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RESUME
L’objectif de cette theése est de déterminer I’étendue de la variabilité épigénétique,
plus particulierement du polymorphisme de méthylation de I’ADN, non liée a la
variabilité génétique dans les populations asexuées en milieu naturel. Cette évaluation
nous a permis de mieux cerner l’importance que peuvent avoir les processus
épigénétiques en €cologie et en évolution. Le modele biologique utilisé est I’hybride
clonal du complexe gynogénétique Chrosomus eos-neogaeus. Malgré une
homogénéité génétique, une importante variabilité phénotypique est observée entre
les hybrides d’une méme lignée clonale mais retrouvés dans des environnements
différents. L’influence des processus épigénétiques apporte une explication sur ce
paradoxe. L’épigénétique se définit comme une modification de 1’expression des
genes sans changement de la séquence d’ADN. La diversit¢ des phénotypes peut
entre autre s’expliquer par des patrons de méthylation différentiels des genes et/ou
des alleles des geénes entre les hybrides génétiquement identiques. La diversité des
lignées épiclonales peut quant a elle s’expliquer par la colonisation de plusieurs
lignées épiclonales, s’établir en réponse a I’environnement ou de facon aléatoire.
Plusieurs méthodes seront utilisées afin de survoler le génome des hybrides clonaux
pour mettre en €vidence le polymorphisme de méthylation de ’ADN a 1’échelle de

I’individu et entre les individus de différentes populations.

Mots-clés: épigénétique des populations, méthylation de I’ADN, héritabilité,
sélection, flexibilité¢ génomique, modeéle GPG, hybridation, vertébré clonal, complexe

Chrosomus eos-neogaeus, éléments transposables, MSAP, séquencage au bisulfite.



ABSTRACT

The aim of the thesis is to determine the extent of epigenetic variation, more
specifically DNA methylation polymorphism, not linked to genetic variation in
natural populations of an asexual vertebrate. This evaluation enables to better
understand the importance that plays epigenetics processes in ecology and evolution.
The biological model used is the clonal hybrid of the gynogenetic Chrosomus eos-
neogaeus complex. Even in absence of genetic difference, an important phenotypic
variability is observed among hybrids of the same clonal lineage living in different
environments. Epigenetics, a modification of genes expression without a change at
the DNA sequence, provides an explanation to this paradox. The diversity of
phenotypes may be explained by differential methylation patterns of genes and/or
alleles among genetically identical hybrids. The diversity of epiclonal lineages may
be explained by the colonisation of many epiclonal lineages, established in response
to the environment or stochastically. Many methods were used for screening the
genome of clonal hybrids in order to highlight DNA methylation polymophism at the

scale of an individual and among individuals of different populations.

Key words: population epigenetics, DNA methylation, heritability, selection,
genomic flexibility, GPG model, hybridization, clonal vertebrate, Chrosomus eos-

neogaeus complex, transposable elements, MSAP, bisulfite sequencing.
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1. INTRODUCTION



Ce projet de theése porte sur 1’évaluation de I’importance des processus €pigénétiques
en ¢€cologie et en évolution. Ce sujet sera trait¢ par une étude de I’étendue de la
variabilité épigénétique, plus particulierement du polymorphisme de méthylation de
I’ADN, sur des populations naturelles d’un modele vertébré. Afin de cerner
spécifiquement les variations épigénétiques non liées a la variabilité¢ génétique, un
poisson a reproduction clonale soit les hybrides du complexe Chrosomus eos-
neogaeus a ¢té utilisé. Les thémes permettant de cerner les différents aspects de cette
étude seront abordés dans I’introduction qui suit. Premiérement, une définition de
I’épigénétique, la terminologie associée a ce domaine d’étude ainsi que les différents
types de modifications épigénétiques seront discutés. Suivra une description détaillée
des mécanismes moléculaires spécifiquement associés a la méthylation de I’ADN et
des différents facteurs qui influencent les profils de méthylation de I’ADN a I’échelle
de I’individu et entre les individus. Les exemples classiques de la littérature
démontrant le lien entre la variation phénotypique et épigénétique viendront étayer
I’importance de cerner 1’étendue de la variation épigénétique non liée a la variation
génétique. Le concept d’héritabilit¢ de la variabilité épigénétique sera de plus
présenté en faisant le parallele entre les plantes et les mammiferes de fagon a
comprendre la raret¢ de ce phénoméne chez ces derniers. Le complexe C. eos-
neogaeus sera présenté et les caractéristiques qui font de ces hybrides un modele
d’intérét dans cette étude seront décrites. L objectif et les hypotheses de ce projet de
thése seront finalement énoncés. En terminant, une bréve description des quatre
chapitres suivants permettra d’apprécier dans son ensemble le travail effectué durant

cette these de doctorat.



1.1 L’épigénétique

L’épigénétique a dans ses premiers instants ¢té¢ décrit comme 1’étude de 1’épigencese,
c’est-a-dire de tous les événements de régulation des génes liés au développement qui
meénent du zygote a 1’état adulte et qui, en partant du matériel génétique, fagonnent le
phénotype (Waddington 1953). Les processus épigénétiques ont une importance
cruciale lors du développement puisque c’est par le biais de I’expression différentielle
des genes que les cellules au bagage génétique identique des organismes
pluricellulaires peuvent étre fonctionnellement et structurellement hétérogenes
(Jaenisch and Bird 2003). Une définition plus récente de I’épigénétique est 1’étude
des changements mitotiquement (méta) stables et potentiellement méiotiquement
héritables de 1’expression des geénes qui ne peuvent étre expliqués par des
changements de la séquence d’ADN (Richards 2006; Bird 2007). L’ensemble des
marques €pigénétiques qui régulent I’expression des génes d’un individu forment
I’épigénome. Les processus €pigénétiques incluent les modifications «programméesy

qui permettent la différentiation cellulaire et les épimutations.

1.2 La structure de la chromatine et les modifications épigénétiques

La chromatine est un complexe d’ADN et de protéines et celle-ci peut prendre
différentes  conformations. Les deux conformations principales sont
I’hétérochromatine, 1’état condensé et transcriptionnellement inactif, et
I’euchromatine, 1’état relaché qui peut étre transcriptionnellement actif ou inactif. La
condensation de ’ADN en hétérochromatine peut étre permanente, il s’agit de
I’hétérochromatine constitutive qui se retrouve dans des régions du génome

composées de peu de genes (t€lomeres et centromeres). La condensation de I’ADN



est aussi facultative, c’est-a-dire que la chromatine sera sous cette conformation dans

certains types de cellules a un moment spécifique du développement.

Plusieurs modifications épigénétiques sont connues. Celles-ci se regroupent
en deux classes soient les processus qui engendrent une modification de la structure
de la chromatine et les processus qui engendrent une modification de ’ADN (sans
changement de la séquence des nucleotides). Ces différents processus €pigénétiques
sont intimement reliés et engendrent un remodelage de la chromatine
(hétérochromatine, €tat inactif compacte «» euchromatine, état actif relaché). Dans la
premiere classe, les modifications de la structure chromatinienne sont engendrées par
des complexes de remodelage de la chromatine et des complexes de modifications
des histones. La liaison de complexes de remodelage de la chromatine et 1’activité
d’enzymes histone acétyle-transférase (HAT) estessentielle a I’initiation de la
transcription de ’ADN en ARN. La répression de la transcription est possible suivant
I’activité d’enzyme histone déacétylase (HDAC) et histone méthyle-transférase

(HMT).

Dans la seconde classe, la répression de la transcription de I’ADN est causée
par une modification de I’ADN suivant Dactivit¢é d’enzymes ADN méthyle-
transférases (DNMT) et la liaison de protéines « methyl binding domain » qui se lient
aux groupements méthyles des cytosines et empéchent la liaison des facteurs de
transcription (Boyes and Bird 1991). Ces deux composantes de la machinerie de
méthylation de I’ADN sont essentielles dans 1’établissement, le maintien et la lecture

des patrons de méthylation. La méthylation de I’ADN agit de concert avec la



déacétylation et la méthylation des histones. Ces mécanismes de répression de la
transcription interagissent afin d’enclencher la propagation de 1’état compact et

inactif de la chromatine.

1.3 La méthylation de ’ADN

La méthylation de ’ADN est un mécanisme €pigénétique corrélé a 1I’expression des
genes (Razin and Riggs 1980). Bien que tous les nucléotides puissent étre méthylés,
I’ajout de groupements méthyles (CH3) sur la cytosine du dinucléotide CpG (ainsi
que sur la cytosine du brin complémentaire) est le plus répandu (Martienssen and
Colot 2001). La méthylation de I’ADN est présente chez tous les eucaryotes a
I’exception des levures. Chez les vertébrés, elle est particulierement dense sur
I’ensemble du génome a I’exception des ilots CpG des régions promotrices des génes

transcriptionnellement actifs (Suzuki and Bird 2008).

L’activité de différentes enzymes ADN méthyle-transférases est essentielle a
I’établissement et au maintien des patrons de méthylation. Cinq genes sont impliqués
dans la réalisation de ces deux fonctions primordiales. La méthylation « de novo »
cible les sites non méthylés des dinucléotides CpG (DNMT3a, DNMT3b, DNMT3L).
Ces enzymes n’ont pas de préférence pour les sites hémiméthylés (Okano et al. 1998)
et sans ces protéines la méthylation «de novo» n’est pas possible (Okano, Xie, and Li
1998). Afin d’assurer le maintien de la méthylation lors de la réplication cellulaire,
I’enzyme DNMTI1 cible quant a elle les fragments hémiméthylés (Riggs 1975).
L’inactivation de ’enzyme DNMT1 cause une perte importante de la méthylation du

génome chez la souris (Li et al. 1993). De plus, ’inactivation de ces genes est 1étale



chez la souris. La fonction de I’enzyme DNMT?2 reste quant a elle mal connue a ce

jour.

Comme le degré de méthylation de I’ADN est négativement corrélé au degré
d’expression des génes, une continuité de phénotypes peut étre ainsi produite (Kalisz
and Purugganan 2004). Lorsqu’une variation dans le degré de méthylation entre les
alleles d’un gene est présente, ces alleles sont appelés des épialléles. Cette variation
entre les alleles de différents individus peut étre le résultat du nombre ou de la
distribution des sites méthylés sur la séquence spécifique du gene. Un allele ayant un
niveau ou un patron de méthylation variable sera exprimé de facon différente entre les
individus et il peut en résulter la production d’un continuum de nouveaux
phénotypes. La production de nouveaux phénotypes é€pialléliques a une implication
importante dans 1’évolution des plantes (Kalisz and Purugganan 2004). Un exemple
de régulation épiallélique de I’expression d’un gene résultant en la production de
nouveaux phénotypes est retrouvé chez la linaire commune (Linaria vulgaris). Une
variation du degré de méthylation du géne associé¢ a la symétrie de la fleur, geéne
Lcyc, est responsable de I’apparition du phénotype a symétrie radiale a partir de la
forme sauvage a symétrie bilatérale (Cubas et al. 1999). Un autre exemple
d’apparition de nouveaux phénotypes suivant une régulation épiallélique est retrouvé

chez les geénes de pigmentation du mais (Zea mays) (Chandler et al. 2000).

1.4 L’intégration des signaux intrinseques
Chez les organismes pluricellulaires on reconnait deux types de cellules: les cellules

germinales et les cellules somatiques. Les cellules germinales sont responsables de la



transmission de I’information génétique aux générations suivantes tandis que les
cellules somatiques constituent I’organisme lui-méme et sont fonctionnellement et
structurellement hétérogenes. Comme la différentiation cellulaire n’a pas pour
résultat la délétion de parties du génome, la question a répondre est comment arrive-t-

on a produire différents types de cellules?

Les cellules germinales sont pour la grande majorit¢ a 1’état de repos et ne
répondent pas aux stimuli externes afin de préserver I’intégrité de leur épigénome.
Par contre, elles répondent a toute une panoplie de signaux internes ce qui permet une
reprogrammation adéquate pour D’initiation et la réalisation du programme de
développement cellulaire. Dans un premier temps, le maintien de la totipotence des
cellules germinales est assuré par la supression de la grande majorit¢ des marques
épigénétiques. Suivant la fécondation, une deuxiéme phase de déméthylation survient
sur I’ensemble du génome sauf pour les genes sous empreinte génomique; processus
observe entre autre chez les mammiferes (Niemitz and Feinberg 2004). Finalement, le
programme de développement cellulaire, basé sur des marques épigénétiques

programmeées (code épigénétique), est initié.

Lors du développement, la majorité des marques de méthylation sont semblables
entre les tissus somatiques (pour les génes domestiques «housekeeping») mais
certaines différences sont visibles sur des séquences spécifiques (pour les genes
tissus-spécifiques). L’absence ou la perte programmée de méthylation sur des
séquences spécifiques résulte en 1’activation de la transcription de leur géne cible au

cours du développement. Des expériences d’invalidation génique «knockout» des



enzymes DNMT chez la souris ont démontré que sans ces enzymes, les cellules
embryonnaires sont viables mais vont mourir lors de I’induction de la différentiation
(L1, Beard, and Jaenisch 1993; Okano, Xie, and Li 1998). Lors du développement, les
ilots CpG des genes domestiques restent hypométhylés tandis que les ilots CpG des
genes tissus-spécifiques seront méthylés a des moments et dans des cellules
spécifiques afin de permettre la différentiation cellulaire (Bird 2002). L’importance
de la méthylation de I’ADN comme processus de régulation de I’expression des génes
est soulignée par les modifications spatiales et temporelles de ces patrons
épigénétiques afin de permettre la différentiation cellulaire de I’embryon jusqu’a

I’état adulte.

1.5 L’intégration des signaux extrinséques

La méthylation de I’ADN est une marque réversible donc plus facilement modifiable
en comparaison a [’apparition d’une mutation de I’ADN. La fréquence des
épimutations serait de deux ordres de magnitude plus grands que les mutations
somatiques (Bennett-Baker et al. 2003). Une épimutation peut se définir comme la
modification de 1’état épigénétique initial d’une séquence d’ADN. Les épimutations
peuvent survenir pendant le développement et/ou au cours de la vie adulte des
organismes. Richards (2006) a défini trois types de variation épigénétique en fonction
de leur dépendance par rapport a la variation génétique (effets en cis ou en trans).
Dans la mesure ou I’état épigénétique est strictement déterminé par le génotype, la
variation épigénétique est décrite comme obligatoire. Lorsque 1’état épigénétique a
une plus forte probabilité d’apparaitre dans un contexte génomique spécifique, il est

décrit comme facilité. Enfin, si la variation épigénétique n’est aucunement sous



I’influence du génotype, celle-ci est décrite comme pure. L’état de méthylation des
genes peut étre modifié par des processus stochastiques et/ou en réponse a
I’environnement. Les épimutations qui en résultent peuvent avoir un effet sur le
phénotype des individus et le résultat peut étre avantageux (par exemple afin de
permettre la plasticité phénotypique; Angers et al. 2010) ou désavantageux (par
exemple lors de la perte de ’empreinte génomique; Ubeda and Wilkins 2008). Dans
les paragraphes suivants, quelques exemples des trois types de variation épigénétique
seront décrits. Ces exemples permettront aussi d’illustrer les effets de
I’environnement sur le fagonnement de [’épigénotype et les modifications

phénotypiques qui en résultent.

Un exemple de variation épigénétique obligatoire est celui dela floraison
hative en absence de vernalisation chez Arabidopsis. La floraison est contrdlée par
des processus endogenes et des signaux environnementaux. La vernalisation, une
exposition prolongée a des températures froides et a des journées plus longues, est un
signal environnemental qui induit une floraison hative. Plusieurs génes sont associés
a la floraison chez Arabidopsis. La variabilité naturelle de la floraison est entre autre
liée a la variation allélique de deux genes: FRIGIDA (FRI) et locus de floraison C
(FLC) (Boss et al. 2004). Le gene FLC est un répresseur de la floraison et celui-ci est
négativement régulé par la vernalisation tandis que le géne FRI est lié a la régulation
de FLC (Michaels and Amasino 1999; Sheldon et al. 2002). Les plants qui ont une
floraison tardive possedent des alléles dominants pour les deux locus tandis que la
floraison hative est possible si, pour au moins un locus, I’alléle récessif est exprimé.

La souche Landsberg erecta (Ler) posseéde un allele nul pour le géne FRI mais la
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floraison est tout de méme hative (Johanson et al. 2000). La floraison hative en
absence de vernalisation et de 1’expression d’allele récessif pour le géne FRI est
occasionnée par la présence d’un élément transposable dans le premier intron du geéne
FLC. La présence de cette insertion en cis cause une plus faible expression du geéne
FLC (Michaels et al. 2003) suivant 1’action de petits ARN interférents (siRNA) (Liu
et al. 2004). En présence de cet ¢lément transposable, la floraison est toujours hative
chez cette souche. L’¢état épigénétique est donc strictement déterminé par le génotype
puisque I’expression du gene FLC est obligatoirement régulée par les siARN produits

en présence de I’élément transposable.

Un exemple de variation épigénétique facilitée est celui du géne Agouti chez
la souris. L’insertion de 1’¢lément retroviral /AP dans le pseudoexon 1A en amont du
géne Agouti promouvoit I’expression d’épialléles métastables tel que 4", la couleur
du pelage des souris en est affectée (Millar et al. 1995). Ce changement de phénotype
est corrélé au degré de méthylation de I’élément retroviral /4 P ainsi, une mosaique de
phénotypes peut-&tre produite de brun (normal, /4P est méthyl¢) a jaune (mutant, /AP
est non méthylé) (Morgan et al. 1999). L’hypométhylation de 1’¢1ément retroviral /4P
aura un effet sur la couleur du pelage et de plus, cause 1’obésité et I’apparition de
tumeurs (Duhl et al. 1994). La dicte est un des facteurs reconnus comme ayant un
effet important sur la modification de 1’épigénome dans ce modéle donc ultimement,
sur la modification du phénotype (Feil 2006). 11 a été démontré qu’une di¢te riche en
groupement méthyle donnée aux meres va produire le phénotype normal pour le gene

Agouti méme en présence de 1’élément retroviral /4P (Wolff et al. 1998). En absence
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de cet ¢lément retroviral, le phénotype sauvage est exprimé tandis que la régulation

épigeénétique de celui-ci facilite I’apparition de toute une gamme de phénotypes.

Un premier exemple de variation ¢épigénétique pure induite par
I’environnement est I’induction d’une floraison hative suivant ’effet de la
vernalisation (Sheldon et al. 2000). Comme mentionné plus haut, le géne de floraison
C (FLC), un répresseur de la floraison, joue un role primordial dans la réponse a la
vernalisation. Suivant une exposition prolongée a des températures froides et a des
journées plus longues, le gene FLC sera réprimé. Conséquemment, la floraison de
deux plantes génétiquement identiques ne sera pas synchronisée si celles-ci ne sont
pas soumises toutes les deux a la vernalisation. Il a été démontré que 1’activité du
gene FLC est entre autre contrélée par la méthylation de I’ADN (Sheldon et al. 1999).
L’induction d’une floraison hative est fonction de la vernalisation, un signal
environnemental qui influence le patron d’expression du gene FLC par 1’altération de

son statut de méthylation.

Un autre exemple de variabilité épigénétique pure est retrouvé chez les
abeilles (Apis mellifera). Dans ce systéme deux types de femelles sont produits a
partir de larves génétiquement identiques: les ouvricres stériles et les reines fertiles.
Afin de produire des reines fertiles, les larves doivent étre nourries avec de la gelée
royale. Il a été démontré que I’inactivation de 1’enzyme DNMT3 lors du
développement par des siARN avait pour résultat de produire une proportion plus
importante de reines (Kucharski et al. 2008). Une étude détaillée du statut de

méthylation des dix dinucléotides CpG des exons cing, six et sept du géne Dynactine
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p62 a révelé que le degré de méthylation de cette partie du génome des reines est
significativement moins €levé que celui des ouvrieres. Afin de produire des ouvricres,
certains genes seraient réprimés par la méthylation de I’ADN. Ces résultats
démontrent que la détermination du statut social n’est aucunement liée au génotype
car les deux phénotypes sont produits a partir de larves génétiquement identiques.
Dans ce cas-ci, le statut social est fonction d’un signal environnemental ayant une
influence sur le statut de méthylation de certains génes d’importance dans la

détermination du phénotype.

1.6 Héritabilité entre les générations

1.6.1 Les mammiféres

Chez les mammiferes, les épimutations qui seront transmises d’une génération a
I’autre doivent: 1) étre présentes dans les cellules germinales et surpasser 1’étape de
supression des marques épigénétiques qui se produit lors de la gamétogenese ainsi
que lors de I’initiation du programme de développement cellulaire (Morgan et al.
2005) ou 2) occasionner le transfert de 1’information essentielle au rétablissement des
marques €pigénétiques a la génération suivante (voir section sur les paramutations).
Malgré ces obstacles, I’héritabilité de I’information épigénétique entre les générations
est claire et démontrent que la molécule d’ADN elle-méme n’est pas 1’unique
déterminant de notre phénotype. Dans les sections suivantes, quelques exemples

seront décrits.
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Dans le cas du locus agouti chez la souris, il a ét¢ observé que le nombre de
souriceaux au phénotype mutant (jaune et obese) était plus élevé chez les femelles au
phénotype mutant (Wolff et al. 1998). Les auteurs avaient tout d’abord proposé une
influence de I’environnement maternel sur 1’établissement des patrons €pigénétiques.
Une ¢étude subséquente a par contre démontré [’héritabilit¢ par le transfert de
I’information épigénétique dans les gametes femelles (Morgan et al. 1999). Il
semblerait par contre que la supression incompléte des marques de méthylation de
I’ADN ne soit pas le processus par lequel I’héritabilité de 1’information épigénétique

est possible (Blewitt et al. 2006).

Une ¢étude effectuée sur des rats exposés a un contaminant environnemental
(Endocrine-Disrupting Chemicals) a démontré que ce contaminant a un effet sur
I’épigénome des lignées cellulaires germinales (Crews et al. 2007). Cette étude
propose que les facteurs environnementaux vont promouvoir [’altération de
I’épigénome sur plusieurs générations et ce, méme en absence du contaminant aux
générations successives. Les auteurs concluent également que les femlles sont
capables de détecter les males contaminés jusqu’a trois générations suivant
I’exposition et de choisir leur partenaire en discréminant les males contaminés
(sélection sexuelle). Ces modifications épigénétiques ont donc un impact important

sur la viabilité des populations et I’évolution de ’espéce.

Un exemple de transfert de I’information épigénétique entre les générations est le
cas des soins maternels chez les rats. Il a été observé que les femelles peuvent avoir

deux types de comportement en regard des soins maternels qui sont dispensés a la
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progéniture. Les «bonnes meres» vont materner significativement plus leur
progéniture en comparaison aux «mauvaises méres». A 1’age adulte, la progéniture
des «bonnes meres» va démontrer une meilleure réponse au stress (Liu et al. 1997).
Lors de la réalisation d’expériences d’échange de la progéniture entre les deux types
de meres, il a été observé que la progéniture des «bonnes méres» é€levée par des
«mauvaises meres» sera «stressée» alors que la progéniture des «mauvaises meresy
¢levée par de «bonnes meres» sera normale (Francis et al. 1999). Cela indique que ce
phénotype n’est pas codé par le génome et est transmis de la mere a sa progéniture
(Meaney 2001). Cette réponse au stress est médiée par une boucle de rétroaction
négative qui est controlée par I’expression du géne récepteur des glucocorticoides
(RG). Une étude du statut de méthylation des dinucléotides CpG du promoteur de ce
gene et plus particulierement, du site de liaison du facteur de transcription NGFI-4 a
permis de visualiser que la méthylation est toujours plus importante chez la
progéniture des «mauvaises meresy». Les auteurs ont pu conclure a un lien de causalité
entre ’acétylation des histones, I’hypométhylation de ’ADN de la région promotrice
de ce genes et la liaison du facteur de transcription ce qui permet 1’expression du
gene RG et une meilleure réponse au stress de la progéniture des «bonnes meresy

(Weaver et al. 2004).

L’exemple par excellence d’héritabilité épigénétique entre les générations est
le cas des paramutations. Une paramutation se définit comme la modification
épigénétique héritable en trans d’un alléle (alléle sensible, sera réprimé) par I’alléle
homologue (alléle paramutateur, cause de la paramutation) d’un géne (Chandler,

Eggleston, and Dorweiler 2000). L’état épigénétique li¢ a la paramutation conduit a
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un réarrangement de la chromatine donc a une modification de I’expression des
génes. A 1’origine, les paramutations seraient un mécanisme de défense cellulaire
apparu afin de réprimer des €léments génomiques aux effets délétéres comme les
¢léments répétés et les ¢€léments transposables. L’action de ces petits ARN
interférents serait particulicrement importante dans les lignées germinales considérant
I’hypométhylation des gameétes et de I’embryon. La plupart des cas de paramutation
doivent avoir un effet beaucoup plus similaire au locus Kit en termes de pénétrance et
d’héritabilit¢ (voir détail plus bas). Cela rend difficile 1’observation de ces
phénomenes. Les paramutations sont sans doute des processus plus fréquents que les
observations réalisées a ce jour et pourraient représenter un mécanisme permettant le
transfert de 1’¢tat d’expression des genes (alleles des genes) a la progéniture

(Chandler 2007).

Un premier exemple de paramutation suivant une régulation post-
transcriptionnelle est celui du locus Kit qui code pour un récepteur tyrosine kinase
chez la souris (Rassoulzadegan et al. 2006). Des lignées de souris hétérozygotes,
alléle mutant Kir™'*"/ alléle sauvage Kit', présentent un phénotype a queue et pattes
blanches. Le phénotype mutant est causé par une insertion du géne rapporteur lacZ
dans un des deux alleles chez les hétérozygotes. Lorsque présente, cette insertion est
exprimée au détriment de I’alléle sauvage Kit. Lors d’un croisement entre un individu
hétérozygote et un individu homozygote sauvage ou entre deux hétérozygotes, une
plus grande proportion de juvéniles au phénotype queue et pattes blanches est
observée. Ces individus nommés paramutants (Kit*) peuvent présenter un génotype

homozygote pour D’alléle sauvage. L’alléle mutant est un alléle paramutateur
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produisant des ARN de taille anormale et sans queue poly-A qui dégradent les
ARNm normaux produits par 1’alléle sauvage Kit (allele sensible). Ces petits ARN
interférents sont transférés au zygote par le cytoplasme des gametes males et
femelles. Ainsi, lors d’un croisement entre un individu paramutant et un individu
sauvage tous deux homozygotes pour I’allele sauvage, une certaine proportion de
juvéniles au phénotype mutant est observée. Cela démontre que le phénotype queue
et pattes blanches est héritable méme en absence de 1’alléle paramutateur simplement
par le transfert des ARN interférents d’une génération a l’autre. Par contre, en
absence de 1’alléle paramutateur Ki™ i1 y aura dilution du phénotype au fil des
générations. Une étude détaillée de la méthylation des ilots CpG et de la structure de
la chromatine de la région promotrice du locus Kit n’a pas révélée de différence entre
les individus homozygotes, paramutants et hétérozygotes mutants. Les auteurs
suggerent qu’une autre région promotrice pourrait étre impliquée dans la régulation

de la transcription du locus Kift. Le ou les mécanisme(s) qui meéne(nt) a 1’expression

de I’insertion au détriment de ’allele Kit chez les hétérozygotes n’est pas connu.

1.6.2 Les plantes

Chez les plantes, les lignées germinales sont dérivées des lignées somatiques ou
végétatives, elles sont produites plus tardivement au cours du développement et la
supression des marques épigénétiques est moins importante (Richards 2006). Les
épimutations sont donc plus facilement présentes et maintenues dans les gametes ce
qui rend moins problématique la transmission de celles-ci entre les générations. Un
exemple classique d’épimutation méiotiquement héritable est celui de la transmission

des marques de méthylation de ’ADN du geéne Lcyc qui est responsable de la
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symétrie de la fleur chez la linaire commune Linaria vulgaris (Cubas, Vincent, and

Coen 1999).

Un deuxieme exemple de paramutation, cette fois suivant une régulation
transcriptionnelle, est celui du Locus b/ qui code pour un facteur de transcription de
pigments mauves chez le mais (Stam et al. 2002). Les plants sauvages B-I présentent
un phénotype mauve suivant une forte transcription du locus b/ tandis que les plants
mutants B présentent un phénotype clair suivant une faible transcription du locus b1.
B-I et B" sont deux épialleles. Tous deux présentent sept répétitions en tandem de
853pb spécifiques au locus b/ et se retrouvent en amont du site d’initiation de la
transcription de ce locus. Chez le plant sauvage B-1, les répétitions en tandem ne sont
pas méthylées tandis que chez le plant mutant B elles le sont. Chez un hétérozygote
allele sauvage B-I / alléle mutant B, 1’allele mutant B® va agir comme allele
paramutateur en induisant la méthylation de I’alléle sauvage B-I (allele sensible). Une
ARN polymérase ARN dépendante (RARP) encodée par le gene mop! (la médiatrice
de paramutation), et les répétitions en tandem sont les deux éléments essentiels afin
de convertir allele sauvage B-/ en allele paramuté B'* (Alleman et al. 2006). La
transcription des €léments répétés meéthylés de 1’alléle paramutateur B par mopl
produit des petits ARN interférents qui induisent cette modification épigénétique. Les
alleles paramutés B'* sont ensuite capables d’agir comme alléle paramutateur en
induisant la méthylation des alleles sauvages sensibles B-/. Ainsi, le croisement entre
un plant homozygote sauvage B-/ et un plant hétérozygote mutant produit
exclusivement des plants hétérozygotes mutants, B/ B '* Ce cas de paramutation est

extrémement stable et démontre 100% de pénétrance. La méthylation des répétions de
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I’allele paramutateur est de plus méiotiquement héritable (Stam et al. 2002).
Contrairement au locus Kit chez la souris, le passage des ARN interférents dans les
gametes n’est dans ce cas-ci pas essentiel afin de permettre I’héritabilité entre les

générations.

1.7 Sources de variation épigénétique et variabilité phénotypique

Plusieurs sources de variation épigénétique sont reconnues. Premierement, la
variabilité épigénétique sera intimement liée a la variabilité génétique par des
¢léments agissant en cis et en ftrams. Par contre, la proportion de wvariation
phénotypique associée a des processus €pigénétiques n’est pas uniquement fonction
de la variabilité épigénétique liée a la variabilité¢ génétique. Pour un génotype donné,
il peut y avoir variation autour d’un phénotype optimal en fonction d’un gradient
environnemental (norme de réaction). La capacité d’un génome a intégrer les signaux
de I’environnement au cours de la vie d’un organisme et a modifier le phénotype en
conséquence (plasticité phénotypique) ou la capacit¢ d’un génotype a donner
différents phénotypes dans différents environnements (flexibilité développementale
ou variabilité phénotypique), sont des processus qui donnent une certaine flexibilité
au génome afin de faire face aux changements environnementaux. Les processus
épigénétiques représentent donc un systeéme qui permet la variation phénotypique en
absence de variabilit¢ génétique. Cependant, il y a trés peu d’information sur
I’étendue de la variabilité épigénétique non liée a la variabilité génétique dans les
populations en milieu naturel. Finalement, la portion héritable de la variabilité
épigénétique totale sera fagonnée par les forces évolutives qui agissent dans les

populations (Richards 2008). A 1’échelle de la population, la variabilité épigénétique



19

observée sera fonction des processus stochastiques, de l’environnement, de la
variabilité génétique, de la fréquence des épimutations, de I'intensité de la dérive

épigeénétique et de la sélection.

1.8 Le modele biologique

Le modele biologique utilisé¢ dans cette ¢tude est le poisson a reproduction clonale
Chrosomus eos-neogaeus. Dans la prochaine section, le complexe sera présenté et les
caractéristiques qui font de ces hybrides un modele d’intérét pour les fins de cette

étude seront détaillées.

1.8.1 Les hybrides clonaux Chrosomus eos-neogaeus

Le complexe Chrosomus eos-neogaeus (Pisces, Cyprinidae) provient d’hybridations
ancestrales entre les femelles C. neogaeus (ventre citron) et les males C. eos (ventre
rouge du nord) (Figure 1). Ces évenements d’hybridation ont donné naissance a des
lignées d’hybrides exclusivement femelles (Dawley et al. 1987) (Figure 1). Ces
hybrides se reproduisent de facon asexuée par gynogenese (Goddard et al. 1998). La
gynogenése implique la formation d’ceufs diploides sans méiose par les hybrides
femelles. Le développement des ceufs doit €tre induit par un spermatozoide d’une des
deux espéces parentales. Le matériel génétique du male n’est toutefois pas intégré
dans I’ceuf; les juvéniles ainsi produits sont identiques a leur mere (clones) (Goddard

and Dawley 1990).
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C. neogaeus

C. eos

C. eos-neogaeus

Lac Richer Lac Dépotoire

Lac Saad

Lac Merde Lac Jonction

Figure 1. Représentation photo des deux espéces parentales (femelles), C. eos et C.

neogaeus, ainsi que des hybrides C. eos-neogaeus de cinq populations.

1.8.2 Répartition géographique

Les membres du complexe Chrosomus sont retrouvés sur une grande répartition
géographique et sont soit en sympatrie ou en allopatrie dans la plupart des lacs du
centre et du nord-est de I’Amérique du Nord (Scott and Crossman 1973). C. eos et les
hybrides, sont les types de Chrosomus principalement retrouvés dans les lacs des
Laurentides (Binet and Angers 2005). Les deux espéces parentales sont décrites

comme ¢voluant dans des eaux fraiches ayant un pH allant de neutre a 1égérement
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acide de petits cours d’eau, d’étangs, de ruisseaux et de lacs marécageux (Scott and
Crossman 1973). On les retrouve dans une multitude d’environnements tres différents
et sont donc potentiellement soumis a des pressions environnementales variables. Ces
variations environnementales auront possiblement un effet important sur le
faconnement de 1’épigénome puisque 1’environnement est reconnu comme ayant un

effet déterminant sur I’apparition des épimutations.

1.8.3 Niche écologique et variabilité phénotypique

L’¢tude de Schlosser et al. (1998) a démontré que ’espéce parentale C. eos et les
hybrides diploides occupent des niches écologiques différentes; la fréquence relative
des membres du complexe varie selon une succession d’environnements. Tous les
membres du complexe préférent habiter la zone littorale de milieux bien oxygénés
mais les hybrides diploides sont moins sensibles au stress relatif aux conditions
anoxiques en comparaison a C. eos (Schlosser et al. 1998; Doeringsfeld et al. 2004).
En comparaison avec les especes parentales, les hybrides diploides devraient étre en
mesure de tolérer une plus grande gamme de conditions environnementales di a leur
forte hétérozygotie (hétérosie ou vigueur des hybrides) (Lynch 1984; Hotz et al.

1999).

Il est reconnu dans la littérature que la morphologie, un des nombreux aspects
de I’expression du phénotype, peut s’associer a la niche écologique (Schluter 1993).
En montrant la relation entre les différences morphologiques et la variation dans
I’utilisation de I’habitat, il est possible d’interpréter I’interaction entre les conditions

environnementales et la variabilité génétique et/ou épigénétique dans le succes des
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organismes. Les hybrides diploides du complexe C. eos-neogaeus démontrent une
grande variabilit¢ de phénotypes (Doeringsfeld et al. 2004). La caractérisation
morphologique des hybrides a démontré que ceux-ci présentaient une variabilité aussi
importante que les especes parentales sexuées et ce, en absence de variabilité
génétique entre les individus (c’est-a-dire pour une méme lignée clonale) (Figure 2).
Les hybrides diploides sont morphologiquement intermédiaires en comparaison aux
especes parentales. Il est par contre intéressant de noter que certains hybrides sont
morphologiquement trés similaires a C. eos tandis que d’autres hybrides sont
morphologiquement trés similaires a C. neogaeus. Bien qu’observée, la variabilité

phénotypique en absence de diversité génétique reste inexpliquée a ce jour.

® (. eos
O Hybrides

O C. neogaeus

shPCII

ndPCI

Figure 2. Relation entre les biotypes (C.eos, C.neogaeus et hybrides C.eos-neogaeus)
pour des caractéres morphologiques quantitatifs (shPCII) versus des caractéres
morphologiques qualitatifs (ndPCI) (Figure modifiée a partir de Doeringsfeld et al.

2004).
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1.8.4 La fidélité au site de natalité

Les membres du complexe Chrosomus démontrent un comportement de fidélité au
site de natalit¢ a une fine échelle géographique (Massicotte et al. 2008). Ce
comportement a €t¢é mis en évidence par la réalisation conjointe d’expérience de
marquage-recapture et d’analyses génétiques. Les résultats démontrent que les
individus d’un lac sont organisés en plusieurs unités reproductives occupant chacune
une niche reproductive distincte. Ces différentes unités se retrouvent dans des
environnements aux conditions environnementales potentiellement variables. Le
comportement de fidélité au site de natalit¢ a donc des implications importantes sur
I’écologie et 1’évolution des membres de ce complexe asexué en structurant les

populations a une fine échelle géographique.

1.8.5 Expression différentielle des allozymes

Dans une étude précédente, les auteurs ont quantifi¢ I’expression des allozymes
(alleles C. eos et C. neogaeus) de deux enzymes (Glucose-6-phosphate isomérase,
GPI et Phosphoglucomutase, PGM) chez les hybrides diploides du complexe C. eos-
neogaeus (Letting et al. 1999). Les résultats indiquent une expression plus importante
de I’allele C. eos chez les hybrides diploides. L’expression significativement plus
importante de 1’allele C. eos est fonction de ’enzyme et du tissu a 1’étude. Les
résultats suggerent I’implication de processus de régulation de 1’expression des alléles

des genes chez les hybrides diploides.
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1.8.6 Intéréts du modele biologique

En résumé, ce modele biologique animal présente des avantages certains pour les fins
de la présente étude. Premierement, I’uniformité génétique entre les hybrides d’une
méme lignée clonale permet de faire 1’é¢tude de la variabilité épigénétique non liée a
la variabilité génétique en milieu naturel. Contrairement aux études effectuées sur les
jumeaux monozygotes, il est possible de comparer les profils épigénétiques de
plusieurs individus d’une méme lignée clonale par population et pour plusieurs
populations naturelles. De plus, la variabilit¢ phénotypique observée implique des
processus de régulation de I’expression des genes indépendants de la variabilité
génétique ce qui suggere un effet des processus épigénétiques. Enfin, une méme
lignée clonale se retrouve dans des environnements différents sur une grande
répartition géographique (Angers and Schlosser 2007). Cela permet de faire 1’étude
des effets de ’environnement sur la variation épigénétique entre les hybrides clonaux.
Il est aussi important de mentionner la présence d’un allele de chacune des especes
parentales (C. eos et C. neogaeus) pour tous les geénes (hémizygotes) chez les

hybrides diploides clonaux.

1.9 Objectif général et hypotheéses

L’objectif de cette theése est de déterminer 1’étendue de la variabilité épigénétique,
plus particulié¢rement du polymorphisme de méthylation de I’ADN, non li¢e a la
variabilité génétique dans les populations asexuées en milieu naturel afin de mieux
cerner I’importance des processus épigénétiques en écologie et en évolution. Afin de
répondre a cet objectif, des expériences visant a quantifier la variabilité épigénétique

a I’échelle de I'individu et entre les individus de différentes populations seront
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réalisées. Les trois hypotheses suivantes ont été testées sur le complexe C. eos-

neogaeus dans les articles 2, 3 et 4.

Notre premic¢re hypothése est qu’en absence de variabilit¢ génétique, la
variabilité épigénétique (polymorphisme de méthylation de 1I’ADN) entre les
individus est le résultat des effets conjoints des processus stochastiques et de

I’environnement.

Notre deuxieme hypothése est que la variabilit¢ épigénétique observée est

faconnée par les conditions environnementales auxquelles les individus sont exposés.

Notre troisieme hypothese est que ’intérét des processus €pigénétiques est de

permettre la flexibilité (plasticité) a partir d’un génome fixe.

1.10 Structure de la these et contribution des auteurs

Les quatre prochains chapitres sont présentés sous forme d’articles scientifiques. Le
premier article intitulé «Environmentally induced phenotypes and DNA methylation:
how to deal with unpredictable conditions until the next generation and after» a été
coécrit avec deux autres auteurs, Bernard Angers et Emilie Castonguay. Cette revue
de littérature invitée représente une suite logique a ’introduction de la theése et la
complete en faisant un survol détaillé de la relation entre le polymorphisme de
méthylation de I’ADN, le phénotype et I’environnement et discute de I’importance
des processus épigénétiques en écologie et en évolution. Cet article a été publié¢ en

2010 par le journal Molecular Ecology.
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Les trois autres articles découlent quant a eux des résultats obtenus dans le
cadre de ce projet de doctorat. Le deuxiéme article intitulé «DNA methylation: a
source of random variation in natural populations» a été coécrit avec deux autres
auteurs, Bernard Angers et Emma Whitelaw. Il porte sur 1’évaluation de I’étendue de
la variabilité¢ épigénétique non liée a la variabilité¢ génétique sur des populations
asexuées en milieu naturel. Les facteurs responsables du polymorphisme de
méthylation de I’ADN a 1’échelle de I’individu et entre les individus de différentes
populations sont discutés. J’ai effectué les manipulations en laboratoire, I’analyse des
données et rédigé l'article. Bernard Angers a participé a l'analyse des données et les
deux co-auteurs ont particip€s a la rédaction de l'article. Cet article a été¢ publié en

2011 par le journal Epigenetics.

L’article trois intitulé «Variable DNA methylation of transposable elements in
Chrosomus eos-neogaeus hybrid genome» a ¢t€ coécrit avec Bernard Angers. Dans le
cadre de la thése, il est pertinent d’étudier la méthylation des ET ces loci sont
spécifiquement réprimée par ce processus épigénétique. De plus, cet article propose
de déméler les effets de la réunion de génomes interspécifiques de ceux associés a
d’autres processus pouvant intervenir lors de la formation du zygote. Le niveau et le
patron de méthylation de copies paralogues d’un élément transposable présentes chez
les hybrides C. eos-neogaeus et les espéces parentales, C. eos et C. neogaeus, ont été
comparés. Les résultats permettent de conclure en 1’absence d’une différence
significative des profils de méthylation entre les hybrides et les especes parentales.
Cela suggere que des processus autres que la réunion de génomes inter-spécifiques,

tel que les effets maternels et/ou paternels, occasionneraient la perturbation des
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processus épigénétiques responsables du contrdle des éléments transposables. J’ai
effectué¢ les manipulations en laboratoire, 1’analyse des données et rédigé l'article.
Bernard Angers a participé a l'analyse des données et a la rédaction de l'article. Cet

article est accepté pour publication (avec corrections) par le journal Genetica.

Le quatrieme article intitulé «General Purpose Genotype or how epigenetics
extend the flexiblity of a genotype» a été coécrit avec Bernard Angers. Il discute du
lien entre les processus épigénétiques, la flexibilité d’un génome clonal et la valeur
adaptative en absence de différence génétique face a des changements de
I’environnement chez les vertébrés asexués. L’observation de polymorphisme de
méthylation de I’ADN chez des hybrides C. eos-neogaeus d’une méme lignée clonale
mais provenant de différentes populations indique un effet de I’environnement sur le
faconnement de I’épigénome. Deux groupes de populations ont été identifiés sur la
base des profils de méthylation. Une différence de pH a été observée entre les lacs
permettant de faire le lien entre les profils de méthylation et une condition physico-
chimique de I’environnement local. J’ai effectué les manipulations en laboratoire,
I’analyse des données et rédigé l'article. Bernard Angers a participé a 1'analyse des
données et a la rédaction de l'article. Cet article a été publié¢ en 2011 par le journal

Genetics Research International.



2. ARTICLE 1

Environmentally induced phenotypes and DNA methylation: how to deal with

unpredictable conditions until the next generation and after

Bernard Angers, Emilie Castonguay et Rachel Massicotte

Publié par Molecular Ecology (2010) 19: 1283-1295.
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Résumé

Les organismes font souvent face aux changements de 1’environnement en produisant
des phénotypes alternatifs. Les processus €pigénétiques, tel que la méthylation de
I’ADN, peuvent contribuer a la variation phénotypique induite par I’environnement
en modifiant ’expression des genes. Les changements de la méthylation de 1’ADN,
au contraire des mutations de I’ADN, peuvent étre influencés par I’environnement;
sont stables dans le temps a 1’échelle d’un individu et présentent différents niveaux
d’héritabilité. Ces caractéristiques font de la méthylation de I’ADN un processus
moléculaire potentiellement important afin de répondre aux changements
environnementaux. L’objectif de cette revue de littérature est de présenter les
implications de la méthylation de I’ADN sur la variation phénotypique suivant un
changement de I’environnement. Plus spécifiquement, nous explorons les concepts
épigénétiques qui concernent un changement de phénotype en réponse a
I’environnement et 1’héritabilit¢ de la méthylation de I’ADN, en particulier I’effet
Baldwin et ’accommodation génétique. Avant d’adresser ce point, nous reportons les
différences majeures de la méthylation de I’ADN entre les taxa et le role des
changements de la méthylation de I’ADN dans la production et le maintien de la
variation phénotypique induite par l’environnement. Nous présentons aussi les
différentes méthodes qui permettent la détection du polymorphisme de méthylation
de ’ADN. Nous croyons que cette revue de littérature intéressera les écologistes
moléculaires car elle met en lumiere I’importance des processsus épigénétiques en

écologie et en évolution.
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Abstract

Organisms often respond to environmental changes by producing alternative
phenotypes. Epigenetic processes such as DNA methylation may contribute to
environmentally induced phenotypic variation by modifying gene expression.
Changes in DNA methylation, unlike DNA mutations, can be influenced by the
environment; they are stable at the time scale of an individual and present different
levels of heritability. These characteristics make DNA methylation a potentially
important molecular process to respond to environmental change. The aim of this
review is to present the implications of DNA methylation on phenotypic variations
driven by environmental changes. More specifically, we explore epigenetic concepts
concerning phenotypic change in response to the environment and heritability of
DNA methylation, namely the Baldwin effect and genetic accommodation. Before
addressing this point, we report major differences in DNA methylation across taxa
and the role of this modification in producing and maintaining environmentally
induced phenotypic variation. We also present the different methods allowing the
detection of methylation polymorphism. We believe this review will be helpful to
molecular ecologists, in that it highlights the importance of epigenetic processes in

ecological and evolutionary studies.
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2.1 Introduction

The interactions between an organism and its biotic and abiotic environment are
continuous and diversified. Environmental conditions often change rapidly and in
unpredictable ways, challenging the organism’s survival and reproduction. When
possible, individuals can move to escape unfavourable conditions. Alternatively, the
maintenance of internal equilibrium by physiological homeostasis or individual
genetic variability (Hedrick 1998) can provide a buffer against environmental
changes. However, many organisms respond to environmental changes by modifying
their original phenotype. This may encompass changes in an individual’s
development, morphology, physiology or behaviour (Agrawal 2001; Price et al.

2003).

Alternative phenotypes produced during the lifetime of an individual can be
achieved through regulation of the expression of a specific gene or activation of an
alternative gene pathway (Schlichting and Pigliucci 1993; Pigliucci 1996). An
important property of environmentally induced phenotypes is that the associated
variations in gene regulation are not necessarily heritable—the gene is always
transmitted but not necessarily its expression state. On the other hand, the capacity to
respond to environmental cues is often heritable, indicating a genetic basis for this
process. The ability to produce alternative phenotypes could have evolved to
maximize the fitness of individuals in variable environments (Dudley and Schmitt

1996; Debat and David 2001).
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Although many examples of environmentally induced phenotypes have been
described and the associated changes in gene transcription measured (Mori et al.
2005; Derome et al. 2006; Sumner et al. 2006), the underlying mechanisms
responsible for regulating which genes’ expressions should change in response to a

specific environmental variation are still poorly understood.

Changes in gene expression may occur through epigenetic modifications
(Jaenisch and Bird 2003). Epigenetic modifications refer to changes in gene
expression that are stable throughout mitoses but also reversible and that occur
without changes in the underlying DNA sequence. The most direct way of tagging a
gene for expression or silencing is to place a chemical mark directly on its DNA.
DNA methylation is indeed the most studied and probably the best understood type of
epigenetic modification (for an overview of other types of epigenetic modifications,
see box 1). Such a mechanism could represent a way to allow phenotypic variability

in a changing environment without having to rely on genetic variation.

Phenotypic variation is central in ecology and evolution and often plays a role
in adaptation, niche shift, population dynamics, and evolutionary diversification
(Agrawal 2001; Debat and David 2001; Price, Qvarnstrom, and Irwin 2003; West-
Eberhard 2003; Pigliucci et al. 2006). The objective of this review is to present the
role of DNA methylation in creating phenotypic variation driven by environmental
changes. DNA methylation exists in all living organisms with important differences
among and even within taxa. We describe the extent and the differences in DNA

methylation across taxa. We then examine the processes responsible for creating
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variation in DNA methylation and how they link the environment with phenotypic
changes through modulation of gene expression. We present the tools and framework
available to measure DNA methylation polymorphism in natural populations and to
assess its evolutionary importance. Finally, we present how concepts related to
phenotypic change in response to the environment, namely the Baldwin effect and
genetic accommodation, can be explained by heritable (or not) changes in DNA
methylation patterns and we discuss the evolutionary relevance of these epigenetic

processes.

2.2 DNA methylation

DNA methylation, the incorporation of a methyl group (CH3) to specific nucleotides,
is the most widespread epigenetic modification. Indeed, DNA methylation is detected
throughout all domains of life, in Eubacteria, Archea, and FEukaryotes. The
establishment and maintenance of DNA methylation is achieved by specific enzymes
known as DNA methyltransferases. The sequence similarity of these enzymes in
bacteria, plants, and animals suggests a common origin (Ponger and Li 2005). Among
them, the DNMT3 family is responsible for the establishment of methylation patterns
on DNA (de novo methylation) and the DNMT]1 family ensures the maintenance of
these marks during DNA replication. The role of other methyltransferases is less clear
(e.g., DNMT?2) or is specific to given taxa (e.g., chromomethylases [CMT] in plants

or DNMT 4, 5 in fungi; (Ponger and Li 2005).

Though DNA methylation may appear to be a hallmark of all living

organisms, numerous differences have been reported among and even within taxa.
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First, there are differences in which nucleotides are methylated and at what molecular
position. Depending on the organism, the methyl group may be incorporated on the
N6 position of the adenine or at different positions on the molecular structure of the
cytosine (N4 or C5) by using distinct DNA methyltransferases. Methylation of
adenine is found in Eubacteria and Archea, but in Eukaryotes it is restricted to some
unicellular organisms (e.g., Tetrahymena; (Hattman 2005) and the chloroplastic
genome of land plants. However, methylation at the C5 position of cytosine is
common throughout all domains of life and is the only DNA modification
convincingly reported in multicellular Eukaryotes (Suzuki and Bird 2008 and
references therein). The distribution of 5-methylcytosine is not random in the
genome, and organisms with DNA methylation differ in the type of sequences that
are methylated. For example, methylation occurs mainly at the CpG dinucleotide
(adjacent cytosine and guanine linked by a phosphate) in vertebrates but also at
CpNpG sequences in plants and at CpNpN (N could be A, C, G, or T) sequences in

plants and fungi (Ito et al. 2003).

Organisms also differ in the pattern of DNA methylation across their genome
(Suzuki and Bird 2008 and references therein). For instance, in vertebrates,
methylated sites are distributed globally across the genome: all types of DNA
sequences (genes, transposable elements, intergenic DNA) are subject to methylation.
The exception to this global methylation is short unmethylated regions, the CpG
islands, that represent only a small fraction of the genome (1-2%) and that are
generally associated with housekeeping genes. In other animals, methylation has a

mosaic pattern, with methylated domains interspersed with unmethylated domains.
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The highest methylation levels are observed in plants, where up to 50% of cytosines
can be methylated in certain species. In maize, for example, these high levels of
methylation are associated with the large number of transposons present in the
genome. However, other plants such as Arabidopsis thaliana display mosaic patterns
of DNA methylation similar to what is seen in non-vertebrate animals (Chan et al.

2005).

The additional layer of information provided by DNA methylation alters
neither the DNA sequence of the gene nor that of the RNA or the protein, but can
actually regulate the expression of the gene. First, the level of DNA methylation in
the promoter region—a sequence upstream of a gene required for its transcription—is
generally negatively correlated to levels of gene expression. Repression of
transcription is expected to occur when specific proteins—the methyl-CpG-binding
proteins—bind to the methylated promoter instead of the transcription factors and
subsequently recruit chromatin remodelling complexes; this action eventually closes
the chromatin to gene transcription (Boyes and Bird 1991; Weaver et al. 2004).
However, DNA methylation was also found to be targeted on the transcription units
of actively transcribed genes in A. thaliana, where it is likely to reduce transcriptional
noise by preventing spurious initiation of transcription (Bird 1995; Weber et al. 2005;
Zilberman et al. 2007). In addition, it seems that not only the amount but also the
pattern of methylation (in terms of which specific CpG dinucleotide is methylated)
are important in determining levels of gene expression. For instance, in a study by
Weaver et al. (2004), where they compared the methylation status of CpG

dinucleotides in the promoter of the glucocorticoid receptor gene when it was
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expressed and when it was not expressed, the variation in the methylation status of a
single CpG dinucleotide was found to be relevant in determining whether the gene
would be expressed. Similarly, comparisons between active and inactive X
chromosomes in female humans revealed that the active X chromosome was overall
more methylated than the inactive X chromosome. This observation first seemed
counterintuitive since higher levels of methylation are generally associated with an
increase in silencing. However, a closer look at the methylated sequences revealed
that the promoters of the inactive chromosome were hypermethylated whereas the
extra methylation on the active X chromosome was actually located on the gene

bodies (Hellman and Chess 2007).

Gene regulation by DNA methylation is involved in different functions (Colot
and Rossignol 1999; Suzuki and Bird 2008). First, DNA methylation can serve as a
protection system against transposable elements. This role has been convincingly
reported in plants and fungi and it might also be present in mammals (Suzuki and
Bird 2008). Also, the genes required for transposition of mobile elements are
generally heavily methylated for repression. In mammalian dosage compensation
(Avner and Heard 2001), DNA methylation is involved in the inactivation of one of
the two female X chromosomes, which leads to the expression of a single X
chromosome, therefore mimicking the situation prevailing in males. DNA
methylation is also involved in genomic imprinting (Li, Beard, and Jaenisch 1993;
Wilkins 2005). Genomic imprinting has been detected in mammals and in some
plants and is established during gametogenesis, where sex-specific methylation alters

the expression of hundreds of genes. In the zygote, imprinted genes are either
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expressed only from the allele inherited from the mother or from the allele inherited
from the father. Most imprinted genes are required for normal development. Finally,
the role of DNA methylation is not restricted to endogenous gene regulation. In
bacteria, for example, DNA methylation serves to protect the bacterial genome from
invasion by extracellular DNA. Indeed, while bacterial restriction endonucleases
cleave the foreign DNA, they do not recognize the methylated sequences of the

bacterial genome.

2.3 How does DNA methylation affect phenotype?

Epigenetic processes are crucial in coordinating changes in gene expression leading
to cell lineage differentiation during an organism’s development (Bird 2002).
However, DNA methylation is not exclusively influenced by intrinsic signals during
development. Indeed, examples of spontaneous or environmentally induced changes
in methylation profiles are increasingly reported, and these are the object of the
current review. Numerous studies have highlighted the relevance of such processes in
creating phenotypic variation (Cubas, Vincent, and Coen 1999; Rakyan et al. 2003;
Chong and Whitelaw 2004; Weaver et al. 2004; Blewitt et al. 2006; Manning et al.
2006; Richards 2006; Whitelaw and Whitelaw 2006; Crews et al. 2007; Vaughn et al.
2007; Kucharski et al. 2008; Jablonka and Raz 2009). Through DNA methylation, the
genome can integrate environmental signals and as a result, these extrinsic signals
can potentially directly modify the phenotype without changing the underlying DNA

sequence.
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Changes in gene expression through DNA methylation may have profound
phenotypic repercussions. For example, studies with plants in which the
establishment and the maintenance of methylation marks were disrupted by
mutagenesis or chemical treatment yielded phenotypically aberrant individuals, thus
giving evidence for a correlation between DNA methylation and the phenotype
(Fieldes and Amyot 1999); Kalisz and Purrugganan 2004 and references therein). The
list of alternative phenotypes resulting from alternative DNA methylation states of a
same gene is continuously growing (e.g., Jablonka and Raz 2009). Alternative
methylation states of a same gene, known as epialleles, have been associated with
variations in individual behaviour, physiology, and morphology as well as
development (Weaver et al. 2004; Anway et al. 2005; Jeon 2008). How DNA
methylation can cause phenotypic variation through the modification of gene or gene
pathway expression is exemplified by the Colorless non-ripening (Cnr) gene, a
component of the regulatory network controlling fruit ripening in tomato. The Cnr
phenotype differs from the wild-type phenotype by a colourless and mealy pericarp.
Comparison of the cytosine methylation patterns of the wild-type and Cnr phenotypes
revealed that cytosines at the promoter of the Cnr gene (SQUAMOSA promoter
binding protein-like genes) are extensively methylated in all individuals carrying the
Cnr phenotype whereas they are largely unmethylated in wild-type fruits (Manning et

al. 2006).

2.4 How do variations in DNA methylation appear?
There are key events at which such variations in DNA methylation patterns may

occur. First, the DNMT1 enzymes responsible for copying the methylation marks
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during DNA replication have an error rate of 5% of CpG per cell division (Riggs et
al. 1998; Bird 2002) compared to 10 per nucleotide per cell division for DNA
polymerase. Errors in the replication of the initial epigenetic state of a gene lead to
epigenetic variations among cells of the same tissue, a process that can lead to
phenotypic variegation. Such spontaneous and random epigenetic errors may provide
a large spectrum of alternative methylation states for the same genetic sequence. For
instance, a dominant mutation at the Agouti gene (A" allele) in mice results in an
extensive variation of coat colouration (Morgan et al. 1999). The 4™ allele displays a
variable degree of expression that is linked to the level of methylation of a
transposable element inserted upstream of the Agouti gene: if the transposable
element is hypomethylated across cells, 4™ is ectopically expressed and the coat
colour is more yellow; if the transposable element is hypermethylated, Avy is
expressed normally and the coat colour is normal. Because the methylation level of
the transposable element displays extensive variation, the expression of the Agouti
gene varies from cell to cell, which leads to a large variation in the coat colouration
of an individual (e.g., mottling; Morgan et al. 1999). The extent of the variegated
yellow and normal coat is linked to the random methylation of the 4™ allele among

cell lineages.

Secondly, a nonmethylated sequence can be de novo methylated (or vice
versa). De novo methylation is induced by intrinsic developmental signals. However,
it may also appear randomly (as a spontaneous variation) or be induced by
environmental signals throughout the life of an individual. For example, in an

isogenic strain of mice containing the A" allele, extensive phenotypic variation can be
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observed among individuals, indicating inter-individual variations in random de novo
methylation at the Agouti gene (Morgan et al. 1999; Blewitt et al. 2006). Another
spectacular example of alternative de novo methylation leading to the production of
distinct phenotypes can be observed in social insects. In the honeybee (Apis
mellifera), phenotype is determined environmentally via the feeding of royal jelly to
larvae meant to be fertile queens but not to larvae meant to be sterile workers.
Kucharski and collaborators (2008) induced the inactivation in bee larvae of the
enzyme responsible for de novo methylation and thereby demonstrated that the
normal developmental pathway was to provide sterile individuals, but that
interruption of the spread of methylation at a precise moment during the development

led to the production of fertile individuals.

Interestingly, the variations observed in agouti mice can also be influenced by
the environment. Maternal nutrient supplementation with a diet rich in methyl donors
during gestation will globally increase the levels of DNA methylation at the
transposable element associated with the Agouti gene and increase the proportion of
the progeny with a normal phenotype (Wolff et al. 1998). Inversely, neonatal
exposure to bisphenol A decreases methylation, therefore shifting the coat colour
toward the mutant phenotype (Dolinoy et al. 2007). However, these effects of
environment are not similar to those observed in social insects in that not all
individuals exposed to these conditions will exhibit a given alternative phenotype. In
addition, this epigenetically induced phenotypic variation has profound consequences
on the individual’s fitness because the effects of the Agouti gene are pleiotropic, and

mice with a hypomethylated transposable element will be obese, have a non-insulin-
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dependent diabetic-like condition, and have a propensity to develop a variety of

tumours.

These previous examples highlight how the environment and DNA
methylation may trigger different gene expression patterns to produce different
phenotypes from genetically identical individuals. In these examples, the epigenetic
state is important in determining the phenotype; the genotype by itself cannot explain

the phenotype.

2.5 Heritability of methylation

One of the properties of DNA methylation marks is their transmission through
mitosis: these marks are conserved during DNA replication by the action of DNMT].
This situation refers to mitotic epigenetic inheritance and concerns transmission
within an individual’s lifetime (Crews 2008). However, for epigenetic variation to
affect inheritance, meiotic transmission is also required. Some examples of
meiotically transmitted methylation marks have indeed been reported. The
transgenerational effects of DNA methylation require either a direct or indirect
alteration of methylation in the germ line. This is termed meiotic epigenetic
inheritance (Crews 2008). Therefore, in addition to perpetuating a change in gene
expression throughout an individual’s life, DNA methylation could also transmit the
effect of the environment on gene expression to further generations, even in the
absence of initial stimulus (Crews et al. 2007; Jablonka and Raz 2009). An interesting
characteristic of DNA methylation is that inheritance of the variants appears to be

highly variable among affected genes as well as among taxa (Rakyan et al. 2002).
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Depending on the genotypic context (see Richards 2006 for discussion) and the
taxon, some methylation marks will be transmitted across generations whereas others

will be limited to the lifetime of an individual.

DNA methylation has most extensively been studied in mammals, where
methylation patterns are erased (to some extent) and reset twice during development.
There is a first global genome demethylation during gametogenesis (but see
(Flanagan et al. 2006) and a second one during the period following fertilization.
Erasure of methylation patterns has also been shown to occur during zebrafish
development (MacKay et al. 2007), suggesting a common pattern in vertebrates.
Therefore it seems that the DNA methylation marks that these organisms acquire
during their life will not be transmitted to their progeny. However, the extent of
erasure of epigenetic marks was found to vary among multicellular organisms, and
even in mammals this erasure is not absolute (Richards 2006; Hitchins et al. 2007).
Indeed, in organisms where the gametes appear later in development and where there
is a less extensive erasure of epigenetic marks, such as plants, a higher propensity for
methylation mark transmission is expected (Richards 2006). In support of this, most

epialleles have been detected in plants (Kalisz and Purugganan 2004).

Though it seems that DNA methylation by itself is a process whose effects are
in many cases limited to the lifetime of an individual, DNA methylation can interact
at several levels with other mechanisms that may indirectly promote its transmission
(Blewitt et al. 2006). Indeed, it seems that DNA methylation influences and could be

influenced by small regulatory RNAs. For example, previous observations that the
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environment can affect microRNA expression could be accounted for by the fact that
environmentally induced DNA methylation regulates the expression of microRNA
genes. Therefore, the effects of environmentally induced methylation could be
indirectly propagated across generations via RNA molecules that are transmitted in
the cytoplasm of gametes. Evidence for such indirect effects of DNA methylation has
not yet been identified, but inheritance of a phenotypic variant via RNA can be
observed in paramutation (Rassoulzadegan et al. 2006; Chandler 2007).
Paramutations are defined as the modification of the effective expression of an allele
(paramutated allele) by another homologous allele (paramutator allele). An example
of this is found in mice where an engineered allele of the kit locus (paramutator
allele) leads to the production of small interfering RNAs (siRNA) that degrade
messenger RNA produced by the wild-type allele (paramutated allele)
(Rassoulzadegan et al. 2006). The wild-type allele’s DNA sequence remains
unchanged, but there is loss of effective expression of the gene. This silencing of the
wild-type allele leads to a white-tipped tail and white feet phenotype. Interestingly,
through transmission of these siRNAs in the cytoplasm of the gametes, progeny that
inherited the wild-type allele can also display the alternative phenotype. These siRNA
will then interfere with the expression of the wild-type alleles in the next generation.
However, in absence of the paramutator allele, the phenotype is diluted each

generation.

2.6 How to study DNA methylation
While the field of cancer epigenetics demonstrated more than a decade ago that

changes in DNA methylation and gene regulation occur in cancer, there is still a
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dearth of studies addressing the importance and the frequency as well as the
heritability of epigenetic variation in natural populations (Kalisz and Purugganan
2004; Richards 2008). Most current knowledge on DNA methylation comes from the
comparison of epigenetic profiles of individuals of a same species with highly
divergent phenotypes. The examples presented in the previous paragraphs are isolated
and spectacular cases. There is as yet no sense of how widespread these types of
phenomena are or of the importance of the challenge they present the current
evolutionary theory. The implications of a widespread heritable environmentally
induced epigenetic variation are potentially quite important. This section is meant as
an overview of the methods available for quantifying DNA methylation
polymorphism and for investigating the effects of methylation on phenotypic

variation.

The amounts of DNA methylation in a genome have traditionally been
analyzed by high-performance liquid chromatography (HPLC). Although this
technique has successfully been used to assess global changes of methylation in
different experimental contexts (Cai and Chinnappa 1999), it does not allow the

detection of the methylation state at the single gene level.

The tools for investigating variations in DNA methylation at the gene level are
available and can easily be incorporated into any laboratory studying DNA
polymorphism (Liu and Maekawa 2003; Suzuki and Bird 2008). Methylation is a
chemical mark added to the DNA, and there is no complementary nucleotide specific

to methylated cytosines. It is not possible to detect the presence of methylation by
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directly using classic PCR-based analyses or sequencing because methylated and
non-methylated cytosines are indistinguishable. However, methylated cytosines can
be labelled prior to PCR amplification. Two different approaches can be envisaged:
methods using endonucleases with different sensitivities to methylation or methods

where non-methylated cytosines are chemically altered.

The presence of a methyl group on their restriction site can affect the capacity
of certain bacterial endonucleases to recognize this site. Methylation sites can be
identified by comparing the restriction fragment patterns generated by enzymes that
have the same restriction site but different sensitivities to the methylation of this site.
The isoschizomeric enzymes Hpall and Mspl, for example, both recognize the CCGG
sequence, but Hpall is unable to cut the DNA when the internal cytosine is
methylated. Surveys using Methylation Sensitive Amplified Polymorphism (MSAP)
(Xiong et al. 1999), a variant of the AFLP (Vos et al. 1995), can then be performed
without further treatment. A limitation of this technique is that the endonuclease only

detects differences in methylation that occur at its restriction site.

The gold standard for the detection of methylation polymorphisms remains
sodium bisulfite treatment of DNA prior to PCR analyses. This chemical treatment
allows the conversion of unmethylated cytosines to uracil while methylated cytosines
remain unchanged (Frommer et al. 1992). Sequencing of treated and untreated DNA
allows the identification of all methylated cytosines in a given sequence. To screen
for variations in DNA methylation at the scale of a population, bisulfite treatment can

be used prior to SSCP (Maekawa et al. 1999), methylation-allele—specific PCR using
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primers ending on a CpG dinucleotide (methylation-sensitive PCR) or microarray

analysis (Yamamoto and Yamamoto 2004).

However, except in model species or well-known gene pathways (Lister et al.
2008; Meissner et al. 2008; Lister et al. 2009), the question is not so much how but
where to look for methylation differences in the genome. Surveys for candidate
sequences can be achieved with AFLP-based techniques by comparing across
individuals  restriction fragment patterns generated by enzymes with different
sensitivities to methylation or by comparing DNA treated or untreated with sodium

bisulfite.

Screening for variations in DNA methylation patterns is different from
screening for variations in DNA sequence because methylation patterns are time and
tissue specific. Indeed, even though the cells of multicellular organisms are
genetically identical, they present structural and functional heterogeneity. A
developmental program may lead to the production of more than 200 different cell
phenotypes, most of which can be accounted for by variations in DNA methylation
(Bird 2002; Meissner et al. 2008). Epigenetic regulation of gene expression is also
thought to be a dynamic process, with the methylation status of a gene potentially
changing in response to developmental and environmental cues and aging (Fraga et
al. 2005). Therefore, not only are different cell types within a given organism likely
to have very different DNA methylation patterns (different epigenomes or
methylomes), but fluctuations in time can also be expected even within the same cell.

For instance, the analysis of the methylation polymorphism of the human major
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histocompatibility complex (MHC) revealed that a significant proportion of these
genes show variegation (tissue-specific methylation profiles) in addition to inter-

individual epigenetic variation (Rakyan et al. 2004).

DNA methylation can be influenced or not by the environment, is more or less
independent of the associated genetic background, and displays different levels of
heritability. Once inter-individual variations in DNA methylation have been detected,
it is of interest to characterize these elements to determine the evolutionary
significance of these variations. DNA methylation is affected by the environment and
the genotype as well as by their interaction (Richards 2006), and can therefore be
considered as a phenotypic trait (Gorelick 2004, 2005). The quantitative genetics
framework can thus be used to establish the relative importance of the environment,
the genotype, and their interaction on this phenotypic trait. The variation of a given
phenotype can be measured by controlling for genetic background and environment;
for instance, by using an experimental design involving several replicates of a
genotype (clones, full siblings) maintained in controlled environmental conditions. A
common garden experiment can assess developmental flexibility while reciprocal
translocation of environmentally induced phenotypes can be used to investigate
plasticity (Cai and Chinnappa 1999). Following this kind of approach, “pure”
epigenetic marks are those whose presence correlates with the environmental
conditions whereas marks that are independent from the environment are referred to

as genetically obligate marks (Richards 2008).
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A similar challenge is faced when trying to study the effect of DNA
methylation on the phenotype since the phenotype is influenced by DNA variations,
the environment, and DNA methylation as well as by the interactions of these
elements (Gorelick 2004, 2005; Bossdorf et al. 2008; Richards 2008). Variations in
DNA methylation can be correlated with phenotypic variation by using approaches
similar to those discussed in the previous paragraph. In addition, in the case of
heritable methylation marks, the environment experienced by previous generations
must also be known since it can affect the offspring’s phenotype (Gorelick 2004).
Alternative approaches can also be considered to investigate the role of DNA
methylation on phenotype, such as those involving treatments that affect the
establishment or the maintenance of methylation marks (Fieldes and Amyot 1999;

Kucharski et al. 2008).

2.7 Methylation, ecology, and evolution

The relevance of phenotypic variation in the domains of ecology and evolution is
now widely accepted. Environmentally induced phenotypes are coined -either
phenotypic plasticity or developmental flexibility. Phenotypic plasticity refers to the
capacity of an individual to change its phenotype throughout its life in response to a
change in environments (Callahan et al. 1997). On the other hand, developmental
flexibility is the production of different phenotypes from individuals harbouring a
similar genotype, depending on the environmental conditions experienced during
their development (Bradshaw 1965). The effects of developmental flexibility (the

reaction norm) are most readily observed when comparing the phenotypes of
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genetically identical individuals reared in different environments (Thoday 1953). The
ability to produce such phenotypic variation is an evolving property, and evolutionary
changes can also be mediated by phenotypic variation (Debat and David 2001; Young

and Badyaev 2007).

Because of its role in gene regulation and the creation of phenotypic variation
as well as its versatility, DNA methylation is expected to contribute to the persistence
and evolution of populations in multiple ways. Indeed, epigenetic variation creates
phenotypic differences that have an effect on individual fitness and therefore can be
acted upon by natural selection (Crews et al. 2007). In addition, DNA methylation
may allow individuals to use different strategies in fluctuating environments
depending on its degree of inheritance. DNA methylation, unlike genetic
modifications, may occur rapidly in response to environmental changes and could
therefore represent a potential way to cope with environmental stress on very short
time scales, possibly even during the lifetime of an individual (Rando and Verstrepen
2007). Because it could then allow individuals to produce alternative phenotypes in
response to environmental change, DNA methylation would be a relevant process

even in the absence of inheritance.

Following changes in the environment, alternative methylation patterns may
be established on certain sensitive alleles, possibly giving the individuals that possess
them an alternative phenotype (Figure 3a). The frequency of advantageous
methylation-sensitive alleles will therefore increase in subsequent generations,

thereby increasing the number of individuals apt to react to environmental
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fluctuations. In this scenario, there is no inheritance of the methylation marks: DNA
methylation modulates gene expression in response to the environment, while the
genetic background provides heritability of the genes required for flexibility. It is the
flexibility of the phenotype that is selected for rather than the result of the flexibility
itself (Figure 3b). This type of scenario, known as the Baldwin effect (Simpson 1953)
reviewed in (Crispo 2007), could be advantageous in unstable or highly

heterogeneous environments.

Production of phenotypic variants through DNA methylation may help in
exploring alternative environments and consequently in providing a wider niche. For
example, some authors showed how environmentally induced phenotypes (heritable
or not) may initiate the transition from one adaptive peak to another by allowing the
exploration of the adaptive landscape without leaving the high fitness peak linked to
the underlying genotype (Pal and Miklos 1999). DNA methylation could provide an
additional process to induce a peak shift that, unlike genetic drift, does not require
demographic reduction or small population size (shifting balance theory) (Wright
1932). Regulation of gene expression through DNA methylation may also provide
asexual organisms with developmental flexibility, possibly explaining observations
where populations of clonal organisms were found to display as much phenotypic

variability as closely related sexual species (Doeringsfeld et al. 2004; Gorelick 2010).

In what circumstances is the inheritance of an environmentally induced
phenotype advantageous? Predictability (variability across generations) and reliability

(variability within generation) of the environmental conditions are components
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expected to influence selection on phenotypic variation (West-Eberhard 2003). While
a fluctuating environment should favour a high level of plasticity (Baldwin effect,
Figure 3b), new environmental conditions that are stable both within and across
generations should favour genetic assimilation (Young and Badyaev 2007). Genetic
assimilation refers to a reduction of the variability around a new phenotype following
environmental changes (Figure 3c). For example, the heritability of an
environmentally induced phenotype becomes favourable if the variability around the
new phenotype is low and the phenotype is close to its optimum (Waddington 1961;
Pal and Miklos 1999; Crispo 2007). However, this process requires long-term
heritability of the marks responsible for the apparition of the new environmentally
induced phenotype. The efficiency of transmission of such marks or cellular memory
is essential to enhance the strength of the phenotypic selection (Pal 1998). Because of
the delay between the induction and the selection of the new phenotype, the
environment must be stable for a period at least as long as the organism’s generation
time in order for it to be adaptive (Lachmann and Jablonka 1996). In completely
random or highly fluctuating environments, the persistence of induced phenotypes for
several generations even in the absence of the inducing environmental conditions that
produced the phenotype seems to represent the optimal strategy when compared to
strictly fixed (genetic) or completely inducible (plastic) strategies (Jablonka et al.
1995). An epigenetic inheritance system could ensure the transmission of the marks
responsible for the environmentally induced phenotype from parents to their progeny.
Such a mechanism may facilitate the transition between individual plasticity and
long-term evolutionary innovations and allow adaptation at an intermediate time

frame.
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When inherited across generations, variation in DNA methylation becomes
similar to genetic variation and serves as a template to natural selection and other
evolutionary forces such as drift and migration. However, because of its reversibility
and more labile nature, the persistence of DNA methylation is not expected to be as
stable as DNA mutations over a long period of time. During the process of genetic
assimilation, the environmentally induced phenotype becomes genetically
assimilated, and the environmental signal as well as the epigenetic marks are no
longer required to produce it (Waddington 1953). While the role of DNA methylation
may only be transient, it remains crucial in initiating the exploration of the adaptive
landscape by inducing phenotypic variation in response to the new environmental

conditions (Figure 3c).

2.8 DNA methylation and modern evolutionary synthesis

Cases of environmentally induced heritable variations in DNA methylation causing
phenotypic differences with an impact on fitness have been reported (Crews et al.
2007; Crews 2008). These findings challenge the existing theory of evolution
(modern synthesis) that supports the view that the information that is transmitted
changes only at random without any direction from the environment toward any
phenotypic outcome. Indeed, it rather seems the environment could be responsible for
both the apparition of variation and its selection (Richards 2006; Jablonka and Lamb

2008).
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Figure 3. Consequences of the inheritance (or not) of methylation marks following an
environmental change. a- As a consequence of a given environmental change, the
methylation of some alleles will be modified depending on their sensitivity. If the
resulting alternative phenotype is advantageous, the frequency of this allele will
increase in the next generation as a result of natural selection. b- In the next
generation, in the absence of inheritance of the new methylation marks, the initial
phenotype will be restored in environment A whereas the alternative phenotype may
reappear in environment B (for the same reason it appeared in A) because the selected
allele is more sensitive to environmentally induced epigenetic variation. c- In the next
generation, in the presence of inheritance of the new methylation marks, the
alternative phenotype is maintained for several generations until a mutation replaces

the effect of methylation.



54

A major source of confusion regarding the effect of environment on
phenotype is the belief that all environmentally-induced changes produce a
phenotypic adaptation. The effect of larval diet on the methylation patterns and the
phenotype of social insects (Kucharski et al. 2008) and how the nursing by mother
rats reduces stress in their offspring (Weaver et al. 2004) are examples of how the
environment, can act as an intrinsic cue to modify development, resulting in a

predetermined phenotypic change (Figure 4a).
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Figure 4. Environmentally induced DNA methylation and phenotypic consequences.
a- An environmental cue can act as an intrinsic signal in initiating a particular
developmental pathway, resulting in a predetermined phenotype as observed in social
insects. b- Environmental changes act randomly among individuals, resulting in

distinct phenotypes upon which selection can act.
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However, environmental changes do not always result in a predictable
phenotypic outcome (Figure 4b). Individuals as well as genes are likely to display
different thresholds or sensitivities to a given environmental signal (Sollars et al.
2003), and a given gene could be affected differently by environmentally induced
methylation in different individuals, resulting in distinct phenotypes on which
selection can act. The resulting phenotypes are thus not always favourable. For
example, induction of aberrant DNA methylation by environmental toxicants during
critical developmental periods has been known to lead to inappropriate gene
expression and disease pathogenesis in later life (Dolinoy, Huang, and Jirtle 2007;

Perera et al. 2009).

DNA methylation and other epigenetic processes appear not to be in
disagreement with the theory of modern evolutionary synthesis. Such processes allow
organisms to use the environment to modify development as a “signal of a
programmed change” (or modify their development in response to environment). But
environmentally driven methylation changes are expected to occur as randomly as
mutations, and according to the outcomes of these changes, the phenotype will be
selected for or against. Even though environment appears to be responsible for both
the creation of and selective pressures affecting variation, these two processes are

independent.

2.9 Conclusion
Many of its characteristics make DNA methylation a versatile mechanism for

modifying gene expression and phenotype. Methylation marks are enzymatically
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modifiable, can change rapidly, and are reversible, which is not the case with DNA
mutations. They are also conservatively replicated through mitosis and, in some
cases, through meiosis as well. It is unclear which characteristics of DNA
methylation prevail in natural populations and how they impact evolutionary
processes. However, because of the variety of genes, genotypes, and organisms
involved, and because of the spatial and temporal heterogeneity of the environment, it
is expected that a broad range of conditions exists where non-heritable methylation
marks permit rapid adjustment to the environment or where, in certain circumstances,
transgenerational marks lead to local adaptation and promote divergence until
speciation (Jablonka and Lamb 1991; Jablonka and Lamb 1995; Pal and Miklos 1999;
Pigliucci and Murren 2003; West-Eberhard 2003; Schlichting 2004; de Jong 2005;
Bonduriansky and Day 2009). This also suggests that all organisms do not react in the
same way to environmental changes due to evolutionary differences in DNA
methylation among taxa or to different genetic backgrounds among individuals and

populations.

DNA methylation and other epigenetic processes also suggest that a
reconsideration of the nature of the heritable material is needed (Gorelick and
Laubichler 2008; Bonduriansky and Day 2009), but they are not otherwise in
disagreement with the modern evolutionary synthesis. Though it may seem to add to
the complexity of carrying out biological research, taking into account the additional
layer of information provided by DNA methylation has already provided insightful

explanations to biological phenomena that could not be accounted for by variations in
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DNA sequence. The study of DNA methylation and other epigenetic processes may

soon be an integral component in the study of any biological process.

2.10 Box 1. Other epigenetic processes affecting phenotype

DNA methylation is an essential gene regulation process that can influence an
individual’s phenotype. However, several taxa, including model organisms such as
the fruit fly D. melanogaster, the nematode worm C. elegans, and the yeast S.
cerevisiae, have undetectable or very low levels of DNA methylation. These
organisms nonetheless display extensive phenotypic variation, indicating that DNA
methylation is not the only process responsible for phenotypic variation. In these
organisms, as well as in organisms for which DNA methylation is present, other
epigenetic processes are important in determining the phenotypic outcome. These
other processes may affect gene expression at the transcriptional level, as does DNA

methylation, or at the post-transcriptional level.

DNA is intimately associated with histone proteins; modifications of the
histone tails are known to control the packaging of DNA, therefore regulating the
access to the genes for transcription. Polycomb and Trithorax systems include
numerous genes that encode for proteins modifying histone tails to a repressed
(barrier to gene transcription) or active (accessible to transcription) chromatin state,
respectively. It is thought that these genes are important in regulating the expression
of house-keeping genes and developmentally important genes such as the Hox genes
(Meissner et al. 2008). This epigenetic system and its effects on phenotype have been

extensively studied in Drosophila (Hauenschild et al. 2008). It is also important to
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note that DNA methylation and Polycomb/Trithorax are interwoven epigenetic

systems (Meissner et al. 2008).

Phenotypic variation may also be due to the release of previously hidden
genetic (Rutherford and Lindquist 1998) or epigenetic (Sollars et al. 2003) variation
in response to stressful environmental conditions. For instance, under normal
environmental conditions, the protein chaperone Hsp90 assures correct folding and
function of proteins in spite of mutations the proteins might contain in their sequence.
The variability buffered by such a mechanism can be revealed if Hsp90 function is
compromised (for instance, following an environmental stress), therefore resulting in

an increase in phenotypic variation.
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Résumé

Les processus épigénétiques (par exemple, la méthylation de I’ADN) ont été proposés
comme des mécanismes évolutifs potentiellement importants. Cependant, avant de
conclure sur leur importance en évolution, 1’indépendance de la variation
épigénétique et de la variation génétique ainsi que 1’étendue du polymorphisme de
méthylation de ’ADN en milieu naturel doivent étre évalués. Nous avons évalué ces
deux points sur des populations naturelles d’un poisson clonal, Chrosomus eos-
neogaeus, pour lequel des individus génétiquement identiques sont retrouveés dans des
environnements distincts. Un survol du génome a confirmé 1’uniformité génétique
des individus alors qu’un niveau substantiel de variabilité entre les individus a été
détecté pour la méthylation de I’ADN. L’¢tude de 1’état de méthylation des
dinucléotides CpG d’un fragment de retrotransposon a confirmé une différence
marquée dans la composition épialléliques entre les tissus et les individus. Cette étude
apporte une ¢évidence supplémentaire de variation épigénétique en absence de
variation génétique et démontre que ce processus peut étre une source de variation

aléatoire dans les populations en milieu naturel.
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Abstract

Epigenetic processes (e.g., DNA methylation) have been proposed as potentially
important evolutionary mechanisms. However, before drawing conclusions about
their evolutionary relevance, we need to evaluate the independence of epigenetic
variation from genetic variation, as well as the extent of methylation polymorphism
in nature. We evaluated these in natural populations of a clonal fish, Chrosomus eos-
neogaeus, for which genetically identical individuals may be found in distinct
environments. A genomic survey confirms the genetic uniformity of individuals,
whereas a substantial level of inter-individual variation results in DNA methylation.
Survey of the methylation status of the CpG dinucleotides of a fragment of a
retrotransposon confirmed a marked difference in epiallelic composition amongst
tissues, as well as amongst individuals. This study provides further evidence of
epigenetic variation in the absence of genetic variation and demonstrates that this

process can be a source of random variation in natural populations.
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3.1 Introduction

Epigenetic processes are crucial in regulating gene expression leading to cell
differentiation during development (Bird 2002). However, the epigenome is not
exclusively influenced by the standard developmental program (Jaenisch and Bird
2003), and evidence accumulates on the environmental effects on methylation
profiles and gene expression (Waterland and Jirtle 2002; Weaver et al. 2004; Crews
et al. 2007; Dolinoy, Huang, and Jirtle 2007; Kaminen-Ahola et al. 2010; Verhoeven,
Jansen et al. 2010). The genome is able to integrate environmental changes and, as a
result, this extrinsic signal can potentially modify the phenotype without changing the
underlying DNA sequence. Numerous studies have highlighted the relevance of such
process in creating phenotypic variation (Cubas, Vincent, and Coen 1999; Rakyan et
al. 2003; Chong and Whitelaw 2004; Weaver et al. 2004; Blewitt et al. 2006;
Manning et al. 2006; Richards 2006; Crews et al. 2007; Kucharski et al. 2008;
Jablonka and Raz 2009; Kaminen-Ahola et al. 2010) one of the cornerstones of
evolution (Debat and David 2001). Thus, epigenetic processes enable the interaction
of the genome with the environment and may influence the phenotype of an

individual via the regulation of gene expression.

DNA methylation is one of the most studied epigenetic marks (Razin and
Riggs 1980; Boyes and Bird 1991; Weaver et al. 2004), although almost nothing is
known about the extent of DNA methylation polymorphism in natural populations.
Quantification of this variability is particularly important to determine the biological
relevance of methylation variation in promoting the phenotypic diversification of

individuals under different natural environmental conditions.
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Another major concern about the implications of epigenetic processes in
evolution is their dependence on genetic variation (Richards 2008). While the
relevance of epigenetic variation that is completely linked to genetic variation is
questionable, pure (or facilitated) epigenetic variation may provide an additional
evolutionary process (Richards 2008; Angers et al. 2010). Before arguing about the
specific effect of epigenetic variation in modifying the phenotype, pure (or
facilitated) epigenetic variation must be observed in natural populations (Richards
2006). However, working in natural populations of sexual organisms raises some

difficulties, especially when trying to disentangle epigenetic from genetic variation.

The environment can influence development and lead to predetermined
phenotypic changes, as exemplified by the role of the diet in the determination of the
honeybees reproductive status (Kucharski et al. 2008). In order to be consistent with
the synthetic theory of evolution (Pigliucci 2007), the effect of the environment must
lead to some random methylation changes that could potentially be adaptive (Angers,
Castonguay, and Massicotte 2010). The effect of DNA methylation has been
extensively studied following the observation of some aberrant phenotypes that were
first thought to be the result of DNA mutations (Cubas, Vincent, and Coen 1999;
Manning et al. 2006), as well as in few model organisms including human (Morgan et
al. 1999; Sheldon et al. 1999; Fraga et al. 2005). However, the randomness of
environmentally-driven methylation changes as a source of variation in natural

populations remains largely unknown.
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The aim of this project is to assess the extent of epigenetic variation
independent of the genetic variation in natural populations of a vertebrate species. To
rule out the effect of DNA polymorphism on the methylation profile, naturally
occurring genetically identical individuals (clones) were studied. The all-female
Chrosomus eos-neogaeus (Cyprinidea, Pisces; formerly Phoxinus)(Strange and
Mayden 2009) resulted from a few ancestral hybridization events between female
finescale dace (C. neogaeus) and male northern redbelly dace (C. eos) (Dawley,
Schultz, and Goddard 1987). The diploid C. eos-neogaeus hybrids are pseudogamous
and reproduce clonally via gynogenesis (Goddard and Dawley 1990). The presence of
only a few clonal lineages throughout heterogeneous habitats represents an
exceptional natural system to investigate naturally occurring epigenetic variation not

related to genetic variation.

3.2 Results

3.2.1 Genetic vs. epigenetic variation in asexual hybrids

We first assessed the global level of DNA methylation over the C. eos-neogaeus
genome using a wild-type mouse genome as a reference. Digestion pattern obtained
from isoschisomeric endonucleases that are sensitive to CpG methylation (Hpall) or
not sensitive to CpG methylation (Mspl) provided contrasting results, indicating
abundant methylation in the genome of hybrids. However, we observed similar level
of DNA methylation between Chrosomus hybrids and wild-type mouse genomes

(Figure S1). Similar results have been reported in zebrafish, Danio rerio (Suzuki and

Bird 2008).
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Figure 5. Sampled lakes in the Laurentian Lakes, Quebec, Canada. The number of
gynogens hybrids sampled per lake is indicated in parentheses. Capital letters refer to
the habitats characterization according to Schlosser et al. (1998) A- pond of moderate
depth, B- a shallow beaver pond, C- a moderately deep area of open water upstream

from a beaver dam, D- pond of moderate depth with flooded standing and fallen trees.

We then compared the extent of genetic and epigenetic variation across the C.
eos-neogaeus genome with a MSAP analysis performed on four tissues of four
individuals from distinct populations (Figure 5). A total of 630 reproducible
fragments detected between 150 and 600 bp were assessed. The presence of genetic
polymorphism was detected at only 6 of these singleton fragments representing 1.5
mutations per individual (Tableau S1). This leads to a level of genetic variation of 1.7
x 107 changes per nucleotide, considering the 14 nucleotides surveyed per fragment
(8 nucleotides of restriction sites and 6 nucleotides of the selective primers). This low

level of genetic variability is similar to what is observed in other clonal organisms
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(Singh et al. 2002), and largely contrasts with sexual species, for which 60% or more

of the loci are polymorphic (Gagnaire et al. 2009).

On the other hand, 93 fragments (14.76%) revealed methylation
polymorphism among tissues (Tableau S1). Interestingly, for a given tissue, 76 of
these fragments are also variable among individuals representing 4.5 epimutations per
tissue per individual (Tableau S1). Assuming a similar number of Msel and
Mspl/Hpall restriction sites over all fragments and considering that, per fragment, a
single CpG 1is surveyed for methylation change, this leads to a level of epigenetic
variation of 7.1 x 107 methylation changes per CpG per tissue that are possibly

distinct from those encoded by the developmental program.

To determine if methylation polymorphism occurred in regions of
transcriptional activity, a total of 15 loci were randomly selected for sequencing
amongst the 76 fragments variable among individuals (Tableau 1). Eleven fragments
displayed a strong homology with zebrafish sequences (taxonomically close to
Chrosomus) (Tableau 1). Ten sequences could be classified as CpG rich regions as
they had a ratio of observed-over-expected number of CpGs higher than 0.6, a density
of G+C higher than 0.5 and were longer than 200 bp (Bird 1986). These sequences
are generally located within genes, in gene regulatory regions, or within transposable

elements.
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3.2.2 DNA methylation profiles

We further investigated the extent of DNA methylation polymorphism at a candidate
locus (16; Tableau 1), characterized by its homology with a retrotransposon from the
DIRS1 group (Goodwin and Poulter 2001), detected in Tetraodon nigrivis and Danio
rerio. Nearly 80% of the 16 sequence is homologous to DIRS1. However, no
homology was detected at the 5° extremity (77 bp), while a large deletion
characterized the 3’ region (Figure S2). Other DIRS1 sequences detected in C. eos-
neogaeus did not present these characteristics and are more similar to those of T.
nigrivis and D. rerio (Figure S2). The 16 locus has not been detected in other lineages
of hybrids (A4, AS, and A6) (Angers and Schlosser 2007), and nor in any of the C.
eos or C. neogaeus parental species sampled from the same lakes (Figure 5). These
characteristics suggest that 16 locus is an incomplete fragment of a recent
transposition of DIRS1 in this specific hybrid lineage. Finally, SSCP analysis of
genomic DNA confirmed the absence of genetic variability among 14 individuals
belonging to seven populations (Figure 5) and strongly suggests that this is a single
copy locus (Figure S3A, B). This characteristic added to the fact that transposable
elements are targeted by DNA methylation makes this locus a very interesting

candidate to study epigenetic variation.
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A
AGTCTGAATGGAACTCTGTTTCCTTTCTGAAAAAGGGATAGACAGCTGCGAATTGACCTGATGCG2CTCTTCG3GACAGAAA
AGCTTGATATAGGTCCG*AGTTCAGTCTGAGACCTAGGTAAATTATCTCTTGTGTAGGCACCAAGCAGCTTTTTGTTTCGSTTTAT
CTTGAAACCTAAGCTCTCCAAATGAGACACAAGCATTTGTGTCTCTCTCTCTGCCTGTTGCCATGACGSGCG?CGECACAGCAGC
AGATCG®TCCAAATATGCTGACACTCTCAGACCCATTATTCTCAGGCG U TGTGAAAACCCTGATGGCTGTCCTCCGG

O Unmethylated CpG

8 L 0000000 @ Vethylated CpG

O Polymorphic CpG

. 0 __ 00
s 9000000000

- Controls confirmed that sodium bisulfite conversion of DNA was complete; no contamination occured during the
DNA treatment protocol nor during the amplification reaction and no mutations were observed (data not shown).

Figure 6. Methylation polymorphism at the candidate locus 16. (A) Sequence of 16
locus with primers detail and location of CpG dinucleotides; (B) Location of invariant
(unmethylated or methylated) and polymorphic CpGs along 16 sequence; (C)

Variation of the methylation profile among the 5 epialleles detected.

Methylation polymorphism along the sequence of 16 locus (Tableau 1 and
Figure 6A) was assessed by bisulfite treatment of DNA, MS-SSCA gel followed by
sequencing of the observed epivariants. Contrasting with the lack of variation on
genomic DNA, MS-SSCA revealed distinct electromorphs (Figure S3C, D). Bisulfite
sequencing of epivariants (51 bands excised from MS-SSCA gels) recovered five
epialleles. Two epialleles largely predominate (epiallele 3, 39.2% and epiallele 5,
49%; Figure 6C) while epialleles 1, 2, and 4 were detected in a given tissue for only a
few individuals (Figure 7). Sequencing also revealed that epialleles only differ by

their methylation profile, no nucleotide mutations were observed and bisulfite
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conversion was complete. Epiallele 3 harbours four unmethylated CpGs that are
otherwise methylated for epiallele 5 (Figure 6C). The others epialleles differ by one
or two methylated sites from the predominant epialleles (Figure 6C) and are always

associated with one of the predominant epivariants.
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Bré;in Dig'est. Héart Flin Eylle Mus'cle
(14) Track (2) (14) (8) (20)
(2)

Figure 7. Epiallele frequency distribution for the six tissues analyzed. For each tissue,
the diameter of the circles represents the percentage of individuals displaying a given
epiallele. The total percentage for a tissue can be different from 100% due to

variegation. The number of individuals analyzed per tissue is given in parentheses.

The six tissues analysed varied in their methylation profiles. The heavily
methylated epiallele (epiallele 5; Figure 6C) characterises the heart (2 individuals),
fin (14 individuals), digestive track (2 individuals) and muscle (20 individuals)

(Figure 7) while the less methylated epiallele (epiallele 3; Figure 6C) is present by
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itself only in the brain (14 individuals) (Figure 7). Both epialleles 3 and 5 (Figure 6C)

occur in the eye (8 individuals) (Figure 7).

While most of the individuals display the same methylation pattern for a given
tissue, inter-individual variation was detected on all tissues for which at least eight
individuals were assessed. One individual revealed different methylation profiles for
the brain (7%) or the fin (7%), two individuals for the eye (25%) and five for the
muscle (25%) (Figure 8). For a given tissue, the alternate methylation profile is the
same among individuals. We failed to detect any relationship between the epivariants
and the lake of origin, which are supposedly representative of different environments.
Similarly, there is no relationship between epivariants and the different tissues

analyzed for a given individual.

X
Y 100+
c
S O Epiallele 3
c
¥ ‘ Epiallele 5
©
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(14) (14) (8) (20)

Figure 8. Methylation polymorphism among individuals. The relative abundance (in
percentage) of the individuals displaying epialleles 3, 5 or variegation is given per
tissues for which at least eight individuals were assessed. The number of individuals

analyzed per tissue is given in parentheses.
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3.3 Discussion

3.3.1 Genetic vs. epigenetic variation in asexual hybrids

The global level of DNA methylation of C. eos-neogaeus appears similar to that of
wild-type mice, indicating the model organism used in this study does not exhibit an
abnormal methylation level that could have been related to its hybrid status or asexual
mode of reproduction. Similarly, studies performed on asexual dandelions lineages
did not report abnormal DNA methylation changes from parents to F1 (Verhoeven,
Van Dijk et al. 2010). This is consistent with studies in other plants species such as
Arabidopsis thaliana (Cervera et al. 2002). This is in sharp contrast with the very low
levels of CpGs methylation observed in Daphnia magna hybrid complexes (ranging
from 0.13 to 0.81%) (Vandegehuchte et al. 2009). Such low levels of DNA
methylation observed in Daphnia is however far from what is observed in

vertebrates, plants and other invertebrate species in general (Suzuki and Bird 2008).

Our survey of the epigenome of C. eos-neogaeus clonal hybrids reveals a high
level of variation at the inter-individual level. These results suggest that epigenetic
processes such as DNA methylation may provide an important source of variability.
Numerous studies have reported epigenetic variation via MSAP analysis (Salmon et
al. 2005; Zhao et al. 2007; Verhoeven, Jansen et al. 2010; Verhoeven, Van Dijk, and
Biere 2010). Although methylation variations are not related to sequence variation
around CCGG motifs for most of these studies, other trans effects may have a
significant influence on the epigenetic polymorphism detected. In all instances, it
remains unknown to what extent DNA methylation polymorphism reflects

phenotypic divergence.
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Contrasting with epigenetic variation, the extremely low level of genetic
variation observed is comparable to previous results for C. eos-neogaeus hybrids
(Binet and Angers 2005), and confirmed the genetic uniformity of sampled
individuals. Accordingly, both the effects of cis and trans-acting genetic factors as
sources of the observed epigenetic variation could not be invoked (Verhoeven, Van
Dijk, and Biere 2010). Such observations support the idea that there is some pure (or
facilitated) epigenetic variation in natural populations for vertebrates (Richards
2006). This is consistent with a previous study performed on monozygotic twins
(Fraga et al. 2005). The important distinction to be made here is that we investigated
DNA methylation polymorphism in natural populations, over a larger number of

genetically identical individuals in heterogeneous environmental conditions.

3.3.2 DNA methylation profiles

Epigenetic variation among individuals might be the result of two distinct processes.
First, the incapacity to maintain the original epigenetic profile across mitotic
divisions leads to a mosaic of epigenetic states among cells of the same cell type, also
known as variegation (Rakyan et al. 2002). Such stochastic epimutations are expected
to be frequent, based on the error rate of DNA methyl-transferase (Bird 2002).
Secondly, the influence of the environment in shaping the epigenome is increasingly
reported in controlled environments (e.g., temperature (Sheldon et al. 2002), diet (Feil

2006), behavior (Meaney 2001), and chemicals (Crews et al. 2007)).
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In our study, the observed epigenetic variation appears to be the result of both
the effect of stochastic and environmental epimutations on clones belonging to
different populations. Epialleles 1, 2 and 4 likely arise from stochastic epimutations
since they are at very low frequency and differ at a few CpG from the common
epivariants. Such a situation has already been reported in a study performed on
human germ cells (Flanagan et al. 2006). On the other hand, most of the variation
observed among tissues as well as among individuals involves differences at the very
same four CpG dinucleotides, making stochastic epimutations unlikely. These results
suggest that the establishment of the methylation profile results in either one of the
two alternate epigenetic states (epialleles 3 or 5). Such an effect resembling an on/off
switch has already been observed from the epigenetic programming of CpG 16 of
exon 17 at a glucocorticoid receptor gene promoter in the rat (Weaver et al. 2004).
Furthermore, on our study, most of the individuals displayed the same profile for a
given tissue, while some tissues show distinct profiles. Interestingly, transposable
elements are thought to be targeted by DNA methylation in order to suppress their
transcription, and, as a result, suppress their transposition elsewhere in the host’s
genome. Rather than being actively methylated for repression, our results suggest that
this portion of transposable elements seem to acquire the methylation status of the
insertion site. That the variation at the locus studied here could be the result of its
proximity to a tissue-specifically expressed gene remains speculative in absence of its
exact genomic position. Nevertheless, it suggests that non random processes such as
intrinsic signals may in part be responsible for the establishment of these profiles

among tissues.
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Epivariants did not correlate with either the lake of origin or the individual
suggesting that different cell types may react differently to environmental signals.
The epigenome largely differs amongst cell lineages within a given tissue, among
tissues within a given individual as well as among individuals within a given
population. Excluding genetic variation as the cause, this suggests that whatever the
process responsible for these methylation changes, individuals as well as genes are
likely to display different thresholds or sensitivities to a given environmental signal
(Sollars et al. 2003). Such a situation has already been reported in humans (Fraga et
al. 2005), and mice (Morgan et al. 1999). Both the influence of stochastic and
environmental epimutations has been proposed as source of epigenetic variation for
these two models species. In contrary to the variation observed among tissues, the
inter-individual variation detected at this locus (in term of either epialleles 3 or 5) for
a given tissue likely occurred randomly. Such randomness is in sharp contrast with
the environmentally induced programmed epigenetic variation observed in honeybees
(Kucharski et al. 2008), and rats (Weaver et al. 2004), and appears much more like

DNA mutations.

3.4 Conclusions and evolutionary implications

An abundant source of pure (or facilitated) epigenetic variation, in term of cytosine
methylation, was detected among clonal organisms from natural populations.
Epimutations that occur following an environmental change seem to establish in a
random fashion as do genetic mutations. However, the epimutations may represent a
faster process of variation than mutations as observed for this clonal vertebrate. Even

if pure (or facilitated) epigenetic variation remains difficult to estimate for sexual
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organisms, such variation is expected to have a similar impact on the evolutionary

processes of these organisms.

3.5 Material and methods

3.5.1 Ethics statement.

A scientific permit (#2007-04-25-108-15SP) was delivered by the Ministére des
Ressources naturelles et de la faune du Québec to Bernard Angers regarding sampling

and proper handling of the specimens.

3.5.2 Genetic uniformity of sampled C. eos-neogaeus.

Fish from seven lakes belonging to different watersheds of the St Lawrence River,
Quebec, Canada were sampled (Figure 5). These lakes were known to contain either
one or both parental species (C. eos and C. neogaeus) as well as gynogens and
triploid hybrids (Binet and Angers 2005; Angers and Schlosser 2007). Previous
studies revealed no current event of hybridization even in lakes where both parental
species are present (Binet and Angers 2005; Angers and Schlosser 2007). A genetic
survey of nine microsatellite loci confirmed that the hybrids sampled belong to the
same clonal lineage (Angers and Schlosser 2007). The lakes sampled were each
classified as one of the four different types of environment according to a
characterization previously used to describe C. eos-neogaeus populations (Schlosser

et al. 1998).
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3.5.3 Genetic identification of sampled C. eos-neogaeus and DNA extraction.

Sampled fish were identified using genetic markers (Binet and Angers 2005).
Hybrids, characterized by the presence of one set of chromosomes from C. eos and
one set from C. neogaeus, were identified using species specific primers. Gynogen
hybrids (diploid) were then discriminated from triploid hybrids according to the
ploidy of the nuclear genome by using eleven hypervariable microsatellites (Binet
and Angers 2005; Angers and Schlosser 2007). We extracted and purified total DNA
from all tissues (brain, muscle, fin, eye, digestive track and heart) of gynogenetic

hybrids (Orkin 1990).

3.5.4 DNA methylation level in C. eos-neogaeus.

The level of DNA methylation over the whole C. eos-neogaeus genome was
compared to that of a wild-type mouse and a mutant Dnmtl mouse. The enzyme
responsible for the maintenance methylation is not active in the mutant Dnmtl
mouse, and, as a result, the intensity of DNA methylation is highly reduced (Ashe et
al. 2008). DNA was digested with Mspl or Hpall restriction enzymes. The quality of
the initial DNA used for digestion was assessed by the uncut DNA controls. The
effectiveness of the digestion reaction with Hpall was visualized by the comparison
with the Dnmt1-/- mouse DNA restriction pattern. Migration was performed on a 1%

agarose gel (O'Neill et al. 1998).

3.5.5 Methylation-Sensitive Amplified Polymorphism (MSAP) analysis.
MSAP analysis was performed on four tissues (brain, eye, fin and muscle) from four

individuals belonging to four populations (lakes Jonction, Merde, Richer, and
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Barbotte) (Figure 5). DNA was digested with Hpall. Using a subsample of the
previously digested DNA to cut with Mspl, enabled us to visualize the presence of an
internal restriction site that is methylated. For a given sample, the absence of
fragment for both treatments indicated the presence of a mutation at a restriction site.
Full methylation of both cytosines and hemi-methylation of the internal cytosines
were not investigated by MSAP. As a consequence, it was impossible to distinguish
them from unmethylated sequences. Fragments that displayed methylation
polymorphism among samples at restriction sites were identified by the
presence/absence banding pattern between the two treatments (Msel/Hpall and
Msel/Hpall/Mspl) (Figure S4). Aliquots (4 pl) of each sample for each primer
combinations were loaded on 6% polyacrylamide gels (19:1 acrylamide to

bisacrylamide) containing 8 M urea and 1X TBE gels.

3.5.6 Candidate loci sequencing.

Fifteen of the fragments that displayed methylation polymorphism were excised from
the gel and placed in separate collecting tubes containing purified water. The eluted
DNA was used as a template for reamplification with the appropriate selective primer
combinations. The PCR products were then purified (QIAquick PCR purification kit)
and cloned into the plasmid pGEM-T vector (Promega Corp.), followed by
transformation in E. coli competent cells (strain JM109) according to the
manufacturer’s protocol. For each fragment, an average of three colonies was
sequenced (CEQ™ 8000 Genetic Analysis System, Beckman Coulter). The
sequences of the fragments were compared against available sequences of the

National Centre of Biotechnology Information (NCBI).



79

3.5.7 Bisulfite conversion of DNA, candidate locus amplification, MS-SSCA and
bisulfite sequencing.

Sodium bisulfite treatment of 200-500 ng of DNA was performed according to
MethylCode™ Bisulfite Conversion Kit protocol (Invitrogen). A negative control
was included for each bisulfite conversion protocol to make sure that no
contamination occurred during treatment of genomic DNA. The candidate locus was
amplified using a fully nested PCR approach with two sets of primers designed for
the specific amplification of bisulfite converted DNA (Tableau S2). A negative
control was also included for each PCR to make sure that no contamination occurs
during the amplification reaction. Each of the two runs of nested amplification
reactions contained 10 pmol of each primer (round 1 [405Bis1F x [600Bislrev) then
(round 2 1405Bis1FN x 1405Bis1RB), 2.5 mM of each dNTPs, 10x 7ag DNA
polymerase buffer (Invitrogen), 0.16 unit of Tag DNA polymerase (Invitrogen) and 2
ul of bisulfite converted DNA or run one PCR products in a final volume of 50 pl.
The PCR protocol for both runs of nested amplification was 92 °C for 3 min,
followed by 35 or 45 cycles at 92 °C for 30 s for run one and run two respectively, 52
°C for 30 s, and 68 °C for 45 s and a final extension at 68 °C for 5 min. Sequence
differences are expected according to the position of methylated and non-methylated
cytosines following the bisulfite treatment. Differences were visualized on a Single
Strand Conformation Polymorphism (SSCP) gel (Kinoshita et al. 2000; Dobrovic et
al. 2002). PCR products were electrophoresed at 4 °C for 15 hours on a 5%
polyacrylamide (37.5:1 acrylamide to bisacrylamide) with 5% glycerol. Each sample
was amplified and electrophoresed at least two times. Polymorphic fragments were

then excised from the gel and placed in a collecting tube containing purified water.
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The eluted DNA was used as template for reamplification using the internal primers
set (run two of the fully nested PCR). The PCR products were then purified
(QIAquick PCR purification kit) and sequenced (CEQ™ 8000 Genetic Analysis
System, Beckman Coulter). We also collected and duplicated sequencing for each of

the polymorphic fragments.

3.6 Supplementary information

Hpall Mspl Control

Figure S1. Restriction digests of genomic DNA with Hpall, Mspl and control.
Migration on a 1% agarose gel. From left to right for each treatment: two Chrosomus

eos-neogaeus hybrids (muscle), mice (spleen), mice Dnmtl -/- (whole embryo).

| DIRS-1T. nigrivis

EEREEEEEE N |
| I | {1 16locus

Figure S2. Homology detected among 7. nigrivis DIRS-1 TE, C. eos-neogaeus DIRS-
1 TE, and 16 locus. Region of 16 without homology to DIRS-1 TE is indicated by the

| DIRS-1 C. eos-neogaeus

white surface and deletion by the horizontal line.
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Figure S3. SSCP and MS-SSCA analysis. A) SSCP analysis performed on muscle

genomic DNA from 14 individuals of seven populations (1-14) and PCR
amplification control (15). B) Graphic representation of SSCP analysis. C) MS-SSCA
analysis performed on bisulfite converted DNA from muscle of 13 individuals used in
A (1-13), from eye of 6 individuals (14-19), contamination control for bisulfite
conversion and PCR amplification are shown (20, 21). D) Graphic representation of

the MS-SSCA analysis.
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Msel-Hpall Msel-Hpall/ Mspl

No polymorphism

Methylation Ind. 2 and 4

— — Methylation I.S. Ind. 1 and 3

Mutation Ind. 1

Figure S4. MSAP patterns expected from the comparison of four samples for the two
treatments (Msel-Hpall vs Msel-Hpall/Mspl). These patterns represent the four
situations that enable the discrimination of the methylation states and presence of

mutations.

Tableau S1. Epigenetic and genetic variation detected from the MSAP survey.
For each primer pair set (Mse — Hpall/Msp), the total number of fragments detected

as well as the number of polymorphic fragments (epimutation or mutation) are given.

Msel Mspl/Hpall Fragments Mutations Epimutations

A CTC ATC 57 1 6
B CCG ATG 44 0 5
Cc CIG ATG 28 0 0
D CGC ACG 26 0 6
E GCG CTC 41 1 4
F  GGC CTG 46 1 0
G CGG AGC 50 1 12
H CCC ACC 48 0 9
I CAG AGG 63 0 11
I CAG AGC 48 0 15
K CGG ACC 44 1 10
L CGG AGG 38 0 7
M CCC AGC 47 1 2
N CTC ACC 50 0 6
Total 630 6 93




Tableau S2. Primer details used for the two runs of nested amplification of 16.

Primer sequences

Details

Preamplification (run 1)
AGTTTGAATGGAATTTTGTTTT

CCRAAAAACAACCATCAAAA
Specific amplification (run 2)
TTGAAAAAGGGATAGATAGTTG

CAACCATCAAAATTTTCACAC

Forward primer
Reverse primer

Forward primer
Reverse primer

83
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Résumé

L’hybridation a des conséquences majeures sur la stabilité génomique des hybrides
en occasionnant la perturbation de processus moléculaires importants tel que la
méthylation de ’ADN. La perturbation de la méthylation de ’ADN a été associée a
la mobilisation des éléments transposables dans les génomes hybrides. Des études
précédentes portant sur 1’évaluation des conséquences de I’hybridation sur la
méthylation de I’ADN ont ¢été réalisées sur des lignées hybrides de premiere
génération (F1). Conséquemment, il était impossible de différencier les effets
associés a la réunion de génomes interspécifiques des autres processus pouvant
intervenir lors de la formation du zygote. L’objectif de la présente étude est de
démeéler I’influence que peut avoir le contexte génomique d’un génome hybride sur la
méthylation des ¢éléments transposables de celui des autres processus tel que les effets
maternels et paternels. Nous avons tir¢ avantage d’un modele biologique particulier,
I’hybride diploide Chrosomus eos-neogaeus, pour lequel une F1 se perpétue
naturellement par reproduction asexuée. La variation de la méthylation de ’ADN de
14 groupes d’insertions détectée dans le génome hybride C. eos-neogaeus a ¢été
évaluée. Premicrement, la variation du niveau de méthylation de copies hautement
similaires d’un retrotransposon DIRS1 refléte 1’effet du site d’insertion. Bien que non
significatifs, les résultats présentés indiquent un niveau de méthylation plus faible
chez les hybrides C. eos-neogaeus en comparaison aux especes parentales. Nous
avons aussi observé un niveau de stochasticité considérable dans 1’établissement des
patrons de méthylation de ces loci. Dans leur ensemble, ces resultats suggerent une

réduction de la méthylation des éléments transposables apres I’hybridation avec un
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retour progressif a un niveau de méthylation ¢levé aux générations subséquentes. En
conséquence, des processus tels que les effets maternels et paternels plutét que la
réunion de génomes interspécifiques seraient responsables de la perte intitiale du

controle épigénétique des ¢léments transposables.
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Abstract

Hybridization has profound consequences on hybrid genomic stability via the
disruption of important molecular processes such as DNA methylation. Perturbation
of DNA methylation has been associated with the mobilization of transposable
elements in hybrid genomes. Previous studies investigating the consequences of
hybridization on DNA methylation were all performed on newly formed F1 hybrid
lineages. As a result, it was impossible to discriminate between the effects associated
with the union of inter-specific genomes and other processes that have the potential to
intervene at zygote formation. The aim of the present study was to disentangle the
influence of the genomic landscape of a hybrid genome on transposable element
methylation from other processes such as maternal and paternal effects. We took
advantage of a particular biological model, the diploid Chrosomus eos-neogaeus
hybrid, for which a F1 lineage is naturally perpetuating by asexual reproduction.
DNA methylation variation of 14 groups of transposable element insertions detected
in C. eos-neogaeus hybrid genome was investigated. First, the variation of the
methylation level among highly similar copies of a DIRS1 retrotransposon reflects an
effect of the insertion site. While not significant, the results presented here report a
lower methylation level in C. eos-neogaeus hybrids in comparison to the parental
species. We also observed a considerable level of stochasticity in the establishment of
the methylation pattern over these loci. Altogether these results suggest a reduction of
transposable element methylation after hybridization with a progressive return to a
high level of DNA methylation over subsequent generations. Accordingly, processes

such as maternal and paternal effects rather than combination of inter-specific
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genomes may be responsible for the initial loss of epigenetic control of transposable

elements.
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4.1 Introduction

Inter-specific hybridization, the merging of two divergent genomes in one individual,
leads to major genomic perturbations. In addition, maternal and/or paternal material
inherited through the gametes may greatly influence hybrid genomic stability. Such
genomic perturbations may have profound consequences for hybrid viability and
fertility. Both the sequence divergence of incompatible alleles and the perturbation of
chromatin integrity are important molecular determinants of hybrid dysfunctions

(Michalak 2009).

One of the many molecular processes behind hybrid genomic instability is
DNA methylation changes (O'Neill, O'Neill, and Graves 1998; Salmon, Ainouche,
and Wendel 2005; Brown et al. 2008). It has been proposed that DNA methylation
evolved as a mechanism to repress mobile elements (host defence model; (Bestor and
Tycko 1996). Transcription and mobilization of transposable elements (TE) may
cause extensive genome alterations, both in term of chromosomal rearrangements and
chromatin integrity. In their study, O’Neill and coauthors (1998) have observed a
global undermethylation for an interspecific mammalian hybrid (Macropus eugenii x
Wallabi bicolour) (but see Roemer et al. 1999). The comparison of the parental and
hybrid genomes resulted in the identification of hybrid-specific unmethylated TE.
This indicates that a failure to maintain a proper level of DNA methylation leads to
the activation of mobile elements which subsequently trigger chromosome
remodelling. Thus, the epigenetic control of TE represents an important process that
may prevent the disruption of gene regulation pathways and enable the expression of

the intended individual phenotype (Rakyan et al. 2002).
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Although TE are thought to be generally heavily methylated (Bird 2002),
there can be variation of their methylation profile. Such variation is influenced by the
TE sequences, the age and the genomic location of the insertions. Furthermore, both
the level and pattern of methylation along a specific TE can vary among cells of the
same tissue as well as individuals (Rakyan et al. 2002; Reiss et al. 2010; Massicotte
et al. 2011). Although there is evident stochasticity in the establishment of TE
methylation profiles, the influence of TE sequence has been highlighted by the
similarity of the methylation status of homologous CpG dinucleotides among TE
presenting little structural difference (Reiss et al. 2010). It also has been demonstrated
that age has a positive influence on the TE methylation level but a negative effect on
variance between cells and individuals (Reiss et al. 2010). Even more importantly,

TE methylation can be modulated according to the genomic location of insertion

(Park et al. 2006).

Previous studies investigating DNA methylation changes triggered by
hybridization were performed on evolutionary recent (Salmon, Ainouche, and
Wendel 2005) or newly formed first-generation (F1) hybrid lineages (O'Neill,
O'Neill, and Graves 1998; Roemer et al. 1999; Brown, Golden, and O'Neill 2008).
Thus, it was impossible to discriminate between the effects associated with the
combination of inter-specific genomes and other processes that have the potential to
intervene at the stage of zygote formation. The aim of the present study was to
disentangle the influence of the genomic landscape of a hybrid genome on
transposable element methylation from other processes such as maternal and paternal

effects. The biological model used is the diploid Chrosomus eos-neogaeus hybrid for
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which a FI1 lineage is naturally perpetuating by asexual reproduction. The
hybridization event that has lead to the formation of this hybrid lineage occurred ca.
30,000 years ago (Angers and Schlosser 2007). This long-lived naturally occurring
F1 hybrid lineage is found in sympatry with either one or both parental species, C.
eos and C. neogaeus, in many natural populations (Binet and Angers 2005; Angers
and Schlosser 2007). We examined TE methylation of 14 paralogous insertions of a
retrotransposon from the DIRS1 group and further investigated the variation of

methylation profiles in C. eos-neogaeus hybrids and the parental species.

4.2 Material and methods

4.2.1 Biological model

The all-female Chrosomus eos-neogaeus (Cyprinidea, Pisces; formerly Phoxinus)
(Strange and Mayden 2009) resulted from a few ancestral hybridization events
between female finescale dace (C. neogaeus) and male northern redbelly dace (C.
eos) (Dawley, Schultz, and Goddard 1987). The diploid C. eos-neogaeus hybrids are
pseudogamous and reproduce clonally via gynogenesis (Goddard and Dawley 1990).
Hybrids from the same lineage are genetically identical (i.e. clones) and hemizygous

at each locus.

4.2.2 Genetic identification

The fish were identified using genetic markers. Briefly, the diploid hybrids,
characterized by the presence of one set of chromosomes from C. eos and one set
from C. neogaeus, were identified using species specific primers (Binet and Angers

2005). Diploid C. eos-neogaeus hybrids were then discriminated from triploid
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hybrids according to the ploidy level of the nuclear genome by using eleven

hypervariable microsatellites as detailed in (Binet and Angers 2005; Angers and

Schlosser 2007). The microsatellite analysis also enabled the identification of the

clonal lineage (clonal lineage B6; Angers and Schlosser 2007).

Tableau 2. Summary of samples analyzed and sequenced. Sample biotype, origin

(Population, Individual, and Tissue), and number of clones sequenced for each primer

pair (368pb, insertion groups 1, and 5 to 14; 268pb, insertion groups 2 to 4).

Sample origin Nb. Clones
Biotype Population Individual  Tissue (368 bp) (268 bp)
Hybrid LacTrois L3#5 Brain 4 2
Muscle 6 3
LacQuatre L4#1 Eye 8
Barbotte B3 Brain 5 8
Fin 1
Jonction J13 Brain 8 13
Fin 7 9
127 Brain 4
Muscle 5
Saad S33 Brain 7
Muscle 7
C. eos Barbotte B21 Brain 7
Fin 6
B42 Brain 5
Fin 7
C. neogaeus Saad S27 Brain 7
Fin 6
S28 Brain 7
Fin 8
Total 62 88
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4.2.3 Sample analyzed

We analyzed a total of 19 DNA samples extracted from four tissues of 10 individuals,
six diploid C. eos-neogeaus hybrids, two C. eos and two C. neogaeus, belonging to
five natural populations (Tableau 2). For more details on sampling and DNA

handling see (Massicotte, Whitelaw, and Angers 2011).

4.2.4 Bisulfite conversion of DNA

Sodium bisulfite treatment of 200-500 ng of DNA was performed according to
MethylCode™ Bisulfite Conversion Kit protocol (Invitrogen). A negative control
was included for each bisulfite conversion protocol to make sure that no

contamination occurred during treatment of genomic DNA.

Tableau 3. Details of primers used for TE amplification.

Primer sequences Details

TE detection

TTGAAAAAGGGATAGATAGTTG Forward primer
ATATTTTCACATAAACATCTAC Reverse primer
Specific amplification TE 2, 3, and 4
ATAGTTGYGAATTGATTTGATT Forward primer

CTTATCTTTAACTCCCAAAATT Reverse primer
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4.2.5 TE detection and amplification

We screened the C. eos-neogaeus hybrid genome for the identification of paralogous
copies of DIRSI retrotransposon using primer pair 1 (Figure 9A, Tableau 3). Primer
pair 2 was used for the specific amplification of insertion groups 2, 3, and 4

exclusively (Figure 9A, Tableau 3).

A)

CTGAAAAAGGGATAGACAGCTGCG'AATTGACCTGATGCG?*CTCTTCG3GACAGAAAAGCTTG
ATACAGGTCCG*AGTTCAGTCTGAGACCCAGGTAAATTATCTCTTGTGTAGGCACCAAGCAGCTT
CTTGTTTCG®TTTATCTTGAAACCTAAGCTCTCCAAATGAGACACGEAGCATATGTGTCTCTCTCT
CTGCCTGTGGCCATGACG’GCG*CG°CACAGCAGCAGATCG*TCCAAATATGCTGACACTCTCA
GACCCATTATTCTCAGCG*GTGTGAGCG*CTGCTTCCACACATTTGCTGAATATCCTGGGAGCT
AAACTCAAACCG*AACGMGGACTGTCAAAAACTCGTAGGCTGTGTCTCGATAGGCAAACC
TGAGAAATTTTCTGTGTGCCGYGTAGATGCTTATGTGAAAATAT

Figure 9. TE structure. A) Reference sequence with primer details (underlined) and
location of the 17 CpG dinucleotides; B) Location of paralogous CpGs among the
insertion groups. The number in parentheses indicates how many of the 14 groups
bear these CpG dinucleotides. The horizontal parenthesis indicates the region covered

by the two primer pairs.

4.2.6 Cloning and sequencing
The PCR products were cloned into the plasmid pGEM-T vector (Promega Corp.)
followed by transformation in E. coli competent cells (strain JM109) according to the

manufacturer’s protocol. Clones from each sample were subsequently sequenced
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(CEQ™ 8000 Genetic Analysis System, Beckman Coulter). All sequences had a

conversion rate >96%.

4.3 Results

We sequenced a total of 62 clones of PCR products amplified from extractions of
bisulfite converted DNA from 11 C. eos-neogaeus hybrid samples (Tableau 2). This
has lead to the detection of highly similar insertions that could be classified in 14
groups (Figure 10A). An insertion group was formed when at least two clones
presented identical DNA sequences regardless of the methylation status of the CpGs.
Among groups variation in sequence identity ranges from 96.7% to 99.7%. For the
insertion groups 1, and 5 to 14, bisulfite-sequencing allowed a determination of the
methylation polymorphism for a 368 bp fragment covering a total of 17 CpGs (Figure
9B). For the insertion groups 2, 3, and 4, we sequenced a total of 88 clones of PCR
products amplified from extractions of bisulfite converted DNA from 13 samples
including samples from both parental species (Tableau 2). For these three insertion
groups, bisulfite-sequencing allowed a determination of the methylation

polymorphism of a 268 bp fragment covering a total of 11 CpGs (Figure 9B).
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Figure 10. Relationships among insertion groups and insertion site effect on the
methylation level. A) NJ of the 14 insertion groups detected in C. eos-neogaeus
hybrid and three outgroups; Tetraodon nigrivis, Danio rerio and another C. eos-
neogaeus DIRSI sequence. The methylation status of CpG dinucleotides and the
incomplete C to T conversions were removed prior to Neighbor Joining (NJ) analysis;
B) Average percentage of methylated CpGs per insertion group. The number of

clones sequenced for each of the 14 groups is given in parentheses.

4.3.1 Insertion site effect

In average, 92.5% of CpGs were methylated over the 14 insertion groups detected in
the C. eos-neogaeus hybrid genome. Twelve insertions groups are heavily methylated
(>70%) while two of them, insertions groups 9 and 10, have a lower level of

methylation (30.9 and 11.8% respectively) (Figure 10B). We also detected epigenetic
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variation among sequences from the same insertion group, i.e. in absence of genetic
polymorphism (Figure 11). This result confirms that among groups, variation in the

methylation level is not biased by the TE structure.
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Figure 11. CpG dinucleotide methylation status relationships among samples
analyzed for insertion group 5. There were no mutation among the sequences and the

incomplete C to T conversion was removed prior to NJ analysis.

It 1s, however, worth noting that the 14 insertion groups investigated here
were, in some instances, detected in different tissues from different individuals.
Nevertheless, the observed variation in the methylation level among insertions
belonging to different groups but detected in the same tissue and/or the same

individual indicates that the variation in the methylation level is not biased by the
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sample origin. As an example, the insertion groups 6 and 10 (Figure 10B) were
detected in the same tissue (Brain) of the same individual (J13). Taken together, these
results strongly support an influence of the genomic context of the C. eos-neogaeus

hybrid genome on TE methylation level.

4.3.2 Effect of the genomic context of a hybrid genome

We further investigated the possible influence of the genomic context of a hybrid
genome on the methylation level and pattern of three groups of insertions (insertions
2, 3 and 4; Figure 10B). Two individuals of each of the parental species, C. eos and
C. neogaeus, from the same populations or nearby populations were used in
comparison with the hybrids (Tableau 2). Insertion group 3 was present in both
parental genomes while insertion groups 2 and 4 were exclusively detected in C. eos
and C. neogaeus parental genome, respectively. It was, however, not possible to
differentiate C. eos and C. neogaeus alleles for insertion group 3 in C. eos-neogaeus
hybrids since there is no mutation between the parental genomes at this specific

locus.

Of the three insertion groups analyzed, we observed less methylated CpGs in
C. eos-neogaeus hybrids in comparison to their parental species (Figure 12A).
However, the difference is not significant for any of the three insertion groups
analyzed (insertion group 2: p = 0.82; insertion group 3: p = 0.57; insertion group 4: p
= 0.94). In addition, there is also no significant difference when comparing tissue-
specific methylation level between C. eos and the C. eos-neogaeus hybrids (insertion

group 2 (Brain): p = 0.64; n (parental species) = 4 and n (hybrids) = 3, Figure 12B).
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Also, we did not observe different methylation levels between the parental species for
insertion group 3 (Figure 12C). Since we cannot identify the parental species alleles
in the C. eos-neogaeus hybrids, it is impossible to differentiate between a loss of
methylation between C. eos, C. neogaeus or even both parental allele in the hybrids.
Such confounding effects of differentially methylated alleles in C. eos-neogaeus
hybrids are not expected for insertion groups 2 and 4 since the TE copy was specific

to only one parental species genome.
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Figure 12. Average percentage of methylated CpGs. A) From left to right, insertion
groups 2, 3, and 4 in parental species (P) and C. eos-neogaeus hybrids (H); B)
insertion group 2, absence of tissue-specific effect; C) insertion group 3, absence of

parent-specific effect.
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Interestingly, the analysis of the methylation pattern revealed an important
within-sample CpGs methylation variation (Figure 13). Insertion groups 2, 3, and 4
present 42.4%, 36.4% and 45% of polymorphic CpGs, respectively. Comparison of
tissue-specific methylation pattern indicates that the parental species are as variable
as the C. eos-neogaeus hybrids (insertion group 2 (Brain): p = 0.17; insertion group 3
(Brain): p = 0.28; insertion group 3 (Fin): p = 0.38; insertion group 4 (Brain): p = 1;
insertion group 4 (Fin): p = 0.05). In addition, a NJ analysis did not identify any
tissue, individual or biotype (C. eos, C. neogaeus, and C. eos-neogaeus hybrids)
specific CpGs methylation patterns for any of the three loci analyzed (Figure 14).
Altogether these results highlight a considerable level of stochasticity in the
establishment of the methylation over these loci which make it difficult to observe

significant difference among sample methylation profiles.

4.4 Discussion

Our study of the DNA methylation variation of TE in C. eos-neogaeus hybrids
genome reveals an overall high level of CpG methylation. This is consistent with
DNA methylation being an important epigenetic process in the control of TE
movement in the genome (Suzuki and Bird 2008). Interestingly, the investigation of
DNA methylation profiles of highly similar insertions of a single DIRSI1

retrotransposon revealed a non-negligible amount of variation.
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Figure 13. Methylation pattern polymorphism in parental species and C. eos-
neogaeus hybrids. Location of invariant (unmethylated or methylated) and
polymorphic CpGs. A) insertion group 2; B) insertion group 3; C) insertion group 4.
Tissues analyzed: B = Brain, F = Fin and, M = Muscle. The number of clones

sequenced for each sample is given in parentheses.
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Figure 14. CpG dinucleotide methylation status relationships among samples
analyzed. A) insertion group 2; B) insertion group 3 and; C) insertion group 4. The
methylation status of the 11 CpGs was code as presence/absence data prior to

pairwise distance calculation among samples and NJ analysis.

4.4.1 Insertion site effect

The comparison of highly similar insertions enables us to control for the effect of the
structure of the TE sequence on the variation of the methylation profiles (Reiss et al.
2010). The fact that we detect differences in the methylation level among insertions
of the same group, i.e. in absence of genetic polymorphism, reinforces the idea that
the variation observed is not the result of an effect of the TE structure. It is also
important to highlight that among groups, variation in the methylation level does not
seem to be biased by the origin of the samples. Accordingly, the variation of the

methylation level reflects the influence of the genomic context of TE insertion.
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4.4.2 Effect of the genomic context of a hybrid genome

The comparison of TE methylation profiles shows no marked difference between C.
eos-neogaeus hybrids and the parental species. Although not significant, the results
presented here report a lower TE methylation level for C. eos-neogaeus hybrids in
comparison to the parental species. The analysis of the methylation patterns also
indicates a high level of stochasticity in the establishment of CpGs methylation over
these insertions. However, we did not detect more polymorphic CpGs in the C. eos-
neogaeus hybrids in comparison to the parental species. This is not surprising
considering the high level of within sample epigenetic mosaicism observed over

functionality important genomic regions (Flanagan et al. 2006; Schneider et al. 2010).

In sharp contrast with the other studies investigating the hybridization
influence on the methylation level of F1 mammalian hybrid (O'Neill, O'Neill, and
Graves 1998; Vrana et al. 1998; Roemer et al. 1999; Brown, Golden, and O'Neill
2008), the F1 hybrid lineage studied here has been perpetuated by asexual
reproduction for approximately 30,000 years (Angers and Schlosser 2007). A recent
study has demonstrated that the global methylation in C. eos-neogaeus hybrids from
the same lineage is similar to what is observed in mice (Massicotte, Whitelaw, and
Angers 2011). Also, a positive correlation between the insertion age and methylation
level has been demonstrated in mice (Reiss et al. 2010). Coupled with the elevated
level of TE methylation observed here, it indicates that the DNA methylation

machinery is still effective in C. eos-neogaeus hybrids.
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More importantly, the observation of a TE copy that was not detected in either
of the parental species genomes provides direct evidence of a recent transposition that
occurred after hybridization in this lineage (Massicotte, Whitelaw, and Angers 2011).
This suggests an initial loss of the epigenetic control of TE in inter-specific hybrid
genomes. An interesting idea is that newly formed hybrid lineages may only
temporarily suffer from mobile elements genome invasion. DNA methylation may re-
establish over time thus preventing unsustainable genomic instability and allowing
the perpetuation of hybrid lineages. Accordingly, the reunion of inter-specific
genomes may not be the process responsible for the perturbation of TE methylation
and mobilization in hybrid genomes in the first place. Other processes such as dosage
and specificity dependent interactions between maternally and/or paternally inherited
factors (e.g., small RNAs) may lead to the activation and mobilization of TE at

zygote formation (Josefsson et al. 2006; Michalak 2009).

DNA methylation is an essential epigenetic mechanism as it is closely
implicated in the process of cellular differentiation of vertebrates (Meissner et al.
2008). As observed in the mice, the perturbation of the methylation machinery leads
to an unviable zygote (Ashe et al. 2008). As long as hybridization does not affect the
DNA methylation machinery itself, in some instances hybrids can potentially recover
from the genomic instability initiated by the loss of epigenetic control of TE.
Although the examples may be scarce, the long-lived C. eos-neogaeus hybrid studied

here represents such an evolutionary successful lineage.
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Résumé

L’objectif de ce projet était de faire le lien entre la variabilité épigénétique (non liée a
la variabilit¢ génétique) entre les individus et la wvariation des conditions
environnementales en milieu naturel. Nous avons étudi¢ le polymorphisme de
méthylation de I’ADN entre les individus d’une méme lignée hybride du poisson
clonal diploide Chrosomus eos-neogaeus échantillonnés dans sept lacs séparés
géographiquement. En dépit du nombre limité de fragments informatifs obtenus par
une analyse de MSAP, les individus provenant d’un méme lac ont des profils de
méthylation généralement similaires et les lacs peuvent étre regroupés en deux
groupes de populations. Encore plus important, la variation significative du pH entre
les lacs est corrélée aux deux groupes épigénétiques observes. Il semble donc que le
genotype ¢tudié a un potentiel de réponse différentiel aux variations
environnemetnales par des modifications épigénétiques. Ce faisant, les processus
épigénétiques représentent un mécanisme moléculaire d’intérét contribuant a la
plasticité phénotypique dans des environnements variables en accord avec le modele

GPG.
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Abstract

This project aims at investigating the link between individual epigenetic variability
(not related to genetic variability) and the variation due to natural environmental
conditions. We studied DNA methylation polymorphisms of individuals belonging to
a single hybrid lineage of the clonal diploid fish Chrosomus eos-neogaeus sampled in
seven geographically distant lakes. In spite of a low number of informative fragments
obtained from a MSAP analysis, individuals of a given lake are epigenetically similar
and methylation profiles allow the clustering of individuals in two distinct groups of
populations among lakes. More importantly, we observed a significant variation of
pH among lakes that is consistent with the two epigenetic groups observed. It seems
that the genotype studied has the potential to respond differentially via epigenetic
modifications under variable environmental conditions. Thus, making epigenetic
processes a relevant molecular mechanism contributing to phenotypic plasticity over

variable environments in accordance with the GPG model.
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5.1 Introduction

Over the years the debate about the evolutionary advantage of sexual over asexual
reproduction has focused in part on the higher adaptive potential of populations with
standing genetic variation (Neiman and Schwander 2011). Each generation the
reproduction of amphimictic organisms results in genetic mixing thus creating a
multitude of new genotypes (and potentially novel phenotypes) in natural
populations. While in sexually reproducing organisms each individual possess a
different genotype, asexually reproducing individuals from the same clonal lineage

are presumed to be genetically identical.

On the other hand, asexuality has some advantages of its own; there is no need
to produce males and asexual populations can double their size each generation
(Maynard-Smith 1978). This twofold advantage of asexual reproduction is thought to
be constrained by their limitation in colonizing new environments and/or when living
in temporally unstable or heterogeneous environments. In such conditions, the
survival, flexibility and adaptive potential of asexual lineages are aspects that are not
well understood. The General Purpose Genotype (GPG) model (Baker 1965) (Figure
15(a)) proposed that evolutionary success of asexual organisms could be possible via
generalist lineages selected for their flexible phenotypes utilizing wide ecological
niches. Such phenotypic flexibility enables a given genotype to be successful in many
different and variable environments (Schlutz 1977; Vrijenhoek 1994). Other models,
such as the Frozen Niche Variation (FNV) model (Vrijenhoek 1978), rely on the
existence of genetic diversity among multiple highly specialized clonal lineages

within a population each having respective narrow ecological sub-niches to explain
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the maintenance of asexual lineages. Each specialist lineage persists through time by
partitioning of available ecological space so as to avoid clonal competition. However,
micro-niche models do not provide explanations for how single clonal lineages can be

successful across different and temporally variable environmental conditions.

(a) (b)

3

Fitness

Ecological niche Ecological niche

Figure 15. Graphic representation of the General Purpose Genotype (GPG) model and
the flexibility hypothesis. (a) GPG model, a flexible genetic lineage (unfilled
distribution) with a wide ecological niche and a high fitness under variable
environmental conditions. (b) Epigenetic as a mechanism extending the flexibility of
a genome, environmentally induced epigenotypes (grey distributions) from a single

genetic lineage (unfilled distribution from (a)).

One of the processes underlying the GPG model is the concept of phenotypic
plasticity, an environmentally-induced phenotypic difference that occurs within an

organism’s life-time in absence of genetic variation (Stearns 1989). Epigenetic
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variation potentially represents a molecular mechanism that can generate phenotypic
plasticity under natural environmental conditions (Angers, Castonguay, and
Massicotte 2010). The modification of the epigenome of an organism by variable
methylation of DNA sequences has been shown to play a role in the regulation of
some genes expression (Bird 2002). There are now numerous examples of
epigenetically driven phenotypic variations that are not related to DNA sequence
encoded genetic polymorphisms (Rakyan et al. 2002; Manning et al. 2006; Kucharski
et al. 2008). Such phenotypic variation can also be caused by an inability to maintain
the original epigenetic state during embryogenesis (Jaenisch and Bird 2003).
Environmental cues (extrinsic signal) such as diet (Waterland and Jirtle 2002;
Kucharski et al. 2008), temperature (Sheldon et al. 1999), maternal behaviour
(Weaver et al. 2004) and chemicals exposure (Crews et al. 2007) have been shown to

influence the epigenetic profile of individuals.

The fact that the genome is able to integrate extrinsic signals from the
environment to vary gene expression is a potentially important mechanism for
producing phenotypic plasticity. This stands in sharp contrast with better understood
mechanisms based in sequence encoded genetic variation. More importantly, some
epigenetic variation has been shown to be unrelated to genetic polymorphism in
natural populations (Massicotte, Whitelaw, and Angers 2011). While the genome
provides the material to work upon, it is epigenetic regulation that in part enables
genomic flexibility. Finally, recent studies have argued that some naturally occurring

epimutations can be adaptive (Kucharski et al. 2008; Martin et al. 2009).
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This project aims at investigating the link between among individual
epigenetic variability (not related to genetic variability) and the variation of natural
environmental conditions. In accordance with the General Purpose Genotype (GPG)
model, a flexible genotype under different environmental conditions would exhibit
distinct methylation patterns due to alternate gene expression profiles necessary to
produce flexible phenotypes (Figure 15(b)). As a result, DNA methylation would
represent a molecular mechanism extending the plasticity and flexibility of
phenotypes produced by a given genotype. As a model we used the clonal fish hybrid
Chrosomus eos-neogaeus (Cyprinidea, Pisces). We chose this system because a given
clonal lineage of C. eos-neogaeus can be present over a large geographic distribution
(Angers and Schlosser 2007), is found in many different types of habitats
(Doeringsfeld et al. 2004), is thought to be generalist (Elder and Schlosser 1995; Mee
and Rowe 2010) and more importantly, has been shown to be epigenetically variable

(Massicotte, Whitelaw, and Angers 2011).

5.2 Materials and methods

5.2.1 Biological model and sampling

The all-female C. eos-neogaeus taxon resulted from hybridization events between
female finescale dace (C. neogaeus) and male northern redbelly dace (C. eos)
(Dawley, Schultz, and Goddard 1987). The diploid hybrids reproduce clonally via
gynogenesis (Goddard and Dawley 1990; Goddard et al. 1998). Sperm from one of
the parental species is thus required, but only to trigger embryogenesis: the resulting

offspring are generally genetically identical to the mother (Goddard et al. 1998). In
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this complex, the paternal genome can be incorporated into the zygote (Goddard and
Dawley 1990; Doeringsfeld et al. 2004; Binet and Angers 2005) resulting in triploid
or mosaic hybrids which differ in the proportion of diploid-triploid cell lineages

(Dawley, Schultz, and Goddard 1987).

Fish from seven lakes belonging to different watersheds of the St Lawrence
River, Quebec, Canada (Tableau 4; Figure 16(a)) were sampled during the
reproduction season and over a short period of approximately two weeks. Total DNA
from muscle tissue of parental species, three C. eos and three C. neogaeus, and 26
gynogenetic hybrids belonging to seven different lakes was extracted by proteinase K
digestion followed by phenol-chloroform purification and ethanol precipitation
(Orkin 1990). The lakes sampled were each classified as one of the four different
types of environment according to a characterization previously used to describe C.
eos-neogaeus populations (Schlosser et al. 1998), water pH and temperature were
also measured. Total body length, total body weight and gonads weight were
measured for each individual in order to estimate the Gonadosomatic index (GSI) and
the Fulton’s K condition factor index (K) (Lambert and Dutil 1997). The lakes
sampled are known to contain either one or both parental species (C. eos and C.
neogaeus) as well as gynogens and triploids hybrids (Binet and Angers 2005; Angers

and Schlosser 2007).

5.2.2 Genetic identification
The gynogenetic hybrids were identified according to (Binet and Angers 2005).

Briefly, C. eos-neogaeus hybrids were identified using diagnostic markers designed
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on two genes. Primers of each marker were designed to provide PCR products of
different sizes for C. eos and C. neogaeus, allowing chromosome identification.
Individuals that displayed alleles of both parental species were classified as

gynogenetic hybrids.

Gynogenetic hybrids (diploid) were then discriminated from triploid hybrids
according to the ploidy level of the nuclear genome by using nine hypervariable
microsatellites as detailed in Binet and Angers (2005) and Angers and Schlosser
(2007). Gynogens are expected to be hemizygous at every species-specific locus
while triploid hybrids (C. eos-neogaeus x eos) are expected to be heterozygous at loci
specific for C. eos species. The microsatellite analysis also enabled the identification
of the clonal lineage (Angers and Schlosser 2007) and the discrimination of derived

mutations. Only gynogenetic hybrids (diploid) were used for further analysis.

5.2.3 MSAP analysis

We investigated epigenetic polymorphism at CCGG motif via a MSAP analysis
(Xiong et al. 1999) performed on parental species, three C. eos and three C.
neogaeus, and the 26 C. eos-neogaeus gynogenetic hybrids identified in the
procedure mentioned above. Each DNA sample was respectively digested with
Msel/Hpall and Msel/Mspl to allow the detection of differentially methylated
sequences. Aliquots (4 pl) of each sample for each primer combinations were loaded
on 6% polyacrylamide gels (19:1 acrylamide to bisacrylamide) containing 8 M urea
and 1X TBE gels. Fragments that displayed methylation polymorphism among

samples at restriction sites were identified by the presence/absence banding pattern
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between the two treatments. Full methylation of both cytosines and hemi-methylation
of the internal cytosines cannot be investigated by MSAP. As a consequence, it was

impossible to distinguish these fragments from unmethylated sequences.

(a)

Saumons

ch}lel‘ Merde Barbotte

Tonction

Canada
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Figure 16. Details of sampling, genotypes and epigenotypes diversity. (a) Sampled
lakes in the Laurentian region, Quebec, Canada. (b) Minimum spanning network of
the 12 genotypes identified by scoring nine microsatellite loci. The number of
gynogenetic hybrids of each genotype per lake is indicated. (¢) Minimum spanning
network of the five main epigenotypes identified by the MSAP analysis. The number
of gynogens of each epigenotype per lake is indicated. * refers to intra-population

variation.
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5.3 Results

5.3.1 Genetic polymorphism: microsatellites loci analysis

The analysis of nine highly variable microsatellites loci indicates that all samples
belong to the same clonal lineage (lineage B6, Angers and Schlosser 2007).
Microsatellite variation detected 14 mutations over nine loci and twelve multi locus
mutant genotypes were identified within the clonal lineage (Figure 16(b)). These
genotypes display very little divergence since all but one genotype differ by only one
or two mutations from the putative ancestral clone, with an average of 2.3 mutations
among genotypes. The number of sub-lineages carrying derived mutations per lake

varied from one to six (Tableau 4).

5.3.2 Epigenetic polymorphism: MSAP analysis

A total of 257 reproducible fragments detected between 150 and 600 bp were
assessed with a set of six primer pairs. Over the 257 fragments detected in C. eos-
neogaeus hybrids, 60 were exclusive to C. neogaeus, 67 to C. eos and 114 were
present in both parental species genomes. The remaining 16 fragments detected could
not be associated to either of the parental species genomes. Eight fragments (3.11%)
revealed informative methylation polymorphism among populations. Three fragments
exclusive to C. eos, three fragments exclusive to C. neogaeus and two fragments that
were present in both parental species genomes were differently methylated for some
C. eos-neogaeus hybrids. The number of epigenotypes per lake varied from one to
four (Tableau 4) and is not correlated with the number of samples (R* = 0.07, p=

0.56).
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Two of the eight fragments are variable within populations while the others
are only variable among populations. For the 6 fragments that varied among
populations, five main epigenotypes were detected. Although the sample size is lower
for some populations, individuals from a given population consistently shared the
same methylation profile (Figure 16(c)). In most instances, individuals could be

regrouped according to the lake of origin based on their unique methylation profile.

Contrasting with genetic relationships among clones where variants are
descendents of an ancestral genotype (Figure 16(b)), populations clustered in two
distinct epigenetic groups separated by three epimutations (Figure 16(c)). No
significant relationship was detected between genetic and epigenetic variation (Figure
17). For instance, individuals from two distinct lakes and harbouring the same
genotype clustered in distinct epigenetic groups. Similarly, there is no relationship
between genetic intra-population variability and epigenotypes. As an example, the six
different genotypes from Barbotte Lake (Figure 16(b)) clustered into the same

epigenetic group (Figure 16(c)).

There is no indication that epigenetic profile is related to geographic position,
hydrologic network (Figure 16(a)) or date of sampling (Tableau 4). Also, no
difference in individual body size length (p = 0.26), body weight (p = 0.28), Fulton’s
K (p = 0.91) and GSI (p = 0.72) were detected among populations. In addition, the
shared epigenetic profiles among populations are not correlated with the habitats
characterization of lakes (Tableau 4). While there is no important temperature

fluctuation among lakes, we observed a significant variation of pH between the two
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epigenetics groups (Tableau 4). This is a particularly important result since it
correlates the clustering of populations in two epigenetic groups to the variation of a

local environmental condition.
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Figure 17. Relationship between the genotypes (genetic variation, microsatellite

analysis) and the epigenotypes (methylation profiles difference, MSAP analysis).

5.4 Discussion

The present study reports an effect of the local environmental conditions on the
variation of the methylation profile among genetically identical individuals belonging
to different natural populations. This is a particularly important result considering that
most studies investigating the influence of the integration of the extrinsic signal of the

environment on epigenetic variation were performed under control conditions
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(Sheldon et al. 1999; Waterland and Jirtle 2002; Weaver et al. 2004) (but see Crews
et al. 2007). This indicates that the variation of natural environmental conditions can

lead to DNA methylation polymorphism at the population level.

5.4.1 A successful generalist lineage

The C. eos-neogaeus hybrid lineage studied here (lineage B6) is widespread in the
south-western part of Quebec and is abundant in many populations from numerous
watersheds (Angers and Schlosser 2007). The seven lakes under investigation are
thought to be characterized by different environmental conditions of a variety of
abiotic and biotic conditions (e.g. oxygen concentration, diet, predation level,
presence of competitors) (Schlosser et al. 1998). Accordingly, each of the different
lakes can be thought of as a different ecological niche. As a result, clonal lineage B6
can be characterized as a generalist lineage that is able to adjust in order to persist
among many ecological niches. This situation has already been reported in for lakes
in Minnesota (USA) and Algonquin Park (Ontario) (Schlosser et al. 1998; Mee and

Rowe 2010).

5.4.2 Environmentally induced epigenotypes

First, we did not detect any relationship between genotype and epigenotype. This is in
accordance with a previous study that demonstrated pure (or facilitated) epigenetic
variation in natural populations of C. eos-neogaeus hybrids (Massicotte, Whitelaw,
and Angers 2011). More importantly, the genomic mutations detected are restricted to
highly variable microstallites loci, there is no mutation at mtDNA (Angers and

Schlosser 2007) and very few mutations were detected on AFLP loci (Massicotte,
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Whitelaw, and Angers 2011). This supports the view that the fragment variation
detected with MSAP analysis is due to differences in methylation, not to DNA

mutation.

Interestingly, the epigenetic polymorphism observed is shared among
individuals of the same population in most instances. This suggests an influence of
common environmental factors on the resulting epigenetic profiles or a long-term
inheritance of epigenetic variation (modifications that could have been acquired
before postglacial colonization). This later can be discounted considering the low
probability of the inheritance of epigenetic variation across generations (Niemitz and
Feinberg 2004) and the absence of correlation between genetic and epigenetic
polymorphism. Accordingly, the observation of epigenetic variation among lakes
suggests that current environmental conditions influence the DNA methylation
profiles among genetically identical individuals from different populations.
Furthermore, and in contrast to previous observations, the detection of the same
epigenotype in different lakes indicates that the epigenetic polymorphisms observed
are not the result of random variation (Massicotte, Whitelaw, and Angers 2011).
More importantly, the correlation between the two epigenetic groups with the pH of
the lakes strongly supports an effect of the local environmental conditions on the
variation in the methylation profile. The variations in the pH may be caused by and/or
will result in the variation of many other environmental factors potentially having

respective or conjoint effects on the methylation polymorphism.
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5.4.3 Revisiting the importance of heritability for epigenetic variation

Previous reports in the literature suggest that in order to be of importance in
evolution, epigenetic changes must be heritable across generations (Richards 2006;
Bossdorf, Richards, and Pigliucci 2008; Richards 2008). In the situation for which an
epimutation leading to a beneficial phenotypic modification appears in one generation
and that the environmental conditions do not change in subsequent generations, the
heritability of the new epigenetic mark may represent a transient step leading to
genetic assimilation (Pal and Miklos 1999). Although epimutations potentially
represent a fast pathway toward adaptation (Richards 2008), we do not believe that
the main interest of epigenetic mechanisms is to mimic what is occurring at the
adaptive genomic level. If heritable, both genetic and epigenetic polymorphisms are
frozen. In temporally unstable or heterogeneous environments, such canalisation of
the phenotype does not seem beneficial (Young and Badyaev 2007). Furthermore,
heritability of epigenetic changes in vertebrates is not expected to be frequent
considering the two phases of erasure prior to the initiation of zygote development
(Niemitz and Feinberg 2004). (Angers, Castonguay, and Massicotte 2010) have
recently identified some of the beneficial aspects of epigenetic mechanisms in that
these processes may enable rapid and reversible changes in response to
environmental perturbations. For instance, such is observed for the influence of the
maternal behaviour on a glucocorticoid receptor gene promoter in the rat
hippocampus (Weaver et al. 2004). Rather than passing on to the next generation
epimutations that may not be adaptive under new environmental regimes, selection
might favour individuals with a plastic genome that easily adjusts epigenetically to

environmental variables. Thus, the hard wired genetic variation and the flexible
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epigenetic variation may be complementing each other by respectively leading to

long term and short term adaptation.

5.5 Conclusion

The epigenetic regulation of the genome when under variable environmental
conditions leads to the formation of different epigenotypes. Each population
presenting different epigenetic profiles can be seen as acclimated epigenotypes from a
single genetic lineage. It thus seems that this lineage has the potential to respond via
epigenetic modifications such as DNA methylation when under variable
environmental conditions. Even more importantly, this lineage potentially has the
ability to adjust following a perturbation in the environment and/or the capacity to
colonize different environments. Thus epigenetic processes may represent a

molecular mechanism sustaining the GPG model.



6. CONCLUSION
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L’objectif de cette thése de doctorat était d’évaluer I’étendue de la variabilité
épigénétique, plus particulierement du polymorphisme de méthylation de ’ADN non
liée a la variabilité génétique dans les populations en milieu naturel. Les sujets traités
ainsi que les résultats obtenus nous auront permis de faire la lumiére sur certaines
questions fondamentales du domaine de 1I’épigénétique des populations. Dans cette
conclusion de thése, je m’attarderai a faire la synthése des principaux résultats

obtenus ainsi que de leurs implications en écologie et en évolution.

6.1 Les aspects d’intérét de la recherche effectuée

Il est tout d’abord intéressant de relever les aspects novateurs de cette thése qui ont
permis de mieux cerner I’impact que peuvent avoir les processus épigénétiques. Une
premiere particularité¢ de la recherche effectuée est que contrairement a la grande
majorité de la recherche en épigénétique qui s’effectue sur des modeles végétaux
(Cubas, Vincent, and Coen 1999; Kalisz and Purugganan 2004; Manning et al. 2006;
Verhoeven, Van Dijk, and Biere 2010), cette ¢tude porte sur un modéle animal.
Malgré certaines ressemblances entre 1’épigénome des plantes et des animaux,
plusieurs caractéristiques ne sont pas partagées entre ces deux groupes (Suzuki and
Bird 2008). En prenant en considération les distinctions majeures entre ces deux
épigénomes, il apparait primordial d’étudier les processus épigénétiques impliqués
dans la régulation de I’expression des génes afin d’étre en mesure de comprendre les

effets potentiels de la variabilité épigénétique chez les animaux.

Dans un deuxiéme temps, 1’utilisation d’un poisson a reproduction clonale

pour mod¢le biologique aura permis de controdler I’effet de la variabilité génétique sur
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la variabilité épigénétique (Richards 2006). Cet aspect est particulieérement important
considérant qu’il rend possible 1’observation de la variabilité¢ épigénétique non liée a
la variabilité génétique et par le fait méme, d’identifier les autres sources potentielles
menant a la variabilité épigénétique entre les individus. De plus, I’hybride clonal du
complexe Chrosomus eos-neogaeus est un organisme se retrouvant dans différentes
populations naturelles (Binet and Angers 2005; Angers and Schlosser 2007). Ces
hybrides sont donc nécessairement plus représentatifs de la réalité que les organismes
maintenus en milieu controlé. Il aura aussi €té possible de comparer les profils
épigénétiques de plusieurs individus génétiquement identiques mais se retrouvant
dans différentes populations naturelles caractérisées par des conditions
environnementales variables. Puisqu’il est particulierement difficile d’identifier les
différents biotypes du complexe lors de 1’échantillonnage sur le terrain, nous
disposions malheureusement d’un nombre limit¢ d’hybrides clonaux pour I’analyse
de quelques-unes des populations. Enfin, I’approche globale utilisée afin de répondre
a I’objectif de la theése n’aura pas permis d’associer la variation épigénétique observée
a un phénotype alternatif. Dans I’ensemble, les caractéristiques de ce systeme auront
toutefois rendu possible la réalisation d’une premiere étude de ce genre sur un modéle

vertébré.

6.2 L’épigénétique des populations: un domaine de recherche d’actualité en
science

Le premier chapitre de la these est une revue de littérature en épigénétique. Nous
avons €té invités a rédiger cet article afin d’informer les écologistes et les

évolutionnistes sur ce sujet d’actualité en science. Dans cet article, nous dressons un
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portrait détaillé de la méthylation de I’ADN, des causes et des conséquences
potentielles du polymorphisme de méthylation sur I’expression différentielle des
genes et conséquemment, la modification du phénotype. Un des aspects les plus
importants relevé dans cet article est sans aucun doute I’effet direct que
I’environnement peut avoir sur les profils de méthylation. Finalement, nous avons
discuté de comment la variabilité épigénétique, héritable ou non héritable, peut
ultimement influencer 1’évolution des organismes en milieu naturel. Le scénario
propos¢ découle de la réflexion suivante: différents génotypes peuvent présenter un
niveau de sensibilit¢ variable de leur capacit¢ a répondre aux changements de
I’environnement. Dans la mesure ou les épimutations environnementales
occasionnent I’apparition de phénotypes alternatifs favorables, les individus portant
ce(s) génotype(s) sensible(s) aux changements de I’environnement auront une plus
grande chance de survie et de reproduction. En ce sens, il apparait moins crucial que
les épimutations environnementales soient héritables puisque le(s) génotype(s)
sensible(s) augmentera(ont) en fréquence permettant ainsi de faire face aux
conditions de I’environnement a la génération suivante. Enfin, ce scénario n’entre pas
en contradiction mais vient plutdét compléter les discussions concernant I’importance

et le destin de la variabilité épigénétique au niveau des populations (Richards 2008).

6.3 Les hybrides C. eos-neogaeus: un modéle biologique représentatif

Bien que le mode¢le biologique utilisé présente des particularités intéressantes pour les
fins de cette étude, il a tout d’abord été primordial de s’assurer de son potentiel de
représentativité considérant qu’il s’agit d’un poisson hybride a reproduction clonale.

La grande majorité des études concernant les effets de I’hybridation inter-spécifique
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concluent en une perturbation de la méthylation globale des génomes hybrides de
premiere génération (F1) (O'Neill, O'Neill, and Graves 1998; Vrana et al. 1998;
Salmon, Ainouche, and Wendel 2005; Brown, Golden, and O'Neill 2008) (mais voir
(Roemer et al. 1999). En premier lieu, nous avons donc comparé le niveau de
méthylation entre les hybrides C. eos-neogaeus, les especes parentales, C. eos et C.
neogaeus, ainsi qu’un autre modele vertébré. Les résultats démontrent que le génome
des hybrides n’est pas moins globalement méthylé en comparaison au génome de la
souris. De plus, une étude détaillée des profils de méthylation indique un niveau de
méthylation moins ¢élevé pour les hybrides en comparaison aux especes parentales
mais cette tendance s’est avérée non significative. Il semble qu’a long terme
I’hybridation n’influence pas significativement les profils de méthylation. Malgré leur
statut hybride et leur mode de reproduction clonale, les hybrides C. eos-neogaeus

peuvent étre considérés comme un modele biologique représentatif des vertébrés.

6.4 La variabilité épigénétique en absence de variabilité génétique

Un premier point majeur qui ressort des résultats de cette these est la détection de
variabilité épigénétique en absence de variabilité génétique chez un modéle vertébré
en milieu naturel. En omettant les ¢études effectuées sur les jumeaux monozygotes
pour lesquelles seulement deux individus génétiquement identiques peuvent étre
comparés (Fraga et al. 2005; Petronis 2006), cette étude représente une premicre
détection de variabilité épigénétique en absence de variabilité génétique chez les
vertébrés. Afin de mettre en évidence ce type de variabilité épigénétique, nous avons
d’abord étudié¢ I'impact de DI'intégration des signaux intrinséques du programme

développemental sur les profils de méthylation entre les différents tissus d’'un méme
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individu. En comparant les profils de méthylation d’un méme tissu pour plusieurs
individus, nous avons par la suite évalué le polymorphisme de méthylation. Cet
aspect est capital considérant que seule la variabilité épigénétique non li¢e a la
variabilité génétique représente un niveau d’information moléculaire additionnel car
indépendant du génome (Richards 2006). La variabilité épigénétique non li¢e a la
variabilité génétique pourrait donc mener a la production de toute une gamme de
phénotypes alternatifs a partir d’un unique génotype. Ces résultats permettent de faire

le point sur un aspect longtemps considérée comme hypothétique en épigénétique.

6.5 Les sources de la variabilité épigénétique entre les individus

Un autre aspect d’intérét des résultats concerne les sources de la variabilité
épigénétique observée entre les individus. Les résultats présentés dans cette thése
reflétent d’un effet conjoint des processus stochastiques et de I’environnement sur le
polymorphisme de méthylation entre les individus. Premierement, une étude détaillée
des profils de méthylation suggeére une importante stochasticité dans 1’établissement
des patrons de méthylation entre les individus et ce, a deux niveaux. Nous avons
d’abord observé un nombre ¢levé de dinucléotides CpG pour lesquels I’état de
méthylation est variable entre les cellules d’un méme tissu (variégation) (Rakyan et
al. 2002). Cette variation de I’état de méthylation des dinucléotides CpG homologues
occasionne une mosaique de patrons de méthylation; chaque cellule d’un méme tissu
peut potentiellement présenter un patron de méthylation différent (Flanagan et al.

2006; Schneider et al. 2010).
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Dans un deuxiéme temps, le polymorphisme de méthylation entre les
individus suggere que la fixation locus spécifique des épialleles se fait aléatoirement.
Tout comme pour les mutations, certaines épimutations apparaissent et se fixent de
facon aléatoire entre les individus. En contrepartie, les épimutations représentent un
potentiel de variation plus important car celles-ci seraient 100 fois plus fréquentes
que les mutations somatiques (Bennett-Baker, Wilkowski, and Burke 2003). La
comparaison de ces deux sources de variation chez les hybrides C. eos-neogaeus
indique un taux d’épimutations de presque deux ordres de magnitude plus élevé que
le taux de mutations. Il est par contre plus difficile de prévoir de I’effet ponctuel des
épimutations sur le résultat de 1’expression des geénes (phénotype). Cependant, la
variation de 1’état de méthylation d’un seul dinucléotide CpG (Weaver et al. 2004)
tout autant que la densité de méthylation au niveau du promoteur d’un gene peut

avoir une influence déterminante sur son expression.

A Topposé du génotype, 1’épigénotype peut quant a lui étre directement
modifi¢ par I’environnement (Jaenisch and Bird 2003). Cette caractéristique de la
variabilité ¢épigénétique est supportée dans nos résultats par 1’observation de
polymorphisme de méthylation entre les individus de différentes populations. De
surcroit, les populations étudiées ont pu étre réunies en deux groupes en fonction des
différents épigénotypes observés entre les individus. Les données montrent aussi une
association entre le profil épigénétique et le pH des lacs ou sont prélevés les poissons.
Ces observations font un lien direct entre les profils épigénétiques et une condition
physico-chimique de I’environnement local. De plus, cette différence du pH est en

elle-méme ou peut subséquemment entrainer la variation d’'une multitude de facteurs
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abiotiques et biotiques. Cela suggere que les variations naturelles des conditions
environnementales peuvent mener a du polymorphisme de méthylation entre les
individus. Ce résultat est déterminant puisqu’a ce jour, les exemples de ’effet de
I’environnement sur le faconnement de 1’épigénome découle presqu’entierement
d’expérimentations réalisées en milieu controlé (Waterland and Jirtle 2002; Weaver
et al. 2004; Dolinoy, Huang, and Jirtle 2007; Kaminen-Ahola et al. 2010; Verhoeven,

Jansen et al. 2010).

6.6 Les implications de la variabilité épigénétique entre les individus

I1 est impossible de conclure cette thése de doctorat sans discuter des implications de
la variabilité épigénétique observée entre les individus. Bien que codé par le génome,
le phénotype d’un individu ne se réalise pas sans l’intervention des processus
épigeénétiques (Bird 2002). En plus des marques €pigénétiques qui s’établissent en
fonction du programme de développement cellulaire, les processus stochastiques et
I’environnement occasionnent [’apparition d’épimutations (Richards 2008). Les
épimutations représentent la source de la variabilité épigénétique non liée a la
variabilité génétique entre les individus (Richards 2006). En plus de la variabilité
génétique et de I’environnement, la variabilité épigénétique non liée a la variabilité
génétique est une composante a considérer dans le partitionnement de la variabilité
phénotypique. Les processus épigénétiques représentent donc un mécanisme
moléculaire qui permet I’interaction entre le génome et ’environnement dans la

détermination du phénotype (Gorelick 2005).
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Cette interaction possible entre le génome et I’environnement suivant I’action
des processus épigénétiques souligne le potentiel de réponse des organismes face aux
changements de leur environnement. Les processus épigénétiques représentent donc
un mécanisme moléculaire qui sous-tend la plasticité phénotypique, c’est-a-dire une
variation du phénotype pour un méme génotype en réponse a I’environnement (norme
de réaction) (Stearns 1989). Considérant la plus faible probabilité de I’héritabilité des
épimutations entre les générations chez les vertébrés, nous suggérons que la sélection
pourrait favoriser les génomes épigénétiquement flexibles. Conséquemment, les
processus épigénétiques, tel que la méthylation de I’ADN, meneraient a 1’adaptation a

court terme en permettant la flexibilité génomique.

6.7 Perspective

Les résultats présentés dans cette thése de doctorat ouvrent la porte a une multitude
d’autres questions qui seront des plus pertinentes a investiguer dans un futur
rapproché. Il sera entre autre intéressant de faire le lien entre les variations de divers
facteurs environnementaux (comme par exemple la diete, différentes conditions
physico-chimiques et divers contaminants) et la variabilité épigénétique. L’évaluation
du succes de différents génotypes (différentes lignées clonales) face aux variations de
ces facteurs environnementaux viendrait de plus étayer I’hypothése de la flexibilité
génomique par I’action des processus épigénétiques. Bien que plus difficile a prévoir,
ces différentes observations effectuées en milieu controlé pourraient potentiellement
permettre de dresser un portrait global du lien direct entre les effets de
I’environnement, la méthylation de I’ADN, D’expression génique et la variabilité

phénotypique.
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En conclusion, la réalisation de ce projet de thése permet d’entrevoir I’impact
majeur que les processus épigénétiques, tel que la méthylation de I’ADN, peuvent
avoir sur 1’écologie et 1’évolution des organismes en milieu naturel. Les discussions
concernant la nécessité¢ d’actualiser la théorie synthétique de 1’évolution sont
entamées depuis quelques années (Pigliucci 2007). Bien que les résultats présentés et
les sujets traités n’entrent pas en conflit avec la théorie synthétique de I’évolution
actuelle, il semble évident qu’il serait pertinent d’étendre celle-ci afin d’inclure les
processus nouvellement découverts qui permettent de détailler des phénomenes

biologiques d’importance.
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Annexe 1. Protocole de MSAP
1) Digestion double (Msel — Hpall) de I’ADN génomique, 1h00 a 37°C.

(N.B. Un maximum ADN est digéré en 1h00 mais la digestion peut étre laissée toute
la nuit & 37°C afin de maximiser celle-ci. Les numéros des tampons peuvent varier en
fonction de la marque des enzymes utilisés.)

Recette pour chaque échantillon:
Msel 0,5

Hpall 0,5

Tampon (#1) 2,0

BSA 10x 2,0

Eau 5,0

ADN 10,0

Total: 20,0 pl

2) Diviser le produit de la digestion obtenu précédemment en deux volumes égaux de
10 pl.

3) Digestion simple (Mspl) de 10 pl de produit de la digestion simple, 1h00 a 37°C.

Recette pour chaque échantillon:
Mspl 0,25

Tampon (#2) 1,0

BSA 10x 1,0

Eau 2,75

ADN de la digestion double 5,0
Total: 10,0 pl

4) Préparation des adaptateurs

Adaptateur Msel: 50 pl Mselfor (GACGATGAGTCCTGA)
50 ul TAMseligrev (TACTCAGGACTCAT)

Adaptateur Taq: 50 pl Mselfor (GACGATGAGTCCTGA)
50 pl CGligrev (CGCTCAGGACTCATC)

Incuber 2 min. A 60°C et laisser 15 min. a température de la piéce.

5) Ligation des adaptateurs, 1h00 a température de la piece et ensuite toute la nuit a
4°C

Recette pour chaque échantillon:
Adaptateur Msel 1,0
Adaptateur Taq 1,0
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Tampon 5x 3,0
T4Ligase 0,2
Eau 3,3

Total: 8,5 ul

6) Ajouter 15 pl d’eau par échantillon et incuber 20 min. a 65°C.

7) PCR pré-sélective de chaque échantillon obtenu suite aux deux traitements de
digestion (Msel-Hpall et Msel-Hpall/ MspI) (N.B. L’ajout de MgSo4 (et du MgCl,
dans certains cas) est fonction de la marque de la Taq polymérase utilisée.)

Combinaison d’amorces pré-sélectives (1pb en plus a la fin de ’amorce, Msel C ou G
et Hpall/Mspl A ou C):

Msel: GATGAGTCCTGAGTAAN

Hpall/Mspl: GATGAGTCCTGAGCGGN

Recette pour chaque échantillon:
Eau 12,42

Tampon 10x 2,5

MgSO4 2,5

DNTP 1,5

Amorce 2,0

Amorce 2,0

Taq polymérase 0,08

ADN 2,0

Total: 25,0 pl

Programme PCR:
92°C - 30s.
92°C - 20s.
56°C - 10s.
68°C - 1 min.

30 cycles

68°C - 2 min.
15°C - ...

8) Ajouter 200 pl d’eau par échantillon et faire une dilution supplémentaire 1:1 (10 pl
de produit amplifié a I’étape 7 et le méme volume d’eau).

9) PCR sélective pour chaque échantillon dilué a I’étape 8.

Combinaisons d’amorces sélectives (3pb en plus a la fin des amorces voir les
combinaisons A a N Tableau S1 du chapitre 3)

Msel: GATGAGTCCTGAGTAAN(C ou G) NN

Hpall / Mspl: GATGAGTCCTGAGCGGN(A ou C) NN



Recette pour chaque échantillon:
Eau 5,46

Buffer 10x 1,25

MgSo4 1,25

DNTP 0,5

Amorce 1,0

Amorce 1,0

Taq polymerase 0,04

ADN 2,0

Total: 12,5 pl

Programme PCR:
92°C - 15s.

92°C - 15s.
652a56°C-15s.
68°C - 1 min. 30 s.
15 cycles

92°C - 15s.

56°C - 15s.

68°C - 1 min. 30 s.
30 cycles

68°C - 2 min.
15°C - ...

10) Pour chaque échantillon, ajouter 6,3 pl de bleu de bromophénol au produit de
I’amplification sélective obtenu a I’étape 9.

11) Dénaturer 2 min. a 95°C et mettre sur glace.

12) Charger de 4 a 5 pl de chaque échantillon sur un gel de polyacrylamide 6%
contenant 8M d’urée et TBE 1X.

13) Migration d’environ 2h30 (300mA, 1700V et 200W).

14) Procéder a la révélation au nitrate d’argent.
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