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Résumé (French)

Mots clés: Silene latifolia, chromosomes sexuels, RNA-seq, BACs, gènes liés au sexe, com-

pensation de dosage, perte de gènes Y, expression biaisée pour le sexe.

Malgré leur importance dans le déterminisme du sexe chez de nombreux organismes,

les chromosomes sexuels ont été étudiés chez quelques espèces seulement du fait du

manque de séquences disponibles. En effet, le séquençage et l’assemblage des chro-

mosomes sexuels est rendu très difficile par leurs abondantes séquences répétées. Du-

rant cette thèse, une méthode probabiliste a été développée pour inférer les gènes liés

au sexe à partir de données RNA-seq chez une famille. Des tests de cette méthode ap-

pelée SEX-DETector sur des données réelles et simulées suggèrent qu’elle fonctionnera

sur une grande variété de systèmes. La méthode a inféré ∼1300 gènes liés au sexe chez Si-

lene latifolia, une plante dioïque qui possède des chromosomes sexuels XY pour lesquels

quelques données de séquences sont disponibles (dont certaines obtenues lors de cette

thèse par séquençage de BACs). Les gènes du Y sont moins exprimés que ceux du X chez

S. latifolia, mais le statut de la compensation de dosage (un mécanisme qui corrige la

sous-expression des gènes liés au sexe chez les mâles) est encore controversé. L’analyse

des nouveaux gènes liés au sexe inférés par SEX-DETector a permis de confirmer la com-

pensation de dosage chez S. latifolia, qui est effectuée par la surexpression du X maternel,

possiblement via un mécanisme épigénétique d’empreinte. Les données ont également

été utilisées pour étudier l’évolution de l’expression biaisée pour le sexe chez S. latifolia

et ont révélé que la majorité des changements de niveaux d’expression ont eu lieu chez

les femelles. Les implications de nos résultats concernant l’évolution de la dioécie et des

chromosomes sexuels sont discutés.
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Abstract

Key words: Silene latifolia, sex chromosomes, RNA-seq, BACs, sex-linked genes, dosage

compensation, Y gene loss, sex-biased expression.

In many organisms, sexes are determined by sex chromosomes. However, studies have

been greatly limited by the paucity of sex chromosome sequences. Indeed, sequencing

and assembling sex chromosomes are very challenging due to the large quantity of repet-

itive DNA that these chromosomes comprise. In this PhD, a probabilistic method was

developed to infer sex-linked genes from RNA-seq data of a family (parents and progeny

of each sex). The method, called SEX-DETector, was tested on simulated and real data

and should perform well on a wide variety of sex chomosome systems. This new method

was applied to Silene latifolia, a dioecious plant with XY system, for which partial se-

quence data on sex chromosomes are available (some of which obtained during this PhD

by BAC sequencing), SEX-DETector returned ∼1300 sex-linked genes. In S. latifolia, Y

genes are less expressed than their X counterparts. Dosage compensation (a mechanism

that corrects for reduced dosage due to Y degeneration in males) was previously tested in

S. latifolia, but different studies returned conflicting results. The analysis of the new set

of sex-linked genes confirmed the existence of dosage compensation in S. latifolia, which

seems to be achieved by the hyperexpression of the maternal X chromosome in males. An

imprinting mechanism might underlie dosage compensation in that species. The RNA-

seq data were also used to study the evolution of differential expression among sexes in S.

latifolia, and revealed that in this species most changes have affected the female sex. The

implications of our results for the evolution of dioecy and sex chromosomes in plants are

discussed.
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Résumé détaillé (French)

Évolution des systèmes de reproduction chez les plantes
Les plantes ont des systèmes de reproduction extrêmement variés, pouvant aller de l’au-

tofécondation presque totale (où un même individu, à la fois mâle et femelle, féconde

ses propre ovules avec son pollen, comme par exemple chez Arabidopsis thaliana) à une

allofécondation totale (où des individus différents se fécondent les uns les autres, c’est

le cas des plantes dioïques qui présentent des individus mâles et des individus femelles,

comme par exemple Silene latifolia, le compagnon blanc). Les plantes peuvent aussi

présenter des systèmes dits mixtes, où à la fois autofécondation et allofécondation exis-

tent chez des individus hermaphrodites d’une même espèce. De nombreux mécanismes

favorisant soit autofécondation soit allofécondation ont évolué chez les plantes. La cléis-

togamie est un processus au cours duquel les fleurs restent closes à maturité, et seule une

autofécondation est possible, comme par exemple chez la violette à l’automne, ce qui

permettrait une assurance reproductive. Certaines plantes présentent de l’hétérostylie,

un système dans lequel une même espèce possède des morphes de fleurs différents (styles

longs et étamines courtes et inversement), chaque individu ne possède qu’un type de

morphe floral, ce qui empêche l’autofécondation car seuls des morphes différents peu-

vent se féconder, c’est le cas, par exemple, des primevères. Chez les plantes auto-in-

compatibles il existe un mécanisme génétique de reconnaissance et de rejet du pollen

portant des allèles identiques aux allèles du pistil, empêchant l’autofécondation. Les

plantes gynodioïques possèdent des individus hermaphrodites et des individus femelles

au sein d’une même espèce (comme par exemple chez Silene vulgaris, la silène enflée).

L’allofécondation est obligatoire pour les femelles des espèces gynodioïques. De la même

façon, l’allofécondation est obligatoire pour les mâles des espèces androdioïques, où

mâles et hermaphrodites cohabitent. Les plantes sont également capables de reproduc-

tion asexuée.

Il est admis que le système de reproduction ancestral des angiospermes est l’herma-

phrodisme, et différentes voies évolutives existent entre les systèmes de reproduction.

Une plante hermaphrodite allogame peut évoluer vers l’autogamie si le coût de la dé-

pression de consanguinité (dû à l’exposition des mutations récessives délétères chez les

autogames suite à leur homozygotie) est inférieur aux avantages directs de l’autogamie

(assurance reproductive, pouvoir colonisateur et avantage de transmission des gènes par

rapport à l’allogamie: une autogame transmet ses gènes via ses ovules, son pollen autofé-
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condant et son pollen allofécondant, alors qu’une allogame ne transmet ses gènes que via

ses ovules et son pollen allofécondant). La dioécie peut évoluer depuis l’hermaphrodisme

via la gynodioécie ou la monoécie, et la dioécie elle-même peut évoluer en androdioécie

(Figure 1).

Figure 1: Transitions entre systèmes de reproduction chez les plantes (tiré de Barrett, 2002).

Conséquences génomiques des systèmes de reproduction chez les plantes
Les systèmes de reproduction déterminent comment le matériel génétique est trans-

mis d’une génération à l’autre et influencent par là même l’évolution des génomes des

plantes (comme expliqué dans le Chapitre 1). J’ai étudié, lors de l’un de mes stages de

Master sous la direction de Sylvain Glémin, l’effet de l’autogamie sur l’évolution génomi-

que des angiospermes, un travail que j’ai poursuivi en thèse et qui a abouti à une publica-

tion dans Journal of Evolutionary Biology (Appendix A). Les théories évolutives prédisent

que la sélection est moins efficace chez les autogames par rapport aux allogames. En ef-

fet, chez les plantes autogames le génome est à l’état homozygote ce qui diminue la taille

efficace par deux car, à chaque génération, un allèle est automatiquement transmis avec

son allèle identique et le processus de coalescence revient à piocher des individus et non

pas des allèles, même si l’on a affaire à des espèces diploïdes. La taille efficace est égale-

ment diminuée suite à des phénomènes d’entraînement qui sont la cause de l’absence
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de recombinaison (même si la recombinaison a physiquement lieu chez les autogames,

elle est sans effet car elle a lieu entre des régions homozygotes et donc identiques géné-

tiquement et ne peut pas casser la liaison entre les allèles des différents gènes d’une ré-

gion génomique). Cette diminution de la taille efficace entraîne une augmentation de

l’intensité de la dérive génétique et diminue l’efficacité de la sélection. On s’attend donc à

ce que les plantes autogames accumulent plus de mutations délétères que les allogames.

Nous n’avons pas pu observer cela chez les angiospermes que nous avons étudiées, peut-

être parce que l’autogamie est trop récente pour permettre la détection d’une accumula-

tion de mutations délétères, ou alors parce que la plupart des mutations sont plutôt très

délétères et donc efficacement éliminées par la sélection, même chez les plantes auto-

games.

La conversion génique biaisée vers GC (BGC) est un mécanisme ayant lieu lors de la re-

combinaison, qui provoque préférentiellement le remplacement des allèles A ou T par

des allèles C ou G. Lors d’un stage de Master sous la direction de Sylvain Glémin, j’ai pu

mettre en évidence de la BGC chez le riz, un travail publié dans Molecular Biology and

Evolution (Appendix C). Étant donné que la recombinaison n’est pas efficace chez les au-

togames, on s’attend à ce que la BGC soit moins forte chez les autogames que chez les

allogames, mais les données de séquences actuelles n’ont pas encore permis de vérifier

clairement cet attendu théorique.

La dioécie est un mode de reproduction plutôt rare chez les angiospermes (environ 5%),

et les études phylogénétiques suggèrent qu’elle est souvent d’origine évolutive récente.

Une étude de comparaison de richesse en espèces entre clades dioïques et non dioïques

a mené les auteurs à faire l’hypothèse que la dioécie serait une impasse évolutive (Heil-

buth, 2000). Cependant cette hypothèse a été contredite par des résultats de l’équipe de

Gabriel Marais qui suggèrent que les plantes dioïques diversifient plus que les plantes

non dioïques (Käfer et al., 2014).

Chez les plantes dioïques, le sexe des individus peut être déterminé par des chromo-

somes sexuels qui sont une paire particulière de chromosomes possédant un matériel

génétique différent l’un de l’autre et ne recombinant pas.

Évolution des chromosomes sexuels chez les plantes
Comme expliqué dans le chapitre 2, il existe trois types de chromosomes sexuels: femelle

hétérogamétiques (les femelles sont ZW et les mâles ZZ), mâle hétérogamétiques (les

mâles sont XY et les femelles XX) et haplo-diploïdes (sporophytes UV, femelles gamé-

tophytes U et mâles gamétophytes V).

Il existe des régions spécifiques au sexe mâle sur les chromosomes Y, spécifiques au sexe

femelle sur les chromosomes W et spécifiques à chaque sexe sur les chromosomes U

et V. Ces régions spécifiques au sexe ne recombinent pas avec leurs homologues X, Z

ou U/V, alors que les chromosomes X recombinent entre eux chez les femelles et les

chromosomes Z chez les mâles. Les chromosomes X/Y, Z/W et U/V recombinent entre
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eux en dehors des régions spécifiques au sexe, c’est-à-dire au niveau des régions pseu-

doautosomales, vestige du fait que les chromosomes sexuels étaient au départ une paire

d’autosomes ordinaires. L’absence de recombinaison des régions spécifiques au sexe en-

traîne leur dégénérescence génétique car les allèles sont transmis en blocs et la sélection

agit sur des groupes de liaison au lieu d’agir sur des allèles (effets Hill-Robertson).

Cette dégénérescence s’observe à différents niveaux de l’évolution des chromosomes

sexuels comme par exemple la perte de gènes sur les régions spécifiques au sexe des

chromosomes Y, W, U et V, ainsi que la diminution du niveau d’expression des gènes en

comparaison aux chromosomes X et Z ou en comparaison aux autosomes. Cette diminu-

tion du niveau d’expression et cette perte de gène entraînent des inégalités entre sexe au

niveau de la quantité de transcrits et protéines produits, avec le sexe hétérogamétique

(XY et ZW) qui a moins d’expression que le sexe homogamétique (XX et ZZ). Un mécan-

isme appelé la compensation de dosage a évolué chez certaines espèces et permet de

rétablir des niveaux d’expression similaires entre mâles et femelles, mais surtout simi-

laires à l’expression ancestrale des chromosomes sexuels, lorsqu’ils étaient encore une

paire d’autosomes.

Jusqu’à peu la compensation de dosage n’était connue que chez certains animaux (mam-

mifères, drosophiles, C. elegans et quelques autres). L’existence de la compensation de

dosage chez la plante Silene latifolia, qui possède des chromosomes sexuels XY, est con-

troversée. Lors de mon stage de Master sous la direction de Gabriel Marais, et en collabo-

ration avec l’équipe d’Alex Widmer à Zurich, j’ai pu mettre en évidence de la compensa-

tion de dosage chez S. latifolia, avec l’expression du X unique des mâles qui augmentait

lorsque l’expression du Y diminuait du fait de la dégénerescence, ce qui permettait de

maintenir des niveaux d’expression similaires entre mâles et femelles. Ce travail a été

publié dans Plos Biology (Appendix B). Cependant d’autres travaux qui se sont focalisés

sur les gènes X-hémizygotes (les gènes pour lesquels la copie Y a été perdue) n’ont pas

observé de compensation de dosage chez S. latifolia (Bergero et al., 2015; Chibalina and

Filatov, 2011), contrairement à mes travaux de Master qui se focalisaient sur les gènes

ayant conservé une copie Y transcrite. L’un des objectifs de ma thèse était de clarifier

cette controverse.

Un autre objectif de ma thèse était d’étudier la perte de gènes Y chez S. latifolia, ce qui

aurait permis de tester si, conformément à l’attendu théorique, les chromosomes Y de

plantes perdent moins rapidement leurs gènes que les animaux. En effet, une grande

partie du génome est exprimée dans les grains de pollen (contrairement aux sperma-

tozoïdes), ce qui rendrait la sélection plus efficace pour limiter la perte de gènes Y, du

moins pour les gènes Y exprimés dans le pollen. Conformément à cet attendu théorique

des travaux ont montré que les gènes Y exprimés dans le pollen accumulent moins de

mutations délétères que les autres gènes Y (Chibalina and Filatov, 2011), et le pourcent-

age de gènes perdus chez S. latifolia est faible compte tenu de l’âge du système (∼14.5%

Bergero and Charlesworth, 2011; Bergero et al., 2015). Cependant aucune comparaison



xvii

formelle aux systèmes animaux n’a été menée.

Afin de réaliser ces études il était nécessaire de disposer de séquences liées au sexe, c’est

à dire localisées sur les régions qui ne recombinent pas entre le X et le Y.

Obtention de séquences de gènes liés au sexe
Le séquençage et l’assemblage des régions non-recombinantes des chromosomes sex-

uels sont rendus très difficiles par leurs abondantes séquences répétées. Une solution

est de recourir à une carte physique et de séquencer des clones de chromosomes artifi-

ciels bactériens (BACs). Nous l’avons appliquée à S. latifolia sur une petite portion des

chromosomes X et Y, en collaboration avec les équipes de Roman Hobza et Alex Widmer,

ce qui a permis d’identifier de façon fiable de nouveaux gènes liés au sexe (Chapitre 3).

Nous avons pu estimer un pourcentage de perte de gène sur le Y en combinant les don-

nées BACs aux données RNA-seq déjà disponibles chez S. latifolia. Bien que nos don-

nées étaient insuffisantes, elles suggèrent que l’estimation de la perte de gènes sur le Y

uniquement à l’aide de données RNA-seq est biaisée et sous-estimée. Malheureusement

la stratégie reposant sur le séquençage de BACs est laborieuse et extrêmement coûteuse

et nous avons par la suite favorisé d’autres approches.

D’autres méthodes ont été développées pour les espèces non modèles qui sont moins

coûteuses et reposent sur le séquençage d’un génome mâle et d’un génome femelle,

cependant ces méthodes requièrent que le génome soit facilement assemblable et que

les chromosomes sexuels soient très divergents. D’autres méthodes reposent sur le sé-

quençage d’un génome et la réalisation d’une carte génétique pour identifier les régions

liées au sexe, mais encore une fois cela requiert un génome bien assemblé. Une solution

pour s’affranchir du problème des régions répétées est d’analyser des données de RNA-

seq au lieu de DNA-seq, de cette façon on a également directement accès aux gènes et

à leur niveau d’expression dans le(s) tissus échantillonné(s). Cette stratégie a fait ses

preuves avec le séquençages de croisements par RNA-seq (parents et descendants de

chaque sexe), cependant la méthodologie appliquée dans les précédentes études repo-

sait sur des filtres empiriques et limitait l’application de cette stratégie à d’autres jeux

de données et d’autres espèces (Bergero and Charlesworth, 2011; Chibalina and Filatov,

2011). L’un des buts de ma thèse était donc de développer une méthode reposant sur un

modèle probabiliste qui inférerait les gènes liés au sexe, à partir de données RNA-seq sur

un croisement et qui fonctionnerait sur tous les types de chromosomes sexuels (XY, ZW,

UV), quelque soit l’espèce ou le jeu de donnée.

Cette méthode s’appelle SEX-DETector (Chapitre 4), je l’ai développée avec l’aide de Ga-

briel Marais, Franck Picard et Sylvain Mousset au LBBE à Lyon et l’équipe d’Alex Widmer

à Zurich nous a fourni les données de séquences pour tester la méthode. Elle repose

sur un modèle probabiliste de transmission des allèles des parents aux descendants et

intègre des paramètres de taille des chromosomes sexuels, niveau de dégénérescence,

composition en base de l’espèce, niveau d’hétérozygotie et erreurs de génotypage qui

sont notamment plus fréquentes sur les allèles Y et W du fait de leur faible expression. Ce
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qui permet à la méthode de s’adapter à toute espèce et type de chromosomes sexuels. Un

modèle a également été développé pour le système UV. La méthode a été testée sur des

données de séquences réelles et simulées et donne de meilleurs résultats que les précé-

dentes méthodes empiriques, notamment grâce au modèle probabiliste qui permet de

calculer pour chaque gène une probabilité d’être lié au sexe et de filtrer sur cette proba-

bilité, plutôt que d’utiliser des filtres arbitraires.

J’ai analysé un jeu de donnée RNA-seq sur un croisement de S. latifolia fourni par l’équipe

d’Alex Widmer à Zurich, ce qui m’a permis d’inférer environ 1300 gènes liés au sexe chez

cette espèce. Ces inférences ont été utilisées par la suite pour des analyses biologiques.

Box 0.1 : Matériel et Méthode de la thèse

Durant ma thèse j’ai fait du développement méthodologique (écriture d’un modèle proba-
biliste et d’un programme), des analyses de données en bioinformatiques (principalement
de séquences RNA-seq ce qui a impliqué de l’assemblage de novo, du mapping, du génoty-
page et des analyses de niveaux d’expression), et des analyses évolutives et statistiques.
J’ai par ailleurs fait du terrain pour échantillonner des individus de Silene acaulis, une plante
dioïque alpine, dans le but d’étudier la présence de chromosomes sexuels chez cette espèce.
J’ai également fait des cultures de silènes en serre à partir de graines échantillonnées par
l’équipe de Gabriel Marais sur le terrain ou envoyées par des collègues européens. J’ai pré-
paré les échantillons pour le séquençage RNA-seq de ces plantes pour constituer un jeu de
donnée permettant de comparer des silènes ayant des systèmes de reproduction contrastés.

Évolution de la compensation de dosage chez Silene latifolia
Grâce au nouveau jeu de donnée dont je disposais chez S. latifolia j’ai pu étudier d’avan-

tage la question de la compensation de dosage chez cette espèce pour tenter d’expliquer

les différentes conclusions auxquelles les précédentes études étaient arrivées (Chapitre

5). Je disposais d’inférences de gènes X/Y et de gènes X-hémizygotes avec leurs niveaux

d’expression pour les copies X dans chaque sexe et Y chez les mâles, ainsi que des niveaux

d’expression chez une espèce proche sans chromosomes sexuels, Silene vulgaris, ce qui

donnait une estimation du niveau d’expression ancestral des chromosomes sexuels de

S. latifolia, lorsqu’ils étaient encore une paire d’autosomes. J’ai pu observer que lorsque

le Y dégénère et que son expression diminue, l’expression du X chez les mâles augmente

ce qui permet de maintenir des niveaux d’expression similaires entre les gènes X/Y des

mâles de S. latifolia et leurs homologues autosomaux chez S. vulgaris. Cela confirme

qu’il existe une compensation de dosage chez S. latifolia. En accord avec les précé-

dentes études, les gènes X-hémizygotes étaient principalement non-compensés, ce qui

suggère que ces gènes ne sont pas sensibles au dosage et pourrait expliquer pourquoi

ils ont perdu leur copie Y. Conformément à cela, une analyse GO a révélé que les gènes

X-hémizygotes étaient significativement appauvris en gènes impliqués dans le complexe

ribosomal, un exemple type de complexe protéique qui requiert une stœchiométrie bien

réglée entre les différents composants pour permettre son fonctionnement optimal. Les
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gènes X-hémizygotes hautement exprimés étaient cependant compensés, ce qui suggère

qu’ils sont plus sensibles au dosage. L’augmentation de l’expression du X chez les mâle

en comparaison à l’expression autosomale chez S. vulgaris a également eu lieu chez les

femelles, à un niveau plus restreint, et est uniquement causée par l’augmentation de

l’expression du X maternel. Ainsi il semble que la compensation de dosage soit le fruit

d’un mécanisme épigénétique d’empreinte chez S. latifolia qui entraîne la surexpression

du chromosome X maternel, à la fois chez les mâles et les femelles. Cette augmentation

chez les femelles est potentiellement délétère et suggère que le système est jeune et prob-

ablement pas encore complètement optimisé.

Évolution des gènes avec une expressio biaisée pour le sexe chez Si-
lene latifolia
Les inférences de SEX-DETector et les niveaux d’expression des copies X et Y que j’ai

générés ont aussi été utilisés pour une étude sur l’évolution des gènes biaisés pour le

sexe chez S. latifolia (Chapter 6), réalisée principalement par l’équipe d’Alex Widmer à

Zurich et pour laquelle nous avons contribué. Les résultats montrent que les conflits en-

tre sexes sont principalement résolus par des changements de niveau d’expression chez

les femelles de S. latifolia.

Conclusion
En conclusion, ma thèse a permis le développement d’une méthode pour inférer les

gènes liés au sexe qui fonctionne sur tous types de chromosomes sexuels. Cela a permis

de confirmer la présence de compensation de dosage chez S. latifolia et d’en éclaircir le

mécanisme.

Je vais poursuivre mes travaux de recherche avec un post-doctorat dans l’équipe de Ga-

briel Marais. Des projets sont actuellement en cours pour appliquer SEX-DEtector à de

nombreuses espèces de plantes (ANR NGSex).

J’ai pour projet d’utiliser de nouvelles données DNA-seq qui permettront d’estimer plus

précisément le pourcentage de perte de gènes Y chez S. latifolia, sans les biais du RNA-

seq, ce qui rendra possible le test de l’hypothèse selon laquelle les plantes perdent moins

de gènes Y que les animaux.

Par ailleurs, lors de ma thèse j’ai constitué un jeu de donnée RNA-seq de trois espèces de

silènes (Box 0.1) avec des systèmes de reproduction contrastés (Silene latifolia dioïque,

Silene vulgaris gynodioïque et Silene viscosa hermaphrodite) avec plusieurs individus

échantillonnés pour chaque espèce sur leur aire de répartition. Cela me permettra, avec

les inférences de SEX-DETector, de tester si le chromosome X de S. latifolia évolue plus

rapidement que le reste du génome, comme observé chez certaines espèces d’animaux.

Je pourrais également tester si les systèmes de reproduction impactent l’évolution des

plantes, et notamment si la dioécie est liée à une accumulation de mutations délétères,

comme suggéré dans la littérature. Cette étude sera la première reposant sur des données
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génomiques pour tester l’hypothèse de l’impasse évolutive de la dioécie.
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The introductory part starts by a general introductive chapter on the consequences

of plant breeding systems on genome evolution. It corresponds to a book chapter in

the Encyclopedia of Evolutionary Biology, which was written following an invitation by

EEB editor Hiroshi Akashi. The manuscript was submitted in December 2014 and is now

accepted. It was for me an opportunity to review a field for which I have a strong interest.

I wrote the manuscript with the help of Gabriel Marais and he made the figures.



6 CHAPTER 1. Breeding systems and genome evolution in plants

Breeding systems and genome evolution
in plants

Aline Muyle1, Gabriel AB Marais1

1.1 Keywords

Breeding system, selfing, outcrossing, asexuality, dioecy, nucleotide diversity, selection,

genome size, transposable element, base composition.

1.2 Abstract

Plants have very diverse breeding systems. Breeding systems determine how DNA is

transmitted from one generation to the next and can influence many evolutionary forces

shaping the genomes. In this chapter, we review the theoretical predictions on how

breeding systems should affect plant genome evolution and also how data fits with these

predictions. We focus on the transition to selfing, asexuality and dioecy, for which theory

and data are available.

1.3 Introduction

Breeding systems exhibit the most extraordinary variety in plants, and particularly in an-

giosperms where most of our knowledge comes from (but see Bainard et al., 2013). An-

imals are comparatively very uniform with gonochorism being the general rule (∼95%).

Plants can either reproduce sexually or asexually or combine both strategies (Neiman et

al., 2014). Sexually reproducing plants can either outcross, self-fertilize or have mixed

mating systems. A large diversity of mechanisms have evolved in plants that promote

either outcrossing or selfing. As selfing is possible only in hermaphrodites, dioecy is an

obvious way of avoiding it. Outcrossing is also obligatory for females in gynodioecious

species and for males in androdioecious species. Other mechanisms prevent selfing from

happening in hermaphroditic species, such as heterostyly in which individuals have dif-

ferent flower morphologies, or self-incompatibility in which self-pollen is rejected.

Breeding systems are highly labile in plants and transitions from one to another are com-

mon (see Box 1.3 for possible pathways). See Table 1.1 for the percentages of the breeding

systems discussed in this chapter in angiosperms (Hojsgaard et al., 2014; Igic and Kohn,

2006; Renner, 2014; Renner and Ricklefs, 1995; Richards, 1997).

1Laboratoire de Biométrie et Biologie Evolutive (UMR 5558), CNRS/Université Lyon 1, Villeurbanne, France
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Box 1.1 : Glossary

• Apomixis or asexuality or clonality: asexual species only reproduce via mitosis, daugh-
ters are genetically identical to mothers unless a mutation occurs. In apomixis a seed
develops from an unfertilized ovule.

• Sexuality: sexual species reproduce through the alternation of meiosis and syngamy
(fusion of gametes). During meiosis, chromosomes recombine and then segregate in
different gametes.

• Hermaphroditism: in hermaphroditic species, individuals carry both male and female
reproductive organs and produce both ovules and pollen grains.

• Dioecy: in dioecious species, sexes are separated, females produce only ovules and
males produce only pollen.

• Gonochorism: separated sexes in animals, individuals are either females (producing
only ovules) or males (producing only sperm).

• Outcrossing: Outcrossing species reproduce through the fusion of gametes from dis-
tinct individuals at each generation.

• Selfing: Selfing species are sexual and undergo meiosis, but (in the case of pure self-
ing) fertilization only occurs between gametes produced by the same hermaphroditic
individual.

• Gynodioecy: a breeding system characterized by the co-occurrence of hermaphroditic
and female individuals in the same species, often as the result of nucleo-cytoplasmic
interactions.

• Androdioecy: a breeding system characterized by the co-occurrence of hermaphroditic
and male individuals in the same species.

• Heterostyly: in heterostylous species, obligate outcrossing is enforced by morpholog-
ical differences in the length or shape of the pistil and stamen. Two or three flower
morphs coexist in a species and each individual expresses only one morph for all its
flowers. The pollen from a given morph cannot fertilize a flower of the same morph. Is
opposed to homostyly.

• Self-incompatibility: a genetic system that prevents self-fertilization in hermaphrodites
through recognition and rejection of pollen expressing the same allelic specificity as
that expressed in the pistils, is opposed to self-compatibility.

• Synonymous: refers to a sequence modification that does not result in a change at the
protein level, is opposed to non-synonymous.

• B chromosomes: supernumerary and facultative chromosomes that do not obey the
ordinary Mendelian laws of inheritance.

• Genetic drift: the random sampling of genetic variants in a finite population that leads
to the random loss of some variants.

• Selection: the process by which genetic variants become more or less frequent in a
population according to their effect on fitness. Positive selection favors the fixation of
advantageous alleles. Purifying selection favors the elimination of deleterious alleles.
Balancing selection maintains diversity at a locus.

• Recombination: the process by which two DNA molecules exchange genetic informa-
tion, resulting in the production of a new combination of alleles.

• Selection on codon usage: in some species, natural selection may favor some synony-
mous codons over others for encoding an amino acid. The preferred codons confer
greater efficacy and/or accuracy of translation. This may generate a biased use of syn-
onymous codons (i.e. codon usage bias).

• Linkage disequilibrium: the non-random association of alleles along a portion of
chromosome in a population or species.
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In this chapter, we will focus on the consequences of breeding systems on genome evolu-

tion in plants, including their effects on nucleotide diversity (both neutral and selective),

genome base composition, genome structure and genome size. We will focus on the nu-

clear genome.

Box 1.2 : Nomenclature

• Ne : The effective size of a population, determines the rate of change in allele frequen-
cies of a population caused by genetic drift.

• μ: mutation rate per locus per generation.
• s: the selection coefficient, measures the relative fitness of a genotype compared to

another, 0 for mutations without effect on fitness, >0 for beneficial mutations that in-
crease fitness and <0 for deleterious mutations. The higher the absolute value of the
coefficient, the stronger the effect of the mutation on fitness.

• Ka /Ks : the ratio of non-synonymous to synonymous substitution rates. Because se-
lection acts primarily on proteins and not DNA sequences, synonymous changes are
often treated as selectively neutral. Ka/Ks ratio is a proxy of the intensity and form of
selection acting on protein sequences (∼ 1 for neutral evolution, >1 for positive selec-
tion and <1 for negative selection).

• πS : population synonymous nucleotide diversity, the chance that two randomly cho-
sen sequences will differ with a synonymous mutation at a given locus. Is assumed to
reflect the neutral genetic diversity.

• πN /πS : the ratio of non-synonymous to synonymous polymorphism rate. Similar to
the Ka/Ks ratio, πN /πS captures the intensity and form of selection acting on protein
sequences, but in polymorphism data and hence at a shorter time scale.

• TEs: transposable elements, DNA sequence parasites that increase their copy number
in genomes through copy/paste (retrotransposons) or cut/paste (transposons) pro-
cesses.

• BGC: biased gene conversion. Gene conversion is the process by which a portion of
DNA molecule is copy-pasted onto the other DNA molecule during recombination.
In some organisms, this process is biased in favor of G or C alleles, which are more
frequently copy-pasted than A or T alleles.

• FI S : the inbreeding coefficient, stands for the excess (FI S values between -1 and 0)
or deficit (FI S values between 0 and 1) of heterozygotes occurring in a population as
compared to expectations under Hardy-Weinberg equilibrium.

• GC3: GC content at third codon position.
• GC*: equilibrium GC content, reached by a genome if estimated mutation and substi-

tution rates remain constant.

Table 1.1: Percentages of the breeding systems discussed in this chapter in angiosperms.

breeding system % of angiosperms
Dioecy ∼6%

Autogamy ∼27%
Apomixis ∼0.2%
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Box 1.3 : Plant breeding system transitions

A) In plants, dioecy can evolve from the ancestral hermaphroditic state (both male and fe-
male organs inside flowers of an individual) either through monoecy (male and female flow-
ers on the same plant) or through gynodioecy (female and hermaphrodite individuals in the
same species) (Barrett, 2002; Renner, 2014). Other pathways may exist but are thought to
represent a minority of cases: through androdioecy (male and hermaphrodite individuals
in the same species), heterodichogamy (temporal separation of male and female maturity
in hermaphrodite individuals) and distyly (presence of two style morphs inside a species,
morphs are carried by different individuals).
Dioecy was hypothesised to lead to extinction (Section 1.4), but can also evolve into androdi-
oecy, which is possibly facilitated by the presence of inconstant males (males that happen to
produce some seeds).
At the genetic level, the transition through gynodioecy is thought to happen through a first
nuclear male-sterility mutation followed by a female-sterility mutation, as shown in (B).

1.4 Changes in breeding systems and their effects on

population genetics parameters

1.4.1 Effects on heterozygosity levels

When selfing evolves from outcrossing, homozygosity is almost complete after a few gen-

erations (FI S ∼ 1). This reveals recessive mutations, which effects were hidden in het-
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erozygous outcrossers (FI S ∼ 0). In asexuals, due to clonal transmission of the genome,

any new mutation appearing in a genotype endlessly remains at the heterozygous state,

unless the exact same mutation occurs on the homologous chromosome (Meselson ef-

fect). Heterozygosity is thus high in asexuals (FI S ∼−1, Glémin and Galtier, 2012).

1.4.2 Effects on effective recombination

The efficacy of recombination depends on both crossing over and outcrossing rates (Glé-

min and Galtier, 2012). In asexuals, there are no crossovers so that the whole genome

is non-recombining. In selfers, due to high homozygosity levels, homologous chromo-

somes are virtually identical inside an individual. Consequently, crossovers cannot break

linkage between alleles in a selfing population and recombination is mostly inefficient

(Glémin and Galtier, 2012; Nordborg, 2000).

1.4.3 Effects on effective population size

With pure selfing, Ne is decreased by half. Full homozygosity reduces the coalescent pro-

cess to sampling diploid individuals (n) instead of sampling alleles (2n), since in self-

ers, two copies of the same allele are found in an individual. With partial selfing, Ne =
2N /(1+F ) with N the population size and F the expected equilibrium inbreeding coeffi-

cient (Nordborg and Donnelly, 1997; Pollak, 1987). Ne is also decreased by half in asexuals

due to a similar process of genotype sampling during the coalescent process (Haag and

Roze, 2007).

Ne is further reduced in selfers and asexuals due to inefficient or absent recombina-

tion, which results in selective interference among genetically linked loci (reviewed in

Charlesworth, 2009; Gordo and Charlesworth, 2001). For instance, a strongly deleterious

mutation will be removed by selection along with the mutations genetically linked to it,

even if these are slightly advantageous (“ruby in the rubbish”, Charlesworth et al., 1993;

Peck, 1994). Similarly, mutations on a haplotype carrying a strongly advantageous muta-

tion will reach fixation by genetic hitch-hiking, even though they are slightly deleterious

(Maynard Smith and Haigh, 1974). These processes increase genetic drift and decrease

genetic variation since more alleles are lost than would be without linkage, resulting in a

reduced Ne . In small selfing and asexual populations, genomes without mutations can-

not be regenerated by recombination of two genomes carrying different mutations and

genomes tend to accumulate mutations until they are removed by selection, reducing Ne

further (Muller’s ratchet, Heller and Maynard Smith, 1978; Muller, 1964).

The ability of selfers to found new populations from a single seed (Baker, 1955) combined

with their reduced pollen migration (due to reduced allocation to male function) leads to

small and isolated populations where drift is important and recurrent bottleneck events

take place, which further reduces Ne (metapopulation dynamics, Ingvarsson, 2002; Pan-

nell and Charlesworth, 2000).
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In angiosperms, it has been suggested that dioecy is an evolutionary dead-end (Heil-

buth, 2000). Dioecy may bring some handicaps. Only females produce seeds, which

may cause less efficient dispersal of individuals and lead to isolated populations with

reduced Ne (the seed-shadow handicap, Heilbuth et al., 2001). Also, fertilization could

be reduced: sexual selection drives male flowers to attract pollinators as much as pos-

sible, to the detriment of females if pollinators happen to be rare, decreasing Ne fur-

ther (Vamosi and Otto, 2002). However, these theories were recently challenged by a

study, which found higher (and not lower) diversification rates in dioecious versus non-

dioecious clades (Käfer et al., 2014).

1.4.4 Effects on the efficacy of selection

The outcome of natural selection depends on the product Ne s (Kimura, 1962). When Ne

is reduced, mutations with low absolute values of s will behave almost neutrally. Weakly

deleterious alleles may be fixed while weakly advantageous ones may be lost because of

genetic drift overcoming selection. Because of reduced Ne , selfers, asexuals and perhaps

dioecious species are expected to experience a reduced efficacy of selection assuming

that many newly arisen mutations have low selection coefficients.

The next sections review the real data that tested these theoretical expectations (sum-

marised in Figure 1.1).
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Figure 1.1: Summary of the theoretical expectations for the effects of three breeding systems on genome
evolution in plants. Transitions to A) selfing, B) asexuality and C) dioecy. Blue lines indicate a negative
effect, red lines a positive one. Examples of plant taxa with the studied transitions are shown. Hypericum
perforatum includes both apomictic and sexual forms.
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1.5 Breeding systems and within-species neutral diversity

Neutral nucleotide diversity is directly linked to the effective population size (πS = 4Neμ)

so that higher levels of within-population neutral diversity are expected in outcrossers

compared to selfers and in sexuals compared to asexuals (reviewed in Charlesworth and

Wright, 2001; Glémin and Galtier, 2012. No studies have compared dioecious and non-

dioecious species diversity so far.

1.5.1 Selfing, asexuality and within-species neutral diversity

Consistent with the theoretical expectations, selfing populations were found to be less

diverse than closely related outcrossing populations and asexual species were found to

have a lower diversity compared to their sexual counterparts (Table 1.2). Heterozygos-

ity is, on the other hand, high in asexual individuals as discussed previously (Meselson

effect). Looking at levels of species-wide diversity may blur differences among selfing

and outcrossing species because selfing increases population differentiation through re-

duced pollen gene flow (Charlesworth et al., 1997). Extinction-recolonization dynam-

ics, however, can reduce more strongly Ne s in structured selfing populations (Ingvars-

son, 2002). The levels of neutral diversity in selfing and asexual species also depend on

whether the change in breeding system has a single or multiple origins (Ness et al., 2010)

and whether partial sexuality is maintained in asexuals (Cosendai et al., 2013; Eckert and

Barrett, 1993).
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1.5.2 Self-incompatibility and the S-locus neutral diversity

In self-incompatible species, self-pollen is recognized and rejected by the pistil through

protein interactions. The “pollen” and “pistil” genes are found in the tightly linked S-

locus, which is under balancing selection: pollen carrying rare alleles are rejected at lower

rates compared to pollen carrying common alleles, which prevents the loss of rare alleles

through drift. The S-locus is indeed highly diverse (Castric and Vekemans, 2004).

1.6 Breeding systems and the global efficacy of natural

selection

When selection is reduced, species are expected to accumulate more deleterious mu-

tations. Assuming that deleterious mutations are much more frequent than beneficial

ones, both πN /πS and Ka/Ks should be higher in selfers compared to outcrossers, asexu-

als compared to sexuals and perhaps in dioecious compared to hermaphroditic species.

Codon usage bias (if under selection) should also be weaker (Marais et al., 2004).

1.6.1 The transition from outcrossing to selfing

Studies based on divergence (Ka/Ks) failed to detect reduced selection in selfers com-

pared to outcrossers (Table 1.3). This could be due to the purging effect of homozygosity

that reveals recessive mutations in selfers and increases the efficacy of purifying selection

(Charlesworth, 1992; Glémin, 2007). It has also been suggested that rare events of out-

crossing in partially selfing plants could be enough to avoid the accumulation of delete-

rious mutations, and this could be promoted by the high recombination rates observed in

selfers (Wright et al., 2008). Moreover, selfing will increase Ka/Ks only if mutations have

mild effects on fitness, which might not be the case: very little is known about the shape

of the distribution of fitness effects of mutations (Glémin and Muyle, 2014). In agreement

with this idea, selection on codon usage (involving small selective coefficients) is weaker

in selfers than in outcrossers (Table 1.3).
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Contrasting with results on Ka/Ks , most studies based on polymorphism (πN /πS) de-

tected reduced selection in selfers: in Arabidopsis, Capsella, Collinsia, Eichhornia and

in an angiosperm meta-analysis of about thirty species (Table 1.3). This suggests that

selfing does result in selection being reduced but is probably of such recent origin that

reduced selection can only be detected over short time scales (i.e. in polymorphism and

not divergence data, Figure 1.2).

Figure 1.2: Timing of the transition from outcrossing to selfing and its effects on divergence and poly-
morphism data. The transition is depicted by an orange lightning. If the transition is recent and a little
older than the coalescent point of all mutations in the selfing population (node B), it will affect the poly-
morphism data (studied with πN /πS ) strongly and the divergence data (studied with Ka/Ks ) only weakly.
This is because the divergence data will mainly reflects the evolution that took place from node A to B,
whereas polymorphism will reflect the evolution that took place from node B to now (adapted from a fig-
ure by Glémin and Marais, Thomas et al., 2015).

More efficient selection on recessive mutations in selfers than outcrossers could make

positive selection and adaptation faster in selfers than in outcrossers (Charlesworth, 1992;

Glémin, 2007). However, this is true for new beneficial mutations, and not for standing

variation. When adaptation is underlain by standing variation, it is more efficient in out-

crossers than in selfers (Glémin and Ronfort, 2013). In agreement with this idea, positive

selection seems less efficient in selfers than in outcrossers (Table 1.3).

1.6.2 The transition from sexuality to asexuality

Very few studies have so far compared sexual and asexual plant species (Table 1.3). Cur-

rent data suggests adaptation is weak in asexuals. However, Ka/Ks analysis revealed no

clear trend of reduced selection. No πN /πS analysis is available so that it is not possible
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to disentangle the possible effect of recent switches to asexuality from no accumulation

of deleterious mutations.

1.6.3 The transition from hermaphroditism to dioecy

The only study that tested the hypothesis of reduced selection in dioecious species using

Ka/Ks is consistent with expectations when dioecy was several millions years old (Ta-

ble 1.3). How the expectations are affected by the ecology of the species remains to be

explored: for example wind-pollinated dioecious species will not be affected by pollina-

tor competition between sexes and the reduction in Ne s should not be as strong as in

insect-pollinated species.

1.7 Breeding systems and the evolution of genome base

composition

BGC is a molecular process associated with recombination that drives genomic base

composition towards a high GC content (Figure 1.3, Lesecque et al., 2013; Marais, 2003),

which was shown to affect plant genomes (Glémin et al., 2014; Muyle et al., 2011; Serres-

Giardi et al., 2012). Because BGC will operate when recombination occurs in heterozy-

gous loci, it will increase GC content in outcrossing and not in purely selfing species

(Marais et al., 2004). Because of the absence of recombination in asexual species, BGC

should not affect GC content.

Observations fitted expectations for non coding DNA (higher GC content in outcross-

ing Poaceae, Glémin et al., 2006), unless a too small intron dataset was used (Brassi-

caceae, Qiu et al., 2011). But studies using coding sequences gave conflicting results in

Triticeae (Escobar et al., 2010; Haudry et al., 2008), or supported BGC but could not dis-

tinguish it from mutational biases in other groups (Hazzouri et al., 2013; Wright et al.,

2007). More studies comparing selfing and outcrossing species are required, with ap-

propriate methods that allow to distinguish BGC from mutational biases (GC* or derived

allele frequency spectra) and large non-coding datasets in order to distinguish BGC from

selection on codon usage. Similar studies also have to be carried out in asexual and sex-

ual species.
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Figure 1.3: Possible mechanisms for biased gene conversion (BGC), figure adapted from Lesecque et al.,
2013. Different pathways for double-strand break (DSB) repair during meiotic recombination are shown in
A) Blue and red chromosomes indicate chromosomes from different parental origin. Recombination starts
with the DSBs on one chromosome. Broken DNA is resected forming single-stranded DNA, which will be
used to select a template for repairing the breaks. The mismatch repair (MMR) triggers the choice of tem-
plate: if the degree of similarity between the single-stranded DNA and the potential template is sufficient,
the template is invaded and a D-loop is formed. Otherwise, repair takes place by using the sister chro-
matin, no recombination happens. Recombination can take place by several pathways: the repair of the
breaks by the MMR can lead to the formation of a double-Holliday junction (dHj) intermediate. Resolution
of this intermediate may result in crossovers (COs) of class 1, i.e. showing CO interference (a mechanism by
which 1 CO / arm / meiosis is ensured). Another pathway (Mus81) produces non-interfering COs. And the
synthesis-dependant strand annealing (SDSA) pathway gives non-crosser (gene conversion) events only.
Heteroduplexes (DNA with strands from different origins) can be found at various stages of the recombi-
nation pathway; they may include mismatches that are detected and repaired by different pathways (MMR
and base-excision repair BER). BGC may result from different possible biases. B) Initiation bias. If A/T
alleles are recombinationally hotter than G/C alleles; G/C alleles will get copy-pasted onto the A/T alleles
(recombination hot spots get converted by recombination cold spot, see the “hot spot paradox”, Lesecque
et al., 2014), and this will increase GC content. C) Choice of template bias. If the chance of the single-
stranded DNA to invade the homologous chromosome is higher when it’s GC-rich; this will also create
BGC. D) Repair bias. If repair of mismatches in heteroduplexes is biased in favor of G/C alleles; this may
also generate BGC. A recent study in yeast suggests that BGC is found mostly associated with long gene
conversion tracts and CO and may be due to MMR (Lesecque et al., 2013). While evidence for BGC have
been found in many organisms (Pessia et al., 2012), in most cases the exact mechanisms remains unknown
and could be one of the three mechanisms outlined here.
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1.8 Breeding systems and the evolution of chromosomes

and genome structure

Due to inefficient recombination, strong linkage disequilibrium is expected in selfers and

was observed in the highly selfing Arabidopsis thaliana (Kim et al., 2007; Miyashita et al.,

1999; Nordborg et al., 2005; Wright et al., 2008). In the outcrossing Collinsia linearis, link-

age disequilibrium decayed rapidly (over less than 1 kbp), whereas in the selfing Collinsia

rattanii it could extend to several kbp (Hazzouri et al., 2013).

Chromosomal rearrangements, when heterozygous, are deleterious as they cause chro-

mosome disjunction and result in unbalanced gametes (Lande, 1985). However selfing is

associated with almost complete homozygosity and selection against chromosomal rear-

rangements will be weak. Fast karyotypic evolution is expected in selfers (Charlesworth,

1992). For example, A. thaliana’s karyotype includes 5 chromosome pairs and not 8, the

standard karyotype in Brassicaceae (Hu et al., 2011).

The mechanisms for sex determination is unknown in most of the ∼15,000 dioecious

species; sex chromosomes have been described in only 40 of them (Ming et al., 2011). In

male heterogametic systems males are XY and females XX, in female heterogametic sys-

tems females are ZW and males are ZZ, and in some species with a haplodiploid life cycle

the gametophytes have separated sexes and females are U and males are V (Bachtrog

et al., 2011). Y, W, U and V chromosomes do not recombine which strongly impacts their

molecular evolution. Self-incompatibility S-loci are also non-recombining and have sim-

ilar properties (Castric and Vekemans, 2004).

1.9 Breeding systems and the evolution of genome size

Three major mechanisms influence genome size: ploidy levels, genomic parasite dynam-

ics (TEs and B chromosomes) and insertion/deletion events. We will review the effect

of breeding systems on each mechanism impacting genome size and then consider the

global effect of breeding systems on genome size.

1.9.1 Breeding systems and ploidy levels

Virtually all apomictic plants are polyploid with some exceptions of recovered diploidy

in apomictic hybrids (usually polyhaploid, see Asker and Jerling, 1992; Koltunow and

Grossniklaus, 2003). This results in larger genomes in asexual compared to sexual plants

as observed in Hypericum (Matzk et al., 2003). Whether apomixis causes polyploidy, or

whether polyploidy causes apomixis by disrupting developmental processes is, however,

still unclear (Bhat et al., 2005).

Gametophytic self-incompatibility systems can be directly broken down by polyploidy

through the formation of diploid pollen grain (Robertson et al., 2011). The inbreeding
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depression following self-incompatibility breakdown was proposed to trigger the evolu-

tion of dioecy in the Solanaceae family and 12 other genera (Miller, 2000). This proposed

association was further tested in 22 genera (i.e. a small fraction of the dioecious genera)

and hermaphroditism is indeed more common among diploid than polyploid species,

whereas gender dimorphism (dioecy and gynodioecy) is more frequent among polyploid

species (Ashman et al., 2013). In most dioecious genera though, the transition to dioecy

is probably not accompanied by polyploidization.

Liverworts are ancestrally dioecious and it has been suggested that polyploidy could hap-

pen more often in hermaphrodites. However, a test on 67 liverwort species, controlling

for phylogenetic inertia, did not support this hypothesis (Bainard et al., 2013).

1.9.2 Breeding systems and insertion/deletion

A. thaliana has smaller introns than A. lyrata because of different indel dynamics in both

species (Wright et al., 2002). A whole genome alignment of A. thaliana and A. lyrata

showed that more than 50% of the A. lyrata genome is missing from the A. thaliana

genome (Hu et al., 2011), explaining the large difference in genome size between both

species (A. thaliana: 125 Mb, A. lyrata: 207 Mb). Large deletions of TEs and intergenic

regions, probably selected for, resulted in genome streamlining in A. thaliana.

1.9.3 Breeding systems and TE dynamics

TE amplification is predominantly deleterious when insertion occurs in or near func-

tional regions or when those are lost by ectopic recombination between TE copies (Char-

lesworth and Langley, 1989). The number of TEs in a population is determined by the

balance between the capacity to invade the host genome through transposition and the

efficiency of the host defense mechanisms against TEs. Old TE elements end up being in-

activated by the host defense mechanisms. A TE element will survive if it can jump from

a host to another through horizontal gene transfer and contaminate new hosts, which do

not have yet efficient defense mechanisms against that element (Schaack et al., 2010).

In asexual species, TE do not have that chance and they will remain confined to a single

host (Hickey, 1982). TE transposition is expected to decline on the long run (Bestor, 1999;

Wright and Finnegan, 2001). However, reduced selection against TEs in asexuals might

favor TE accumulation. The outcome of these two opposed effects is not easy to predict.

It is not clear whether fewer or more TEs should be found in asexuals than in sexuals.

In Hypericum, the mean DNA content per chromosome for old asexual speciesis higher

than that of closely related sexual species, suggesting an accumulation of TEs in asexuals

(Matzk et al., 2003). In a study comparing four pairs of closely related sexuals and asex-

uals for three TEs, no reduced selection against TEs was found in asexuals using Ka/Ks ,

suggesting their transposition capacity has not decreased. The recent origin of the asex-

uals could, however, explain the results, as shown by simulations(Docking et al., 2006).
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Similar expectations hold for selfing species: TE transposition should decline because

of confinement to a lineage but this could be blurred by a globally reduced selection in

selfers. But the dynamics of TEs in selfers are even more difficult to predict than in asex-

uals. Because of a high level of homozygosity, purifying selection is expected to purge

more efficiently the deleterious recessive mutations from the population in selfers than

in outcrossers. However, ectopic exchanges among TE copies will probably be rare in ho-

mozygotes (Montgomery et al., 1991), and selection will not act against TEs this way in

selfers. It is not clear which one of these many opposing effects should prevail (Boutin

et al., 2012; Charlesworth and Charlesworth, 1995; Morgan, 2001; Wright and Schoen,

1999).

Looking at some TE families have indeed returned contradictory results (Charlesworth

and Charlesworth, 1995; Lockton and Gaut, 2010; Tam et al., 2007; Wright and Finnegan,

2001; Young et al., 1994). However, more recently, a clearer view has started to emerge

from whole genome comparisons between selfers and outcrossers. A. thaliana has less

TEs than A. lyrata (24% and 30% of the genome respectively, Hu et al., 2011). Interest-

ingly, TEs are less frequent nearby genes in selfers than in outcrossers (Agren et al., 2014;

Slotte et al., 2013). Also, deletions of TEs are selected for in A. thaliana (Hu et al., 2011),

clearly pointing to a more efficient selection against TEs in selfers than in outcrossers. In

A. thaliana, most TEs are old, older than the A. thaliana-A. lyrata speciation. In A. lyrata,

on the contrary, recent bursts of TEs have occurred (Chaux et al., 2012; Hu et al., 2011;

Maumus and Quesneville, 2014; Tsukahara et al., 2012; Wright and Agren, 2011). Similar

patterns were found in the selfers Capsella rubella and Capsella orientalis compared to

the outcrosser Capsella grandiflora (Agren et al., 2014; Slotte et al., 2013). These observa-

tions suggest that reduced transposition and efficient selection against TE insertions are

dominating TE dynamics in selfers.

Dioecy can be determined by sex chromosomes, which are known to accumulate TEs be-

cause of reduced selection triggered by the absence of recombination for the Y chromo-

some and a reduced Ne for the X chromosome. In papaya (trioecious), the male-specific

and female-specific regions of the sex chromosomes have accumulated retrotransposons

as predicted (Gschwend et al., 2012; Wang et al., 2012). In the dioecious plant Silene lati-

folia, the X and the Y chromosomes are much larger than other chromosomes, probably

because of sex chromosome specific TE accumulation (Cegan et al., 2012). Interestingly,

S. latifolia has a much larger genome than Silene vulgaris, a non-dioecious close relative.

However, whether dioecious species tend to accumulate TEs on the sex chromosomes

only or on the whole genome as would predict the dead-end hypothesis is not clear.

1.9.4 Breeding systems and B chromosomes

B chromosomes are also considered parasitic DNA elements, which are mainly deleteri-

ous to their hosts. Their dynamics may be similar to TEs with outcrossing favoring their

spread; they are therefore expected to be associated with outcrossing or to evolve into
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mutualists when associated with selfing (Burt and Trivers, 1998). A significant positive

correlation was found between the presence of B chromosomes and outcrossing, when

taking phylogenetic inertia into account (Burt and Trivers, 1998; Trivers et al., 2004).

However, B chromosomes do not seem to contribute significantly to the evolution of

genome size (Trivers et al., 2004).

1.9.5 Global effect of breeding systems on genome size

An analysis of C-values of 14 pairs of closely related outcrossing and selfing species re-

vealed that selfers tend to have smaller genome sizes than outcrossers, and this is not due

to differences in ploidy levels (Wright et al., 2008). A detailed analysis of genome size in

the Veronica genus suggests that selfing, not annuality, is associated with genome size re-

duction after taking phylogenetic inertia into account (Albach and Greilhuber, 2004). The

analysis of a dataset of 205 species showed a significant association between outcrossing

and large genomes after taking phylogenetic inertia into account (Whitney et al., 2010).

However, these two studies used the phylogenic independent contrast method (Felsen-

stein, 1985) to correct for phylogenetic inertia. This simple approach (in which sister

branches are compared along the tree and ancestral states of characters are inferred in

internal nodes by averaging the values of the next lower nodes) has been criticized for

the study of genome size as it neglects the possibility of parallel evolution (Lynch, 2011;

Whitney et al., 2011). The question of the global effect of selfing on genome size remains

thus open. Studies on the effects of asexuality and dioecy on genome size are lacking.

1.10 Conclusion

Current data suggest that changes in breeding system can have a strong impact on genome

evolution (Table 1.4). An important point is that the transitions to new breeding systems

have to be recent for the data to fit with the theory. In the future, it will be important

to date those transitions much more precisely than they are today (when such dating is

available) to confirm this. Another important point is about the forces to explain the dif-

ference in genomic features between two species with different breeding systems. Breed-

ing system is usually not the only difference, even among closely related species, demog-

raphy for instance can be a confounding factor. This is a very difficult point; increasing

the number of studied systems is probably the only way to address it. We are starting

to be in this situation for the transition from outcrossing to selfing, which is the best

studied. The transitions to asexuality and dioecy have been less studied. Only a handful

of studies are available on the effects of dioecy on genome evolution. However, dioecy

is expected to drive substantial changes in evolutionary forces acting on genomes (Fig-

ure 1.1C). In particular, sexual selection should be much stronger than in non-dioecious

species, probably driving the evolution of sex-biased expression for many genes in the

genome. Future studies on dioecious species could provide data on sex-biased expres-
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sion (for which we currently know nothing in plants) and other aspects. It could help to

understand why dioecy is surprisingly rare in angiosperms.

Table 1.4: Summary of theoretical expectations and observations concerning breeding systems effects
on genome evolution in plants. Selfing species are compared to outcrossing species, asexual to sexual and
dioecious to non-dioecious. Observation: yes if observation fits theory, no otherwise, - if observation is
unavailable.

Selfing Asexuality Dioecy

neutral diversity
Theory lower lower lower?

Observation yes yes -

selection (Ka /Ks )
Theory reduced reduced reduced?

Observation no no yes

selection (πN /πS )
Theory reduced reduced reduced?

Observation yes - -

positive selection
Theory reduced reduced reduced?

Observation yes yes -

codon usage bias
Theory weaker weaker lower?

Observation yes - -

GC content
Theory lower opposing effects opposing effects

Observation yes - -

linkage disequilibrium
Theory stronger stronger -

Observation yes - -

genome size
Theory opposing effects opposing effects larger

Observation smaller larger yes
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This second chapter of the introductory part focuses more on the topic of my PhD

– compared to the previous one that illustrated my broad interest in plant molecular

evolution – and reviews the literature on plant and algal sex chromosome evolution (i.e.

non-animal systems). I wrote this manuscript with the help of my supervisor, and Rylan

Shearn helped with the figures. I intend to submit it to a journal as a review paper.
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2.1 Introduction

Sex chromosomes are a special pair of chromosomes with genetic material that differs

partially from one another, allowing them to determine the sex of individuals. They de-

rive from an ordinary pair of autosomes, as shown by their pairing during cell division

and by sequence comparison to related species.

In this review, we will focus on the evolution of sex chromosomes in non-animal species.

Indeed, most of our knowledge on sex chromosome evolution comes from animal mod-

els and it is interesting to take a broader phylogenic point of view to test if it can be gen-

eralised to other eukaryotes. Outside animals, sex chromosomes have mainly been stud-

ied in plants, and to a lesser extent in green and brown algae. Fungi have mating type

loci that are sometimes wrongfully called sex chromosomes because of the features they

share (see for example Fontanillas et al., 2015). However, there is an absence of mating

type dimorphism, unlike sexual dimorphism where males and females typically produce

gametes of different sizes and in different numbers (Charlesworth, 2013). Consequently,

this review will mainly focus on plant sex chromosomes and will mention data on algae

whenever available.

In female heterogametic systems, females are ZW and males ZZ, as in willow (Salix su-

chowensis). In male heterogametic systems, males are XY and females XX, as in white

campion (Silene latifolia). In species with an independent haploid phase in their life cy-

cle, sex can be determined in the haploid gametophytes by a UV system (females U, males

V) and the diploid sporophyte is then heterogametic (UV), as in Marchantia polymorpha

(Figure 2.1).

For sex chromosomes to evolve, a species must have separate sexes (dioecy). This re-

quirement is fulfilled in 75% of liverworts (6000 species), 50% of leafy mosses (∼7250

species), 36% of gymnosperms (381 species) and 5–6% of angiosperms (15 600 species),

providing a high number of plant species possibly carrying sex chromosomes (Ming et

al., 2011; Renner, 2014). Data on percentage of dioecy is currently missing in brown and

green algae. In angiosperms, dioecy evolved independently from the ancestral herma-

phrodite state somewhere between 871 to 5000 times (Renner, 2014), see Box 1.3 for pos-

sible evolutionary pathways. In angiosperms, ZW systems are less frequent than XY sys-

tems because transitions to gynodioecy are more frequent than transitions to androdi-

oecy and evolution of dioecy through gynodioecy is expected to lead more easily to an XY

system (Ming et al., 2011).

We will summarise here how the study of plant and algal sex chromosomes contributed

to our current understanding of sex chromosome evolution, ask what their particularities

are and suggest further research directions.
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Figure 2.1: Sex chromosome systems: (from Bachtrog et al., 2011) female heterogamety (ZW), male het-
erogamety (XY) and haplo-diploid system (UV).

2.2 What are the sex determining genes in plants?

Once sex chromosomes have been identified with cytology (if they differ in size) or with

genetic markers associated with sex, it is possible to test how they determine sex thanks

to mutants. For instance XXY males indicate a dominant Y chromosome that determines

sex, whereas XXY females rather show an X to autosome dose sex determining system,

where the number of X chromosomes relative to autosomes matters (Table 2.1).

Theory predicts that two closely linked sex determining genes are necessary for the birth

of sex chromosomes (Charlesworth and Charlesworth, 1978, and see Figure 2.2): a male

sterile mutation (recessive in X/Y systems, dominant in Z/W systems) and a female ster-

ile mutation (dominant in X/Y systems, recessive in Z/W systems). In UV systems the

dominance of mutations does not matter as sex is expressed in the haploid phase.

An illustration of this theoretical expectation was provided by the plant Fragaria vir-

giniana. In this subdioecious species males and females coexist with hermaphrodites.

The male function locus and the female function locus were mapped to the same linkage

group, separated by ∼6cM and recombination between the two loci was shown to lead

to hermaphrodites and neuters (both male and female sterile individuals) in cross pro-
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Figure 2.2: Possible stages in XY sex chromosome evolution: note that not all steps are obligatory and that
steps are not necessarily correlated with the age of the system. In a, the YY genotype is viable and only sex
determining genes differ (as shown on the zoom). Neo-sex chromosomes can evolve (as in Silene diclinis,
d.2, Howell et al., 2009 and Rumex hastatulus, d.3, Smith, 1964). The Y chromosome can become smaller
than the X chromosome (as in Cycas revoluta, d.1.1, Segawa et al., 1971).
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genies (Spigler et al., 2008). This represents the first stage of sex chromosome evolution

and is called proto-sex chromosomes (Figure 2.2). In Fragaria virginiana, because the

mutation causing female sterility is dominant, the system consists of proto-ZW sex chro-

mosomes.

In papaya, hermaphrodites are determined by a Yh specific region that recently evolved

(∼ 4000y, VanBuren et al., 2015) from the much older Y specific region (∼9My), possibly

after loss of the female sterility dominant mutation, but further genetic analyses will be

necessary to confirm the two gene model in this species.

So far, the only known sex determining genes located on sex chromosomes in plants are

in the crop species Diospyros lotus (persimmon). The authors identified OGI, a small RNA

encoded on the Y specific region with male specific expression, that downregulates the

expression of the MeGi gene which represses male function and promotes female func-

tion (Akagi et al., 2014). The MeGi gene is autosomal and the interplay between MeGi

and OGI does not fit well with the theoretical two gene model as OGI acts both as male

promoting and female suppressing.

In Asparagus officinalis, pollen development aborts late in females: at the microspore

maturation stage. Harkess et al. (2015) showed that the AMS (Aborted Microspores) gene

has male-biased expression, making it a good candidate for the male sterility gene as it is

known to be involved in microspore maturation in A. thaliana. But further analyses are

required to check whether this gene is located on the Y chromosome of Asparagus offici-

nalis.

Other sex-determining genes have been identified in the monoecious species melon (re-

viewed in Ming et al., 2011), but it remains unknown whether these genes have also been

recruited as sex-determining genes in closely related dioecious species with sex chromo-

somes.

In green algae, the gene MID is present only in the minus haplotype and governs gametic

differentiation (Ferris and Goodenough, 1997).

2.3 How do sex chromosomes become differentiated?

Hermaphrodites and neuters that can be observed in Fragaria virginiana are due to re-

combination events between the two sex determining loci of the proto-Z and the proto-

W. Neuters are selected against as they cannot reproduce, and hermaphrodites are ex-

pected to be selected against if they have a lower fitness compared to males and females.

This would select for recombination suppression between the two sex determining loci

and transform the proto-sex chromosomes into actual sex chromosomes. As a conse-

quence, the male specific region of the Y chromosome stops recombining, it becomes

a sex-specific non-recombining region (hereafter SNR). The homologous region on the

X still recombines in females and the regions surrounding the SNR are called pseudo-

autosomal regions (PAR), and recombine in both males and females (Figure 2.2). Sim-
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ilarly in ZW systems the female specific region on the W does not recombine. In UV

systems both male and female specific regions do not recombine as the sporophyte is

always heterogametic. An example of this early stage of sex chromosome evolution after

recombination suppression between the two sex determining genes is provided by the

plant Asparagus officinalis (Figure 2.2).

Box 2.1 : Sex chromosome sequence data

The amount of repetitive sequences present in SNRs (see Section 2.5) makes their sequencing
virtually impossible with whole shot-gun approaches, especially when using short read NGS
technologies. The few fully sequenced SNRs in plants are rather small regions (Table 2.1),
that were obtained through sequencing of BAC clones organised in a physical map, a strategy
that is far too costly to be applied to large SNRs.
Producing high-quality assembly is not always necessary and alternative, less expensive strate-
gies have been recently developed for identifying sex chromosome sequences based on NGS
data. A first category of approaches relies on the comparison of one male and one female
genome. Identifying X-linked scaffolds can be done by studying the genomic male over fe-
male read coverage ratio along the genome: autosomal contigs will have a ratio of 1 while
X-linked ones will have a ratio of 0.5 (Figure 2.3A, Vicoso and Bachtrog, 2011; Vicoso et al.,
2013a,b). The Y scaffolds are simply those that are exclusively present in the male genome. A
more sophisticated analysis can be done by a prior exclusion of the repeats shared by the Y
and the female genome (Figure 2.3B, Carvalho and Clark, 2013). Also, a combination of RNA-
seq and genome data of male and female individuals has been used to increase the number
of known Y-linked genes in well-studied systems (Figure 2.3D, Cortez et al., 2014). A method
relying on DNA-seq data on many individuals sampled from different populations exists (Fig-
ure 2.3C, Gautier, 2014), but is only adapted to old and diverged sex chromosomes. A second
category of approaches relies on studying how markers segregate among sexes in genetic
maps. Using these markers, scaffolds from sex chromosomes can be ascertained (Figure 2.3F,
Al-Dous et al., 2011; Hou et al., 2015).
These approaches, however, are suitable only if reasonably well assembled reference genomes
are available, in the studied species or in a close relative, possibly explaining why they have
not often been applied to plants nor algae. If such genomic resources are lacking, as in many
species with large genomes, complexity and size can be reduced by using transcriptomes in-
stead of complete genomes. A new strategy relying on the use of a cross (parents and their
progeny of each sex) sequenced by RNA-seq is promising as it is cheap and gives direct ac-
cess to sex-linked gene (genes located on SNRs and their recombining homologs) and their
expression levels. This approach was applied to Silene latifolia and Rumex hastatulus (Ta-
ble 2.1). More recently, a model-based method was developped for this strategy (Figure 2.3E,
Chapter 4).

However, unlike Asparagus officinalis, many species with sex chromosomes have much

larger SNRs than the expected small region containing the two closely linked sex deter-

mining genes, which suggests that sex chromosomes undergo further recombination

suppression events. This is confirmed at the sequence level whenever sequences are

available (Box 2.1) by the study of X-Y, Z-W or U-V divergence. Indeed, after recombi-

nation suppression, SNRs accumulate substitutions separately and, using the molecular

clock, it is possible to estimate the time when recombination stopped. Such analyses
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Figure 2.3: Available methods for sequencing sex chromosomes: see Box 2.1 for more details. A Vicoso
and Bachtrog (2011) and Vicoso et al. (2013a,b). B Carvalho and Clark (2013). C Gautier (2014). D Cortez
et al. (2014). E Chapter 4. F Al-Dous et al. (2011) and Hou et al. (2015).

showed that, in Silene latifolia, there has been at least two recombination suppression

events (Bergero et al., 2007, 2013) as genes fall into two categories of X-Y divergence.

Sex-linked genes with similar X-Y, Z-W or U-V divergence levels are located in a same

genomic region, called stratum, where recombination between the sex chromosomes

stopped around the same time, probably during a single evolutionary event. Recom-

bination suppression seems to be associated with chromosomal rearrangements, in par-

ticular inversions. In papaya two large inversion events appear to define the two strata

present in this species (Wang et al., 2012, see Table 2.1 for information on known strata

in plant species).

But what is the evolutionary force driving these further events of recombination sup-

pression on sex chromosomes? Theory predicts that sex antagonistic mutations (advan-

tageous for one sex and deleterious for the other) will be selected to be linked to the SNR,
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this way providing advantage to one sex without damaging the other (Charlesworth and

Charlesworth, 1980; Jordan and Charlesworth, 2012; Rice, 1984, 1987). This would lead

to addition of genetic material on the SNR, either through spread onto the flanking PAR

(if the PAR contains sex antagonistic genes, see Figure 2.4), or through chromosomal re-

arrangements with autosomes (if sex antagonistic genes are located on autosomes), gen-

erating neo-sex chromosomes (Figure 2.2).

However, no firm evidence definitively connects sex antagonistic alleles to the evolution

of reduced recombination of Y, W, U or V sex chromosomes. Qiu et al. (2013) observed

a global high genetic diversity in Silene latifolia PAR (an evidence of balancing selection

maintaining alleles polymorphic for a long evolutionary time), but observed evidence of

linkage disequilibrium between the PAR and the SNR only for one gene. The high di-

versity could be due to sexually antagonistic polymorphism maintained through partial

linkage with the SNR, but it is not clear yet whether a neutral model of partial linkage

would be sufficient to explain the high diversity level.

Chromosomal rearrangements involving sex chromosomes and autosomes are common

and have been observed for example in S. latifolia where autosomal regions have been

translocated to the sex chromosomes and are now non-recombining (Bergero et al., 2013).

Another example comes from the plant Silene diclinis, where a reciprocal translocation

between an autosome and the ancestral Y chromosome led to two Xs and two Ys with

a chain quadrivalent at meiosis metaphase I (Howell et al., 2009, and see Figure 2.2).

In Rumex hastatulus some individuals have a XY1Y2 system after an X-autosome fusion

(Smith, 1964, and see Figure 2.2). These chromosomal rearrangements make it possible

for genes that were autosomal to become sex-linked. If these events are selected for be-

cause of sex antagonism, they should be more frequent than rearrangements that do not

involve sex chromosomes. Data to test this hypothesis is currently missing.

A comparison of the two green algae Chlamydomonas reinhardtii and Volvox carteri sug-

gests that the UV sex chromosomes of Volvox carteri derive from a mating type loci ho-

mologous to the one of Chlamydomonas reinhardtii, after the addition of genetic ma-

terial to the SNRs (Ferris et al., 2010). The newly acquired genes of the SNRs show sex-

specific patterns of expression and could be linked to the strong differentiation in gamete

size (oogamy) observed in Volvox carteri, as compared to Chlamydomonas reinhardtii

where male and female gametes have similar sizes (isogamy). This supports the link be-

tween sexual dimorphism and recombination suppression, possibly through sexually an-

tagonistic selection. However a more recent study showed that the sex determining gene

MID alone is able to change the sex of Volvox carteri transgenic individuals (Geng et al.,

2014), suggesting sex dimorphism evolved through changes that are intrinsic to the MID

gene product, rather than from the recruitment of other genes to U and V SNRs.

In Ectocarpus sp. the U and V SNRs are surprisingly small (under 1Mb) given the old age of

the system (>70My), which could be related to the low level of sexual dimorphism in this

species and therefore the low level of sexually antagonistic selection (Ahmed et al., 2014).
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Indeed male and female gametes have different behaviour (females do not swim and at-

tract swimming males with pheromones, a process called physiological anisogamy), but

differ very little in size (Lipinska et al., 2015).

Recombination suppression leads to the divergence of sex chromosomes and sometimes

the formation of strata, but also causes the sex specific regions to degenerate (Section 2.5).

Indeed theory predicts that the efficacy of selection will be reduced in nonrecombin-

ing regions, because of selective interference among genetically linked loci (called Hill-

Robertson interferences, reviewed in Bachtrog, 2006, see Box 2.2).

2.4 What are the forces opposing sex chromosome

differentiation?

Theories have been proposed to explain that the SNRs do not necessarily expand and

PARs can remain very large in some organisms. In animals, recombination patterns de-

pend on phenotypic, rather than genotypic sex. Therefore SNRs are expected to recom-

bine in sex-reversed XY females (or sex-reversed ZW males) if the SNR is not too diverged,

a mechanism called the fountain of youth (Perrin, 2009), as it prevents SNRs degenera-

tion. A similar process could occur in plants where the expression of dioecy can be labile:

inconstant ZW females can be bisexual on some years in Populus trichocarpa (Stettler,

1971), possibly allowing for Z-W recombination in pollen grains and explaining that sex

chromosomes are homomorphic in this species. But whether recombination patterns

depend on phenotypic sex rather than genotypic sex (as in animals) still needs to be

tested in plants.

Sex chromosome turnover can also prevent the accumulation of recombination suppres-

sion events. Theory predicts that a sex chromosome pair can be replaced by a new pair

through two mechanisms (Blaser et al., 2014). The first mechanism (Doorn and Kirk-

patrick, 2007; Doorn and Kirkpatrick, 2010) involves sex-antagonistic selection: a male-

benefiting, female-deleterious mutation appearing on an autosome selects for a mas-

culinising mutation in its vicinity (and conversely for a female-benefiting mutation), pos-

sibly overtaking the previous masculinising mutation on the old Y chromosome and lead-

ing to the evolution of a new sex chromosome pair (Figure 2.4). In this first mechanism,

transitions can change the system (from XY to ZW and conversely). The second mecha-

nism (Blaser et al., 2013) involves the accumulation of deleterious loss-of-function mu-

tations in SNRs that is expected to lower survival in the heterogametic sex. Transitions

should occur as soon as this survival cost exceeds the benefits of having sex-antagonistic

mutations linked to the sex determining genes. In this second mechanism, transitions

cannot change the heterogametic sex as transitions from XY to ZW are expected to fix the

Y homologue as an autosomal pair, which is of course detrimental if transitions are pre-

cisely triggered by the mutational load accumulating on these Y chromosomes.

A sex chromosome turnover event has been documented in Silene otites from XY to ZW
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(Slancarova et al., 2013). The whole Salicaceae family is dioecious, which suggests that

the ancestor was dioecious and that Salicaceae species could carry old sex chromosomes

(∼45My, Manchester et al., 2006). However, sex mapped to chromosome XV in both Salix

viminalis (Pucholt et al., 2015) and Salix suchowensis (Hou et al., 2015) with a ZW sys-

tem in both cases, but, in Populus, sex mapped to a different pair of chromosome (dif-

ferent positions on chromosome XIX, depending on the species, reviewed in Tuskan et

al., 2012), with some species having an XY system (Populus nigra, Populus tremuloides,

Populus tremula) and others a ZW system (Populus alba, Populus deltoides), in Popu-

lus trichocarpa contradicting papers reported a ZW (Yin et al., 2008) and an XY system

(Geraldes et al., 2015). These observations suggest that there has been high rates of sex

chromosome turnover in the Salicaceae family, but the mechanisms that caused these

turnovers are yet unknown.
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Figure 2.4: Mechanisms of sex chromosome turnover and of absence or presence of recombination sup-
pression: Sex antagonistic genes can induce recombination suppression if located on the PAR, resulting
in larger SNRs and heteromorphic sex chromosomes (S AM here a male beneficial sex antagonitic gene
induces further recombination suppresion of the Y SNR). The accumulation of deleterious mutations on
SNRs following recombination suppression can induce a sex chromosome turnover, possibly with endless
cycles (but never from an XY pair to a ZW pair nor from ZW to XY). Sex chromosomes can also be replaced
by a new pair if sex antagonistic genes are located on autosomes (with this mechanism a change of system
is possible, from ZW to XY and conversely, but the new pair can only replace a very young sex chromosome
pair). The fountain of youth could maintain sex chromosomes at a homomorphic state through X-Y (or
Z-W) recombination.
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2.5 Are sex-specific non-recombining regions (SNRs)

degenerated in plants and algae?

The theories predicting degeneration of SNRs have been verified on various aspects in

plants and algae (Table 2.1):

• SNRs accumulate repetitive sequences, for instance papaya hermaphrodite SNR

harbours 79.3% repetitive sequences, compared to 52% genome wide (Wang et al.,

2012). The Y chromosome of Silene latifolia is 570Mb, much larger than the 420Mb

X (Matsunaga et al., 1994) and the Coccinia grandis Y chromosome has twice the

size of any of the other chromosomes (Sousa et al., 2013), suggesting an accumula-

tion of repetitive sequences. Steflova et al. (2013) observed that specific transpos-

able elements and satellites accumulate on the two Ys compared to other chromo-

somes of Rumex acetosa.

• Y copies were found to be less expressed than their X counterparts in Silene latifolia

(Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011; Muyle et al., 2012),

Rumex hastatulus (Hough et al., 2014) and in Ectocarpus sp. both U and V genes

were less expressed than autosomal genes (Ahmed et al., 2014). This could be due

to mutations in promoter regions impairing the fixation of transcription factors, or

to silencing of nearby repetitive elements.

• Y copies were found to have a higher dN /dS than their X counterparts, suggest-

ing relaxed selection and accumulation of deleterious nonsynonymous mutations,

in Silene latifolia (Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011;

Marais et al., 2008) and Rumex hastatulus (Hough et al., 2014).

• A lower nucleotide diversity was found in the SNR compared to the rest of the

genome in Silene latifolia (Qiu et al., 2010) and other plant species (Table 2.1), a

consequence of a lower SNR effective population size that in turn decreases the

efficacy of selection.

• Codon usage was found to be less optimized in the SNR in Rumex hastatulus (Hough

et al., 2014) and other plant species (Table 2.1), again suggesting relaxed selection.

• Intron lengths were found to be longer for Y copies compared to their X coun-

terparts in Silene latifolia (Marais et al., 2008), Phoenix dactylifera (Al-Dous et al.,

2011) and in Ectocarpus sp. both U and V genes had longer introns than autosomal

genes (Ahmed et al., 2014).

• The SNR showed a high number of gene loss in Silene latifolia (Bergero and Charles-

worth, 2011; Bergero et al., 2015; Chibalina and Filatov, 2011), but X and Y had sim-

ilar gene loss numbers in papaya (Gschwend et al., 2012; Wang et al., 2012).

• SNRs showed lower gene density (Table 2.1) compared to their recombining coun-

terparts, for instance there is a four fold decrease in gene density on Y compared to

X in S. latifolia (Chapter 3).
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Box 2.2 : Hill-Robertson interferences (adapted from Bachtrog, 2006)

In the absence of recombination, the action of directional selection at one locus can interfere with the action of

directional selection at a linked locus. Thus, the net efficacy of natural selection on a non-recombining chromo-

some, such as the Y, is impaired; deleterious mutations are less efficiently purged, and beneficial mutations are

less efficiently incorporated.

(a) Accumulation of weakly deleterious mutations by background selection. A strongly deleterious mutation

will be removed by selection along with the mutations genetically linked to it, even if these are slightly advanta-

geous (Charlesworth et al., 1993).

(b) Muller’s ratchet. This process involves the stochastic loss of the class of Y chromosomes carrying the fewest

number of deleterious mutations from a finite population (Muller, 1964). In the absence of recombination and

back mutation, this class of chromosomes cannot be restored. The next best class then replaces it (i.e. the class of

chromosomes with the next fewest number of deleterious mutations). This class can in turn be lost, in a succes-

sion of irreversible steps. Each such loss of a class of chromosomes is quickly followed by the fixation of a specific

deleterious mutation on the Y.

(c) Genetic hitchhiking by favorable mutations. The spread of a favorable mutation in a population of non-

recombining Y-chromosomes can drag to fixation any deleterious mutant alleles initially associated with it, as

long as the chromosome still has a net fitness advantage (Rice, 1987). Thus, the hitchhiking model requires that

selection coefficients for beneficial mutations be larger than for deleterious alleles. Successive adaptive substi-

tutions on an evolving Y chromosome can lead to the fixation of deleterious mutations at many loci. Under this

model, Y-chromosome degeneration reflects adaptation at a few loci, at the cost of most other genes on this chro-

mosome.

(d) Lack of adaptation on the non-recombining Y chromosome. The rate of adaptation on a non-recombining

chromosome can be greatly reduced, owing to interference of positive mutations with linked deleterious alleles

(Peck, 1994). If selection coefficients for beneficial mutations are of the same magnitude or smaller than those for

deleterious mutations, only beneficial mutations on Y-chromosomes free of deleterious alleles can contribute to

adaptation.

Models (a–c) assume that purifying selection against deleterious mutations is reduced on the Y, whereas model

(d) assumes that positive selection for beneficial mutations is less efficient on the Y. Any accumulation of delete-

rious alleles on the proto-Y will reduce the fitness of their carriers (models (a–c)).
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The degeneration of SNRs causes YY and WW genotypes to be lethal in old and mod-

erately old systems (Table 2.1), probably because of the loss of essential gene. How-

ever, it was proposed that plants would loose less genes on their SNRs compared to ani-

mals because of haploid selection acting in pollen (Bachtrog, 2011; Charlesworth, 2008;

Chibalina and Filatov, 2011). Indeed, many genes are expressed in pollen grains (Ho-

nys and Twell, 2004), unlike spermatozoa in animals. It is expected that loss of genes

expressed in pollen grains from SNRs will be prevented by selection in haploid Y or W

pollen grains. However, not all genes carried by SNRs are expressed in pollen and more

data (both in animals and plants) will be needed to confirm this hypothesis. The same

idea applies to UV systems where gametophytes are haploid individuals, however data is

currently lacking in UV systems to test whether gene loss is lower than in ZW or XY sys-

tems (outgroups without sex chromosomes are required in order to differentiate gene loss

from gene translocation on only one chromosome of the sex chromosome pair). Gene

densities in Ectocarpus sp and Marchantia polymorpha SNRs compared to the rest of the

genome indirectly suggest few gene losses from the SNRs (Ahmed et al., 2014; Yamato

et al., 2007).

The accumulation of repetitive sequences is responsible for the increase in SNR size ob-

served in some plants (Figure 2.2). It is currently unknown if this is an obligatory step

in degeneration, and whether it later evolves into smaller SNRs, after extensive gene loss

makes deletions possible (Figure 2.2). TEs are hypothesized to favor chromosomal rear-

rangements through ectopic recombination and could also promote recombination sup-

pression if heterozygous in the PAR (Dooner and He, 2008).

In papaya, the X region homologous to the SNR also shows a high repetitive content

(65.4%) compared to the genome-wide average (52%), although to a lesser extent than

the SNR, suggesting that the efficacy of selection is also reduced on the X (Gschwend et

al., 2012). This is consistent with the fact that effective population size is also reduced for

the X chromosome (Bellott et al., 2010): Ne (X ) = 3

4
Ne (autosomes).
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2.6 Has dosage compensation evolved in non-animal

taxa?

The availability of sex-linked gene sequences (see Box 2.1) allows functional analyses

such as the study of dosage compensation. With SNR degeneration, the heterogametic

sex in ZW and XY systems has less expression than the homogametic sex (Section 2.5),

most of all after SNR gene loss that make the heterogametic sex partially aneuploid,

which can be deleterious. A mechanism called dosage compensation has evolved in

some species that allows for similar male and female expression levels (Charlesworth,

1996), but, more importantly, similar expression levels between sex chromosomes and

their ancestral autosomal pair (Mank, 2013). Three canonical dosage compensation mech-

anisms have so far been described in Drosophila, mammals and C. elegans (reviewed in

Disteche, 2012; Ercan, 2015, and see Figure 2.5). In Drosophila, the single X in males is

hyperexpressed. In mammals, X chromosomes are hyperexpressed in both males and

females compared to autosomes but one X is inactivated in females. In C. elegans, X

chromosomes are also hyperexpressed in both males and hermaphrodites but both Xs

are down-regulated in hermaphrodites.

Recent work revealed that these canonical dosage compensation mechanisms only hold

Figure 2.5: Dosage compensation mechanisms (Disteche, 2012): Male and female sexes are indicated.
From left to right: Mammals, in which expressed genes on the active X (Xa) are upregulated in both sexes
and genes on the inactive X (Xi) are silenced in females; Drosophila, in which the X is upregulated in
males only; Caenorhabditis elegans, in which the X is upregulated in both sexes and downregulated in
hermaphrodites (mottled).

for some genes on the X. In mammals genes involved in protein complexes, where stoi-

chiometric balance is important, show the expected two fold increase in gene expression
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compared to autosomes (Pessia et al., 2012) but this is not observed when taking all X

genes together, at the transcript (Xiong et al., 2010) or protein level (Chen and Zhang,

2015). Similarly, the X chromosome is largely not upregulated in C. elegans (Albritton

et al., 2014). This suggests only some genes are dosage sensitive and dosage compen-

sation evolves only for this type of genes (Pessia et al., 2014; Veitia et al., 2015). In hu-

mans, an alternative strategy involved downregulation of autosomal genes that are within

the same protein interaction network as downregulated sex-linked genes (Julien et al.,

2012). In C. elegans, orhologs of yeast haploinsufficient genes (genes causing deleterious

effects when in a haploid state) are depleted from the X chromosome (Albritton et al.,

2014), suggesting that another strategy is to move a dosage sensitive gene to an auto-

some. Therefore, Ohno’s hypothesis of X two-fold upregulation is one of many different

mechanisms that counteracted the potential haploinsufficiency of individual X-linked

genes in males (Ercan, 2015). Also, the study of dosage compensation in other taxa has

shown that chromosome-wide dosage compensation has not evolved in all sex chromo-

somes, in particular it is more common in XY than ZW systems (Mank, 2013).

It was only recently that dosage compensation started to be studied in non-animal sys-

tems. Chibalina and Filatov (2011) tested for dosage compensation in Silene latifolia by

comparing male and female expression levels for X-hemizygous genes (sex-linked genes

for which the Y copy is not expressed or was lost). They found that male and female ex-

pression significantly differed for these genes and concluded that there was no dosage

compensation in this species. However, another study that focused on sex-linked genes

with a preserved Y copy observed that males and females maintained similar expression

levels even when Y expression was reduced due to degeneration (Muyle et al., 2012). The

X-hemizygous gene SlWUS1 in Silene latifolia was shown to have lower expression lev-

els in males than in females and to have both X copies expressed in females using qRT-

PCR (Kazama et al., 2012), therefore the authors concluded there was no evidence that

this gene was dosage compensated or X-inactivated. But, without outgroup reference,

the authors could not rule out that expression in female buds had been increased, per-

haps because of a specialisation in the female function. More recently, Bergero et al.

(2015) found that male expression was globally halved compared to females for 99 X-

hemizygous genes, as expected under no dosage compensation (however a few genes in-

dividually showed patterns of dosage compensation). The authors also tested for dosage

compensation in 99 XY gene pairs with high expression (over a 100 Y reads), and degener-

ated Y copy (Y over X expression ratios below 0.75), male expression relative to female ex-

pression was globally higher than the value expected without dosage compensation both

in bud and leaf transcriptomes. The authors concluded that partial dosage compensa-

tion for these XY genes could not be excluded, but that results could also be produced by

male-biased expression. Unfortunately the authors did not identify male-biased genes in

their dataset (unlike Muyle et al., 2012), which could have made the two hypotheses dis-

tinguishable. From these four studies (Bergero et al., 2015; Chibalina and Filatov, 2011;
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Kazama et al., 2012; Muyle et al., 2012), it seems clear that X-hemizygous genes are mainly

not dosage compensated in Silene latifolia, however the status of XY gene pairs remains

unclear. It is possible that partial dosage compensation exists in this species (Toups et al.,

2015).

Only one other plant has so far been studied for dosage compensation: Rumex hastatu-

lus (Hough et al., 2014). The authors focused on 119 X-hemizygous genes and found that

79% were significantly less expressed in males than in females, which led them to con-

clude there was no dosage compensation in Rumex hastatulus. The authors, however,

did not comment on the fact that genes with a preserved but degenerated Y copy main-

tained similar male and female expression levels in their data (Figure 3 in Hough et al.,

2014), which strongly suggests dosage compensation.

The reason why most studies focused on X-hemizygous genes to test for dosage compen-

sation is that it was expected that selection for dosage compensation would be strongest

for these genes as the complete absence of Y expression would be most deleterious (es-

pecially in haploid tissues). However this verbal expectation has not been tested and the

opposite could easily be argued: X-hemizygous genes could have lost their Y copy be-

cause dosage was not important for them and selection did not slow down the loss of the

Y copy nor selected for dosage compensation when inevitable degeneration happened.

In a recent analysis, both XY and X-hemyzygous genes were analysed to test for dosage

compensation in Silene latifolia, using RNA-seq data from a cross (see Chapter 5). A

closely related species without sex chromosomes, Silene vulgaris, was also included in

the study in order to have an estimate of the ancestral autosomal expression levels of

sex-linked genes in Silene latifolia. Results showed that X expression levels in males have

increased with Y degeneration, allowing similar expression levels between Silene latifolia

males and the outgroup without sex chromosomes. However, similarly to mammals and

C. elegans, not all genes were affected by this pattern, in particular X-hemizygous genes

show very little dosage compensation, only highly expressed X-hemizygous genes were

dosage compensated. This suggests that dosage compensation evolved only for dosage

sensitive genes and that X-hemizygous genes are mainly insensitive to changes in dosage.

Consistently, X-hemizygous genes were found to be depleted in proteins involved in the

ribosomal complex, a striking example for a large protein complex requiring stoichiomet-

ric balance. Remarkably, the increase in X expression in males also happened in females

(a phenomenon that has already been observed in flour beetle Prince et al., 2010, and

in stickleback, Schultheiß et al., 2015). However, in Silene latifolia, the X in females is

hyperexpressed to a lesser extent than in males, and only for the maternal X. This sug-

gests that some imprinting mechanism is responsible for dosage compensation in Silene

latifolia which increases expression of the maternal X, both in males and females, and

this could possibly be deleterious for females. This shows a conflict between males and

females over optimal expression levels. This observation could either be explained by a

downregulation in males being more deleterious than an upregulation in females, or by
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sexual selection, that is stronger on males than on females, and would select for upreg-

ulation of the single X chromosome in males, at the expense of females, until a second

correcting mechanism evolves in females to prevent hyperexpression (Mank, 2013). This

second mechanism correcting for hyperexpression in females could already be evolving

in Silene latifolia, as X hyperexpression is lower in females than in males.

2.7 How are sexual conflicts resolved in dioecious plants

and algae?

The evolution of sex chromosomes and separate sexes from hermaphroditism should

trigger a burst of adaptation throughout the genome as trade-offs between reproductive

male and female functions can be resolved through expressing genes differently in male

and female individuals (Ellegren and Parsch, 2007, and see Figure 2.6) and also through

evolving male and female specific sequences with SNRs. Other mechanisms described in

animal species that solve sexual conflicts involve alternative splicing and gene duplica-

tion followed by neofunctionalisation (reviewed in Betrán et al., 2004).

In plants, very little is known about sex-biased genes (Barrett and Hough, 2013). Sex

Figure 2.6: Sex antagonism and evolution of gene expression level (from Barrett and Hough, 2013): A
hypothetical scenario in which females (dashed lines) and males (solid lines) have different optima for the
same trait, causing sex-biased selection (long arrows). A shared genetic architecture can constrain the sexes
from evolving toward their respective trait optima. However, sexual dimorphism can still evolve when such
trade-offs exist, and this can involve sex-limited gene expression and the breakdown of strong intersexual
genetic correlations, possibly facilitated by the evolution of SNRs.
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differential gene expression was detected in Populus yunnanensis, a species having a ZW

system with a small female-specific region, but genes located in autosomes rather than

in the female specific region were the major contributors to the sexual differences in the

salinity tolerance of poplars (Jiang et al., 2012), suggesting the SNR had little role in the

evolution of sexual dimorphism in this species. In Populus tremula, only two significantly

differentially expressed genes were identified from an RNA-seq data, showing very little

sexual dimorphism in this species (Robinson et al., 2014). In the dioecious alga Fucus

vesiculosus, there are more male-biased than female-biased genes, but the possible con-

tribution of sex chromosomes in that pattern remains unknown, as no sex-determining

locus has so far been characterised in this species (Martins et al., 2013). Similarly, in As-

paragus officinalis more male-biased than female-biased genes were identified, but the

contribution of sex chromosomes in that pattern remains unknown (Harkess et al., 2015).

In Ectocarpus sp., under 12% of genes were sex-biased, which is consistent with the low

level of morphological sexual dimorphism in this species (Lipinska et al., 2015). More

male-biased than female-biased genes were identified and the PAR was significantly en-

riched in female-biased genes compared to autosomes, suggesting a role of partial link-

age with the SNR in the evolution of sex-biased expression.

The contribution of sex chromosomes in the evolution of sexual dimorphism in non-

animal species was clear in the study of Silene latifolia (see Chapter 6). In this species,

sex-biased genes are significantly enriched on the sex chromosomes compared to the au-

tosomes. Selection to reduce fitness costs brought about by sexually antagonistic genes

were mainly solved through changes in expression levels in females rather than males.

In Drosophila, the X chromosome is enriched in female-biased genes, selected as the X

spends more time in females than in males, a process called feminisation of the X (Elle-

gren and Parsch, 2007). But no feminisation of the X chromosome was found in Silene

latifolia when looking at numbers of female-biased genes, maybe due to the young age

of the system that has not allowed for changes in the structure of the sex chromosomes

(i.e. the number of female-biased genes). However, when looking at expression levels,

the X chromosome has undergone feminisation and demasculinisation in Silene latifolia

since its expression level increased in females for female-biased genes and decreased in

females for male-biased genes. Similarly, the Y has undergone masculinisation as its ex-

pression has increased in male-biased genes and decreased in female-biased genes.

In Marchantia polymorpha, a Y specific repeated gene was found to be expressed specif-

ically in male sexual organ, similarly to human Y palindromes (Okada et al., 2001), which

suggests Y masculinisation in this species. In Volvox, the retinoblastoma tumor suppres-

sor homolog MAT3 is a mating type gene that displays sexually regulated alternative splic-

ing and evidence of gender-specific selection, again showing SNRs specialise in sexual

functions, probably by solving sexual conflicts (Ferris et al., 2010).
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2.8 Conclusions and Perspectives

Plants and algae are unique systems to study the evolution of sex chromosomes as their

sex chromosomes are often of recent origin (Table 2.1) and closely related species without

sex chromosomes allow for comparative analyses that reveal the direction of the evolu-

tion of sex chromosomes and make it possible to precisely infer gene loss on SNRs and

to study how expression levels evolved for sex-linked genes. The various pathways that

can lead to dioecy in plants and algae promise a wide diversity of genetic mechanisms

of sex determination. But this diversity has been understudied, with only three sex-

determining genes described so far on plant and algal sex chromosomes (Section 2.2).

More studies are needed to describe the diversity of sex determination in non-model or-

ganisms (Bachtrog et al., 2014), which will allow to test for the two gene model of sex

chromosome origin (Charlesworth and Charlesworth, 1978).

In plants, different species exhibit various stages of sex chromosome degeneration levels

(Figure 2.2), it is however unknown whether large Ys (compared to Xs), are of younger

origin than small Ys (compared to Xs). More studies on sex chromosome degeneration

levels are required, along with dating of their origin. This will be facilitated by the use of

new methods to obtain sex-linked sequences in non-model organisms (see Box 2.1). The

availability of sex-linked sequences will also allow to study strata and their age, which

will make it possible to test whether small SNRs are due to a recent origin (as in Fra-

garia virginiana) or to the absence of further events of recombination suppression (as in

Ectocarpus sp). One mechanism preventing the degeneration of SNRs could be X-Y (or Z-

W) recombination in sex reverted individuals, as in animals. But it is unknown whether

X-Y (or Z-W) recombination happens in sex reverted individuals in dioecious species.

Also, the role of sex-antagonistic alleles in recombination suppression was not formerly

demonstrated but only suggested by Qiu et al. (2013). High sex chromosome turnover

has been suggested in Salicaceae, but the forces driving them are unknown.

It will be interesting to test for dosage compensation in other plant and algal species. It

should however be kept in mind that dosage compensation mechanisms are rarely total,

even in the canonical models such as those of placentals or C. elegans. From the study of

Silene latifolia and Rumex hastatulus, it appears that sex-linked genes without Y copies

are rarely dosage compensated. Outgroups without sex chromosomes should be used to

orientate expression changes in sex-linked genes since the study of male over female ex-

pression ratio can be biased if both sexes evolved in the same direction (as is the case in

Silene latifolia).

Finally, estimates of SNRs genes loss are currently lacking in order to test whether UV

systems lose less genes compared to XY and ZW systems due to haploid selection oppos-

ing degeneration in gametophytes. Similarly, data in plants are lacking to test whether Y

SNRs loose less genes in plants than in animals due to haploid selection in pollen grains.
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Chapter 2 showed the need for more sex-linked sequences in plants to allow one to

study sex chromosomes. The current chapter reports a work aiming at obtaining more

sex-linked genes in the plant Silene latifolia through the sequencing of BAC clones. The

obtained sequences were used to study gene densities and gene loss in X and Y chromo-

somes of Silene latifolia.

This project mainly involved three labs: Roman Hobza and Alex Widmer’s labs gen-

erated the sequences. Alex Widmer’s lab assembled the data and annotated the genes.

Gabriel Marais’ lab coordinated the project, analysed the data and prepared the manus-

cript with inputs from all authors. I was in charge of comparing the BAC clone genes and

the RNA-seq contigs from previous studies, which was used to assess the potential bias

in inferring sex-linked genes from RNA-seq data and to estimate (roughly) gene loss (see

authors contributions in Section 3.7).

The manuscript was accepted in BMC genomics pending minor revisions in April

2015. The revised version was resubmitted in May 2015.
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Identifying new sex-linked genes through
BAC sequencing in the dioecious plant

Silene latifolia

Blavet N1,2,8, Blavet H2,3,8, Muyle A4,8, Käfer J4, Cegan R3, Deschamps C5, Zemp N1,

Mousset S4, Aubourg S6, Bergero R7, Charlesworth D7, Hobza R2,3,9, Widmer A1,9,

Marais GAB4,9

3.1 Keywords

Sex chromosomes, sex-linked genes, plant, BAC, RNA-seq, gene loss, Y degeneration, Si-

lene latifolia, Silene vulgaris.

Box 3.1 : List of abbreviations

• BAC = Bacterial Artificial Chromosome
• EST = Expressed Sequence Tag
• NUMT = Nuclear Mitochondrial DNA
• NUPT = Nuclear plastid DNA
• PAR = pseudoautosomal region
• RPKM = Reads per Kilobases per Million
• SNP = Single Nucleotide Polymorphism

3.2 Abstract

Background: Silene latifolia represents one of the best-studied plant sex chromosome

systems. A new approach using RNA-seq data has recently identified hundreds of new

sex-linked genes in this species. However, this approach is expected to miss genes that

are either not expressed or are expressed at low levels in the tissue(s) used for RNA-seq.

Therefore other independent approaches are needed to discover such sex-linked genes.

1Institute of Integrative Biology (IBZ), ETH Zurich, Zurich, Switzerland
2Institute of Experimental Botany AS CR, Centre of the Region Haná for Biotechnological and Agricultural
Research, Olomouc - Holice, Czech Republic
3Department of Plant Developmental Genetics, Institute of Biophysics, Academy of Sciences of the Czech
Republic, Brno, Czech Republic
4Laboratoire de Biométrie et Biologie Evolutive (UMR 5558), CNRS/Université Lyon 1, Villeurbanne, France
5Pole Rhone-Alpes de Bioinformatique (PRABI), Villeurbanne, France
6Unité de Recherche en Gńomique Vǵt́ale (UMR 1165), INRA/Universitd́’Evry-Val-d’Essonne – ERL CNRS
8196, Evry, France
7Institute of Evolutionary Biology, University of Edinburgh, Edinburgh, UK
8equal contribution as first authors
9equal contribution as senior authors
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Results: Here we used 10 well-characterized S. latifolia sex-linked genes and their ho-

mologs in Silene vulgaris, a species without sex chromosomes, to screen BAC libraries of

both species. We isolated and sequenced 4 Mb of BAC clones of S. latifolia X and Y and

S. vulgaris genomic regions, which yielded to 59 new sex-linked genes (with S. vulgaris

homologs for some of them).We assembled sequences that we believe represent the tip of

the Xq arm. These sequences are clearly not pseudoautosomal, so we infer that the S. lat-

ifolia X has a single pseudoautosomal region (PAR) on the Xp arm. The estimated mean

gene density in X BACs is 2.2 times lower than that in S. vulgaris BACs, agreeing with the

genome size difference between these species. Gene density was found extremely low in

the Y BAC clones. We compared our BAC-located genes to the sex-linked genes identified

in previous RNA-seq studies, and found that about half of them (those with low expres-

sion in flower buds) were not identified as sex-linked in previous RNA-seq studies. We

compiled a set of validated ∼70 X/Y genes and X-hemizygous genes (without Y copies)

from the literature, and used these genes to show that X-hemizygous genes have a higher

probability of being undetected by the RNA-seq approach, compared with X/Y genes; we

used this to estimate that about 30% of our BAC-located genes must be X-hemizygous.

The estimate is similar when we use BAC-located genes that have S. vulgaris homologs,

which excludes genes that were gained by the X chromosome.

Conclusions: Our BAC sequencing identified 59 new sex-linked genes, and our analysis

of these BAC-located genes, in combination with RNA-seq data suggests that gene losses

from the S. latifolia Y chromosome could be as high as 30%, higher than previous esti-

mates of 10-20%.

3.3 Background

Of only a handful of plant sex chromosome systems that have been investigated at the

molecular level, the XY chromosome system of Silene latifolia is one of the best-studied

(Bernasconi et al., 2009; Ming et al., 2011). However, finding sex-linked genes in this

species has been a slow process and is still ongoing. Approaches such as screening cDNA

libraries with probes from microdissected S. latifolia Y chromosomes identified only a

few sex-linked genes (reviewed in Filatov, 2005b). Segregation analysis of intron variants

and SNPs within plant families revealed more sex-linked genes (e.g. Bergero et al., 2007,

2013). Combined, these approaches yielded about 30 validated S. latifolia sex-linked

genes.

Recently, however, three studies used RNA-seq to identify hundreds of S. latifolia sex-

linked genes, either using segregation patterns within families (Bergero and Charles-

worth, 2011; Chibalina and Filatov, 2011) or male and female full siblings from an inbred

population (Muyle et al., 2012). Sex-linked genes were identified either by following al-

lele transmission from parents to their progeny (in the two studies using families, Bergero

and Charlesworth, 2011; Chibalina and Filatov, 2011), or by searching for SNPs homozy-
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gous in females and heterozygous in males, indicating Y-linkage (Muyle et al., 2012). As

no S. latifolia reference genome is available, these searches started with either a de novo

assembled reference transcriptome using the S. latifolia RNA-seq data (Chibalina and

Filatov, 2011; Muyle et al., 2012) or using 454 EST data from S. vulgaris, a close relative

without sex chromosomes Bergero and Charlesworth, 2011; Sloan et al., 2012, to map the

S. latifolia reads and perform SNP-calling. Both approaches are subject to errors, espe-

cially when sex-linkage of a contig is inferred from the segregation pattern of only a single

SNP, so the inferences were assessed by checking for complete sex-linkage of some of the

inferred sex-linked genes, using PCR on sets of unrelated males and females (Bergero

and Charlesworth, 2011; Chibalina and Filatov, 2011). Further tests were done to check

whether “tester sets” of well-validated sex-linked and autosomal genes (see above) were

correctly assigned (Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011; Muyle et

al., 2012). The results were encouraging, with most genes tested being correctly assigned.

However, only a few newly inferred genes (∼10 in each study) were checked experimen-

tally, and the tester sets included only 10-20 sex-linked and ∼10 autosomal genes. More-

over, the RNA-seq studies focused on RNA from only one tissue (flower buds) and any

sex-linked genes not expressed in flower buds, or expressed at low levels, must be missed

(Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011; Muyle et al., 2012).

The number of sex-linked genes in S. latifolia is therefore not yet accurately known. An

alternative approach to discovering new sex-linked genes is to sequence BAC clones from

the sex chromosome. A handful of BACs from the S. latifolia X and Y chromosomes have

already been sequenced (e.g. Blavet et al., 2012; Ishii et al., 2010), but they yielded few

new sex-linked genes. To improve the yield, we screened a BAC library with probes from

validated X-linked or Y-linked genes of S. latifolia, which establishes sex-linkage of all

genes found in the BAC sequences. Identifying both X-linked and Y-linked genes is im-

portant for estimating the proportion of X-linked genes that have lost their Y counter-

parts, indicating genetic degeneration of this plant sex chromosome system. Sequencing

BACs should help identify genes with low expression levels, some of which were probably

missed by previous studies, because most sex-linked genes identified so far in S. latifo-

lia come from cDNA, ESTs or RNA-seq data, which will be enriched for highly expressed

genes. Sequencing the complete S. latifolia sex chromosomes using BACs would be ex-

tremely costly as the X is 400 Mb, and the Y 550 Mb. However, BAC sequencing to obtain

sequences of portions of the sex chromosomes is very useful. In particular, it can provide

larger tester set to compare with results from RNA-seq studies (see above), as well as for

analyses (explained below) for estimating changes in gene densities during the evolution

of the X and Y chromosomes, and gene losses from the Y chromosome.

We obtained ∼4 Mb of BAC sequences from the S. latifolia sex chromosomes and from

Silene vulgaris, a closely related non-dioecious plant without sex chromosomes, in order

to identify both new sex-linked genes and their S. vulgaris homologs, which can serve

as outgroup sequences for comparing the evolution of S. latifolia X-linked and Y-linked
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genes. A BAC library from an S. latifolia male was screened using probes specific for

X-linked and Y-linked alleles of 10 previously validated X/Y gene pairs (see Section 3.6

and Table S1). Orthologs of all 10 genes have been identified in S. vulgaris, all mapping

to a single linkage group (Bergero et al., 2013; Filatov, 2005a), indicating that they were

all on the ancestral chromosome, and not gained during the evolution of the S. latifolia

sex chromosomes. Their map locations in S. latifolia indicate that they represent both

evolutionary strata (chromosomal regions with different levels of X-Y divergence, pre-

viously described for this species (Bergero et al., 2008a; Bergero et al., 2013), see also

Figure 3.S1.A). Annotation of the BAC sequences yielded 49 new X-linked genes and 10

new Y-linked genes. We analysed the gene densities of the X-linked, Y-linked and S. vul-

garis BACs. We also searched by Blast the previously published RNA-seq data with the

sequences of the new sex-linked genes in the BACs, and used it to develop a new, com-

bined approach to estimate Y gene loss. The results of our re-evaluation suggest that gene

loss may have been underestimated based on RNA-seq alone, although more work is still

needed to get a precise estimate of Y gene loss in S. latifolia.

3.4 Results and Discussion

3.4.1 Obtaining S. latifolia X and Y genomic sequences and

identifying genes

A total of 25 positive BAC clones were selected and sequenced (see Section 3.6, Tables S1,

S2). After further validation (see Section 3.6), 24 clones were retained for analysis. These

included 6 triplets of X/Y/vulgaris sequences, one X/vulgaris pair, one Y/vulgaris pair,

and two single X BAC clones without Y chromosome or S. vulgaris homologs (Table S1).

The 16 sex-linked chromosomal fragments sequenced total ∼2.5 Mb, the largest set of S.

latifolia sex-linked genomic sequences so far obtained. These BAC sequences were as-

sembled and annotated (see Section 3.6, Tables S1, S2), revealing a total of 153 genes, 78

of which are from S. vulgaris. Including the probe genes, the S. latifolia genes total 58 X-

linked and 17 Y-linked genes (Table 3.1 and Tables S1, S2). 59 of them are newly identified

in S. latifolia, tripling the number of S. latifolia fully sex-linked genes with complete ge-

nomic sequences; 49 of these 59 new sex-linked genes are X-linked, and 10 are Y-linked.

Table 3.1: Gene number and density in S. latifolia X and Y and in S. vulgaris BAC clones. Gene density was
computed using all available BAC data. When only triplets are used, the results are similar.

S. latifolia X S. latifolia Y S. vulgaris
Total of all genes, including genes used as “probes” 58 17 78

Total number of new genes 49 10 70
Total number of S. latifolia / S. vulgaris homologous gene pairs 13 2 -

Total physical size (Mb) 1.7 1.09 1.05
Gene density per Mb 34 16 74

An all-against-all Blast search among the BAC-located genes revealed conserved blocks
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of several tens of Kb around each probe gene in the S. latifolia X and S. vulgaris BAC se-

quences (Figure 3.S2). These blocks include only 13 new X-vulgaris homologous gene

pairs (Table 3.1 and Table S2). When aligned using MAUVE (Section 3.6), we found con-

served gene orders in the blocks around the probe genes, and sequence similarities in

the intergenic regions. In contrast, Blast searching found only two new Y-vulgaris gene

pairs (Table 3.1 and Table S2), and MAUVE alignments found similarity between Y and S.

vulgaris sequences mostly restricted to the probe gene itself (Figure 3.S2). This suggests

the occurrence of insertions, deletions and other chromosomal rearrangements of the S.

latifolia Y chromosome at a small (within BAC) scale, in addition to the large-scale rear-

rangements previously found (Bergero et al., 2008a,b; Cermak et al., 2008; Hobza et al.,

2007, 2006; Kejnovsky et al., 2006; Macas et al., 2011; Pritham et al., 2003; Steflova et al.,

2014).

To directly evaluate the extent of gene losses from the S. latifolia Y chromosome, we first

searched for X/Y gene pairs (often called “gametologous pairs”, in which X and Y genes are

alleles that diverged since X-Y recombination became suppressed), where one is clearly

recognizable as a pseudogene. We found no such pairs. All pseudogenes found in the

BAC sequences were duplicates of other genes in the same BAC clone. The only X/Y gene

pairs in our BAC sequences are the “probe” genes, which were already known (Table S2);

none of the new X-linked genes have gametologs in the corresponding Y chromosome

BAC sequence (Table S2).

3.4.2 Assembling BACs from the X4, X7 and X6a regions and

implications for the number of pseudoautosomal regions in S.

latifolia sex chromosomes

We found overlaps between the X BAC sequences from three probes, genes X4, X7 and

X6a. These BAC sequences were therefore assembled into a scaffold (Figure 3.S1.B).

The end of this scaffold (BAC clone BAC65P13) consists of X43.1 repeats typical of Silene

telomeres (Sýkorová et al., 2003). These X43.1 repeats probably represent the X telomere,

based on the following reasoning. BAC assembly and sequencing statistics indicate that

7% of reads in BAC65P13 are from X43.1, yielding an estimate that the X43.1 repeat forms

a ∼6 kb region of this BAC. No interstitial X.43.1 signal was detected on the X chromo-

some in previous work using FISH (Cermak et al., 2008), but a 6 kb sequence composed

of units arranged in tandem should yield a clear fluorescent signal with the X43.1 probe.

A non-telomeric location is therefore unlikely. Our results therefore suggest that we have

reached the end of the Xq arm in S. latifolia. In turn, this implies that only the Xp end

is pseudoautosomal. Our results are therefore consistent with the S. latifolia sex chro-

mosomes having only a single pseudoautosomal region, and not two as AFLP mapping

suggested (Scotti and Delph, 2006); a single pseudoautosomal region (PAR) is consistent

with the latest genetic mapping (Bergero et al., 2013).
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3.4.3 Gene densities in S. latifolia X, Y and S. vulgaris BAC clones

We found an average of 34 genes/Mb in the S. latifolia X BAC sequences and 74 genes/Mb

in those from S. vulgaris (Table 3.1). The gene densities we observed in both species’ BAC

sequences are quite high, which suggests that we have sequenced gene-dense regions.

The 2.2-fold lower gene density in the S. latifolia X is, however, consistent with the ex-

pectation based purely on the genome sizes of the two species (2.7 Gb for S. latifolia and

the 1 Gb for S. vulgaris; see the Plant DNA C-value Database, http://data.kew.org/

cvalues/). Assuming the same total number of genes in both species (which is likely as

they are closely related species with an identical chromosome number of 2n = 24), and

neglecting possible inter-chromosomal translocations in S. latifolia or S. vulgaris (Berg-

ero et al., 2013), the relative total genome sizes predict a 2.7-fold lower gene density in S.

latifolia.

In contrast, the S. latifolia Y BACs have an estimated average gene density of only 16

genes/Mb (Table 3.1), 2.1 times lower than the X. The S. latifolia Y chromosome is 550

Mb, considerably larger than the X (400 Mb; see Matsunaga et al., 1994). If the num-

ber of genes were the same on both sex chromosomes (that is, if their size difference is

due solely to the accumulation on the Y of sequences not present on the X, including

transposable elements, NUMTs and NUPTs Bergero et al., 2008b; Cermak et al., 2008; Ke-

jnovsky et al., 2006; Pritham et al., 2003; Steflova et al., 2013), the ratio of gene densities

for Y versus X should be the same as the ratio of Y/X chromosome sizes, 550/400, pre-

dicting a mean Y density 1.4 times lower than that of the X. The observed value in the S.

latifolia Y BAC sequences is nevertheless considerably lower than the expectation, and

suggests losses of as much as 34% of genes from the Y.

3.4.4 Searching for the BAC-located genes in RNA-seq data

We blasted our BAC-located genes to the RNA-seq contigs found in previous studies (see

Section 3.6), which produced significant matches for 54 out of 63 genes (Table 3.2 and

Table 3.S3), showing that most of our BAC-located genes (∼85%) are expressed in flower

buds. Only half of these genes were identified as sex-linked by any of the previous studies

(Table 3.2). As predicted (see Section 3.3) the genes not detected as sex-linked in any of

the RNA-seq studies have much lower expression levels (as estimated by Muyle et al.,

2012) than those where sex-linkage was detected (RPKM values: 3008.3 versus 11251.2,

respectively; the difference is significant by a one-tailed Student’s t test, p-value = 0.004).

This suggests that failure to ascertain genes as sex-linked when they have low expression

affects inferences using RNA-seq, in addition to absence of expression of some genes in

flower buds.
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Table 3.2: Comparison of BAC and RNA-seq data All BAC-located genes are included except the 6 probe
genes for which both X and Y copies were available in the BAC data.

Total
number

BAC-located
genes

matching
RNA-seq
contigs

BAC-located
genes

matching
X/Y RNA-seq

contigs

BAC-located
genes

matching X-
hemizygous

RNA-seq
contigs

Sources of RNA-seq
data

X-linked
BAC-

located
gene

52

44 12 - Muyle et al., 2012

36 5 2
Bergero and

Charlesworth, 2011

31 13 5
Chibalina and Filatov,

2011

46 19 5 3 combined

Y-linked
BAC-

located
gene

11

7 3 - Muyle et al., 2012

6 1 1
Bergero and

Charlesworth, 2011

6 1 31 Chibalina and Filatov,
2011

8 3 1 3 combined

All BAC-
located
genes

63 54 22 6 3 combined

3.4.5 Re-evaluating Y gene loss using both BAC and RNA-seq data

Two RNA-seq studies have used X-linked genes to estimate Y gene loss in S. latifolia. Only

10 to 20% of X-linked genes were estimated to have no Y transcripts, suggesting that Y

degeneration and male hemizygosity may be modest in S. latifolia (Bergero and Charles-

worth, 2011; Chibalina and Filatov, 2011). Correct inference of X-hemizygous genes is

critical for reliably estimating Y gene loss. If the Y copy of a XY gene pair is not expressed,

or is expressed at low levels in the tissue(s) used for RNA-seq analysis, hemizygosity will

be incorrectly inferred and gene losses from the Y will be overestimated. We found some

examples of this when comparing the BAC and RNA-seq data (using stringent Blast crite-

ria, see Section 3.6). Two BAC-located genes matched contigs inferred as X/Y gene pairs

from one study but with contigs inferred as X-hemizygous in others, and one Y-linked

gene matched a contig inferred as X-hemizygous (Table 3.2).

Among our X-linked BAC-located genes, five matched contigs inferred to be X-hemizygous

(Table 3.2). Using our BAC-located genes that match RNA-seq contigs detected as sex-

linked, this yields an estimate of 20% of Y gene loss, the same as in the published RNA-

seq studies (Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011). However, if

coverage is low due to a low expression level, SNPs may not be identified; individuals

cannot then be genotyped and no inferences about sex-linkage are possible. Recent data

1Among those 3, two genes were found to be X-hemizygous in Chibalina and Filatov (2011), and XY in
Bergero and Charlesworth (2011) and Muyle et al. (2012). In the combined data (see details in Section 3.6),
we considered these genes to be XY.
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from animals suggests that average expression levels are lower for X-hemizygous genes

than for X/Y gene pairs (Bellott et al., 2014; Cortez et al., 2014), and therefore the RNA-seq

approach may fail to detect X-hemizygous genes more often than X/Y gene pairs, result-

ing in an underestimation of gene losses from the Y. If this bias occurs, the BAC-located

genes not matching contigs inferred as sex-linked should include more X-hemizygous

genes than the ∼20% estimate above.

To evaluate this possibility, it would be helpful to have an estimate of the proportion of

X-hemizygous genes that were undetected by the RNA-seq studies. When these studies

were done, very few validated X-hemizygous genes were available in S. latifolia. Only two

fully degenerated Y-linked genes in S. latifolia have so far been documented (Guttman

and Charlesworth, 1998; Kazama et al., 2012). Two recent studies used segregation analy-

sis in large families and inferred further X-hemizygous genes, one being an unpublished

segregation analysis using RadSeq data (Bergero et al., 2013, Qiu S, Charlesworth D, un-

published); however a comparison with the sex-linked contigs from RNA-seq studies re-

veals that ∼57% may be X/Y gene pairs and not truly X-hemizygous (see the list of genes

with X-hemizygous segregation patterns in Table S4). X-hemizygous genes from (Bergero

et al., 2013, Qiu S, Charlesworth D, unpublished) cannot therefore be used to estimate the

proportion of X-hemizygous genes that failed to be detected by the RNA-seq studies.

We therefore used an indirect approach. Many well-validated X/Y gene pairs are now

available, and can be used to estimate the probability that the combined RNA-seq studies

fail to detect such a gene pair. Given this estimate, one can infer how many of the BAC-

located genes that do not match sex-linked RNA-seq contigs could represent such missed

X/Y gene pairs, and thus how many are probably truly X-hemizygous genes (schematized

in Figure 3.S3). For the required estimate, we used all published well-validated X/Y gene

pairs: the 17 experimentally validated ones (see references in Table S4), 20 sex-linked

contigs from RNA-seq studies that were validated by PCR (Bergero and Charlesworth,

2011), and 12 more from a recent segregation analysis (Bergero et al., 2013). All these

are probably highly expressed genes. We added 21 more X/Y gene pairs from the unpub-

lished RadSeq study (Qiu S, Charlesworth D, unpublished), which uses genomic DNA,

and can therefore ascertain genes even if their expression levels are low, for a total of 70

tester genes that were previously inferred as sex-linked. 78% of these genes had signifi-

cant matches with contigs from at least one of the three RNA-seq studies, implying that

they are expressed in flower buds. Genes matching contigs not assigned as sex-linked in

one study often matched sex-linked ones in another, so that only around 25% of true X/Y

gene pairs remained undetected in the three RNA-seq studies combined (Table S4).

This estimated proportion suggests that, out of our total number of 46 X-linked BAC-

located genes expressed in flower buds, 0.25*46 = 11.5 are probably X/Y gene pairs un-

detected in the combined RNA-seq data. Thus, 11.5 of the 22 BAC-located genes not

matching sex-linked RNA-seq contigs (category (iii) in Table 3.3) are accounted for. This

leaves 22 – 11.5 = 10.5 genes that are probably X-hemizygous, but failed to be detected
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by the RNA-seq studies. Only X-linked genes newly ascertained by our BAC sequencing

are “ancestral” genes relevant for estimating gene losses (the probe genes were ascer-

tained through detecting Y-linked variants, and were therefore previously known to have

Y copies); there were probably 50 “ancestral” genes in our BAC sequences, 43 X BAC-

located genes that lack copies in our Y BACs but have RNA-seq matches, plus the 7 Y-only

BAC-located genes with RNA-seq matches (the total is 60 including the probe genes). The

estimated number of Y gene losses is then as follows: 5 genes detected as X-hemizygous

(category (ii) in Table 3.3) + 10.5 X-hemizygous genes that failed to be detected by the

RNA-seq studies (see above). Dividing by 50 ancestral genes yields 33% (or 26% includ-

ing the probe genes, Table 3.3). Using a similar approach to estimate gene losses from

the X chromosome gives a considerably lower fraction, 5% (or 3% including the probe

genes), significantly different from the estimate for the Y (Table 3.3, Fisher’s exact test p-

values < 10-3 in either case). Estimates of ancestral gene numbers are particularly reliable

when an outgroup is used to exclude genes that were gained after the sex chromosomes

originated, by duplication and/or relocation onto the X. We therefore repeated this anal-

ysis, restricting it to genes with homologs on the S. vulgaris BAC sequences (which must

have been present on the ancestral proto-sex chromosomes). The results are similar; ex-

cluding the “probe” genes, we estimate 34% gene loss from the Y, and none from the X

(Fisher’s exact test p-value = 0.003; see Table 3.S5, or, including the “probe” genes, 22%

and 0% Y and X gene loss, respectively; Fisher’s exact test p-value < 0.05).

Table 3.3: Analysis of gene loss in X and Y chromosomes combining BAC and RNA-seq data

Categories of genes
X-linked

genes
Y-linked

genes

All new genes in BAC sequences 52 11

No match to RNA-seq contigs 6 3

Genes retained for analysis 46 8

Category (i): XY results in RNA-seq analysis 19 3

Category (ii): X-hemizygous results in RNA-seq analysis 5 1

Category (iii): Not ascertained as sex-linked by RNA-seq analysis 22 4

Estimated X/Y false negative rate for gene pairs for RNA-seq analysis1 25% 25%

Expected number of XY pairs undetected in RNA-seq analysis 11.5 2

Potential number of X-hemizygous (X0) or Y0 genes undetected in RNA-seq
analysis

10.5 2

Potential total number of X-hemizygous (X0) or Y0 genes (sum of detected +
undetected in RNA-seq analysis numbers above)

15.5 2

Potential proportion of X-hemizygous (X0) or Y0 genes2 26-33% 3-5%

Correct estimation of the proportion of X-hemizygous genes among the BAC-located

genes depends of the representativeness of the X/Y gene pairs used as tester set. To

further check our set of inferred X-hemizygous genes, we searched for genes that were

1Based on 39 genes previously known to have X- and Y-linked copies, see Table S4.
2Potential total number of genes absent/number of ancestral genes (including or not the probe genes), see
text for details.
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wrongly classified as X-hemizygous, but which were actually X/Y gene pairs whose se-

quences are so diverged that they assembled into different contigs, one of which (the Y

contig) was not detected. RNA-seq contigs representing the Y copies of these X-hemizy-

gous genes should be found only in males. To test for such sequences among the RNA-seq

contigs, we examined the BAC-located genes that the published RNA-seq analyses did

not ascertain as sex-linked by blasting them against a set of RNA-seq contigs that were

found only in males (from Muyle et al., 2012). This yielded only between 3 and 5 signif-

icant matches (depending on the filtering of the RNA-seq data, see Section 3.6). Thus,

very few potentially divergent Y copies are present among the RNA-seq contigs; more-

over, some of the male-specific contigs may not represent divergent Y copies but may

simply be autosomal paralogs specifically expressed in males. The lack of evidence for

the existence of many undetected X/Y gene pairs with diverged Y-linked copies agrees

with our estimate that no more than 10 of the genes not ascertained as sex-linked by

RNA-seq analysis are actually X/Y gene pairs (Table 3.3).

3.5 Conclusions

Our BAC sequencing effort resulted in 59 new validated sex-linked genes in S. latifolia,

adding to the 43 published ones already available (listed in Table S4). Comparing our

new genes to sex-linked genes identified by RNA-seq studies shows that failure to as-

certain genes as sex-linked when they have low expression is an important limitation of

RNA-seq, in addition to non-expression in the flower bud tissues that have been used,

illustrating the difficulty of reliably inferring sex-linkage, X-hemizygosity and gene loss

from the Y chromosome without a reference genome. Analyses to take this ascertain-

ment bias into account suggest that gene losses from the S. latifolia Y could be higher

than previously thought, perhaps around 30%, consistent with the gene densities in X/Y

and S. vulgaris BACs. However, further work is needed to estimate Y gene loss in this

species more precisely.

3.6 Methods

3.6.1 Isolation and sequencing of BAC clones

The BAC library was screened following (Cegan et al., 2010). Clones were gridded on

nylon membrane filters and hybridized. The S. latifolia BAC library includes a total of

119,808 clones, with an average insert-size of 128 kb, which equates to 5.3 times the male

haploid genome. The S. vulgaris BAC library (total of 55,296 clones), with an average

insert-size of 110 kb, represents 6.8 haploid genomes of this species. We screened these

libraries using probes designed from 10 published sex-linked genes and their homologs

in S. vulgaris (shown in Figure 3.S1.A, plus the triplet SlAP3X/Y-SvAP3). For each “probe”
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gene, the X-linked copy was used to screen the S. latifolia BAC library, and the Y copy to

identify Y-linked BAC clones in the S. latifolia BAC library, while the S. vulgaris homolog

was used to identify S. vulgaris BAC clones. For each probe, we found 1 to >100 positive

clones. We selected clones showing strong hybridization with the probe, and only those

that were confirmed by PCR with probe-derived primers were used in further analyses.

Whenever possible, we sequenced one BAC clone for each probe gene. These clones were

sequenced with coverage varying from 5-6 to 8-600 X for Sanger and 454, respectively

(some clones with mate-pairs, and some without). The BAC sequences were validated by

comparing the sequence of the “probe” gene from the BAC to the published sequence of

the “probe” gene; this excluded only one BAC clone. This yielded complete triplets of X,

Y and S. vulgaris BACs for some probe genes, but not all (Table S1). All the “probe” genes

except SlAP3 have already been mapped on the S. latifolia X chromosomes (Bergero et al.,

2007, 2013), and their Y copies have been mapped on Y chromosome physical maps, see

(Bergero et al., 2008a). All the BAC contigs are available in Genbank (Accession numbers

KC978922-KC977838). Table S1 provides more details.

3.6.2 Assembly and annotation of BAC sequences

For each BAC clone, the reads were assembled de novo using Newbler v.2.5.3 (2010), ex-

cept for three BAC clones sequenced using Sanger sequencing (19P24, 93L17 and 78D08),

which were assembled with phrap v.16 (2007). The assembly statistics in Table S1 were

obtained using QUAST (Gurevich et al., 2013). Annotation (see Table S2) was done using

both homology-based and expression-data-based strategies using Uniprot and S. latifo-

lia RNA-seq data from (Muyle et al., 2012). Truncated genes and genes with premature

stop codons and/or frameshifts were annotated as pseudogenes. DNA repeats (including

transposable elements) were annotated using the latest update of the database of DNA

repeats in S. latifolia, based on an extensive search using genomic library screening and

low coverage sequencing of the S. latifolia data (Cermak et al., 2008; Macas et al., 2011).

3.6.3 Sequence analysis

Homology among BAC clones from the same X/Y probe gene pair was assessed by align-

ing the BAC sequences with MAUVE 2.3.1 (Darling et al., 2010) after masking the repeats

using RepeatMasker v3.3.0 (http://www.repeatmasker.org/) with the Silene DNA repeat

database mentioned above. Homology between X/Y BAC pairs was also assessed by per-

forming an all-against-all Blast search (with the default parameters) among the genes

found in the X/Y BAC pair. The results are shown in Figure 3.S2, and the X-vulgaris and

Y-vulgaris pairs that we found are listed in Table 3.S6.

To obtain the results shown in Table 2, we performed a Blast search of all coding se-

quences (CDS, obtained by annotating the BAC sequences, see previous section) against

the RNA-seq data from the three previous studies (Bergero and Charlesworth, 2011; Chi-
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balina and Filatov, 2011; Muyle et al., 2012) using data available in Genbank (Chibalina

and Filatov, 2011) and our own data (Bergero and Charlesworth, 2011; Muyle et al., 2012).

We retained only manually checked Blast hits with e-values < 10-5, % identities > 90%, and

alignment lengths > 50 bp. Multiple corresponding RNA-seq contigs were allowed for a

single BAC CDS to allow for assembly problems in the RNA-seq data. The three RNA-seq

studies were then combined to infer each CDS gene as being X/Y, X-hemizygous, or not

detected as sex-linked in the RNA-seq data (Table S2). A gene was classified as X/Y in

RNA-seq data if any one of the matching RNA-seq contigs was classified as X/Y, and as

X-hemizygous if it satisfied two criteria: (i) at least one matching RNA-seq contig was

classified as X-hemizygous, and (ii) all other matching RNA-seq contigs were not clas-

sified as XY gene pairs. Finally, the gene was classified as not having been detected as

sex-linked in RNA-seq data whenever all matching RNA-seq contigs failed to be detected

as sex-linked. Expression level estimates were obtained from (Muyle et al., 2012).

To check our X-hemizygous genes, we blasted them all (including those detected as X-

hemizygous in the RNA-seq studies) against a set of RNA-seq contigs expressed only in

males (using data from Muyle et al., 2012). Some of these genes might correspond to

sex-linked genes with highly diverged X and Y copies that assemble in separate RNA-seq

contigs and might therefore be wrongly classified as X-hemizygous, or not be detected as

sex-linked at all. To test for potentially Y-linked sequences, we used a set of male-specific

contigs from the RNA-seq results. We required these contigs to be expressed in all males

and none of the females, using (i) all male-specific contigs, N = 5,504 (ii) male-specific

contigs without matches to any transposable element sequence (using the S. latifolia TE

database mentioned above) and with more than 10 mapped reads in one of the libraries

(to remove noisy expression), N = 3,400. Only sequences with Blast hits of length > 100

bp, e-values < 10-4, scores > 80 and identities > 80% were retained.

Fisher’s exact tests and Student’s t tests were done using the relevant statistical functions

in R (http://www.r-project.org/).
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Figure 3.S1: BAC clones A) Localization of the BAC clones: on the S. latifolia X and Y chromosomes.
Schematic view of the X chromosome genetic map (adapted from Bergero et al., 2007, 2013) and of the
Y chromosome deletion map (adapted from Bergero et al., 2008a). The three strata (S1, S2, S3) as defined
in Bergero et al. (2008a) are shown on the X chromosome. The positions of the X-linked and Y-linked genes
used as probes to screen the S. latifolia male BAC library are shown. SlAP3X was also used as a probe but
mapping data are not available for this gene. Selection and validation of several BAC clones was unsuccess-
ful, which explains why we do not have just BAC triplets (Section 3.6). See Table S1 for a complete list of the
sequenced BACs. B) Assembly of the Xq arm. The BACs including SlX7, SlX6a and SlX4 are overlapping and
we used this to assemble of the end of the Xq arm, where the typical X.43.1 telomeric repeats were found.

1Among those 3, two genes were found to be X-hemizygous in Chibalina and Filatov (2011), and XY in
Bergero and Charlesworth (2011) and Muyle et al. (2012). In the combined data (see details in Section 3.6),
we considered these genes to be XY.
1Based on 39 genes previously known to have X- and Y-linked copies, see Table S4.
2Potential total number of genes absent/number of ancestral genes (including or not the probe genes), see
text for details.
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Figure 3.S2: Annotation of all BAC clones: Blue bars = “probe” genes, black bars = new genes, red triangles
= transposable elements. Homology relationships are depicted by grey lines connecting genes.
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Figure 3.S3: Pipeline for inferring Y gene loss: X-linked BAC-located genes are blasted against the RNAseq
contigs. This gives three categories of BAC-located genes: (i) match with a X/Y RNAseq contig, (ii) match
with a X-hemizygous contig, (iii) match with an RNAseq contig not detected as sex-linked (see Section 3.6
for details about the blast search and how we combined results using different RNAseq datasets). Using
the rate of false negatives for X/Y gene pairs, the numbers of undetected X/Y gene pairs and X-hemizygous
genes are obtained. This then gives the total number of X-hemizygous genes, which is used to compute
the percentage of gene loss on the Y chromosome. Gene loss on the X chromosome is computed similarly
using Y-linked BAC-located genes but is less precise, as the Y0 genes are not inferred in RNAseq studies.

Table 3.S3: Comparison of BAC and RNA-seq data (detailed table). All BAC-located genes are included
except the 6 probe genes for which both X and Y copies were available in the BAC data. Numbers of genes
with S. vulgaris orthologs are indicated in parentheses

Total
number

BAC-located
genes

matching
RNA-seq
contigs

BAC-located
genes

matching
X/Y RNA-seq

contigs

BAC-located
genes

matching X-
hemizygous

RNA-seq
contigs

Sources of RNA-seq
data

X-linked
BAC-

located
gene

52 (15)

44 (15) 12 (4) - Muyle et al., 2012

36 (11) 5 (4) 2 (1)
Bergero and

Charlesworth, 2011

31 (8) 13 (5) 5 (2)
Chibalina and Filatov,

2011

46 (15) 19 (6) 5 (2) 3 combined

Y-linked
BAC-

located
gene

11 (3)

7 (3) 3 (3) - Muyle et al., 2012

6 (3) 1 (1) 1 (0)
Bergero and

Charlesworth, 2011

6 (3) 1 (1) 3 (2)1 Chibalina and Filatov,
2011

8 (3) 3 (3) 1 (0) 3 combined
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Table 3.S5: Analysis of gene loss in X and Y chromosomes combining BAC and RNA-seq data (for X-vulgaris
and Y-vulgaris pairs only)

Categories of genes
X-linked

genes
Y-linked

genes

All new genes in BAC sequences 15 3

No match to RNA-seq contigs 0 0

Genes retained for analysis 15 3

Category (i): XY results in RNA-seq analysis 6 3

Category (ii): X-hemizygous results in RNA-seq analysis 2 0

Category (iii): Not ascertained as sex-linked by RNA-seq analysis 7 0

Estimated X/Y false negative rate for gene pairs for RNA-seq analysis1 25% 25%

Expected number of XY pairs undetected in RNA-seq analysis 3.75 0.75

Potential number of X-hemizygous (X0) or Y0 genes undetected in RNA-seq
analysis

3.25 0

Potential total number of X-hemizygous (X0) or Y0 genes (sum of detected +
undetected in RNA-seq analysis numbers above)

5.25 0

Potential proportion of X-hemizygous (X0) or Y0 genes2 22-29% 0%

Table 3.S6: List of new genes with S. vulgaris homolog

S. latifolia sex-linked BAC-located gene S. vulgaris homolog
BAC137C12_SlY1_CDS03_AT3G13870.1 BAC116D13_Sv1_CDS02_AT3G13870.1
BAC137C12_SlY1_CDS05_AT3G13750.1 BAC116D13_Sv1_CDS07_AT3G13750.1
BAC65P13_SlX4_CDS02_AT2G31410.1 BAC62M2_Sv4_CDS10_AT2G31410.1
BAC65P13_SlX4_CDS03_AT4G12970.1 BAC62M2_Sv4_CDS03_AT4G12970.1
BAC65P13_SlX4_CDS04_AT3G26790.1 BAC62M2_Sv4_CDS01_AT3G26790.1
BAC55L7_SlX7_CDS01_AT3G02050.1 BAC79C3_Sv7_CDS04_AT3G02050.1

BAC78D08_SlDD44X_CDS07_AT3G63530.1 BAC108B6_SvDD44_CDS03_AT3G63530.1
BAC78D08_SlDD44X_CDS05_AT3G08505.1 BAC108B6_SvDD44_CDS05_AT3G08505.1
BAC78D08_SlDD44X_CDS06_AT3G12650.1 BAC108B6_SvDD44_CDS04_AT3G12650.1

BAC4E24_SlCypX_CDS05_AT3G11590.1 BAC68B20_SvCyp_CDS09_AT3G11590.1
BAC4E24_SlCypX_CDS06_AT1G08380.1 BAC68B20_SvCyp_CDS10_AT1G08380.1
BAC4E24_SlCypX_CDS10_AT2G36100.1 BAC68B20_SvCyp_CDS11_AT2G36100.1
BAC4E24_SlCypX_CDS11_AT1G08260.1 BAC68B20_SvCyp_CDS01_AT1G08260.1
BAC4E24_SlCypX_CDS07_AT2G27690.1 BAC68B20_SvCyp_CDS12_AT2G27690.1

BAC6C4_SlssX_CDS01_tr|A5B1K4|A5B1K4_VITVI BAC120L11_Svss_CDS05_tr|A5B1K4|A5B1K4_VITVI
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This project aimed at designing a method that would reliably identify sex-linked genes

in non-model organisms at low cost. It has followed the project using BAC clones to

obtain sex-linked genes in Silene latifolia (Chapter 3) as this first project provided re-

liable sex-linked sequences but at a high cost and only few new genes were obtained.

The genes obtained through BAC clone sequencing allowed to test the new method on

real data, along with other previously known sex-linked genes in Silene latifolia. The ap-

proach relies on RNA-seq data on a cross (parents and progeny of each sex), as it was

previously proved to be efficient (Bergero and Charlesworth, 2011; Chibalina and Filatov,

2011; Hough et al., 2014), but, thanks to a probabilistic model, this project potentially

makes this strategy applicable to any kind of sex chromosomes (XY, ZW and UV) and

any dataset (this strategy had previously been applied with empirical filters that limited

its broad use). I was particularly keen on developing a method with its own probabilistic

model in order to provide a reliable set of sex-linked genes for further biological analyses.

This project was led in Gabriel Marais’ lab, Niklaus Zemp in Alex Widmer’s lab in

Zurich generated the RNA-seq datasets. I developed the method, tested it on real and

simulated data, prepared the first draft of the manuscript (including most figures and ta-

bles) which was modified by my supervisor and other authors, see authors contributions

in Section 4.8 for more details.

The manuscript was submitted to Genome Research in December 2014 and sent to the

referees but rejected after one round of revision. It was submitted to MBE in May 2015

and is currently under review.
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A probabilistic method for identifying
sex-linked genes using RNA-seq-derived

genotyping data

Aline Muyle1, Jos Käfer1, Niklaus Zemp2, Sylvain Mousset1, Franck Picard1,3, Gabriel AB

Marais1,3

4.1 Keywords

Sex chromosomes, XY, ZW, UV, sex-linked genes, non-model organisms, RNA-seq, Galaxy

workflow.

4.2 Abstract

The genetic basis of sex determination remains unknown for the vast majority of organ-

isms with separate sexes. A key question is whether a species has sex chromosomes. Sex

chromosome presence indicates genetic sex determination, and their sequencing may

help identifying the sex-determining genes and understanding the molecular mecha-

nisms of sex determination. Identifying sex chromosomes can be difficult, especially

when they are homomorphic. Sequencing them is also very challenging, in particular

the non-recombining regions as they are usually repeat-rich. A novel approach for iden-

tifying sex-linked genes and sex chromosomes consisting of using RNA-seq to genotype

male and female individuals and study sex-linkage has recently been proposed. This ap-

proach entails a modest sequencing effort and does not require prior genomic or ge-

netic resources, and is thus particularly suited to study non-model organisms. Applying

this approach to many organisms is, however, difficult due to the lack of an appropri-

ate statistically-grounded pipeline to analyse the data. Here we propose a model-based

method to infer sex-linkage using a maximum likelihood framework and genotyping data

from a full-sib family, which can be obtained for most organisms that can be grown in

the lab and for economically important animals/plants. Our method works on any type

of sex chromosomes (XY, ZW, UV) and has been embedded in a pipeline that includes a

genotyper specifically developed for RNA-seq data. Validation on empirical and simu-

lated data indicates that our pipeline is particularly relevant to study sex chromosomes

of recent or intermediate age but can return useful information in old systems as well; it

is available as a Galaxy workflow.

1Laboratoire de Biométrie et Biologie Evolutive (UMR 5558), CNRS/Université Lyon 1, Villeurbanne, France
2ETH Zurich, Institute of Integrative Biology, Universitätstrasse 16, 8092 Zürich, Switzerland
3equal contribution as senior authors
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4.3 Introduction

Species with separate sexes (males and females) are common. They represent ∼95% of

animal species (Weeks, 2012) and as much as 50-75% of the species in some land plant

lineages (Ming et al., 2011). They are rarer in angiosperms; yet ∼15,000 species with

separate sexes (dioecious) have been found (Renner, 2014). Many crops (e.g. papaya,

strawberries, kiwi, spinach) are dioecious or derive from a dioecious progenitor (Ming

et al., 2011). However, the mechanisms for sex determination remain unknown for most

plant species and a number of animal species; in many cases it is not known whether

sex chromosomes are present. Sex chromosomes of similar size and morphology (ho-

momorphic) are particularly difficult to identify with cytology. Homomorphic sex chro-

mosomes are probably frequent in groups such as angiosperms where many dioecious

species have evolved recently from hermaphroditic ancestors and sex chromosomes are

expected to be young and weakly diverged (Ming et al., 2011), in groups such as fish

where sex determination mechanisms evolve quickly and the replacement of a pair of sex

chromosomes by another (sex chromosome turn over) is high (Mank and Avise, 2009), or

in groups such as amphibians where occasional recombination limits sex chromosome

divergence (Stöck et al., 2013). Nevertheless, the exact frequency of homomorphic sex

chromosomes remains unknown in those groups. In angiosperms, for example, dioecy

has evolved probably >800 times independently (Renner, 2014), but less than 40 sex chro-

mosome pairs (including 20 homomorphic pairs) have been reported so far (Ming et al.,

2011).

Obtaining sequences of sex chromosomes is also very difficult since they have non-re-

combining regions. Those regions can be very large and comprise most (or all) of the Y

chromosome in the heteromorphic systems. The human Y chromosome, for instance, is

largely non-recombining, i.e. does not make cross-over with the X during meiosis. Only

two small regions of the human Y, called the pseudoautosomal regions can do so. Non-

recombining regions are found in all sex chromosome types: the Y and W in diploid XY

and ZW systems and also in both sex chromosomes in the UV haploid systems found

in some mosses and algae (Bachtrog et al., 2011). The non-recombining regions of the

genome are known to accumulate large amounts of repeats, including transposable ele-

ments (Charlesworth et al., 1994; Gaut et al., 2007). In some species, the X and Z chromo-

somes also accumulate repeats, although at a lesser extent than their Y/W counterparts,

because selection against repeats is reduced on these chromosomes due to a smaller ef-

fective population size compared to the rest of the genome (Bellott et al., 2010; Gschwend

et al., 2012).

This makes the sex chromosomes (particularly the non-recombining portions of the Y,

W and U/V chromosomes) difficult to assemble, especially when using short-read se-

quencing technologies. Consequently, many genome projects have focused on individ-

uals of the homogametic sex (XX or ZZ) to avoid this difficulty and also the problem of
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reduced coverage of the X and the Z when sequencing individuals of the heterogametic

sex (discussed in Hughes and Rozen, 2012). Y chromosomes have been sequenced using

strategies relying on establishing a BAC map prior to sequencing. The single-haplotype

iterative mapping and sequencing (SHIMS, described in Hughes and Rozen, 2012) in par-

ticular has provided high-quality assemblies of the mammalian Y chromosome (Bellott

et al., 2014; Hughes et al., 2012, 2010; Skaletsky et al., 2003). These strategies are, how-

ever, labour-demanding and costly, which explains why only a handful of Y chromosomes

have been fully sequenced to date (<15), many of which have small non-recombining re-

gions: the livevort Marchantia (Yamato et al., 2007), the fish medaka (Kondo et al., 2006),

the green alga Volvox (Ferris et al., 2010), the tree papaya (Wang et al., 2012) and the

brown alga Ectocarpus (Ahmed et al., 2014).

Producing high-quality assembly is not always necessary and alternative, less expen-

sive strategies have been recently developed for identifying sex chromosome sequences

based on next-generation sequencing (NGS) data. A first category of approaches relies

on the comparison of one male and one female genome. Identifying X-linked scaffolds

can be done by studying the genomic male over female read coverage ratio along the

genome: autosomal contigs will have a ratio of 1 while X-linked ones will have a ratio of

0.5 (Vicoso and Bachtrog, 2011; Vicoso et al., 2013a,b). The Y scaffolds are simply those

that are exclusively present in the male genome. A more sophisticated analysis can be

done by a prior exclusion of the repeats shared by the Y and the female genome (Akagi

et al., 2014; Carvalho and Clark, 2013). Also, a combination of RNA-seq and genome data

of male and female individuals has been used to increase the number of known Y-linked

genes in well-studied systems (Cortez et al., 2014). Similar analyses were done for ZW

systems (Ayers et al., 2013; Moghadam et al., 2012; Vicoso and Bachtrog, 2011; Vicoso

et al., 2013a,b). This approach, however, is suitable only if reasonably well-assembled

reference genome is available, in the studied species or in a close relative.

A second category of approaches relies on studying how SNPs segregate among sexes.

Full genome sequencing data of several male and female individuals can be used to geno-

type individuals of different sexes and study sex-linkage of single-nucleotide polymor-

phisms (SNPs) and scaffold from sex chromosomes can be ascertained (Al-Dous et al.,

2011). If such genomic resources are lacking, as in many species with large genomes,

complexity and size can be reduced by using transcriptomes instead of complete genomes.

RNA-seq can be used instead of DNA-seq data to genotype individuals of different sexes

and identify sex-linked SNPs and sex-linked genes. Sex chromosomes can thus be inves-

tigated in species with hitherto unknown genomes. One possibility is to sequence several

male and female individuals of an inbred line and identify X/Y gene pairs by looking for

SNPs showing Y-linkage (see Muyle et al., 2012; and current Supplementary Figure 4.S1).

On the other hand, sequencing the parents and a few offspring individuals of known sex

from a specific cross allows the identification of sex-linked genes using both Y-linkage

and X-linkage information (see Bergero and Charlesworth, 2011; Chibalina and Filatov,



4.3. Introduction 109

2011, and current Figure 4.1.B). The approach based on RNA-seq derived genotypes has

identified hundreds of new sex-linked genes in species where only a few were known be-

fore (Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011; Muyle et al., 2012)

or in species without previously known sex-linked genes or genomic resources available

(Hough et al., 2014). Those are promising results, but genotyping and inference of sex-

linkage were done without a statistical framework. The genotyping was performed (i)

with tools that were developed for DNA-seq data, which do not account for uneven allele

expression as may be the case for X/Y gene pairs or (ii) using reads number thresholds

to distinguish true SNPs from sequencing errors, which were determined empirically for

a given dataset, but may not be correct for another dataset as they depend on the se-

quencing coverage and the number of offspring that were used for sequencing. Arbitrary

numbers of sex-linked SNPs per gene were used to classify genes as sex-linked or not.

The lack of appropriate and statistically-grounded methods and pipelines clearly limits

the application of the RNA-seq-based genotyping approach to more organisms despite

its high potential.

Figure 4.1: Pipeline: Schematic steps of our pipeline (A) and examples of family genotypes for the three
types of segregation types in an X/Y system (B).

Here we propose a model-based method (called SEX-DETector) for inferring sex-linkage

from genotyping data from a full-sib family. Our model describes the genotypes of the

parents and the F1 offspring for autosomal and sex-linked genes and accounts for geno-

typing errors. A likelihood-based approach is used to compute the posterior probabilities

of being autosomal, X/Y and X-hemizygous (X-linked copy only) for each RNA-seq con-
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tig. The method is developed for any chromosome type (XY, ZW, UV), and the likelihood

framework additionally offers the possibility to test for the presence and type of sex chro-

mosomes in the data based on model selection. SEX-DETector is embedded in a pipeline

including different steps from assembly to sex-linkage inference (Figure 4.1.A). Genotyp-

ing is done using a genotyper specifically designed for RNA-seq data (Gayral et al., 2013;

Tsagkogeorga et al., 2012) that takes unequal allelic expression into account, which is rel-

evant here as the Y copy of a X/Y gene pair tends to be less expressed than the X copy

(reviewed in Bachtrog, 2013).

We tested our pipeline on RNA-seq data of a family from Silene latifolia, a dioecious plant

with relatively recent but heteromorphic sex chromosomes, for which some sex-linked

and autosomal genes have been experimentally characterized. Our method could de-

tect 83% of known sex-linked genes expressed in the tissue used to obtain our RNA-seq

data (i.e. flower bud). To compare our pipeline to previous ones that rely on arbitrary

thresholds, we computed sensitivity and specificity values on all known S. latifolia genes

and our pipeline showed a much higher sensitivity (0.63 compared to 0.25-0.43) while

specificity remained close to 1, which suggests that the number of sex-linked genes has

been underestimated in previous work. Applying our pipeline to a comparable RNA-seq

data from Silene vulgaris, a plant without sex chromosomes yielded no sex-linked genes

as expected. We further tested the SEX-DETector method using simulations, which in-

dicated good performance with a modest experimental effort and on different sex chro-

mosome systems. The advantages, limits and potential solutions to those limitations of

our method/pipeline and the approach based on RNA-seq derived genotyping data in

general are discussed. Our method/pipeline is particularly relevant to study sex chromo-

somes of recent or intermediate age, for which the approaches relying on male vs. female

genome comparisons are not adapted (as they require X and Y reads not to co-assemble).

It can also provide useful information about old systems, which may complement that

given by the approaches relying on male vs. female genome comparisons specifically de-

voted to study those systems.

For an easy use of the method, we developed a Galaxy workflow (including extra assem-

bly, mapping, genotyping and sex-linked gene detection) that takes assembled contigs

and the raw reads from any system (XY, ZW, UV) as input and returns a set of sex-linked

gene sequences and allele-specific expression level estimates.

4.4 Results

4.4.1 A probabilistic method for inferring sex-linkage from family

genotyping data

SEX-DETector is based on the genotypes of two parents and their progeny from which we

infer the segregation type of each contig. The model considers that SNPs can be trans-
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mitted to the progeny by three segregation modes: (i) autosomal, (ii) sex-linked with both

X and Y (or Z and W) alleles present and (iii) X (or Z) hemizygous, i.e. sex-linked with only

the X (or Z) allele present (the Y or W allele being inactivated, lost, too weakly expressed

or in a different contig due to X/Y or Z/W divergence, see Section 4.5). We also considered

the case of UV sex chromosomes, similar to the one for XY and ZW, without hemizygous

segregation and with only one parent (the sporophyte). Our method relies on the segre-

gation of SNPs (see Supplementary Table S1) that are fully described in the progeny when

both parent genotypes and segregation type are known (see Figure 4.1.B for an example).

We use a likelihood-based framework to assess the posterior probability of each segrega-

tion type for each informative SNP given the observed genotype data.

A strong advantage of our model-based approach compared to empirical methods is

the amount of information captured from the data thanks to a hierarchical probabilistic

model. Observed genotypes of parents and progeny were incorporated in a model using

genotype probabilities (see Section 4.6). We accounted for discrepancies that may ex-

ist between observed and true genotypes (because of genotyping errors) by introducing

two genotyping error parameters: one for any type of genotyping error, and one specific

to the Y (or W) as genotyping errors are more frequent on the Y (or W) allele due to re-

duced expression and low RNA-seq read coverage. The UV model does not contain any

specific genotyping error for the non-recombining sex chromosome as both U and V are

non-recombining. Our model accounts for genotyping errors that are likely to be present

on parental genotypes as well. These steps (i.e. estimating genotype probabilities and

genotyping errors) are essential as each true parental genotype has a different probabil-

ity to occur in the dataset due to the level of heterozygosity and the base composition

of a given species, and they will ensure that the method can apply to different species.

Then, for each SNP and individual, we compute the posterior probabilities of genotyp-

ing errors, which allows us to compute the posterior probabilities of observing the true

parental genotypes and then the segregation types posterior probabilities for each SNP.

The segregation type of each contig is finally inferred by averaging informative SNP pos-

teriors. All X-hemizygous SNPs are informative whereas informative X/Y SNPs are posi-

tions for which the heterogametic parent is heterozygous and different from the homoga-

metic parent (otherwise it is not possible to distinguish X/Y and autosomal segregation).

Each SNP posterior is weighted by its posterior probability of genotyping error (so that

SNPs with higher genotyping error posteriors have less effect on the final inference about

a contig segregation type). The contig inferred segregation type corresponds to the one

with the highest posterior (which corresponds to the maximum a posteriori rule).

4.4.2 A pipeline for analysing RNA-seq data from a family

An important step in the pipeline is read assembly. To be able to detect Y-linked SNPs

as well as XY gene pairs, the reads from X and Y transcripts must co-assemble into a sin-

gle RNA-seq contig. This is achieved using Trinity and Cap3 for further assembly: Trinity



112 CHAPTER 4. SEX-DETector

will produce groups of contigs including alternative transcripts and alleles; joining the

alleles into one contig is done with Cap3 (see Section 4.6). Note that the detection of the

X-linked SNPs will not depend on the efficiency of the X and Y read co-assembly, and

it will still be possible to identify sex-linked genes in case of low or no X and Y read co-

assembly (see Section 4.5). Most genotypers have been developed for analysing genomic

data, not transcriptomic data. A major difference between these two types of data is that

coverage can significantly differ among alleles in transcriptomic data because of differ-

ences in expression level among alleles. For X/Y gene pairs, such differences are frequent,

with the Y copy being less expressed than the X one (reviewed in Bachtrog, 2013). Stan-

dard genotypers will typically consider the less expressed alleles as sequencing errors as

we have experienced and corrected manually in previous work (Muyle et al., 2012). To

solve this problem, we used a genotyper specifically developed for RNA-seq data, called

reads2snp, which allows differences in expression level among alleles (Gayral et al., 2013;

Tsagkogeorga et al., 2012). Our genotype inferences were different compared to standard

genotypers when X and Y copies had different expression levels (data not shown). We de-

veloped Galaxy wrappers for SEX-DETector and used available wrappers for other tools

(including reads2snp) to prepare a Galaxy workflow.

4.4.3 Testing our pipeline’s performance using a Silene latifolia

dataset

The SEX-DETector pipeline (Figure 4.1.A) was run on a Silene latifolia dataset. S. latifolia

is a dioecious plant species with well-studied XY chromosomes that had several interest-

ing characteristics for benchmarking our method/pipeline: (1) S. latifolia genome and

sex chromosomes are quite large (the genome is 3Gb, the X is 400 Mb and the Y is 550

Mb); (2) no reference genome is available in this species; (3) S. latifolia sex chromosomes

are relatively recent (∼5 MY old; Rautenberg et al., 2010) but clearly heteromorphic; X-Y

synonymous divergence ranges from 5 to 25% (Bergero et al., 2007); S. latifolia thus repre-

sents a system of intermediate age; (4) a tester set of 209 genes for which segregation type

has been established is available in this species (Supplementary Table S2). The dataset

consists of a cross (two parents and four offspring of each sex). RNA-seq data was ob-

tained for each of these individuals tagged separately and the reads were assembled us-

ing Trinity and then Cap3, the final assembly included 46,178 ORFs (Table 4.1). RNA-seq

reads were mapped onto this assembly (see Supplementary Table 4.S3 for library sizes

and mapping statistics) and genotyping was done for each individual using reads2snp.

SEX-DETector was run on the genotyping data to infer autosomal and sex-linked genes

(Table 4.1). For further analysis, only contigs having at least one SNP without genotyping

error and showing a posterior probability ≥ 0.8 (of being autosomal or sex-linked) were

retained. Figure 4.2.A-D shows examples from the tester set. For some genes, all SNPs

show clearly the same correct segregation type (Figure 4.2.A-C), whereas in some genes

mixed segregation patterns were inferred, which we attribute to co-assembly of recent
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paralogs or other assembly/mapping problems (see Figure 4.2.D and Section 4.5).

Figure 4.2: Results of the SEX-DETector pipeline for known S. latifolia genes. Only informative SNPs are
shown: positions that are inferred as polymorphic, and for which, in case of autosomal or X/Y segregation,
the heterogametic parent is heterozygous and different from the homogametic parent (otherwise it is not
possible to differentiate between X/Y and autosomal segregation). Segregation type posterior probabilities
are shown for each informative SNP (see legend on figure for colour code) and inferred number of geno-
typing errors for each segregation type are shown inside the bars (a genotyping error is inferred when its
posterior probability is higher than 0.5). A) SlE72 (this gene is known to be autosomal), its weighted au-
tosomal mean probability is 0.99. B) SlCypX (this gene is known to be X/Y), its weighted sex-linked mean
probability is 0.96. C) WUS1 (this gene is known to be X-hemizygous), its weighted sex-linked mean prob-
ability is 0.99. D) BAC284N5-CDS13_SlX6a (this gene is known to be sex-linked), its weighted sex-linked
mean probability is 0.82.

We used our tester set to test the performance of our pipeline, i.e. estimate its sen-

sitivity (the capacity to detect true sex-linked genes) and specificity (the capacity not to

assign autosomal genes as sex-linked). 83% of the known sex-linked genes expressed in

the RNA-seq data used here (i.e. flower bud) were detected, indicating a high sensitiv-

ity. We obtained a specificity of 99% for this dataset as one gene, OxRZn, was supposedly

wrongly assigned as a sex-linked gene by SEX-DETector. However, this gene was ear-
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Table 4.1: Results of our pipeline on the S. latifolia dataset.

ORF Types Numbers
ORFs in final assembly 46178

ORFs with enough coverage to be studied 43901
ORFs with enough informative SNPs to compute a segregation probability 17189

ORFs with posterior segregation probability over 0.8 15164
ORFs assigned to an autosomal segregation type 13807 (91%)

ORFs assigned to a X/Y segregation type 1025 (7%)
ORFs assigned to a X hemizygous segregation type 332 (2%)

lier assessed as autosomal on the basis of the absence of male specific alleles (Marais

et al., 2011) and SEX-DETector assigned it to a sex-linked category because of two clear

X-hemizygous SNPs, without genotyping error. It is therefore likely that OxRZn is in fact

a true positive and more research on that gene is required.

4.4.4 Comparing our pipeline to others using a S. latifolia dataset

We compared the performance of our pipeline to those used in previous work on in-

ferring sex-linkage with RNA-seq data in S. latifolia (Bergero and Charlesworth, 2011;

Chibalina and Filatov, 2011; Muyle et al., 2012). Those pipelines differ in many ways,

and the data themselves can be different. In previous work, offspring individuals of the

same sex were sometimes pooled before sequencing (Bergero and Charlesworth, 2011;

Chibalina and Filatov, 2011). We used again the tester set of 209 S. latifolia genes with

known segregation types, which we blasted onto each dataset to find the correspond-

ing contigs and their inferred segregation type (for details see Supplementary Table S2).

Because the different pipelines require different types of data (pooled progeny versus

individually-tagged offspring) and with different read coverages, we computed sensitiv-

ity on all known genes (expressed or not). Our pipeline outperformed other pipelines

in terms of sensitivity (Table 4.2), while specificity was comparable (Table 4.2), which

indicates that the number of sex linked genes in S. latifolia has previously been under-

estimated.

Table 4.2: Comparison with other methods: sensitivity and specificity values obtained with different
methods using 209 known S. latifolia genes.

Sensitivity Specificity
SEX-DETector 0.625 (0.509 – 0.731) 0.99 (0.958 – 0.999)

Muyle et al., 2012 0.275 (0.181 – 0.386) 0.984 (0.945 – 0.998)
Bergero and Charlesworth, 2011 0.25 (0.159 – 0.359) 0.992 (0.958 – 0.999)

Chibalina and Filatov, 2011 0.425 (0.315 – 0.541) 1 (0.972 – 1)

As further analysis showed, this under-estimation was due to overly conservative fil-

tering in previous work. To exclude false positives, genes with at least 5 sex-linked SNPs

were retained in previous studies. More filtering was done by excluding contigs with au-

tosomal SNPs (Bergero and Charlesworth, 2011; Hough et al., 2014). As shown in Fig-
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ure 4.3, keeping only contigs with at least 5 sex-linked SNPs removes nearly half of the

contigs inferred as sex-linked by SEX-DETector, many of which have a high posterior

probability. Excluding further those with autosomal SNPs (keeping those with sex-linked

SNPs only) removes 74% of the contigs (Figure 4.3.B). Comparatively, SEX-DETector re-

moves 12% of contigs when filtering for a posterior probability higher than 0.8 (Table 4.1),

as most genes have a very high posterior segregation type probability which indicates a

strong signal in the data and illustrates the benefits of using a model-based approach.

4.4.5 Simulations show that SEX-DETector requires a modest

experimental effort and works on different sex chromosome

systems

We simulated genotypes for a cross (parents and progeny) by generating a coalescent

tree with autosomal or sex-linked history (Supplementary Figure 4.S2) and generated the

parental sequences using that tree and molecular evolution parameters. Progeny geno-

types were obtained by random segregation of alleles from the parents and a genotyping

error layer was added (see Section 4.6). 10,000 contigs were simulated for each dataset.

In order to know how many offspring of each sex should be sequenced to achieve the

best sensitivity and specificity trade-off using SEX-DETector, we varied the number of

progeny individuals in the simulations. For an X/Y or Z/W system, optimal results were

obtained when sequencing five progeny individuals of each sex (Figure 4.4.A); sequenc-

ing more progeny individuals did not improve the results further. This suggests that se-

quencing 12 individuals (two parents and five progeny individuals of each sex) may be

sufficient to achieve optimal performances with SEX-DETector on an X/Y or Z/W system.

For a U/V system, two progeny individuals of each sex seems sufficient to obtain optimal

SEX-DETector performance (Figure 4.4.B), which suggests that sequencing five individu-

als (the sporophyte parent and two progeny of each sex) may be enough in the case of a

U/V system. Our simulations thus suggest that SEX-DETector requires a modest experi-

mental effort to reliably identify expressed sex-linked genes.

In order to assess the applicability of SEX-DETector to different types of sex chromo-

somes (old versus young, homomorphic versus heteromorphic) and species (highly ver-

sus weakly polymorphic), we used the same simulation procedure and tested the effect

of one parameter at a time on SEX-DETector sensitivity and specificity. In our simula-

tions, the degree of polymorphism within species had no influence on the performance

of our method (Supplementary Figure 4.S3.A). As for the influence of the size of the non-

recombining region (homomorphic or heteromorphic sex chromosomes), it was tested

using different % of sex-linked genes in a genome with no effect on the performance of

SEX-DETector (Supplementary Figure 4.S3.B). The limit of detection of a sex-linked con-

tig was reached only when 1 sex-linked contig out of 10,000 contigs was present. Finally,
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the simulations indicated that our method is robust to the X-Y divergence, as young and

old sex chromosomes were evenly detected (Supplementary Figure 4.S3.C).

4.4.6 SEX-DETector identifies unknown sex chromosomes using

model selection

It is common that species with separated sexes have unknown sex determination system,

i.e. it is unknown whether they have sex chromosomes and if they have, of what type

(Z/W versus X/Y). The likelihood-based framework of SEX-DETector allows us to test for

these assumptions by comparing models’ fit to the data using the Bayesian Information

Criterion (BIC, see Section 4.6). In species for which sex determination is unknown, it is

possible to compare models with and without sex chromosomes, and then if sex chro-

mosomes are detected, it is possible to compare models with X/Y or Z/W system. This

was tested on real data and simulated data.

In the S. latifolia dataset, the best model inferred by SEX-DETector was a model with sex

chromosomes as expected, with 1357 sex-linked contigs (which represents 9% of the con-

tigs with a posterior probability higher than 0.8). In the Silene vulgaris dataset (a species

without sex chromosomes), no sex-linked contigs were inferred, the best model fit to the

data was thus a model without sex chromosomes as expected (see Section 4.6).

In order to know from which proportion of sex-linked genes sex chromosomes can be

detected, we compared models on simulated data with varying numbers of sex-linked

contigs out of 10,000 simulated contigs (Table 4.3 and Supplementary Table S4). When

no sex-linked contigs were simulated, as expected the best model was the one without

sex chromosomes. This was also the case when a single sex-linked contig was simulated.

In this case, SEX-DETector could not detect it due to lack of information in the dataset.

When ten or more sex-linked contigs were simulated, the best model was the one with sex

chromosomes as expected. Thus, ten sex-linked contigs out of 10,000 provide sufficient

information for SEX-DETector (i.e. 1 sex-linked gene out of 1000 genes can be detected).

Once the presence of sex chromosomes has been inferred, it can be tested whether the

system is X/Y or Z/W. The model comparison between X/Y and Z/W systems worked on

both real and simulated data: the best model for S. latifolia was, as expected, the X/Y

system (Table 4.3 and Supplementary Table S4).
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Figure 4.3: Performance of the method. The number of SNPs without genotyping error was plotted against
the posterior segregation type probability for each autosomal (A) and sex-linked (B) contigs of the S. latifo-
lia dataset. The distributions of both variables are shown, and means for each category on the histograms
are indicated by red dots. Sex-linked genes kept after the filter commonly used in empirical methods are
shown in green (at least five sex-linked SNPs and no autosomal SNPs).



118 CHAPTER 4. SEX-DETector

Figure 4.4: Results on simulations. ROC curve showing the effect of the number of progeny sequenced on
sensitivity (TPR, true positive rate) and specificity (1-FPR, false positive rate) in simulated data. A perfect
classification of contigs would lead to a point having TPR equal to one and FPR equal to zero (top left corner
of the graph). A) X/Y or Z/W sex determination system (all points overlap in the top left corner when over
five progeny of each sex are used). B) U/V system (all points overlap in the top left corner when over two
progeny of each sex are used).
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4.5 Discussion

4.5.1 Strengths and limits of the SEX-DETector pipeline

Our pipeline offers a number of interesting features. Both real S. latifolia data and sim-

ulations suggest that very few individuals need to be sequenced: twelve individuals (two

parents plus five male and five female offprings) in the case of a X/Y or Z/W system, and

five individuals (the sporophytic parent plus two male and two female gametophytic off-

prings) for a U/V system appears to be enough to get very good performance from our

pipeline. This makes the strategy very accessible given the cost of RNA-seq. Our pipeline

is user-friendly thanks to a Galaxy workflow that goes from further assembly of contigs

using Cap3 to sex-linked genes and allelic expression levels (Figure 4.1.A).

New sex chromosomes can thus be characterised in species that have separated sexes

and for which sex-determination has remained unknown. Indeed, the method allows

one to test for the presence of sex chromosomes in the data, and then test for an X/Y ver-

sus a Z/W system, using the BIC.

Sensitivity results (Table 4.2) showed that the SEX-DETector pipeline is more powerful for

detecting sex-linked genes compared to previous pipelines relying on empirical methods

(Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011; Muyle et al., 2012). The use

of a cross allows identification of both X/X and X/Y SNPs unlike in (Muyle et al., 2012).

Individually tagged progeny individuals give more information than the pools (that were

used in Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011). The reads2snp

genotyper suited for RNA-seq data with allelic expression biases prevents the weakly ex-

pressed Y alleles to be wrongly classified as sequencing errors. Further, the probabilistic

framework allows to filter contigs on posterior segregation type probability rather than

the number of sex-linked SNPs as done in other studies (Bergero and Charlesworth, 2011;

Hough et al., 2014), allowing to preserve more true sex-linked genes without increasing

false positive inferences (Table 4.2, Figure 4.3).

SEX-DETector infers both sex-linked and autosomal genes. In earlier approaches, con-

tigs were inferred as either sex-linked or not sex-linked, and the latter consisted of a mix

of autosomal and undetected sex-linked genes. In SEX-DETector, contigs for which no

segregation type inference was possible, for example because of a lack of informative

SNPs, are classified as undetermined and are not merged with autosomal genes. Having

reliable inferences on autosomal genes is highly useful for comparative studies between

autosomal and sex-linked genes.

RNA-seq derived genotyping data approaches, including ours, have limitations. The use

of RNA-seq suffers from the limitation that some genes may not be expressed, or may be

too weakly expressed in the data for these approaches to infer segregation types, which

implies that using approaches based on RNA-seq genotyping data necessarily underesti-

mates the number of truly sex-linked genes. Also, no expression of a Y copy in the stud-

ied tissue of a X/Y gene pair will result in the X copy being ascertained as X-hemizygous.
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Extracting RNA from tissues with complex transcriptomes (many expressed genes) will

attenuate these problems, for example flower buds in plants or reproductive organs (e.g.

testis) in animals. Using not a single but several tissues/organs/development stages may

also help solving these problems, but will increase the cost. Pooling the tissues for each

individual before sequencing may be a way to avoid such extra-cost.

Our pipeline includes a de novo assembly, which may lead to co-assembly of very re-

cent paralogs into chimeric contigs. This problem is common to all available approaches

to obtain sex chromosome sequences except the SHIMS approach (Hughes and Rozen,

2012). However, and most importantly, our method will be able to identify the genes

where such problems might have occurred when paralogs are on different chromosomes

(as these genes will show a mixture of sex-linked and autosomal SNPs). These genes can

be excluded from further analysis by the user. Paralogs from the same chromosome will

be more difficult to be handled by our method (and nearly all others, except the SHIMS).

Our simulations suggest that SEX-DETector should work on different systems; its perfor-

mance was indeed excellent in a wide range of situations even when introducing geno-

typing errors (Supplementary Figure 4.S3). The simulations were manned to assess the

SEX-DETector method performance and not that of the whole pipeline. We therefore di-

rectly simulated genotypes and did not include all the possible errors occurring upstream

the genotyping steps (assembly and mapping). In particular, the failure to co-assemble

X and Y reads and assembly errors were not simulated, which may have implications on

the applicability of the pipeline to old systems.

Highly divergent X/Y genes are expected to assemble into separate X and Y contigs (Muyle

et al., 2012). The X-Y divergence threshold beyond which co-assembly will not be possi-

ble is not known. S. latifolia does not have a particularly low X-Y synonymous divergence

since it ranges from 5% to 25% (Bergero et al., 2007). By comparison, most X/Y gene pairs

in humans exhibit a divergence lower than 30% (mean X-Y synonymous divergence for

strata 3, 4 and 5 is respectively 30%, 10% and 5%, Skaletsky et al., 2003). When running

SEX-DETector on our tester set, none of the known X/Y gene pairs was inferred as X-

hemizygous, whereas several are the oldest S. latifolia stratum (with X-Y synonymous

divergence of 20-25%, Bergero et al., 2007). The good performance of our methods on

S. latifolia suggests that the failure to co-assemble X and Y reads will not be an issue for

systems with moderate X-Y divergence. A recent study using the RNA-seq-based segre-

gation approach on Rumex hastatulus, an older system (∼15 MY), returned hundreds of

sex-linked genes and suggests this approach works on even more divergent systems than

S. latifolia (Hough et al., 2014).

Moreover, as already explained, in the case of failure to co-assemble X and Y reads, the

X contigs will still be identified (through X-linked SNPs) and the SEX-DETector analy-

sis will return X-hemizygous genes. The Y contig will not be identified as SEX-DETector

does not detect Y contigs alone (they cannot be distinguished from autosomal genes that

are exclusively expressed in males, i.e. that have male-limited expression). To identify
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the Y contigs that have been missed, other strategies need to be investigated, for exam-

ple testing whether the X-hemizygous genes match to male-specific contigs, which may

represent the divergent Y contigs. Note that when this was done for our 332 inferred X-

hemizygous genes, only 5 of them had a significant match with a male-specific contigs,

suggesting that our set of inferred X-hemizygous genes includes only a few wrongly in-

ferred X/Y gene pairs with a divergent Y expressed in flower bud.

Our simulations also suggested that SEX-DETector might work similarly on homomor-

phic (few sex-linked genes) and heteromorphic (many sex-linked genes) systems. In ho-

momorphic systems, the sex chromosomes typically include one or two large pseudoau-

tosomal regions (PARs). The genes close to the pseudoautosomal boundary may exhibit

partial linkage. It is likely that 10 offsprings or so will not be enough to tell apart the par-

tially sex-linked from the fully sex-linked genes (Supplementary Figure 4.S4). For some

analyses, it will not be a limitation, it can even be useful to have as many genes as pos-

sible from the sex chromosomes including those in the PARs. But for others, it may be

important to distinguish genes in the sex-specific regions form genes in the PARs. In this

case, the number of sequenced offsprings should be increased as it is expected that par-

tial sex-linkage should vanish when analysing many individuals.

A difficulty for the identification of X-linked SNPs may be the presence of X chromosome

inactivation, or any instance of dominance effects in which only one X-linked transcript

is present in RNA-seq data. X chromosome inactivation is the inactivation of one of the

two X chromosomes in females. If in the studied tissue, the same X chromosome is con-

sistently inactivated, heterozygous mothers will appear homozygous while different al-

leles are found in their sons, and this will make the detection of sex-linked SNPs using

X-linkage information more difficult. The method will not give erroneous results but ba-

sically loose power: X-hemizygous genes may not be detected and even X/Y gene pairs

may be less easy to detect (with only Y-linkage information). The consequences should

not be too serious for recent / intermediate systems. In old systems where the method

will identify mostly the X-linked genes, what can we expect? At present X chromosome

inactivation is only known in mammals and it is not known whether it exists in other taxa.

In the case of random X chromosome inactivation (as in placentals) tissues will include a

mixture of cells with one X or the other inactivated, both transcripts will be present in the

RNA-seq data and the problem will vanish. In marsupials, the paternal X is inactivated

but X-inactivation is incomplete (Al Nadaf et al., 2010), not all of the genes are fully inac-

tivated, which leaves some room to find some X-linked genes, even in this extreme case.

Importantly, SEX-DETector will also work on genotyping data derived from genome se-

quencing. In some cases, it might be more efficient to use DNA-seq data instead of

RNA-seq data to genotype individuals. This alternative approach will however scale with

genome size, and may be costly for species with large genome. For example, if (1) the

sex-linked genes have very different expression patterns so that RNA-seq of many tissues

would be required to identify many sex-linked genes, (2) the sex-specific region of the sex
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chromosomes is expected to be very small and all genes might not be expressed in all tis-

sues so that the number of expressed sex-linked genes might be outside the range of SEX-

DETector power (<10 genes), (3) X chromosomes inactivation (especially non-random) is

suspected, one could collect DNA instead of RNA sequences from a family for solving

these potential problems.

4.5.2 What strategy is best for detecting sex-linked genes?

Strategies relying on sequencing male and a female genome/transcriptome have suc-

cessfully been used in several organisms (Ayers et al., 2013; Carvalho and Clark, 2013;

Cortez et al., 2014; Moghadam et al., 2012; Vicoso and Bachtrog, 2011; Vicoso et al.,

2013a,b). They are expected to work better for small genomes and require the sex chro-

mosomes to be divergent enough. In species with very large and complex genomes with

many repeats, the assembly of NGS genomic data will be challenging (if at all possible),

which may harden the male/female genome comparison and may result in obtaining

highly fragmented and incomplete sex-linked gene catalogues. In young and weakly di-

verged sex chromosome systems, X and Y (or Z and W, or V and U) sequences will assem-

ble together, which will prevent their identification by these strategies.

Strategies relying on getting RNA-seq data to perform a segregation analysis are expected

to be insensitive to genome size. This has some practical aspects as the sequencing costs

will not scale with genome size. The approach will thus remain affordable also for species

with large genomes. It concentrates on the transcribed part of the sex chromosomes and

will directly give the sequences of many sex-linked genes, the primary material for studies

of sex chromosomes. It also provides expression data that can be used to address various

questions about the evolution of gene expression on sex chromosomes. As discussed in

the previous section, these approaches are ideal for weakly to moderately diverged X/Y

gene pairs whose reads will co-assemble. In more diverged systems, X and Y copy co-

assembly may be more difficult, and these approaches will mainly return X-hemizygous

genes (even if a Y copy exists). Both types of strategies are thus complementary and may

be used hand-in-hand in some systems (e.g. sex chromosome systems showing different

levels of divergence).

4.5.3 Conclusions - Perspectives

Our SEX-DETector method/pipeline requires family data and will work optimally on young

or intermediate systems (although returning useful information for old systems) as dis-

cussed above. Family data can be obtained in many organisms (e.g. all those that have

genetic map), typically all the organisms that can be grown in the lab. Such data are also

available in many agronomically important animals/crops. As mentioned in the intro-

duction, it is likely that many sex chromosome systems that remain to be characterized

are homomorphic. The applicability of SEX-DETector is thus broad.
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SEX-DETector along with the other methods recently developed for obtaining sex-linked

sequences using NGS at low cost will render feasible the large-scale comparative analy-

sis of different sex chromosome systems. In particular, the comparison of systems from

closely related species becomes possible, which will give much more information than

previously performed comparisons of phylogenetically highly distantly related systems.

To study sex chromosomes, in some organisms for which family cannot be obtained eas-

ily, a method to infer sex-linkage from population data (males and females sampled from

a population) would be very useful. Such a method has recently been proposed (Gautier,

2014) but it has mainly been developed to sort markers (autosomal, X, Y, organelles) be-

fore performing population genetics analysis on NGS genomic data, and relies on ploidy

levels to detect sex-linked contigs. This method is thus designed for old X/Y or Z/W sex

chromosomes only. Our pipeline currently includes the empirical method used in (Muyle

et al., 2012) for population data (Supplementary Figure 4.S1), but the extension of a SEX-

DETector version for population data (based on a population genetics model) is currently

under development.

Finally, our pipeline could also be used, pending such adjustments, on other systems

than sex chromosomes, such as mating type loci, B chromosomes, incompatibility loci,

supergenes and any other type of dominant loci associated with a phenotype, for which

a cross between a heterozygous and a homozygous individual is possible and for which

both alleles are expressed at the transcript level in heterozygous individuals.

4.6 Material and Methods

4.6.1 Description of the probabilistic Model

The observed data consists of contigs containing offspring and parental genotypes (OG ,

PG respectively). From these genotyping data we want to infer the unknown segrega-

tion type (S) of each contig. We first suppose that S is a Multinomial random variable

M (1,π1,π2,π3) such that π1, π2, π3 are the probabilities for one contig of being autoso-

mal, X/Y (or Z/W), or X (or Z) hemizygous, respectively. Our strategy relies on the in-

troduction of genotyping errors that may concern offspring as well as parent genotypes,

either on the Y (Y GE ∼B(p)) contigs, or on the other alleles (GE ∼B(ε)). We further in-

troduce true homogametic and heterogametic parental genotypes (T MG for true mother

genotype and T FG for true father genotype respectively), which are also unknown. Vari-

able T MG is supposed to be Multinomial with parameters (α1, . . . , αM ), αm standing for

the probability for genotype m, and T FG is also multinomial, with parameters depend-

ing on the segregation type T FG|S j ∼M (1,β1...,βN j ). Finally, when there is no genotyp-

ing error, if the segregation type and true parental genotypes were known, the conditional

distribution of variables (OG , PG) is Multinomial, with parameters fully determined by

segregation tables (see Supplementary Table S1). Parameters are estimated by maximum

likelihood using an Expectation-Maximisation (EM) algorithm that includes a Stochastic
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step (SEM algorithm) to deal with initialization issues. The outputs of the method are

maximum likelihood estimates of parameters π, p, ε, α, β, and the posterior probabil-

ities for hidden variables (T MG , T FG , Y GE , GE , and S) given the observed data (OG ,

PG). The maximum a posteriori rule is used to infer parental genotypes, genotyping er-

rors, and most importantly segregation types. Every notation and computation details

are provided in Section 4.10.1 and Section 4.10.2, see also Supplementary Figure 4.S5.

To infer contig status, we defined what we call informative SNPs, which are autosomal

or X/Y positions for which the heterogametic parent is heterozygous and different from

the homogametic parent (otherwise it is not possible to differentiate between X/Y and

autosomal segregation). Only informative SNPs are considered for computing a contig

average segregation type, where SNPs are weighted by their posterior genotyping error

probability (lower weight for contigs with higher posterior genotyping error probability).

Contigs are assigned as sex-linked if they have at least one informative sex-linked (X/Y

or X-hemizygous) SNP without genotyping error, and if the average sex-linked posterior

probability is higher than the autosomal one and higher than a chosen threshold. Ac-

cordingly, a contig is inferred as autosomal if it has at least one autosomal SNP without

genotyping error and if the autosomal posterior probability is higher than the sex-linked

one and higher than the given threshold. A posterior segregation type probability thresh-

old of 0.8 was chosen here. This parameter can be changed by the user.

The code of SEX-DETector was written in Perl.

4.6.2 Data analysis

4.6.2.1 Plant material and sequencing

RNA-seq data were generated from a cross in the dioecious plant S. latifolia, which has

sex chromosomes and from a cross in the gynodioecious plant S. vulgaris, which does not

have sex chromosomes. We used the following RNAseq libraries that were used in previ-

ous studies: Leuk144-3_father, a male from a wild population; U10_37_mother, a female

from a ten-generation inbred line (Muyle et al., 2012); and their progeny (C1_01_male,

C1_3_male, C1_04_male, C1_05_male, C1_26_female, C1_27_female, C1_29_female, C1-

_34_female). For S. vulgaris the hermaphrodite father came from a wild population (Guar-

da_1), the female mother from another wild population (Seebach_2) and their herma-

phrodite (V1_1, V1_2, V1_4) and female (V1_5, V1_8, V1_9) progeny.

Individuals were grown in a temperature-controlled greenhouse. The QiagenRNeasy Mini

Plant extraction kit was used to extract total RNA two times separately from four flower

buds at developmental stages B1–B2 after removing the calyx. Samples were treated addi-

tionally with QiagenDNase. RNA quality was assessed with an Aligent Bioanalyzer (RIN.9)

and quantity with an Invitrogen Qubit. An intron-spanning PCR product was checked on

an agarose gel to exclude the possibility of genomic DNA contamination. Then, the two

extractions of the same individual were pooled. Individuals were tagged and then pooled
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for sequencing. Samples were sequenced by FASTERIS SA on an Illumina HiSeq2000 fol-

lowing an Illumina paired-end protocol (fragment lengths 150–250bp, 100 bp sequenced

from each end).

A normalized 454 library was generated for S. latifolia using bud extracts from 4 different

developmental stages.

4.6.2.2 Assembly

Adaptors, low quality and identical reads were removed. The transcriptome was then

assembled using TRINITY (Haas et al., 2013) on the combined 10 individuals described

previously as well as the 6 individuals from (Muyle et al., 2012) and the normalized 454

sequencing that was transformed to illumina using 454-to-illumina-transformed-reads.

Then, isoforms were collapsed using /trinity-plugins/rsem-1.2.0/rsem-prepare-reference.

PolyA tails, bacterial RNAs and ribosomal RNAs were removed using ribopicker. ORFs

were predicted with trinity transcripts_to_best_scoring_ORFs.pl.

In order to increase the probability of X and Y sequences to be assembled in the same

contig, ORFs were further assembled using CAP3 (cap3 -p 70, Version Date: 10/15/07,

Huang and Madan, 1999) inside of TRINITY components.

4.6.2.3 Mapping, genotyping and segregation inference

Illumina reads from the 10 individuals of the cross were mapped onto the assembly using

BWA (version 0.6.2, bwa aln -n 5 and bwa sampe, Li and Durbin, 2009). The libraries were

then merged using SAMTOOLS (Version 0.1.18, Li et al., 2009). The obtained alignments

were locally realigned using IndelRealigner (GATK, DePristo et al., 2011; McKenna et al.,

2010) and were analysed using reads2snp (Version 3.0, -fis 0 -model M2 -output_genotype

best -multi_alleles acc -min_coverage 3 -par false, Tsagkogeorga et al., 2012) in order to

genotype individuals at each loci while allowing for biases in allele expression and not

cleaning for paralogous SNPs as X/Y SNPs tend to be filtered out by paraclean (the pro-

gram that removes paralogous positions, Gayral et al., 2013). SEX-DETector was then

used to infer contigs segregation types after estimation of parameters using an EM algo-

rithm. Posterior segregation types probabilities were filtered to be higher than 0.8. See

pipeline in Figure 4.1.A.

4.6.2.4 The tester set in S. latifolia

For various tests, we used 209 genes with previously known segregation type : 129 ex-

perimentally known autosomal genes, 31 experimentally known sex-linked genes (X/Y or

X-hemizygous) and 49 X CDS from BAC sequences (Supplementary Table S2).

The sequences of these 209 genes were blasted (blast -e 1E-5, Altschul et al., 1990) onto

the de novo assembly in order to find the corresponding ORF of each gene. Blasts were

filtered for having a percentage of identity over 90% and an alignment length over 100bp
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and manually checked. Multiple RNA-seq contigs were accepted for a single gene if they

matched different regions of the gene. If multiple contigs matched the same region of

a gene, only the contig with the best identity percentage was kept. The gene was con-

sidered inferred as sex-linked if at least one of his matching contig was sex-linked. The

inferred status of the genes by SEX-DETector was then used to compute specificity and

sensitivity values.

The same approach was used to compute sensitivity and specificity values for three pre-

vious studies that inferred S. latifolia RNA-seq contigs segregation patterns (Bergero and

Charlesworth, 2011; Chibalina and Filatov, 2011; Muyle et al., 2012).

4.6.2.5 BIC test for the presence of sex chromosomes in S. latifolia and S. vulgaris

The ML framework of the method allows the use of statistical tests, for instance testing

for the actual presence of sex-linked genes in the dataset. A model with the three possi-

ble segregation types can be compared to a model with only autosomal segregation type

using BIC.

B IC (M) =−2logL +klog n

Where B IC (M) is the BIC value of model M , L is the likelihood of the model, k is the

number of free parameters and n is the sample size (number of polymorphic positions

used to estimate parameters in the EM algorithm). The model with the lower BIC value

is chosen. It is also possible to test for a X/Y versus a Z/W system by comparing both BIC

values. In case a model with sex chromosomes fits best the data but no sex-linked genes

are inferred, then it means there are no sex chromosomes in the dataset.

4.6.3 Simulations

Sequences were simulated for two parents (or a single parent in the case of a UV system)

using ms to generate a coalescent tree (Hudson, 2002, see Supplementary Figure 4.S2)

and then seq-gen to generate sequences using the ms tree and molecular evolution pa-

rameters (version 1.3.2x, seq-gen -mHKY -l contig_length -f 0.26 0.21 0.23 0.3 -t 2 -s theta,

Rambaut and Grassly, 1997). Different types of sequences were generated: either auto-

somal (ms 4 1 -T) or X/Y (ms 4 1 -T -I 2 3 1 -n 2 0.25 -n 1 0.75 -ej XY_divergence_time 2 1

-eN XY_divergence_time 1) or X-hemizygous (same parameters as X/Y but no Y sequence

drawn) or U/V (ms 2 1 -T -I 2 1 1 -n 2 0.5 -n 1 0.5 -ej UV_divergence 2 1 -eN UV_divergence

1). Then, allele segregation was randomly carried on for a given number of progeny of

each sex, using the segregation pattern determined when generating sequences with ms

and seq-gen (see Supplementary Table S1 for segregation tables).

θ = 4Neμ was set to 0.0275 as estimated in S. latifolia by (Qiu et al., 2010). μ was set

to 10−7, which implies that 4Ne was equal to ∼70,000. Contig lengths were randomly

attributed from the observed distribution of contigs lengths of the S. latifolia assembly

presented previously. Equilibrium frequencies used for seq-gen were retrieved from SEX-

DETector inferences on the observed S. latifolia data. The transition to transversion ratio
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was set to 2 as inferred by PAML (Yang, 2007) on S. latifolia data (Käfer et al., 2013). The

rate of genotyping error (ε) was set to 0.01 and the rate of Y genotyping error (p) was set

to 0.13 as inferred by SEX-DETector on the observed S. latifolia data.

Five types of datasets were simulated, with ten repetitions for each set of parameters and

10,000 contigs were simulated for each dataset:

• Effect of X-Y divergence: Five different X-Y divergence times in units of 4Ne gener-

ations were tested, either S. latifolia X-Y divergence time (4.5My) or 10 times or 100

times older or younger. The proportion of X-hemizygous contigs among sex-linked

contigs was set accordingly to X-Y divergence time: 0.002, 0.02, 0.2, 0.6 and 1 for

respectively 45,000 years, 450,000 years, 4.5 My, 45 My and 450 My divergence time.

As well as the proportion of Y genotyping error (since Y expression is known to de-

crease with X-Y divergence): 0, 0.01, 0.13, 0.2 and 1 respectively. Four offspring of

each sex were simulated. The proportion of sex-linked contigs was set to 10%.

• Effect of the number of sex-linked contigs: Five different proportions of sex-linked

contigs (X/Y pairs or X hemizygous) were tested: 30% (3000 sex-linked contigs out

of 10,000), 5%, 1%, 0,1% and 0,01%. Four offspring of each sex were simulated and

X-Y divergence was set to 4.5 My.

• Effect of theta: Three different θ = 4Neμ (polymorphism) were tested: 0.000275,

0.00275 and 0.0275. Five offspring of each sex were simulated and X-Y divergence

was set to 4.5 My, the X-Y divergence time in unit of 4Ne generations varied accord-

ingly to the value of theta. The proportion of sex-linked contigs was set to 10%.

• Effect of the number of individuals in Z/W and X/Y systems: Nine different num-

bers of offspring individuals of each sex were tested for the X/Y system: 2, 3, 4, 5,

6, 7, 8, 12 or 16 individuals of each sex. Sex chromosome size was set to 10% and

X-Y/Z-W divergence to 4.5 My.

• Effect of the number of individuals in U/V systems: Eight different numbers of off-

spring individuals of each sex were tested for the U/V system: 1, 2, 3, 4, 5, 6, 7 or 8

individuals of each sex. Sex chromosome size was set to 10% and U-V divergence

to 4.5 My.

For each simulated dataset, segregation types were inferred using SEX-DETector and

were compared to the true segregation types in order to compute sensitivity and speci-

ficity values.

4.6.4 Galaxy workflow

A Galaxy workflow has been developed (see user guide and source codes at http://

lbbe.univ-lyon1.fr/-SEX-DETector-.html).
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4.6.5 Empirical method without a cross

The method for inbred brothers and sisters (or males and females sampled from the same

population) is not model-based and relies on empirical filtering of SNPs: individuals are

first genotyped using read counts, an allele is retained if it represents over 2% of the to-

tal read count at the position, a position is considered if it has more than three reads

(the thresholds can be changed). Another possibility is to genotype individuals using

reads2snp. Then SNPs are filtered to retrieve cases where males are all heterozygous and

females all homozygous in the case of an XY system (as in (Muyle et al., 2012), and see

current Supplementary Figure 4.S1). A contig is considered sex-linked if it shows at least

one such SNP.
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4.10 Supplementary information

Large Tables available online:

Supplementary Table S1: Segregation tables, observed genotypes probabilities given

true parent genotypes, segregation types and genotyping errors. https://drive.google.

com/open?id=0B7KhiXOz6_OLRlVua2JRcHhzT1k&authuser=0

Supplementary Table S2: Known genes used to test SEX-DETector and compare it with

other methods in S. latifolia.

https://drive.google.com/open?id=0B7KhiXOz6_OLTnA1UElpTU9XUzQ&authuser=

0

Supplementary Table S4: Details of model comparison using SEX-DETector on real datasets

(Silene latifolia which has sex chromosomes and Silene vulgaris which does not have sex

chromosomes) and simulated X/Y datasets with varying number of sex-linked contigs

out of 10,000 simulated contigs. The best model is chosen as the one having the low-

est BIC value (bold and stressed). https://drive.google.com/open?id=0B7KhiXOz6_

OLQ0lMVVphb1Zucm8&authuser=0



136 CHAPTER 4. SEX-DETector

Figure 4.S1: Method without a cross: male and female genotypes are studied, a SNP is considered sex-
linked if all males are heterozygous (XY) and all females homozygous (XX), the pattern is reversed in the
case of a ZW system. Genotypes are either inferred using the genotyper reads2snp or from read counts.

Figure 4.S2: simulations design with the program ms (Hudson, 2002), for X/Y system (upper part) and U/V
system (lower part).
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Figure 4.S3: simulations results: ROC curve showing the effect of different parameters on sensitivity (TPR,
true positive rate) and specificity (1-FPR, false positive rate) in simulated data. A perfect classification of
contigs would lead to a point having TPR equal to one and FPR equal to zero (top left corner of the graph).
A) effect of X-Y divergence time. B) effect of the number of sex-linked contigs out of 10,000 simulated
contigs. C) effect of theta (polymorphism).
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Figure 4.S4: Effect of linkage on the method: expected segregation result in a family when only one gene
is sex-linked, closely linked genes will also seem sex-linked so that there is never a single sex-linked gene
in a dataset that could not be detected by SEX-DETector (unlike what was observed in simulations where
recombination events are not simulated).

Table 4.S3: Library sizes (in number of reads) and mapping statistics.

Species Individual Library size (# reads) # mapped reads proportion mapped reads

Silene latifolia

Leuk144-3_father 115377548 64840769 0.56
U10_37_mother 75800468 23262670 0.31

C1_01_male 71711204 41812869 0.58
C1_3_male 82186876 49305677 0.6

C1_04_male 69957770 41597899 0.59
C1_05_male 181295644 106427848 0.59

C1_26_female 63717900 35910978 0.56
C1_27_female 145384384 88301626 0.61
C1_29_female 161456150 94931546 0.59
C1_34_female 190950550 116240597 0.61

Total 1157838494 662632479 0.57

Silene vulgaris

V1_1 32836858 12299198 0.37
V1_2 59903112 27797320 0.46
V1_4 56879642 25633403 0.45
V1_5 54786992 23011360 0.42
V1_8 57192532 25685569 0.45
V1_9 47704414 21347225 0.45

Guarda1 64185890 30885401 0.48
Seebach1 115453516 49841201 0.43
Seebach2 98602086 45304549 0.46

Total 587545042 261805226 0.45
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Figure 4.S5: Schematic steps of the SEX-DETector pipeline with parameters of the model. Π j are the seg-
regation types probabilities in the dataset ( j = 1 for autosomal, j = 2 for X/Y and j = 3 for X-hemizygous).
α j are the proportions of real homogametic parent genotypes, in segregation type j , in the whole dataset.
β j are the proportions of real heterogametic parent genotypes, in segregation type j , in the whole dataset.
ε is the probability of a genotyping error happening on any allele. p is the probability of a genotyping error
happening on the Y allele, which is higher than ε due to low Y expression level in RNA-seq data. Observed
genotypes can differ from real genotypes due to genotyping errors. The different parameters are estimated
using an EM algorithm which then allows to compute a posterior segregation type probability for each SNP
and then each contig.
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4.10.1 Supplementary Text S1: SEX-DETector for XY and ZW systems

4.10.1.1 Model

4.10.1.1.1 Data description

The data consists in observed genotypes of offspring (OG) and parents (PG). The aim of

this model is to fully describe the probability of each genotype for given parental geno-

types (T MG , T PG) and segregation types (S).

ir : “the individual i of sex r , either heterogametic (ihet) or homogametic (ihom). i ∈
[1, I ].”

k : “the contig k ∈ [1,K ].”

t : “the polymorphic position t in contig k, t ∈ [1,Tk ].”

j : “the segregation type j ∈ [1, J ].

j =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
1 if the segregation type is autosomal

2 if the segregation type is X/Y (or Z/W)

3 if the segregation type is X (or Z) hemizygous (Y or W not expressed)

m : “the true homogametic parent genotype m ∈ [1, M ] with M = 10 : (AA, AC, AG, AT,

CC, CG, CT, GG, GT, TT).”

n : “the true heterogametic parent genotype n under segregation type j , n ∈ [1, N j ].

N j =

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩

10 if j = 1 (AA, AC, AG, AT, CC, CG, CT, GG, GT, TT)

12 if j = 2 (X AY C , X C Y A, X AY G , X G Y A, X AY T , X T Y A,

X C Y G , X G Y C , X C Y T , X T Y C , X G Y T , X T Y G )

4 if j = 3 (X A, X C , X G , X T )

� : “the diploid genotype � ∈ [1,L] with L = 10 : (AA, AC, AG, AT, CC, CG, CT, GG, GT, TT).”

Individuals, contigs and positions inside a contig are assumed independent.

4.10.1.1.2 Unobserved data

Segregation Type. Skt j = 1 if the position t in contig k has a segregation type j (0 other-

wise). It is supposed to follow a Multinomial distribution such that

Skt = (Skt1, . . . ,Skt J ) ∼M (1;π1, ...,πJ ),

in the following, we denote by π= (π1, ...,πJ ) and
J∑

j=1
π j = 1.

logL (S;π) = ∑
k,t

∑
j

[
Skt j

]
logπ j ,
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True Homogametic Parent Genotype. TMGm
kt j = 1 if the assumed true (T) homoga-

metic (M) parent genotype (G) is m, common to all individuals i at position t in contig k

of segregation type j (0 otherwise). This is introduced to account for genotyping errors.

Given the segregation type, it is supposed to follow a multinomial distribution such that:

TMGktj = (TMG1
kt j , . . . ,TMGM

kt j )|{Skt j = 1} ∼M (1;α1, . . . ,αM )

In the following, we denote by α= (α1, ...,αM ) and
∑
m

αm = 1.

logL (TMG|S;α) = ∑
k,t

∑
j

[
Skt j

]∑
m

[
TMGm

kt j

]
logαm

True Heterogametic Parent Genotype. TFGn
kt j = 1 if the assumed true (T) heteroga-

metic (F) parent genotype (G) is n at position t in contig k of segregation type j , 0 other-

wise. Given the segregation type, it is supposed to follow a Multinomial distribution such

that:

TFGktj = (TFG1
kt j , . . . ,TFGN

kt j )|{Skt j = 1} ∼M (1;β1, . . . ,βN j )

In the following, we denote byβ= (β1, ...,βJ ), whereβ j = (β j 1, ...,β j n , ...,β j N j ) and
∑
n
β j n =

1. In an autosomal segregation, there is no difference between the homogametic and the

heterogametic sex so that β1 =α.

logL (TFG|S;β) = ∑
k,t

∑
j

[
Skt j

]∑
n

[
TFGn

kt j

]
logβ j n

Genotyping error. GEi
kt j mn = 1 if there is a genotyping error for individual i at posi-

tion t in contig k of segregation type j , given parental genotypes m and n, 0 otherwise.

We assume a Bernoulli distribution for this variable such that

P(GEi
kt j mn = 1|Skt j = 1,TMGm

kt j = 1,TFGn
kt j = 1) = ε

logL (GE|S,TMG,TFG;ε)

= ∑
k,t

∑
j

[
Skt j

] ∑
m,n

[
TMGm

kt j

][
TFGn

kt j

]∑
i

([
GEi

kt j mn

]
logε+ (1− [

GEi
kt j mn

]
) log(1−ε)

)
Y Genotyping Error. YGEir

kt j mn = 1 if there is a genotyping error on Y (or W) at posi-

tion t in contig k for individual i (sexe r ), given parental genotypes m and n, 0 otherwise.

We assume a Bernoulli distribution for this variable, with p the probability of a Y (or W)

genotyping error in segregation type j = 2 for the heterogametic sex (r = het ) :

P(YGEihet
kt2mn = 1|Skt2 = 1,TMGm

kt2 = 1,TFGn
kt2 = 1) = p

For other cases ( j �= 2, or j = 2 and r = hom) :

P(YGEir
kt j mn = 1|Skt j = 1,TMGm

kt j = 1,TFGn
kt j = 1) = 0

logL (YGE|S,TMG,TFG; p)

= ∑
k,t

[
Skt2

] ∑
m,n

[
TMGm

kt2

][
TFGn

kt2

]∑
ihet

([
YGEihet

kt2mn

]
log p + (1− [

YGEihet
kt2mn

]
) log(1−p)

)
All terms but those in ( j = 2,r = het ) vanish as they are non informative regarding pa-

rameter p.



142 CHAPTER 4. SEX-DETector

4.10.1.1.3 Observed data

The data consists in the observed genotypes :

Gir
kt = (OGir

kt,PGir
kt) : The observed genotype (G) for individual i , Parent (P) or Offspring

(O) of sex r in contig k at position t , with OGir
kt = (OGir �

kt )�∈[1,L], and OGir �
kt = 1 if

offspring i of sex r has genotype � in contig k at position t , 0 otherwise (same for

PGir
kt).

When conditioning by every hidden variable the distribution of the observed geno-

type is multinomial, and fully determined by the parameters contained in the segregation

tables:

- λhd ,r
j mn� is the probability of observing the genotype � in the offspring for an individ-

ual of sex r (heterogametic or homogametic) given the segregation type j , the ho-

mogametic parent true genotype m, the heterogametic parent true genotype n, the

genotyping error h (either with an error h = ε or without error h = (1−ε)) and the Y

(or W) genotyping error d (either with an error d = p or without error d = (1−p)).

λhd ,r
j mn� is fully determined by the transmission probability of each genotype (see

segregation tables).

- μhd ,r
j w�

is the probability of observing the genotype � in the parent of sex r (heteroga-

metic or homogametic) given the segregation type j , the true genotype w (either m

or n), the genotyping error h (either with an error h = ε or without error h = (1−ε))

and the Y (or W) genotyping error d (either with an error d = p or without error

d = (1−p)). μhd ,r
j w�

is fully determined by the equiprobability of observing any geno-

type given that a genotyping error occured (see segregation tables).

This leads to the following conditional likelihood that can be computed separately for

different contigs, positions, and segregation types, such that:

logL (G|S,TMG,TFG,GE,YGE;θ)

= ∑
k,t , j

logL (Gkt|Skt j ,TMGkt,TFGkt,GEkt,YGEkt;θ)

= ∑
k,t , j

[
Skt j

] ∑
m,n

[
TMGm

kt j

][
TFGn

kt j

]∑
i

logP(Gir
kt |Skt j = 1,TMGm

kt j = 1,TFGn
kt j = 1;θ)

Parameterθ stands for the complete parameters of the model, that areθ = (π,α,β,ε, p)

and are estimated by maximum likelihood using SEM algorithm (Stochastic Expectation

Maximization).

4.10.1.2 Expectation step

Q(θ,θ(g )) θ(g ) is the current estimation of parameters.

Q(θ,θ(g )) = Eθ(g )

(
logL (G,S,TMG,TFG,GE,YGE|θ)

∣∣∣G)
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Where

logL (G,S,TMG,TFG,GE,YGE;θ) = logL (G|S,TMG,TFG,GE,YGE;θ)

+ logL (S;π)

+ logL (TMG|S,α)

+ logL (TFG|S;β)

+ logL (GE|S,TMG,TFG;ε)

+ logL (YGE|S,TMG,TFG; p)

As explained previously, this likelihood can be computed separately for contigs, posi-

tions, and segregation types,

Q(θ,θ(g )) = ∑
k,t , j

Qkt j (θ,θ(g ))

Posterior Segregation type.Using Bayes rule we get the posterior segregation type:

Ŝkt j = Eθ(g )

(
Skt j |Gkt

)= π jP(Gkt|Skt j = 1)∑
j ′ π j ′P(Gkt|Skt j ′ = 1)

=
π j

∑
m,n αmβ j n

∏
i P(Gi

kt |Skt j = 1,TMGm
kt j = 1,TFGn

kt j = 1)∑
j ′ π j ′

∑
m,n αmβ j ′n

∏
i P(Gi

kt |Skt j ′ = 1,TMGm
kt j ′ = 1,TFGn

kt j ′ = 1)

Posterior true parent genotypes.

�TMG
m
kt j = Eθ(g )

(
TMGm

kt j |Skt j = 1,Gkt
)

=
αmP(Gkt|Skt j = 1,TMGm

kt j = 1)∑
m′αm′P(Gkt|Skt j = 1,TMGm′

kt j = 1)

=
αm

∑
n β j n

∏
i P(Gi

kt |Skt j = 1,TMGm
kt j = 1,TFGn

kt j = 1)∑
m′αm′

∑
n β j n

∏
i P(Gi

kt |Skt j = 1,TMGm′
kt j = 1,TFGn

kt j = 1)

�TFG
n
kt j = Eθ(g )

(
TFGn

kt j |Skt j = 1,Gkt
)

=
β j nP(Gkt|Skt j = 1,TFGn

kt j = 1)∑
n′β j n′P(Gkt|Skt j = 1,TFGn′

kt j = 1)

=
β j n

∑
m αm

∏
i P(Gi

kt |Skt j = 1,TMGm
kt j = 1,TFGn

kt j = 1)∑
n′β j n′

∑
m αm

∏
i P(Gi

kt |Skt j = 1,TMGm
kt j = 1,TFGn′

kt j = 1)

Posterior Genotyping Errors

ĜE
i
kt j mn = Eθ(g )

(
GEi

kt j mn |Skt j = 1,TMGm
kt j = 1,TFGn

kt j = 1,Gkt
)

=
ε×P(Gi

kt |Skt j = 1,TMGm
kt j = 1,TFGn

kt j = 1,GEi
kt j mn = 1)

P(Gi
kt |Skt j = 1,TMGm

kt j = 1,TFGn
kt j = 1)
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If j = 2 and r = het then:

�YGE
ihet
kt2mn = Eθ(g )

(
YGEihet

kt2mn |Skt2 = 1,TMGm
kt j = 1,TFGn

kt j = 1,Gkt
)

=
p ×P(Gihet

kt |Skt2 = 1,TMGm
kt j = 1,TFGn

kt j = 1,YGEihet
kt2mn = 1)

P(Gihet
kt |Skt2 = 1,TMGm

kt2 = 1,TFGn
kt2 = 1)

Otherwise �YGE
ir
kt j mn = 0.

Constraints on ĜE
ihet
kt2mn and �YGE

ihet
kt2mn . For X/Y segregation type ( j = 2) and het-

erogametic individuals (r = het ) in some cases the observed genotype can be observed

due to many different combinations of genotyping errors (Y or other). In these cases we

apply a parsimonious approach and infer there was always the least possible number of

genotyping errors. We also infer that when a Y genotyping error is possible, it is more

likely than another genotyping error.

For j = 2 and heterogametic progeny (r = het ) :

• if OGihet�

kt = 1 andλ
(1−ε)(1−p),het
2mn� = 0 andλ

(1−ε)p,het
2mn� �= 0 andλ

ε(1−p),het
2mn� �= 0 then ĜE

ihet
kt2mn =

0 and �YGE
ihet
kt2mn = 1 (the observed genotype cannot be obtained without a genotyp-

ing error, it is more likely that a Y genotyping error occured).

• if OGihet�

kt = 1 andλ
(1−ε)(1−p),het
2mn� �= 0 andλ

(1−ε)p,het
2mn� = 0 andλ

ε(1−p),het
2mn� �= 0 andλ

εp,het
2mn� �=

0 then ĜE
ihet
kt2mn = 0 and �YGE

ihet
kt2mn = 0 (it is more likely that the observed genotype

was obtained without any genotyping error, Y or other).

• if OGihet�

kt = 1 andλ
(1−ε)(1−p),het
2mn� �= 0 andλ

(1−ε)p,het
2mn� = 0 andλ

ε(1−p),het
2mn� = 0 andλ

εp,het
2mn� �=

0 then ĜE
ihet
kt2mn = 0 and �YGE

ihet
kt2mn = 0 (the observed genotype can be obtained ei-

ther without any genotyping error, or with both a Y and another genotyping error,

we infer there was no genotyping error).

For j = 2 and heterogametic parent (r = het ) :

• if PGihet�

kt = 1 andμ
(1−ε)(1−p),het
2n� = 0 andμ

(1−ε)p,het
2n� �= 0 andμ

ε(1−p),het
2n� �= 0 then ĜE

ihet
kt2mn =

0 and �YGE
ihet
kt2mn = 1 (the observed genotype cannot be obtained without a genotyp-

ing error, it is more likely that a Y genotyping error occured).

• if PGihet�

kt = 1 andμ
(1−ε)(1−p),het
2n� �= 0 andμ

(1−ε)p,het
2n� = 0 andμ

ε(1−p),het
2n� = 0 andμ

εp,het
2n� �=

0 then ĜE
ihet
kt2mn = 0 and �YGE

ihet
kt2mn = 0 (the observed genotype can be obtained ei-

ther without any genotyping error, or with both a Y and another genotyping error,

we infer there was no genotyping error).

4.10.1.3 Maximization step

∂Q(θ,θ(g ))

∂θ
= 0

Using Lagrange multipliers, new estimations of the parameters can be computed and

then used for the next iteration.
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π̂
(g+1)
j =

∑
k,t Ŝ(g )

kt j∑
k,t 1

α̂
(g+1)
m = β̂

(g+1)
1m =

∑
k,t , j Ŝ(g )

kt j
�TMG

m(g )
kt j +∑

k,t Ŝ(g )
kt1

�TFG
m(g )
kt1∑

k,t
∑

j Ŝ(g )
kt j +

∑
k,t Ŝ(g )

kt1

for j �= 1 : β̂(g+1)
j n =

∑
k,t Ŝ(g )

kt j
�TFG

n(g )
kt j∑

k,t Ŝ(g )
kt j

p̂(g+1) =
∑

k,t Ŝ(g )
kt2

∑
m,n �TMG

m(g )
kt2

�TFG
n(g )
kt2

(∑
ihet

�YGE
ihet(g )
kt2mn

)
∑

k,t Ŝ(g )
kt2

∑
m,n �TMG

m(g )
kt2

�TFG
n(g )
kt2

(∑
ihet

1
)

ε̂(g+1) =
∑

k,t
∑

j Ŝ(g )
kt j

∑
m,n �TMG

m(g )
kt j

�TFG
n(g )
kt j

(∑
i ĜE

i (g )
kt j mn

)
∑

k,t
∑

j Ŝ(g )
kt j

∑
m,n �TMG

m(g )
kt j

�TFG
n(g )
kt j

(∑
i 1

)

Parameters are estimated by maximum likelihood using a Stochastic Expectation Max-

imisation (SEM) algorithm : starting from given parameter values we disturb them (S

step) in order to randomise initial parameter values. Then we compute the expectation

of each hidden variable given the observed data (E step), then these values are disturbed

(S step) and are used to compute new parameter values that maximise the expectation of

the likelihood (M step). After ten iterations only E and M steps are done until parameter

values converge.

4.10.1.4 Attribution of contigs to segregation types

Once parameters have been estimated by the EM algorithm above, contigs are attributed

to a segregation category using positions that are polymorphic and informative. A posi-

tion that was inferred as hemizygous and that is not monomorphic is always informative.

A position that was inferred as autosomal or X/Y is considered informative only if the

heterogametic parent is heterozygous and has a genotype that is different from the ho-

mogametic parent (otherwise it is not possible to differentiate between X/Y and autoso-

mal segregation). A weighted mean segregation type is computed as follow, with different

weights attributed to the positions according to the probability of genotyping errors (if a

site has a high probability of genotyping error then it will be given less weight in the final
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decision for the contig segregation type):
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A contig is attributed to a sex-linked segregation if its posterior probability to be au-

tosomal is lower than the sum of being X/Y and X hemizygous and if the contig has at

least one X/Y or X hemizygous SNP without error. Similarly, a contig is attributed to an

autosomal segregation if its posterior probability to be autosomal is higher than the sum

of being X/Y and X hemizygous and if the contig has at least one autosomal SNP without

error.

For each SNP the true parental genotypes are inferred as the ones that have the high-

est �TMG
m
kt j and �TFG

n
kt j probabilities. Expression levels are retrieved using the X and Y

(or Z and W) alleles predicted by this method.
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4.10.2 Supplementary Text S2: SEX-DETector for UV systems

4.10.2.1 Model

4.10.2.1.1 Data description

The data consists in observed genotypes of offspring (OG) and parent (PG). The aim of

this model is to fully describe the probability of each genotype for given parental geno-

type (T PG) and segregation types (S).

ir : “the individual i of sex r , either male (ihet) or female (ihom). i ∈ [1, I ].”

k : “the contig k ∈ [1,K ].”

t : “the polymorphic position t in contig k, t ∈ [1,Tk ].”

j : “the segregation type j ∈ [1, J ].

j =
⎧⎨⎩1 if the segregation type is autosomal

2 if the segregation type is U/V

n : “the true parent genotype n under segregation type j , n ∈ [1, N j ].

N j =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
10 if j = 1 (AA, AC, AG, AT, CC, CG, CT, GG, GT, TT)

12 if j = 2 (U AV C ,UC V A,U AV G ,UGV A,U AV T ,U T V A,

UC V G ,UGV C ,UC V T ,U T V C ,UGV T ,U T V G )

� : “the diploid genotype � ∈ [1,L] with L = 10 : (AA, AC, AG, AT, CC, CG, CT, GG, GT, TT).”

Individuals, contigs and positions inside a contig are assumed independent.

4.10.2.1.2 Unobserved data

Segregation Type. Skt j = 1 if the position t in contig k has a segregation type j (0 other-

wise). It is supposed to follow a Multinomial distribution such that

Skt = (Skt1, . . . ,Skt J ) ∼M (1;π1, ...,πJ ),

in the following, we denote by π= (π1, ...,πJ ) and
J∑

j=1
π j = 1.

logL (S;π) = ∑
k,t

∑
j

[
Skt j

]
logπ j ,

True Parent Genotype. TPGn
kt j = 1 if the assumed true (T) parent (P) genotype (G) is

n at position t in contig k of segregation type j , 0 otherwise. Given the segregation type,

it is supposed to follow a Multinomial distribution such that:

TPGktj = (TPG1
kt j , . . . ,TPGN

kt j )|{Skt j = 1} ∼M (1;β1, . . . ,βN j )
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In the following, we denote byβ= (β1, ...,βJ ), whereβ j = (β j 1, ...,β j n , ...,β j N j ) and
∑
n
β j n =

1. In an autosomal segregation, there is no difference between the female and the male

sex so that β1 =α.

logL (TPG|S;β) = ∑
k,t

∑
j

[
Skt j

]∑
n

[
TPGn

kt j

]
logβ j n

Genotyping error. GEi
kt j n = 1 if there is a genotyping error for individual i at position

t in contig k of segregation type j , given parental genotype n, 0 otherwise. We assume a

Bernoulli distribution for this variable such that

P(GEi
kt j n = 1|Skt j = 1,TPGn

kt j = 1) = ε

logL (GE|S,TPG;ε)

= ∑
k,t

∑
j

[
Skt j

]∑
n

[
TPGn

kt j

]∑
i

([
GEi

kt j n

]
logε+ (1− [

GEi
kt j n

]
) log(1−ε)

)

4.10.2.1.3 Observed data

The data consists in the observed genotypes :

Gir
kt = (OGir

kt,PGi
kt) : The observed genotype (G) for individual i , Parent (P) or Offspring

(O) of sex r in contig k at position t , with OGir
kt = (OGir �

kt )�∈[1,L], and OGir �
kt = 1 if

offspring i of sex r has genotype � in contig k at position t , 0 otherwise (same for

PGi
kt).

When conditioning by every hidden variable the distribution of the observed geno-

type is multinomial, and fully determined by the parameters contained in the segregation

tables:

- λh,r
j n� is the probability of observing the genotype � in the offspring for an individual

of sex r (male or female) given the segregation type j , the parent true genotype n,

the genotyping error h (either with an error h = ε or without error h = (1−ε)). λh,r
j n�

is fully determined by the transmission probability of each genotype (see segrega-

tion tables).

- μh
j n� is the probability of observing the genotype � in the parent given the segre-

gation type j , the true genotype n, the genotyping error h (either with an error

h = ε or without error h = (1−ε)). μh
j n� is fully determined by the equiprobability

of observing any genotype given that a genotyping error occured (see segregation

tables).
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This leads to the following conditional likelihood that can be computed separately for

different contigs, positions, and segregation types, such that:

logL (G|S,TPG,GE;θ)

= ∑
k,t , j

logL (Gkt|Skt j ,TPGkt,GEkt;θ)

= ∑
k,t , j

[
Skt j

]∑
n

[
TPGn

kt j

]∑
i

logP(Gir
kt |Skt j = 1,TPGn

kt j = 1;θ)

Parameterθ stands for the complete parameters of the model, that areθ = (π,α,β,ε, p)

and are estimated by maximum likelihood using SEM algorithm (Stochastic Expectation

Maximization).

4.10.2.2 Expectation step

Q(θ,θ(g )) θ(g ) is the current estimation of parameters.

Q(θ,θ(g )) = Eθ(g )

(
logL (G,S,TPG,GE|θ)

∣∣∣G)
Where

logL (G,S,TPG,GE;θ) = logL (G|S,TPG,GE;θ)

+ logL (S;π)

+ logL (TPG|S;β)

+ logL (GE|S,TPG;ε)

As explained previously, this likelihood can be computed separately for contigs, posi-

tions, and segregation types,

Q(θ,θ(g )) = ∑
k,t , j

Qkt j (θ,θ(g ))

Posterior Segregation type.Using Bayes rule we get the posterior segregation type:

Ŝkt j = Eθ(g )

(
Skt j |Gkt

)= π jP(Gkt|Skt j = 1)∑
j ′ π j ′P(Gkt|Skt j ′ = 1)

=
π j

∑
n β j n

∏
i P(Gi

kt |Skt j = 1, ,TPGn
kt j = 1)∑

j ′ π j ′
∑

n β j ′n
∏

i P(Gi
kt |Skt j ′ = 1,TPGn

kt j ′ = 1)

Posterior true parent genotype.

�TPG
n
kt j = Eθ(g )

(
TPGn

kt j |Skt j = 1,Gkt
)

=
β j nP(Gkt|Skt j = 1,TPGn

kt j = 1)∑
n′β j n′P(Gkt|Skt j = 1,TPGn′

kt j = 1)

=
β j n

∏
i P(Gi

kt |Skt j = 1,TPGn
kt j = 1)∑

n′β j n′
∏

i P(Gi
kt |Skt j = 1,TPGn′

kt j = 1)
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Posterior Genotyping Errors

ĜE
i
kt j n = Eθ(g )

(
GEi

kt j n |Skt j = 1,TPGn
kt j = 1,Gkt

)
=

ε×P(Gi
kt |Skt j = 1,TPGn

kt j = 1,GEi
kt j n = 1)

P(Gi
kt |Skt j = 1,TPGn

kt j = 1)

4.10.2.3 Maximization step

∂Q(θ,θ(g ))

∂θ
= 0

Using Lagrange multipliers, new estimations of the parameters can be computed and

then used for the next iteration.

π̂
(g+1)
j =

∑
k,t Ŝ(g )

kt j∑
k,t 1

β̂
(g+1)
j n =

∑
k,t Ŝ(g )

kt j
�TPG

n(g )
kt j∑

k,t Ŝ(g )
kt j

ε̂(g+1) =
∑

k,t
∑

j Ŝ(g )
kt j

∑
n �TPG

n(g )
kt j

(∑
i ĜE

i (g )
kt j n

)
∑

k,t
∑

j Ŝ(g )
kt j

∑
n �TPG

n(g )
kt j

(∑
i 1

)
Parameters are estimated by maximum likelihood using a Stochastic Expectation Max-

imisation (SEM) algorithm : starting from given parameter values we disturb them (S

step) in order to randomise initial parameter values. Then we compute the expectation

of each hidden variable given the observed data (E step), then these values are disturbed

(S step) and are used to compute new parameter values that maximise the expectation of

the likelihood (M step). After ten iterations only E and M steps are done until parameter

values converge.

4.10.2.4 Attribution of contigs to segregation types

Once parameters have been estimated by the EM algorithm above, contigs are attributed

to a segregation category using positions that are polymorphic and informative. A posi-

tion that was inferred as autosomal or U/V is considered informative only if the parent

is heterozygous (otherwise it is not possible to differentiate between U/V and autosomal

segregation). A weighted mean segregation type is computed as follow, with different

weights attributed to the positions according to the probability of genotyping errors (if a

site has a high probability of genotyping error then it will be given less weight in the final
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decision for the contig segregation type):

Ŝk1 =
∑

t Ŝkt1
∑

n �TPG
n
kt1

(∑
i 1− ĜE

i
kt1mn

)
∑

t
∑

j Ŝkt j
∑

n �TPG
n
kt j

(∑
i 1− ĜE

i
kt j mn

)
Ŝk2 =

∑
t Ŝkt2

∑
n �TPG

n
kt2

(∑
i 1− ĜE

i
kt2mn

)
∑

t
∑

j Ŝkt j
∑

n �TPG
n
kt j

(∑
i 1− ĜE

i
kt j mn

)

A contig is attributed to a sex-linked segregation if its posterior probability to be au-

tosomal is lower than the probability to be U/V and if the contig has at least one U/V SNP

without error. Similarly, a contig is attributed to an autosomal segregation if its posterior

probability to be autosomal is higher than the probability to be U/V and if the contig has

at least one autosomal SNP without error.

For each SNP the true parental genotype is inferred as the one that has the highest�TPG
n
kt j probability. Expression levels are retrieved using the U and V alleles predicted by

this method.
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Previous studies on dosage compensation in the plant Silene latifolia produced con-

tradicting results (Bergero et al., 2015; Chibalina and Filatov, 2011; Muyle et al., 2012).

The aim of this project was to try and clarify the situation by making use of SEX-DETector

and the newly inferred sex-linked genes.

This project involved three labs: Gabriel Marais’ lab coordinated the project and did

the bioinformatic analyses, Alex Widmer’s lab generated the RNA-seq data and the X

chromosome genetic map and Roman Hobza’s lab generated the sorted Y chromosome

sequences. My contribution for this project was to run SEX-DETector on the RNA-seq

datasets for the three tissues, analyse the data, prepare Tables and Figures and write the

Material and Method section. I also participated in the supervision of Cécile Fruchard’s

Master internship from September to December 2013 during which we did a preliminary

analysis of flower buds allelic expression levels to test for dosage compensation in that

tissue. See Section 5.4 for more details.

The manuscript is under preparation to be submitted to Science as a report.
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Up-regulation of the maternal X
chromosome as a dosage compensation

mechanism in a dioecious plant
Aline Muyle1,2, Nicklaus Zemp3,2, Cécile Fruchard1, Radim Cegan4, Jan Vrana5,

Clothilde Deschamps6, Raquel Tavares1, Franck Picard1, Roman Hobza4,5, Alex

Widmer3, Gabriel AB Marais1

5.1 Abstract

Y chromosome degeneration is compensated, in some animals, by adjusting X chro-

mosome expression. How such dosage compensation mechanisms have evolved and

whether they exist outside animals remains unclear. We reconstructed the evolution of

expression in Silene latifolia, a plant with an evolutionary young XY system, and found

that for many genes with reduced expression of the Y copy, the expression of the X coun-

terpart has increased in males. This increase in X expression also happened in females, to

a lower extent, and only for the maternal X. This up-regulation of the maternal X chromo-

some both in males and females suggests that dosage compensation, in this plant, relies

on an epigenetic imprinting mechanism. Our findings reveal that dosage compensation

can evolve in plants and provide insights into the first steps of the evolution of a dosage

compensation mechanism.

One Sentence Summary: Our finding that in a plant XY system, up-regulation of the

X chromosome has evolved in response to Y degeneration, reveals that dosage compen-

sation can evolve in non-animal taxa.

5.2 Report

Sex chromosomes have repeatedly evolved from ordinary autosomes in different taxa

(Bachtrog, 2013). Initially with similar gene content compared to their X counterparts,

the Y chromosomes have degenerated and lost genes (Bachtrog, 2013). Such gene decay

on the Y has caused reduced sex chromosome dosage in males, with potential negative

effects on fitness, and dosage compensation has evolved to correct for this (Charlesworth,

1996). Three canonical mechanisms have been proposed so far from studies in Drosophi-

la, mammals and C. elegans (Disteche, 2012; Ercan, 2015). They differ in whether the X
1Laboratoire de Biométrie et Biologie Evolutive (UMR 5558), CNRS/Université Lyon 1, Villeurbanne, France
2equal contribution as first authors
3ETH Zurich, Institute of Integrative Biology, Universitätstrasse 16, 8092 Zürich, Switzerland
4Institute of Biophysics, Academy of Sciences of the Czech Republic, Brno
5Center for Biotechnological and Agricultural Research in Hana, Olomouc, Czech Republic
6Pole Rhone-Alpes de Bioinformatique (PRABI), Villeurbanne, France
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exhibits a two-fold up-regulation in males only (Drosophila) or in both sexes, in which

case an additional two-fold down-regulation involving either one (mammals) or both

X (C. elegans) in females/hermaphrodites. Recent work has revealed that in mammals

and C. elegans, only a minority of genes are affected by the canonical dosage compen-

sation mechanisms described in these taxa (Albritton et al., 2014; Ercan, 2015; Pessia

et al., 2012). The other genes are compensated through other mechanisms, including

down-regulation of autosomal genes (Julien et al., 2012), gene relocation out of the X

(Albritton et al., 2014), and some genes are not compensated at all (Julien et al., 2012;

Pessia et al., 2012). Moreover, the study of dosage compensation in other taxa has shown

that chromosome-wide dosage compensation has not evolved in all sex chromosomes,

in particular it is more common in XY than ZW systems (Mank, 2013). How dosage com-

pensation mechanisms have evolved and whether they exist in non-animal taxa remains

unclear.

In plants, separate sexes (dioecy) has evolved in ∼6% of the species and about 40 sex

chromosome systems have been described (Ming et al., 2011). While the well-studied

plant sex chromosomes clearly show evidence for Y degeneration (Bergero and Charles-

worth, 2011; Chibalina and Filatov, 2011; Hough et al., 2014; Wang et al., 2012), whether

dosage compensation has evolved is unclear. In Silene latifolia, a dioecious plant with

a relatively young (∼5 MY old) but already heteromorphic XY system, RNA-seq data of

male and female individuals have been used to perform a high-throughput segregation

analysis and identify hundreds of sex-linked genes (Bergero and Charlesworth, 2011;

Chibalina and Filatov, 2011; Muyle et al., 2012). Assuming that the deleterious effects

of reduced-dosage are the strongest for sex-linked genes that have completely lost their Y

copy (X-hemyzygous genes), dosage compensation is expected to evolve in those genes

first. A study focusing on the X-hemyzygous genes found no evidence for dosage com-

pensation in S. latifolia (Chibalina and Filatov, 2011). More recently and after an effort to

experimentally validate the X-hemizygous genes in S. latifolia, this test was done again

and returned the same result (Bergero et al., 2015). In Rumex hastatulus, the same test

was done and provided no evidence for dosage compensation in this older system (∼15

My old, Hough et al., 2014). However, reduced dosage in males will affect not only X-

hemizygous genes but also sex-linked genes with reduced Y copy expression, which are

numerous in S. latifolia (Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011;

Muyle et al., 2012). Focusing on those latter genes, some evidence for dosage compensa-

tion was found (Muyle et al., 2012). The discrepancies between all these studies are not

understood yet.

We used a family (2 parents, 4 sons, 4 daughters) that we genotyped using RNA-seq data

and tracked SNPs showing X-linkage and Y-linkage transmission patterns (Section 5.3).

Both X/Y gene pairs and X-hemizygous genes were inferred in a statistical framework us-

ing a model-based method that we developed (Chapter 4). Similar numbers were found

for RNA-seq data from three different tissues (Table 5.1); some differences are expected
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as the statistical power of our method will depend on a gene expression level, which may

vary from tissue to tissue (Chapter 4). We tried to validate as many sex-linked genes

as possible using different sources of data (Section 5.3): (i) a set of experimentally val-

idated S. latifolia sex-linked genes found in the literature plus from a unpublished BAC

sequence dataset from the S. latifolia sex chromosomes (Chapter 3) totaling ∼80 sex-

linked genes, (ii) a genetic map of the S. latifolia X chromosome that we built using GBS

data, (iii) sequence data from isolated S. latifolia Y chromosome. Using these data, we

validated about half of the inferred genes (Table 5.1), which thus represent a robust set of

sex-linked genes. In order to study dosage compensation in S. latifolia, we first removed

the genes that are differentially expressed among the sexes as shown in Table 1 (see Sec-

tion 5.3) as no dosage compensation is expected for the sex-biased genes (Ellegren and

Parsch, 2007).

Table 5.1: Numbers of inferred autosomal, X/Y, X-hemizygous and unassigned contigs in S. latifolia iden-
tified by SEX-DETector in three different tissues (Section 5.3). Numbers of X/Y and X-hemizygous contigs
are also given after removing sex-biased contigs and after validation using different sources of data (Sec-
tion 5.3).

Tissue types

total number
without sex-biased

genes
without sex-biased

genes, validated

Unas-
signed

Autoso-
mal

X/Y
X-

hemizygous
X/Y

X-
hemizygous

X/Y
X-

hemizygous

Flower buds 31072 13807 925 374 712 174 366 89

Leaves 33499 11596 780 303 733 293 374 141

Seedlings 33391 11631 869 287 737 216 395 104

We used RNA-seq read counts to estimate expression levels in S. latifolia and Silene

vulgaris, a close relative without sex chromosomes, which served as an outgroup in our

analysis. We used the differences in expression levels between both species to infer the

changes in expression that occurred on the sex chromosomes (Section 5.3). Figure 5.1a

shows that the reduction of the expression of the Y-linked copy (measured by the Y/X ra-

tio) has been accompanied by an increase of the expression of the X-linked copy in males,

so that in that sex the overall expression of the sex-linked genes has remained unchanged

since the split between S. latifolia and S. vulgaris (the inter-species expression difference

is close to zero). Importantly, we observed the same results when focusing on the vali-

dated sex-linked only (Figure 5.1b). In Figure 5.1 data in leaves were used as this tissue

includes the smallest fraction of sex-biased genes (Chapter 6); the same analysis in other

tissues (flower buds and seedlings) gave similar results (Figures 5.S1 to 5.S3 a-b). Overall,

these results clearly suggest that many X/Y genes are compensated in S. latifolia, and that

X chromosome dosage compensation occurs in several tissues.

There exists, however, a considerable heterogeneity in dosage compensation among

genes on the sex chromosomes. Recent work has revealed that not all the genes are

dosage-compensated in the mammalian and C. elegans systems; dosage compensation
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(a) all non-sex-biased contigs (b) validated non-sex-biased contigs

(c) highly expressed non-sex-biased contigs (d) lowly expressed non-sex-biased contigs

Figure 5.1: Leaf dataset: median delta expression levels between S. latifolia and S. vulgaris
hermaphrodites, in different Y/X ratio categories. Allelic read numbers were summed at sex-linked SNP
locations and normalised for each individual and contig separately, then averaged among individuals for
each contig; the median delta for all contigs was then obtained (delta=(S. latifolia–S. vulgaris)/S. vulgaris).
If the delta variable is lower than zero then expression in S. latifolia is lower compared to S. vulgaris. If the
delta variable is higher than zero then expression in S. latifolia is higher compared to S. vulgaris. And if
the delta variable is equal to zero then expression in S. latifolia and S. vulgaris are equal. The Y/X ratio was
computed in S. latifolia males and averaged between individuals to use as a proxy for Y degeneration. XX
females: Median delta expression levels of both X-linked alleles in females; X males: Median delta expres-
sion levels of the single X-linked allele in males; Y males: Median delta expression levels of the Y-linked
allele in males; XY males: Median delta expression levels of the X-linked plus Y-linked alleles in males. In
the absence of dosage compensation delta is expected to be -0.5 for the single X in males (expressed half as
much as both autosomes from S. vulgaris). (a) All non sex-biased contigs (977 contigs), with the following
sample sizes for the different Y/X ratio categories are: 0, 293; 0–0.25, 89; 0.25–0.5, 151; 0.5–0.75, 160; 0.75–1,
147; 1–1.5, 119. (b) Validated non sex-biased contigs (491 contigs), with the following sample sizes for the
different Y/X ratio categories: 0, 141; 0–0.25, 41; 0.25–0.5, 65; 0.5–0.75, 93; 0.75–1, 79; 1–1.5, 62. (c) Highly
expressed non sex-biased contigs (322 contigs), with the following sample sizes for the different Y/X ratio
categories: 0, 72; 0–0.25, 34; 0.25–0.5, 62; 0.5–0.75, 58; 0.75–1, 50; 1–1.5, 39. (d) Lowly expressed non sex-
biased contigs (655 contigs), with the following sample sizes for the different Y/X ratio categories: 0, 221;
0–0.25, 55; 0.25–0.5, 89; 0.5–0.75, 102; 0.75–1, 97; 1–1.5, 80.
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seems to have evolved mostly in the dosage-sensitive genes (Albritton et al., 2014; Julien

et al., 2012; Pessia et al., 2012; Veitia et al., 2015). Also, dosage-sensitive Y-linked genes

tend to degenerate slowly and in some cases never get totally inactivated (Bellott et al.,

2014; Cortez et al., 2014; Veitia et al., 2015; White et al., 2015). Precise data on dosage-

sensitivity of S. latifolia genes are not available but dosage-sensitivity is known to strongly

correlate with expression level and breadth (e.g. Gout et al., 2010). We thus studied the

expression changes between S. latifolia and S. vulgaris in lowly and highly expressed

genes (Figures 5.1, 5.S1 and 5.S3 c-d), both categories show dosage compensation for X/Y

genes, but results differ for the X-hemizygous category. Figure 5.1a clearly indicates that

the expression of the X-hemizygous genes has undergone an almost two-fold decrease in

S. latifolia males compared to S. latifolia females and S. vulgaris. This suggests that, over-

all, this category of sex-linked genes does not exhibit dosage compensation as previously

reported (Bergero et al., 2015; Chibalina and Filatov, 2011; Hough et al., 2014). Interest-

ingly, highly expressed X-hemizygous genes shows some evidence for dosage compensa-

tion (Figures 5.1, 5.S1 and 5.S3 c versus d). This suggests that X-hemizygous genes may

include few dosage-sensitive genes, which would explain why they have lost their Y copy

so fast and why there is no need to compensate for such loss. In agreement with this

idea, using a GO term analysis, we found that the X-hemizygous genes are depleted in

protein complex genes (i.e ribosomal protein), which are well-known dosage-sensitive

genes (Pessia et al., 2012).

Dosage compensation is clearly partial in S. latifolia, not all the sex-linked genes showing

Y degeneration are compensated (Figure 5.1, Figures 5.S1 to 5.S3 a). In mammals and C.

elegans, which are old systems, only some key, dosage-sensitive, genes are compensated

(see previous paragraph). In S. latifolia, the same may apply but dosage compensation

may also be incomplete because the system is young and the evolution of dosage com-

pensation is ongoing. Figure 5.1a reveals another interesting aspect of dosage compensa-

tion in S. latifolia; the increase in expression of the X copy observed for some sex-linked

genes also evolved in female. In this system, up-regulation of the X copy has occurred

in both sexes (this was observed in flower buds and seedlings too Figures 5.S1 to 5.S3 a).

First, this means that the changes in expression observed in males are not due to a simple

buffering mechanism observed, for example, in artificially induced aneuploids, in which

auto-adjustment of gene networks partially corrects for reduction in dosage (Malone et

al., 2012). Buffering mechanisms are indeed only expected in the sex where dosage has

been changed (i.e. in males), not in the other sex. In S. latifolia, a specific mechanism

has thus evolved. Moreover, this result reveals a conflict between males and females over

optimal expression levels as hyperexpression in females is probably deleterious. The fit-

ness costs for females could be overcome by the benefit of increasing expression of these

genes in males. Or, because sexual selection is stronger in males than in females, selec-

tion could have selected for increased expression in males, at the expense of females, un-

til a second correcting mechanism evolves in females (Mank, 2013). Interestingly, this hy-
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perexpression in both sexes corresponds to the first step that Susumu Ohno has hypoth-

esized for the evolution of dosage compensation in mammals (Ohno, 1967), which we

may be observing in this young system. The system could also remain as is, as observed

in Tribolium where the X chromosome is hyperexpressed in both sexes, even though the

sex chromosomes are old (Prince et al., 2010). Last, this explains why dosage compensa-

tion was not easy to observe in previous work when including only S. latifolia RNA-seq

data. As expression has changed both in males and females, simply comparing male and

female expression of the X-linked copy will make it more difficult to detect a strong effect;

only using an outgroup, as done here, allows to clearly uncover this mechanism.

Because we have used family data, we were able to track the expression changes on

the X transmitted from the father and from the mother separately (Section 5.3). Fig-

ure 5.2 shows the S. latifolia and S. vulgaris expression differences for maternal and

paternal X chromosomes. It appears that the expression of the X from the mother has

been up-regulated in the sons, and also, to a lesser extent, in the daughters, while the

X from the father has remained unchanged (results were confirmed on flower buds Fig-

ure 5.S4 and seedlings Figure 5.S5). This suggests that the dosage compensation mech-

anism in S. latifolia relies on the up-regulation of the X chromosome from the mother.

This points towards an epigenetic imprinting mechanism where the X transmitted by

the mother would bear epigenetic marks resulting in this chromosome being specifically

up-regulated in both sexes, but molecular studies will be needed to confirm this. Some

kind of X-inactivation was proposed some time ago (Siroky et al., 1998) because authors

observed that one arm of one X chromosome is methylated in S. latifolia females. This

methylation might be a normal state, corresponding to the paternal X, and the unmethy-

lated X observed for males and for one X in females could be the hyperexpressed ma-

ternal X. Interestingly, the up-regulation of the maternal X chromosome is stronger in

males than in females (Figure 5.2), which suggests that a mechanism counteracting the

up-regulation of one X chromosome might have started to evolve in females.

The finding of dosage compensation in a plant shows that dosage compensation is not

restricted to animals and may accompany the evolution of Y degeneration in non-animal

taxa. Observing dosage compensation in an evolutionary young system of ∼5 MY old

shows that dosage compensation can evolve de novo relatively fast after the emergence

of the sex chromosomes. In the studied plant system, sex-linked reduced-expression in

male (due to Y degeneration) clearly seems to be more deleterious than X over-expression

in females as assumed by Ohno. Also, many genes are not compensated, possibly be-

cause they are not dosage-sensitive or because dosage compensation has not had time to

evolve yet. Dosage compensation in this system clearly bears the hallmarks of a recently-

evolved and still non-optimal mechanism. How the up-regulation of the maternal X is

achieved and how this mechanism was able to evolve so fast remains to be understood.
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Figure 5.2: Leaf dataset: median delta expression levels between S. latifolia maternal and paternal X
chromosomes and S. vulgaris hermaphrodite autosomes, in different Y/X ratio categories. Same legend
as Figure 5.1 except that only SNPs where females were heterozygous were used, reducing contig numbers
(626 in total) with the following sample sizes for the different Y/X ratio categories: 0, 273; 0–0.25, 49; 0.25–
0.5, 73; 0.5–0.75, 83; 0.75–1, 85; 1–1.5, 63.

5.3 Material and Methods

5.3.1 RNA-seq data

5.3.1.1 Plant material and sequencing

RNA-seq data were generated from a cross in the dioecious plant S. latifolia, which has

sex chromosomes and from a cross in the gynodioecious plant S. vulgaris, which does

not have sex chromosomes. The following individuals and tissues were sequenced (See

Supplementary Table 5.S1 for library sizes):

• For flower buds for S. latifolia: both parents (a male from a wild population : Leuk-

144-3_father; and a female from a ten-generation inbred line : U10_37_mother),

and their progeny (C1_01_male, C1_3_male, C1_04_male, C1_05_male, C1_26_female,

C1_27_female, C1_29_female, C1_34_female) were sequenced. For flower buds for

S. vulgaris the hermaphrodite father came from a wild population (Guarda_1), the

female mother from another wild population (Seebach_2) and their hermaphrodite

(V1_1, V1_2, V1_4) and female (V1_5, V1_8, V1_9) progeny were sequenced.

• For leaves for S. latifolia: the same cross progeny individuals (C1_01_male, C1-

_3_male, C1_04_male, C1_05_male, C1_26_female, C1_27_female, C1_29_female,

C1_34_female) were sequenced. For leaves for S. vulgaris four hermaphrodites
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(V2_10_L, V2_11_L, V2_12_L, V2_13_L) were sequenced.

• For seedlings for S. latifolia: cross progeny individuals (Seed_lati_female_1, Seed-

_lati_female_2, Seed_lati_female_3, Seed_lati_female_4, Seed_lati_male_1, Seed-

_lati_male_2, Seed_lati_male_3, Seed_lati_male_4) were sequenced. For seedlings

for S. vulgaris four hermaphrodites (Seed_vulg_herm_1, Seed_vulg_herm_2, Seed-

_vulg_herm_3, Seed_vulg_herm_4) were sequenced.

For the flower buds and leaves datasets, individuals were grown in a temperature-con-

trolled greenhouse. The QiagenRNeasy Mini Plant extraction kit was used to extract total

RNA two times separately from four flower buds at developmental stages B1–B2 after re-

moving the calyx. Samples were treated additionally with QiagenDNase. RNA quality

was assessed with an Aligent Bioanalyzer (RIN.9) and quantity with an Invitrogen Qubit.

An intron-spanning PCR product was checked on an agarose gel to exclude the possi-

bility of genomic DNA contamination. Then, the two extractions of the same individual

were pooled. Individuals were tagged and then pooled for sequencing. Samples were

sequenced by FASTERIS SA on an Illumina HiSeq2000 following an Illumina paired-end

protocol (fragment lengths 150–250bp, 100 bp sequenced from each end). Seedlings were

grown in a temperature controlled climate chamber in Eschikon (Switzerland) using the

same conditions as in Zemp et al. (2014). The S. latifolia and S. vulgaris seedlings were

collected without the roots at the four leaf stage. The sexing of the S. latifolia seedlings

was done using Y specific markers (Hobza and Widmer, 2008) that were amplified with

the direct PCAR KAPA3G Plant PCR Kit (note male number 3 was later shown to be a

female). High quality RNA (RIN > 7.5) was extracted using the total RNA mini kit of Ge-

neaid. Twelve RNA-seq libraries were produced using the Truseq kit v2 from Illimina.

Libraries were tagged individually and sequenced in two Illumna Hiseq 2000 channels at

the D-BSSE (ETH Zürich, Switzerland) using 100 bp paired-end read protocol.

A normalised 454 library was generated for each sex of S. latifolia using bud extracts from

4 different developmental stages that were pooled.

Plants from an 11 generation inbred line were grown under controlled conditions in a

greenhouse in Eschikon (Switzerland). One female (U11_01) and one male (U11_02) were

randomly selected. From each plant, high quality RNA (RIN > 7.5) were extracted using

the total RNA mini kit of Geneaid from very small flower buds, small and large flower

buds, flowers before anthesis without calyces, rosette leaves and seedlings (4 leaves stage).

Additionally, pollinated flowers (1 h after pollination) and developing fruits (5 day after

pollination) were extracted from the female and pollen from the male. RNA of the differ-

ent tissues was equally pooled for each sex and cDNA was produced using the Clontech

SMARTer Kit. The two cDNA pools were then normalized using a duplex specific endonu-

clease of the Evrogen TRIMMER kit. For each sex two ranges were selected (1- 1.3 kb and

1.2 -2 kb) using the Pippin Prep (Sage Science). Four SMRTbell libraries were prepared

using the C2 Pacific Biosciences (PacBio) chemistry and sequenced on a PacBio RS II at

the Functional Genomic Center Zurich (FGCZ).
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5.3.1.2 Reference trancriptome

A reference transcriptome was built from the Silene latifolia flower bud data and used

for all tissue types and species afterwards. Adaptors, low quality and identical reads

were removed. The transcriptome was then assembled using TRINITY (Haas et al., 2013)

on the combined 10 individuals described previously as well as the 6 individuals from

(Muyle et al., 2012) and the normalized 454 sequencing that was transformed to illu-

mina using 454-to-illumina-transformed-reads. Then, isoforms were collapsed using

/trinity-plugins/rsem-1.2.0/rsem-prepare-reference. PolyA tails, bacterial RNAs and ri-

bosomal RNAs were removed using ribopicker. ORFs were predicted with trinity tran-

scripts_to_best_scoring_ORFs.pl. In order to increase the probability of X and Y sequences

to be assembled in the same contig, ORFs were further assembled using home made perl

scripts to run CAP3 (cap3 -p 70, Version Date: 10/15/07, Huang and Madan, 1999) inside

of TRINITY components.

5.3.2 Inference of sex-linked genes

Illumina reads from the 10 individuals of the cross were mapped onto the assembly using

BWA (version 0.6.2, bwa aln -n 5 and bwa sampe, Li and Durbin, 2009). The libraries were

then merged using SAMTOOLS (version 0.1.18, (Li et al., 2009)). The obtained alignments

were locally realigned using GATK IndelRealigner (DePristo et al., 2011) and were anal-

ysed using reads2snps (Version 3.0, -fis 0 -model M2 -output_genotype best -multi_alleles

acc -min_coverage 3 -par false, Tsagkogeorga et al., 2012) in order to genotype individuals

at each loci while allowing for biases in allele expression and not cleaning for paralogous

SNPs as X/Y SNPs tend to be filtered out by paraclean (the program that removes paral-

ogous positions, Gayral et al., 2013). SEX-DETector (Chapter 4) was then used to infer

contigs segregation types after estimation of parameters using an SEM algorithm. Con-

tigs posterior segregation type probabilities were filtered to be higher than 0.8. For the

leaf and seedling datasets, as parents were not sequenced for these tissues, SEX-DETector

was run using the data from flower buds for the parents.

5.3.3 Validation of sex-linked genes

5.3.3.1 Detection of false X-hemizygous contigs

X-hemizygous contig inference can originate from an X/Y gene which X and Y copies

were assembled into different contigs. To detect such cases, X-hemizygous contigs were

blasted (blast -e 1E-5, Altschul et al., 1990) against all RNA-seq contigs with male-limited

expression (see below for male-limited contig inferences).
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5.3.3.2 Validation using data from literature

A few sex-linked genes in S. latifolia have already been described in the literature (see

Supplementary Table 2).

5.3.3.3 Validation using a genetic map

Plant material and genotyping: A female individual form an interspecific S. latifolia

cross (C1_37) was back crossed with a single male from an 11 generation inbred line and

the offspring (BC1 individuals) were grown under controlled conditions in a greenhouse

in Eschikon (Switzerland). High quality RNA form flower buds as descript in ZEMP et al.

(2014) was extracted from 48 individuals (35 females and 13 males) of these BC1 indi-

viduals. 48 RNA-seq libraries were produced using the Truseq kit v2 from Illimina with

a median insert size of about 200 bp. Individuals were tagged separately and sequenced

in four Illumna Hiseq 2000 channels at the D-BSSE (ETH Zürich, Switzerland) using 100

bp paired-end read protocol. The parents used for this cross were already sequenced in

another study in a similar way (C1_37, Chapter 6 and U10_49, Muyle et al., 2012).

Linkage group identification: RNA-seq reads were mapped against the S. latifolia flower

buds reference transcriptome using BWA with a mismatch of 5. Libraries were merged

and realigned using GATK (DePristo et al., 2011) and SNPs were analysed using reads2snps

(Tsagkogeorga et al., 2012). Using a customized perl script SNP genotypes of the parents

and the offspring and the posterior odd probabilities were extracted from the output files

of reads2snps. Informative SNPs according to CP and BC1 design and a posterior odd

of 0.8 were then converted into JoinMap format using a customized R script. If we had

more than one informative SNP per contig we used the SNP with less segregation distor-

tion and less missing values, which led to 8,023 BC1 and 16,243 CP-markers. The data was

then imported into JoinMap 4.1 (VAN Ooijen, 2011) and loci with more than 10 % miss-

ing values were excluded, which led to 15, 118 CP and 7,951 BC1-markers. Linkage groups

were identified using the default setting of JoinMap. Robustness of the assignment of the

linkage groups was tested using LepMap (Rastas et al., 2013). Blasting the contigs against

known sex-linked genes allowed to identify the linkage group of the X chromosome. Or-

dering the contigs along the linkage groups was not possible since there were not enough

individuals to reach a converged order of the contigs, but contigs could be attributed to

the X linkage group.

5.3.3.4 Validation using isolated Y chromosome DNA-seq data

Y chromosome DNA was isolated for sequencing using flow cytometry. The samples for

flow cytometric experiments were prepared from root tips according to Vrána et al. (2012)

with modifications. Seeds of S. latifolia were germinated in a petri dish immersed in wa-

ter at 25°C for 2 days until optimal length of roots was achieved (1 cm). The root cells

were synchronized by treatment with 2mM hydroxyurea at 25°C for 18h. Accumulation
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of metaphases was achieved using 2.5μM oryzalin. Approximately 200 root tips were nec-

essary to prepare 1ml of sample. The chromosomes were released from the root tips by

mechanical homogenization using a Polytron PT1200 homogenizer (Kinematica AG, Lit-

tau, Switzerland) at 18,000rpm for 13 s. The crude suspension was filtered and stained

with DAPI (2μg/ml). All flow cytometric experiments were performed on FACSAria II

SORP flow cytometer (BD Biosciences, San José, Calif., USA). Isolated Y chromosomes

were sequenced with 2x100bp PE Illumina HiSeq.

Reads were filtered for quality and Illumina adapters were removed using the ea-utils

FASTQ processing utilities (Aronesty, 2011). The optimal kmer value for assembly was

searched using KmerGenie (Chikhi and Medvedev, 2014). Filtered reads were assembled

using soapdenovo2 (Luo et al., 2012) with kmer=49, as suggested by KmerGenie.

The obtained assembly was highly fragmented, therefore RNA-seq data was used to join,

order and orient the genomic fragments with L_RNA_scaffolder (Xue et al., 2013). The

following RNA-seq reads were used (see Section 5.3.1.1): one sample of male flower buds

sequenced by 454, 6 samples of male flower buds sequenced by Illumina PE, 4 samples of

male leaves sequenced by Illumina PE and one sample of male pooled tissues sequenced

by PacBio. The genomic assembly was successively scaffolded with L_RNA_scaffolder

using RNA-seq samples one after the other, first 454 samples then Illumina and finally

PacBio. The obtained contigs were filtered to be longer than 200pb.

5.3.3.5 Set of validated sex-linked genes

The three sources of data (litterature, genetic map and filtered Y sequence data) were

compared to SEX-DETector inferred sex-linked RNA-seq contigs using BLAST (blast -e

1E-5, Altschul et al., 1990). Blasts were filtered for having a percentage of identity over

90%, an alignment length over 100bp and were manually checked. If a sex-linked RNA-

seq contig blasted against a sequence from one of the three data sources (literature, X

genetic map or filtered Y DNA-seq) it was then considered as validated.

5.3.4 Expression level estimates

5.3.4.1 whole contig expression levels

Whole contig mean expression levels were obtained for each individual using GATK DepthOf-

Coverage (DePristo et al., 2011) as the sum of every position coverage, divided by the

length of the contig. Normalised expression levels (in RPKM, Oshlack et al., 2010) were

then computed for each individual by dividing the value by the library size of the indi-

vidual (total number of mapped reads), allowing different depths of coverage between

individuals. Whole contig mean male and female expression levels were then computed

by averaging male and female individuals for each contig.
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5.3.4.2 Allelic expression levels

In order to study separately X and Y allele expression levels in males and females, ex-

pression levels were studied at the SNP level. In S. latifolia, for each sex-linked contig

expression levels were estimated using read counts from both X/Y and X-hemizygous in-

formative SNPs: SNPs were attributed to an X/Y or X hemizygous segregation type if the

according posterior probability was higher than 0.5, and SNPs are informative if the fa-

ther is heterozygous and has a genotype that is different from the mother (otherwise it is

not possible to tell apart the X from the Y allele and therefore it is not possible to compute

X and Y expression separately). X/Y SNPs for which at least one female had over two per-

cent of her reads belonging to the Y allele were removed as unlikely to be true X/Y SNPs.

Contigwise X, Y, X+X and X+Y normalised expression levels (in RPKM, Oshlack et al.,

2010) were computed by summing read numbers for each X-linked or Y-linked alleles

for all SNPs and each individual separately and then normalised using the total number

of mapped reads per individuals (library size) and the number of studied sex-linked SNPs

in the contig:

E = r

n × l
(5.1)

With E = normalised expression level for a given individual, r = sum of total read counts,

n = number of studied SNPs, l = library size of the individual (number of mapped reads).

For contigs that only have X/X SNPs (SNPs for which the father’s X is different to both

Xs of the mother), Y expression level is only computed from the father as all males are

homozygous in the progeny. Such contigs were therefore removed when having under

3 X/X SNPs to avoid approximations on the contig mean Y/X expression level (39 con-

tigs removed in the flower buds dataset, 44 in the leaves dataset and 40 in the seedlings

dataset).

In order to make S. latifolia and S. vulgaris expression levels comparable for sex-linked

contigs, S. vulgaris contig wise expression levels were estimated using only the positions

used in S. latifolia (informative X/Y or X-hemizygous SNPs). The read count of every

position in every contig and for every S. vulgaris individual was given by GATK DepthOf-

Coverage (DePristo et al., 2011). Only positions corresponding to informative X/Y or X-

hemizygous SNPs in S. latifolia were used to compute the expression level for each contig

and each S. vulgaris individual as explained in Equation 5.1.

Contigwise S. latifolia X, Y, X+X, X+Y and S. vulgaris autosomes normalised allelic expres-

sion levels were then averaged between individuals.

5.3.5 Expression divergence between S. latifolia and S. vulgaris

A variable called Δ (Equation 5.2) was computed in order to study how expression levels

evolved in S. latifolia on the sex chromosomes compared to autosomal expression levels

in S. vulgaris: Δ is equal to zero if S. latifolia and S. vulgaris have equal expression levels, Δ
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is positive if S. latifolia has higher expression levels compared to S. vulgaris and Δ is neg-

ative otherwise. For the leaf dataset, S. vulgaris expression levels were globally lower for

the whole transcriptome than S. latifolia, even after correcting for individual library sizes.

For the flower bud dataset, S. vulgaris expression levels were globally higher for the whole

transcriptome than S. latifolia. Mean expression levels were similar between S. latifolia

and S. vulgaris for the seedling dataset. The mean S. vulgaris over S. latifolia whole con-

tig expression ratio was computed and averaged for all contigs of the transcriptome. This

ratio (0.859 for leaves, 1.093 for flower buds for the S. vulgaris hermaphrodite dataset,

1.129 for flower buds for the S. vulgaris female dataset and 0.963 for the seedlings) was

used to account for the bias of global different expression levels between S. latifolia and

S. vulgaris when computing Δ:

Δ= S. latifolia expression level×correcting ratio−S. vulgaris expression level

S. vulgaris expression level
(5.2)

5.3.6 Identification of sex-biased genes

The analysis was done separately for the three tissues (flower buds, seedling and rosette

leaves). Raw reads counts were extracted from the bam files and imported into R. Contigs

were filtered to be sufficiently expressed in at least half of the female and/or male libraries

using a cutoff of 1 count per million reads. Genes with sex-biased expression were iden-

tified using a common dispersion in edgeR (Robinson et al., 2010) including the different

replicates for the contigs inferred to sex-linked and X-hemizygous separately. See Table 1

for numbers of sex-biased contigs removed in order to study dosage compensation.

Male-limited expressed contigs were identified by calculating the mean expression val-

ues (FPKM) in both sexes and selecting those which were exclusively expressed in males.

5.3.7 GO term analysis

All contigs of the reference transcriptome were blasted against the Uniprot database us-

ing blastx with an expectation value cutoff of 0.001, and an upper limit of hit results per

sequence of 20. Significant blastx hits were obtained for 35,763 contigs. Gene Ontology

terms were associated with the contigs using the Blast2GO PRO version V 2.7.2 (Conesa et

al., 2005) and the Data Base version b2g_sep14, with 41,136 GO terms and 4,097 Enzymes

available. Blast hits were related to the functional GO annotation by using the “Mapping”

function of Blast2GO. The complete annotation of the sequences was performed using

Annotation, ANNEX (increasing annotation step), GO-SLIM (using the goslim_plant.obo

option to reduce the GO vocabulary) and InterPro (by choosing the whole set of Inter-

Pro annotation applications available: BlastProDom, FPrintScan, HMMPIR, HMMPfam,

HMMSmart, HMMTigr, HMMPanther, ProfileScan, HAMAP, PatternScan, SuperFamily,

Gene3D, Phobius, Coils, SignalIPHMM and TMHMM). Annotation using the default pa-

rameters (E-Value-Hit-Filtrer 1.0E-6; Annotation CutOff 55; GO Weight 5; Hsp-Hit Cov-

erage CutOff 0) yielded a total of 27,152 annotated contigs (after merging the InterPro



5.4. Author contributions 169

results with the GO annotation). Tests for enrichment were performed on all GO terms

associated with the sequences, using a two-tailed Fisher’s exact test with correction for

multiple tests by using a false discovery rate of 0.05. Double IDs (both on the test and on

the reference set) were removed.

5.4 Author contributions

Aline Muyle, Niklaus Zemp, Alex Widmer and Gabriel Marais conceived the study and

experimental design. Niklaus Zemp and Alex Widmer prepared and sequenced the RNA-

seq datasets and assembled the reference transcriptome. Aline Muyle ran SEX-DETector

on the RNA-seq datasets for the three tissues (including mapping and genotyping steps),

produced allelic expression levels, analysed the data, prepared Tables and Figures and

wrote the Material and Method section. Niklaus Zemp generated the X chromosome ge-

netic map (with help from Aline Muyle for the mapping and genotyping part). Radim

Cegan, Jan Vrana and Roman Hobza did the Y chromosome flow cytometry sorting and

sequencing. Clothilde Deschamps did the first assembly of the sorted Y chromosome

and improved it with RNA-seq data with the help of Cécile Fruchard. Aline Muyle did the

blasts to validate the inferences of SEX-DETector. Raquel Tavares did the GO term anal-

ysis. Frank Picard helped with statistical analyses of the data. Gabriel Marais wrote the

main text of the manuscript with inputs from other authors.
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(a) all non-sex-biased contigs (b) validated non-sex-biased contigs

(c) highly expressed non-sex-biased contigs (d) lowly expressed non-sex-biased contigs

Figure 5.S1: Bud dataset: median delta expression levels between S. latifolia and S. vulgaris
hermaphrodites, in different Y/X ratio categories. Same legend as Figure 5.1. (a) All non sex-biased contigs
(671 contigs), with the following sample sizes for the different Y/X ratio categories are: 0, 174; 0–0.25, 98;
0.25–0.5, 157; 0.5–0.75, 173; 0.75–1, 136; 1–1.5, 107. (b) Validated non sex-biased contigs (435 contigs), with
the following sample sizes for the different Y/X ratio categories: 0, 89; 0–0.25, 47; 0.25–0.5, 76; 0.5–0.75, 82;
0.75–1, 84; 1–1.5, 57. (c) Highly expressed non sex-biased contigs (327 contigs), with the following sample
sizes for the different Y/X ratio categories: 0, 30; 0–0.25, 34; 0.25–0.5, 62; 0.5–0.75, 84; 0.75–1, 71; 1–1.5, 46.
(d) Lowly expressed non sex-biased contigs (518 contigs), with the following sample sizes for the different
Y/X ratio categories: 0, 144; 0–0.25, 64; 0.25–0.5, 95; 0.5–0.75, 89; 0.75–1, 65; 1–1.5, 61.

literature references.

https://drive.google.com/open?id=0B7KhiXOz6_OLUEMtNVZOdnFsdHM&authuser=

0
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(a) all non-sex-biased contigs (b) validated non-sex-biased contigs

Figure 5.S2: Bud dataset: median delta expression levels between S. latifolia and S. vulgaris females, in
different Y/X ratio categories. Same legend as Figure 5.S1.
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(a) all non-sex-biased contigs (b) validated non-sex-biased contigs

(c) highly expressed non-sex-biased contigs (d) lowly expressed non-sex-biased contigs

Figure 5.S3: Seedling dataset: median delta expression levels between S. latifolia and S. vulgaris
hermaphrodites, in different Y/X ratio categories. Same legend as Figure 5.1. (a) All non sex-biased contigs
(903 contigs), with the following sample sizes for the different Y/X ratio categories are: 0, 216; 0–0.25, 79;
0.25–0.5, 156; 0.5–0.75, 162; 0.75–1, 154; 1–1.5, 121. (b) Validated non sex-biased contigs (474 contigs), with
the following sample sizes for the different Y/X ratio categories: 0, 104; 0–0.25, 41; 0.25–0.5, 75; 0.5–0.75, 86;
0.75–1, 93; 1–1.5, 66. (c) Highly expressed non sex-biased contigs (324 contigs), with the following sample
sizes for the different Y/X ratio categories: 0, 69; 0–0.25, 33; 0.25–0.5, 58; 0.5–0.75, 62; 0.75–1, 57; 1–1.5, 39.
(d) Lowly expressed non sex-biased contigs (579 contigs), with the following sample sizes for the different
Y/X ratio categories: 0, 147; 0–0.25, 46; 0.25–0.5, 98; 0.5–0.75, 100; 0.75–1, 97; 1–1.5, 82.
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Figure 5.S4: Bud dataset: median delta expression levels between S. latifolia maternal and paternal X
chromosomes and S. vulgaris hermaphrodite autosomes, in different Y/X ratio categories. Same legend
as Figure 5.1 except that only SNPs where females were heterozygous were used, reducing contig numbers
(562 in total) with the following sample sizes for the different Y/X ratio categories: 0, 163; 0–0.25, 64; 0.25–
0.5, 90; 0.5–0.75, 83; 0.75–1, 88; 1–1.5, 74.

Figure 5.S5: Seedling dataset: median delta expression levels between S. latifolia maternal and paternal
X chromosomes and S. vulgaris hermaphrodite autosomes, in different Y/X ratio categories. Same legend
as Figure 5.1 except that only SNPs where females were heterozygous were used, reducing contig numbers
(604 in total) with the following sample sizes for the different Y/X ratio categories: 0, 210; 0–0.25, 53; 0.25–
0.5, 77; 0.5–0.75, 76; 0.75–1, 106; 1–1.5, 82.
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Table 5.S1: library sizes (number of reads) of each individual and mapping statistics.

individuals # reads # mapped reads
% mapped

reads

S. latifolia
flower buds

U10_37_mother 75800468 23262670 30.6

Leuk144-3_father 115377548 64840769 56.2

C1_01_male 71711204 41812869 58.3

C1_3_male 82186876 49305677 60.1

C1_04_male 69957770 41597899 59.3

C1_05_male 181295644 106427848 58.6

C1_26_female 63717900 35910978 56.6

C1_27_female 145384384 88301626 61.1

C1_29_female 161456150 94931546 58.9

C1_34_female 190950550 116240597 60.9

S. latifolia
leaves

C1_1_L_male 67883026 35418817 52.2

C1_3_L_male 48736220 28632079 58.7

C1_4_L_male 53539946 30431570 56.8

C1_5_L_male 89406692 52900963 59.2

C1_26_L_female 43525226 25632703 58.9

C1_27_L_female 72164976 41086828 56.9

C1_29_L_female 132788562 76583589 57.7

C1_34_L_female 24783678 14640936 59.1

S. latifolia
seedlings

Seed_lati_female_1 80090178 44691737 55.8

Seed_lati_female_2 64993492 37891606 58.3

Seed_lati_female_3 69893290 38935889 55.7

Seed_lati_female_4 60155792 29397870 48.9

Seed_lati_male_1 77527602 28629289 36.9

Seed_lati_male_2 68485856 38037817 55.5

Seed_lati_male_3 75155124 43597777 58.0

Seed_lati_male_4 86674078 49221179 56.8

S. vulgaris
flower buds

SV1_1_hermaphrodite 32836858 12299198 37.5

SV1_2_hermaphrodite 59903112 27797320 46.4

SV1_4_hermaphrodite 56879642 25633403 45.1

SV1_5_female 54786992 23011360 42.0

SV1_8_female 57192532 25685569 44.9

SV1_9_female 47704414 21347225 44.7

SV_Guarda1_father_herm 64185890 30885401 48.1

SV_Seebach1_hermaphrodite 115453516 49841201 43.2

SV_Seebach2_mother 98602086 45304549 45.9

S. vulgaris
leaves

V2_10_L 91373032 37910605 41.5

V2_11_L 80307234 34598237 43.1

V2_12_L 55995074 26645813 47.6

V2_13_L 98768016 35642564 36.1

S. vulgaris
seedlings

Seed_vulg_herm_1 82017058 37088232 45.2

Seed_vulg_herm_2 88125680 41024846 46.6

Seed_vulg_herm_3 89331776 39853034 44.6

Seed_vulg_herm_4 79716486 36723084 46.1
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This project aimed at understanding how sexual conflicts are resolved with the evolu-

tion of dioecy and sex chromosomes. The use of an outgroup allowed for the first time to

study in what direction expression changes happened in sex-biased genes. SEX-DETector

inferred autosomal and sex-linked genes were used.

This project was led by Niklaus Zemp in Alex Widmer’s lab (in Zurich). My contribu-

tion was to run SEX-DETector on the data, produce allelic expression levels for sex-linked

genes and write the corresponding section in the Material and Method. See Section 6.7

for more details.

The manuscript was submitted in June 2015 to Nature.
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Changes in females drive the evolution of
sex-biased gene expression in a dioecious

plant
Niklaus Zemp1, Raquel Tavares2, Aline Muyle2, Deborah Charlesworth3, Gabriel A. B.

Marais2, Alex Widmer1

6.1 Abstract

Separate sexes (dioecy) and sex-biased gene expression have repeatedly evolved in ani-

mals and plants, but changes in gene expression associated with the origin of males and

females have been little studied. When separate sexes and sex chromosomes have re-

cently evolved in only one of a pair of closely related species, then changes associated

with the evolution of males and females can be reconstructed. Here we show in such

a pair of plant species that most expression changes of autosomal and sex-linked genes

affected females, rather than males, and we infer that sex-biased gene expression has

evolved through decreases in the sex experiencing the detrimental effects of sexually an-

tagonistic alleles, although some genes have probably increased expression in the sex in

which these alleles are beneficial. We also detect expression changes suggesting mas-

culinization of the Y chromosome, and also feminization and demasculinization of the X

in the dioecious species.

6.2 Introduction

Males and females of many plant and animal species differ in morphological, physiolog-

ical and ecological characteristics, despite their overall genetic similarity (Ellegren and

Parsch, 2007; Mank, 2009; Stewart et al., 2010). The evolution of sexual dimorphism can

either involve complete sex-linkage, when a gene or allele is restricted to the genome of

just one sex (e.g. Y-linked male function genes), or sex-limited or sex-biased expression of

genes that are present in both sexes (Bonduriansky and Chenoweth, 2009; Doorn, 2009;

Stewart et al., 2010), sometimes involving alternative splicing or duplication of genes

followed by sex-specialization of their expression (Stewart et al., 2010). Sex-biased and

sex-limited gene expression, and enrichment of such genes on the sex chromosomes,

are well documented in animals (Ellegren, 2011; Ellegren and Parsch, 2007; Meisel et al.,

2012; Reinius et al., 2012), including humans (Kang et al., 2011), and the evolutionary

processes that can produce them are well understood, but the changes that actually led

1ETH Zurich, Institute of Integrative Biology, Universitätstrasse 16, 8092 Zürich, Switzerland
2Laboratoire de Biométrie et Biologie Evolutive (UMR 5558), CNRS/Université Lyon 1, Villeurbanne, France
3University of Edinburgh, Institute of Evolutionary Biology, Edinburgh EH9 3JT, Midlothian, Scotland
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to the observed expression differences have not been studied. Genes with female-biased

expression, for example, may have evolved by increased expression in females, or may

have undergone a decrease in males, or both (Figure 6.1a, scenarios I-III). In most or-

ganisms, these evolutionary changes cannot be studied because separate sexes evolved

too long ago. Species in which separate sexes evolved recently, such as some dioecious

plants, are therefore of great interest, because gene expression changes can be inferred

from comparisons with related species without separate sexes, which should often repre-

sent the ancestral state (Figure 6.1b). Only a few studies have yet investigated expression

differences between females and males of plants and algae (Harkess et al., 2015; Lipinska

et al., 2015; Robinson et al., 2014) and none has investigated the evolutionary changes

leading to sex-biased gene expression in plants. Such studies can clarify the roles of sex-

linked and sexually antagonistic genes in the evolution of separate sexes (Barrett and

Hough, 2013).

In the plant genus Silene, gynodioecy (the co-existence of hermaphrodites and females

Figure 6.1: Evolution of sex-biased gene expression and transcriptional changes associated with the evo-
lution of separate sexes. a, Hypothetical scenarios for the evolution of a gene with female-biased expres-
sion from a co-sexual ancestral state (horizontal line). I: expression increased exclusively in females; sce-
nario II: expression decreased exclusively in males,; scenario III: expression changes in both sexes, with an
increase in females and decrease in males. b, Model of evolutionary changes in gene expression associated
with the transition from hermaphroditism to dioecy, and the evolution of non-recombining sex chromo-
somes. Step i) Sterility mutations in hermaphrodites cause loss of sexual functions and organs and lead to
coexistence of hermaphrodite and unisexual individuals in gynodioecious populations (or androdioecious
ones, though this is less likely) and subsequently to separate sexes in dioecious populations (Charlesworth
and Charlesworth, 1978). Such primary expression changes can be identified from their fully sex-limited
expression. Step ii) Secondary expression changes in gynodioecious and dioecious populations compen-
sate for negative fitness effects of primary expression changes and reduce deleterious effects resulting from
intralocus sexual conflict through the evolution of sex-biased gene expression. Step iii) Tertiary expression
changes occur on young sex chromosome and lead to feminization or masculinization of the X and Y (or Z
and W) chromosomes.
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in the same population) represents the ancestral state, and dioecy (i.e. separate sexes)

has evolved at least twice independently (Desfeux et al., 1996). Silene vulgaris (Moench)

Garcke is gynodioecious and closely related to the dioecious species Silene latifolia Poiret

(White Campion) (Marais et al., 2011), whose sex chromosome evolution is widely stud-

ied (Bernasconi et al., 2009). Male and female flowers and inflorescences of S. latifo-

lia are sexually dimorphic in terms of flower size, number and physiology (Delph et al.,

2002, and see Figure 6.2a) and both fully and partially sex-linked quantitative trait loci af-

fecting sexually dimorphic traits, including some physiological traits, have been inferred

(Delph et al., 2010). S. latifolia has an XY sex-determination system with heteromorphic

sex chromosomes, which evolved within the past 5-10 MY (Marais et al., 2011; Rauten-

berg et al., 2010), but already displays evidence of Y chromosome degeneration like that

in much older animal sex chromosomes (Bergero and Charlesworth, 2011; Chibalina and

Filatov, 2011; Marais et al., 2008), and may have started to evolve dosage compensation

(Muyle et al., 2012).

We used an mRNA-seq approach to assess gene expression differences between males

Figure 6.2: Sexual dimorphism and sex-biased gene expression in S. latifolia. a, Sexual dimorphism
in female and male flowers of S. latifolia. b, Proportions of contigs with sex-biased (colored areas) and
unbiased (white areas) expression for autosomal (12,708 contigs) and fully sex-linked contigs (936 con-
tigs) in reproductive (flower buds) and vegetative (rosette leaves) tissues. The proportion of contigs with
sex-biased expression was significantly higher among sex-linked contigs than among autosomal contigs
(Fisher’s exact-test, P-value ≤ 0.0001) in both reproductive and vegetative tissues. Proportions of contigs
with female-biased (red areas) and male-biased expression are not larger on the sex chromosomes (blue ar-
eas; Fisher’s exact test, P-value = 0.1) in reproductive tissues and vegetative tissues (see also Supplementary
Table 6.S1).

and females of S. latifolia and used the data to test for differential representation of sex-

biased genes on the sex chromosomes, and to investigate evolutionary changes in gene

expression in S. latifolia males and females from the likely ancestral state represented by

cosexual flowers of S. vulgaris hermaphrodites. Our expression analyses used mRNA iso-
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lated from rosette leaves of S. latifolia and developing flower buds of both species. Over-

all, we obtained 145 Gb of RNA-seq data from Illumina 100 bp paired-end reads from S.

latifolia flower buds (from seven male and seven female individuals), 41 Gb from S. latifo-

lia rosette leaves (four individuals of each sex), and 33 Gb from flower buds of five S. vul-

garis hermaphrodites. 58% and 57% of the S. latifolia reads from flower buds and rosette

leaves, respectively, and 44% of the S. vulgaris reads mapped to the S. latifolia flower bud

reference transcriptome (for details see Supplementary Table 6.S1). The lower percent-

age of mapped reads from S. vulgaris probably reflects sequence divergence between the

two species (Marais et al., 2011).

6.3 The extent of sex-biased gene expression

We included flower buds in our expression analyses because sexual dimorphism in S. lat-

ifolia is strongest for flower and inflorescence traits (Delph et al., 2002). The strongest

sex bias in expression is thus expected in flower buds (Ellegren and Parsch, 2007). How-

ever, many gene expression differences in buds may be associated with the presence

or absence of the sex organs (we call these “primary differences” in Figure 6.1b). Be-

fore quantifying sex-biased gene expression, we therefore first excluded 903 contigs that

showed sex-limited expression in S. latifolia flower buds, i.e. contigs that were expressed

in buds of only one sex. These contigs were also excluded from counts of evolved ex-

pression differences between the sexes (Section 6.9.1). Among the remaining 11,366 S.

latifolia contigs showing at least some expression in buds of both sexes, we identified

contigs with significant sex differences in expression (Supplementary Figure 6.S1). The

results are robust to different normalization procedures and estimators of gene expres-

sion differences (Supplementary Figure 6.S2), and agree well with qRT-PCR results (Sup-

plementary Figure 6.S3; Spearman correlation; 
=0.92; p-value: p<0.0001). GO analysis

revealed that female-biased genes are enriched for transcription factors involved in cell-

cycle and development but depleted in genes involved in catabolism (Supplementary Ta-

ble 3). Male-biased genes are enriched in genes involved in metabolism (carbohydrates,

lipids, secondary metabolites), transport and responses to various stimuli, and are de-

pleted in genes involved in nucleic acid metabolism and protein synthesis and modifica-

tion. Multiple biological processes that are over-represented among female-biased genes

are under-represented among male-biased genes, or vice versa, including cell cycle, reg-

ulation of gene expression, and cellular protein modification process, suggesting that

sex-biased expression has evolved to support contrasting biological functions in flower

buds of males and females.

We divided the contigs with sex-biased expression in buds into autosomal, sex-linked

(defined as contigs having alleles on both the X and Y chromosome) and X hemizygous

contigs (with an expressed copy on the X only). These categories were inferred using a

probabilistic model, from SNPs in parental plants that are segregating in their offspring
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(Chapter 4). Inference of the frequencies of genes with sex-biased expression (Supple-

mentary Table 6.S2) yielded an estimated 2,142 autosomal S. latifolia contigs with sig-

nificant sex bias (16.8% of bud-expressed contigs, 7.2% with female biased expression,

and 9.6% with male bias; Figure 6.2b). Sex-biased expression is much commoner (28.8%)

among the 936 contigs inferred to be fully sex-linked (13.8% with female biased expres-

sion, and 15.0% with male bias Figure 6.2b and Supplementary Table 6.S2). The differ-

ence from autosomal contigs is highly significant (Fisher’s exact test, p < 0.0001), even

after excluding 18.8% of the sex-linked contigs whose female-biased expression may be

caused by incomplete dosage compensation (Section 6.9.2).

In the data from rosette leaves (Fisher’s exact test, p-value: p < 0.0001), many fewer

genes showed sex-biased expression, (Delph et al., 2002; Ellegren and Parsch, 2007) and

the expression biases for autosomal and sex-linked contigs were much lower than in

buds (18.7-fold and 3.84-fold lower, respectively, see Figure 6.2b and Supplementary Ta-

ble 6.S2). Our small estimated expression difference between the sexes in leaves of S.

latifolia is compatible with findings for Rumex hastatulus (Hough et al., 2014) and sug-

gests that sex bias in vegetative tissues is generally low (Ellegren and Parsch, 2007).

As in buds, genes with sex-biased expression in rosette leaves were over-represented on

the sex chromosomes (Figure 6.2b). Contigs with female-biased expression represented

0.6% of autosomal and 4.1% of sex-linked contigs, significantly more than ones with

male-biased expression (0.3% of autosomal and 3.4 % of sex-linked contigs, Supplemen-

tary Table 6.S2). The excess of female-biased contigs in leaves contrasts with the finding

described above of more contigs with male-biased expression in buds (Fisher’s exact test,

P-value: p < 0.0001, Figure 6.2b,c; Supplementary Table 6.S2). In Asparagus officinalis

flower buds, genes with higher male than female expression also predominated (Harkess

et al., 2015). This predominance of genes with male-biased expression in reproductive

tissues may be a consequence of sexual selection (Moore and Pannell, 2011). Because

few genes show sex-biased expression in vegetative tissues, we focus below on reproduc-

tive tissues.

6.4 Evolution of sex-specific gene expression

To investigate the evolutionary processes that have led to the observed sex-biased gene

expression in S. latifolia, we estimated gene expression in hermaphrodite flowers of the

gynodioecious S. vulgaris. The expression levels of genes with no sex bias in expression

(white bars in Figure 6.3) are largely unchanged in S. latifolia males and females, rela-

tive to S. vulgaris hermaphrodite flowers, indicating that much of the gene expression

changes between the two species relates to the evolution of separate sexes. For both

autosomal and sex-linked contigs in S. latifolia (Figure 6.3), the evolution of sex-biased

expression mainly involves changes in females: female-biased expression (red bars in

Figure 6.3) is due primarily to higher expression in S. latifolia females, and, notably, the
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changes in the many genes with male-biased expression (blue bars in Figure 6.3) pri-

marily involve lower expression in females, relative to expression in hermaphrodite S.

vulgaris. Gene expression changes in males are much smaller than those in females, for

both autosomal and sex-linked contigs, altthough the variances are high for the more

limited number of sex-linked contigs (Figure 6.3). Similar patterns were found for both

X-hemizygous contigs and contigs whose genomic location remained unknown (unde-

fined contigs in Supplementary Figure 6.S8).

Why did these genes change expression? Given that we excluded genes likely to have

undergone primary changes, due simply to loss of sex organs and functions, the sex dif-

ferences in gene expression studied here should represent mainly secondary changes,

including up- and down-regulation of genes following establishment of a unisexual type

in a population (Figure 6.1b, Step ii, Vicoso et al., 2013b). Expression changes affecting

fitness can be divided into three scenarios (Figure 6.1a). Increased or decreased expres-

sion of a gene in one sex, without change from the ancestral state in the other sex, is

compatible with the notion that increased (or decreased) expression is advantageous for

the former, but carries no major fitness cost for the latter sex. In Figure 1a, scenario

I, the ancestral expression state is suboptimal for females, and an increase benefits fe-

males but is male-neutral. Similarly in scenario II the ancestral expression state is sub-

optimal for males, so that the change is female-neutral but benefits males. In contrast,

scenario III illustrates the possibility that the expression levels of some genes in the an-

cestral hermaphrodite (before dioecy evolved) were suboptimal for both sexes, due to

trade-offs, and that this was adjusted by evolutionary changes in both sexes after dioecy

evolved. Large expression changes in opposite directions in the two sexes would suggest

the evolution of beneficial changes in both sexes in response to this sexual antagonism,

increasing expression of some genes in the sex where high expression is advantageous,

and reducing it in the other sex (Figure 6.1a; scenario III). All scenarios are compatible

with the hypothesis that sex-biased gene expression evolves to resolve sexually antago-

nistic effects (Bonduriansky and Chenoweth, 2009; Doorn and Kirkpatrick, 2007; Stewart

et al., 2010).

We assessed directions of expression changes for genes with male- and female-biased

expression in dioecious S. latifolia, relative to expression levels in hermaphroditic flow-

ers of S. vulgaris (Bonduriansky and Chenoweth, 2009; Charlesworth and Charlesworth,

1978; Doorn, 2009; Moghadam et al., 2012; Ometto et al., 2011; Stewart et al., 2010; Vicoso

et al., 2013a). Our analyses of putatively secondary expression changes (Figure 6.4) reveal

that only a small proportion (14.9%) of contigs with male-biased expression have evolved

through increased expression in males (Figure 6.4a, I, blue bar, see also Figure 6.1a),

whereas 39.4% of them have undergone reduced expression in females (Figure 6.4a, II,

blue bar). In marked contrast, a large percentage (42.1%) of female-biased genes are

more strongly expressed in females, relative to cosexual flowers (Figure 6.4a, I, red bar),

while only a few have undergone reduced expression in males (11.2%, Figure 6.4a, II, red
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Figure 6.3: Expression changes in genes with sex-biased expression in S. latifolia. a-b, Expression dif-
ferences (median with 95% confidence intervals) in (a) autosomal and (b) sex-linked contigs between S.
latifolia females and males relative to S. vulgaris hermaphrodites for contigs with female-biased (red),
male-biased (blue), and unbiased (white) expression in flower buds. Positive values, for example, indicate
that genes have higher expression in S. latifolia females than in S. vulgaris hermaphrodites (Figure 6.3a;
first bar from the left).

bar). The results are similar for sex-linked contigs (Figure 6.4a). Overall, sex-biased gene

expression in S. latifolia therefore evolved primarily through expression changes in fe-

males: reduced expression in females led to male-biased expression, whereas increased

expression in females led to genes with female-biased expression (Figure 6.4).

We inferred whether selection was involved in the expression changes using the ΔX ap-
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proach (Moghadam et al., 2012; Ometto et al., 2011). The great majority of these expres-

sion changes in females appear to have been driven by selection (Figure 6.4a-b). Fewer

expression changes occurred in males, where twice as many contigs showed increased

than reduced expression, and the Δ X analysis finds that fewer than half of these changes

were driven by selection.

Our finding that sex-biased gene expression in this dioecious plant has most often evolved

as a consequence of transcriptional down-regulation in females, suggests that this is a re-

sponse to sexual antagonism in which high expression levels are detrimental in females,

but presumably benefited male functions in the hermaphrodite ancestor (Vicoso et al.,

2013b). However, the observation that a substantial proportion of genes also underwent

expression changes in males suggests that, for some genes, males benefit from changed

expression of sexually antagonistic alleles. Together, these results suggest sexual conflict

over gene expression in the hermaphrodite flowers of S. vulgaris has led to an outcome

that is closer to the optimum for males than for females, and that this situation becomes

resolved through the evolution of sex-biased gene expression following the evolution of

separate sexes.

Our GO analysis indicates that resource re-allocation may have been involved in these

gene expression changes. We found opposite patterns of GO term enrichment/deple-

tion in female- and male-biased contigs (Supplementary Table 3), suggesting that genes

important for each sex tend to be down-regulated in the other sex, consistent with dif-

ferences in resource allocation. Our analysis of expression changes thus suggest that re-

allocation during the evolution of dioecy was more important for females than for males,

compatible with observations that female plants are often resource limited (Asikainen

and Mutikainen, 2005; Barrett and Hough, 2013).

Few genes displayed significant changes in expression in both sexes (Figure 6.4a, scenario

III) and the great majority that did so show male-biased expression (Figure 6.4c). While

our results support the hypothesis that sex-biased expression has evolved to reduce in-

tralocus sexual conflict, it remains unknown whether conflict resolution underlies all sex-

biased expression, and sex-biased expression alone does not definitively imply the past

existence of sexual antagonism (Innocenti and Morrow, 2010). All three of our scenarios

are compatible with sexual conflict, and approximately 50% of contigs with female ex-

pression biases (53.7% for autosomal contigs and 51.0% for sex-linked ones) show one or

other of these patterns, as do approximately 60% of contigs with male-biased expression

(60.4% for autosomal and 64.2% for sex-linked contigs). Other genes may have evolved

sex-biased expression as indirect consequences of the evolution of separate sexes, for

example to compensate for negative fitness effects of sterility mutations and primary

expression changes, or because upstream regulatory elements have evolved sex-biased

expression.
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Figure 6.4: Direction of evolutionary change leading to sex-biased gene expression in S. latifolia. a-b,
Percentages of autosomal (a) and sex-linked (b) contigs in flower buds that are I) significantly and exclu-
sively expressed at higher levels in the same sex (scenario I in Figure 6.1a), II) expressed at significantly
lower levels in the opposite sex (scenario II of Figure 6.1a). Red indicates contigs with female-biased, blue
contigs with male-biased expression. Numbers indicate contigs per category. Values below bars are per-
centages of contigs in each category that are outliers for expression divergence (ΔX ≥ 75th percentile across
all contigs), indicative of directional changes in gene expression. c, Percentage of autosomal and sex-linked
contigs whose expression has significantly changed in both sexes, relative to S. vulgaris hermaphrodites
(scenario III in Figure 6.1a).
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6.5 Sex-biased expression on sex chromosomes

In dioecious species, tertiary changes in gene expression may follow the evolution of sex

chromosomes with non-recombining regions (Figure 6.1b, Step iii) and include expres-

sion changes that are specific for the X and Y chromosomes (Figure 6.4b). Overall, the ex-

pression changes inferred for sex-linked contigs are consistent with those for autosomal

contigs, but the relative proportion of genes with changes in males was slightly higher

than for autosomal contigs. Evidence for selective advantages of expression changes on

the sex chromosomes was again strongest for changes in females (82% and 100% of con-

tigs with higher and lower expression in females, respectively, are in the top 25% for Δ

X; Figure 6.4b), and higher proportions of genes were inferred to be down-, rather than

up-regulated as a consequence of selection (Figure 6.4b), implying strong selection to re-

duce fitness costs due to sexually antagonistic genes.

The evolutionarily much older sex chromosomes in Drosophila (Meisel et al., 2012; Reinius

et al., 2012) have undergone degeneration and lost most Y-linked genes, rendering the

majority of X-linked genes hemizygous in males. The X chromosomes of these species

have evolved an overrepresentation of genes with female-biased expression (feminiza-

tion), as predicted for hemizygous loci (reviewed in Ellegren and Parsch, 2007) and ani-

mal Y chromosomes are enriched for genes with male-biased expression among their few

remaining genes (Bellott et al., 2014; Cortez et al., 2014; Skaletsky et al., 2003; Zhou and

Bachtrog, 2012). Have the much younger S. latifolia sex chromosomes undergone sim-

ilar changes? We found no significant overrepresentation of contigs with female-biased

expression on the sex chromosomes (Figure 6.2b). However, allelic expression patterns

did suggest possible feminization of the X chromosome and masculinization of the Y. We

estimated the relative expression contribution of alleles of sex-linked genes in S. latifolia

males (XY) and females (XX) using sex-linked SNPs (see Section 6.6 for details). Com-

paring female-biased contigs with unbiased contigs, to obtain relative expression levels

from the X in females (estimated as half the expression in XX females) we found signifi-

cantly higher values than in males, whereas, for male-biased sex-linked contigs, relative

expression levels were significantly lower for males (Wilcoxon-test, P-values < 0.0001 for

both comparisons; Figure 6.5a). Thus, expression from the S. latifolia X chromosome in

females contributes strongly to female-biased expression, suggesting ongoing feminiza-

tion and demasculinization of this X chromosome. This is consistent with the proposal

that gene expression may evolve faster than structural changes (King and Wilson, 1975).

We also estimated allelic expression ratios for S. latifolia Y-linked alleles by counting SNP

in males, and compared them to half the expression estimates from S. vulgaris (Y/0.5*AA,

see Section 6.6 and Section 6.9.3). Contigs with male-biased expression showed higher

counts from the Y (Wilcoxon-test, P-values < 0.01) and female-biased contigs lower counts

(Wilcoxon-test, P-values < 0.001), compared to contigs without sex bias in expression

(Figure 6.5b). Higher relative expression of Y-linked alleles thus contributes to male-
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Figure 6.5: Feminization of the X and masculinization of the S. latifolia Y chromsomes. a, Boxplots
of X expression ratios (on a log2 scale) for sex-linked contigs with female-biased, male-biased, and unbi-
ased expression in flower buds. Ratios for contigs with female-biased expression are significantly larger
than for unbiased contigs, whereas those of male-biased contigs were significantly smaller (Wilcoxon-test,
P-value ≤ 0.0001), respectively, indicating feminization and demasculinization of the S. latifolia X chro-
mosome. b, Boxplots of Y expression ratios (in log2 scale) for contigs with female-biased, male-biased,
and unbiased expression. Ratios are significantly larger for male-biased contigs (Wilcoxon-test, P-value ≤
0.01) and significantly smaller for female-biased contigs in comparison to contigs with unbiased expres-
sion (Wilcoxon-test, p ≤ 0.0001), indicating weak masculinization and stronger defeminization of the S.
latifolia Y chromosome.

biased gene expression of fully sex-linked contigs (but not to female-biased expression);

this is compatible with evidence that selection acting in males contributes to maintaining

functional genes on the Y (Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011).

However, the X chromosome still contributes substantially to male-biased expression.

Our results thus suggest opposite forces acting on the S. latifolia X and Y chromosomes,

favouring tertiary gene expression divergence between the sexes which may eventually

lead to the accumulation of genes with female-biased expression on the X chromosomes

and male-biased genes on the Y chromosome.

Our findings illustrate the value of studying closely related species, one of which has

evolved separate sexes and sex chromosomes. We show that sex-biased gene expression

in dioecious S. latifolia has evolved primarily as a consequence of secondary expression

changes in females. Our results support the long-standing hypothesis that sex-biased ex-

pression evolves to reduce the detrimental effects of sexually antagonistic alleles, both in

autosomal and sex-linked genes, either by increasing expression in the favoured sex or

by reducing expression in the disadvantaged sex.
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6.6 Material and Methods

6.6.1 Plant material, RNA extraction and RNA-seq

We used multiple male and female individuals from two S. latifolia populations for this

study. The first set included plants from an inbred line propagated by brother-sister

mating for 10 (U10) generations. RNAseq data from three females (U10_34, U10_37 and

U10_39) and three males (U10_11, U10_49 and U10_9) were already used in a previous

study (Muyle et al., 2012, SRP010792). We added data from eight full-sib offspring from

a cross between one of the female plants from the first cross (U10_37) and a male plant

from a natural population (Leuk_144.1 from Leuk, Valais, Switzerland). These plants in-

cluded four females (C1_26, C1_27, C1_29, C1_34) and four males (C1_01, C1_03, C1_04,

C1_05). All plants were grown in a greenhouse at ETH research station Eschikon (Switzer-

land) under long-day conditions (16h light), and temperatures of 22°C during the day and

18°C at night. We further used two hermaphrodite individuals (See_1, from Seebach in

Zurich, Switzerland, and Guard_1, from Guarda, Grisons, Switzerland) of the gynodioe-

cious species S. vulgaris and three hermaphroditic offspring from the intraspecific cross

between See_1 and Guard_1 (V1_1_herm, V1_2_herm, V1_4_herm).

6.6.2 RNA-seq experiments

High quality RNA was extracted from small flower buds without calyces at developmental

stages B1-B2 (Matsunaga et al., 1996). Additionally, from the C1 individuals we extracted

RNA from young fully developed rosette leaves as described in Muyle et al. (2012). cDNA

libraries were prepared separately for each individual using random primers as Muyle et

al. (2012). Tagged libraries from the eight C1 individuals were sequenced in three chan-

nels, and Leuk_144.1 and the two S. vulgaris individuals (See_1, Guard_1) in two chan-

nels, on an Illumina Hiseq 2000 by GATC Biotech AG (Konstanz, Germany), using 100bp

paired-end reads. Each lane included individuals from both sexes (Table 6.S1). For two

of the libraries of each sex, sequencing was replicated in different lanes (Table 6.S1). The

S. vulgaris V1 individuals and C1 leaf libraries were prepared with the Illumina TruSeq kit

v2 and sequenced at the Quantitative Genomics Facility (QGF, ETH Zürich, Switzerland).

RNA-seq data from sequencing runs were deposited at NCBI under accession number

XXXXXX.

6.6.3 Normalized cDNA library production and sequencing

RNA from very small flower buds (∼3-4 mm, including calyces), stage B1 (Matsunaga et

al., 1996), small buds (as above), and large (∼10mm, without calyces, late B1-B2, Mat-

sunaga et al., 1996) flower buds, as well as flowers before anthesis (without calyces) were

extracted from a female and a male individual of the inbred line. Full-length cDNA syn-

thesis was performed for each developmental stage and sex (2μg total RNA) using the
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Mint kit (Evrogen, Moscow). The used primers were slightly modified and instead of us-

ing 1μl of 3’ primer (10uM), we used 1μl of PolTdeg (10uM) (AAG CAGTGGTATCAACGCA-

GAGTACTTTTGTTTTTTTTTCTTTTTTTTTTVN) and 2μl of PCR Primer M1 (10μM) was

substituted by 1μl of M1ACGG (10μM) (AAGCAGTGGTATCAACGCAGAGTACGG) and 1μl

of polTM1 (10μM) (AAGCAGTGGTATCAACGCAGAGTACTTTTGTCTTTTGTTCTGTTTCT-

TTTVN). Products were purified with Invisorb Fragment CleanUp (Invitek, Germany). Af-

ter double stranded cDNA synthesis, the four different developmental stages were equally

pooled (4 x 200 ng) and normalized separately for each sex using the Trimmer cDNA

normalization kit (Evrogen, Moscow). The normalization efficiency was tested by com-

paring quantitative real time (RT)-PCR results before and after the normalization with

strongly and weakly expressed reference genes (data not shown). After a second purifi-

cation, quality was checked on a Bioanalyzer (Agilent, USA). The two normalized cDNA

libraries (0.5μg per library) were each sequenced in one half of a PTP plate using a shot-

gun approach on a Roche 454 Genome Sequencer FLX system at the FGCZ (Functional

Genomics Centre Zurich, Zurich, Switzerland). The mean read length was 415 bp. 454

data were deposited under accession number XXXXXXX.

6.6.4 De novo assembly and identification of sex-linked contigs

We combined all flower bud RNAseq data from U10 and C1 individuals, including the

normalized 454 reads, which were transformed to Illumina reads using simulate_illumi-

naPE_from_454ds.pl script in Trinity (Grabherr et al., 2011), for the de novo assembly.

Reads were trimmed and duplicates removed using cutadapt (Martin, 2011) and filter-

PCRdupl (Smeds and Künstner, 2011). The S. latifolia flower bud reference transcriptome

was assembled using Trinity r2012-10-05 (Grabherr et al., 2011). Reads were mapped

back to the reference transcriptome, and only contigs with an expression threshold of 0.1

fragments per kilobase of exon per million fragments mapped (FPKM) were retained. Iso-

forms were collapsed using the rsem function, to yield a reference transcriptome. Poly-A

tails, ribosomal and contigs smaller than 200 bp were removed, leaving 151,089 contigs

with n50=1,796. Next, we used Trinity’s orf-predictor and retained only the contigs with

intact open reading frames (transcripts_to_best_scoring_ORFs.pl). In order to increase

the probability of assembling gene sequences derived from the X and Y chromosomes

in the same contigs, the ORFs were further assembled using custom perl scripts to run

CAP3 (Huang and Madan, 1999, cap3 -p 70, Version Date: 10/15/07) on the sequences

from the Trinity output. This reduced the number of contigs to 46,178. The llumina reads

were then re-mapped onto the bud reference transcriptome using BWA (Li and Durbin,

2009 version 0.6.2, bwa aln -n 5 and bwa sampe, see Table 6.S1) and the libraries were

merged using SAMTOOLS Version 0.1.18 (Li et al., 2009). The alignments obtained were

locally realigned using GATK IndelRealigner (McKenna et al., 2010) and were analysed us-

ing reads2snps (Tsagkogeorga et al., 2012, Version 3.0, -fis 0 -model M2 -output_genotype

best -multi_alleles acc -min_coverage 3 -par false) in order to genotype individuals at
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each locus while allowing for biases in allele expression; in doing this, we chose not to

remove putatively paralogous SNPs from the sequences by paraclean, because this tends

to filter out X/Y SNPs. SEX-DETector (Chapter 4) was then used on the parents (U10_37

and LEUK_144.1) and their offspring (C1-individuals) to infer the genomic locations of

the contigs from their segregation patterns; this was done after estimation of parameters

using an SEM algorithm (Chapter 4). Contigs with posterior segregation type probabili-

ties less than 0.8 or no informative SNPs were excluded from further analyses, and 31,014

contigs were considered as undefined by this criterion.

After this analysis, 13,807 contigs were inferred to be autosomal, 1,025 to be sex-linked

(defined here as contigs with expressed X and Y gametologs), and 332 contigs as X-he-

mizygous. We removed contigs potentially containing transposable elements (TEs) by

running RepeatMasker (Smit et al., 2013) with all plant specific and known S. latifolia

TEs (Macas et al., 2011). This reduced the number of contigs to 40,822, of which 12,708

were autosomal, 936 fully sex-linked, 310 X-hemizygous and 26,872 undefined. Autoso-

mal contigs had a mean contig length of 1151 with standard error ± 7 base pairs (bp) the

values for sex-linked contigs were 1272 ± 40 bp, and for the X-hemizygous contigs 925 ±

37 and the undefined contigs 556 ± 3 bp.

6.6.5 Identifying genes with sex-biased expression in S. latifolia

We then counted the numbers of mapped reads per contig and library. To detect and

quantify expression differences in flower buds, we used edgeR taking into account mul-

tiple biological replicates(Robinson et al., 2010) using the default settings and the TMM

normalization method and a common dispersion. We used a false discovery rate of 5% to

correct for multiple testing. To avoid difficulties with weakly expressed or chimeric con-

tigs, this analysis included only contigs with an expression cutoff of 1 count per million

(cpm) reads in at least half of the female and/or male libraries, leading to 33,551 contigs,

of which 10,120 were classified as autosomal, 936 as sex-linked 310 as X-hemizygous.

Statistically significant differences in gene expression between males and females were

identified separately for the sex-linked, autosomal, X-hemizygous and undefined con-

tigs. The numbers of contigs with sex-biased expression in vegetative rosette leaf tissues

were determined similarly. To assess the robustness of our results, we implemented other

normalization methods and estimators for the proportions of genes with sex-biased ex-

pression in flower buds, using non-default settings in edgeR, as well as the software pack-

age DESeq2 (Love et al., 2014).

6.6.6 qRT-PCR validation

We validated our RNAseq-based gene expression estimates with qRT-PCR assays for 18

contigs, including at least five that were categorized as each of female-biased, male-

biased or unbiased, based on our RNA-seq results. We used the same S. latifolia RNA
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extractions as for the Illumina RNAseq library preparation. cDNA was prepared using

the GoScript Reverse Transcription System (Promega, USA). Primers for qRT-PCR assays

were designed as descripted in (Zemp et al., 2014). To normalize expression levels, we

used SL_ACTIN, SL_UBCE and SL_REF9 (M value < 0.5 and pairwise variation < 0.15 sug-

gesting stable expression (Udvardi et al., 2008). qRT-PCR reactions were performed in

triplicate on a 7500 Fast Real Time PCR system (ABI, USA) using TaqMan Gene Expres-

sion Mastermix (ABI, CA) after adding 0.075 μl 3:40 EvaGreen 20 X (Biotium, CA) per 1 μl

Mastermix. Primer efficiencies were determined using LinReg and expression intensities

were normalized separately for each sample and contig using QBase Plus (Hellemans et

al., 2007) relative to the means of the reference genes. Means per contig and sex were cal-

culated from the normalized qRT-PCR data and the normalized Illumina data to calculate

the male/female expression ratios for each contig. The correlation between the qRT-PCR

and Illumina data was calculated using R (R Development Core Team, 2012).

6.6.7 Analyses of sex bias

Among the undefined contigs, 839 were expressed exclusively in males, and 64 exclu-

sively in females. These contigs were excluded from further analyses because they rep-

resent primary expression changes (Section 6.9.1). This step was not necessary for the

other categories, because they were inferred from segregation analyses that required ex-

pression of alleles in both sexes.

To assess differences in the prevalence of sex-biased and unbiased, female-biased and

male-biased contigs between the autosomal and sex-linked contigs, we used Fisher’s ex-

act tests implemented in R.

6.6.8 Gene Ontology (GO) analysis

The 46,178 RNA-seq contigs (see above) were blasted against the Uniprot database us-

ing blastx with an expectation cutoff value of 0.001, and an upper limit of hit results per

sequence of 20. Significant blastx hits were obtained for 35,763 contigs. Gene Ontology

terms were associated with the contigs using the Blast2GO PRO version V 2.7.2 (Conesa et

al., 2005) and the Data Base version b2g_sep14, with 41,136 GO terms and 4,097 Enzymes

available. Blast hits were related to the functional GO annotation by using the “Mapping”

function of Blast2GO. The complete annotation of the sequences was performed using

Annotation, ANNEX (increasing annotation step), GO-SLIM (using the goslim_plant.obo

option to reduce the GO vocabulary) and InterPro (by choosing the whole set of Inter-

Pro annotation applications available: BlastProDom, FPrintScan, HMMPIR, HMMPfam,

HMMSmart, HMMTigr, HMMPanther, ProfileScan, HAMAP, PatternScan, SuperFamily,

Gene3D, Phobius, Coils, SignalIPHMM and TMHMM). Annotation using the default pa-

rameters (E-Value-Hit-Filter 1.0E-6; Annotation CutOff 55; GO Weight 5; Hsp-Hit Cov-

erage CutOff 0) yielded a total of 27,152 annotated contigs (after merging the InterPro
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results with the GO annotation).

Enrichment tests for GO terms: Excluding the genes with female or male-limited expres-

sion (903 contigs - see above – of which 17 female-limited and 214 male-limited contigs

were annotated) resulted in a total set of 26,921 annotated sequences used in the enrich-

ment tests. Tests for enrichment were performed on all GO terms associated with the

sequences, using a two-tailed Fisher’s exact test with correction for multiple testing by

using a false discovery rate of 5% (Benjamini and Hochberg, 1995). Double Ids (both on

the test and on the reference set) were removed.

6.6.9 Allelic expression estimates for the sex-linked contigs in S.

latifolia and the corresponding contigs in S. vulgaris

hermaphrodites

For each S. latifolia sex-linked contig, we estimated expression levels using read counts

from both X/Y and X-hemizygous informative SNPs. SNPs were attributed to an X/Y or

X-hemizygous segregation type if the posterior probability in the test mentioned above

(Chapter 4) was higher than 0.5, and X/Y SNPs were informative if the father (LEUK_144.1)

was heterozygous and had a genotype different from the mother (U10_27) (otherwise it

was not possible to distinguish the X and Y alleles and estimate separate X and Y ex-

pression values). All X-hemizygous SNPs are informative. X, Y, X+X and X+Y normalised

expression levels (in RPKM, Oshlack et al., 2010) were computed for each contig by sum-

ming the read numbers for each X-linked or Y-linked allele for all SNPs for each individ-

ual plant separately, and the raw counts were then normalised as follows using the total

number of mapped reads per individual (library size) and the number of sex-linked SNPs

in the contig.

E = r

n × l
(6.1)

where E is the normalised expression level, r is the sum of total read counts, n is the

number of SNPs, and l is the normalised library size.

To quantify expression in S. vulgaris we mapped the S. vulgaris reads onto the S. latifolia

flower bud reference transcriptome (see above) using BWA, using a maximum mismatch

of 7 in the 100 bp reads to allow higher sequence divergence between the two species

than within S. latifolia. Contigs were retained only if they had one count per million

(cpm) reads in at least half of the libraries from S. vulgaris hermaphrodites. This yielded

16, 572 contigs (11, 564 autosomal in S. latifolia, 969 sex-linked and 267 X-hemizygous

contigs).

In order to make S. latifolia and S. vulgaris allelic expression levels comparable for the

sex-linked contigs, S. vulgaris allele-specific expression levels were estimated using only

the S. latifolia SNPs that were informative for X/Y inheritance or X-hemizygous. Read

counts at each site in each contig were obtained for all S. vulgaris individuals using GATK

DepthOfCoverage. Only sites corresponding to informative X/Y or X-hemizygous SNPs
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in S. latifolia were used to compute contig-specific expression as explained in equation

6.1.

For each contig, we divided the expression estimates for the XX females by the estimated

expression of the X-linked allele in S. latifolia males (see below); we refer to this expres-

sion value as the X expression ratio (0.5*XXfemales/Xmales). Similarly, we calculated the

Y/0.5*AA expression ratios by dividing the expression of the Y alleles by half of the expres-

sion estimated for the corresponding genes in S. vulgaris. These ratios were computed

for contigs with male- or female-biased expression and compared with contigs with un-

biased expression, and the differences were tested using Wilcoxon- tests.

6.6.10 Expression divergence between S. vulgaris and S. latifolia

To quantify the evolutionary changes leading to sex-biased expression in S. latifolia, rel-

ative to the expression in S. vulgaris hermaphrodites, we calculated median expression

levels and 95% confidence intervals for each contig; this was done separately for the S.

latifolia males and females, after subtracting the means of the values from those esti-

mated from the S. vulgaris hermaphrodites. We then classified the genes into different

categories with respect to expression divergence (see Figure 6.1a). For female-biased

contigs, we computed (i) the percentages of contigs with significantly increased expres-

sion in females but that have unchanged expression in males, (ii) contigs unchanged in

females and with decreased expression in males (Figure 6.1a, scenario II) and (iii) con-

tigs with significantly increased expression in females and decreased expression in males

(Figure 6.1a, scenario III) using appropriate contrasts in edgeR with a false discovery rate

of 5% separately for the autosomal and sex linked datasets. We also computed similar

proportions for the contigs with male-biased expression.

To test whether directional selection has affected expression levels, we used the ΔX ap-

proach (Moghadam et al., 2012; Ometto et al., 2011), an analog of the McDonald-Kreitman

test for sequence divergence (McDonald and Kreitman, 1991). Expression differences be-

tween S. latifolia and S. vulgaris were divided by the standard deviation for all contigs,

estimated for the two sexes separately in S. latifolia. For categories I and II of Figure 6.1a,

we computed the percentages of contigs displaying outlier expression divergence values

(defined as ΔX ≥ 75 percentile across all contigs) between the two species.
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6.9 Supplementary information

6.9.1 Supplementary Note 1: Primary expression changes

Apparent sex-biased gene expression in flower buds of male and female plants may arise

trivially, because genes with sex-limited expression are not expressed in the sex that does

not form the corresponding tissue (for example, apparent male-biased gene expression

may occur in S. latifolia for anther-specific genes, simply because no anthers are formed

in female flowers and the corresponding genes are not expressed), or when genes are

expressed at similar levels in both male and female organs and thus have reduced ex-

pression when the organs are not developed in one sex. We therefore excluded all contigs

with strictly sex-limited expression patterns in S. latifolia from our analyses of sex-biased

gene expression; we refer to these as primary expression changes (Figure 6.1b).

6.9.2 Supplementary Note 2: Incomplete dosage compensation of

sex-linked contigs with female-biased expression

The higher proportion of genes with female-biased expression on the sex chromosomes

may either be due a true overrepresentation of genes with female-biased expression on

the sex chromosomes, or may alternatively be caused by incomplete dosage compensa-

tion (Mank, 2013). Evidence for dosage compensation in S. latifolia has been reported
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(Muyle et al., 2012), and while it seems clear that not all genes are fully compensated

(Bergero and Charlesworth, 2011; Chibalina and Filatov, 2011), partial dosage compen-

sation is possible (Muyle et al., 2012). To assess the possibility of dosage compensation,

we compared the female bias in expression between flower buds and vegetative tissues,

since vegetative tissues will probably show less sex-biased expression. Of the 86 sex-

linked contigs with female-biased expression in flower buds that were sufficiently ex-

pressed in rosette leaves, only 16 (18.6%) had female-biased expression in both tissues

(Supplementary Figure 6.S4), and might be incompletely dosage compensated. To fur-

ther test the robustness of our results in reproductive tissues, we excluded the 16 sex-

linked contigs that showed female-biased expression in vegetative tissues. This reduced

the proportion of genes with female-biased expression to 11.23 % (p-value<0.0001). These

16 genes may truly have female biased expression in rosette leaves (similar to the iden-

tified 18 contigs that displayed female-limited expression in rosette leaves), given that

sexually dimorphic leaf traits have been observed in S. latifolia (Steven et al., 2007).

6.9.3 Supplementary Note 3: Are Y/X ratios good estimators for

Y-chromosome degeneration?

Y/X ratios are frequently used to quantify the extent of degeneration of Y-linked alleles

(Bachtrog, 2013; Charlesworth and Charlesworth, 2000). However, X-linked alleles may

be up-regulated in males (dosage compensation), so this ratio is difficult to interpret.

In S. latifolia, not all sex-linked genes appear to be dosage compensated (Bergero et al.,

2015; Chibalina and Filatov, 2011), but some may show partial dosage compensation,

with reduced expression of the Y alleles compensated by increased expression of the X-

linked alleles in males (Muyle et al., 2012).

For assessing the Y/X expression ratios in S. latifolia we compare the expression ratios

with the expression levels in S. vulgaris. We therefore calculated the Y to half of the corre-

sponding expression level is S. vulgaris hermaphrodites (Y/ 0.5*A) (Figure 6.5b) and the Y

over X ratio in males (Supplementary Figure 6.S5a). The two values were well correlated

(Spearman correlation, ρ=0.598, P-value > 0.001; Supplementary Figure 6.S6) suggesting

that the Y/X ratio is a good proxy for Y degeneration in S. latifolia. However, as just ex-

plained the expression intensity of the S. vulgaris hermaphrodite may be preferable for

detecting Y degeneration for some of the contigs, because of up-regulation of the X in

males.

Large Table available online:

Supplementary Table S3: Results of GO enrichment analysis for all genes showing sex bi-

ases in expression. https://drive.google.com/file/d/0B7KhiXOz6_OLcEJsdkR5R3VtWVk/

view?usp=sharing
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Table 6.S1: Mapping summary. Overview of the total numbers of reads obtained and mapped per library,
species and tissue type.

Species Library_ID sex tissue
chan-

nel

Li-
brary
size
(Gb)

Mapped
reads
(Gb)

%
Mapped
reads

S. latifolia C1_01_male male bud A 7.17 4.18 58.31

S. latifolia C1_03_male male bud A 8.22 4.93 59.99

S. latifolia C1_04_male_1 male bud B 2.36 1.41 59.78

S. latifolia C1_04_male_2 male bud C 17.3 9.78 56.59

S. latifolia C1_05_male_1 male bud B 5.3 3.14 59.2

S. latifolia C1_05_male_2 male bud C 12.83 7.51 58.5

S. latifolia C1_26_female female bud A 6.4 3.59 56.36

S. latifolia C1_27_female female bud A 14.53 8.83 60.74

S. latifolia C1_29_female_1 female bud B 5.67 3.37 59.41

S. latifolia C1_29_female_2 female bud C 10.48 6.13 58.47

S. latifolia C1_34_female_1 female bud B 6.81 4.15 61.04

S. latifolia C1_34_female_2 female bud C 12.29 7.47 60.78

S. latifolia U10_11_male male bud D 4.87 3.2 65.67

S. latifolia U10_34_female female bud E 4.57 3.01 65.95

S. latifolia U10_37_female female bud E 7.58 2.33 30.69

S. latifolia U10_39_female female bud E 4.47 2.84 63.6

S. latifolia U10_09_male male bud E 4.67 3.09 65.66

S. latifolia U10_49_male male bud D 8.99 3.44 38.26

S. latifolia total bud 144.5 57.72

S.vulgaris See_1 hermaphrodite bud F 11.55 4.99 43.2

S.vulgaris Guard_1 hermaphrodite bud G 6.42 3.09 48.13

S.vulgaris V1_1 hermaphrodite bud H 3.28 1.23 37.5

S.vulgaris V1_2 hermaphrodite bud H 5.99 2.78 46.41

S.vulgaris V1_4 hermaphrodite bud H 5.69 2.56 44.99

S.vulgaris total bud 32.93 44

S. latifolia C1_01_L_male male leaf I 6.79 3.54 52.18

S. latifolia C1_03_L_male male leaf I 4.87 2.86 58.75

S. latifolia C1_04_L_male male leaf I 5.35 3.04 56.84

S. latifolia C1_05_L_male male leaf I 8.94 5.29 59.17

S. latifolia C1_26_L_female female leaf I 4.35 2.56 58.89

S. latifolia C1_27_L_female female leaf I 7.21 4.11 56.93

S. latifolia C1_29_L_female female leaf I 13.30 7.66 57.67

S. latifolia C1_34_L_female female leaf I 2.48 1.46 59.07

S. latifolia total leaf 41.32 57.44

S. latifolia Leuk_144.1 male bud F 11.5 6.44 55.86

S. latifolia U11_29_norm_female female floral K_454 0.60 - -

S. latifolia U11_06_norm_male male floral K_454 0.62 - -

S. latifolia total 1.22
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Table 6.S2: Comparison of the sex bias in bud and leaf tissues in S. latifolia. Proportion and absolute
numbers of contigs with sex-biased (female-biased, male-biased and unbiased) expression for the contigs
categorized as autosomal, sex-linked, X-hemizygous and undefined for flower buds and rosette leaf. In
both cases, contigs with sex-biased expression are over-represented on the sex chromosomes (Wilcoxon-
test, P-value ≤ 0.0001), but sex biases are much less abundant in vegetative leaf tissues than in flower buds.

Flower buds

Autosomal Sex-linked X-hemizygous Undefined

% # % # % # % #

Female-biased 7.2 919 13.8 129 5.8 18 2.9 591

Male-biased 9.6 1223 15.0 140 13.5 42 13.5 2738

Unbiased 83.2 10566 71.2 667 80.7 250 83.6 16932

Rosette leaves

Autosomal Sex-linked X-hemizygous Undefined

% # % # % # % #

Female-biased 0.6 70 4.1 34 0.8 2 1.3 91

Male-biased 0.3 34 3.4 28 0.8 2 2 147

Unbiased 99.1 10857 92.5 771 98.4 247 96.7 7028
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Figure 6.S1: Expression intensities in S. latifolia male and female flower buds. Mean expression intensity
values (FPKM) in males are plotted against those in females for (a) autosomal contigs, (b) sex-linked, (c)
X-hemizgous and (d) undefined contigs.
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Figure 6.S2: Comparison between different normalization methods. Venn diagrams of all significantly
sex-biased contigs in flower buds identified using both edgeR and DEseq2 for a, autosomal and, b, sex-
linked contigs. We used the results obtained with edgeR for the analyses descrtibed in the main text, but an
analysis of contigs that were identified as being sex-biased in expression by both methods also revealed a
significant excess of sex-biased contigs on the sex chromosomes. Sex bias was significant for 1,765 (13.9%)
of the autosomal contigs, and 936 (25.5%) of the sex-linked contigs. This difference is significant by a
Fisher’s exact test (p-value ≤ 0.0001).



210 CHAPTER 6. Evolution of sex-biased gene expression

Figure 6.S3: qRT-PCR validation of contigs for which sex-biased expression was inferred using RNA-
seq. Estimates of expression bias between the sexes based on qRT-PCR results are highly correlated with
those from RNA-seq (Spearman correlation; ρ=0.92; p-value ≤ 0001). Contigs classified as either male-
biased, female-biased, or unbiased in expression, based on RNA-seq, are indicated in blue (diamonds), red
(circles) and white (squares), respectively. One contig classified by RNA-seq as unbiased showed female-
biased expression in the qRT-PCR results, suggesting that our assessment of sex-biased expression based
on RNA-seq data is conservative.
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Figure 6.S4: Incomplete dosage compensation of female-biased, sex-linked contigs. We used compar-
isons of the expression levels of sex-linked contigs with female-biased expression in bud and leaf tissues
to distinguish incomplete dosage compensation from female-biased expression. Vegetative tissues should
not show strongly sex-biased expression because sexual dimorphism is expected to be less than in flowers
(for more details see Section 6.9.2).
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Figure 6.S5: Apparent masculinization of the Y chromosome, and X chromosome feminization of X-
hemizygous contigs a, Boxplots showing Y/X expression ratios of sex-linked contigs with female-biased
(red) , male-biased and unbiased (white) expression. The figure is organised similarly to Figure 6.5b, and
also supports the suggested defeminization of the Y chromosome (Wilcoxon-test, p =0.001), but the de-
gree of masculinization is slightly stronger than in Figure 6.5b (Wilcoxon-test, p =0.014) using the expres-
sion level from the single X in males to classify the gene as having partially degenerated, rather than the
expression level in S. vulgaris hermaphrodites (Supplementary Figure 6.S8). b, Boxplot showing the ra-
tios of 0.5*XX values in females divided by the X-allele expression in males for the contigs inferred to be
X-hemizygous; female-biased contigs are shown in red, male-biased in blue and contigs with unbiased
expression in white. In agreement with Figure 6.5b, the expression changes are consistent with both femi-
nization (Wilcoxon-test, p ≤ 0.001), and demasculinization (Wilcoxon-test, p ≤ 0.001), of the S. latifolia X
chromosome.
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Figure 6.S6: Reference point for Y-degeneration. Correlation of the Y/X ratios in S. latifolia males and the
Y values divided by S. vulgaris hermaphrodite 0.5*AA values for all S. latifolia sex-linked contigs (Spearman
correlation, ρ=0.60 and P-value<0.0001). Most, but not all, contigs show good agreement between the two
ratios.
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Figure 6.S7: Expression divergence for X-hemizygous and undefined contigs. Same graph as Figure 6.3
but expression divergence is shown for (a) X-hemizygous and (b) undefined contigs. The contigs whose
genomic locations are undefined often behave like autosomal contigs, whereas the X-hemizygous contigs
often show different patterns, presumably because of their low number.
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Figure 6.S8: Evolutionary expression patterns for X-hemizygous and undefined contigs. Same as Fig-
ure 6.4, but showing expression divergence values for (a) X-hemizygous and (b) undefined contigs. As in
Supplementary Figure 6.S7, the contigs whose genomic locations are undefined often behave like autoso-
mal contigs, whereas the X-hemizygous contigs often show different patterns.
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Obtaining sex chromosome sequences in non model organisms
My PhD work generated a highly reliable model-based method to infer sex-linked genes

from RNA-seq data on a cross (parents and progeny of each sex), which is promising for

the study of sex chromosomes in non model organisms as it is cheap (one Illumina lane

for U/V systems and two for X/Y and Z/W systems) and can be applied without any for-

mer genetic knowledge (Chapter 4). I plan to do a post-doc with Gabriel Marais after

my PhD and one aspect of my post-doc will be to apply SEX-DETector to various Silene

species to compare the evolution of their sex chromosomes.

The fact that SEX-DETector requires a cross makes it non applicable to some non-model

organisms for which crosses have not yet been generated and for which it would take a

long time due to the delay before maturity (which can be several years for trees for ex-

ample), also for some species it is not possible to generate a cross because they cannot

reproduce and grow outside of their natural habitat. These limitations apply for example

to the dioecious plant Silene acaulis, which is an alpine slow-growing cushion plant. Phy-

logeny suggests a very recent origin of dioecy in that plant since closely related species

and subspecies are not dioecious. Jos Käfer and I made a field trip in the French Alps

in order to sample males and females from a same population and to sequence them

by RNA-seq. The data was analysed by Paul Jay, a Master intern, and I participated to

the supervision of the internship. We searched the data for sex-linked genes by look-

ing for genes where all males were heterozygous (XY) and all females homozygous (XX),

and conversely in the case of a Z/W system. Both X/Y and Z/W analyses identified sex-

linked genes, however when permuting the sexes of the individuals, only the observed

number of X/Y genes was significantly higher than expected by chance, suggesting that

S. acaulis has an X/Y system. These kind of analyses would be made easier if a model-

based method was available to infer sex-linked genes on RNA-seq data for population

data. Such a method already exists for DNA-seq data (Gautier, 2014) but is only adapted

to old and diverged sex chromosomes and would need some adjustments to work on

young chromosomes and RNA-seq data. A project is ongoing in Gabriel Marais’ Lab to

develop such a method.

The development of SEX-DETector, along with another project that generated BAC clone

sequences (Chapter 3) made it possible for me to study the evolution of sex chromosomes

in the dioecious plant Silene latifolia during my PhD.

Sex chromosome evolution in Silene latifolia
One of the aims of my PhD was to try and clarify the situation regarding the existence of

dosage compensation in Silene latifolia, as contradicting results were published (Bergero

et al., 2015; Chibalina and Filatov, 2011; Muyle et al., 2012). I could show that the appar-

ent contradiction came from the use of different gene sets: either X/Y (Muyle et al., 2012)

or X-hemizygous (without Y copy, Bergero et al., 2015; Chibalina and Filatov, 2011) genes.

In the analyses I did, I included both type of genes and could confirm dosage compen-
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sation for X/Y genes, as well as confirm that most X-hemizygous genes are not dosage

compensated (Chapter 5). This suggests X-hemizygous genes are probably not dosage

sensitive, which is consistent with the fact that they lost their Y copy. It should be kept

in mind that, even in the canonical systems of dosage compensation such as placentals

and C. elegans, dosage compensation is never complete for all genes, but rather happens

only for dosage sensitive genes (Ercan, 2015). The fact that dosage compensation does

not happen for X-hemizygous genes in S. latifolia should not lead to the conclusion that

there is no dosage compensation in this plant, all genes should be analysed in order to see

if a common pattern arises, such as the one we found in Chapter 5 which is a general hy-

perexpression of the maternal X in males and, to a lesser extent, in females, suggesting an

imprinting mechanism for dosage compensation in S. latifolia. Future work could focus

on epigenetic marks of S. latifolia’s sex chromosomes in order to elucidate the mecha-

nism at the molecular level.

The genes identified through the sequencing of BAC clones allowed us to detect a bias

in RNA-seq-based estimations of the percentage of Y gene loss. Indeed, RNA-seq was

used to estimate the percentage of Y gene loss as the percentage of X-hemizygous genes

among sex-linked genes (Bergero and Charlesworth, 2011; Bergero et al., 2015), how-

ever our results suggest that this percentage was underestimated because X-hemizygous

genes tend to be less expressed than X/Y genes, which makes their detection harder with

RNA-seq, and also because X-hemizygous genes can only be detected with SNPs on the X

chromosomes, whereas X/Y genes can be identified both with X/Y and X/X SNPs. Unfor-

tunately we did not have the proper statistical support to infer precisely a percentage of

Y gene loss in S. latifolia, and more DNA-seq data will be required in order to test further

whether plant Y chromosomes lose less genes than animal Y chromosomes. During my

post-doc I also plan to use the availability of a new DNA-seq data to further address this

issue.

The sex-linked genes I inferred with SEX-DETector and the allelic X and Y expression lev-

els I generated were used in a project led by Niklaus Zemp in Alex Widmer’s group (ETH

Zurich) to study the evolution of sex-biased genes in S. latifolia. Results showed that

sex chromosomes are a favoured region for the evolution of sex-biased expression, as ex-

pected due to linkage with the sex determining region, and also that sexual conflicts are

mostly solved through changes in female expression levels.

Test of the dead end hypothesis of dioecy in Silene
During my thesis I grew plants in a greenhouse (using seeds collected by Gabriel Marais’

group on the field or sent by European collaborators) and prepared samples to be se-

quenced by RNA-seq for three Silene species with contrasting mating systems: S. latifolia

which is dioecious, S. vulgaris which is gynodioecious and S. viscosa which is hermaphro-

ditic (all samples of S. latifolia and some samples of S. viscosa were generated by Niklaus

Zemp in Zurich). I now have at my disposal RNA-seq data for multiple individuals from
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populations spanning the geographic distribution of each species, which I will use to

study the divergence as well as the polymorphism data in these species. I have already

assembled the transcriptomes of each species and plan to continue the analyses during

my post-doc in order to test whether dioecy is associated with higher rates of deleterious

mutations accumulation, as predicted by the dead-end hypothesis (see Chapter 1).

This dataset will also allow me to test for faster-X evolution in S. latifolia, a phenomenon

that was previously described in animals and that is due to the partial hemizygosity of the

X chromosomes that allows for more efficient selection of recessive advantageous muta-

tions.
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Mating systems and selection efficacy:

a test using chloroplastic sequence data

in Angiosperms





This chapter is the result of a Master internship I did from September to December

2010 under the supervision of Sylvain Glémin (Monptellier, France). It aimed at testing

whether the efficacy of selection is reduced in selfing angiosperm species. I worked again

on this project during my PhD in order to publish it.
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Abstract

Selfing is assumed to reduce selection efficacy, especially purifying selection.

This can be tested using molecular data, for example by comparing the

Dn/Ds ratio between selfing and outcrossing lineages. So far, little evidence

of relaxed selection against weakly deleterious mutations (as inferred by a

higher Dn/Ds ratio) in selfers as compared to outcrossers has been found,

contrary to the pattern often observed between asexual and sexual lineages.

However, few groups have been studied to date. To further test this hypo-

thesis, we compiled and analysed chloroplastic sequence data sets in several

plant groups. We found a general trend towards relaxed selection in selfers

in our data sets but with weak statistical support. Simulations suggested that

the results were compatible with weak-to-moderate Dn/Ds ratio differences

in selfing lineages. Simple theoretical predictions also showed that the abil-

ity to detect relaxed selection in selfers could strongly depend on the distri-

bution of the effects of deleterious mutations on fitness. Our results are

compatible with a recent origin of selfing lineages whereby deleterious

mutations potentially have a strong impact on population extinction or with

a more ancient origin but without a marked effect of deleterious mutations

on the extinction dynamics.

Introduction

The evolution of selfing from outcrossing is one of the

most frequent life-history trait transitions in angio-

sperms (Stebbins, 1957) and may also have recurrently

occurred in many other groups of animals (Jarne &

Auld, 2006) and fungi (Billiard et al., 2011; Gioti et al.,

2012). Transitions from obligate outcrossing (self-

incompatible species) to self-compatibility and eventu-

ally to selfing are mainly irreversible (Igic et al., 2006,

2008; Igic & Busch, 2013) and come with higher

extinction rates (Goldberg et al., 2010). Selfing is thus

supposed to be an evolutionary dead-end strategy

(Stebbins, 1957; Takebayashi & Morrell, 2001; Igic &

Busch, 2013). Although there is increasing evidence in

favour of the dead-end hypothesis, the underlying

causes of higher extinction rates in selfers are still being

debated (Gl�emin & Galtier, 2012; Wright et al., 2013).

Selfing automatically reduces the effective population

size, Ne, by two-fold because of nonindependent gamete

sampling during reproduction (Pollak, 1987; Nordborg,

1997), while also reducing effective recombination

because it mainly occurs between homozygote sites

(Nordborg, 2000). Genetic hitchhiking effects due to

higher genetic linkage (Maynard-Smith & Haigh, 1974;

Charlesworth et al., 1993) are thus expected to reduce

Ne below the automatic two-fold level. Finally, recur-

rent bottlenecks that are considered to be more fre-

quent in selfers since a single seed can find a new

population (Schoen & Brown, 1991; Ingvarsson, 2002)

can also further reduce Ne. The overall reduction in Ne

could be formulated as follows (Gl�emin, 2007):

NeðFÞ ¼ aðFÞ N

1þ F
(1)

where F is Wright’s fixation index (FIS), and 0 < a
(F) ≤ 1 summarizes the hitchhiking and bottleneck

effects. The main hypotheses put forward to explain the

dead-end theory are thus based on the premise that,
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because of the low Ne and weak recombination effi-

ciency, selfing should reduce the selection efficacy,

potentially leading to the accumulation of mildly dele-

terious mutations (Lynch et al., 1995; Schultz & Lynch,

1997; Gl�emin, 2007) and limiting adaptation to new

biotic and abiotic environments (Stebbins, 1957; Agra-

wal & Lively, 2001; Morran et al., 2011; Gl�emin & Ron-

fort, 2013). However, the respective roles of reduced

adaptive ability versus genetic deterioration are still

unclear. Importantly, selfing also exposes alleles in ho-

mozygotes, thus increasing their apparent dominance

levels and facilitating both positive and negative selec-

tion. For intermediate dominance (i.e. additive selec-

tion, whereby the homozygotic effect of a mutation is

twice the heterozygotic effect), the apparent dominance

is increased by a 1 + F factor, which exactly compen-

sates for the automatic Ne reduction (Caballero & Hill,

1992; Charlesworth, 1992; Pollak & Sabran, 1992). If

mutations are recessive or partially recessive, as pre-

sumed for deleterious mutations, Ne must be reduced

beyond the two-fold level – that is, a(F) < 1 – for selec-

tion to be reduced in selfers (Gl�emin, 2007). This is also

true for the fixation of new beneficial mutations, but

not for adaptation from standing variation, which is less

dependent on dominance levels, and which is more

efficient in outcrossers than in selfers (Gl�emin &

Ronfort, 2013).

The accumulation of deleterious mutations can be

tested through molecular approaches by comparing the

rates of nonsynonymous versus synonymous change in

divergence (Dn/Ds, x hereafter) or polymorphism (Pn/

Ps). If most changes in amino acids are neutral or dele-

terious, x and Pn/Ps should be higher in selfing lin-

eages due to the relaxation of selection against these

deleterious mutations. Such approaches have been

conducted in several species (Table 1) and gave mixed

results. Most studies based on divergence failed to

detect relaxed selection in selfers, except in Neurospora,

where tiny differences in x (xout ~ 0.14 vs.

xself ~ 0.17) have been detected using a very large data

set of more than 2700 genes (Gioti et al., 2012). On

the contrary, most studies based on polymorphism

detected relaxed selection in selfers compared to out-

crossers. This suggests that selfing, hence relaxed selec-

tion, is of recent origin and can only be properly

detected on a short time scale. This has been clearly

illustrated in a study of the recently derived selfing

species Capsella rubella, where a new method to iden-

tify founding haplotypes of ancestral populations

allowed separation of ancestral and novel variations

(Brandvain et al., 2013). The authors detected a strong

signature of relaxed selection in newly emerged varia-

tion (high Pn/Ps ratio within founding haplotypes)

compared to ancestral variation (low Pn/Ps ratio

between founding haplotypes).

In contrast, studies comparing asexual and sexual

species more often detected relaxed selection in asexual

lineages using divergence measures, even with rela-

tively small data sets (Table 1). Note, however, that the

assumption that higher x values in asexual lineages

can be directly attributed to clonality has been recently

challenged in a new analysis of Daphnia genomes

(Tucker et al., 2013). This suggests that deleterious

mutations should accumulate at a slower rate in selfers

than in asexuals and could not be the main cause of

the extinction of the former (see review and discussion

in Gl�emin & Galtier, 2012). However, data are still

insufficient to draw a firm conclusion, especially

because the increase in x in selfing lineages has not

been tested in many plant groups.

Here, we have therefore extended the testing of this

hypothesis to new plant groups, while focusing on two

chloroplastic genes (matK and rbcL) for several reasons.

These genes have been widely sequenced for phyloge-

netic studies and are thus available for many angio-

sperm species, especially in groups whose mating

systems have been mapped onto a phylogeny. As chlo-

roplastic genomes are haploid, they are not subject to

dominance effects, thus sidestepping possible confound-

ing effects of homozygosity on selection efficacy (see

above). The two-fold reduction in Ne due to homozy-

gosity does not affect haploid genomes so that only

bottleneck and hitchhiking effects do matter:

Nchloro
e ðFÞ ¼ aðFÞNfemale (2)

.

As stated above, this additional more than two-fold

reduction in Ne (a(F) < 1) is pivotal to the argument

that selection is less efficient in selfers (Gl�emin, 2007).

Bottlenecks should affect cytoplasmic and nuclear genes

similarly, whereas nuclear genes should be more sensi-

tive to hitchhiking effects. Nuclear genes are affected by

selection due to sites physically linked on the same

chromosome and also to sites on other chromosomes

that are genetically – but not physically – linked

through selfing. Conversely, selection on the nuclear

genome affects chloroplastic genes only through linkage

due to selfing. For species with few chromosomes and/

or a short nuclear genetic map, a(F) should be higher

for chloroplastic than for nuclear genes. However, for

species with numerous chromosomes and/or a long

nuclear genetic map, physical linkage is negligible for

nuclear genes and a(F) should be similar for chloroplas-

tic and for nuclear genes. This could be more formally

illustrated by comparing a(F) under the background

selection model for chloroplastic and nuclear genes (see

Appendix 1), as shown in Fig. 1. The difference is sub-

stantial only for very short genetic maps (dotted lines

equivalent to only one chromosome of 100 cM). For

larger maps, differences between nuclear and chloro-

plastic genes can occur when the genomic mutation

rate is high and average selection coefficient against

deleterious mutations is rather low (Fig. 1c). Another

potential problem of our approach is that the data sets

are limited to only two genes (but also see some studies
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in asexuals, Table 1), which limits the statistical power

of individual analyses. However, any general trends

should be detected by the combination of data sets. We

thus also conducted simulations to test the power of

our analyses to detect reductions in the selection

efficacy in selfers.

Materials and methods

Data sets

We built the data sets by combining two sources of infor-

mation. First, we searched in the literature for publica-

tions in which the mapping of contrasted mating systems

on a phylogeny was documented. We used information

from studies comparing selfers and outcrossers, self-com-

patible and self-incompatible species, and homostylous

and heterostylous species. Hereafter, SELF denotes any

one of selfing, self-compatible or homostylous mating

system, and OUT refers to any outcrossing, self-incom-

patible or heterostylous mating system. Although direct

tests of the hypothesis of the accumulation of deleterious

mutations should concern selfing vs. outcrossing species,

the self-compatibility status is usually associated with

rather high selfing rates, and it could be a short interme-

diate step towards selfing (Igic et al., 2008; Igic & Busch,

2013). For instance, this rationale has been used to test

the dead-end hypothesis in Solanaceae (Goldberg et al.,

2010). We then conducted a GenBank search for matK

and rbcL sequences corresponding to the species present

in these phylogenies. Sequences were aligned with MUS-

CLE (Edgar, 2004) and manually checked and cleaned.

When sequence lengths were too heterogeneous

between species, we kept the species with the longest

sequences to avoid numerous alignment gaps.

Previously published trees served as reference trees

for each group of species. When sequences were

lacking, we removed the corresponding species from

Table 1 Summary of studies comparing molecular evolution patterns between selfing and outcrossing or asexual and sexual species

(updated from Gl�emin & Galtier, 2012).

Taxonomic group Groups compared Data set dN/dS pN/pS

Positive

selection

Codon

usage Reference

Selfing vs. outcrossing

Angiosperms 29 selfers/42 outcrossers Meta-analysis (polymorphism) � � Gl�emin et al. (2006)

Arabidopsis 1 selfer/1 outcrosser 23 nuc genes + 1 chloro gene – – Wright et al. (2002)

Arabidopsis 1 selfer/1 outcrosser 675/62 nuc genes – Foxe et al. (2008)

Arabidopsis/

Brassica

1 selfer/2 outcrossers 185 nuc genes – Wright et al. (2007)

Arabidopsis/

Capsella

1 selfer/1 outcrosser 257 nuc genes + + Slotte et al. (2010)

Arabidopsis/

Capsella

2 selfers/2 outcrossers 780, 89/120, 257 nuc genes + Qiu et al. (2011)

Capsella 1 selfer/1 outcrosser Complete genome/transcriptome + Slotte et al. (2013)

Caenorhabditis 2 selfers/4 outcrossers > 1000 nuc genes – � Cutter et al. (2008)

Collinsia 1 selfer/1 outcrosser 17 nuc genes + transcriptomes + – Hazzouri et al. (2013)

Eichornia 3 selfers/1 outcrosser ~ 8000 nuc genes + + Ness et al. (2012)

Neurospora 32 homothallic/

17 heterothallic

7 nuc genes +* Nygren et al. (2011)

Neurospora 1 pseudohomothallic/

1 heterothallic

> 2000 nuc genes – Whittle et al. (2011)

Neurospora 4 homothallic/

31 heterothallic

> 2700 nuc genes + � Gioti et al. (2013)

Triticeae 2 selfers/2 outcrossers 52 nuc genes + 1 chloro gene – � Haudry et al. (2008)

Triticeae 9 selfers/

10 outcrossers

27 nuc genes – Escobar et al. (2010)

Asexuals vs. sexuals

Aphids 4 sexuals/4 asexuals 255 nuc genes + 10 mito genes – Ollivier et al. (2012)

Campeloma 6 asexuals/12 sexuals 1 mito gene (Cytb) + Johnson & Howard (2007)

Daphnia 14 asexuals/14 sexuals Complete mito genome + Paland & Lynch (2006)

Daphnia 11 asexuals/11 sexuals Complete mito genome – Tucker et al. (2013)

Oenothera 16 asexuals/16 sexuals 1 nuc gene (chiB) + Hersch-Green et al. (2012)

Potamopyrgus 14 asexuals/14 sexuals Complete mito genome + Neiman et al. (2010)

Rotifers 3 asexuals/2 sexuals 1 nuc gene (Hsp 82) – Mark Welch & Meselson (2001)

Rotifers 3 asexuals/4 sexuals 1 mito gene (Cox I) � + Barraclough et al. (2007)

Timema 6 asexuals/7 sexuals 2 nuc genes + 1 mito gene + Henry et al. (2012)

*Terminal vs. internal branches not controlled. Positive results are in bold.
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the corresponding tree. Methods implemented to map

mating system evolution on phylogenies may differ

between publications. To homogenize data sets and

determine the status of all branches, as required in dN/

dS analyses, we opted to map mating systems using

parsimony and assuming unidirectional shifts from

outcrossing (resp. self-incompatibility or heterostyly) to

selfing (resp. self-compatibility or homostyly). The

resulting maps were usually very close to those pro-

posed in the original publications.

The list of species with the corresponding GenBank

accessions is given in Table S1. Phylip files of align-

ments and trees with mapped mating systems are

provided in Dryad repository.

Sequence analyses

We used the codeml program of the PAML package (Yang,

2007) to perform various tests of codon evolution along

phylogenies. Before testing the effect of mating systems

on x, we assessed the possible occurrence of positive

selection in the sequences, as it has been shown that

positive selection can affect rbcL (Kapralov & Filatov,

2007). We used the ‘site models’ implemented in codeml

to detect potential sites under positive selection. We

compared the M7 model (with a beta distribution of x
values between 0 and 1) and the M8 model (with a

beta distribution plus an additional category with

x > 1) by a likelihood ratio test (LRT) with two degrees

of freedom. When sites under positive selection were

detected, we built a second data set by removing from

the alignment the sites belonging to the x > 1 class

with high posterior probability (Bayes empirical Bayes

prob. > 0.95).

For each data set, including those without sites under

positive selection, we ran several nested ‘branch models’

(Fig. 2). We first ran a null model with a single x for all

branches (M0) and a model with two x, that is, one for

SELF branches and one for OUT branches (including

internal branches; Mself-out Fig. 2a). However, changes

in terminal branches may correspond to polymorphic

mutations, not substitutions, yielding higher x because

weakly deleterious mutations can be transiently poly-

morphic before eventually being lost. This can be mis-

leading because selfing, SC or homostylous is mainly

found on terminal branches. Moreover, assignation of

mating systems on internal branches can be less accu-

rate than on terminal branches. We thus ran two alter-

native models: a model with two x, one for internal

and the other for external branches (Mint-ext Fig. 2b),

and also a model with three x, one for internal

branches, one for SELF external branches and one for

OUT external branches (M3 Fig. 2c). Finally, some data

sets presented internal SELF branches. We thus ran a

model with four ratios for SELF internal, OUT internal,

SELF external and OUT external branches (M4 Fig. 2d).

Nested models were tested by LRTs with the appropriate

number of degrees of freedom.

To combine information from the different data sets,

we performed binomial sign tests to compare x

(a) (b)

(c) (d)

Fig. 1 Reduction in the effective population size due to background selection as compared to an outcrossing population as a function of

the selfing rate for nuclear and chloroplastic genes. The equations are given in Appendix 1. Total genomic mutation rate is U = 1 (a,c) or

U = 0.1 (b,d), dominance coefficient is h = 0.2 and selection coefficient s = 0.1 (a,b) or s = 0.01 (c,d). Thick grey line: chloroplastic genes.

Dotted line: one chromosome of genetic map Cr = Gr = 1. Dashed line: one chromosome of genetic map Cr = Gr = 5. Thin line: five

chromosomes of equal size and equal map Cr = 1, so that Gr = 5. Thick dashed line: 10 chromosomes of equal size and equal map Cr = 1,

so that Gr = 10. Note that we did not plot larger genetic maps as they quickly converge to the chloroplastic case.
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between internal and external branches and between

SELF and OUT branches. We also combined likelihood

between data sets for each model by summing log-like-

lihoods. As we wanted to perform unilateral tests, that

is, xext > xint and xSELF > xOUT, we added the log-like-

lihood of the alternative model of a given data set only

if the order of x values corresponded to the alternative

hypothesis. Otherwise, if the order of x was contrary to

that expected, we added the log-likelihood of the corre-

sponding null model. In such cases, the data set did not

contribute to increasing the likelihood of the alternative

model but cost one degree of freedom (Escobar et al.,

2010).

Simulations

To assess the power of our analyses to detect relaxed

selection in selfers, we performed simulations to

determine which differences in x were detectable in

our analyses. For simplicity, we chose two reference

trees with only 12 species: one with six SELF species

on the leaves and one with a clade of three SELF spe-

cies (Fig. 3). In both trees, the total length of SELF

branches corresponded to 25% of the total tree. We

only considered two x and did not distinguish between

internal and external branches. We used the evolver

program of the PAML package (Yang, 2007) to simulate

sequences along these two phylogenies with two differ-

ent x. We simulated sequences of 999 bp (333 codons)

with a codon composition and a Ts/Tv parameter

(=2.37) corresponding to the matK data set in Veronica.

To vary the simulated data set sizes, we set the total

tree length at 0.5, 1 and 5. We used three x values for

the OUT branches: xOUT = 0.1, 0.25 and 0.5. For the

SELF branches, we increased the xOUT values by the

following quantities Δx = xSELF – xOUT = 0.05, 0.1,

0.15, 0.2 and 0.25. We simulated 100 data sets for

every combination of parameters (two trees, three total

tree lengths, three xOUT and five xSELF). Then, we ran

the M0 and Mself-out models defined above with codeml.
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(a) (b)

(c) (d)
Fig. 2 Branch models used in the

analyses. (a) Mself-out: SELF (thick) and

OUT (thin) branches (two x). (b) Mint-

ext: internal (grey) and external (black)

branches (two x). (c) M3: internal

branches (grey), SELF (thick black) and

OUT (thin black) external branches

(three x). (d) M4: SELF (thick grey) and

OUT (thin grey) internal, and SELF

(thick black) and OUT (thin black)

external branches (four x). Outcrossing,

resp. selfing, species are indicated by O,

resp. S.

S2
O2

S1
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O3
S4
O4
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O3
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Fig. 3 Reference trees used in the

simulations. For both trees, the length

of SELF branches (thick lines), is 25%

of the total tree length. Outcrossing,

resp. selfing, species are indicated by O,

resp. S.

ª 2 01 4 THE AUTHORS . J . E VOL . B I OL . do i : 1 0 . 1 11 1 / j e b . 1 2 35 6

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 4 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Mating systems and molecular evolution 5

232



We recorded the xSELF and xOUT values estimated in

the Mself-out model and the P-value of the LRT of the

two models.

Results

We obtained 19 data sets corresponding to 13 species

groups representative of several angiosperm families

(Table 2). The smallest data set contained 10 species

with a 466 bp alignment and the largest contained 175

species with a 1515 bp alignment. Three data sets (for

Exochaenium and Schiedea genera) had fewer than 50

substitutions (NdN + SdS in Table 2), so some groups of

branches had very few or no synonymous and/or non-

synonymous substitutions, and some models had an

aberrant or undefined x ratio. The results are presented

in Table 3, but these three data sets were not taken

into further account in the analyses.

The two genes mostly evolved under purifying selec-

tion. They both had x < 1, and, on average, rbcL was

more constrained than matK (mean x = 0.20 vs.

x = 0.45). External branches also showed higher x
than internal branches in 15 data sets of 16 (unilateral

sign test: P = 0.0003; combined LRT: v2 = 60.34,

d.f. = 16, P < 10�6, Table 3), which is the expected pat-

tern under purifying selection. However, significant

positive selection was found in most data sets (12 of

16), but very few codons (< 2.5%) were found to

evolve under positive selection (BEB > 0.95; Table 2

and see details in Table S2). These sites were removed

to build the second data sets. As detailed below, the

results were similar when comparing the two data sets

(compare Tables 3 and 4).

Effect of mating systems on x

When comparing the Mself-out and the M0 model, 13 of

16 data sets showed higher xSELF than xOUT (unilateral

sign test: P = 0.010; combined LRT: v2 = 34.06,

d.f. = 16, P = 0.005). Using the combination of data

sets, we thus found evidence of higher x in SELF than

in OUT branches. However, when taken individually,

only two data sets of 16 (Asteraceae matK and Solana-

ceae rbcL) showed significantly higher xSELF than xOUT.

Similar results were obtained when codons potentially

evolving under positive selection were removed (second

data sets), but the power to detect differences by LRT

was lower (Table 4): xSELF was higher than xOUT for 13

of 16 data sets (unilateral sign test: P = 0.010; com-

bined LRT v2 = 18.48, d.f. = 16: P = 0.297), and the dif-

ference was significant for only two different data sets

(Pontedariaceae rbcL and Primula rbcL). However, as

the SELF branches were mostly terminal, the previous

results could be explained by the differences between

internal and external branches that we detected in most

data sets (see above). We thus tested the difference

between mating systems on external branches only

(models M3 vs. Mint-ext). A majority of data sets (11 of

16) still showed higher external xSELF than xOUT, but

the difference was not significant (unilateral sign test:

Table 2 Summary of the data sets used in the analyses: taxonomic group, mating system type.

Taxonomic

group MS type

No. of

otal

No. of S,

SC, or

homo

No. of O,

SI or het Gene

No. of

sites NdN SdS

No. of

codons x > 1 Reference

Asteraceae SC/SI 55 18 37 matK 1536 442.2 266.2 2 Ferrer & Good-Avila (2007)

SC/SI 19 11 8 rbcL 1455 144.4 226.3 9

Exochaenium homo/het 10 3 7 matK 466 31.5 18.5 0 Kissling & Barrett (2013)

Geraniaceae S/O 48 14 34 rbcL 1425 132.9 498.2 8 Fiz et al. (2008)

Linum homo/het 11 6 5 rbcL 1425 16.2 108.6 0 Armbruster et al. (2006)

Medicago S/O 31 25 6 matK 1518 225.9 108.5 6 Bena et al. (1998)

Polemoniaceae S/O 50 19 31 matK 1074 400.1 221.2 8 Barrett et al. (1996)

Pontederiaceae homo/het 23 8 15 rbcL 1344 35.9 145.2 3 Kohn et al. (1996)

Primula homo/het 175 50 125 matK 1515 1127.8 702.2 10 Mast et al. (2006)

homo/het 45 9 36 rbcL 1416 196.7 323.2 8

Psychotria homo/het 15 4 11 matK 864 98.5 64.4 0 Sakai & Wright (2008)

homo/het 15 4 11 rbcL 553 40.8 30.8 4

Schiedea S/O 27 6 21 matK 1077 24.9 7.1 3 Sakai et al. (2006)

S/O 22 4 18 rbcL 1362 22.1 12 6

Solanaceae SC/SI 83 61 22 matK 1527 266 151.8 6

SC/SI 31 21 10 rbcL 579 61.4 58.2 2

Triticeae S/O 19 9 10 matK 1539 76.6 80.7 4 Escobar et al. (2010)

Veronica S/O 17 11 6 matK 951 180.7 175.6 0 Muller & Albach (2010)

S/O 20 7 13 rbcL 1305 31.1 81.5 1

SI, self-incompatible; SC, self-compatible; homo, homostyly; het, heterostyly; S, selfing; O, outcrossing; total, total number of species; NdN,

total number of nonsynonymous substitutions; SdS, total number of synonymous substitutions.
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P = 0.105; combined LRT: v2 = 20.98, d.f. = 16,

P = 0.179), and only two data sets were individually

significant (Pontedariaceae rbcL and Solanaceae rbcL).

Similar results are obtained for the second data sets:

external xSELF was higher than external xOUT for 11 of

16 data sets (unilateral sign test: P = 0.105; combined

LRT v2 = 11.5, d.f. = 16, P = 0.777), and only one data

set was individually significant (Pontedariaceae rbcL).

Table 3 Results of x = Dn/Ds analyses for branch models.

Taxonomic

group Gene

M0 Mint-ext Mself-out P-values

x lnL xint xext lnL xout xself lnL

Mint-ext

vs. M0

Mself-out

vs. M0

Asteraceae matK 0.409 �5544.04 0.314 0.482 �5536.53 0.384 0.464 �5538.63 < 0.0001 0.001

Asteraceae rbcL 0.188 �3988.59 0.188 0.188 �3988.59 0.174 0.206 �3988.31 0.999 0.459

Geraniaceae rbcL 0.089 �5464.84 0.064 0.123 �5459.96 0.074 0.161 �5459.50 0.002 0.001

Linum rbcL 0.046 �2574.38 0.030 0.057 �2573.82 0.039 0.062 �2574.06 0.289 0.422

Medicago matK 0.418 �4206.90 0.285 0.461 �4205.71 0.313 0.429 �4206.65 0.124 0.482

Polemoniaceae matK 0.464 �5311.78 0.446 0.480 �5311.69 0.436 0.503 �5311.45 0.677 0.420

Pontederiaceae rbcL 0.077 �2835.61 0.106 0.061 �2834.57 0.068 0.105 �2835.06 0.149 0.294

Primula matK 0.441 �14 147.27 0.430 0.451 �14 147.16 0.455 0.405 �14 146.76 0.637 0.309

Primula rbcL 0.172 �4829.76 0.112 0.211 �4825.85 0.166 0.193 �4829.56 0.005 0.521

Psychotria matK 0.436 �2013.58 0.398 0.496 �2013.39 0.444 0.371 �2013.53 0.539 0.755

Psychotria rbcL 0.395 �1195.39 0.211 0.667 �1192.78 0.331 0.714 �1194.55 0.022 0.196

Solanaceae matK 0.442 �5140.10 0.393 0.477 �5138.24 0.413 0.467 �5139.93 0.054 0.558

Solanaceae rbcL 0.316 �1437.52 0.238 0.338 �1437.27 0.215 0.531 �1435.01 0.482 0.025

Triticeae matK 0.256 �3078.97 0.132 0.384 �3074.20 0.238 0.283 �3078.84 0.002 0.605

Veronica matK 0.284 �2997.67 0.265 0.300 �2997.56 0.246 0.326 �2996.96 0.638 0.235

Veronica rbcL 0.114 �2437.01 0.062 0.185 �2434.89 0.131 0.094 �2436.74 0.039 0.462

Combined �67 203.42 �67 173.25 �67 186.39 < 0.0001 0.005

Exochaenium matK 0.435 �859.62 0.370 0.464 �859.56 0.359 * �857.22 0.741 0.029

Schiedea matK 0.666 �1624.83 * 0.348 �1621.56 0.952 0.094 �1623.22 0.011 0.074

Schiedea rbcL 0.622 �2080.18 1.660 0.233 �2072.63 0.684 * �2074.67 0.0001 0.001

Taxonomic

group Gene

M3 M4

M3 vs.

Mint-ext

M4 vs.

M3xint xext-out xext-self lnL xint-out xint-self xext-out xext-self lnL

Asteraceae matK 0.313 0.455 0.524 �5536.36 0.320 0.265 0.455 0.528 �5536.28 0.563 0.691

Asteraceae rbcL 0.194 0.135 0.202 �3987.91 0.245

Geraniaceae rbcL 0.064 0.096 0.161 �5458.26 0.065

Linum rbcL 0.030 0.052 0.062 �2573.78 0.781

Medicago matK 0.285 0.293 0.485 �4205.11 * 0.277 0.293 0.485 �4204.60 0.273 0.312

Polemoniaceae matK 0.446 0.422 0.515 �5311.39 0.443 0.460 0.422 0.515 �5311.38 0.436 0.908

Pontederiaceae rbcL 0.107 0.029 0.106 �2832.00 0.023

Primula matK 0.431 0.466 0.417 �14 146.90 0.444 0.390 0.466 0.417 �14 146.61 0.465 0.452

Primula rbcL 0.112 0.222 0.190 �4825.66 0.540

Psychotria matK 0.398 0.547 0.372 �2013.20 0.542

Psychotria rbcL 0.211 0.635 0.712 �1192.77 0.873

Solanaceae matK 0.393 0.337 0.544 �5136.96 0.466 0.255 0.336 0.544 �5135.59 0.109 0.098

Solanaceae rbcL 0.238 0.225 0.565 �1435.17 0.182 0.386 0.225 0.565 �1434.86 0.040 0.429

Triticeae matK 0.132 0.484 0.318 �3073.74 0.111 0.184 0.486 0.316 �3073.48 0.339 0.472

Veronica matK 0.276 0.268 0.312 �2997.55 0.174 0.345 0.295 0.312 �2996.05 0.912 0.083

Veronica rbcL 0.066 0.328 0.127 �2433.90 0.068 0.065 0.328 0.127 �2433.90 0.160

Combined �67 162.76 0.179

�40 071.97 �40 069.89 0.842

Exochaenium matK 0.430 0.316 * �857.11 0.027

Schiedea matK * 0.475 0.093 �1620.79 0.214

Schiedea rbcL 1.660 0.266 * �2076.44 1.000

M0, one x; Mint-ext, internal and external branches, two x; Mself-out, SELF and OUT branches, two x; M3, internal branches; SELF and OUT

external branches, three x; M4, SELF and OUT internal, SELF and OUT external branches, four x; lnL, log-likelihood. The combined likeli-

hood and P-value computations are explained in the main text. P-value lower than 0.05 are in bold.

*Undefined x ratio.
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Finally, we found neither individual nor general effects

of mating systems on internal branches (Tables 3 and 4).

Overall, we noted a general trend towards a higher x in

SELF branches, but the statistical support was weak.

Simulations

The simulation results were very similar between the

topologies tested (Fig. 3), so we only present the results

for the first topology with only SELF terminal branches

(Fig. 4). The alternative topology was slightly more

favourable for the detection of relaxed selection in SELF

lineages (not shown). As expected, the power to detect

differences between SELF and OUT branches increased

with the total tree length. Throughout the different

simulations, the average number of substitutions was 59

for the total tree length = 0.5, 118 for the total tree

length = 1 and 595 for the total tree length = 5. Most of

the real data sets were thus encompassed between the

grey and black dots in Fig. 4 (see Table 2 for substitution

values). Note, however, that this power was reduced for

the comparison of external branches (M3 vs. Mint-ext) due

to the reduction in the total number of substitutions. As

expected, the power also increased with the difference

between xSELF and xOUT. However, the power seemed to

scale with the rx = xSELF/xOUT ratio (as plotted in Fig. 4)

rather than with the Δx = xSELF – xOUT difference. For

the same Δx, differences were thus more easily detected

for highly constrained genes with low xOUT (see details

in Table S3). These simulations showed that finding the

expected pattern in 13 data sets of 16 (Fig. 4a) and a sig-

nificant effect in two of 16 (Fig. 4b) was thus compatible

with a moderate effect of selfing, with an rx ratio roughly

between 1.2 and 1.5.

Table 4 As in Table 3 for data sets without sites under significant positive selection.

Taxonomic

group Gene

M0 Mint-ext Mself-out P-values

x lnL xint xext lnL xout xself lnL

Mint-ext

vs. M0

Mself-out

vs. M0

Asteraceae matK 0.403 �5466.47 0.314 0.472 �5464.15 0.376 0.466 �5465.87 0.031 0.273

Asteraceae rbcL 0.133 �3620.15 0.098 0.161 �3618.50 0.108 0.167 �3618.72 0.127 0.216

Geraniaceae rbcL 0.054 �4954.51 0.037 0.076 �4950.61 0.049 0.076 �4953.56 0.005 0.167

Medicago matK 0.362 �3965.64 0.233 0.403 �3964.19 0.289 0.370 �3965.49 0.089 0.582

Polemoniaceae matK 0.442 �4808.33 0.442 0.443 �4808.33 0.416 0.480 �4808.04 0.993 0.444

Pontederiaceae rbcL 0.050 �2657.25 0.053 0.048 �2657.23 0.032 0.099 �2654.62 0.840 0.022

Primula matK 0.402 �13 132.22 0.386 0.417 �13 131.95 0.41 0.381 �13 132.02 0.464 0.529

Primula rbcL 0.118 �4320.65 0.051 0.160 �4312.04 0.103 0.170 �4318.72 < 0.0001 0.050

Psychotria rbcL 0.219 �1018.48 0.120 0.368 �1017.00 0.176 0.462 �1017.60 0.085 0.185

Solanaceae matK 0.393 �4737.78 0.360 0.417 �4737.23 0.392 0.395 �4740.07 0.296 1.000

Solanaceae rbcL 0.181 �1284.46 0.000 0.231 �1281.18 0.133 0.292 �1283.08 0.010 0.097

Triticeae matK 0.204 �2950.12 0.096 0.311 �2945.44 0.183 0.236 �2949.86 0.002 0.469

Veronica rbcL 0.099 �2393.39 0.031 0.165 �2390.57 0.103 0.096 �2393.38 0.017 0.886

Combined �62 895.08 �62 863.21 �62 885.84 < 0.0001 0.297

Taxonomic

group Gene

M3 M4

M3 vs.

Mint-ext

M4

vs. M3xint xext-out xext-self lnL xint-out xint-self xext-out xext-self lnL

Asteraceae matK 0.313 0.439 0.525 �5463.88 0.439 0.529 0.319 0.268 �5463.81 0.461 0.710

Asteraceae rbcL 0.098 0.139 0.167 �3618.39 0.647

Geraniaceae rbcL 0.037 0.077 0.075 �4950.60 0.934

Medicago matK 0.233 0.268 0.423 �3963.72 0.268 0.423 * 0.224 �3963.12 0.328 0.276

Polemoniaceae matK 0.442 0.390 0.474 �4808.06 0.390 0.474 0.429 0.506 �4807.96 0.460 0.649

Pontederiaceae rbcL 0.053 0.013 0.099 �2652.73 0.003

Primula matK 0.386 0.422 0.403 �13 131.91 0.398 0.352 0.422 0.403 �13 131.67 0.089 0.491

Primula rbcL 0.051 0.154 0.171 �4311.96 0.703

Psychotria rbcL 0.120 0.305 0.462 �1016.88 0.633

Solanaceae matK 0.348 0.326 0.480 �4738.85 0.326 0.480 0.439 0.198 �4736.57 1.000 0.033

Solanaceae rbcL 0.000 0.180 0.331 �1280.42 0.180 0.309 0.000 0.144 �1280.33 0.218 0.665

Triticeae matK 0.096 0.395 0.254 �2944.98 0.398 0.253 0.049 0.186 �2943.65 0.338 0.102

Veronica rbcL 0.050 0.248 0.129 �2390.55 0.248 0.130 0.033 0.066 �2390.27 0.828 0.459

Combined† �62 857.46 0.777

�34 758.60 �34 756.10 0.758

†For species without codons under positive selection, values of Table 3 were used to compute the combined likelihoods. *Undefined x ratio.
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To what variation in Ne – that is, to what a in eqn (1) –
does a given rx ratio correspond to? Assuming the distri-

bution of fitness effects of deleterious mutations (DFEM)

follows a gamma distribution with mean c = Ns and

shape b, we can show that (see Appendix 2):

rx ¼ xSELF

xOUT

� a�b (3)

For instance, for b = 0.25, rx = 1.5 corresponds to

a = 0.2 if selfing occurred at the same time as specia-

tion. However, if we assume that selfing only

appeared on the last f fraction of the branches, we

simply have:

rx � 1� f þ f a�b (4)

For instance, for b = 0.25 and a = 0.2 as above, rx
drops to 1.1 if selfing actually corresponded to only

20% of the end of SELF branches, as could be the case

in Arabidopsis thaliana (Tang et al., 2007; but see

Bechsgaard et al., 2006; for more recent estimated

origin). More generally, Fig. 5 shows the a or f values

needed to get various rx ratios as a function of b. As b
decreases, that is, the DFEM becomes more leptokurtic,

a more marked reduction in Ne (lower a) or more

ancient transitions (higher f) are necessary to detect dif-

ferences in x between SELF and OUT branches. This is

because most mutations have very small effects and

behave almost neutrally in both selfing and outcrossing

species.

Discussion

Weak signature of relaxed selection in selfers

We compiled 19 chloroplastic data sets (16 of which

provided enough information to infer realistic x values)

in 13 angiosperm groups. Only a few (one to three,

depending on the analysis) data sets showed significant

evidence of elevated x in SELF compared to OUT

branches. By combining data sets, a general trend

emerged, but it was partly due to the fact that SELF

(a)

(b)

Fig. 4 Summary of the simulation results. Proportion of

simulations with xSELF > xOUT (a) and proportion of simulations

with significant differences at the 5% level (b) as a function of the

rx = xSELF/xOUT ratio. Dashed lines correspond to the observed

proportions in the real data sets: 13/16 (a) and 2/16 (b). Total

branch length = 0.5 (white symbols), 1 (grey symbols) and 5

(black symbols). As the results mainly depend on rx, but not

directly on xOUT = 0.1, the results for the different xOUT were

pooled to enhance the legibility of the figure.

(a)

(b)

Fig. 5 Reduction in Ne (a) (a) and percentage of the branch

affected by selfing (f) (b) needed to obtain an rx = xSELF/xOUT

ratio of 1.1 (bold lines), 1.25 (thin lines), 1.5 (dashed lines) and

2 (dotted lines) as a function of b. In (a), f was set at 1, and in (b),

a was set at 0.25.
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branches were mostly terminal. Overall, we found

weak statistical support for increased x in SELF

branches. However, the simulation results suggested

that these results were compatible with true weak-to-

moderate differences in x (Fig. 4).

Previous studies using similar divergence analyses

also found a nil or weak signature of relaxed selection

in selfers, whereas relaxed selection seemed to be more

easily detected using polymorphism data (see refer-

ences in Table 1). This could simply be due to the fact

that many other factors can mask the relationship

between mating systems and x in large-scale phyloge-

netic analyses. Here, we also used proxies of selfing

rates, such as self-compatibility and homostyly. Self-

compatible species are likely on the way to high selfing

but could transiently have intermediate selfing rates

(Igic et al., 2008; Igic & Busch, 2013). Under mixed

mating, reduced selection efficacy is not expected to be

very strong, unless bottleneck effects predominate.

However, the signature of relaxed selection was not

lower for these data sets than for data sets with ‘true’

selfing species. As we analysed chloroplastic genes, the

expected reduction in Ne could be a bit lower than for

nuclear genes in species with few chromosomes and/or

a short nuclear genetic map, as discussed in the intro-

duction. This could also contribute to the weak signa-

ture of relaxed selection. For instance, the selfer

Arabidopsis thaliana has a small genome with a rather

short genetic map (five chromosomes of average length

100 cM, which roughly corresponds to the thin black

lines in Fig. 1). In this species, the reduction in effec-

tive population size as compared to the outcrosser

A. lyrata was found to be less severe in chloroplastic

than in nuclear genes, in agreement with lower back-

ground selection affecting chloroplast (Wright et al.,

2008). Chromosome numbers are higher in most

angiosperm species (including those studied here), and

the differences between chloroplast and nuclear genes

could be rather low. However, the difference also

depends on the rate and effect of deleterious mutations

(Fig. 1). A better characterization of both genetic maps

and the distribution of mutational effects would be

needed to evaluate the respective impact of background

selection on chloroplastic and nuclear genes. It would

also be interesting to confirm (or not) our results using

nuclear data.

The lack of any sign of relaxed selection has also

been interpreted as evidence of a recent origin of sel-

fing lineages. Our results seem to support this, but we

also found that this interpretation closely depends on

the underlying distribution of fitness effects of muta-

tions (DFEM) affecting the genes used in the Dn/Ds

analyses (Eqns 3 and 4). Figure 5 shows that the inter-

pretation holds only if this distribution is not too lep-

tokurtic (b not too small). We do not know the b
parameters for the matK and rbcL genes in the different

species groups we used. However, several genome-wide

estimates based on sequence polymorphism data sug-

gest that b is rather small (e.g. 0.23 in humans, see

Eyre-Walker et al., 2006; between 0.08 and 0.21 in

several plant species T. Gossmann pers. comm. and

Gossmann et al., 2010). With such low b values, a

marked Ne reduction in selfers (small a) over a long

time (f close to 1 in eqn 4) will only lead to slight dif-

ferences in x, as observed in the data sets. A more

ancient selfing origin, that is, from the beginning of

the branches leading to current selfing species, would

be in line with the recent finding that a change in

mating systems more frequently occurs in association

with speciation events (‘cladogenetic’ mode of change)

than within lineages (‘anagenetic’ mode) (Goldberg &

Igic, 2012).

Several biological factors have been proposed to

explain the weaker signature of selfing than asexuality

in x analyses (Gl�emin & Galtier, 2012). Differences in

the shape of the DFEM of genes used in the different

analyses (mostly mitochondrial in asexual animals vs.

mostly nuclear or chloroplastic in selfing plants) could

also play a role. If possible, choosing genes with high b
should facilitate the detection of relaxed selection

caused by a reduction in population size.

Selfing evolution implications

Based on the assumptions underlying eqns (3) and (4),

our results are thus compatible with either small b and

possibly a strong reduction in Ne over a long time or a

higher b and a recent origin of selfing lineages. But

does b matter? Considering the risk of population

extinction due to the accumulation of deleterious

mutations, and assuming that mutation effects have a

gamma distribution, Lande (1994) showed that the

mean time to extinction is approximately proportional

to Nbþ1
e for c > 1 (his equation 10). A reduction in Ne

by an a factor thus reduces the mean time to extinction

by an abþ1 factor. If b is weak, a reduction in Ne

reduces the mean time to extinction almost linearly.

For higher b, a reduction in Ne has a more drastic effect

on the mean time to extinction. For example, for b = 1

(i.e. an exponential distribution of deleterious effects),

reducing the effective population size by two-fold

reduces the mean time to extinction by four-fold. If b is

small, our results are compatible with a marked reduc-

tion in Ne in selfers, but the impact on extinction

through mutational meltdown may be rather weak. If b
is higher, deleterious mutations may have a stronger

impact on species extinction, but they likely accumu-

late for a much shorter time. Overall, although the rea-

sons are maybe more complex than previously thought

(Gl�emin & Galtier, 2012), this suggests that deleterious

mutations may not be the main cause of extinction in

selfing species.

However, understanding the causes of higher extinc-

tion rates in selfing species is still a difficult task, and
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the possible role of deleterious mutations should be

tested more quantitatively. Our results suggest that

better characterization of DFEM and mutation rates in

selfing and outcrossing species could help in addressing

this issue. Moreover, theoretical work is still needed to

test whether the accumulation of deleterious muta-

tions could be sufficient to cause species extinction but

without leaving a strong molecular signature. Finally,

it would also be crucial to clarify the demographic

consequences of the mutation load in an ecological

context (Agrawal & Whitlock, 2012) to resolve this

question.
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Appendix 1
Effect of background selection on
nuclear and chloroplastic genes

In this JEB issue, Kamran-Disfani and Agrawal

obtained an expression for the reduction in Ne caused

by background selection in a partially fertilizing popula-

tion, which is more accurate than the approximated

one obtained previously (Cutter & Payseur, 2003;

Gl�emin, 2007; Gl�emin & Ronfort, 2013). Consider a

chromosome of size C and a focal gene located at posi-

tion z and assuming the same deleterious mutation

rates, u, dominance, h, and selection effect, s, for all

selected genes on the chromosome, they found that:

qlinkedðF;C;zÞ¼Exp �
Z Cz

0

uðhþF�hFÞs
2ððhþF�hFÞsþð1�FÞRðxÞÞ2dx

"

�
Z Cð1�zÞ

0

uðhþF�hFÞs
2ððhþF�hFÞsþRð1�FÞðxÞÞ2dx

#

(A1.1)

where F is Wright’s fixation index and RðxÞ ¼
1
2
ð1� Exp½�2rx�Þ is Haldane’s mapping function, with r

being the recombination rate between two adjacent

sites. Kamran-Disfani and Agrawal gave the exact ana-

lytical expression for (A1.1) in supplementary material,

but the equation is unwieldy and not reproduced here.

This result, which is based on the findings of Hudson &

Kaplan (1995), can be easily extended to the effect of

deleterious alleles segregating at loci not physically

linked to the focal gene, simply using R(x) = 1/2 and

integrating between 0 and G – C, where G is the total

genome size. G – C thus corresponds to the other

chromosome(s) of the genome.

qunlinkedðF;G�CÞ¼Exp �
Z G�C

0

uðhþF�hFÞs
2ððhþF�hFÞsþð1�FÞ=2Þ2 dx

" #

¼Exp � uðG�CÞðhþF�hFÞs
2ððhþF�hFÞsþð1�FÞ=2Þ2

" #

(A1.2)

The total effect of background selection is thus as

follows:

qnucðF;G; C; zÞ ¼ qunlinkedðF;G� CÞqlinkedðF; C; zÞ (A1.3)

and the a term is given by as follows:

anucðF;G; C; zÞ ¼ qnucðF;G; C; zÞ
qnucð0;G; C; zÞ

(A1.4)

For a chloroplastic gene, we can neglect the effect of

other linked chloroplastic genes, so we simply have as

follows:

qchloroðF;GÞ ¼ qunlinkedðF;GÞ (A1.5)

and

achloroðF;GÞ ¼ qchloroðF;GÞ
qchloroð0;GÞ

(A1.6)

We can show that lim
Cr!1

qlinkedðF; C; zÞ ¼ qunlinkedðF; CÞ,
so when the chromosome genetic map is large, Cr >> 1,

qnuc(F, G, C, z) tends towards qunlinked(F, G) =
qchloro(F, G). Similarly, when G >> C, qnuc (F, G, C, z) ≃
qunlinked (F, G) = qchloro (F, G). The additional reduction

in Ne due to background selection in selfing species, a(F),
is thus similar for chloroplastic and nuclear genes except

for genomes with few chromosomes and a short genetic

map. This is illustrated in Fig. 1.
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Appendix 2
Derivation of eqns (3) and (4)

Assuming a gamma distribution of deleterious effects

of mutations with mean c = Ns and shape b, Welch

et al. (2008) showed that x can be well approximated

by:

xðc; bÞ � b1þbc�bfð1þ bÞ (A2.1)

where f is the Riemann zeta function (Abramowitz &

Stegun, 1970). Here, c = Ns and not c = 4Ns as in

Welch et al. (2008) because the chloroplastic genome is

haploid and uniparentally transmitted. If we assume

that the shape b is the same between outcrossing and

selfing species, we simply have as follows:

rx ¼ xSELF

xOUT

� xðac; bÞ
xðc; bÞ ¼ a�b (A2.2)

hence eqns (3) and (4). For a fixed rx ratio, we thus

have the following relationship between a and b as

plotted in Fig. 5a:

a ¼ r�1=b
x (A2.3)

and between f and b, as plotted in Fig. 5b:

f ¼ abð1� rxÞ
ab � 1

(A2.4)
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Table S1 List of species and Genbank accessions.

Table S2 Details results of the comparison between M7

and M8 models in codeml to detect codons under posi-

tive selection.

Table S3 Details of simulation results.
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A.1 Supporting information

Table S1 Available online: https://drive.google.com/file/d/0B7KhiXOz6_OLMHRsM0x1TnFpcXc/

view?usp=sharing

Table A.S2: Details results of the comparison between M7 and M8 models in codeml to detect codons
under positive selection.

Taxonomic group Gene M7 lnL M8 lnL P-value
Asteraceae matK -5487.62588 -5480.141886 5.62E-04
Asteraceae rbcL -1418.416906 -1413.571591 7.87E-03

Exochaenium matK -857.349831 -855.898292 2.34E-01
Geraniaceae rbcL -5299.8346 -5280.601703 4.44E-09

Linum rbcL -2565.742418 -2562.919713 5.94E-02
Medicago matK -4143.361266 -4126.658996 5.58E-08

Polemoniaceae matK -5249.181551 -5220.193146 2.57E-13
Pontederiaceae rbcL -2787.524902 -2772.028887 1.86E-07

Primula matK -13897.36161 -13849.02473 1.00E-21
Primula rbcL -4669.227351 -4647.171095 2.64E-10

Psychotria matK -2012.21321 -2012.212798 1.00E+00
Psychotria rbcL -1168.514347 -1150.313839 1.25E-08
Schiedea matK -1618.217983 -1608.692223 7.29E-05
Schiedea rbcL -2065.735222 -2038.368321 1.30E-12

Solanaceae matK -5083.315706 -5045.596761 4.16E-17
Solanaceae rbcL -1407.062171 -1381.899579 1.18E-11

Triticeae matK -3051.029828 -3046.732596 1.36E-02
Veronica matK -2975.763824 -2972.991865 6.25E-02
Veronica rbcL -2420.71157 -2418.361929 9.54E-02
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Table A.S3: Details of simulation results.

Tree_length textbfW_out textbfDelta_W textbf#Simul_Wself>Wout textbf#Significant_Simul textbf#Total_Simul textbfMean_dS textbfMean_dN
0,1 0,1 0,025 46 2 99 0,1085777778 0,0120363636
0,1 0,1 0,05 59 3 99 0,1070141414 0,0125414141
0,1 0,1 0,1 69 5 99 0,1031484848 0,0134151515
0,1 0,1 0,15 82 7 99 0,1005808081 0,0140858586
0,1 0,1 0,2 85 13 99 0,0987818182 0,0145424242
0,1 0,1 0,25 86 16 97 0,0964979381 0,0150453608
0,1 0,25 0,025 45 1 99 0,0750858586 0,0208959596
0,1 0,25 0,05 49 1 99 0,0742121212 0,0211464646
0,1 0,25 0,1 58 2 97 0,0722443299 0,021643299
0,1 0,25 0,15 70 3 96 0,0710604167 0,0220833333
0,1 0,25 0,2 71 3 94 0,0703308511 0,0222531915
0,1 0,25 0,25 70 2 90 0,06866 0,0225811111
0,1 0,5 0,025 41 0 91 0,0506175824 0,0277703297
0,1 0,5 0,05 40 0 90 0,0504344444 0,0278722222
0,1 0,5 0,1 41 0 89 0,0495325843 0,0280179775
0,1 0,5 0,15 40 0 86 0,0495023256 0,0282104651
0,1 0,5 0,2 44 0 84 0,0489571429 0,0283357143
0,1 0,5 0,25 47 0 84 0,0483130952 0,0285821429
0,5 0,1 0,025 65 1 100 0,563444 0,058806
0,5 0,1 0,05 83 3 100 0,554692 0,061487
0,5 0,1 0,1 97 18 100 0,539708 0,065711
0,5 0,1 0,15 98 41 100 0,527106 0,068887
0,5 0,1 0,2 100 64 100 0,516168 0,0717
0,5 0,1 0,25 100 79 100 0,50799 0,07392
0,5 0,25 0,025 51 3 100 0,402372 0,103869
0,5 0,25 0,05 65 3 100 0,396752 0,105295
0,5 0,25 0,1 80 5 100 0,388929 0,107479
0,5 0,25 0,15 91 7 100 0,382498 0,109374
0,5 0,25 0,2 93 14 100 0,376198 0,110867
0,5 0,25 0,25 98 22 100 0,37117 0,112381
0,5 0,5 0,025 47 2 100 0,274367 0,137956
0,5 0,5 0,05 50 2 100 0,27185 0,138613
0,5 0,5 0,1 63 3 100 0,267317 0,139697
0,5 0,5 0,15 67 6 100 0,263684 0,140617
0,5 0,5 0,2 75 7 100 0,259951 0,141345
0,5 0,5 0,25 82 9 100 0,257552 0,141948
1 0,1 0,025 74 5 100 1,116689 0,119712
1 0,1 0,05 90 15 100 1,100463 0,124268
1 0,1 0,1 99 50 100 1,070118 0,132197
1 0,1 0,15 100 81 100 1,047522 0,138809
1 0,1 0,2 100 94 100 1,031117 0,144077
1 0,1 0,25 100 98 100 1,01483 0,148743
1 0,25 0,025 58 5 100 0,804263 0,207002
1 0,25 0,05 68 5 100 0,796467 0,209373
1 0,25 0,1 86 12 100 0,78051 0,213896
1 0,25 0,15 95 27 100 0,766947 0,217983
1 0,25 0,2 98 40 100 0,753489 0,221143
1 0,25 0,25 98 54 100 0,742312 0,223774
1 0,5 0,025 63 1 100 0,547412 0,276608
1 0,5 0,05 66 1 100 0,543254 0,277787
1 0,5 0,1 75 5 100 0,534282 0,279693
1 0,5 0,15 81 7 100 0,528247 0,282208
1 0,5 0,2 85 10 100 0,522141 0,283743
1 0,5 0,25 89 17 100 0,514859 0,285279
5 0,1 0,025 90 10 100 5,645174 0,601123
5 0,1 0,05 99 51 100 5,527279 0,625741
5 0,1 0,1 100 97 100 5,346986 0,666041
5 0,1 0,15 100 100 100 5,213256 0,699108
5 0,1 0,2 100 100 100 5,086669 0,726306
5 0,1 0,25 100 100 100 4,979777 0,750186
5 0,25 0,025 67 3 100 4,060843 1,044296
5 0,25 0,05 90 7 100 4,000682 1,057838
5 0,25 0,1 99 36 100 3,902733 1,082319
5 0,25 0,15 100 75 100 3,825448 1,101048
5 0,25 0,2 100 92 100 3,753236 1,119086
5 0,25 0,25 100 99 100 3,695753 1,134388
5 0,5 0,025 65 0 100 2,770487 1,404112
5 0,5 0,05 77 3 100 2,742296 1,410669
5 0,5 0,1 87 10 100 2,698703 1,421683
5 0,5 0,15 94 21 100 2,661617 1,431316
5 0,5 0,2 98 35 100 2,624176 1,441338
5 0,5 0,25 99 57 100 2,592071 1,449067
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This chapter is the result of a Master internship I did from February to June 2011 un-

der the supervision of Gabriel Marais (Lyon, France). It aimed at testing whether dosage

compensation exists in Silene latifolia.
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Switzerland, 3 Pôle Rhône-Alpes de Bioinformatique (PRABI), Villeurbanne, France

Abstract

Silene latifolia is a dioecious plant with heteromorphic sex chromosomes that have originated only ,10 million years ago
and is a promising model organism to study sex chromosome evolution in plants. Previous work suggests that S. latifolia XY
chromosomes have gradually stopped recombining and the Y chromosome is undergoing degeneration as in animal sex
chromosomes. However, this work has been limited by the paucity of sex-linked genes available. Here, we used 35 Gb of
RNA-seq data from multiple males (XY) and females (XX) of an S. latifolia inbred line to detect sex-linked SNPs and identified
more than 1,700 sex-linked contigs (with X-linked and Y-linked alleles). Analyses using known sex-linked and autosomal
genes, together with simulations indicate that these newly identified sex-linked contigs are reliable. Using read numbers, we
then estimated expression levels of X-linked and Y-linked alleles in males and found an overall trend of reduced expression
of Y-linked alleles, consistent with a widespread ongoing degeneration of the S. latifolia Y chromosome. By comparing
expression intensities of X-linked alleles in males and females, we found that X-linked allele expression increases as Y-linked
allele expression decreases in males, which makes expression of sex-linked contigs similar in both sexes. This phenomenon
is known as dosage compensation and has so far only been observed in evolutionary old animal sex chromosome systems.
Our results suggest that dosage compensation has evolved in plants and that it can quickly evolve de novo after the origin
of sex chromosomes.
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Introduction

In humans, where the evolution of sex chromosomes is probably

best known, the XY chromosome pair was originally a

recombining pair of autosomes that progressively stopped

recombining, most likely because of a series of inversions on the

Y chromosome [1–4]. This started ,150 million years ago [5,6]

and the non-recombining human Y chromosome subsequently

suffered from degenerating processes known as Hill-Robertson

effects (inefficient selection and reduced polymorphism, see [7–9]),

which explain the massive loss of Y genes (,97%) and the

concomitant accumulation of DNA repeats on the non-recombin-

ing Y compared to the X chromosome and the still recombining

pseudoautosomal regions (PARs) [2,3]. Even the few genes that

persisted on the Y show signs of degeneration [10,11]. The

classical view is that the massive loss of Y-linked genes has been

balanced by the evolution of dosage compensation (equal dosage

of X and autosomal transcripts in both males and females [12–

14]), which is achieved by the inactivation of one X chromosome

in females [15]. The question whether this three-step scenario (X–

Y recombination suppression, Y degeneration, X dosage compen-

sation) is similar for all species with sex chromosomes, in particular

those with much younger sex chromosomes, has received much

attention from evolutionary biologists, and several alternative

model organisms to study the evolution of sex chromosomes have

emerged, some of them very recently [9,16–18].

S. latifolia (white campion) is one such model organism. It is a

dioecious plant from the Caryophyllaceae family with heteromor-

phic sex chromosomes that have originated only,10 million years

ago [19–22] and is a promising model organism to study sex

chromosome evolution in plants [23,24]. Previous work suggests

that S. latifolia XY chromosomes have stopped recombining

gradually [21,22,25] and that the Y is undergoing degeneration

(gene loss, reduced polymorphism, accumulation of repeats,

maladapted proteins, reduced gene expression) as in animal sex

chromosomes [26–34]. Despite these highly interesting results,

work on sex chromosome evolution in S. latifolia has been limited

by the slow pace of sex-linked gene identification (one to two new
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genes/year) [21,25,35–40]. This situation is now changing rapidly,

thanks to next-generation sequencing (NGS) approaches, which

are helping reveal the strong potential of the S. latifolia model

[23,24,41–43].

Here we report a study using such an NGS approach, RNA-seq,

applied to several males and females of an S. latifolia inbred line.

Using a de novo assembly strategy followed by SNP analysis, we

identified .1,700 sex-linked contigs, increasing by almost 100-fold

the number of sex-linked sequences available until recently in S.

latifolia. Studying these 1,700 sex-linked contigs, we found that

expression of alleles on the Y is significantly reduced compared to

those on the X chromosome, providing evidence for large-scale

ongoing degeneration of the S. latifolia Y chromosome. By

comparing the expression of X-linked alleles in males and females,

which differ in the number of X chromosomes, we further found

evidence of equal dosage of X transcripts among sexes for sex-

linked genes showing Y degeneration, a phenomenon known as

dosage compensation. To our knowledge, this is the first evidence

for dosage compensation in plants and reveals that dosage

compensation is not an animal-specific phenomenon. Moreover,

the finding of dosage compensation in evolutionary young sex

chromosomes has novel implications for the evolution of sex

chromosomes because it shows that 10 million years are sufficient

to evolve dosage compensation de novo. By contrast, dosage

compensation in animals has to date been documented only in

.100-million-year-old sex chromosome systems.

Results

Identification and Validation of New Sex-Linked Genes
We used RNA-seq—a next-generation transcriptome-sequenc-

ing approach—to identify new sex-linked genes and to study gene

expression (find more details in Text S1). We obtained ,35 Gb of

sequence data from three males and three females from a ten-

generation inbred population of S. latifolia using Illumina

technology (Table S1). Male and female reads were pooled and

assembled de novo (see Material and Methods) (Figure S1), and we

obtained 141,855 contigs (Table S2). From these, we identified

sex-linked contigs using a segregation analysis similarly to [42,43]

and found 1,736 contigs with at least one sex-linked SNP (Table

S2). We tested the reliability of our inference of sex-linkage by first

using known autosomal genes [44] to see whether sex-linked SNPs

have been wrongly inferred for these, but could not find any for

the ten autosomal genes tested (Table S3). This very low rate of

false positives was confirmed when running our scripts to detect

sex-linked SNPs on a set of simulated autosomal SNPs (Text S2).

We thus concluded that our inferences of sex-linkage are highly

reliable. To estimate how many sex-linked contigs we missed with

our method, we checked how many of the previously identified

sex-linked genes were among our sex-linked contigs (Table S3).

42% of these were not found, which means that our rate of false

negatives is quite high, and we identified a subset (probably about

half; see Figure S2; Text S1) of the sex-linked genes in S. latifolia.

Many of our sex-linked contigs should be full-length transcripts as

suggested by the size distribution plot (Figure S3).

Expression Analysis of X-Linked and Y-Linked Alleles
We used read numbers to estimate expression levels of the sex-

linked contigs (see Material and Methods). We first compared

expression levels of X-linked and Y-linked alleles in males. The

read numbers were normalized to be able to combine data from

different male individuals. As shown in Figure 1, we found that the

Y/X expression ratio is significantly less than 1 (median 0.77,

mean 0.89, significant Wilcoxon paired test p,10216). This is in

agreement with previous work on six experimentally identified sex-

linked genes [33] and also with recent work using RNA-seq data

[42,43]. Why Y expression is reduced over evolutionary time is not

fully understood. It could be because of the accumulation of

Author Summary

The mammalian sex chromosomes originated from an
ancestral pair of autosomes about 150 million years ago
and the Y chromosome subsequently degenerated, losing
most of its genes. During this process, a phenomenon
called dosage compensation evolved to compensate for
the gene loss on the Y chromosome and to equalize
expression of X-linked genes in the two sexes. In humans,
this is achieved by inactivating one of the two X
chromosomes in females. Dosage compensation has also
been reported in other animal XY systems such as fruit flies
and worms, each 100 million years old or more. Here we
studied dosage compensation in plants. We used high-
throughput RNA sequencing in male and female Silene
latifolia (white campion)—a dioecious plant whose XY
chromosomes originated only about 10 million years
ago—to identify hundreds of sex-linked genes. Analysis
of their expression patterns in males and females revealed
equal doses of sex-linked transcripts in both sexes,
regardless of the degree of reduction of Y expression
due to degeneration. Our results thus show that dosage
compensation occurs in plants and is thus not an animal-
specific phenomenon. They also reveal that proportionate
dosage compensation can evolve rapidly de novo after the
origin of sex chromosomes.

Figure 1. Distribution of Y/X expression ratios in S. latifolia
males for the 1,736 sex-linked contigs. Total Y and X read
numbers were summed at sex-linked SNP locations for each contig and
normalized for each male separately, then averaged across males to
obtain the Y/X ratio. The median is shown in red.
doi:10.1371/journal.pbio.1001308.g001
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slightly deleterious mutations in promoters and cis-regulatory

elements, and/or the insertion of transposable elements when the

methylation of these elements spreads to nearby genes. However,

this trend is considered a hallmark of Y chromosome degeneration

and has been observed in several animal systems [45,46]. Y

degeneration is thus clearly visible in S. latifolia but may not be as

pronounced as expected because of haploid selection on pollen

preventing the degeneration of many pollen-expressed Y genes

[42] (but see [43,47]).

The observation that many X/Y pairs show reduced Y

expression (Figure 1) raises the question whether dosage

compensation has evolved in S. latifolia. To test this, we compared

expression levels of sex-linked genes between males and females

following a normalization procedure that allows comparing

different individuals (see Material and Methods). First, we

computed the ratio of the expression intensities of X-linked

contigs in males and females and called this the Xmale/2Xfemale

expression ratio (to stress the difference in gene copy number

between male and female). In the absence of dosage compensa-

tion, the Xmale/2Xfemale expression ratio is expected to be 0.5,

simply because males (XY) have one X-linked copy and females

(XX) have two. This is what we observe for contigs that do not

show reduced expression of the Y-linked allele relative to the X-

linked allele, i.e., that have a Y/X expression ratio close to 1

(median of Xmale/2Xfemale ratio is 0.51 for contigs with 1#Y/

X,1.5; see Figure 2). However, for contigs with reduced Y

expression and therefore low Y/X ratios, we observe an Xmale/

2Xfemale expression ratio very close to 1 (median of contigs with

Y/X,0.5 is 0.93; see Figure 2). This suggests that for contigs with

reduced Y expression, for which expression of sex-linked genes

would thus be unbalanced between males and females, a

mechanism has evolved that compensates for the reduced Y

expression by increasing X expression in males.

To study this phenomenon further, we compared expression of

X-linked and Y-linked alleles in males and females for different Y/

X expression ratio categories (Figure 3). We excluded sex-linked

Figure 2. Distribution of the ratio between the expression of the single X in males and the two X copies in females (Xmale/
2Xfemale) for all sex-linked contigs. Different categories of sex-linked contigs are shown: Y/X ratio below 0.5 (379 contigs), Y/X ratio between 0.5
and 1 (656 contigs), Y/X ratio between 1 and 1.5 (315 contigs), Y/X ratio above 1.5 (195 contigs). Medians are indicated in the colour corresponding to
each Y/X ratio category. When the contigs with high Xmale/2Xfemale ratios are removed as in Figure 3 (see text for explanations) the medians remain
unaltered except for the category Y/X,0.5 where it changes to 0.76 but is still significantly different from 0.5 (Wilcoxon test, p,10216). Total X read
numbers were summed at sex-linked SNP locations in each contig and normalized for each individual separately, then averaged among males and
females to get the Xmale/2Xfemale ratio.
doi:10.1371/journal.pbio.1001308.g002
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contigs that showed either an elevated Y expression (high Y/X

ratios) or male-biased X expression (high Xmale/2Xfemale ratios).

Such male-biased expression patterns suggest that these genes may

be sexually antagonistic genes. The evolutionary dynamics of such

genes is known to be distinct from other sex-linked genes and no

dosage compensation is expected [48,49]. Figure 3 shows the

results for the remaining 75% of sex-linked genes. We found that

X expression in males increases with decreasing Y expression,

which results in similar expression levels of sex-linked contigs in

both sexes and provides further evidence of dosage compensation

in S. latifolia. Importantly, this result is consistent even when we

include only sex-linked contigs with at least two sex-linked SNPs,

for which we estimated the rate and number of erroneous sex-

linked contigs to be extremely low (0.001 and 1.38, respectively;

see Figure S4). We also looked at expression patterns of the contigs

corresponding to known sex-linked genes. Although this analysis

can only be qualitative due to the small number of such genes, we

found that Y/X ratios for most genes are consistent with previous

work [33] and some known sex-linked genes show evidence for

dosage compensation (Table S4).

Discussion

Evidence for X Chromosome Dosage Compensation in S.
latifolia
There was a recent claim of absence of dosage compensation in

S. latifolia [42], which seems to contradict our findings. However,

the test for dosage compensation performed in this recent work is

very different from ours. As Chibalina and Filatov (2011) analyzed

crosses (parents and progeny), they were able to identify X-linked

genes without detectable homologous Y-linked copies (called

hemizygous genes). They compared the expression levels of these

hemizygous genes between sexes, found a significantly reduced

expression in males compared to females, and concluded that this

was evidence for the absence of dosage compensation in S. latifolia
[42]. Their test however may be overly conservative, as it requires

Figure 3. Expression levels of sex-linked contigs in both sexes for different Y/X expression ratio categories. Total read numbers were
summed at sex-linked SNP locations and normalized for each individual and contig separately; medians for all contigs and individuals of the same sex
were then obtained. Contigs with Y/X expression ratios above 1.5 were excluded, as well as contigs with Xmale/2Xfemale ratios above 2 (see text for
explanations), which reduces the dataset to 1,346 sex-linked contigs. XX females, median expression level of both X-linked alleles in females; X males,
median expression level of the single X-linked allele in males; Y males, median expression level of the Y-linked allele in males; XY males, median
expression level of the X-linked plus Y-linked alleles in males. To compare different Y/X expression ratio categories, medians were normalized using
the XX expression levels in females. Sample sizes are: 0–0.25, 110; 0.25–0.5, 269; 0.5–0.75, 315; 0.75–1, 341; 1–1.5, 315. Note that we do not have any
contig with Y/X = 0 as our method did not allow us to detect such contigs (see Material and Methods). Error bars indicate 95% confidence intervals.
doi:10.1371/journal.pbio.1001308.g003
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a strict Xmale/2Xfemale ratio of 1 to infer for dosage

compensation. Their figure 4 suggests the Xmale/2Xfemale ratio

is not 0.5, as expected under a complete absence of dosage

compensation, but instead is close to 0.7, which is consistent with

many hemizygous genes being dosage compensated. Importantly,

the hemizygous genes were interpreted as sex-linked genes with

fully degenerated Y copies, which may not always be the case as

genes that have recently moved from the autosomes to the X

chromosome will also be detected as hemizygous genes but dosage

compensation is clearly not expected for those genes [43]. Such

gene movement has been documented in S. latifolia [39] and may

account for the intermediate Xmale/2Xfemale value (between 0.5

and 1) found in [42]. By contrast, we looked for departure from a

Xmale/2Xfemale of 0.5 and did not restrict the test to sex-linked

genes with no Y expression but included the many sex-linked

genes with reduced but still detectable Y expression. We thus

performed a more permissive test for dosage compensation, which

may be more suitable in the case of young sex chromosomes with

incipient X chromosome dosage compensation.

Sex Bias in Gene Expression and Dosage Compensation
Dosage compensation is not the only sex-specific gene

expression regulation that is expected on the X chromosome.

Indeed, X-linked genes involved in sexual conflicts—for instance

those underlying sexual dimorphism and having sexually antag-

onistic effects—can show sex-biased expression and this can

substantially affect the global X expression pattern in both sexes if

these genes are numerous [50]. A way to distinguish dosage

compensation from such sex-specific expression regulation is to

look at the X over autosome (X/A) expression ratio as only dosage

compensation predicts a X/A expression of 1 [50]. However, this

test is difficult to perform here for several reasons. First, our set of

sex-linked genes is expected to exclude those with very low

expression levels because the detection of sex-linked SNPs requires

reasonably high read coverage. This should bias upward the

average expression level of sex-linked genes compared to the

‘‘autosonal’’ set, which is what we actually found (the mean

number of reads per base is 466.7 for sex-linked contigs and 101.4

for non–sex-linked contigs). Second, we do not have a reliable

‘‘autosomal’’ set as this includes a mixture of autosomal contigs

and sex-linked contigs not detected by our method (,40% of all

sex-linked genes, see above). Although we excluded possible

candidates for sexually antagonistic genes (some of the contigs with

high Xmale/2Xfemale may be ‘‘male-beneficial and female-

detrimental’’ genes), we cannot completely rule out the possibility

that others remained in the set of contigs used to assess dosage

compensation (especially some contigs with low Xmale/2Xfemale

may be ‘‘female-beneficial and male-detrimental’’ genes). Howev-

er, Figure 3 shows that the increase of X expression in males

follows the level of degeneration of Y expression, which is not

expected in case of sexually antagonistic selection. Moreover,

increased expression of the X-linked allele in males always

compensates for the reduced Y expression, such that the total

expression of these sex-linked genes is similar in both sexes (i.e.,

X+Y expression in males =X+X expression in females), which is

not in agreement with sexually antagonistic selection. On the

contrary, sexually antagonistic selection predicts between-sex

differences in expression of sex-linked genes. The results presented

in Figure 3 are thus better explained by dosage compensation than

by sexually antagonistic selection.

Dosage Compensation in XY and ZW Systems
Global dosage compensation has previously been documented in

male heterogametic systems (XY) such as Drosophila, Caenorhabditis

elegans, and mammals [14,51], whereas only partial (or no) dosage

compensation has been found in female heterogametic systems (ZW)

[52]. Indeed, in zebra finch, chicken, and crow, no global

mechanism to balance avian Z chromosome gene dosage (such as

X chromosome inactivation) has been found [53–56] and in chicken,

dosage compensation seems to be local, with only few Z-linked genes

being dosage compensated [57]. Similar observations have been

made in silkworm [58,59], indicating that the lepidopteran Z is not

fully dosage compensated, and also in the parasite Schistosoma mansoni
[60]. Moreover, studies on the platypus [61,62] and on sticklebacks

[63] suggest that partial dosage compensation can also exist in male

heterogametic systems (XY). Overall, these new data suggest that full

dosage compensation is not a necessary outcome of sex chromosome

evolution [50]. An important point of whether dosage compensation

will evolve or not is the presence of dosage-sensitive genes on the

proto-sex chromosomes, as these genes are the only ones for which

dosage compensation is vital [50,64]. Although we do not have any

data about the fraction of dosage-sensitive genes in the different sex

chromosome systems, it has been suggested that resistance to

aneuploidy and polyploidization may indicate whether the genome

as a whole includes many such genes or not [50]. Polyploidization is

known to be common in plants [65]. However, plant polyploids do

have dosage problems that cause endosperm development failure

and reduced fertility [64,66]. Following polyploidization events, the

retention of plant duplicate genes seems to be driven by dosage

constraints as in animals [64]. All this suggests that the success of

polyploids in plants may not be related to lack of dosage constraints

but to other reasons (e.g., vegetative propagation). It is also known

that aneuploidy has more severe phenotypic consequences than

polyploidy in plants, which further supports the idea of strong dosage

constraints in plant genomes [64]. As far as we know, there is no

documented case of fertile polyploids in dioecious Silene species and it
is possible that the S. latifolia genome includes enough dosage-

sensitive genes for dosage compensation to evolve.

Mechanisms of Dosage Compensation in Plants
Our results reveal that dosage compensation is not restricted to

animals but also occurs in plants and raise questions about the

mechanisms underlying dosage compensation. In animals, three

different dosage compensation mechanisms have been uncovered

(reviewed in [67]): hyper-expression of X-linked alleles in male

Drosophila, down-regulation of the two X-linked alleles in hermaph-

rodites of C. elegans, and inactivation of one of the two female X

chromosomes in mammals. We tested whether such a chromosome-

wide inactivation exists in S. latifolia by checking whether both X-

linked alleles are expressed in females. Although heterozygosity is

low in our X-linked alleles because our individuals are inbred, we

found that the level of heterozygosity of the X-linked alleles is similar

for sex-linked contigs with dosage compensation and those without

dosage compensation (Table S5). This suggests that both X-linked

alleles are expressed, whatever the level of dosage compensation is,

and does not support an X-inactivation-like mechanism in S. latifolia.
Further work will be needed to identify the molecular mechanism

underlying dosage compensation in S. latifolia.

De Novo Evolution of Dosage Compensation in a Young
XY System
Previous work in animals has reported dosage compensation in

old X chromosomes (see above) and also in young neoX

chromosomes such as the D. miranda neoX. The fusion between X

and the autosome that formed the D. miranda neoX is very recent

(1.5 million years old), but dosage compensation is achieved by a

protein complex (the MSL complex) that pre-dates neoX formation

and has been shown to be very old [68]. Evidence for de novo
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evolution of dosage compensation in evolutionary young animal sex

chromosomes is therefore lacking [50]. In the Silene genus, most

species are hermaphroditic or gynodioecious and do not have sex

chromosomes. Sex chromosomes have evolved recently in two

independent lineages, one including S. latifolia and one containing S.
colpophylla [20,44,69]. Our results therefore reveal that dosage

compensation has evolved de novo in evolutionarily young sex

chromosomes in probably less than 10 million years. Furthermore,

Figure 2 shows that many dosage-compensated contigs have an

Xmale/2Xfemale ratio that is not exactly 1 (although the median is

close to 1, there is no peak at 1 for Y/X,0.5 contigs). This is

consistent with the mechanism being evolutionarily young and not

optimized yet. Our results also reveal that dosage compensation can

evolve as soon as Y expression starts declining. This way, dosage

compensation already exists when the Y copy is ultimately lost (and

can even facilitate such loss, see [70]). Instead of being a later step of

sex chromosome evolution following Y degeneration, our results

suggest that the evolution of dosage compensation and Y

degeneration probably occur at the same time.

Material and Methods

Plant Material, RNA Extraction, Sequencing, and
Assembly of Illumina Data
Plants used in this study belong to a population of S. latifolia that

has been inbred for ten generations with brother-sister mating: three

males (U10_11, U10_49, and U10_09) and three females (U10_34,

U10_37, and U10_39) that were grown in a temperature-controlled

greenhouse. The QiagenRNeasy Mini Plant extraction kit was used

to extract total RNA two times separately from four flower buds at

developmental stages B1–B2 after removing the calyx. Samples

were treated additionally with QiagenDNase. RNA quality was

assessed with an Aligent Bioanalyzer (RIN.9) and quantity with an

Invitrogen Qubit. An intron-spanning PCR product was checked

on an agarose gel to exclude the possibility of genomic DNA

contamination. Then, the two extractions of the same individual

were pooled. Samples were sequenced by FASTERIS SA on an

Illumina HiSeq2000 following an Illumina paired-end protocol

(fragment lengths 150–250 bp, 100 bp sequenced from each end).

Individuals were tagged and pooled for sequencing in two different

runs (U10_49 male and U10_37 female in the first run and the

others in the second). See Table S1 for sizes of the different libraries.

Our Illumina reads are available in the GEO database (through the

GEO Series GSE35563).

De novo assembly was conducted on a computer cluster (Figure

S1). Illumina reads from all individuals were pooled together for

assembly with AbySS 1.2.5 (E=10, n=5) [71] with the paired-end

option and with all k-mers ranging from 51 to 96 in order to address

variable transcript expression [72]. A k-mer length equal to 51 was

the minimum possible to avoid contigs shorter than the reads, and

96 is the maximum allowed by AbySS. Only contigs were kept at

this stage, singlets were discarded. Contigs that exactly matched

another longer contig were then removed by pairwise comparison of

AbySS outputs using Trans-ABySS 1.2.0 [72]. A non-redundant set

of contigs was thus obtained and further assembled through two

runs of CAP3 version 12/21/07 [73]. Singlets and contigs were

conserved after each CAP3 run. CAP3 runs increased the chance

for X and Y copies to be assembled into the same contig, which is

crucial for further sex-linked SNP detection. Contigs shorter than

200 bp were not included in the final set of contigs.

Mapping, SNPs Analysis, and Sex-Linkage Detection
Illumina reads were mapped onto reference sequences (final set of

contigs and also CDS from known sex-linked genes retrieved from

GenBank for adjusting SNP detection, see below) for each

individual separately using BWA 0.5.9 [74] (using default

parameters for paired-end reads, and gap and mismatch maximum

number of 5 as suggested for 100 bp reads in [74]), which was

shown to be efficient and to use much less RAM than other

programs for Illumina read mapping [75]. Alignments of all

individuals were then merged together using Samtoolsmerge

version 0.1.12 [76]. The percentage of mapped reads was assessed

using Samtoolsflagstat version 0.1.12 [76] and the average coverage

was determined using the Genome Analysis Toolkit (GATK

1.0.5315) Depth of Coverage [77].

SNPs were detected with the GATK Unified Genotyper (using

the following parameters: -stand_call_conf 4 -stand_emit_conf 0 -

mbq 17 -mmq 0 -mm40 40 -bad_mates -dcov 2000) [77], which is

considered the best currently available tool for SNP detection [78].

Thresholds for the different SNP detection parameters were set to

be very low (except for the base quality parameter) in order not to

disfavour Y SNPs that are expected to be found in low numbers

and low mapping quality if a contig contains mainly X reads,

which can happen when X-linked alleles are more strongly

expressed than Y-linked alleles [33].

The detected SNPs were then filtered using Perl scripts to

retrieve SNPs for which all males are heterozygous (XY) and all

females homozygous (XX). All contigs with at least one SNP

showing this pattern were considered sex-linked. For females, the

genotypes inferred by GATK were directly used for analysis. For

males, this information is not reliable since the Y-linked allele is

expected to be less expressed than the X-linked allele [33] while

GATK genotyper makes the assumption that both alleles are

expressed at a similar level. The read numbers of each SNP were

thus used to infer male genotypes (see Text S3 for details).

Polymorphism on the X chromosome (at least one male or

female heterozygous or all individuals homozygous but not for the

same polymorphism) was detected on sex-linked contigs with a

similar filter as the one described above.

Estimates of Expression Levels of the Sex-Linked Contigs
Expression levels of the X-linked and Y-linked alleles in males

and both X copies in females were computed by counting reads at

sex-linked SNP locations only, and not for the entire contigs, in

order to clearly distinguish between X and Y reads. Total read

numbers of all X or Y SNPs provided by the GATK Unified

Genotyper [77] were summed for each X-linked or Y-linked alleles

and each individual separately and then normalized using the total

number of mapped reads per individuals (library size) and the

number of sex-linked SNPs in the contigs:

E~
r

n|l

With E=normalized expression level, r= sum of total read counts,

n= n sex-linked SNPs, l=normalized library size.

The library size of the six individuals was normalized to take

into account the difference in mitochondrial, chloroplast, and

transposable element (TE) transcript quantity between sexes and

the difference in rRNA quantity between the first and the second

Illumina run. The Arabidopsis thaliana rRNA genes, complete S.
latifolia mtDNA genome [79], S. latifolia chloroplast genes rpoB,

rpoC1, rpoC2, rps2, atpI, atpH, atpF, atpA, psbI, psbK, rps16, matK,
psbA, rpl2, ycf2, ndhB, rps7, and the TEs known in Silene [80] were
retrieved from GenBank. The read numbers of rRNA, TEs and

mtRNA, and cpRNA were determined by mapping the Illumina

reads onto the known CDS sequences of these elements using the

default parameters in BWA (results presented in Table S1).
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The expression levels were normalized for each contig and for

each individual in number of reads per kilobase per million mapped

reads (RPKM) [81], and then the mean for each sex was computed.

Supporting Information

Figure S1 Assembly, mapping, and SNP analysis. Steps
of the de novo assembly. From left to right: during first assembly

with ABySS, k-mers ranging from 51 from 96, only contigs were

kept. Pairwise comparisons of contigs were then done by Trans-

ABySS in order to remove small contigs that exactly matched

longer contigs. Contigs were then further assembled by two runs of

CAP3 (mismatches and partial overlaps allowed); singlets and

contigs were kept after each run. Illumina reads were mapped onto

the contigs with BWA and SNPs were detected with GATK. SNPs

were then analyzed in order to detect sex-linked SNPs (all males

heterozygous XY, and all females homozygous XX).

(TIFF)

Figure S2 Number of sex-linked SNPs detected and
coverage for known sex-linked genes. cDNA sequences of

previously identified sex-linked genes were retrieved fromGenBank.

Illumina reads were mapped on the cDNA sequences using BWA

and SNP detection was done as in Material and Methods. We then

computed the number of sex-linked SNPs detected over the number

of known sex-linked SNPs for these genes and compared this with

the number of reads ( = coverage) for each X/Y gene pairs. Sex-

linked genes were grouped by strata as in [82].

(TIFF)

Figure S3 Size (bp) distribution of sex-linked contigs.
(TIFF)

Figure S4 Expression levels of sex-linked contigs in both
genders for different Y/X expression ratio categories
for contigs with $2 sex-linked SNPs (1,009 contigs). The
legend is the same as for Figure 3 except for contig numbers: 0–

0.25, 66; 0.25–0.5, 165; 0.5–0.75, 248; 0.75–1, 279; 1–1.5, 251.

(TIFF)

Table S1 Raw Illumina data and results of the assem-
bly.

(DOC)

Table S2 Contig statistics.

(DOC)

Table S3 Results of SNP analysis for known autosomal
and sex-linked genes.

(RTF)

Table S4 Analysis of expression patterns in known sex-
linked genes.

(RTF)

Table S5 Levels of heterozygosity of the X-linked alleles
with and without dosage compensation.
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Text S1 Identification and validation of new sex-linked
genes.
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Text S2 Simulations to estimate the rate of false
positive sex-linked genes.
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Text S3 SNP detection and filtering.
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B.1 Supplementary information

Figure B.S1: Assembly, mapping, and SNP analysis. Steps of the de novo assembly. From left to right:
during first assembly with ABySS, k-mers ranging from 51 from 96, only contigs were kept. Pairwise com-
parisons of contigs were then done by Trans-ABySS in order to remove small contigs that exactly matched
longer contigs. Contigs were then further assembled by two runs of CAP3 (mismatches and partial overlaps
allowed); singlets and contigs were kept after each run. Illumina reads were mapped onto the contigs with
BWA and SNPs were detected with GATK. SNPs were then analyzed in order to detect sex-linked SNPs (all
males heterozygous XY, and all females homozygous XX).
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Figure B.S2: Number of sex-linked SNPs detected and coverage for known sex-linked genes. cDNA
sequences of previously identified sex-linked genes were retrieved from GenBank. Illumina reads were
mapped on the cDNA sequences using BWA and SNP detection was done as in Material and Methods. We
then computed the number of sex-linked SNPs detected over the number of known sex-linked SNPs for
these genes and compared this with the number of reads (coverage) for each X/Y gene pairs. Sex-linked
genes were grouped by strata as in (Bergero et al., 2008)
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Figure B.S3: Size (bp) distribution of sex-linked contigs.
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Figure B.S4: Expression levels of sex-linked contigs in both genders for different Y/X expression ratio
categories for contigs with at least 2 sex-linked SNPs (1,009 contigs). The legend is the same as for Figure
3 except for contig numbers: 0-0.25, 66; 0.25-0.5, 165; 0.5-0.75, 248; 0.75-1, 279; 1-1.5, 251.



260 APPENDIX B. Evolution of dosage compensation in Silene latifolia

Tab
le

B
.S1:

R
aw

Illu
m

in
a

d
ata

an
d

resu
lts

o
f

th
e

assem
b

ly.
Size

o
f

th
e

d
ataset

(n
u

m
b

ers
o

f
read

s
an

d
n

u
m

b
ers

o
f

b
ases),n

u
m

b
ers

o
f

m
ap

p
ed

read
s,coverage

an
d

n
o

rm
alized

lib
rary

size
fo

r
each

in
d

ivid
u

al.
T

h
e

coverage
is

th
e

average
n

u
m

b
er

o
f

read
s

p
er

b
ase

an
d

th
e

n
o

rm
alized

lib
rary

size
co

rresp
o

n
d

s
to

th
e

n
u

m
b

er
o

f
m

ap
p

ed
read

s
m

in
u

s
th

e
n

u
m

b
er

o
fread

s
th

atb
elo

n
g

to
rR

N
A

,T
E

s,cp
R

N
A

,m
tR

N
A

(see
M

aterialan
d

M
eth

o
d

s).T
h

e
n

o
rm

alized
lib

rary
sizes

w
ere

u
sed

to
co

m
p

u
te

n
o

rm
alized

exp
ressio

n
levels.

In
d

ivid
u

al
U

10_37
(fem

ale)
U

10_49
(m

ale)
U

10_11
(m

ale)
U

10_9
(m

ale)
U

10_39
(fem

ale)
U

10_34
(fem

ale)
To

tal
N

u
m

b
er

o
fread

s
75800468

89940748
48720356

46671858
44704710

45662378
351500518

N
u

m
b

er
o

fb
ases

(G
b

)
7.58

8.99
4.87

4.67
4.47

4.57
35.15

N
u

m
b

er
o

fm
ap

p
ed

read
s

66368044
80010603

45966660
44133217

41605007
43128090

321211621
C

overage
29.96

39.22
33.98

33.09
32

33.03
201.3

N
o

rm
alized

lib
rary

size
58048299

73475899
45617786

43766170
41190095

42773518
304871767



B.1. SUPPLEMENTARY INFORMATION 261

Ta
b

le
B

.S
2:

C
o

n
ti

g
st

at
is

ti
cs

.

N
u

m
b

er
o

fc
o

n
ti

gs
M

ea
n

si
ze

(b
p

)
M

ed
ia

n
si

ze
(b

p
)

M
ax

si
ze

(b
p

)
M

in
si

ze
(b

p
)

M
ea

n
co

ve
ra

ge
(X

)
M

ea
n

SN
P

#
p

er
co

n
ti

g
A

ll
co

n
ti

gs
14

1,
85

5
74

8.
5

41
0

20
,9

88
20

0
20

1.
3

10
.2

6
Se

x-
li

n
ke

d
co

n
ti

gs
17

36
19

31
16

73
16

,7
46

20
7

42
7.

2
22

.9
7



262 APPENDIX B. Evolution of dosage compensation in Silene latifolia

Table B.S3: Results of SNP analysis for known autosomal and sex-linked genes. Numbers of sex-linked
SNPs identified for known autosomal and sex-linked genes in S. latifolia. The cDNA sequences retrieved
from GenBank were blasted onto the final contig set of the assembly to identify the corresponding contig of
each gene and SNPs were studied to retrieve those with a sex-linked pattern. Autosomal cDNA sequences
are from Marais et al. (2011). Sex-linked cDNA sequences are from GenBank.

Genes Number of sex-linked SNPs Type References
SlXY7 38 Sex-linked gene Bergero et al., 2007
SlXY1 5 Sex-linked gene Delichère et al., 1999
SlXY9 6 Sex-linked gene Kaiser et al., 2011

SlMF11 0 Sex-linked gene Matsunaga et al., 2005
SlssXY 4 Sex-linked gene Filatov, 2005

SlCypXY 38 Sex-linked gene Bergero et al., 2007
DD44XY 26 Sex-linked gene Moore et al., 2003

SlXY3 2 Sex-linked gene Nicolas et al., 2005
SlAP3XY 2 0 Sex-linked gene Cegan et al., 2010; Matsunaga et al., 2003

SlXY42 0 Sex-linked gene Atanassov et al., 2001
SlX6a3 0 Sex-linked gene Bergero et al., 2007
SlX6b3 0 Sex-linked gene Bergero et al., 2007
2A10 0 Autosomal gene Marais et al., 2011

ABCtr 0 Autosomal gene Marais et al., 2011
ADPGph 0 Autosomal gene Marais et al., 2011
ATUB-A 0 Autosomal gene Marais et al., 2011
ClpP3 0 Autosomal gene Marais et al., 2011
ELF 0 Autosomal gene Marais et al., 2011

LIP21 0 Autosomal gene Marais et al., 2011
OxRZn 0 Autosomal gene Marais et al., 2011

PGK 0 Autosomal gene Marais et al., 2011
PSIcentII 0 Autosomal gene Marais et al., 2011

1SlMF1 did not have sufficient coverage (it is a very weakly expressed gene) to study polymorphisms and
thus could not be identified as sex-linked.
2SlAP3XY and SlXY4 could not be detected as sex-linked because their X and Y copies were assembled into
different contigs, which is not surprising, given that these genes have highly divergent X/Y copies (Bergero
et al., 2007; Nicolas et al., 2005).
3SlX6a and SlX6b were not identified as sex-linked because they are duplicate genes and were assembled
into the same contig, which prevented detection of XY SNPs.
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Table B.S4: Analysis of expression patterns in known sex-linked genes. These sex-linked genes have been
identified in previous work (see Table S3 (Table B.S3) for references). Data are not available for SlMF1,
SlX6a and SlX6b (see Table S3 (Table B.S3) for more details) and these genes are not included in the table.
Y/X ratios from this study and from experimental data (Marais et al., 2008) are well correlated (except for
SlCypXY ). We computed the ratio of male expression (X + Y) over female expression (both X-linked copies).
In absence of dosage compensation (DC), this ratio should be 1 for genes without Y degeneration (Y/X ratio
around 1) and 0.5 for genes with Y degeneration (low Y/X ratios). In presence of DC, this ratio should be
1 for both genes without Y degeneration (Y/X ratio around 1) and with Y degeneration (low Y/X ratios) as
in Figure 3. Here we considered that genes with high Y/X ratios do not need DC, genes with low Y/X ratios
and male expression (X + Y) over female expression (both X-linked copies) ratios over 0.8 and under 1.2 are
consistent with DC. Other genes are considered equivocal.

Genes Y/X ratio (Illumina data) Y/X ratio (experimental data) Male exp (X+Y) / Female exp (2X) Observations
SlXY3 0.06 0.56 1.70 Equivocal
SlXY7 0.13 0.32 0.87 Consistent with DC
SlXY41 0.45 0.33 0.89 Consistent with DC
SlXY9 0.49 na 0.66 Equivocal

DD44XY 0.61 0.59 0.95 Consistent with DC
SlAP3XY 1 0.62 na 1.78 Equivocal

SlssXY 0.70 na 1.01 DC not needed
SlXY1 0.83 1.13 0.59 DC not needed

SlCypXY 1.07 0.14 0.68 DC not needed

Table B.S5: Levels of heterozygosity of the X-linked alleles with and without dosage compensation. The
level of heterozygosity (number of heterozygous sites/bp) was computed for each Y/X expression ratio cat-
egory. The fraction of polymorphic sites can vary from one category to another and we also computed the
fraction of heterozygous SNPs among the sex-linked SNPs for each Y/X expression ratio category. Only sex-
linked contigs in low Y/X ratio categories show dosage compensation. Results are shown for each female
individually and averaged for all females.

Y/X ratio < 0.25 0.25 - 0.5 0.5 - 0.75 0.75 - 1 1 - 1.5 > 1.5
Level of heterozygosity for female U10_34 0.0059 0.0054 0.0034 0.0038 0.0035 0.0029
Level of heterozygosity for female U10_37 0.0054 0.0050 0.0033 0.0036 0.0034 0.0030
Level of heterozygosity for female U10_39 0.0057 0.0055 0.0035 0.0038 0.0036 0.0031

Average level of heterozygosity 0.0057 0.0053 0.0034 0.0037 0.0035 0.0030
% of heterozygous SNPs for female U10_34 44,00% 42,00% 30,00% 32,00% 29,00% 32,00%
% of heterozygous SNPs for female U10_37 41,00% 39,00% 28,00% 30,00% 28,00% 33,00%
% of heterozygous SNPs for female U10_39 43,00% 43,00% 30,00% 32,00% 30,00% 34,00%

Average % of heterozygous SNPs 43,00% 42,00% 29,00% 31,00% 29,00% 33,00%

1SlAP3XY and SlXY4 are not among the sex-linked contigs that we identified because X and Y copies are too
divergent and were assembled independently (see Table S3 (Table B.S3)). We used SlAP3X and SlX4 from
Genbank to map X and Y Illumina reads and estimate expression.
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Text S1: Identification and validation of new sex-linked genes

Identification of new sex-linked genes

The S. latifolia haploid genome has been estimated to be around 3 Gb and to have a

high DNA repeat content (Bernasconi et al., 2009). Because the genome is complex and

has not been sequenced, we used RNA-seq -a next-generation transcriptome-sequencing

approach- that is increasingly being used in non-laboratory organisms to identify new

genes (Bräutigam and Gowik, 2010; Gibbons et al., 2009; Vera et al., 2008) and is ide-

ally suited to study gene expression including that of sex-linked genes (Deng et al., 2011;

Lott et al., 2011; Xiong et al., 2010). We used 3 males and 3 females from a S. latifolia

population that has been inbred for 10 generations. For each individual, RNA extracted

from flower buds was tagged and sequenced using Illumina paired-end technology (2 x

100 bp) for ∼35 Gb of sequences in total (Table B.S1). Male and female reads were pooled

and assembled de novo together using a pipeline (described in Material and Methods and

Figure B.S1) and we obtained 141,855 contigs with a mean size of 748.5 bp (Table B.S2).

From these, we identified sex-linked contigs using segregation analysis.

The S. latifolia X and Y chromosomes are expected to include several gene categories:

many (if not most) sex-linked genes should derive from the original autosomal pair that

gave rise to S. latifolia X and Y chromosomes (Bergero et al., 2007; Filatov, 2005; Nico-

las et al., 2005), the other genes resulting from translocation from autosomes to the sex

chromosomes (one such case is known in S. latifolia, see Kaiser et al., 2009) or from

chromosome-specific duplications. How many of the S. latifolia sex-linked genes (of au-

tosomal origin) have lost their Y copy following X-Y recombination suppression is cur-

rently unknown. However, given that S. latifolia sex chromosomes have originated re-

cently, we expect many of these to have a functional Y-linked copy or at least a recog-

nizable pseudogenized Y-linked copy, as has been found for the MROS3 gene (Guttman

and Charlesworth, 1998). We thus expect many of the sex-linked genes to have both an

X-linked and a Y-linked copy. These genes are sometimes referred to as gametologs (= ho-

mologs arising through lack of recombination and subsequent differentiation of sex chro-

mosomes, see García-Moreno and Mindell, 2000). Here we will use the terms X-linked

and Y-linked alleles for convenience as our method relies on Single Nucleotide Polymor-

phism (SNP) detection (see below), although the synonymous divergence between these

“alleles” ranges from 5-20% (Bergero et al., 2007; Filatov, 2005; Nicolas et al., 2005) and

thus can be significantly higher than the level of polymorphism among autosomal alle-

les. The overall X-Y divergence (including both synonymous and non-synonymous sites)

is, however, low in all known sex-linked genes, the X-linked and Y-linked alleles should

thus assemble into a single contig for most sex-linked genes, with perhaps a decreased

probability when the synonymous X-Y divergence is close to the upper limit detected so

far (20%) and when X-Y divergence is notable at the non-synonymous level. We thus

mapped all Illumina reads back onto the contigs (91.4% were successfully mapped, see

Table B.S1 and searched for SNPs in the read alignments (see Material and Methods). A
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subset of SNPs showed patterns typical of sex-linkage (heterozygous in males and ho-

mozygous in females). This way, we found 16,308 sex-linked SNPs in 1736 contigs with

at least one sex-linked SNP (Table B.S2). Using a similar approach, two recent studies

found ∼400 (Chibalina and Filatov, 2011) and ∼1800 (Bergero and Charlesworth, 2011)

sex-linked genes. Differences in RNA-seq assembly and SNP filtering procedures may

explain those different numbers. However, our estimate falls within the range of values

from this recent work, and all studies do not differ greatly.

Validation of the new sex-linked genes

Establishing sex-linkage usually requires more than 6 individuals. However, we here

used individuals from a highly inbred line whose level of polymorphism is expected to

be very low. Indeed, the estimate for the level of polymorphism in our inbred line (=

total number of detected SNPs divided by the total number of bp, taking all contigs into

account) is 0.0074, and is thus about one order of magnitude lower than what has been

reported for autosomal or sex-linked loci in natural populations of S. latifolia (Laporte et

al., 2005; Qiu et al., 2010). We thus expect SNPs in our contigs to arise mainly because of

assembling together X-linked and Y-linked alleles, or recently duplicated genes, but only

the former should show sex-linkage patterns. We nevertheless tested the reliability of our

inference of sex-linkage in several ways. First, we used known autosomal genes (Marais

et al., 2011) to see whether sex-linked SNPs have been wrongly inferred for these, but

could not find any for the 10 autosomal genes tested (Table B.S3). Second, we simulated

genotypes for 3 males and 3 females for ∼40,000 autosomal SNPs using information on

polymorphism level and sequencing errors from our data to check whether a pattern of

sex-linkage could be obtained by chance for autosomal SNPs (Text S2, Appendix B.1). We

found the rate of false sex-linked contigs to be very low (0.02) and as few as 37 sex-linked

contigs may be erroneous. We therefore concluded that our inferences of sex-linkage

are highly reliable. This is consistent with the very low rates of false positives found by

testing experimentally 10 to 18 new sex-linked genes in the recent work of (Bergero and

Charlesworth, 2011; Chibalina and Filatov, 2011).

To estimate how many sex-linked contigs we missed with our method, we checked

how many of the previously identified sex-linked genes (see list and references in Ta-

ble B.S3 were among our sex-linked contigs. 42% of these were not found in our set of

sex-linked contigs. Further analyses showed, as expected, that our method is less ef-

ficient when the X-linked and/or the Y-linked allele have low expression and thus low

coverage, because this makes SNP detection unlikely (Figure B.S2) or when X-linked and

Y-linked alleles are too divergent and are not combined into one single contig but in-

stead into two distinct contigs (see Table B.S3 footnotes), which prevents inference of sex

linkage. The actual number of sex-linked genes in S. latifolia could be ∼4000 (Bergero

and Charlesworth, 2011). Part of the X is pseudoautosomal and still recombines with

the Y during male meiosis. Genetic data suggest that the pseudoautosomal region (PAR)

may be as large as 30 cM (Charlesworth D., personal communication) and makes up as
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much as 1/3 of the X chromosome if we make the very simplistic assumption of simi-

lar recombination rates along the X chromosome. Only ∼2600 putative genes on the X

should then be located in the non-recombining region and could then be identified as

sex-linked with our segregation analysis. Given our rate of missed sex-linked genes (see

above), we expect to miss ∼40% of the true sex-linked genes (i.e ∼1040). This is consis-

tent with the fact that about half of the X-specific region harbours genes with maximum

(20%) X-Y synonymous divergence, which our method is likely to miss. This also means

that we expect to find ∼1560 sex-linked genes with our method. This figure relies on a

very rough idea of how many sex-liked genes there could be in S. latifolia (Bergero and

Charlesworth, 2011), but is nevertheless consistent with the actual number of sex-linked

contigs that we found. Of course, some of our contigs may be fragments of the same

transcripts. However, the size distribution of contigs (Figure B.S3) suggests that many of

them are full-length transcripts as expected given the average coverage that we have here

(∼400X, see Table B.S2).

Text S2: Simulations to estimate the rate of false-positive sex-linked

contigs

We ran simulations in order to estimate the rate of wrongly inferred sex-linked contigs.

The idea is to simulate autosomal SNPs, then to run our procedure for detecting sex-

linked SNPs (see Material and Methods and Text S3, Appendix B.1) on these simulated

SNPs, and to check how many SNPs are inferred as being sex-linked when none are ex-

pected, which will give the rate of false positives sex-linked SNPs (and false positive sex-

linked contigs). We did not use non-sex-linked contigs since this includes a mixture of

autosomal contigs and sex-linked contigs undetected by our method and is not a true au-

tosomal dataset. To be as close as the real data as possible, our strategy was to simulate

autosomal SNPs with characteristics similar to the SNPs on the sex-linked contigs that

we detected. To do this, we simulated autosomal SNPs using all 39,569 polymorphisms

in our 1736 sex-linked contigs (sex-linked plus other SNPs) and sequencing errors data

provided by FASTERIS.

In order to simulate autosomal SNPs, we used female genotypes as X and autosomes

have similar levels of polymorphism in S. latifolia (Qiu et al., 2010). We computed the

percentage of each genotypes in females using all SNPs from sex-linked contigs (% of fe-

males homozygous for the reference allele, % of females homozygous the alternative al-

lele, % of heterozygous females). Six genotypes were randomly sampled from these geno-

type frequencies and assigned to three males and three females. For each individual, read

numbers were obtained from the observed numbers at real SNPs from sex-linked contigs

(all 39,569 SNPs were used one after the other). This means that our set of simulated

autosomal SNPs takes into account the differences in expression levels that we observe

between males and females and also between contigs (some being lowly expressed and
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other highly expressed). For heterozygous genotypes, read numbers were drawn from a

binomial distribution with each polymorphism having an equal probability to be drawn,

assuming they are equally expressed because autosomal. We then added sequencing er-

rors by randomly exchanging alleles among each other using the PhiX error rates pro-

vided by FASTERIS. We thus obtained 39,569 simulated autosomal SNPs with, for each

individual, the genotype and the read numbers of each allele.

Then, the scripts used to detect XY polymorphisms were run on the simulated auto-

somal SNP data and the proportion of false sex-linked contigs was computed. The pro-

portion α of false XY SNPs observed in the simulated SNP data was used to compute the

probability Pi for each sex-linked contig i to be a false positive, given ni the number of XY

SNPs of the contig and mi the other SNPs:

Pi =
(

ni +mi

ni

)
αni (1−α)mi (B.1)

This probability was computed for each identified sex-linked contig and will depend

on how polymorphic a contig is (accounting for differences in polymorphism levels be-

tween contigs). The expected number of false sex-linked contigs F is the sum of proba-

bilities for each contig to be false:

F =
1736∑
i=1

Pi (B.2)

Text S3: SNP detection and filtering

The empirical filter that follows was established after running GATK on known XY genes

for training. At least 3 reads of good quality of each polymorphism were required for a

male to be considered heterozygous. In case of a highly expressed gene (more than 1000

reads), the threshold was at least 10 reads of good quality for each polymorphism. If one

male had 3 or less than 3 reads of good quality we could not infer its genotype reliably but

if the other male and female individuals showed a clear sex-linked pattern, the SNP was

considered XY all the same. In some cases, homozygous females had a few reads with

the Y polymorphism (this observation was also made on known XY genes and can be

attributed to sequencing or tag assignment errors). In such cases, the maximum number

of reads observed with the Y polymorphism in females was used as a threshold to infer

whether males were heterozygous. This wasset to 5X/5Y for 1 Y read in females (20.1% of

sex-linked SNPs) and respectively 20X/20Y for <10 Y reads in females (9.2% of sex-linked

SNPs), 100X/100Y for <20 Y reads in females (0.3% of sex-linked SNPs) and 200X/200Y

for <30 Y read in females (0.008% of sex-linked SNPs) using empirical information from

known XY genes analysis. Cases where homozygous females had more than 30 reads with

the Y allele were excluded.
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Abstract

Base composition varies among and within eukaryote genomes. Although mutational bias and selection have initially been
invoked, more recently GC-biased gene conversion (gBGC) has been proposed to play a central role in shaping nucleotide
landscapes, especially in yeast, mammals, and birds. gBGC is a kind of meiotic drive in favor of G and C alleles, associated
with recombination. Previous studies have also suggested that gBGC could be at work in grass genomes. However, these
studies were carried on third codon positions that can undergo selection on codon usage. As most preferred codons end in
G or C in grasses, gBGC and selection can be confounded. Here we investigated further the forces that might drive GC
content evolution in the rice genus using both coding and noncoding sequences. We found that recombination rates
correlate positively with equilibrium GC content and that selfing species (Oryza sativa and O. glaberrima) have significantly
lower equilibrium GC content compared with more outcrossing species. As recombination is less efficient in selfing species,
these results suggest that recombination drives GC content. We also detected a positive relationship between expression
levels and GC content in third codon positions, suggesting that selection favors codons ending with G or C bases. However,
the correlation between GC content and recombination cannot be explained by selection on codon usage alone as it was
also observed in noncoding positions. Finally, analyses of polymorphism data ruled out the hypothesis that genomic
variation in GC content is due to mutational processes. Our results suggest that both gBGC and selection on codon usage
affect GC content in the Oryza genus and likely in other grass species.

Key words: codon usage, GC-biased gene conversion, GC content, mating systems, Oryza, recombination..

Introduction
Genomic nucleotide landscapes strongly vary among organ-
isms. In eukaryotes, mean GC content ranges from about
20% to 60% and from 30% to 50% in animals and land plants
(Lynch 2007). Moreover, several groups show strong hetero-
geneity of base composition along chromosomes, the so-
called isochore structure, initially discovered in vertebrates
(for review, see Eyre-Walker and Hurst 2001). For example,
the GC content of 100-kb regions in the human genome
ranks from 35% to 65%. This structure affects both coding
and noncoding sequences and the GC content of a gene
is highly correlated to the GC content of its flanking regions.
GC content is also associated with several genome features:
GC-rich regions tend to have more genes, with shorter in-
trons; GC-rich regions replicate earlier and some classes of
transposable elements are only found in regions of particular
base composition (Eyre-Walker and Hurst 2001). Resolving
the origin and causes of isochores is thus of major impor-
tance to understand genomes organization.

Three major kinds of hypotheses have been proposed to
explain isochores evolution: selection, mutational biases,
and GC-biased gene conversion (hereafter gBGC) (reviewed
in Eyre-Walker and Hurst 2001). Selectionist theories argue
that high GC content can be selected for by their thermal
stability (Bernardi 2000). However, this theory assumes sig-
nificant differences in thermal stability, hence fitness, be-

tween two individuals differing only by a few point
mutations even in noncoding sequences. Given the low ef-
fective population sizes Ne and hence the low efficacy of
natural selection of some groups exhibiting isochores like
mammals, such assumption seems unrealistic (reviewed in
Duret and Galtier 2009). In addition, this theory fails to ex-
plain why selection for thermal stability should only affect
some regions of the genome and the occurrence of iso-
chores in cold-blooded vertebrates (Kuraku et al. 2006;
Chojnowski et al. 2007). There are, however, other selective
forces that can influence base composition. For instance,
alternative codon usage in protein-coding genes can be
driven by selection in order to increase the speed or accu-
racy of translation (Akashi 2001). If the preferred codons
have a particular base composition, then selection on co-
don usage can drive GC content of coding sequences
(CDS), especially for highly expressed genes.

Mutational theories suggest that heterogeneous muta-
tional biases along genomes could drive GC content. Sev-
eral mutational biases have been proposed to influence
base composition. High GC content was suggested to favor
GC mutations, thus driving isochores evolution thanks to
a positive feedback loop on base composition (Fryxell and
Zuckerkandl 2000). G and C nucleotides were also pro-
posed to be more often misincorporated in early-replicat-
ing regions, when the pool of free nucleotides is still GC rich
(Eyre-Walker and Hurst 2001). Finally, as recombination
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e-mail: journals.permissions@oup.com

Mol. Biol. Evol. 28(9):2695–2706. 2011 doi:10.1093/molbev/msr104 Advance Access publication April 18, 2011 2695

R
esearch

article
 at U

C
B

L SC
D

 Lyon 1 on O
ctober 10, 2012

http://m
be.oxfordjournals.org/

D
ow

nloaded from
 

274



was proposed to be mutagenic (Lercher and Hurst 2002;
Hellmann et al. 2003), recombination could also affect base
composition, provided that recombination affects both
mutation rates and bias.

The third hypothesis involves gBGC, a process taking place
during recombination (see review in Marais 2003; Duret and
Galtier 2009). During meiosis, after double-strand break, sin-
gle-stranded DNA invades the homologous sequence to
form a heteroduplex. When parental alleles are different,
the mismatch created in the heteroduplex is repaired by
changing one of the nucleotides. Experimental results in
yeast and human culture cell showed that this repair is biased
toward GC alleles (Birdsell 2002). This was recently con-
firmed by a broad survey of segregation patterns in individual
meioses in yeast (Mancera et al. 2008). Biased gene conver-
sion can also arise from a bias in initiation of double-strand
breaks at meiosis, but this process is less documented and
not necessarily GC biased (Marais 2003). From the point
of view of population genetics, gBGC is a kind of meiotic
drive that mimics selection in favor of G and C alleles
and increases their probability of fixation (Nagylaki 1983).
However, gBGC can be viewed as a neutral process because
it does not depend on the fitness effect of alleles on the in-
dividuals that carry them. As the intensity of gBGC directly
depends on recombination in heterozygotes, it will be more
efficient in large outcrossing populations and in highly re-
combining regions along genomes.

Selection and gBGC can be distinguished from mutational
bias using polymorphism data (table 1). Both gBGC and selec-
tion increase the probability of fixation of W/ S mutations
(weak to strong: from A or T to G or C) and decrease it for S
/ W mutations (strong to weak: from G or C to A or T),
whereas mutational bias does not affect probabilities of fixa-
tion. Under selection or gBGC, W / S mutations are thus
expected to segregate at higher frequencies than S/Wmu-
tations. gBGC can be distinguished from selection because it
affects both coding and noncoding regions, whereas selection
on codon usage is mainly restricted to third codon positions
(table 1).

There is evidence for genomic effect of gBGC, especially in
yeast (Birdsell 2002), mammals (Duret and Arndt 2008; Duret
and Galtier 2009), and birds (Webster et al. 2006), but also in
turtle, nematode, Drosophila, paramecium, and green algae,
supporting the gBGC hypothesis (reviewed in Duret and
Galtier 2009). In these organisms, correlations between recom-
bination rate (or proxies of recombination) and GC content
were observed for both coding and noncoding regions, ruling
out selection on codon usage as the sole cause. More precisely,
in human, the better correlation with the equilibrium GC
content than the actual GC content supports the fact that

recombination drives GC content, not the reverse (Meunier
and Duret 2004; Duret and Arndt 2008). Polymorphism anal-
yses in humans also showed an excess of derived G and C al-
leles in high frequency compared with A and T alleles, ruling
out the mutation bias hypothesis. Moreover, this excess is
greater in highly recombining single-nucleotide polymor-
phisms (SNPs) compared with low recombining ones (Spencer
et al. 2006).

Among plants, grasses present a peculiar genomic structure:
they exhibit a remarkable GC content heterogeneity (Carels
and Bernardi 2000; Wang et al. 2004) that parallels the mam-
malian genome organization (e.g., regions with high GC con-
tent having numerous genes with short introns). More
strikingly, GC3 distribution is strongly bimodal, as observed
in rice (Shi et al. 2006). However, the causes of this high
and heterogeneous GC content are still unclear. Several studies
suggested that selection on codon usage occurs in rice as co-
don bias is related to gene expression levels (Guo et al. 2007;
Mukhopadhyay et al. 2007), andmost preferred codons end in
G or C (Wang and Roossinck 2006). However, codon usage
alone can hardly explain the overall high GC content and
the strong heterogeneity in base composition observed in
grasses. This is because first and second codon positions, as
well as introns, are also affected (Carels and Bernardi 2000;
Shi et al. 2006) and lowly expressed genes also show a strongly
bimodal GC3 distribution (Mukhopadhyay et al. 2007). Other
authors have thus invoked a general mutational bias toward
GC to explain the isochore structure in rice andmore generally
in grasses (Wang et al. 2004; Wang and Hickey 2007). However,
these studies are mainly based on the comparison of Arabi-
dopsis and rice genes, making difficult to infer the underlying
processes. Alternatively, comparative and phylogenetic ap-
proaches within grasses showed that GC content and the equi-
libriumGC content correlatedwith recombination andmating
system, suggesting that gBGC could be involved (Glémin et al.
2006; Haudry et al. 2008; Escobar et al. 2010). gBGC is also
a strong alternative candidate to mutational bias to explain
the global shift in GC content in grasses.

The aim of this study is to assess which evolutionary
forces have a significant impact on GC content in grasses
(Poaceae). We chose to focus on the rice genus (Oryza) be-
cause it is currently one of the few grasses for which geno-
mic data, genetic and physical maps, and polymorphism
data are available. Furthermore, the existence of selfers
and outcrossers among the Oryza genus allows for addi-
tional tests: selfing species show high levels of homozygos-
ity such that gBGC should be inefficient. Selection is also
predicted to be less efficient in selfing species because the
effective size and effective recombination are reduced
(Charlesworth 1992; Glémin 2007). To test the three

Table 1. Predictions of the Three Hypotheses to Explain GC Content Evolution. GC*: equilibrium GC content (Sueoka 1962)

gBGC Selection on Codon Usage* Mutational Bias

Recombination GC* increased with recombination GC3* increased with recombination ?
Mating systems GC* higher in outcrossers GC3* higher in outcrossers —
Expression level — GC3* increased with expression —
DAF spectra Increased GC DAF Increased GC3 DAF Similar spectra for AT and GC derived alleles

*Predictions valid if most preferred codons end in G or C.
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hypotheses mentioned above, we studied correlations be-
tween GC content, the equilibrium GC content, and re-
combination rates along the genomes of several Oryza
species and compared the equilibrium GC content be-
tween selfing and outcrossing species. To contrast gBGC
and selection hypotheses, we used intronic sequences as
a neutral control. We also studied correlations between
GC equilibrium at third codon position and expression
level to assess whether selection was at work on codon us-
age. To discriminate between gBGC/selection and muta-
tional biases, we studied fixation probabilities with
polymorphism data.

Materials and Methods

Test of the Effect of Recombination and Expression
on GC Content
Data Sets
We used two data sets published by Zou et al. (2008) and
kindly provided by Fu-Min Zhang. They included exon and
intron sequences. The first one contains four taxa, the two
cultivated rices, Oryza sativa ssp. japonica and O. sativa ssp.
indica, their wild ancestor, O. rufipogon, and an outgroup O.
punctata (fig. 1A). It is composed of 132 genes scattered
along the genome for a total length of 166,648 bp. This data
set was used to study correlations between recombination
rates, expression levels, and equilibrium GC content at
small phylogenetic scale. The second data set gives an
overview of the rice genus and consists of seven species
covering major clades of the genus, including the outgroup
Leersia tisseranti (fig. 1B). This data set contains 102 genes
(most of which are in common with the first data set)
and has a total length of 114,868 bp. This data set was used
to study correlations between recombination rates,

expression levels, and equilibrium GC content for each
gene at a larger phylogenetic scale. For the two data sets,
sequences were aligned with Muscle v3.8.31 (Edgar 2004)
and the resulting alignments were manually checked. These
data sets were already annotated by the authors (Zou et al.
2008), and we directly used these annotations (coding vs.
noncoding, positions 1, 2, and 3).

Expression Level Data
We retrieved expression level data from the Rice Genome
Annotation Project Web site (http://rice.plantbiology.
msu.edu/expression_anatomy.shtml). To get the number
of EST counts, we used locus names directly provided
in the data sets. EST counts were used as the proxy for
expression level.

Recombination Rate Estimates
To estimate recombination rates, we built a genetic versus
physical distances map (Marey’s map) using the 3,267
markers of the latest high density rice genetic map available
on the Rice Genome Program Web site (http://rgp.dna.affrc.
go.jp/E/publicdata/geneticmap2000/index.html). We then
retrieved the physical position of these markers from the
Rice Genome Annotation Project Web site (http://rice.
plantbiology.msu.edu/annotation_insilico_genmarkers.shtml)
and excluded those with multiple locations. We got 2114
markers. On the RGAPWeb site, somemarkers are redundant
because both the 5# and the 3# ends of themarkers have been
physically mapped. In such a case, we only kept one marker,
which reduces the data set to 1219 markers. For each marker,
we attributed the middle position of the marker (or the
average of the middle position for redundant markers) as
its physical location. After visual inspection of the Marey’s
maps, we excluded 17 markers with anomalous positions.
We thus finally obtained 1202 markers along the rice genome

FIG. 1. Trees used in phylogenetic analyses. Bolded names indicate self-fertilizing species. (A) Data set 1 (132 genes, 166,648 bp). (B) Data set 2
(102 genes, 114,868 bp). (C) Data set 3 (307 genes, 136,686 bp). Branch lengths are given in units of per site substitution rate.
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(see supplementary table S1, Supplementary Material online).
Recombination rates were computed with the MareyMap
program (Rezvoy et al. 2007). To fit the data, we first used
the loess function that locally adjusts a polynomial second-
degree curve, using a weight attributed to each marker
depending on how far it is from the center of the window
(Rezvoy et al. 2007). The size of the window is defined as
a percentage of the total number of markers. We used
20% to get rather smooth recombination rate curves. We also
used the cubic splines method with the cross-validation
option (for details, see Rezvoy et al. 2007), which captures
variation in recombination rates at a more local scale
(but it is also more sensible to imprecision and errors in
the genetic map). We then estimated the local recombina-
tion rate of each marker from the fitted curves using the
physical location of each gene according to the release
6.1 of MSU Rice Genome Annotation. Marey’s maps and
recombination maps are available on supplementary figure
S1 (Supplementary Material online).

GC Estimates and Analyses
GC content was computed for all genes. To investigate the
forces affecting the evolution of GC content, we also com-
puted the equilibrium GC content (hereafter GC*) reached
by a sequence if substitution rates remain constant over
time (Sueoka 1962):

GC� 5
UW/S

UW/S þ US/W
; ð1Þ

where UW/S is the W to S substitution rate and US/W the
reverse one.We used the BPPML program (Dutheil and Boussau
2008) which uses a maximum-likelihood approach to estimate
GC* along a given phylogeny. It allows nonstationarity (ances-
tral and current GC content can differ) and nonhomogeneity
(branches can have distinct GC*), which allows to test whether
branches underwent similar evolution. We used the tree topol-
ogies given by Zou et al. (2008) (see fig. 1). To get a reasonable
starting tree for ML search, we re-estimated branch lengths us-
ing the HKY model using PhyML v3.0 (Guindon and Gascuel
2003). In BPPML, we used the T92 model of sequence evolution
(Tamura 1992) with a uniform þ invariant distribution for rate
evolution. This distribution was preferred to the more classical
gamma distribution because data sets contain few variable sites
and the gamma shape parameter was wrongly estimated for
some genes. In all cases, the transition/transversion ratio was
shared by all branches, whereas GC* was allowed to vary be-
tween branches or groups of branches. In nonstationarymodels,
the root position is usually badly estimated and we preferred to
fix it as the one obtained with PhyML. For each gene separately,
we computed GC* for all sites (coding and noncoding), GC* at
third codon position (GC3*), and at noncoding positions alone
(GC* noncoding).

For the first data set, GC*were computed usingO. punctata
as outgroup and by grouping O. rufipogon, O. sativa indica,
and O. sativa japonica together to get sufficient power as in-
dividual branches are short (fig. 1A).With the second data set,
we investigated whether GC* evolved at a larger phylogenetic
scale. We used L. tisseranti as outgroup and estimated either
one GC* for the whole Oryza clade or one GC* for each
species (terminal branch) separately:O. rufipogon,O. punctata,

O. officinalis,O. australiensis,O. brachyantha, andO. granulata
(fig. 1B). For these analyses, we used the species phylogeny
and, as a control, the gene phylogenies provided in the
original publication.

GC and GC* were arcsin squared root transformed and
regressed against recombination rates and expression lev-
els. Genes for which GC* 5 0 or 1 were excluded of these
analyses. Kendall nonparametric correlations were also per-
formed. Note that recombination rates and expression lev-
els were only available for O. sativa and were used for all
other species.

Test of the Effect of Mating System on GC Content
Data Set
To test for the effect of mating system on the GC content
dynamic, we used the data set published by Cranston et al.
(2009). We directly used the alignment provided in their sup-
plementary material after having annotated it (see below,
Supplementary Material online). It consists of CDS and flank-
ing noncoding sequences (introns, untranslated regions) cor-
responding to 307 genes and has a total length of 136,686 bp.
It includes the two cultivated and mostly self-fertilizing spe-
ciesO. sativa (Asian rice) andO. glaberrima (African rice) and
four wild species (O. rufipogon, O. nivara, O. barthii and O.
punctata) (fig. 1C). Oryza barthii, O. nivara, and O. rufipogon
have mixed-mating system with outcrossing rates ranging
from 10 to 50% (Sweeney and McCouch 2007), and O. punc-
tata could also exhibit significant level of outcrossing, at least
the perennial forms (Sano 1980). For concision, all these four
species were considered as outcrossers thereafter. As evolu-
tion is mostly unidirectional from outcrossing to selfing
(Takebayashi and Morrell 2001; Igic et al. 2006), all internal
branches were assumed to be outcrossing.

Gene Annotation
We annotated this data set by blasting sequences on the
complete rice genome (version 6.1) provided by the Rice
Genome Annotation Project Web site. For this, we used
BlastALL (Altschul et al. 1990) (options: �p BlastN � e
1� 10�5) and PERL and BASH homemade scripts. We only
kept hits with 100% identity. Sequence fragments that had
no match on the whole CDS data were considered as non-
coding. Reading frames of the CDS fragments were deter-
mined using the distance that separated their own start
from the real start (ATG) of the whole-gene CDS. This dis-
tance was obtained with a blast of the CDS fragments on
the whole-gene CDS. We confirmed the accuracy of this
method by checking for stop codons along the fragments
of CDS once they were framed.

Statistical Analyses
We used the ML framework described above to estimate
GC* and compared various nested hierarchical models
of sequence evolution using likelihood ratio tests (LRTs).
Note that we were not interested in comparing GC* among
genes but among branches. We thus concatenated all
sequences (or all noncoding and all third codon positions)
to get sufficient power. We could thus infer whether selfing
versus outcrossing branches, and internal versus external

Muyle et al. · doi:10.1093/molbev/msr104 MBE

2698

 at U
C

B
L SC

D
 Lyon 1 on O

ctober 10, 2012
http://m

be.oxfordjournals.org/
D

ow
nloaded from

 

277



branches, underwent significantly different evolution (table
1). Under gBGC or selection, GC* is expected to be higher
on internal than on external branches because polymor-
phic mutations can be counted as substitutions. As
W / S mutations have a higher probability of fixation
than S / W ones, UW/Sis underestimated and US/W

overestimated. In addition to the null model, M0, with ho-
mogeneous GC*, we run three nonhomogenous models. In
model M1a, selfing and outcrossing branches have a differ-
ent GC*. In model M1b, internal and external branches
have a different GC*. In model M2, external selfing, external
outcrossing, and internal outcrossing branches have differ-
ent GC* (note that there are no internal selfing branches).
To test the effect of internal versus external branches,
model M2 was compared with model M1a (LRT with 1
degree of freedom). To test the effect of mating systems,
model M2 was compared with model M1b (LRT with 1
degree of freedom).

Analyses of Polymorphism Data
Data Set
We used the data set published by Caicedo et al. (2007)
who analyzed polymorphism in 111 gene fragments in
the wild rice species O. rufipogon (21 individuals) and
the two cultivated rice subspecies, O. sativa ssp. japonica
(46 individuals) and O. sativa ssp. indica (26 individuals).
Oryza barthii and O. meridionalis, their sister species, were
used as outgroups to orientate polymorphism as in
Caicedo et al. (2007). We retrieved the sequences corre-
sponding to a total length of 55,562 bp from GeneBank
and aligned them with Muscle v3.8.31 (Edgar 2004). All
the resulting alignments were manually checked.

Determination of the Derived Allele Frequency Spectrum
We used the derived allele frequency (DAF) spectrum to
quantify the strength of gBGC or selection: B 5 4Neb,
where Ne is the effective population size and b the gBGC
or selection coefficient. We analyzed separately the O.
rufipogon, O. s. indica, and O. s. japonica data sets. To build
DAF spectra, we inferred the ancestral states of SNPs using
the sequences of O. barthii or O. meridionalis as outgroups,
as in Caicedo et al. (2007). Because CpG hypermutability
can lead to orientation problems and to spurious signa-
tures of selection and/or gBGC (Hernandez et al. 2007),
we used the method developed by Duret and Arndt
(2008) that takes CpG into account to infer ancestral states,
thanks to a program kindly provided by Peter Arndt. As this
method requires rather large alignments, we concatenated
all genes. Then we built a triple sequence alignment includ-
ing an outgroup and two sequences corresponding to the
two polymorphic alleles randomly assigned to one se-
quence or to the other. We then obtained a probability
distribution for the identity of the ancestral state for each
position in the alignment. SNP counts were thus weighted
by these probabilities. For instance, consider a site with 12
A and four G with the ancestral state being A with a prob-
ability 0.9 and G with a probability 0.1. This site counts as
0.9 W / S SNP with DAF 5 4/16 and as 0.1 S / W SNP

with DAF 5 12/16. We ignored missing data when it oc-
curred in polymorphic sites, so that the number of sampled
sequences, n, varied from site to site. We thus transformed
our data by resampling polymorphic sites in order to have
the same sample size, n#, for all sites. As in Caicedo et al.
(2007), we used n# 5 16. The few SNPs with n , 16 were
removed. The frequency of the derived allele in the reduced
sample follows a hypergeometric distribution. Given k the
frequency of the derived allele in the original sample of size
n, the probability that i copies were observed in the
reduced sample of size n# is (Hernandez et al. 2007):

Pði=n’jk=nÞ5 CikC
n’� i
n� k

Cn’n
: ð2Þ

Fit of a gBGC/Selection Population Genetics Model
We fitted a population genetic model to the DAF spectrum
to estimate B. To take demography into account, we adap-
ted the model developed by Eyre-Walker et al. (2006) to
estimate selection against deleterious mutations. Although
Eyre-Walker et al. (2006) distinguished the nonsynonymous
and the synonymous spectra, we distinguished the W/ S,
the S /W, and the W 4 W þ S 4 S spectra, the latter
two being used as a neutral reference. Polymorphic sites
were then divided into these three groups. The probability
of observing ki SNPs having i derived alleles out of n follows
a Poisson distribution, P(l,ki), with mean:

lneutral 5
4NevLri

i
; ð3aÞ

for neutral W 4 W and S 4 S mutations,

lW/SðiÞ5 2NeuLð1 � pGCÞri
Z 1

0

Cinx
ið1 � xÞn� iHðb; xÞdx;

ð3bÞ
for W / S mutations, and

lS/WðiÞ5 2NekuLpGCri

Z 1

0

Cinx
ið1 � xÞn� iHð � b; xÞdx;

ð3cÞ
for S / W mutations, where

Hðb; xÞ5 2
1 � e� 4Nebð1� xÞ

ð1 � e� 4NebÞð1 � xÞ ð3cÞ

is the time that a mutation with gBGC coefficient b spends
between x and x þ dx. The first term within the integral cor-
responds to the binomial sampling of i alleles over n given
their frequency x. Ne is the effective population size, v the mu-
tation rate from W to W and from S to S mutations, u the
mutation rate from W to S, uk the mutation rate from S
to W, k being the mutational bias toward AT, L the sequence
length, and pGC the GC content of the sequence. We assumed
that pGC is constant, that is the ongoing substitution process
does not significantly affect base composition at the polymor-
phism time scale. The ri have been introduced by Eyre-Walker
et al. (2006) to take demography and/or population structure
(and sampling) into account. There is one ri for each SNP class,
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corresponding to the deviation from the standard equilibrium
model relative to the singleton class for which r1 is set to one.
This parameterization makes the assumption that deviation is
the same for neutral and selected sites. Although this is not
necessarily true, Eyre-Walker et al. (2006) showed this approx-
imation is robust. This is especially true in our case where low
gBGC/selection coefficients are expected. To simplify the anal-
ysis and to get sufficient power, we assumed that the param-
eters are shared by all SNPs. Assuming independence between
SNPs, the likelihood of the model can thus be written down as:

C5
Yn� 1

i5 1

Pðlneutral; kW4W;S4S
i ÞPðlW/S; k

W/S
i ÞPðlS/W; k

S/W
i Þ:

ð4Þ

The log-likelihood was maximized by using the FindMax-
imum function of the Mathematica software v6 (Wolfram
1996) with the MaxIteration option set to 8. 4Neu, 4Nev, k,
and the ri were constrained to be positive, whereas B 5
4Neb was let free. B was estimated for all SNPs, for SNPs
in third codon position, and for SNPs in noncoding
positions. Then we used an LRT with one degree of freedom
to compare the gBGCmodel for which B is estimated to the
neutral model for which B is fixed to zero. Because they
were sampled in several gene fragments in which linkage
disequilibrium can occur (especially in the O. sativa data-
sets because of selfing), not all SNPs are fully independent.
ri coefficients potentially capture the effects of the
sampling scheme; however, P values given by LRT must
be viewed with caution (especially for O. sativa). We then
determined the expected GC* given the estimates of B and
k, using the so-called Li-Bulmer equation, initially given for
codon usage (Bulmer 1991):

GC� 5
1

1 þ ke� B
: ð5Þ

Results

Analyses on a Small Phylogenetic Scale
We first carried out analyses at a small phylogenetic scale,
that is, for the species closely related to O. sativa, the culti-
vated Asian rice species. We computed GC* for each of the
132 genes using the species tree provided in figure 1A (data
available on supplementary table S2, Supplementary Material
online). We first investigated the relationship between GC*,
current GC content, and recombination rates by regression
and its strength using the Kendall nonparametric correlation
coefficient. We found a weak but significant correlation be-
tween current GC content and recombination rates
estimated both with the loess (R2 of the regression 5
0.064, P value 5 0.003, sKendall 5 0.145, P value 5 0.0213)
and the cubic splines methods (R2 5 0.057, P value 5
0.005, sKendall5 0.131, P value5 0.022). We also found a cor-
relation between GC* and recombination rates (R2 5 0.062,
P value 5 0.005, sKendall 5 0.155, P value 5 0.010 and see
figure 2A for the loess method, and R2 5 0.062, P value
5 0.004, sKendall 5 0.156, P value 5 0.009 for cubic splines
method). The correlation between GC* and recombination
was still significant when looking only at noncoding positions
(R25 0.080, P value5 0.001, sKendall5 0.146, P value5 0.016
and see figure 2C for the loess method, and R2 5 0.054, P
value5 0.008, sKendall 5 0.142, P value5 0.018 for the cubic
splines method) and only marginally significant at third co-
don positions (R25 0.099, P value5 0.044, sKendall5 0.177, P
value5 0.103 and see figure 2B for the loess method, and R2

5 0.077, P value5 0.079, sKendall5 0.170, P value5 0.118 for
the cubic splines method), probably because of lower
statistical power (n 5 41 for third positions vs. n 5 124
for noncoding positions).

We also tested for the effect of recombination on GC*
through the comparison of outcrossing and selfing lineages
using the third data set (fig. 1C). As there are only terminal
selfing branches while there are both internal and terminal

FIG. 2. Correlations between recombination rates, estimated by the loess method, and GC*. Each point corresponds to one gene in data set 1.
Genes with GC* 5 0 or 1 have been excluded. Regression lines are plotted when significant. (A) Total GC*. n 5 127, R2 5 0.062, P value 5
0.005, sKendall 5 0.155, P value5 0.010 for the loess method, and n5 130, R2 5 0.062, P value5 0.004, sKendall 5 0.156, P value5 0.009 for the
cubic splines method. (B) GC3*. n5 41, R2 5 0.099, P value 5 0.044, sKendall 5 0.177, P value 5 0.103 for the loess method, and n5 127, R2 5
0.077, P value 5 0.079, sKendall 5 0.170, P value 5 0.118 for the cubic splines method. C: GC* in noncoding positions. n 5 124, R2 5 0.080, P
value5 0.001, sKendall 5 0.146, P value5 0.016 for the loess method, and n5 41, R2 5 0.054, P value5 0.008, sKendall 5 0.142, P value5 0.018
for the cubic splines method.
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outcrossing branches, we compared external selfing and
external outcrossing branches to test for the effect of
mating system. Similarly, we compared internal
outcrossing and external outcrossing branches to test
for the possible effect of branch positions. External selfing
branches have a significantly lower GC* compared with
external outcrossing branches, for all positions, third
codon positions, and noncoding positions (table 2). Like-
wise, for all subsets, outcrossing external branches have
a lower GC* compared with internal outcrossing
branches, as expected if either gBGC or selection on
codon usage is driving GC content (table 2).

To test for possible effects of selection on third codon
position, we investigated the relationship between GC3*
and noncoding GC* with the expression level using data
set 1. A positive correlation between GC3* and the expres-
sion level was detected (R25 0.209, P value5 0.0044, sKendall
5 0.233, P value 5 0.044, fig. 3A), whereas the expression
level and noncoding GC* were not correlated (fig. 3B).

Analyses on a Larger Phylogenetic Scale
We then explored the relationship between recombination,
expression, and GC content at the whole Oryza genus scale.
We computed GC* for each gene of the second data set,
using the species tree provided in fig. 1B and allowing one
GC* for all the Oryza clade and one for the outgroup, L.

tisserandi (data available on supplementary table S2, Sup-
plementary Material online). We reasoned that if the same
processes have been acting to modify the GC content at
this phylogenetic scale, GC* would be better estimated be-
cause of the higher number of substitutions in this data set
compared with the first data set. We observed no correla-
tion between GC* and recombination rates nor between
GC3* and expression levels (data not shown). We
controlled that these results were not affected by the
topology of the tree by using gene trees rather than the
species tree.

In order to assess at which point of the phylogeny the
correlation between GC* and recombination or expression
is lost, we computed GC* and GC3* for each gene and for
each species of the second data set and studied correlations
with recombination and expression. GC* are correlated
with recombination rates in O. rufipogon but not in other
species, except in one case (O. brachyanta, table 3). We ob-
served similar results for correlations between expression
levels and GC3* (table 3).

Polymorphism Data Analyses
From the Caicedo et al. (2007) data set, we obtained W
/ S, S / W, and neutral DAF spectra for wild and cul-
tivated rices. In O. rufipogon, we observed that W / S
SNPs tend to segregate at higher frequencies than S

Table 2. Estimates of GC* on the Branches of the Tree Corresponding to Figure 2C and P values of the Nested Hierarchical Models of
Sequence Evolution Likelihood-Ratio Tests.

GCtotal* GC3* GCnoncoding*

Number of sites 136,685 41,730 12,772
GC* on branches External selfing 0.35 0.34 0.27

External outcrossing 0.39 0.37 0.32
Internal outcrossing 0.49 0.47 0.45

P values Selfing vs. outcrossing <1026 0.003 0.04
External selfing vs. external outcrossing <1029 <1024 0.03
External vs. internal <1024 0.04 0.06
External outcrossing vs. internal outcrossing <1027 <1023 0.04

Significant values at the 5% level are italic.

FIG. 3. Correlations between raw expression level (EST counts) and GC*. Each point corresponds to one gene in data set 1. Genes with GC* 5 0
or 1 have been excluded. Regression lines are plotted when significant. (A) GC3*. n5 41, R2 5 0.209, P value5 0.0044, sKendall 5 0.233, P value
5 0.044. (B) GC* in noncoding positions. n 5 127, R2 5 0.0002, P value 5 0.8805, sKendall 5 0.070, P value 5 0.4443.
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/ W SNPs, especially in third codon positions (fig. 4 and
supplementary fig S2, Supplementary Material online). For
all positions, the mean frequency of the derived allele is 0.28
for S / W SNPs versus 0.31 for W / S SNPs when SNPs
were orientated using O. meridionalis as outgroup, and 0.29
and 0.34, respectively, when orientated using O. barthii.
These differences are, however, not significant (sign-rank
test P value 5 0.474 and P value 5 0.090, respectively).
In O. sativa, patterns are less biased and less clear be-
cause of the strong impact of demography (see Caicedo
et al. 2007) and because of the lower number of SNPs
(see supplementary table S2, SupplementaryMaterial online).

To better capture the potential differences between the
two spectra (and not only differences between mean), we
fitted a gBGC/selection model on the spectra and com-
pared it with a neutral model. InO. rufipogon, the estimated
B coefficient is positive in most cases. However, the gBGC/
selection model was significantly better than the neutral
model only for third codon positions (table 4). In contrast,
in O. sativa, B is lower and never significant. In all cases, the
mutational bias, k, is higher than 1, showing a global

mutational bias toward A and T bases. In O. rufipogon,
k is consistently similar for all sites, with values around
3. In O. sativa, estimates are lower and less stable. Using
B and k estimates, we computed the predicted GC* (table
5). Results suggest that GC is decreasing in introns in both
O. rufipogon and O. sativa, whereas in third codon positions
it is increasing in O. rufipogon and seems to be at equilib-
rium in O. sativa.

Discussion
Among plants, grasses show rich and highly heterogeneous
GC content along their genomes (Carels and Bernardi
2000), which is reminiscent of the mammalian isochores.
Although gBGC is thought to play a crucial role in shaping
mammalian nucleotide landscape (reviewed in Duret and
Galtier 2009), which forces act on grass genomes is still
a controversial issue (Wang et al. 2004; Glémin et al.
2006; Guo et al. 2007; Mukhopadhyay et al. 2007; Wang
and Hickey 2007; Haudry et al. 2008; Escobar et al.
2010). Here we tested in the Oryza genus the various

Table 3. Correlation between Recombination and GC* and Expression and GC3* for Each Branch of the Tree Corresponding to figure 2B.

Correlation between GC* and Recombination Correlation between GC3* and Expression

Linear Regression Kendall Correlation Linear Regression Kendall Correlation

R2 P Value t P Value R2 P Value t P Value

Oryza rufipogon 0.049 0.028 0.138 0.043 0.101 0.009 0.227 0.007
O. punctata 0.017 0.201 20.096 0.166 0.001 0.780 0.039 0.650
O. officinalis 0.006 0.460 20.050 0.472 0.034 0.150 20.074 0.390
O. australiensis 0.018 0.191 20.119 0.082 0.002 0.750 20.019 0.820
O. brachyantha 0.033 0.072 0.149 0.029 0.015 0.240 0.072 0.310
O. granulata 0.010 0.320 0.112 0.104 0.007 0.460 0.070 0.360

Significant values at the 5% level are in italic type.

FIG. 4. DAF spectra of Oryza rufipogon SNPs orientated with O. barthii. (A) Total SNPs (coding and noncoding). (B) Noncoding SNPs. (C) Third
codon position SNPs. To cope with SNPs with missing data, spectra have been computed for a subsample of size n 5 16 as in Caicedo et al.
(2007).
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hypotheses previously proposed to explain GC content var-
iations in other species: biased gene conversion, selection,
and mutational biases (Eyre-Walker and Hurst 2001).

Recombination and Mating Systems Affect GC
Content
We found a weak positive correlation between GC con-
tent and recombination rates in Oryza. However, such
a correlation cannot distinguish between recombination
driving GC content and the reverse. For this reason, we
studied correlations between recombination and equilib-
rium GC content (GC* or ‘‘future’’ GC content). We also
found a positive and significant correlation between GC*
and recombination, suggesting that recombination drives
GC content (Duret and Arndt 2008). In addition, we
found that selfing species have lower GC* values com-
pared with outcrossing species (table 2). Because of their
high homozygosity, selfing species should be weakly
affected by gBGC (Marais et al. 2004). This result suggests
that recombination, through mating systems, drives GC
content and not the other way around as GC content
cannot drive mating systems.

These observations could be explained by a mutagenic
effect of recombination. If recombination induced more
W / S than S / W mutations, GC content would me-
chanically increase with recombination. However, several
results are not consistent with this hypothesis. First, selfing
species have lower GC* compared with outcrossing species
(table 2). Recombination is still at work in selfing species,
whereas it is not genetically efficient because of homozy-
gosity. If recombination were mutagenic we would not ex-
pect an effect of mating system. Second, under the
mutational bias hypothesis, we expect mutations to have
similar fixation probabilities. The fact that external
branches have lower GC* compared with internal branches
(table 2) shows that polymorphism present in external
branches is enriched in W alleles that are eventually lost
more frequently than S alleles, that is, they are selected
against. Polymorphism data also show that W / S muta-
tions segregate at higher frequency than S / W muta-
tions, at least for third codon positions (fig. 3 and
table 4). As expected, this effect is higher in O. rufipogon,
a species that exhibit higher outcrossing rate than
O. sativa. Third, we also showed that mutations are biased
towards A and T bases (k � 3), which cannot explain the
high GC content of rice genome and grass genomes in

general. Only two hypotheses thus remain to explain
the effect of recombination: gBGC and selection.

gBGC, Selection, or Both?
Previous studies have already shown that mating system and
recombination affect GC content in grasses (Haudry et al.
2008; Escobar et al. 2010). However, as these studies only
used CDS, they could not disentangle selective and gBGC
effects. Indeed, recombination and outcrossing affect selec-
tion and gBGC in a similar way: gBGC is driven by recom-
bination and selection is more efficient in outcrossing and
recombining genomes (Charlesworth and Wright 2001; Gor-
do and Charlesworth 2001). We thus expect selection on co-
don usage and gBGC to be less efficient in genomic regions
of low recombination and in selfing species. To distinguish
gBGC from selection on codon usage, we used noncoding
sequences, affected only by gBGC, and expression levels,
which mainly affects third codon positions.

GC* is positively correlated with recombination both for
third codon positions and noncoding positions (fig. 2),
showing that recombination affects GC content at all po-
sitions, with no distinction whether they are coding or non-
coding. Similarly, GC* values for both noncoding and third
codon positions are significantly lower in selfing than in
outcrossing branches (table 2). GC* is also significantly
lower in external than internal branches for all site catego-
ries (table 2). These observations cannot be explained by
selection on codon usage alone as only third codon posi-
tions would be affected. We thus have strong evidence for
gBGC in the Oryza genus.

Besides, we observed a positive correlation between
GC3* and the expression level but not with noncoding
GC* (fig. 3). This clearly suggests selection on codon usage
for translation efficiency, as almost all favored codons in
grasses, and in rice in particular, end with a G or C base
(Wang and Roossinck 2006). Another result suggesting se-
lection on codon usage comes from the polymorphism
analysis. The gBGC/selection model is significantly better
than the neutral model only for third codon positions
and the estimated coefficient is higher than for noncoding
sites (table 4). This strongly suggests that selection on co-
don usage affects third codon positions in addition of any
possible gBGC effect. These results show that selection is at
work on codon usage and that it also drives the GC3-
content in the Oryza genomes. The fact that these effects
are weaker and not significant in O. sativa is also consistent

Table 4. Estimations of the Intensity of gBGC/selection (B 5 4Neb) and mutation bias, k , from DAF spectra. n: number of W / S and S /
W SNPs used, n(WW þ SS): number of ‘‘neutral’’ SNPs used (see main text for details).

GCtotal GC3 GCnoncoding

Species Outgroup B l P value n B l P value n B l P value n n(WW1SS)

0ryza rufipogon O. meridionalis 0.463 2.934 0.225 517 1.677 2.932 0.030 112 20.001 3.234 0.999 326 82
O. barthii 0.672 3.014 0.062 536 1.864 2.774 0.017 114 0.273 3.512 0.535 345 94

0. sativa japonica O. meridionalis 20.018 2.263 0.967 224 0.341 1.206 0.721 47 0.219 3.388 0.682 143 30
O. barthii 0.055 2.605 0.897 233 1.176 2.133 0.205 49 20.107 3.290 0.833 148 36

0. sativa indica O. meridionalis 20.473 2.156 0.347 223 0.002 1.425 0.999 50 20.777 2.509 0.216 141 41
O. barthii 0.026 2.708 0.957 237 0.820 1.846 0.416 51 20.420 3.158 0.494 144 54

Significant values at the 5% level are in italic type.
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with a reduced efficacy of both selection and gBGC due to
the high selfing rate.

Nonequilibrium Processes
We observed significant correlations between GC* and re-
combination only at a small phylogenetic scale, when we
focused on O. sativa and O. rufipogon species. As recombi-
nation rates were obtained from O. sativa ssp. japonica, this
suggests that recombination patterns vary quite quickly
along the Oryza genus, corresponding to about 10 My
(Zou et al. 2008; Kellog 2009). If the recombination pattern
and the associated gBGC dynamics were mostly conserved,
we would have expected a stronger relationship between
recombination and GC* at the whole genus scale, simply
because, if constant, GC* is better estimated in a larger phy-
logeny. In contrast, in Triticeae, recombination pattern is
thought to be partly conserved. Accordingly, Escobar
et al. (2010) found a significant positive correlation be-
tween recombination and GC* at the whole Triticeae scale,
corresponding to about 12–15 Mya, similar to the diver-
gence of the Oryza genus. We observed similar results
for correlations between GC3* and expression levels (ob-
tained from O. sativa), suggesting that expression levels
may also vary quickly at this evolutionary scale.

The comparison between current GC content and GC*
in the fourth data set (table 5) also shows that the O.
rufipogon genome is not at equilibrium. Noncoding GC
content seems to be decreasing. This is consistent with
a mutational bias toward A and T bases. However, to allow
this decrease, the GC content of noncoding positions must
have previously increased. Only gBGC can cause an increase
in the GC content in noncoding regions. gBGC strength
could have gone down recently. A change in gBGC strength
is quite plausible considering that recombination is known
to vary quite quickly (Coop and Przeworski 2007). More-
over, if recombination occurs in short-lived hot spots as
in primates (Spencer et al. 2006), only a small fraction
of polymorphism should be driven by gBGC, making its de-
tection difficult with as few as 800 SNPs (compared with
the fewmillions of SNPs available in humans). In noncoding
regions, selection may favor AT variants in some positions
because of their involvement in regulatory functions, which
would oppose to gBGC.

Comparison with Mammalian Isochores
Nucleotide landscapes of grass genomes show striking sim-
ilarities with the isochore structure found in mammals and

other vertebrates. Assuming our results in Oryza could be
generalized to other grass species, we can draw parallels
between the mechanisms involved in the two groups.
As in mammals, recombination seems to drive GC content,
likely through the effect of gBGC. Our results are less clear
than in mammals, simply because the data sets we used are
much smaller than those used in mammals (e.g. Duret and
Arndt 2008). Although we found evidence of gBGC in
noncoding regions, we were not able to estimate significant
gBGC coefficients (table 4), which suggests gBGC is too
weak to be detectable with the SNPs data set we used.
In humans, the gBGC intensity is also low, 4Neb � 1.3
for the 20% of the genome with the highest recombination
rates (Spencer et al. 2006). Grouping SNPs for all recombi-
nation categories as we did would lead to 4Neb� 0.3, which
is indeed too low to be detectable with the data set we
used. However, even such a low level is sufficient to explain
GC content patterns in primates (Duret and Arndt 2008).

Contrary to mammals, we also found evidence of effi-
cient selection on codon usage in the Oryza genus, whereas
it is very low, if any, in mammals. As most preferred codons
end in G or C in grasses (Wang and Roossinck 2006), se-
lection on codon usage may also contribute to the high
GC3 content found in grasses. Moreover, analyses of poly-
morphism data suggest that selection on codon usage is
stronger than gBGC, as positive and significant selection/
gBGC coefficients were only found at third codon positions
(table 4).

Conclusions
Our results shed light on the likely causes of the peculiar
nucleotide landscape in rice and very likely in other grass
species. We showed that gBGC is an active process in this
group and may have driven GC content evolution in ad-
dition to selection on codon usage. Because it is a selec-
tion-like process, gBGC can lead to spurious signatures
of relaxed or even positive selection (Galtier and Duret
2007; Galtier et al. 2009; Ratnakumar et al. 2010). We thus
strongly suggest taking gBGC into account in future geno-
mic studies in grasses. Quantifying the genomic and the
possible fitness impacts of gBGC will be now possible
thanks to the increasing amount of genomic data available
in several species. Finally, why gBGC seems to be more
active in grasses than in other angiosperms studied so
far remains an open and challenging question.

Supplementary Material
Supplementary tables S1and S2 and figures S1 and S2 are
available at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org/).
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David J, Glémin S . 2008. Mating system and recombination
affect molecular evolution in four Triticeae species. Genet Res.
90:97–109.

Hellmann I, Ebersberger I, Ptak SE, Paabo S, Przeworski M. 2003.
A neutral explanation for the correlation of diversity
with recombination rates in humans. Am J Hum Genet.
72:1527–1535.

Hernandez RD, Williamson SH, Zhu L, Bustamante CD. 2007.
Context-dependent mutation rates may cause spurious signa-
tures of a fixation bias favoring higher GC-content in humans.
Mol Biol Evol. 24:2196–2202.

Igic B, Bohs L, Kohn JR. 2006. Ancient polymorphism reveals
unidirectional breeding system shifts. Proc Natl Acad Sci U S A.
103:1359–1363.

Kellog EA. 2009. The evolutionary history of Ehrhartoideae, Oryzeae,
and Oryza. Rice 2:1–14.

Kuraku S, Ishijima J, Nishida-Umehara C, Agata K, Kuratani S,
Matsuda Y. 2006. cDNA-based gene mapping and GC3 profiling
in the soft-shelled turtle suggest a chromosomal size-dependent
GC bias shared by sauropsids. Chromosome Res. 14:187–202.

Lercher MJ, Hurst LD. 2002. Human SNP variability and mutation
rate are higher in regions of high recombination. Trends Genet.
18:337–340.

Lynch M. 2007. The origin of genome architecture. Sunderland
(MA): Sinauer.

Mancera E, Bourgon R, Brozzi A, Huber W, Steinmetz LM. 2008.
High-resolution mapping of meiotic crossovers and non-
crossovers in yeast. Nature 454:479–485.

Marais G. 2003. Biased gene conversion: implications for genome
and sex evolution. Trends Genet. 19:330–338.

Marais G, Charlesworth B, Wright SI. 2004. Recombination and base
composition: the case of the highly self-fertilizing plant
Arabidopsis thaliana. Genome Biol. 5:R45.

Meunier J, Duret L. 2004. Recombination drives the evolution of GC-
content in the human genome. Mol Biol Evol. 21:984–990.

Mukhopadhyay P, Basak S, Ghosh TC. 2007. Nature of selective
constraints on synonymous codon usage of rice differs in GC-
poor and GC-rich genes. Gene 400:71–81.

Nagylaki T. 1983. Evolution of a finite population under gene
conversion. Proc Natl Acad Sci U S A. 80:6278–6281.
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