) differences between male and female gametes 
and 2) differences between the male and female gamete-
producing stage of the life cycle (the gametophyte generation 
in species with haploid-diploid life cycles, see Appendix 1). 
We will treat these two classes of trait separately.
Most sex-related traits that have been described for male 
and female gametes are related to either the different func-
tions of the two types of gamete or are a consequence of 
differences in gamete size. For example, during sexual 
reproduction in many brown algae, female gametes swim 
for only a short period of time before rapidly adhering to 
a substratum and starting to produce a sexual pheromone. 
The pheromone is detected by male gametes, which then 
swim towards and directly interact with the female gamete 
(Maier 1995). As a consequence of the different roles of the 
male and female gametes during this process, they exhibit 
marked sex-related differences in swimming behaviour, 
pheromone production, pheromone detection and cell-to-
cell interaction.

The various isogamous, anisogamous and oogamous 
brown algal species represent a broad range of sex-related 
differences in gamete size. These size differences, which 
are thought to have evolved as a consequence of the differ-
ent selection pressures on male and female gametes, also 
represent sexually dimorphic traits. Anisogamy and oog-
amy have arisen repeatedly across the eukaryotes and these 
systems are thought to have been derived from simpler 
isogamous mating systems in ancestral unicellular species 
(Parker et al. 1972; Kirk 2006). Somewhat surprisingly, it 
has also been proposed, based on phylogenetic reconstruc-
tion, that oogamy was the ancestral state in brown algae 
(Silberfeld et al. 2010). If this hypothesis is correct, it sug-
gests that it may be possible for oogamy to evolve towards 
isogamy, despite the fact that transitions from oogamy 
towards isogamy are difficult to explain from a theoretical 
point of view (Togashi et al. 2012). Note, however, in this 
context that two examples of anisogamy in the primitive 
fucalean species Notheia anomala and the primitive lami-
narialean species Akkesiphyus lubricus suggest that oog-
amy may have arisen within these two orders (Kawai 1986; 
Gibson & Clayton 1987).

Differences in gamete size in anisogamous and ooga-
mous brown algal species may influence other characteris-
tics. In particular gamete size is likely to be one of the factors 
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either during the diploid or during the haploid phase of the 
life cycle, in which case the species is described as either 
dioecious or dioicous, respectively (see App. 1). A survey of 
representative species from all the main orders of the brown 
algae suggests that dioicy is the prevalent reproductive 
system in this phylogenetic group (Fig. 1). This situation 
contrasts markedly with that described for flowering plants, 
where only about 6% of species have separate sexes and 
this state is viewed as an evolutionary dead-end (Richards 
1986; Heilbuth et al. 2001). The rarity of dioecy in flowe -
ing plants may be related to the existence of widespread 
self-incompatibility systems in this group, as these systems  
allow species to be hermaphroditic without incurring prob-
lems related to inbreeding due to selfing. To date, there is 
little evidence for the existence of self-incompatibility sys-
tems in the brown algae (but see Gibson, 1994) and this 
may account at least in part for the observed difference 
in the frequency of dioicy. Other land plant groups also 
lack self-incompatibility, including for example gymno-
sperms, which are mostly monoecious but with a few line-
ages that include both monoecious and dioecious members 
(Givnish 1980). In mosses, more than half of the species 
are dioicous, the remainder being hermaphrodite (Wyatt & 
Anderson 1984).

Among gymnosperms, there is a strong correlation 
between the mode of reproduction (dioecy or monoecy) and 
the mode of pollen dispersal: monoecious species tend to be 
wind-dispersed and dioecious species to be animal dispersed 
(Givnish 1980). Efforts have been made to identify simi-
lar factors that may influence or be related to reproduction 
mode in brown algae. Reproductive mode may indeed cor-
relate with ecological factors, such as position on the shore, 
e.g. dioecious Fucales are preferentially found on the middle 
shore and hermaphrodites higher up the shoreline (Vernet & 
Harper 1980). Interestingly, it has been noted that monoicy 
is occasionally accompanied by the loss of sexual reproduc-
tion, at least under laboratory conditions (Müller & Meel 
1982; Kuhlenkamp & Müller 1985).

Analysis of the distribution of sexual systems across the 
phylogenetic tree of the brown algae (Fig. 1) suggests that 
there have been several transitions between modes of repro-
duction during the evolution of this group. This conclusion is 
supported by several specific reports of transitions between 
dioicy/dioecy and monoicy/monoecy (Peters et al. 1997; 
Cánovas et al. 2011). The occurrence of sterile paraphyses 
in dioecious female Fucus was hypothesized to correspond 
to relics of the antheridium-bearing paraphyses (Billard et 
al. 2005), suggestive of a shift from monoecy to dioecy in 
this genus.

The prevalence of dioicy across the brown algal phylog-
eny suggests that this may have been the ancestral state for 
this group. A similar situation has been described for mosses, 
which are found to be extremely labile in their transitions 
between dioicy and hermaphroditism. Here, transitions to 
dioicy were found to occur at twice the rate of transitions to 

 
Fig. 1. Distribution of the sexual systems in the different brown algae lineages, based on the phylogenetic tree of Silberfeld et al. 
(2010). For simplicity, we use the terms monoicy/monoecy and dioicy/dioecy, although in some cases (some Fucus species for 
instance) the term hermaphroditism would be better adapted. The species used for this tree are the same as in Silberfeld et al. (2010) 
except for the following cases where species without known sexuality were replaced by closely related sexual species: Hincksia 
granulosa, Leathesia difformis, Asperococcus bullosus, Punctaria latifolia were replaced respectively by Feldmannia michelliae, 
Chordaria linearis, Dictyosiphon foeniculaceus, Striaria attenuata. Dashed lines were used for these species. Grey indicates lineages 
in which sexuality is unknown.
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that determines whether a gamete is capable of undergoing 
parthenogenesis should it fail to encounter a gamete of the 
opposite sex. In anisogamous and oogamous species this has 
led to differences between the parthenogenetic capacities of 
male and female gametes (Table 1). Usually both male and 
female gametes of isogamous brown algal species are capa-
ble of parthenogenesis whereas only the female gametes of 
anisogamous species are parthenogenetic (i.e. in the latter 
parthenogenesis is a sexually dimorphic trait). Exceptions 
to this trend do however exist, e.g. Desmarestia (Ramírez et 
al. 1986) or Phaeurus (Clayton & Wiencke 1990). Neither 
the male nor the female gametes undergo parthenogenesis in 
many oogamous species (especially in the Fucales), but there 
are notable exceptions in the Laminariales. Interestingly, 
flagella remnants have been observed in the egg cells of 
Laminaria angustata suggesting that the gametes of this 
species may be considered to represent an intermediate 
state between anisogamy and oogamy (Motomura & Sakai 
1988). One interesting possibility that would merit further 
investigation is that the flagella remnants may play a role in 
female parthenogenesis in these species by allowing the for-
mation of centrosomes in the unfertilised gamete. Overall, 
these trends suggest that gamete size influences partheno-
genetic capacity up to a point, but that in oogamous species 
the large female gamete is specialised for zygote produc-
tion and is no longer capable of initiating parthenogenetic 
development. Understanding the costs and benefits of these 
different reproductive strategies, particularly the incorpora-
tion of different degrees of parthenogenetic capacity in the 
sexual cycle, represents an interesting avenue for future 
research, both experimental and theoretical, and the brown 
algae would be a suitable group in which to study this pheno-
menon.

Microscopic dioicous gametophytes of species from 
the predominantly oogamous orders Laminariales, 
Desmares tiales, Sporochnales, and Tilopteridales usu-
ally show significant sexual dimorphism (Sauvageau 
1915; Schreiber 1932; Müller et al. 1985b). Male game-
tophytes are composed of small cells and produce many 
gametes, whereas female gametophytes are composed of 
large cells and produce only a single or a small number 
of oocytes (Table 1, Fig. 2; Destombe & Oppliger 2011). 
These marked morphological differences allow rapid sex-
ing of gametophyte clones in these groups. Exceptions to 
this general rule of relatively clear sexual dimorphism at 
the level of the gametophyte include the oogamous spe-
cies Phyllariopsis brevipes (Tilopteridales; Henry 1987a) 
and Pseudochorda nagaii (Laminariales; Kawai & Nabata 
1990) and the anisogamous species Akkesiphycus lubri
cus (Laminariales; Kawai, 1986), which have dioicous but 
monomorphic gametophytes (Table 1). In general, these 
three species have retained more ancestral characters, sug-
gesting that the dimorphism was acquired independently in 
the different groups. Male and female gametophytes can 
also exhibit differences in terms of the timing of sexual 

maturation. Male gametophytes of the kelp Alaria crassi
folia exhibit proterandry, antheridia of male gametophytes 
ripen after 4 days under favourable conditions, whereas 
females require 10 days (Nakahara & Nakamura, 1973). 
Interestingly, rather than releasing their gametes during 
the day in response to a light signal, oogamous species 
in the Laminariales, Desmares tiales, Sporochnales, and 
Tilopteridales release their eggs at night, which in turn 
induce the release of spermatozoids by producing phero-
mones (Table 1).

There have been no reports of sexual dimorphisms 
between male and female thalli of dioecious brown algal 
species (App. 1) such as the fucoids, but it may be necessary 
to carry out detailed morphometric analyses to verify that 
there are no subtle dimorphisms in these species.

Although future work may uncover additional sexu-
ally dimorphic traits in the brown algae, it is clear that 
neither brown algae nor land plants exhibit the complexity 
of sexual dimorphisms that have been observed in many 
animal groups. One of the hypotheses that have been put 
forward to explain the low level of sexual dimorphism in 
flowering plants is that because most dioecious lineages 
are relatively young, insufficient time has elapsed in order 
for marked sexual dimorphisms to have evolved in this 
group (Barrett & Hough 2013). This hypothesis is how-
ever unlikely to explain the low level of sexual dimorphism 
observed in brown algae (a least in terms of morphological 
complexity), as dioicy appears to be a relatively ancient 

Fig. 2. Male and female gametophytes of Laminaria digitata 
in a laboratory culture (micrograph courtesy of Christophe 
Destombe). Male and female gametophytes are indicated by 
male and female symbols, respectively. The spindle or barrel-
shaped single cells are diatoms.
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characteristic of this group (Fig. 1). An alternative expla-
nation may be derived from differences in the reproduc-
tive biology of algae and plants compared with animals. 
The former are immobile and interaction between the sexes 
is indirect. Most brown algae, for example, use broadcast 
spawning and the gametes meet and fuse in the seawater 
medium, without any further intervention of the gameto-
phyte from which they originate, (except in cases where 
gametophyte fragmentation occurs; Destombe & Oppliger 
2011). Reproductive success is assured by indirect meas-
ures such as releasing gametes at the optimal phase of the 
tide or by equipping gametes with efficient phototactic and 
pheromone systems (Maier 1995; Pearson 2006). The situ-
ation is similar for land plants, except that competition can 
occur between male gametes in species that receive pol-
len on a pistil (Pannell & Labouche 2013). In neither case, 
however, is there scope for the strong sexual selection that 
results from mate choice in motile animal species. In sup-
port of this hypothesis, it has been noted that among ani-
mals, and in particular invertebrate taxa, species that copu-
late generally exhibit significantly more marked levels of 
sexual dimorphism than species that broadcast their gam-
etes (Strathmann 1990; Levitan 1998). Note, however, that 
there is nonetheless scope for sexual selection in brown 
algae on traits of importance for mating such as increased 
motility of the male gametes and higher pheromone pro-
duction by the female gametes, even if there is no evidence 
of direct interaction between gametophytes.

Sex-dependent responses to environmental 
factors

In some cases, sexually dimorphic traits may be detect-
able only under specific, usually extreme, environmental 
conditions. It has been reported that abiotic factors can 
differentially influence the survival of male and female 
individuals, suggesting sex-dependent susceptibilities to 
the environment. Sex ratios can be modified by abiotic 
stresses such as salinity or temperature (Oppliger et al. 
2011). In kelps, egg production takes place over a nar-
rower range of conditions than antheridium production 
(Harries 1932), indicating different sensitivities of male
and female gametophytes. Following exposure to high 
temperatures in culture, Saccharina latissima and Lami-
naria digitata produced a higher proportion of males
(Cosson 1978; Lee & Brinkhuis 1988). Norton (1977) 
showed that female kelp gametophytes were more 
sensitive to extreme temperatures than male gameto-
phytes, and correlated this effect with the geographical 
extent of the region within which sexual reproduction 
occurred. The opposite trend was observed for Laminaria 
religiosa, extreme temperatures resulting in a decrease in 
the proportion of males (Funano 1983). More recently, 
Nelson (2005) demonstrated that high temperature and 

long days resulted in a sex ratio biased toward females 
in Lessonia variegata, suggesting, again, that males were 
less resistant to stressful conditions. Taken together, these 
results suggest that the effect of temperature on sex ratio 
in kelps is variable and species dependent. Other factors 
may also affect the sex ratio, for example male and female 
Saccorhiza polyschides gametophytes showed differential 
sensitivities to changes in salinity (Norton & South 1969).

It is also possible that males and females respond differ-
ently to biotic factors but the limited data currently avail-
able argue against such an effect. Male and female strains of 
Ectocarpus exhibit the same susceptibility to viral infections 
and no difference in resistance to the oomycete pathogen 
Eurychasma has been observed between the sexes (Claire 
Gachon, personal communication).

Ecology

In orders with equal numbers of monoicous and dioicous 
species, such as Desmares tiales and Sporochnales, species 
with smaller sporophytes and a shorter life span tend to be 
monoicous, whereas taxa with larger sporophytes and longer 
lifespan are dioicous (Peters et al. 1997). In these orders, 
monoicy, which allows selfing, is thus favoured in r-selected 
species, whereas K-selected environments favour dioicy and 
outbreeding. Fucus species adapted to more stressful envi-
ronments high on the shore are hermaphrodites that exhibit 
frequent inbreeding, in contrast to dioecious species with 
obligate outcrossing in more benign habitats (Billard et al. 
2010). In the Ectocarpales, however, where most species are 
small and follow the r strategy, only a minority of taxa with 
known sexuality are monoicous (e.g. 10% in Chordariaceae). 
Additional unknown factors may underlie other differences, 
suggested by the observation that there are no monoicous spe-
cies in the order Laminariales while monoicy is common in 
the orders Sporochnales, Desmares tiales, and Tilopteridales, 
which resemble kelps in many other aspects of their repro-
ductive biology.

Studies of sex ratios in meiotic offspring under standard 
culture conditions consistently indicate a similar proportion 
of males and females (Sauvageau 1918; Schreiber 1932; 
Cosson 1978), but relatively few reports are available about 
brown algal sex ratios in the field. In dioecious flowering
plants, females usually expend more resources in reproduc-
tion than males, and a recurrent pattern observed in this 
group is the presence of male-biased sex ratios in marginal 
populations experiencing higher levels of environmental 
stress (Delph 1999). In Lessonia (Laminariales), sex ratios 
were found to be favoured towards females in the limits of 
the distribution area (Oppliger et al. 2012). This deviation 
from a 1:1 ratio at the margins of the species range could 
be due either to differential mortality/sensitivity to tempera-
ture between sexes or to geographic variations in the degree 
of parthenogenesis (asexual reproduction), as females are 
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often parthenogenetic and males are not (Oppliger et al. 
2011). Female-biased sex ratios have also been reported for 
some natural populations of anisogamous species (Kitayama 
1992; Yamagishi & Kogame 1998), and again a correlation 
between female-bias and parthenogenesis has been put for-
ward as a possible explanation. Interestingly, a link between 
life cycle mode and sex ratio has been reported. Populations 
dominated by female Cutleria cylindrica individuals showed 
a direct type of life history (spores from unilocular sporangia 
give rise to new sporophytes, App. 1), whereas populations 
with a 1:1 sex ratio presented a heteromorphic, sexual life 
history, alternating between sporophyte and gametophyte 
generations (Yamagishi & Kogame 1998). There have also 
been occasional reports of isogamous species in which sin-
gle field sporophytes had exclusively female offspring (e.g. 
Müller 1979; Peters & Müller 1986; Peters et al. 1987). As 
both male and female gametes of these species are partheno-
genetic under laboratory conditions, it is unlikely that these 
populations result from female gamete parthenogenesis and 
further studies will be required to understand how such pop-
ulations arise.

Molecular mechanisms underlying sexual 
dimorphism in the brown algae

Sex has been shown to be determined genetically in 
Ectocarpus sp. (Müller 1967b) and heteromorphic sex chro-
mosomes have been reported in several kelp species (Evans 
1963; Yasui 1992). More recently, a putative sex-determining 
region has been identified in a hybrid of Laminaria japonica 
and Laminaria longissima (Yang et al. 2009). There is there-
fore accumulating evidence that sex is genetically determined 
in brown algae and, consequently sexual dimorphism is ulti-
mately under the control of a specific sex-determining region 
(SDR) of the genome (a sex locus or a sex chromosome). 
Note that, in plants, transitions to dioecy are correlated with 
the evolution of sex chromosomes that subsequently promote 
the appearance of sexually dimorphic traits (Rice 1984). 
Identification and characterisation of SDRs in brown algal 
species will not only provide important insights into the evo-
lution of sexuality and sexual dimorphism in this group but 
will also provide much needed molecular markers to discrim-
inate between male and female individuals.

Based on studies of sexually dimorphic animal and plant 
species (e.g. Zhang et al. 2004; Mank et al. 2007) it is likely 
that only a small set of the genes that determine the differ-
ences between sexes are located within the SDR (although 
these should include the master sex-determining gene), the 
majority of the downstream sex-related genes being scat-
tered throughout the genome (Ellegren & Parsch 2007). 
Therefore, whilst it will be important to characterise brown 
algal SDRs, it is also necessary to compare gene expression 
between the two sexes to fully understand the genetic basis 
of sexual dimorphism in this group. Two recent studies have 

carried out analyses of this type, comparing male and female 
individuals of Fucus (Martins et al. 2013) and male and 
female gametes of Ectocarpus (Lipinska et al. 2013). 
A general trend that has been found in both land plants 
and animals is that male sex-biased genes tend to be 
expressed more strongly than female sex-biased genes
(Zhang et al. 2004) and that this appears 
to be correlated with  male sex-biased genes being under 
stronger selection (exhibiting higher dN/dS ratios across 
species). This effect is thought to be due, at least in part, to 
widespread pleiotropy of female sex-biased genes (Ellegren 
& Parsch 2007; Mank et al. 2007). In Fucus vesiculosus, 
male sex-biased genes also exhibited greater expression bias 
than female sex-biased genes compared with the vegetative 
background, suggesting that similar processes may be oper-
ating in brown algae (Martins et al. 2013).

An analysis of sex-biased gene expression in Ectocarpus 
gametes carried out by Lipinska et al. (2013) showed more 
than 25% of genes were differentially expressed, which is 
surprising considering that this species has been reported to 
be isogamous. This study suggests that there may be con-
siderable differences between male and female gametes, 
even when the two are morphologically indistinguishable, 
and raises intriguing questions regarding our perception of 
sexual dimorphism.

Conclusions

A number of clear sexually dimorphic traits have been 
described in the brown algae, observed either during the 
gametophyte or the gamete stage of the life cycle. In some 
cases these differences between male and female individuals 
may be important with regard to the ecology of a species, 
particularly at the edges of its geographical range. Despite 
the prevalence and probable long history of dioicy, sexual 
dimorphism is for most of the brown algae not as marked as 
in animals, possibly because the reproductive strategies of 
brown algae afford relatively limited scope for sexual selec-
tion. Nonetheless, the brown algae represent an interesting 
group for future studies of sexual dimorphism particularly 
with regard to gamete phenotypes as this group exhib-
its a broad range of gamete dimorphism from isogamous, 
through anisogamous, to oogamous systems. Current work 
aimed at identifying sex-determining regions in brown algal 
genomes and at comparing the transcriptomes of male and 
female individuals is expected to provide new insights into 
the molecular systems that underlie sexual dimorphisms in 
these seaweeds.
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Appendix 1

Sexual dimorphism and brown algal life cycles

Brown algae exhibit a broad variety of life cycles, rang-
ing from isomorphic haploid-diploid life cycles, in which 
both gametophyte and sporophyte generations exhibit 
multicellular development, to diploid life cycles, where 
only the diploid generation of the life cycle is multicellu-

lar (reviewed in Coelho et al. 2007; Cock et al. 2013). The 
ancestral brown algal sexual life cycle was presumably 
haploid-diploid (Silberfeld et al. 2010). In the kelps, the 
gametophyte generation is reduced but nonetheless devel-
ops independently of the sporophyte, and the male and 
female gametophytes are easily distinguishable under the 
microscope (A). In the fucoids and Ascoseira, the game-
tophyte generation has been lost, resulting in a diploid life 
cycle, with dioecious or monoecious individuals (B and C,  
respectively). Variations in life cycle structure occur also 
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within orders, for example in the Ectocarpales, which includes 
species with isomorphic haploid-diploid life cycles (in the 
Acinetosporaceae), species with slightly heteromorphic life 
cycles (such as Ectocarpus, depicted in D) and species with 
strongly heteromorphic haploid-diploid life cycles, with 
either the gametophyte (Chordariaceae, Adenocystaceae) or 
the sporophyte (Scytosiphonaceae) generation being micro-
scopic (E represents an example of the latter). (F) Monoicous 
brown alga with a haploid-diploid life cycle (e.g. Chordaria 
linearis). In the figure, shaded squares represent the life cycle 
stages where sexual dimorphism may occur. In (D), hetero
blasty refers to the development of partheno-sporophytes 
directly from meio-spores. M, male; F, female.

Appendix 2

Brown algae sexual systems

Brown algae exhibit a diverse range of different life cycles 
(Appendix 1) and this has important consequences for their 
sexual systems. For example, sexuality is expressed during 
the diploid phase in organisms with diploid life cycles such 
as the fucoids, whereas it is the haploid gametophyte genera-
tion that exhibits sexuality in algae such as Ectocarpus that 
have haploid-diploid life cycles (Appendix 1). Separate male 
and female organisms can occur in both systems but the evo-
lutionary pathways that lead to separate sexes in each case 
may be very different and it is therefore important to use a 
nomenclature that distinguishes the two systems. The terms 
monoecy and dioecy are used to distinguish between species 
in which the diploid phase produces either both male and 
female gametes, on the one hand, or either male or female 
gametes (i.e. separate sexes), on the other. When these char-
acteristics are observed in the haploid gametophyte genera-
tion, the terms monoicy and dioicy are used, respectively. 
One example of how the selection pressures that lead to the 
evolution of these different systems may differ is the fol-
lowing: whilst dioecy might evolve from monoecy to limit 
inbreeding (due, in the latter, to the fertilisation of female 
gametes by male gametes produced by the same organism), 
this is unlikely to be the case for dioicy because deleterious 
mutations should be efficiently purged during the extensive 
haploid phase of the life cycle. Similarly, genetic sex deter-
mination is expected to operate differently, with XX/XY or 
ZZ/ZW systems occurring in dioecious species but so-called 
U/V systems (Bachtrog et al. 2011) occurring in dioicous 
species.

Acknowledgements: This work was supported by the Centre 
National de la Recherche Scientifique, the Agence Nationale de la 
Recherche (Project Sexseaweed), the University Pierre and Marie Curie 
Emergence program, the Interreg program France (Channel)-England 

(project Marinexus). The funding bodies had no role in study design, 
data collection and analysis, decision to publish, or preparation of the 
manuscript. The authors wish to thank Nicolas Perrin, Myriam Valero 
and Christophe Destombe, for helpful comments on the manuscript. 
Christophe Destombe kindly provided the photograph in Figure 2.

Glossary

Dioicous: male and female sexual structures carried sepa-
rately on male and female individuals during the haploid 
phase of the life cycle.

Dioecious: male and female sexual structures carried sepa-
rately on male and female individuals during the diploid 
phase of the life cycle.

dN/dS: ratio of the number of non-synonymous substitutions 
per non-synonymous site (dN) to the number of synony-
mous substitutions per synonymous site (dS), which can 
be used as an indicator of selective pressure acting on a 
protein-coding gene.

Monoicous: separate male and female reproductive struc-
tures on the same individual during the haploid phase of 
the life cycle.

Hermaphrodite: possessing reproductive structures that con-
tain both male and female sexual organs.

Heteroblasty: the potential of zoids to adopt different fates.
Monoecious: separate male and female reproductive struc-

tures on the same individual during the diploid phase of 
the life cycle.

Parthenogenesis: development of a sporophyte or gameto-
phyte from a non-fertilized gamete. The term partheno-
genesis is classically associated with female gametes, but 
parthenogenesis of male gametes is common in morpho-
logically isogamous species and male gametes of ani-
sogamous and oogamous species may also occasionally 
undergo parthenogenesis.

Pleiotropy: the influence that a single gene has on multiple 
traits.

Proterandry: release of male gametes before the release of 
female gametes.
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Annexe 2 : Pedigree d’une partie des souches d’Ectocarpus 

 

 

Figure S1 : Pedigree d’une partie des souches d’Ectocarpus. En bleu, les souches mâles et en rose, les souches 

femelles présentées dans ce manuscrit. 
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Annexe 3 : Liste des formations reçus 

PERL : fundament, regular expression, references 
and BioPERL 

Station Biologique de 
Roscoff 

2,5 jours – 25 au 27 Juin 2013 

European Course on Comparative Genomics ENS Lyon 
11 jours – 21 Janvier au 1 

février 2013 
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Annexe 4 : Liste des formations données 

Formation ABiMS - Initation cluster Station Biologique de Roscoff 
16 Juin 2015 - 

6 heures 

Licence 1 : Parcours Microbiologie et Sécurité des 
Aliments – Introduction à la Bioinformatique : cas 
pratique de la plateforme ABiMS. 

Ecole Supérieure d’Ingénieurs en 
Agroalimentaire de Bretagne 

Atlantique, Brest 

21 Janvier 2015 
– 1 heure 30 

Ecole de bioinformatique - Initiation au traitement des 
données de génomique obtenuespar séquençage à haut 
débit 

Station Biologique de Roscoff 
5 au 10 

Octobre 2014 - 
~ 20heures 

Formation ABiMS – Galaxy RNA-seq avec référence Station Biologique de Roscoff 
12 Juin 2014 – 

4 heures 

Formation ABiMS - Initation cluster Station Biologique de Roscoff 
15 Mai 2014 – 

6h 

Formation ABiMS - Initation cluster Station Biologique de Roscoff 
8 Mars 2014 - 

6h 

Licence 1 : Parcours Microbiologie et Sécurité des 
Aliments – Introduction à la Bioinformatique : cas 
pratique de la plateforme ABiMS 

Ecole Supérieure d’Ingénieurs en 
Agroalimentaire de Bretagne 

Atlantique, Brest 

21 Janvier 2014 
– 1 heure 30 

Ecole de bioinformatique - Initiation au traitement des 
données de génomique obtenues par séquençage à haut 
débit 

Station Biologique de Roscoff 

17 au 23 
Novembre 
2013 - ~30 

heures 

Formation Licence LBM1 – Architecture des 
ordinateurs 

Station Biologique de Roscoff 
17 Octobre 

2013 – 3 heures 

Formation ABiMS – Galaxy RNA-seq avec référence Station Biologique de Roscoff 
19 Septembre 

2013 – 4 heures 

Formation ABiMS - Initation cluster Station Biologique de Roscoff 
16 Septembre 

2013 – 4 heures 

Formation ABiMS - Initation cluster Station Biologique de Roscoff 
9 Juillet 2013 – 

4 heures 

Ecole de bioinformatique - Initiation au traitement des 
données de génomique obtenues par séquençage à haut 
débit 

Station Biologique de Roscoff 
14 au 18 Janvier 

2013 - ~10 
heures 

Formation Licence LBM1 – Architecture des 
ordinateurs 

Station Biologique de Roscoff 
20 Septembre 

2012 – 3 heures 
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Annexe 5 : Liste des participations aux congrès 

JOBIM 2015 
Clermont-

Ferrand 
Communication 

orale 
6 au 9 Juillet 2015 

6 th annual meeting of the EFOR 
network 

Paris 
Communication 

orale 
9 au 11 Mars 

2015 

Journées de la Société Phycologique de 
France 

Roscoff Poster 
16 au 18 décembre 

2013 

JOBIM 2013 Toulouse Poster 1 au 4 juillet 2013 

JOBIM 2012 Rennes Poster 3 au 6 juillet 2012 

Esil 2012 Roscoff Poster 23 au 25 avril 2012 
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