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“Either inbreeding or selection, never both at the same time”
Sir R. A. Fisher
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Introduction

Le mode de reproduction est un trait d’histoire de vie majeur d’une espece, car il
détermine la maniére dont les géenes sont transmis d’une génération a la suivante. Le mode de
reproduction renvoie généralement a la dichotomie entre espéces sexuées et asexuées, alors que
le terme systéeme de reproduction renvoie plut6t aux différents modes de reproduction sexuée.
Une large gamme de systemes de reproduction existe au sein du vivant, que ce soit dans le regne
animal ou végétal, avec des espéces ou la reproduction passe uniqguement par I’union de deux
gametes provenant d’individus différents, comme chez les espéces auto-incompatibles,
polyandres ou polygynes, et d’autres especes ou la reproduction allie a la fois I’union de
gametes issus d’individus différents et un degré plus ou moins élevé d’autofécondation (union
de deux gameétes provenant d’un méme individu hermaphrodite). Au cours de cette these, je me
suis intéressé tout particulierement a I’autofécondation, et a son impact sur I’organisation et le

potentiel évolutif des populations.

Les organismes hermaphrodites, qui possédent a la fois les organes reproducteurs male
et femelle sur un méme individu (ou fleur dans le cas des plantes), sont trés répandus chez les
animaux et végétaux. On estime que les pourcentages d’espéces hermaphrodites sont de 72%
chez les angiospermes (Richards, 1997), et 33% chez les animaux (hors insectes, Jarne & Auld,
2006). Cette caractéristique permet théoriquement I’autofécondation, bien qu’il existe de
nombreux systemes d’évitement de la consanguinité, comme des systemes d’auto-
incompatibilité moléculaires (Allen & Hiscock, 2008; Goubet et al., 2012), une séparation
spatiale des organes males et femelles (appelée herkogamie, Opedal, 2018), ou une maturation
décalée dans le temps de ces mémes organes (respectivement protandrie ou protogynie selon
que ce sont les organes males ou femelles qui sont les plus précocement matures, Lloyd &
Webb, 1986).
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On distingue généralement trois grands systemes de reproduction en fonction du taux
d’autofécondation estimé au sein des populations. On parle généralement d’espéce allogame
lorsque le taux d’autofécondation est en moyenne inférieur a 20%, d’espéces a régime de
reproduction mixte lorsque le taux d’autofécondation est compris entre 20% et 80% et d’espéce
autogame lorsque le taux d’autofécondation est supérieur a 80%. La distribution des taux
d’autofécondation, estimés a I’échelle des populations, est bimodale, chez les plantes comme
chez les animaux (figure 1), avec une haute fréquence d’especes allogames, et dans une moindre
mesure d’especes autogames, et un continuum d’especes a régime mixte en faible fréquence
(figure 1, Schemske & Lande, 1985; Goodwillie et al., 2005; Jarne & Auld, 2006). De plus, si
les taux d’allofécondation peuvent atteindre 1 (notamment dans le cas des especes auto-
incompatibles), les taux d’autofécondation restent inférieurs & 1 dans un grand nombre de
populations (seulement 1% des populations ont un taux d’autofécondation de 1 dans la méta-
analyse de Winn et al. 2011).

0.4

. | Animaux
0371 || Plantes

0.2 S

014 b

Proportion d'espéces

| E— T _@é - |
002  >02-04 >04-06 >0.6-0.8 >08-I >]

Taux d'allofécondation

Figure 1. Distribution des taux d’allofécondation au sein des especes animales (barres grises,
142 espéces) et végétales (barres blanches, 342 especes). Figure adaptée de Jarne & Auld
(2006).
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Bien que I’on parle d’espece autogame, allogame ou a régime mixte, le taux
d’autofécondation peut tres fortement varier au sein d’une méme espéce, dans le temps (d’une
génération a I’autre) ou I’espace (entre populations) (Schemske & Lande, 1985; Shaw et al.,
1998; Whitehead et al., 2018). Par exemple, Barrett & Husband (1990) ont caractérisé la
variation du taux d’autofécondation au sein de 32 populations sud-américaines de I’espéce
Eichhornia paniculata, et ont montré que le taux variait de 4% a 99.8%. De nombreux facteurs
peuvent expliquer cette forte variation au sein d’une espéce (voir Barrett & Eckert, 1990 pour
une revue). On retrouve généralement la taille de la population (Barrett & Husband, 1990), la
densité en plantes qui joue un réle majeur sur le comportement des pollinisateurs (Karron et al.,
1995; Devaux et al., 2014), ou encore la variation du niveau d’herkogamie entre individus ou
populations (Opedal, 2018).

Théoriquement, cette bi-modalité dans la distribution des taux d’autofécondation est
attendue, et plusieurs mécanismes ont été proposes afin de I’expliquer. Historiquement, les
modeles d’évolution de I’autofécondation se sont d’abord tournés vers des hypothéses
génétiques. Fisher (1941) a d’abord proposé que I’apparition d’un gene permettant a une
population ancestrale strictement allogame de s’autoféconder devrait entrainer une rapide
fixation, car les génes d’autofécondation ont un avantage de transmission de 50% par rapport
aux individus allogames : une plante transmet deux copies de ses génes dans les graines qu’elle
produit en autofécondation contre une seule en allofécondation. Cependant, une autre force
majeure peut contrer cet avantage de transmission : la dépression de consanguinité, définie
comme la baisse de valeur sélective des individus issus d’autofécondation comparé aux
individus issus de croisements. Si le niveau de dépression de consanguinité est supérieur a 50%,
alors I’évolution vers I’autofécondation est impossible (Lande & Schemske, 1985). Au
contraire, si dans une population, la depression de consanguinité est inférieure a 50%,
I’autofécondation pourrait augmenter jusqu’a atteindre 100% (Lande & Schemske, 1985).
Néanmoins, d’autres facteurs peuvent faire varier le seuil de dépression de consanguinité pour

lequel une population devrait évoluer (en théorie) vers I’autofécondation compléte.

L’un de ces facteurs est la purge des alléles délétéeres. L’exces d’homozygotie dans une
descendance consanguine rend la purge plus efficace que dans une descendance issue de
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croisements (Lande & Schemske, 1985). Ceci peut générer un deséquilibre de liaison négatif
entre les alléles augmentant le taux d’autofécondation et les alléles déléteres. Dans ce cas, on
retrouve les alleles modificateurs du taux d’autofécondation dans les fonds génétiques
« purges », ce qui peut permettre I’évolution vers I’autogamie pour des niveaux de dépression
de consanguinité initiaux supérieurs a 50% (Figure 2, Charlesworth et al., 1990; Awad & Roze,
2020). Le phénomene est d’autant plus fort que la sélection purificatrice est forte et le taux de
recombinaison est faible, permettant de maintenir le désequilibre de liaison pendant plusieurs
générations (Charlesworth et al., 1990; Uyenoyama & Waller, 1991; Epinat & Lenormand,
2009).
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Figure 2. Evolution de I’autofécondation pour une population allogame ayant un niveau de
dépression de consanguinité (6), en fonction du coefficient de sélection contre les mutations
déléteres (s). La droite pointillée représente le niveau théorique de dépression de consanguinité
maximal pour évoluer vers I’autofécondation quasi-stricte, d’apres I’équation [37] d’Abu Awad
& Roze (2020). Les points représentent des résultats de simulations. Les points verts
correspondent au cas ou la population allogame ancestrale évolue vers I’autofécondation, les
points rouges indiquent les cas ou la population ancestrale reste allogame. Figure modifiée de
Abu Awad & Roze (2020).
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La limite de ces modeles est qu’ils permettent de prédire I’évolution vers
I’autofécondation compléte, ou le maintien de I’allofécondation, mais sont incapables
d’expliquer (1) la forte proportion de régimes mixtes, et (2) le maintien d’un résidu
d’allofécondation comme observé chez de nombreuses especes trés autogames, comme
Arabidopsis thaliana, Medicago truncatula ou Caenorhabditis elegans. Plusieurs modeles
théoriques expliquent ces deux patrons. Je vais présenter une liste non-exhaustive de modeles

qui reprennent les grandes hypothéses avancees.

Des modeéles expliquant le maintien de taux d’autofécondations intermédiaires ont été
proposés en écologie. Par exemple, en simulant des populations plus ou moins denses en
individus, Holsinger (1991) a montré qu’un taux d’autofécondation intermédiaire peut étre
maintenu dans des populations peu denses, dans lesquelles la probabilité de succés du pollen
exporté est limitée. Dans ces populations, un taux intermédiaire d’autofécondation permet en
effet une assurance de reproduction. Johnston (1998) a également montré qu’un taux
intermédiaire peut étre maintenu quand (1) une augmentation du taux d’autofécondation réduit
la probabilité de fertiliser les ovules d’autres plantes (on parle de seed discounting), ou (2)
quand I’autofécondation limite la production de pollen d’une plante (on parle alors de pollen
discounting, phénomene fréequemment observé, Slotte et al., 2012), limitant ainsi I’avantage
reproductif décrit par Fisher (1941).

Le maintien d’un résidu d’allofécondation chez les espéces préférentiellement
autogames est également soutenu par plusieurs modeles théoriques. Charlesworth et al. (1991)
ont observé qu’un effet synergétique (épistatique) des mutations délétéres entraine un taux
d’autofécondation évolutivement stable inférieur a 1. Bien qu’ils ne puissent I’expliquer
concretement, les auteurs pensent que cela vient du comportement de la valeur sélective
moyenne des populations dans cette zone de trés forts taux d’autofécondation (Charlesworth et
al., 1991). Dans un modele plus classique, sans interactions épistatiques entre mutations
déléteres, Kamran-Disfani & Agrawal (2014) ont montré qu’un faible taux d’allogamie
résiduelle permet de limiter la création de déséquilibre de liaison négatif entre mutations
déléteres et avantageuses, en augmentant le taux de recombinaison efficace, cet avantage
empéchant les populations d’atteindre I’autofécondation complete. Enfin David et al. (1993)
ont montré qu’un faible niveau d’allogamie résiduelle durant une phase de sélection
directionnelle permet une meilleure réponse a la sélection dans le temps par rapport aux

populations strictement autofécondantes. En effet, le résidu d’allofécondation permet le
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brassage de la diversité génétique de la population tandis que I’autogamie permet le maintien

et la sélection efficace des combinaisons génétiques favorables (David et al. 1993).

Malgré les différents avantages liés a I’autofécondation, comme une purge plus efficace
des mutations délétéres (Lande & Porcher, 2015; Abu Awad & Roze, 2018), I’avantage de
transmission (Fisher, 1941), ou I’assurance de reproduction (Baker, 1955), I’autofécondation
n’est pas le systéeme de reproduction majoritaire (Figure 1 : environ 15% et 18% respectivement
pour les angiospermes et les animaux, Jarne & Auld, 2006). De plus, la majorité des transitions
qui ont été documentées s’opérent de I’allofécondation vers I’autofécondation (lgic & Busch,
2013). Enfin, Goldberg et al. (2010) ont mis en évidence, chez les Solanacées, un taux de
diversification plus faible des espéces auto-compatibles (potentiellement capables de
s’autoféconder, Figure 3) par rapport aux auto-incompatibles (allogames strictes, Figure 3).
Ceci suggere que I’autofécondation pourrait étre un cul-de-sac évolutif (evolutionary dead-end,
Stebbins, 1957). Ainsi, il semblerait que les avantages a court terme associés a
I’autofécondation soient compensés par de lourd désavantages sur des pas de temps plus longs,

qui meéneraient les populations a I’extinction (Takebayashi & Morrell, 2001).

L’hypothése selon laquelle I’autogamie préférentielle serait un cul-de-sac évolutif
s’appuie sur deux grands mécanismes. Le premier stipule que les populations autogames, du
fait de leurs plus faibles tailles efficaces (GlIémin & Ronfort, 2013), et de leur taux de
recombinaison efficace plus faible (Nordborg, 2000), sont plus @ méme de fixer des mutations
délétéres. Ces derniéres peuvent entrainer I’extinction des populations ; on parle de fonte
mutationnelle, ou mutational meltdown. Ce phénomeéne est bien détaillé et jugé plausible
théoriquement (Abu Awad & Billiard, 2017), mais peu de données soutiennent ce processus
(voir Escobar et al. 2010 & Willi, 2013 pour des cas d'études). Néanmaoins, I’extinction d’une
population par fonte mutationnelle est théoriqguement extrémement rapide, tellement rapide que
ce n’est pas un mécanisme plausible pour expliquer le patron observeé a I’échelle phylogénétique
(Abu Awad & Billiard, 2017). Le second mécanisme avancé est que les populations autogames
ont une capacité réduite a s’adapter & des changements environnementaux par rapport aux
populations allogames (Stebbins, 1957), hypothese que je vais développer dans la section

suivante.
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Figure 3. Distribution postérieur et intervalles de crédibilité (a 95%) des taux de spéciation (1),
extinctions (u), diversification (r), et de transitions de 1’auto-incompatibilité vers I’auto-
compatibilité (g), estimés a partir de données phylogénétiques obtenues sur 356 espéces de la
famille des solanacées. Le suffixe « I » désigne les estimations pour les espéces auto-
incompatibles (41% des espéces), et le suffixe « C » dénote les espéces auto-compatibles (57%
des espéces). La partie A décrit les paramétres du modéle, alors que la partie B représente les

estimations des taux de diversifications (r). Figure adaptée de Goldberg et al. (2010).

Il — Adaptation et systemes de reproduction

L’adaptation a un nouvel environnement peut se faire, via I’apparition de nouvelles
mutations (Hartfield & Glémin, 2014, 2016), ou a partir de la variation génétique préeexistante
dans la population (GlIémin & Ronfort, 2013). Ces deux mécanismes ont été étudiés en déetails,

notamment via des modéles théoriques.

1 — Systémes de reproduction et adaptation a partir de nouvelles mutations

Haldane (1927) fut le premier a décrire I’effet de I’autofécondation sur I’adaptation a
partir de nouvelles mutations, avec un modéle mono-locus. Il a montré que les populations

autogames sont plus & méme de fixer des mutations avantageuses récessives, alors que les
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populations allogames fixent plus facilement les mutations avantageuses dominantes (Figure
4). Ce résultat, nommé « le tamis d’Haldane », a été confirmé analytiquement (Pollak, 1987;
Caballero & Hill, 1992; Charlesworth, 1992; Glémin & Ronfort, 2013), et si la dérive est
négligeable par rapport a la force de la sélection naturelle, la probabilité de fixation d’une

mutation avantageuse Pnew est égale a

_2(hy +f — hpf)sp

Pnew 1+f )

avec hp étant le coefficient de dominance, sp le coefficient de sélection de la mutation

avantageuse, et f le coefficient de consanguinité de la population d’étude.
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Figure 4. Probabilité de fixation d’une mutation avantageuse en fonction du taux
d’autofécondation. De haut en bas, le coefficient de dominance h de la mutation avantageuse
est égal 2 0.9, 0.7, 0.5, 0.3 et 0.1. Le coefficient de sélection de I’alléle avantageux s est fixé a
0.01. Les points noirs représentent des résultats de simulations. Figure modifiée de Glémin &
Ronfort (2013).
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Il apparait, a partir de cette équation, que plus I’avantage sélectif conféré par I’alléle avantageux
est fort, plus sa probabilité de fixation est fort (il a moins de chance d’étre perdu par dérive).
De plus, plus le taux d’autofécondation augmente, moins le coefficient de dominance de la

mutation avantageuse influe sur la probabilité d’adaptation (figure 4).

Un autre résultat intéressant est que la vitesse de fixation d’une nouvelle mutation
avantageuse est plus rapide chez les espéces autogames (Glémin, 2012; Glémin & Ronfort,
2013). Dans le cas ou la mutation est récessive, cela s’explique par le fait que I’autofécondation
permet de mettre rapidement la mutation a I’état homozygote. Quand la mutation est dominante,
ceci peut s’expliquer par le fait que I’autofécondation va augmenter la variance héritable (au
sens de Cockerham & Weir, 1984) de la valeur sélective introduite par la nouvelle mutation sur
tout ou partie de la phase de fixation de I’alléle (Figure 5), augmentant ainsi sa vitesse de
fixation (Fisher, 1958).

=
I
=
hn
-
I
&
~
i
-
Il
[y

)
P
)

Variance additive de fitness

00 0z 04 08 08 10 00 02 04 08 08 10 00 02 04 08 08 10

Fréquence de I'alléle avantageux

Figure 5. Variance additive de valeurs sélectives générée par une nouvelle mutation
avantageuse durant sa phase de fixation, pour 3 coefficients de dominance (h = 0.25 & 0 sont
similairesah=0.75 et 1, les pics sont juste inversés), et 3 niveaux d’autofécondation (0%, 50%
et 100% d’autofécondation respectivement pour les courbes rouges, bleues et noires). Les
valeurs sélectives des différents genotypes sont : W(AA) =0, W(Aa) = hp et W(aa) = 1. Josselin

Clo, résultats non-publiés.
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Plus récemment Hartfield & Glémin (2014, 2016) ont étendu ces resultats mono-locus
pour obtenir des prédictions bi-locus sur I’effet d’un balayage sélectif d’un allele avantageux a
un locus sur la probabilité de fixer une mutation délétére ou une seconde mutation avantageuse
a un second locus. Du fait de la perte de la diversité durant le premier balayage sélectif, et de
leur taux de recombinaison efficace plus faible, il y a plus de risques dans les populations
autogames qu’une mutation délétere soit en désequilibre de liaison avec la mutation
avantageuse (Hartfield & Glémin, 2014). Ceci a pour effet de diminuer le gain de valeur
sélective chez les populations autogames par rapport aux allogames, et de diminuer le seuil de
dominance des mutations avantageuses pour lesquelles les populations autogames sont
avantagées par rapport aux allogames (Hartfield & Glémin, 2014). De maniere similaire, si I’on
considere cette fois I’apparition d’une seconde mutation avantageuse pendant un premier
balayage sélectif, les populations autogames sont défavorisées par rapport aux populations
allogames (Hartfield & Glémin, 2016). En effet, si la seconde mutation est moins avantageuse
que la premiére, elle a plus de chance d’étre perdue en régime consanguin. Du fait de I’efficacité
réduite de la recombinaison efficace, si la seconde mutation n’apparait pas dans le fond
génétique déja sélectionné, il y a tres peu de chance que les deux mutations soient associées
dans un méme haplotype par recombinaison, alors que cette probabilité est forte chez les
populations allogames. On parle d’interférence de selection (Hartfield & Glémin, 2016). Le
deuxiéme effet majeur de ces interférences entre mutations avantageuses est que les populations
allogames sont plus @ méme de fixer une ou plusieurs autres mutations faiblement avantageuses,
indépendamment de leurs coefficients de dominance, annulant ainsi le tamis de Haldane pour
les populations recombinantes (Hartfield & Glémin, 2016). On voit donc que les prédictions
mono-locus qui indiquaient que I’adaptation a partir de nouvelles mutations pouvait étre
facilitée dans les populations autogames ne sont plus valables, voire sont inversées lorsque 1’on

considere les dynamiques simultanées de plusieurs mutations a différents locus.

Les modéles présentés précédemment font I’hypothese que les populations n’ont pas de
diversité génétique, et que I’adaptation ne peut se faire que via la fixation de nouvelles
mutations. Or la plupart des populations naturelles ont de la diversité génétique pour toutes

sortes de caracteres quantitatifs (Mittell et al., 2015; Wood et al., 2016). Cette diversité, que
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I’on appelle variation genétique préexistante, est considérée comme un indicateur important du
potentiel adaptatif des populations (Orr & Betancourt, 2001; Hermisson & Pennings, 2005;
Barrett & Schluter, 2008; Pritchard et al., 2010; Matuszewski et al., 2015). L’avantage de
I’adaptation a partir de la diversité génétique déja présente dans la population est que les alléles
qui deviennent avantageux sont présents a plus haute fréquence dans la population (par rapport
a une nouvelle mutation, en fréquence 1/2N lors de son apparition), augmentant ainsi la variance
additive de la valeur sélective, et donc la vitesse d’adaptation (Figure 5). Cela augmente
également la probabilité d’adaptation, puisque la probabilité de perdre la diversité nouvellement
avantageuse est moindre par rapport a une nouvelle mutation qui apparait a une fréquence 1/2N
(Innan & Kim, 2004).

Une fois encore, on s’attend a ce que le systéeme de reproduction de la population étudiée
ait un effet sur la probabilité d’adaptation des populations. Le seul modéle ayant regardé I’effet
de I"autofécondation sur I’adaptation a partir de la variation génétique pré-existante est celui de
Glémin & Ronfort (2013). Dans ce modele, les auteurs considérent que I’allele qui va contribuer
a I’adaptation a un changement environnemental est déja présent, ce dernier pouvant étre
délétéere ou neutre avant le changement environnemental. Ils montrent que les populations
autofécondantes ont moins de diversité preexistante, et que la probabilité d’adaptation décroit
linéairement avec le systeme de reproduction (Glémin & Ronfort, 2013, Figure 6). En effet, la
purge des mutations déléteres plus efficace en autogamie (Figure 6B) réduit la diversité présente
pour des alléles initialement déléteres tandis que la baisse de taille efficace des populations
autogames, et les effets d’autostop et de sélection d’arriere-plan (Smith & Haigh, 1974;
Charlesworth et al., 1993) associés a la consanguinité réduisent la diversité neutre maintenue
dans les populations (Figure 6A) ; elles contiennent donc dans les deux cas moins de diversite

pré-existante que les populations allogames.

Empiriquement, les données sur les marqueurs moléculaires supportent I’idée que les
populations autogames ont une diversité génétique réduite par rapport aux especes a régimes
mixtes ou allogames (Barrett & Husband, 1990; Hamrick & Godt, 1996; Glémin et al., 2006).
Néanmoins, la diversité moléculaire calculée sur la base de marqueurs neutres n’est pas
forcément représentative de la variance génétique des caracteres quantitatifs (Cheverud et al.,
1994; Reed & Frankham, 2001).
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Figure 6. Probabilite d’adaptation a partir de la variation génétique préexistante, en fonction
du taux d’autofécondation. De haut en bas, le coefficient de dominance h de la mutation
avantageuse est égal a 0.9, 0.7, 0.5, 0.3 et 0.1, N = 20.000, taux de mutation = 10°. Dans le
premier cas (A), la mutation est initialement neutre avant le changement. Dans le second cas
(B), la mutation est initialement délétere ; et le coefficient de sélection de I’allele s est égal a
0.01. Les points noirs représentent des résultats de simulations. Figure modifiée de Glémin &
Ronfort (2013).

Ainsi, a travers les modéles d’adaptation a partir de nouvelles mutations ou a partir de
la variation génétique pré-éxistante, il apparait que I’autofécondation réduit la probabilité
d’adaptation des populations (Glémin & Ronfort, 2013; Hartfield & Glémin, 2014, 2016). Si
I’adaptation par nouvelles mutations est bien détaillée, avec des attendus analytiques mono- et
bi-locus complémentaires, la théorie sur I’adaptation a partir de variation génétique pré-
existante reste limitée, avec uniquement des attendus mono-locus. Or, nous savons que les
caracteres reliés a la valeur sélective des individus, sur lesquels la sélection va agir lors de
processus d’adaptation, sont polygeniques, et les interactions entre locus, et I’effet de
I’autofecondation sur ces derniéres sont primordiales a comprendre pour quantifier le potentiel

évolutif des populations.
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La genétique quantitative (I’étude de la variance génétique des caractéres quantitatifs)
des espéces autofécondantes est complexe, car les effets de I’autogamie sur le niveau et la
structure de la variance génétique, ainsi que sur la prédiction de la réponse a la sélection sont
complexes. Cela a mené a la création de deux grands types de modeles de génétique quantitative
d’especes consanguines : les modeles caractérisant I’effet de I’autofécondation sur le niveau de
variance genétique de caractéres quantitatifs sous sélection, et les modeles de prédiction de
réponse a la sélection en fonction du systéeme de reproduction. Ici, nous décrirons ces deux
grandes classes de modeles, et ce qu’ils nous apprennent de I’effet de I’autofécondation sur le
potentiel évolutif des populations. Ces différents modeles font appel a des notions de génetique

quantitative qui sont résumées dans I’encadré 1 (visible apres la section bibliographie).

Les modeles étudiant I’effet du systeme de reproduction sur la variance des caractéres
quantitatifs ont grandement évolué au cours du temps. Néanmoins, un point commun de tous
ces modeles est qu’ils considérent une architecture purement additive des alleles présents aux
différents locus contrélant le caractere quantitatif sous étude. Ainsi, dans tous les modeéles
présentés dans cette section, la décomposition de la variance génétique d’une population ayant

un coefficient de consanguinité f s’écrit comme

VG,f =1+ f)Vgenique + COVpy, (1),

avec Vgenique €tant la variance des effets additifs des alléles (qui sont indépendants des autres
alleles ou locus), et COVbL représente I’effet des covariances génétiques sur la variance

géneétique (voir encadré 1 pour plus de détails).
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Historiquement, le premier a avoir étudié I’effet de I’autofécondation sur le niveau de
variance génétique des caracteres quantitatifs est Wright (1922). En considérant un caractere
quantitatif neutre, I’effet de I’autofécondation est d’augmenter I’nomozygotie, ce qui augmente
la variance additive du caractére d’un facteur (1+ f) (Wright, 1922). Par la suite, d’autres
modeles ont été proposes en considérant que les caracteres gquantitatifs sont sous selection
stabilisante et en ne négligeant pas les covariances génétiques. Ces modeles ont montré
théoriquement que I’autofécondation doit mener a une diminution (plus ou moins graduelle) du
niveau de variance génétique (Charlesworth & Charlesworth, 1995; Lande & Porcher, 2015 ;
Abu Awad & Roze, 2018, figure 7). Néanmoins, I’origine de la diminution dépend d’un

parameétre clé : le taux de mutation associé au caractére quantitatif (Abu Awad & Roze, 2018).
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Figure 7. Effet du taux d’autofécondation sur le niveau de variance génétique d’un caractére
quantitatif a I’équilibre mutation-sélection, sous hypothese de pure additivité. Les parametres
sont N =50 000, L =10 000, et U = 0.1. Figure adaptee de Abu Awad & Roze (2018).

Lorsque le taux de mutation est faible, les mutations arrivent assez lentement pour que
la sélection purificatrice puisse les éliminer progressivement, la purge étant plus efficace pour
les populations autogames puisque les mutations, généralement récessives (Manna et al., 2011)
sont exposées dans les individus homozygotes (Lande & Porcher, 2015; Abu Awad & Roze,
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2018). Ainsi, la variance génétique des populations autogames (Vs ) est plus faible que celle
des populations allogames et des populations a régime mixte du fait d’une importante

diminution de la variance genique (Vgenigue)-

Lorsque le taux de mutation devient important, la cadence d’apparition des mutations
délétéres est plus importante, et la purge est moins efficace, plus lente. Dans ce cas, des
associations statistiques entre alléles ayant des effets opposés sur le phénotype peuvent se
former. Lorsque les mutations associées se compensent, elles peuvent permettre de rester
proche de I’optimum phénotypique. Du fait de leur taux de recombinaison efficace plus faible
(Nordborg, 2000), les populations autogames sont plus a méme de maintenir ce déséquilibre de
liaison négatif que les populations allogames ou a régimes mixtes. Cela a pour effet de structurer
les populations autogames en génotypes multi-locus répétés. Ces génotypes sont des lignées
consanguines phénotypiquement similaires mais ayant fixé des combinaisons alléliques
différentes (on parle de redondance phénotypique). Une structure de population en lignées
répétées a effectivement pu étre observée au sein de populations d’especes trés autogames sur
la base de marqueurs moléculaires (Siol et al., 2008; Jullien et al., 2019). L’autre effet de ces
associations génétiques est de diminuer la pression de sélection sur les mutations déléteres en
désequilibre de liaison. Ainsi, lorsque les taux de mutation sont élevés, I’autofécondation a un
faible effet sur le niveau de variance genique (Vyenigue), Mais les associations génétiques entre

locus (COVoL, qui est par construction négatif) diminuent la variance génétique de la population
Ve r).

Empiriquement, la relation négative entre le taux d’autofécondation et la variance
génique est en revanche débattue. Tout d’abord, pour comparer des estimations de variance
géniques entre populations et caracteres, il est nécessaire de passer par des variables
standardisées. Deux variables sont utilisables, I’héritabilité au sens strict (h?), qui standardise
la variance génique par la variance phénotypique (Falconer & Mackay, 1996), et le coefficient
de variance genétique (CVa), qui standardise la racine carrée de la variance génique par la
moyenne du trait (Houle, 1992). Houle (1992) soutient que le CVa est un meilleur proxy de la
variance génique, car il existe une corrélation positive entre la variance génique d’un caractére

et sa variance environnementale, ce qui pourrait limiter le pouvoir informatif de I’héritabilite.
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Plusieurs méta-analyses ont tenté de concilier les attendus théoriques avec les données
empiriques. Charlesworth & Charlesworth (1995, sur le CVa, Figure 8A) et Geber & Griffen
(2003, sur h?) ont trouvé un effet du systeme de reproduction sur le niveau de variance génique,
bien que le taux d’autofécondation n’explique qu’une faible fraction de la variabilité dans les
deux études (R < 0.18 dans les deux études). Au contraire, Opedal et al. (2017, sur le CVa,
Figure 8B) n’ont pas trouvé d’effet du taux d’autofécondation sur le niveau de variance génique

de caractéres floraux liés a I’herkogamie.

A B
y=8.05+14.2x R=0.298
60 100
i . . .
50— . .
_ - i
ao® s 7 ‘ =, :
- ] ' . * - .. " .
B 30. . . 1 . = . - ! ‘. I
i i o - I B
20 *s ®e - : 8 y e
T - "".)‘ 01 - @ ' * - o ’
0] 9§ %e
I ® -
Q T "!_. T T & T i T i 01 . T T T T T
0O 0.2 0.4 0.6 0.8 1

Taux d'alloféfoncation

Figure 8. Niveau de variance génique de caracteres quantitatifs (utilisant le CVa comme unité
standardisée) en fonction du taux d’allofécondation des especes/populations associées. A.
Figure adaptée de Charlesworth & Charlesworth (1995). B. Figure adaptée de Opedal et al.
(2017).

Ces deux scénarios de taux de mutation prédisent donc tous les deux une diminution de
la variance additive pour les populations autogames. Cependant, les conséquences pour la
réponse a la sélection a court ou moyen terme peuvent étre trés différentes. Si la variance
additive est essentiellement constituée de la variance génique, alors la réponse a court terme

restera plus faible pour les populations autogames par rapport aux populations allogames ou a

19| Page



régimes mixtes. Dans le cas contraire, si les covariances génétiques contribuent beaucoup a la
variance additive, elles pourraient représenter une source de variance mobilisable par les
évenements de recombinaison entre lignées. Ceci pourrait donc augmenter le potentiel évolutif
des populations sur les court et moyen termes (Lande & Porcher, 2015; Abu Awad & Roze,
2018). Néanmoins, ces prédictions théoriques sont basées sur I’hypothése que les effets des
alléles sont purement additifs a I’échelle phénotypique, ce qui est peu réaliste sur la base des
études empiriques décomposant la variance génétique des caractéres quantitatifs (voir Wolak
& Keller, 2014 pour une revue). Nous allons voir dans la section suivante que considérer
uniquement la composante additive de la variance génique est probablement une vision biaisée

du potentiel évolutif des populations.

En présence de dominance, la décomposition de la variance génétique est plus
complexe. Dans ces conditions, la variance génétique d’une population ayant un coefficient de

consanguinité f s’écrit :
Vor = 1+ Vgenique + (1= fHVpr+ f Vo1 +4f COVyp, + f(1 = fOH" + COVpy, (2).

La variance génique et les covariances genétiques sont définies comme précédemment; Vor et
Voi représentent la variance des déviations entre les valeurs genétiques des individus et les
valeurs additives des alleles qu’ils portent a un locus donné, respectivement sous hypothese de
panmixie et d’autofécondation totale. Le terme COVabi représente la covariance entre I’effet
additif d’un alléle et sa déviation de dominance a I’état homozygote. Le terme H* représente la
somme sur tous les locus des déviations de dominance homozygote (aussi égal a la dépression
de consanguinité au locus donné), le tout mis au carré. Toutes ces composantes sont détaillées
dans I’encadré 1. Ces nouveaux termes compliquent grandement la génétique quantitative des
populations autogames, tant dans I’estimation des composantes de la variance génétique
(Cockerham & Weir, 1984; Shaw et al., 1998; Kelly & Arathi, 2003), que dans la prédiction de
la réponse a la sélection (Wright & Cockerham, 1985; Kelly, 1999a; b).
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L’estimation de toutes les composantes de la variance génétique demande des dispositifs
expérimentaux compliqués, notamment en terme de pedigree. En plus des covariances
habituelles entre pleins-freres et demi-fréres qui permettent d’estimer les variances génique et
de dominance dans une population panmictique (Vor), il est nécessaire de calculer des
covariances entre paires d’apparentés partageant des alléles a I’état homozygote (permettant de
calculer Voi et HY), et des paires d’apparentés avec un individu ayant un alléle a I’état
hétérozygote et I’autre individu ayant le méme alléle a I’état homozygote (permettant de
calculer COVani). Dans des dispositifs expérimentaux utilisant des couples d’apparentés ayant
des coefficients de consanguinité différents (comme dans Shaw et al., 1998), le calcul des
covariances entre apparentés est compliqué (Cockerham & Weir, 1984), bien que des
algorithmes récursifs permettant de calculer les coefficients d’apparentements nécessaires aux
estimations existent (Cockerham, 1971). L’utilisation de lignées pures (ayant donc un f égal a
1) simplifie grandement les estimations (Kelly & Arathi, 2003), puisque les covariances entre
apparentés sont simplifiées (Cockerham & Weir, 1984), mais cela peut demander de
nombreuses générations d’autofécondation préliminaires pour créer des lignées pures, ce qui
est contraignant pour des espéces a régime mixte ayant un temps de géneration (pluri-) annuel.
Du fait de ces difficultés empiriques, on trouve peu d’estimations dans la littérature,
généralement faites sur des populations manipulées, et non in natura (voir Wolak & Keller,
2014 pour une revue). Dans les rares cas ou ces composantes ont été estimées, on observe
généralement qu’au moins une partie de ces nouvelles composantes contribue significativement
a la variance genetique (Hoeschele & Vollema, 1993; Shaw et al., 1998; Edwards & Lamkey,
2002; Kelly, 2003; Kelly & Arathi, 2003; Wardyn et al., 2007; Marriage & Kelly, 2009). Parmi
les grands patrons mis en évidence par ces études, la variance des déviations de dominance
homozygote (Vbi) dans les populations autogames est généralement forte, supérieure a la
variance de dominance d’une population panmictique (Vbr), et souvent équivalente ou
supérieure a la variance génique, ce qui est attendu lorsque les fréquences alléliques sont
désequilibrées (Walsh & Lynch, 2018). La covariance entre I’effet additif d’un alléle et sa
déviation de dominance homozygote (COVabi) est assez variable entre traits et especes, mais
lorsque cette composante contribue, elle est généralement fortement négative (Shaw et al.,
1998; Edwards & Lamkey, 2002; Kelly, 2003; Kelly & Arathi, 2003). Le carré de la somme
des déviations de dominance homozygote (H”) est généralement faible et non-significatif, ce
qui implique que la dépression de consanguinité pour les traits étudiés est due a I’action
conjointe d’un grand nombre de locus a faibles effets (Shaw et al., 1998).
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Ainsi, ces nouvelles composantes ne semblent pas négligeables et contribuent a la
variance génétique des populations. Lorsque les populations sont consanguines, ces (co-
)variances participent a la covariance entre parents et enfants, dont dépend la réponse a la
sélection. Si la réponse a la sélection est facilement prédictible pour les especes strictement
allo- ou autogames (il suffit d’incorporer respectivement la variance génique ou la variance
génétique totale dans I’équation du sélectionneur ou dans le théoréeme fondamental de la
sélection naturelle, Fisher, 1958; Falconer & Mackay, 1996), prédire la réponse pour des
régimes intermédiaires n’est pas trivial. Deux grand modeles ont tenté de caractériser la réponse
a la sélection pour les espéces a régime mixte, le Covariance Genetic Model (CGM, Wright &
Cockerham, 1985), et le Structured Linear Model (SLM, Kelly, 1999a). Je me focaliserai
uniguement sur le SLM, puisque le CGM n’est qu’une simplification de ce dernier (Kelly &
Williamson, 2000).

L’un des problemes majeurs des taux d’autofécondation intermédiaires est que le niveau
de consanguinité peut étre variable entre les individus. Si le trait étudié montre de la dépression
de consanguinité, ou si les individus fortement consanguins ont une valeur sélective plus faible,
alors on s’attend a ce que les individus issus d’évenements récents d’allofécondation soient
choisis plus souvent par la sélection (naturelle ou artificielle). Dans ce cas, la régression parent-
enfant n’est plus linéaire (Kelly, 1999a; b, Figure 9), or cette hypothése est cruciale pour la
validité des équations classiques de réponse a la sélection (comme I’équation du sélectionneur).
Afin de palier a ce probleme, Kelly (1999) a proposé de décomposer les populations en cohortes
de différents niveaux de consanguinité, les individus d’une méme cohorte partageant le méme
niveau de consanguinité (et donc le méme F). Au sein de chaque cohorte, la régression parent-
enfant est supposée linéaire (d’ou le nom, structured linear model), et la réponse a la sélection
est prédite a partir des variances et covariances au sein des cohortes, et les transitions d’une

cohorte a une autre.
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Figure 9. Relation entre les phénotypes parentaux et ceux de leurs descendants, dans une
population constituée d’individus purement consanguins (F = 1) et d’individus panmictiques
(F = 0). Au sein de chaque groupe, la régression parent-enfant est linéaire. Mais dans la
population globale (considérant les individus indépendamment de leur histoire de
consanguinité) la régression n’est plus linéaire. Ici B définit la dépression de consanguinité, la
différence de moyenne entre les individus purement consanguins et les individus issus

d’allofécondation (définit par les carrés blancs). Figure adaptée de Kelly (1999).

Le modele se décompose ainsi : considérons un caractere quantitatif Z, la moyenne de

ce caractere a la génération t est égale a
Z() = po(t) + F(&) (i (8) — po ()
ou
Z(t) = po(t) + F()B(2),

ou wo(t) et w(t) sont les moyennes d’une population respectivement strictement
allogame et autogame, ayant les mémes fréquences alléliques que la population d’étude a la

génération (t), B(t) est la différence entre la moyenne autogame et allogame a cette méme
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géneération, et F(t) est le coefficient de consanguinité moyen de la population au temps t. Dans

le modeéle de Kelly, chaque cohorte i (i étant le nombre de génération d’autofécondation dont
sont issus les individus, Figure 10) a ses propres valeurs de Fi (avec F; = 1 — %), nojietB,i. A
I’échelle de la population F(t), B(t) et uo(t) sont les valeurs des différentes cohortes pondérées
par leur fréquence (par exemple, si Ai est la fréquence de la cohorte i, alors uo ) = X Aito,; (1))-
Pour prédire le changement de valeur moyenne du trait, il faut pouvoir prédire les changements
dans chaque cohorte, et les mouvements d’une cohorte a I’autre. A chaque évenement de
reproduction, une proportion s de chaque cohorte i se reproduit par autofécondation, et alimente

la cohorte i+1, tandis qu’une proportion 1-s alimente la cohorte 0 (Figure 10).

2tme génération
d'autofécondation

1¢r¢ génération
d'autofécondation

Individus issus
d'allofécondation

i=0

Figure 10. Visualisation de la structure en cohortes d’autofécondation du SLM. Les individus
issus d’allofécondation (avec une probabilité 1-s) rentrent automatiquement dans la cohorte 0.
Les descendants d’individus de la cohorte i issus d’autofécondation se retrouvent dans la

cohorte i+1 (avec une probabilité s). Figure adaptée de Kelly (1999).

Soit Wi(t) la valeur sélective moyenne des individus de la cohorte d’autofécondation i
et W(t) celle de la population. La fréquence de la cohorte i+1 a la génération t+1 est alors égale

a

W, (6)

Aigt+ 1) =s <W> Ai(®),

et donc
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F(t+1) = in(t +1F,.

Sous hypothése de linéarité au sein de chaque cohorte,

(1 + Fi)Vgénique + 2FiCOVADI
Vg, (t)

Ho,i+1(t+ 1) = po; () + S;(t)

et

1+ F)COV,n, + F;V,
Biw1(t+1) = Bi(t) + (L% F)COVap1 + FiVs Si(t),
Vzi(t)

avec Vzi(t) et Si(t) etant respectivement la variance phénotypique et le différentiel de sélection
de la cohorte i a la géneération t. La cohorte O rassemble les individus étant issus
d’allofécondation, quelle que soit leur cohorte d’origine. Ainsi, a la génération t+1, les valeurs

de la cohorte 0 se calculent comme

A(E+1)=(1-y5),

1+ F)Venigue + 2F;COV,
Hoa(t+ 1) = o (8 + Y Ay() S ainiaue £ 2RCOVin g
Vzi ()
et
1+ F;)COV,p + FiV
Bo(t+1) = B() + in(t)( DCOVapi + FiVor g 1y
Vz,i (t)

L’ application de ce modéle est compliquée. En plus de I’estimation complexe des
différentes composantes de la variance génétique, I’application du SLM est codteuse en
parameétres, qui peuvent étre difficiles a estimer. Tout d’abord, le nombre de cohortes et leurs
proportions relatives au sein de la population demande un génotypage massif au sein de la
population d’étude, et un grand nombre de marqueurs (microsatellites, SNPs...) permettant de
caractériser I’histoire d’autofécondation des individus. Deuxiémement, en plus des mesures

réalisées sur le trait étudié, il est nécessaire de caractériser la valeur sélective des individus afin
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de pouvoir prédire la contribution de chaque cohorte aux changements de valeurs a la génération
suivante. Ces difficultés techniques expliquent surement pourquoi aucune application du
modele de Kelly n’existe dans la littérature, et pourquoi les études tentant de caractériser le
potentiel adaptatif des populations se limitent a des estimations de la variance génique.

Il apparait ainsi que les différents modéles de génétique quantitative regardant I’effet du
systéme de reproduction sur le niveau de variance génétique, et ceux regardant la réponse a la
sélection, ne soient pas facilement réconciliables. Les premiers modeles font généralement des
hypothéses fortes sur I’architecture des traits quantitatifs pour parvenir a des attendus
analytiques, mais I’intégration de ces résultats dans les modéles de prédiction de réponse a un
évenement de sélection directionnelle n’est pas aisée du fait des hypothéses faites. Les seconds,
a I’inverse, supposent une architecture plus réaliste des caracteres quantitatifs, et permettent de
comprendre plus finement comment décomposer la variance et la structure des populations pour
prédire précisément la réponse a la sélection. Cependant, les parametres nécessaires pour
appliquer ces méthodes empéchent de prédire mathématiquement et empiriquement I’effet du

systéme de reproduction sur le niveau et la vitesse d’adaptation des populations.

L’ objectif de cette these est de comprendre plus finement le potentiel évolutif des
populations autogames, en étudiant théoriqguement et empiriquement le niveau de diversité
génétique pour des caracteres polygéniques au sein de ces espéeces, sa structure, et la maniére
dont elle peut étre mobilisée pour répondre a la sélection. En m’appuyant sur une méta-analyse,
une étude expérimentale et des modeles théoriques, j’ai cherché a confirmer et approfondir les
connaissances sur I’adaptation des populations autogames. Pour développer cela, ma démarche

s’est structurée en 4 axes majeurs :
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Dans ce premier chapitre, j’ai voulu mettre a jour les données empiriques disponibles
chez les plantes sur la relation entre variance génique et taux d’autogamie, et déterminer si ces
données sont en accord avec les prédictions théoriques. Pour cela, j’ai réalisé une méta-analyse
en compilant un grand nombre de mesures d’héritabilité (sens strict et large) estimées dans des
populations naturelles d’espéces angiospermes pour lesquelles nous disposions d’informations
sur le systeme de reproduction (taux d’autofécondation de I’espéce ou des populations). A I’aide
de ce jeu de données, j’ai caractérisé la relation entre systeme de reproduction et variance
génique, en tentant de limiter le plus possible les biais dus a I’imprécision des taux
d’autofécondation et aux autres composantes de la variance génétique qui deviennent non
négligeables avec la consanguinité. Dans un second temps, j’ai testé I’hypothése d’un niveau
de variance génique plus variable entre populations d’une méme espece autogame, par rapport
aux allogames. Enfin, j’ai examiné, de maniére indirecte, si une mesure plus intégrative du
potentiel évolutif des espéces autogames (qui comprend a la fois la variance génique et les
composantes de dominance) différait de la variance génique des espéces strictement allogames,
en comparant les héritabilités au sens large chez les espéces autogames avec les héritabilités au

sens strict observees chez les espéces allogames.

Dans ce second chapitre, je me suis intéressé a la possible contribution des covariances
génétiques dans le potentiel évolutif des especes autogames. Les modeles ayant étudié
I’adaptation des populations en fonction de la variance génétique préexistante et du systéeme de
reproduction ont utilisé un modéle mono-locus. Les études théoriques de la relation variance
génique — systeme de reproduction ont souligné I’importance des covariances génétiques dans
la structuration et le niveau de diversité génétique, et ont supposé que ces covariances
pourraient représenter un stock de variance exploitable lors d’une phase de sélection
directionnelle. J’ai donc étendu un modeéle théorique de trait quantitatif sous sélection
stabilisante pour y incorporer une phase de réponse a un changement environnemental. J’ai

dans un premier temps quantifié la contribution de ces covariances génetiques a la variance
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génétique totale dans les populations a I’équilibre mutation-selection-dérive, en fonction du
taux d’autofécondation des populations. Dans un second temps, j’ai étudié les dynamiques de
valeur sélective et de variance génétique pendant la phase de sélection directionnelle afin de
comparer les dynamiques et mécanismes d’adaptation des populations en fonction de leur

systéme de reproduction.

Si I’allogamie residuelle permet de remobiliser de la variance génétique (voir chapitre
2), elle pourrait également révéler des incompatibilités génétiques accumulées entre lignées
autogames. Dans ce troisieme chapitre, je me suis intéressé aux conséquences d’évenements
d’hybridation entre génotypes multi-locus de populations naturelles de I’espece
préférentiellement autogame Medicago truncatula. En effet, le taux de recombinaison efficace
étant extrémement faible chez les espéces autogames, on peut s’attendre a ce que les lignées
consanguines accumulent des incompatibilités génétiques (par exemple des inversions
chromosomiques, ou des incompatibilités Dobzhansky-Muller) entre populations, voire méme
au sein d’une méme population. Si ces incompatibilités étaient révélées lors de croisements
(allofécondation résiduelle), elles limiteraient le potentiel évolutif de ces populations. Afin de
tester cette hypotheése, j’ai étudié les conséquences d’événements d’hybridation entre lignées
pures de Medicago truncatula issues de populations différentes, ou de la méme population. J’ai
caractérisé I’architecture génétique de la dépression d’allofécondation, et j’ai proposé un
mécanisme basé sur I’effet de la dominance directionnelle sur un caractére sous sélection, qui
permet d’expliquer de maniére parcimonieuse les patrons de dépression d’allofécondation
observés dans notre étude.

Les résultats des chapitres précédents ayant souligné le role de la dominance chez les
espéces autogames, j’ai, dans ce dernier chapitre, développé un modéle théorique de génétique
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quantitative relachant I’hypothése classique de pure additivité a I’échelle phénotypique. Ce
modele simule un trait quantitatif sous sélection stabilisante codé par L loci bi-alléliques ayant
des effets additifs, et des relations de dominance entre alléles & un locus, et permet de considérer
I’effet du systéme de reproduction des populations. J’ai dans un premier temps regardé la
contribution des composantes de dominance a la variance génétique, et estimeé la part de
variance expliquée par la composante additive par rapport a la composante de dominance. Dans
un second temps, j’ai étendu le modeéle structuré linéairement (SLM) de Kelly dans le théoréme
fondamental de la sélection naturelle, et j’ai regardé si une simplification de ce dernier suffisait
a predire correctement le changement de valeur sélective d’une génération a I’autre dans les
populations partiellement autofécondantes. J’ai également quantifié le potentiel évolutif
immédiat des populations en fonction de leur systéme de reproduction, afin de prédire si le taux
d’autofécondation aurait un impact sur I’avenir des populations face a un changement
environnemental lorsque 1I’on considere une architecture génétique plus réaliste. Enfin, j’ai
examiné si I’évolution de I’allogamie vers I’autogamie restait avantageuse lors d’une phase de
sélection directionnelle lorsque la dominance et les nouvelles composantes génétiques qui en

découlent contribuent au potentiel évolutif des populations.
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Encadré 1 : Introduction a la génétigue des espéces consanguines :
théorie et exemple

La variance génétique d’une population ayant un coefficient de consanguinité f est
égale a (Cockerham & Weir, 1984)

Vor = 1+ Vgenique + (A= fHVpr + f Vpr +4f COVyp; + f(1 = fOH" + COVp,.

La variance genique (Vgenique, PIUS classiquement appelée variance additive) represente la
variance des effets additifs des alleles (qui sont indépendants des autres alleles ou locus).
La variance de dominance d’une population panmictique (Vor) représente la variance des
déviations entre les valeurs génétiques et les valeurs additives des individus a un locus
donné, sous hypothese de panmixie. La variance de dominance d’une population purement
consanguine (Voi) représente la méme variance des déviations entre les valeurs génétiques
et additives des individus a un locus donné, mais sous I’hypothese d’autofécondation
complete. Le terme COVapi représente la covariance entre I’effet additif d’un alléle et sa
déviation de dominance a I’état homozygote. Ce parameétre décrit la hausse de probabilité
qu’un allele soit transmis a I’état homozygote dans la descendance a cause de la
consanguinité, ce qui a pour effet de créer une covariance entre la contribution additive d’un
alléle chez les individus homozygotes, et la déviation de dominance de ce méme génotype
(Wolak & Keller, 2014). Le terme H" représente la somme sur tous les locus des déviations
de dominance homozygotes (H" est aussi la dépression de consanguinité au locus donné), le
tout mis au carré. Si la dépression de consanguinité est due a I’effet conjoint de nombreux
locus a faible effets, alors H”™ est attendu trés petit (Shaw et al., 1998). Enfin, COVLp

représente I’effet des covariances genétiques (ou effet Bulmer) sur la variance génétique.
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L’estimation des différents termes nécessite de calculer les valeurs additives des
alleles aux locus, et toutes les formes de déviations de dominance entre les valeurs additives
et génotypiques. En génétique quantitative, les différentes quantités sont calculées par
rapport a la population ancestrale panmictique, et les valeurs génétiques, additives et de
dominance sont des quantités relatives qui dépendent de la moyenne de la population
d’étude. Ainsi, il est nécessaire de centrer les valeurs génotypiques qui vont nous servir de

base pour le calcul des autres quantités (Tableau 1.)

Tableau 1. Considérons un locus a deux alléles, Al et A2, ayant respectivement des
fréquences pi1 et p2. Genotypes et leurs fréquences (sous hypothése de panmixie), valeurs
phénotypiques et génotypiques associées. La valeur moyenne p est la moyenne

phénotypique et est égale a la somme des produits entre les valeurs phénotypiques et leurs

fréquences.

Génotype Fréguence Valeur phénotypique Valeur génotypique
AlAl p12 P11 Gu=Pu—-p
AlA2 2 p1p2 P12 G12 = P12—p
A2A2 p2? P22 G22=P2—p

Les valeurs additives des alléles Al et A2 (o1 et az) sont les effets moyens des alléles

sur les valeurs génotypiques (G) et sont calculés comme
oy = p1G11 +P2G12,
et
0y = P1Gyz + D262

Les déviations de dominance (9) associées aux différents génotypes peuvent étre calculées

avec

611 = G11 — 204,
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et
822 = Gpz — 205

A partir de ces différentes quantités et des fréquences alléliques, il est possible de calculer
les différentes composantes de la variance génétique (Tableau 2).

Tableau 2. Estimations des différentes composantes de la variance génétique. Dans les
différentes formules, nkest le nombre d’alléles au k°™ locus, L est le nombre de loci affectant
le charactére phénotypique, pik est la fréquence du i*™ alléle au locus k, oix est I’effet additif
du i®™ allele au locus k, et §ijx est la déviation de dominance au locus k associé au génotype

ij.

Composante de la variance Estimation
Vgenique .
2
2 Z Z Pik ik
ki
VDR L k nk
2
Z Z Z Pi,kpj,k5ij,k
k i
H* L nk
2
Z( Pik0iik)
ki
0'2DI L nk nk
2 2
Z( PikOiik — (Z PikSiik))
ki i
OADI L nk

z Z Pik%ikOiik
ki

Ainsi, toutes les composantes de la variance génétique sont calculables pour toutes les

populations, indépendamment de leur taux d’autofécondation, mais la contribution de
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chaque composante va dépendre du coefficient de consanguinité moyen de la population, et
des fréquences alléliques (Walsh & Lynch, 2018). Une application numérique est proposée

ci-dessous.

Considérons un caractére phénotypique tel que I’espérance de vie d’un généticien quantitatif
spécialiseé dans les espéces consanguines. L espérance de vie est déterminée par un locus a
deux alleles, Al et A2. Les homozygotes A1AL vivent en moyenne 25 ans (le temps de finir
leur these), alors que les hétérozygotes ALA2 et les homozygotes A2A2 vivent en moyenne
80 ans (A2 est dominant sur Al). Dans la région de Montpellier I’allele Al est trouvé en
fréquence 0.3, et I’allele A2 en fréquence 0.7. A partir de ces informations, il est donc
possible de calculer les valeurs génotypiques, et les effets additifs et de dominance (Tableau
3)

Tableau 3. Estimation des différentes quantités génétiques pour I’exemple numérique. Ici,
o, =-11.55 et o, = 4.95.

Génotype  Fréquence Valeur Valeur additive Déviation de
génotypique dominance
AlAl 0.09 -50.05 -23.10 -26.95
AlA2 0.42 4.95 -6.60 11.55
A2A2 0.49 4.95 9.90 -4.95

On peut ensuite calculer les composantes de la variance génétique :

%

venique = 2(0.3)(—11.552) + 2(0.7)(4.95%) = 114.34,

Vor = 0.09(—26.952) + 0.42(11.55%) + 0.49(—4.95%) = 133.40,
H* = (0.3(~26.95) + 0.7(—4.95))% = 133.40,
V,, = 0.3(—26.95%) + 0.7(—4.95)% — 133.40 = 101.64,

COV,p; = 0.3(—=11.55)(—26.95) + 0.7(4.95)(—4.95) = 76.23 .
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Chapitre 1 : Méta-analyse de I’effet de
I’autofécondation sur la variance
genétigue au sein des population naturelle

d’angiospermes

This article is published in Evolution.

Clo, J., Gay, L., & Ronfort, J. (2019). How does selfing affect the genetic variance of quantitative traits?
An updated meta-analysis on empirical results in angiosperm species. Evolution, 73(8), 1578-1590.
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Self-fertilization is thought to be an evolutionary dead-end (Stebbins 1957). The main
argument highlighted by Stebbins is that selfing populations harbour less genetic diversity than
their more outcrossing counterparts do. If our understanding of the effect of inbreeding on the
genetic variance has changed over the last decades (Lande 1977, Charlesworth & Charlesworth
1995, Lande & Porcher, 2015; Abu Awad & Roze, 2018), it is now theoretically accepted that
the Stebbins’ argument is true when considering the effect of self-fertilization on the amount of
additive of quantitative traits under stabilizing selection (Lande & Porcher, 2015; Abu Awad &
Roze, 2018). Due to a more efficient purifying selection against delirious mutations, and the
magnified Bulmer effect due to reduced effective recombination rates, selfing populations are
expected to harbour less genetic diversity (Lande & Porcher, 2015; Abu Awad & Roze, 2018.
Empirically, however, this signal is not well supported. The analyses are nevertheless made on
limited datasets (Charlesworth & Charlesworth 1995, Geber & Griffen, 2003, Oepdal et al.
2017), potentially limiting the statistical power to detect an effect of the mating system.

In this paper, I collected a large number of narrow-sense heritability estimates (1853) of
natural populations of a wide range of angiosperm species (84) in order to test the effect of
selfing on the genic variance. In a second time, I tried to estimated more carefully the effect of
the mating system on the true adaptive potential of populations, by comparing narrow-sense
heritabilities for outcrossing populations and broad-sense heritabilities for predominantly
selfing populations. Finally, I tried to see if the amount of genetic variance among populations

is more variable in selfing populations than in mixed-mating or outcrossing ones.

I have shown that if on average self-fertilization leads to a decrease of the adaptive
potential of populations, the mating system explains overall a weak to moderate proportion of
the total genetic variance. Taking into account the total genetic variance for selfing populations
leads to a less drastic diminution of the adaptive potential, even if selfers are still expected to
respond less efficiently to selection than their mixed-mating and outcrossing counterparts. I did
not found an effect of the mating system on the among-populations amount of genetic variance.
All the results and their implications for the evolution of selfing are discussed in the following

article.
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Most theoretical works predict that selfing should reduce the level of additive genetic variance available for quantitative traits
within natural populations. Despite a growing number of quantitative genetic studies undertaken during the last two decades,
this prediction is still not well supported empirically. To resolve this issue and confirm or reject theoretical predictions, we reviewed
quantitative trait heritability estimates from natural plant populations with different rates of self-fertilization and carried out a
meta-analysis. In accordance with models of polygenic traits under stabilizing selection, we found that the fraction of additive
genetic variance is negatively correlated with the selfing rate. Although the mating system explains a moderate fraction of the
variance, the mean reduction of narrow-sense heritability values between strictly allogamous and predominantly selfing popu-
lations is strong, around 60%. Because some nonadditive components of genetic variance become selectable under inbreeding,
we determine whether self-fertilization affects the relative contribution of these components to genetic variance by comparing
narrow-sense heritability estimates from outcrossing populations with broad-sense heritability estimated in autogamous popula-

tions. Results suggest that these nonadditive components of variance may restore some genetic variance in predominantly selfing
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populations; it remains, however, uncertain how these nonadditive components will contribute toc adaptation.

KEY WORDS:

Maling systems in plants are very diverse, especially among
frequent  (~70%:;
Richards 1997). An important fraction of these species (~40%)

angiosperms, where hermaphroditism  is
regularly self-fertilizes, some (~15%) self-fertilize at a very
high frequency (=90%), but apparently never exclusively (Igic
and Kohn 2006). Moreover, a continuum exists between strictly
allogamous and predominantly selfing species (Darwin 1876,
1878; Igic and Kohn 2006; Barrett et al. 2014) and frequent
transitions from obligate outcrossing to selfing have occurred
independently during [owering plant evolution (Wright et al.
2013). Two advantages of selfing have been put forward to explain
these frequent transitions: (1) reproductive assurance, wherchy
selfing assures reproduction by eliminating the dependency on
pollinating agents (Baker 1955), and (2) transmission advantage,

Genetic variance, heritability, mating system, meta-analysis, quantitative traits.

as the probability ol (ransmission of a maternal gene in a selfed
offspring is twice as high as that in an outcrossed offspring (Fisher
1941; Nagylaki 1976; Lloyd 1979). Despite these advantages,
the small proportion of predominantly self-fertilizing species
(Barrett et al. 2014; Hartlicld 2016) and their generally recent
origin (Goldberg et al. 2010) suggest that sclf-fertilization could
be an evolutionary “dead-end” (Stebbins 1957; Takebayashi and
Morrell 2001; Igic and Busch 2013). Stebbins” original argument
for the dead-end hypothesis is that selfing results in the loss of
genetic diversity, which consequently limits the capacity of sell-
ing populations to adapt to new or changing environments, thus
increasing their probability to become extinet (Stebbins 1957).
Here, we propose to use a review of the literature to explore this
prediction,

© 2019 The Author(s). Evolution © 2019 The Society for the Study of Evolution,

1 Evolution

42 |Page



J. CLO ET AL.

Empirical data on molecular markers strongly support the
prediction that selfing reduces populations’ genetic diversity.
Indeed, intraspecific (see, for example, Barrett and Husband
1990) and interspecific (Hamrick and Godt 1996; Glémin et al.
2006) comparisons have confinned that selfing populations have
less molecular genetic diversity than allogamous ones. owever,
molecular marker-based estimates of diversity may not he repre-
sentafive of quantitafive genetic variation (Cheverud et al. 1994;
Reed and Frankham 2001). Several theoretical models have been
proposed to predict the effect of selfing on quantitative genetic
variation within populations. Lande (1977) considered a model of
stabilizing selection acting on a single polygenic trait controlled
by additive loci in apartially selfing population. Assurning a Gaus-
sian disiribution of allelic effects at each locus, he found that, com-
pared to an outcrossing population, the increase in variance due to
the homozygosity gencrated by selfing is exactly compensated by
the “purging” effect of selfing (selection against and elimination
of unfavorable alleles). ITe also showed that the decrease in ge-
netic variance due to selfing and caused by linkage disequilibria
between alleles at different loci with opposite effects on the trait
(the Bulmer effecr; Bulmer 1971) is exactly compensated by the
reduction in the efficacy of selection due to linkage. He concluded
that the equilibrium additive genetic variance available in a popu-
lation is not affected by selfing. More recently, Lande and Porcher
{2015) extended this model to multiple sclected traits, assuming
either a Gaussian distribution of allelic effects at each locus or an
infinitesimal model. They showed that, below a threshold selfing
rate, the level of genelic variance should not be alfected by sell-
fertilization { for the same reasons as Lande 1977). However, above
this threshold selfing rate, the genetic variance declines drastically
due to purifying selection and strong compensatory associations
between alleles at different loci. Using an alternative assumption
where quantitative traits under stabilizing selection are controlled
by additive biallelic loci, Charlesworth and Charlesworth (1995)
have shown that the genetic variance al equilibrium between mu-
tation and selection in completely selfing populations should he
one quarter that maintained in random mating ones. More recently,
Abu Awad and Roze (2018) have generalized this model to take
inte account any selfing rate, and found a different pattern than
Lande and Porcher (2015). In their model, the predicled level of
genelic variance generally decreases with increasing selfing rates,
with a sudden acceleration of the decrease for very high selfing
rates. In all these models, when the selfing rate is very high, the
effective recombination rate is so weak that selection acts on geno-
types and not at the level of single loci, hence very little genetic
diversity is maintained at equilibrium (Neher and Shraiman 2009;
Lande and Porcher 2015; Abu Awad and Roze 2018).

Compared to molecular data, empirical evidence for a de-
crease in quantitative-genetic variation under selfing is more lim-

ited. A few studies comparing outcrossing and selfing populations
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of closely related taxa (within species or genus) have found that
outcrossing populations exhibit higher quantitative genetic vari-
ance than ones with higher selfing rates (Carr and Fenster 1994;
Fenster and Carr 1997; Bartkowska and Johnston 2009). Al a
larger scale, Charlesworth and Charlesworth (1995) reviewed the
literature to test their theoretical predictions (described above) us-
ing heritability values as well as the genetic coefficient of variation
as proxies of the amount of quantitative genetic variance. The data
available were scarce (37 studies) and, although theoretical pre-
dictions were supported qualitatively, the effect of the selfing rate
was significant only for the genetic coefficient of variation and
when the dataset was restricted to studies controlling for maternal
effects (i.e., estimating paternal plant components of variance;
Fig. 4 in Charlesworth and Charlesworth 1995). Hence, so far
there is no strong empirical consensus on how self-fertilization
affects the genetic variance available for quantitative traits within
natural populations. More data have been published for numerous
plant species since this literature review (Lavergne and Molofsky
2007, Leinonen et al. 2013; Wood et al. 2016), making it timely
to conduct a new and more precise study.

All the above-mentioned theoretical models assume that the
phenotypic value of a quantitative trait 15 determined by purely
additive genetic effects, and thus neglect dominance and epista-
sis. This assumption i relevant to predict the evolutionary fate
of a random mating population under selection because the addi-
tive genetic variance (Vy) is a major predictor of a population’s
ability to respond to selection (following the Breeders’ equation;
Falconer and Mackay 1996). Under selfing however, some non-
additive components of genetic variation {also called “quadratic
components” of genetic variance, see Cockerham and Weir 1984;
Walsh and Lynch 2018, chapter 11) become nonnegligible due
to the effect of dominance in conjunction with inbreeding. Ne-
glecting these additional components could bias estimations of
levels of additive genetic variance, as they contribute to the re-
semblance between relatives. In addition, Kelly (1999) showed
that two of these above-mentioned nonadditive components, the
homozygous dominance variance and the covariance of additive
and dominance effects in inbred individuals (respectively, Vi and
COVan), are needed to predict the evelution of a quantitative trait
under partial selling. However, the way they modify the response
to selection compared to strictly outcrossing populations is not
trivial (Shaw et al. 1998; Kelly 1999). Selfing also reduces the
efficiency of recombination and may thus allow selection to act
on gene combinations. As aresult, epistasis may also be an impor-
tant parameter of the response to selection in mixed mating and
predominantly selfing populations (Cheverud and Routman 1995;
Monnahan and Kelly 2015). Taking into account these particular-
ities of self-fertilizing populations, we propose to further explore
Stebbin’s dead-end hypothesis, interpreting the quantitative ge-

nelic parameters we collected in terins of adaptive potential.
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SELFING REDUCES TRAITS® GENETIC VARIANCE IN PLANTS

In this article, we provide an updated review of the experi-
mental data available in the literature on the level of quantitative
genetic variance in natural populations of angiosperm species. We
use heritability estimates and meta-analysis methods to determine
whether the currently available data on quantitative traits variation
in plants confirms theoretical predictions and previous empirical
observations that self-fertilization reduces the amount of additive
genelic variance available for polygenic traits within natural pop-
ulations. We also use the collected data to make predictions about
the contribution to heritability estimates of nonadditive compo-
nents of genetic variance in selfing populations, and their possible
impact on adaptive potential. Finally, and as suggested by previous
studies on molecular genetic diversity that found that selfers ex-
hibit more among-populations variation in isozyme diversity than
outcrossers { Schoen and Brown 1991), we look for differences in
among-population variation of heritability values between mating
regimes.

Materials and Methods

DATABASES COLLECTION

Qur goal was Lo compare levels of genelic variance between traits,
populations, or species, which requires some standardization of
the genetic variance (to obtain a unit-free variable). This can
be achieved using heritability estimates (#°, broad- or narrow-
sense) or coefficients of genetic variance (CVig or CVy, the ratio
of additive or total genetic standard deviation to the mean of
the trait). Houle (1992, 1998) has argued that the coefficient of
genetic variance is a better measure of a trait’s evolvability than
heritability because it is independent of environmental effects on
the trait. Yet, the coefficient of genetic variation or parameters
allowing its calculation are rarely reported and we therefore used
#* instead of CVy or CVg as a proxy for the level of genetic
variance maintained within populations.

To build our database, we collected the data previously
reported in other meta-analyses on heritability (Charlesworth
and Charlesworth 1995; Geber and Griffen 2003; Lavergne and
Molofsky 2007; Leinonen et al. 2013; Wood et al. 2016). In addi-
tion, we did a bibliographic search using Google Scholar, looking
for articles including the keywords “heritability,” “quantitative ge-
netic parameters,” “Fgp-QsT comparison,” “natural population,”
and “plant.” We limited our search to data from natural popula-
tions, and we removed any heritability estimates that were ob-
tained by averaging over results from multiple populations; each
heritability estimate we used is from data from a single population.

From each selected study, we extracted the species name, its
botanic family, the type of trait (see below), the estimated heri-
tability of the trait, and, when available, the standard error of the
estimated value. Traits were separated into three classes: “mor-
phological traits™ like plant height or leaf size, “life history traits™

like flowering time or growth rate, and “others”™ like synthesis of
chemicals compounds. We also recorded the associated P-value,
the type of estimated heritability (narrow- or broad-sense), and
the estimation method {animal model, half- and full-sib families,
parent—offspring regression).

Selfing rate estimates were obtained from three different
sources. In 47% of the collected heritability values, selfing rate
estitnates of the studied populations were reported in the same
paper as heritability estimates. For 20% of our dataset, we used a
database of selfing rates (see Winn et al. 2011) for different plant
species estimated using progeny array analyses (Ritland 2002).
These selfing rates are precise, but generally estimated in pop-
ulations different from those used to estimate heritabilities. For
33% of our dataset, the article did not provide an estimate of the
selfing rate and the species was absent from the above-mentioned
database. In these cases, we searched for estimates of the in-
breeding coefficient (Fis) provided in other studies and used the
well-known formula: s = 2F g /(14 Fig) (Hedrick and Cockerham
1086) to estimate the species” selfing rate. Due to potential im-
precision of the two last strategies, we considered the selfing rate
first as a continuous variable and then as a factor, as described in
the next section.

STATISTICAL MODELS

Following previous studies, we assumed a Gaussian distribution
of the estimation error (Stirling et al. 2002; Ricklefs and Cadena
2008; Wood et al. 2016), and we verified that this was correct by
checking the normality of the residuals of the mixed model fitted
on heritability estimates. We performed a Bayesian meta-analysis
using the MCMCglmm package (Hadfield 2010) in R (R
Development Core Team 2013). We used the following model:

hi}klmn = |+ & + trait — type g + method; + species;

+ article_in_species, + pop_in_study,,, + Ejkima (1)

where A% is the heritability level, p its mean, trait-type; is
the fixed effect of the trait type j, method; is the fixed effect
of the method of estimation & {animal model, half- and full-sib
famnilies, or parent—offspring regression). We also included the
following random effects: species; is the effect of the species [.
As some species were represented several times trough different
studies, “article_in_species;,” is the effect of the article m within
the species [. “Pop-instudyy,,” is the effect of the population
n within study m, within the species [, and gjjmq 1s the residual
error. Finally, 5; is the fixed effect of the mating system, and, as
mentioned above, has been treated sequentially as a continuous
variable and then as a factor to account for the imprecision of
populations’ selfing rate and for the potential bias in heritability
estitnates for mixed mating populations (see below). We defined
three classes of selfing rates: complete outcrossing (including
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dicecious or self-incompatible species, or populations with a
selfing rate estimated at 0); mixed mating (0 < s = 0.8) and
predominant selfing (s = 0.8).

As recommended in Charlesworth and Charlesworth (1995),
we also performed the analysis described above using a single
trait. We extracted heritabilities for “height at maturity” because
we had sufficient data for this trait. This analysis is probably
more precise because heritability values may vary between
traits depending on the trait’s sensitivity to the environment
of measurement. Restricting the data to a single trait may also
reduce variability due to different levels and kinds of selection
affecting the trait under study. For this analysis, we used the

following model, in a Bayesian framework:

h%(h‘nnhcighl = | + 5; + method; + species;

+ article_in_species;, + pop-insudyj,, + €kman (2}

with the same factors as in model 1.

We tested the robustness of our results by performing 10,000
bootstraps on the whole dataset and for the analysis on height
at maturity for narrow-sense heritability estimates. Simulated
datasets were created by sampling the same number of observa-
tions, with replacement, as in the original dataset. We computed
the robustness of our results as the number of times the analy-
sis showed a significant effect of the selfing rate on heritability
estimates.

For all analyses, we used the default priors in MCMCglmm
(weakly informative; see Hadfield 2010 for more details). We
verified a posteriori that it does not influence the results by per-
muting selfing rate associated to #* estimates, and verified that
the priors do not bias the results toward a significant relation-
ship between selfing rates and heritability values. MCMC chains
were run for 6,000,000 iterations with a burn period of 1,000,000
and thinning interval of 50. Model parameter estimations were
thus based on sampling the posterior distribution 100,000 times.

We reported the 95% credible interval (Bayesian equivalent of

confidence interval) and the Pyryc, calculated as two times the
posterior probability that the parameter is greater or smaller than
zero, whichever is the smallest (Hadfield 2010). Model conver-
gence and mixing were verified by visual examination of posterior
traces and autocorrelation values.

In meta-analyses, there is a lack of uniformity across studies
in parameter estimations (Nakagawa and Santos 2012). Using the
standard deviation of the estimates (SD) is a way to consider this
variability. In our dataset, this information was available for27.2%
of the heritability data and a preliminary analysis showed that
SD values associated with the different methods of #* estimation
differed significantly: the animal model gives more precise esti-
mations (mean SD = 0.145) than half- and full-sib families (mean

SD = 0.205), both being more precise than parent-offspring re-
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gression (mean SD = 0. 424). We thus used the mean SD values
per method to weight 77 estimates in our analyses. Nevertheless,
as this weighting method makes the strong hypothesis that er-
ror around heritability estimates do not vary within estimation
method, and as using this approach does not change the results
compared to unweighted analyses, we present only results from
the unweighted models. Results from the weighted method are
available in the Supporting Information Materials.

EFFECT OF SELF-FERTILIZATION ON ADDITIVE
GENETIC VARIANCE
We first used a dataset composed only of narrow-sense heritability
estimates, and performed a regression analysis following model
1. In a second stage, we used the same dataset and treated the
selfing rate as a factor to compare obligate outcrossing and pre-
dominantly selfing populations and to avoid potential hiases due
to estimation error in mixed mating populations. Indeed, and as
mentioned in the introduction, in the case of nonnegligible rates
of selfing, the covariance hetween relatives is no longer only de-
scribed by additive (Vy), dominance (Vp), and interaction (V)
components of genetic variance. Additional nonadditive compo-
nents (sum of squared locus-specific inbreeding depressions (l'),
Vi, and COVapr; see Walsh and Lynch 2018, chapter 11) affect
the covariance between relatives and their relative contribution
to the total genetic variance varies with the selfing rate (Cocker-
ham and Weir 1984; Walsh and Lynch 2018). These components
are unfortunately rarely taken into account in quantitative genetic
analyses dealing with partially selfing populations (never in our
dataset), which may result in biased estimates of additive genetic
variance and heritability values. Fully outbred populations are not
affected (1" = 0, Vpr = 0, and COVspp = 0), and predominantly
selfing populations are expected to be little affected when narrow-
sense heritability is estimated using crosses between fully inbred
lines (Walsh and Lynch 2018}, as in our database. For mixed mat-
ing populations however, it is unclear whether and how neglecting
these components could bias the estimation of additive genetic pa-
rameters. We thus expect that in the analyses treating the selfing
rate as a factor, this potential bias should only affect the mixed
mating class, and that the estimations for the outerossing and pre-
dominantly selfing classes should be accurate and comparable.
Few narrow-sense heritability estimates were available for
predominantly selfing populations, as a large proportion of esti-
mates available for such species were broad-sense heritabilities
{see Table 1). To take advantage of the full dataset and as a
secondary test, we propose to correct broad-sense heritability
estimates for predominantly selfing populations to make them
comparable to narrow-sense ones and increase the sample size.
Our correction was based on the following procedure. To infer
the heritability of a trait in a predominantly selfing population,

researchers generally use inbred lines or genotypes, and estimate
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Table 1. Sample size in each class of mating system (and the total) for each dataset (all traits or restricted to height at maturity) and

the different analyses.

Narrow-sense

Narrow-sense and corrected Composition of

heritability broad-sense estimates genetic variance'
All traits Strictly allogamous 998 993 998
Mixed mating 761 851 275
Autogamous 94 763 672
Total 1853 2612 1945
Height at maturity Strictly allogamous 438 48 -
Mixed mating 45 50 -
Autogamous 6 52 -
Total 99 150 -

1This analysis indudes narrow-sense heritability estimates for outcrossing populations, and broad-sense estimates for mixed mating and predominantly

salfing pepulations.

the genetic variance Vi as the between-lines variance of pheno-
typic trait values, Under the assumption of purely additive effects
of loci on phenotypic values, Vg = (1 + Fig) x Va, where Fig
is the inbreeding coefficient (Mitchell-Olds 1986; Mitchell-Olds
and Bergelson 1990). It appears that, within this simplified
framework, approximating Vs using Vi overestimates the true
Vi value by a factor (1 4+ Fis) ininbreeding populations compared
to outcrossing ones. In highly selfing populations, Fig can range
from (.5 (after a single generation of selfing) to 1 (after recurrent
selfing for many generations). We thus decided to correct our
broad-sense estimates of heritability in predominantly selfing
populations by using the lowest bound of the expected Fis (0.5)
and divided broad-sense heritability values by 1.5. We then reiter-
ated the Bayesian analysis with model 1 on the dataset composed
of narrow-sense A* estimates for outcrossing and mixed mating
populations, and corrected broad-sense ff” estimates for predomi-
nantly selfing populations (s = 80%). This correction increases the
number of studies for predominantly selfing populations (Table 1).
However, it may have introduced an autocorrelation problem, as
Fis in a population is not independent of its selfing rate. We will
thus not interpret the statistical significance of those results, but
only consider how they quantitatively and qualitatively differ or

not from the analysis restricted to narrow-sense heritabilities.

CONSIDERATION OF NONADDITIVE COMPONENTS

OF GENETIC VARIANCE IN SELFING POPULATIONS

As detailed in the introduction, the genetic parameters involved
in a population’s response to selection are not necessarily the
same under predominant outerossing and predominant selfing.
If addifive genetic variance is the major predictor of the adaptive
potential of outcrossing populations, in inbreeding ones, Vi and
COVypp may also play a significant role (Kelly 1999). As a result,
narrow-sense heritability should not totally reflect the adaptive
potential and the evolvability of an inbreeding population.

Broad-sense heritability estimates are expected to include the
dominance terms mentioned above, We thus propose to compare
narrow-sense heritability of obligate outcrossing populations
to broad-sense heritability estimates from mixed mating and
predominantly selfing populations using the Bayesian statistical
model detailed in model( 1) with the selfing rate treated as a factor.
This analysis will determine whether nonadditive components of
genetic variance could compensate the loss of additive genetic
variance predicted in selfing populations. In addition, we tested
whether the mean narrow- and broad-sense heritability estimates
differ significantly from one another within mixed mating and

predominantly selfing classes (using Bayesian method).

EFFECT OF THE MATING SYSTEM ON THE AMONG
POPULATIONS VARIABILITY IN LEVELS OF GENETIC
DIVERSITY

To determine whether the level of genetic diversity maintained in
predominantly selfing populations is more variable among pop-
ulations than for outcrossing species, we used either the whole
database or the narrow-sense estimates only, and we selected all
the papers in which heritability has been simultaneously estimated
for at least two populations. We computed the coefficient of varia-
tion of heritability values between populations (CV) for each trait.
Then, we calculated the mean CV over all traits for each study.
We used the same three selfing classes as defined above, and ran
a nonparametric Kruskal-Wallis rank test.

Results

DATABASE COMPOSITION

We identified 106 articles meeting our rescarch and selection
criteria (associated dataset available at https://doi.org/10.15454/
OMDNEH on the INRA data portal). They were published be-
tween 1965 and 2017, most of them after 2000. The full database

EVOLUTION 2049 5

46 | Page



J. CLO ET AL.

included 2836 estimates of 47, representing 334 populations of 84
angiosperm species. Among those, 1772 were estimated for mor-
phological traits, 860 for life history traits, and 204 for “other”
type of trait. For the trait “height at maturity,” 150 heritability
estimates were available from 31 species and 108 populations.
The distribution of heritability values as a function of the selfing
rate was [/-shaped (see Figure S1}, and similar to the distribution
of selfing rates over angiosperms (Igic and Kohn 2006). Table 1
summarizes the sample size of the different datasets we defined
to analyze the relationship between heritability and the mating
system. Using bootstrap re-sampling on the narrow-sense heri-
tability dataset, we computed a robustness of 77.6% and 91.6%
when combining all the fraits and for height at maturity only,
respectively.

In all the analyses we performed, the fixed effect “method,”
was not significant (whatever the dataset, Pyoyc = 0.1). Results
for the fixed effect “trait-type;”” showed that heritability levels
for *morphological” and “life history™ traits are not significantly
different from one another (Pyoyvc = 0.1). Finally, the random
effect “species;” explained around 2% of the observed variance,
“study_in_species;,” explained between 30% and 40% of the ob-
served variance, whereas the random effect “pop_n _studyy,,” ex-

plained around 5% of the variance.

EFFECT OF SELF-FERTILIZATION ON THE LEVEL OF
ADDITIVE GENETIC VARIANCE

We first restricted our analysis to narrow-sense heritability
estimates (n = 1853 for all traits, n = 99 for height at maturity,
Table 1). Using the selfing rate as a continuous variable, we
found a significant negative relationship between the selfing rate
and heritability values, both when combining all the traits (A* =
0.379-0.172#s, 95% credible interval on slope: [-0.326; -0.031];
Fig. 1A)and for the trait “height at maturity” (/% = 0.450-0.411%s,
95% credible interval on slope: [-0.599; —0.180]; Fig. 1B). Re-
sults were qualitatively similar when selfing was treated as a
factor: outcrossing populations exhibited significantly higher lev-
els of heritability compared to predominantly selfing populations,
for both “all traits” (Fig. 1C; Table 2) and the trait “height at ma-
turity” (Fig. 1D; Table 2). Among those analyses, we can assume
that the most accurate estimations of the effect of selfing were the
ones obtained when selfing was treated as a factor. Indeed, and
as explained in the Materials and Method section, this allowed
us to isolate the mixed mating category, which is the mating
strategy the most affected by potential biases due to the omission
of nonadditive components of genetic variance and imprecisions
in the estimation of the selfing rates. Using the selfing rate as a
factor, the mean reduction in heritability level between obligate
outerossing and predominantly selfing populations reached 65%
{Table 2). Yet, it is important to note that this reduction is highly

variable (Table 2). In mixed mating populations, the heritability
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level when considering all traits was not significantly different
from the one observed in obligate outcrossing populations, but
significantly higher than the one observed in predominantly self-
ing populations (Fig. 1C). For the trait “height at maturity,” mixed
mating populations displayed intermediate levels of heritability,
not significantly different from the two other mating classes
{(Fig. 1D).

Correcting broad-sense heritability values estimated in pre-
dominantly selfing populations and adding them to the narrow-
sense datasets slightly reduced the average effect of the selfing rate
as well as the corresponding credible interval, but we observed
qualitatively similar results. The negative relationship between
selfing rates and heritability levels remained significant, whether
selfing was treated as a continuous variable (Fig. 2A, B) or as a
factor (Fig. 2C, D). For mixed mating populations, the pattern of
variation was the same as the one observed using only narrow-
sense heritability values (Fig. 2C, D) with only small quantitative
differences.

Whether we added corrected broad-sense heritabilities to
narrow-sense heritabilities, for analyses combining all the traits,
the mating system explained a significant but small amount of
variation in heritability levels (R* < 6%; Table 2). As expected,
the proportion of variance explained was higher when we con-
sidered only the trait “height at maturity” (9.9% < R* < 22.2%;

Table 2).

CONSIDERATION OF NONADDITIVE COMPONENTS
OF GENETIC VARIANCE

As the total genetic variance is expected to contain nonaddi-
tive variance components that may contribute to the evolution of
quantitative traits in partially selfing populations, we compared
narrow-sense heritabilities in outerossing populations to broad-
sense heritabilities in both mixed mating and predominantly
selfing populations. Contrary to our previous results, we found
no significant differences between the three mating strategies:
W = 0361 (95% credible interval: 0.305-0.423) for outcross-
ing, i = 0.302 (0.180-0.423) for mixed mating, and ff* = 0.332
(0.231-0.428) for selfing populations, Pyeme = 0.3 in all pairwise
comparisons. Furthermore, narrow- and broad-sense estimates
do not differ significantly in mixed mating populations (Pyomc
> 0.05), but do in predominantly selfing ones (Pyeme = 0.023).

AMONG POPULATION GENETIC VARIABILITY IN
HERITABILITY VALUES

Forty and thirty-six articles reported heritability estimates for at
least two populations (respectively, for analyses on narrow-sense
estimates only and on narrow-sense estimates for outcrossing
populations and broad-sense ones for inbred populations) and
were suitable for comparing among populations variability in heri-

tability levels between mating systems. The between-populations
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Figure 1. Relationship between narrow-sense heritability (h?) and selfing rate. (A) Analysis on the whole dataset using selfing rate
as a continuous variable. The dashed line represents the regression on narrow-sense heritabilities (n = 1853, B* = 0.379-0.172%s). (B)
Analysis on the height at maturity using selfing rate as a continuous variable. The dashed line represents the regression on narrow-sense
heritabilities (n = 99, A* = 0.450-0.411%s). (C) Analysis on the whole dataset using selfing rate as a factor (gray scale). (D) Analysis on
the height at maturity using selfing rate as a factor (gray scale). For (C) and (D), errors bars stand for credible intervals associated with

estimations, and different letters indicate a significant difference of heritability level between mating classes.

coefficient of variation of heritability estimates (CV) was not
significantly different between the three mating classes (Fig. 3;
Kruskal-Wallis rank test, df = 2, P-value > 0.5 in both cases).

Discussion

SELFING REDUCES THE LEVEL OF ADDITIVE GENETIC
VARIANCE

Although the idea that self-fertilization reduces the level of ad-
ditive genetic variation is widespread, strong empirical evidence
was still lacking (Takebayashi and Morrell 2001; Igic and Busch
2013; Lande and Porcher 2015). In this article, we update the lit-
erature review on quantitative genetic data from natural plant pop-
ulations, and confirm theoretical predictions that predominantly
selfing populations should exhibit less genelic diversity than out-
crossing ones for quantitative traits controlled by purely additive
loci under stabilizing selection (Charlesworth and Charlesworth
1995; Lande and Porcher 2015; Abu Awad and Roze 2018). The

results also suggest a lower decrease in genetic variance for mixed
mating populations, as predicted in Lande and Porcher (2015) and
Abu Awad and Roze (2018). However, this result should be inter-
preted with caution due to the polential bias caused by the omis-
sion of Vpy and COVap; when estimaling narrow-sense heritabil-
ity in mixed mating populations. Despite this potential bias, our
results lend support to the mechanisms suggested by theoretical
waorks (Lande and Porcher 2015; Abu Awad and Roze 2018) to ex-
plain the predicted reduction in genetic variance, notably like the
expected purging effect of selfing against deleterious alleles, and
the predicted emergence of strong and stable linkage disequilibria
between loci under strong inbreeding and stabilizing selection.
Our analysis benefits [rom several improvements compared
to previous clues collected by Charlesworth and Charlesworth
(1995). First, our results are based on a larger dataset (1853 es-
timations of narrow-sense heritability versus 251) that includes
more species (84 vs. 37), and covering a more continuous spec-

trum of selfing rates. We also confirm their pioneering results in
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Table 2. Summary of the effect of the mating system on heritability values, depending on the way selfing was treated in the model

(factor or covariable) and on the dataset used.

Selfing effect! (95%

Percent diminution”
{95% credible

Puoeme credible interval) interval) R
Selfing rate as a factor ~ All traits ~ Narrow-sense #* 0.004 0.220 (0372 to 56.8% (27.3-100%) 0.028
-0.093)
Narrow-sense - - 0.164 (=0.281 to 44.4% (18.6-69.2%) 0.052
correcled broad-sense 0.062)
h?
Height at  Narrow-sense /2 0.043 —0.280(-0524t0  66.7% (16.7-100%) 0.009
malu- 0.049)
rity
Narrow-sense + —0.244 (0400 to 58.7% (23.6-100%) (.161
corrected broad-sense —0.030)
i
Selfing rate as a All traits  Narrow-sense o* 0.011 0.172(-0326to0 45.5% (9.7-81.2%) (0.023
continuous variable -0.031)
Narrow-sense | - 0.160 (-0.260to  42.4% (20.0-65.8%) 0.047
corrected broad-sense —0.062)
R
Height at  Narrow-sense #* 0.004 —0.411 (<0599 t0  91.5% (53.7-100%) 0.177
malu- 0.150)
rity
Narrow-sense + —0.205 (04410 70.7% (38.0-100%) 0.222

corrected broad-sense
hz

~0.111)

'Equal to the slope of regression or the fixed effect of predominantly selfing mating system for analysis where selfing was treated as a covariable or a

factor.

?Relative diminution of heritability level observed between completely outerossing populations and completely selfing popul

1s (when mati ystem is

treated as a variable), or between the two extreme selfing dasses (when treated as a factor). Bayesian 95% credible intervals were computed using posterior

distributions of the above-menticned diminutions.

less restrictive conditions: Charlesworth and Charlesworth ( 1995)
only found a significant effect of the mating system when reduc-
ing their dataset to genetic coefficients of variation inferred from
paternal half-sib analyses (12 studies), whereas our results were
significant using our complete dataset, and using heritability as a
proxy of additive genetic variance. Finally, as we pointed out in
the introduction several factors may cause inaccuracies for mixed
mating populations. We reilerated our analyses afler splitting the
selfing rates into classes to account as much as possible for po-
tential biases related to the dataset, and our conclusions remained
unchanged, giving strong support to our results. All these im-
provements allow us (1) to confirm previous expectations and
to detect for the first time a clear and significant effect of self-
fertilization on the amount of additive genetic variance, and (2)
to quantify the contribution of nonadditive components of genetic
variance in selfing populations.

We observed a mean reduction of narrow-sense heritability
of around 60% between strictly outcrossing populations and

8 EVOLUTION 2079

predominantly selling ones (for the most accurale analyses,
with selfing treated as a factor). This value is close to the
reduction reported for quantitative traits in Geber and Griffen
{2003, around 48%), to Charlesworth and Charlesworth’s (1995)
empirical observation {around 60% of reduction of the genetic
coefficient of variation), and theoretical prediction (75% between
obligate outcrossing and selfing populations; equations 1B and
3A in Charlesworth and Charlesworth 1995). However, the 95%
credible interval for the estimated reduction in genetic variance is
large, showing that, if some selfing populations should have close
to zero genetic diversity, some may have a nonnegligible amount
of genetic variance. Moreover, and despite this strong effect, the
mating system only explains between 2.3% and 22.2% of the
variation in heritability estimates available in our datasets. This
range is also similar to previous comparisons between selfing and
outerossing plant species (for quantitative variation: around 9% in
Charlesworth and Charlesworth 1995 and 18% for multiple fac-
tors including mating system in Geber and Griffen 2003; between
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Figure 2. Relationship between narrow-sense {gray points) and corrected broad-sense heritability (black points) and selfing rate. (A)

Analysis on the whole dataset using selfing rate as a continuous variable. The dashed line represents the regression on heritabilities
(n = 2612, h’cor = 0.377-0.160%s). (B) Analysis on the height at maturity using selfing rate as a continuous variable. The dashed line
represents the regression on heritabilities (n = 150, A, = 0.417-0.295%s). (C) Analysis on the whole dataset using selfing rate as a factor
(gray scale). (D) Analysis on the height at maturity using selfing rate as a factor (gray scale). For (C) and (D), error bars stand for credible
intervals associated with estimations, and different letters indicate a significant difference of heritability level between mating classes.

8.3 and 15.6% for nucleotide diversity variation in Glémin et al,
2006). This strong variation in the magnitude of the effect of self-
ing, and the limited explained variance suggest that other factors,
not considered here, modulate the levels of genetic variation avail-
able for quantitalive (rails within natural populations. Theorelical
models show that the strength and kind of selection affect the level
of genetic variance maintained within populations (Charlesworth
and Charlesworth 1995, Abu Awad and Roze 2018). We are
probably mixing traits and populations under different kinds and
strength of selection in our dataset, which could contribute to the
large variance in the effect size and to the limited variance ex-
plained by the selfing rate. Other properties of populations and/or
species should also modulalte the level of genelic variance, either
in interaction or not with the mating systemn, such as the effective
population size (Glémin 2007), variation in life span, or dispersal

abilities. Even though our dataset was not suitable to account

for these effects, the different analyses we conducted and the
large dataset we gathered well support the conclusion that selfing
reduces the level of additive genetic variance maintained in
populations.

A major difference belween theorelical models and empirical
data is that the former generally assume purely additive effects
of loci on phenotypic traits. However, it has been shown that
Va includes more than just additive genotypic values. Functional
cpistasis can also greatly contribute to this genetic component of
variance {Cheverud and Routman 1995; Carter et al, 2005; Mon-
nahan and Kelly 2015); if there is epistasis, the effect of an allele
will depend on the genetic background at other loci. Because self-
ing decreases the efficiency of recombination and thus favors the
maintenance of allelic combinations between loci, functional epis-
tasis may be more common in inbreeding populations. This could

compensate the loss of additive genelic variance expected under
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Figure 3. Influence of the mating system (gray scale) on the among populations coefficient of variation of heritability averaged over
traits and estimated using articles containing at least two populations, for additive (on the left) and total genetic variance {on the right).

Error bars stand for standard deviation associated.

inbreeding due to the purging process. On the hand, the strong
diminution of additive variance observed between outcrossing and
predominantly selfing populations in our dataset suggests that, if
there is a conltribution of functional epistasis o addilive genelic
variance, it is not sufficient to compensate the loss of diversity
due to purging.

We have detailed how omitting the nonadditive genelic vari-
ance components ¥V and COVy py could lead to biased estimations
of narrow-sense heritability for mixed mating populations. The
few studies that have tried to take these nonadditive components
into account found either no contribution to genetic variance
(Shaw and Woolliams 1999; Abney et al. 2000), or a significant
contribution of at least one of these components (generally V.
Shaw et al. 1998; Edwards and Lamkey 2002; Kelly and Arathi
2003: Tambarussi et al. 2018). In latter cases, quantitative genetic
analyses ignoring these components would have led to an over-
estimation of narrow-sense heritability values (Tambarussi et al.
2018). In our data, narrow- and broad-sense heritability estimates
are not significantly different in the mixed mating class, suggest-
ing that these nonadditive terms either inflate narrow-sense heri-
tability or that they are negligible. Yet, no generalization concern-
ing the direction of this estimation bias can be made, because if 1~
and Vpy are positive by construction, COVpy can be either positive
or negative, depending on allele frequencies (Walsh and Lynch
2018). To account for this potential bias, we excluded mixed
mating populations from some analyses and compared levels of

heritability only between predominantly selfing and predomi-
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nantly outcrossing populations. The conclusions remained un-
changed, which proves that our results are robust to this potential
bias.

CONSIDERATIONS ABOUT NONADDITIVE
COMPONENTS OF GENETIC VARIANCE IN SELFING
POPULATIONS

Under moderate to high levels of selfing, Va could be a poor pre-
dictor of a population’s ability to respond to selection (Heywood
2005), because nonadditive components of variance become im-
portant for the prediction of the response to selection (Kelly 1999},
These components include Vp; and COVypy, and potentially Vi
(even if its significance is debated; Cheverud and Routman 1995;
Hansen 2013; Monnahan and Kelly 2015), and are expected to
be at least partially encompassed into broad-sense heritability
estimates in mixed mating and predominantly selfing populations.
Indeed, when comparing narrow-sense estimates for outcrossing
populations and broad-sense estimates of heritability for mixed
mating and selfing populations, the effect of the selfing rate
on heritability values is no longer significant. In predominantly
selfing populations, the difference between narrow and broad-
sense heritability levels is significant, suggesting a nonnegligible
contribution of the above-mentioned nonadditive components to
the genetic variance of quantitative traits under strong inbreeding.
Nevertheless, broad-sense heritability estimates also include
additional nonadditive terms not involved in the adaptive response
(notably Vp), and can be biased upwards, especially if there

51|Page



SELFING REDUCES TRAITS® GENETIC VARIANCE IN PLANTS

are nongenetic maternal plant effects. With the empirical data
collected, it is difficult to draw conclusions about the contribution
of Vo and COVypp to genetic variance, as these terms are
practically never estimated in experiments, especially for pre-
dominantly selfing populations. Overall, our results clearly show
that the composition of genetic variation differs as a function
of the mating system: outcrossing species have more heritable
additive effects, whereas selfing species have more variation in
nonadditive components, and some of these components could
be selectable.

IMPLICATIONS FOR THE ADAPTATION OF SELFING
POPULATIONS TO ENVIRONMENTAL CHANGES
Standing genetic variation is known to play a key role in adapta-
tion processes, at least in the short-term response to selection (Orr
and Betancourt 2001; Hermisson and Pennings 2005; Barrett and
Schluter 2008; Pritchard et al. 2010; Glémin and Ronfort 2013).
Qur results provide evidence for a decreased level in the amount
of additive genetic variance available for quantitative traits in
predominantly selfing populations, although this effect is highly
variable between populations, as reflected by the large credible
intervals and low to moderate R* of our models. However, our
results also show that genetic variability (Vg) in selfing popula-
tions is restored by nonadditive components of genetic variance,
notably the potentially selectable Vi and COVypy. Yet, the way
these components could modify the response to selection seems
to be quite complex. Both Shaw et al. (1998) and Kelly (1999)
have shown theoretically that a significant contribution of Vi
and COVypy to genetic variance generally greatly slows down the
response o selection in a selfing population compared to an obli-
gate outcrossing one. More empirical works, involving different
populations with different selfing rates, are needed to understand
at which level of inbreeding these nonadditive components be-
come nonnegligible, and whether they could contribute positively
to adaptation. Therefore, despite evidence for reduced additive
genelic variance in selfing populations, our results remain insuffi-
cient to conclude on Stebbins™ hypothesis, that is, that selfing pop-
ulations have less genetic diversity to respond to environmental
changes compared to randomn mating populations. Nevertheless, a
directional selection experiment with freshwater snails conducted
by Noél et al. (2017) has shown that, even with similar level of
genetic variance, selfing lineages lost genetic variance in a few
generations, leading to a slower long-term response to selection
compared to outcrossing lineages.

This uncertainty about the adaptive potential of selfing
populations could potentially be resolved by considering other
properties of selfing populations. For instance, genetic associ-
ations among loci may hide large amounts of additive genetic
variance in predominantly selfing populations, mainly due to

reduced effective recombination rates allowing the persistence of

beneficial interactions between loci that improve fitness (Lande
and Porcher 2015; Abu Awad and Roze 2018). This variance
could be released by residual allogamy in predominantly selfing
populations, thereby improving short-term evolutionary re-
sponses following an environmental change. Genetic correlations
between traits (which are expected to be stronger in inbred
populations due to lower effective recombination rate) could
also modulate the way populations evolve in response lo an
environmental change, depending on whether the major axis of
the G matrix is aligned or not with that of selection (Allard 1975;
Bulmer 1985; Etterson and Shaw 2001; Hansen et al. 2019).

CONSIDERATIONS ABOUT HERITABILITY ESTIMATES
Whether heritability is the best descriptor of the level of genetic
variance is questionable. Most quantitative genetic experiments
are conducted in controlled environments: the environmental
variance is artificially reduced, and this can lead to an overes-
timation of heritability (Falconer and Mackay 1996; Geber and
Griffen 2003; but see Weigensberg and Roff 1996). Furthermore,
under recurrent selfing or inbreeding, the excess of homozygosity
could lead to a less efficient control of the organism’s devel-
opment (breakdown of developmental canalization) and could
thereby inflate the phenotypic variance (Lerner 1954; Noél et al.
2017). Using the genetic coefficient of variation of quantitative
traits would be preferable, as genetic variance is not standardized
by a component depending on environmental variance (Houle
1992, 1998). Yet, genetic variances and mean phenotypic values
are required to infer the genetic coefficient of variation and our
literature review showed that they are all too rarely reported.

Our meta-analysis highlighted that the method of estimation
affects the precision of A estimates and suggested that the
animal model gives more precise heritability estimates than
other methods (see Lynch and Walsh 1998 for details about
the different methods of estimation). As mentioned above, it
is important to take into account the variability in the dataset
in meta-analyses due to the fact that observations come from
different experiments and studies (Nakagawa and Santos 2012).
However, the SE values associated with #* estimates are rarely
reported (27% of our data, 47% in Wood et al. 2016). We believe
that, in a “bigdata™ era, where global analyses become tractable,
using information from multiple experiments, reporting the error
associated with estimated parameters is essential to improve the
precision of future meta-analyses.

In conclusion, we have shown that predominantly selfing
populations exhibit lower levels of additive genetic variance
for quantitative traits, confirming previous theoretical works
and strengthening previously reported empirical observations.
Our analysis, however, also showed that this reduction in
additive genetic variation is compensated by the contribution

of nonadditive components of genetic variance. Yet, based on
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our current limited knowledge, it remains uncertain whether
these nonadditive components will contribute positively to the
adaptive potential of selfing populations. In addition, the ways
in which selfing affects the structure of genetic variance within
and between populations, the response to selection, and the
interaction with the environment are quite complex. Thus, more
empirical evidences are needed to understand when and why

self-fertilization is a “dead-end” mating system.
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Table S1. Summary of the effect of mating system on heritability values for weighted analyses,

depending on the dataset used, using selfing rate as a continuous variable.

Equation (CI on slope) P-value
Narrow-sense h? h2a =0.384 — 0.191*s (-0.332 — -0.029) 0.014
broad-sense estimates  h?=0.379 - 0.172*s (-0.271 - -0.072) 0.001
All traits
corrected
Narrow-sense h? h2a = 0.442 — 0.378*s (-0.588 — -0.141) 0.004
broad-sense estimates  h2 =0.402 — 0.250*s (-0.398 — -0.101) 0.002
Height at
corrected
maturity
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Table S2. Summary of the effect of mating system on heritability values for weighted analyses,

depending on the dataset used, using selfing rate as a factor.

Mean heritability values (CI) P-value
Narrow-sense h? Outcrossing: 0.39 (0.32-0.46) 0.004
Mixed mating: 0.32 (0.23-0.40)
All traits Selfing: 0.15 (0.00-0.31)
broad-sense estimates Outcrossing: 0.39 (0.32-0.45) -
corrected Mixed mating: 0.31 (0.24-0.39)
Selfing: 0.20 (0.09-0.30)
Narrow-sense h2 Outcrossing: 0.41 (0.30-0.52) 0.042
Mixed mating: 0.32 (0.17-0.47)
Height at Selfing: 0.16 (0.00-0.40)
maturity broad-sense estimates Outcrossing: 0.38 (0.27-0.48) -

corrected

Mixed mating: 0.31 (0.18-0.46)
Selfing: 0.18 (0.01-0.35)
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Chapitre 2 : Le résidu d’allogamie et les
covariances genétiques pourraient faciliter
I’adaptation des especes autogames aux

changements environnementaux

This article is published in Journal of Evolutionary Biology.

Clo, J., Ronfort, J., & Abu Awad, D. (2020). Hidden genetic variance contributes to increase the short-
term adaptive potential of selfing populations. Journal of Evolutionary Biology, 33: 1203-1215.
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In the previous chapter, | have shown that the effect of the mating system on additive
genetic variance is not as strong as expected by theoretical models. Nevertheless, it seems that
when the effect is observable, the mean decrease in additive variance is substantial (around
60%). Nevertheless, and as pointed out by the same theoretical works, the genetic associations
generated by the reduced effective recombination rate could represent a bunch of variance that
could boost the adaptive potential of selfing populations during a shift from stabilizing to
directional selection (Lande & Porcher 2015, Abu Awad & Roze 2018).

In this second chapter, I explored if this prediction is true, by coding a change of the
phenotypic optimum in previous models of stabilizing selection assuming pure additivity at the
phenotypic scale. In a first time, | decomposed the genetic variance component of outcrossing
(s = 0), mixed mating (s = 0.5) and selfing populations (s = 0.95) at mutation-selection-drift
equilibrium, in within-loci component (the genic variance), and among-loci component (genetic
associations), for different mutation rates, as it is the critical parameters influencing the storage
of cryptic diversity. In a second time, | followed the dynamics of fitness, phenotype and genetic
components of variance in order to better understand how populations adapt or not.

We found that, as expected from single-locus models, when the mutation rate is low,
selfing populations do not store diversity through genetic associations. In this case, the lack of
genic variance, due to a more effective purifying selection, leads to a weaker response to
selection in selfing populations compare to outcrossing and mixed mating ones. When the
mutation rate is higher, and when the among-loci component contributes substantially to the
genetic variance, the mating system does not limit the adaptation of populations anymore. In
this case, cryptic diversity is released in selfing populations by residual allogamy between fully
inbred lines, allowing populations to track the new phenotypic optimum as efficiently than their
more outcrossing counterparts. The genetic variance at the end of the adaptation process is
similar that the one at mutation-selection-drift equilibrium, suggesting that selfing populations
can face several environmental changes. All the results are described in the following

manuscript.
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1 | INTRODUCTION

Matural populations typically harbour genetic variation, espe-
cially at loci governing polygenic traits (Clo, Gay, & Ronfort,
2019; Mittell, Makagawa, & Hadfield, 2015; Wood, Yates, &

Fraser, 2016). This variation, known as standing genetic variation,

| Joélle Ronfort’ | Diala Abu Awad"?

Abstract

Standing genetic variation is considered a major contributor to the adaptive potential
of species. The low heritable genetic variation observed in self-fertilizing populations
has led to the hypothesis that species with this mating system would be less likely
to adapt. However, a non-negligible amount of cryptic genetic variation for polygenic
traits, accumulated through negative linkage disequilibrium, could prove to be an im-
portant source of standing variation in self-fertilizing species. To test this hypothesis,
we simulated populations under stabilizing selection subjected to an environmental
change. We demonstrate that, when the mutation rate is high (but realistic}, selfing
populations are better able to store genetic variance than outcrossing populations
through genetic associations, notably due to the reduced effective recombination rate
associated with predominant selfing. Following an environmental shift, this diversity
can be partially remobilized, which increases the additive variance and adaptive po-
tential of predominantly (but not completely} selfing populations. In such conditions,
despite initially lower observed genetic variance, selfing populations adapt as readily
as outcrossing ones within a few generations. For low mutation rates, purifying selec-
tion impedes the storage of diversity through genetic associations, in which case, as
previously predicted, the lower genetic variance of selfing populations results in lower
adaptability compared to their outcrossing counterparts. The population size and the
mutation rate are the main parameters to consider, as they are the best predictors of
the amount of stored diversity in selfing populations. Our results and their impact on
our knowledge of adaptation under high selfing rates are discussed.

KEYWORDS

adaptation, linkage disequilibrium, mutation rate, self-fertilization, standing genetic variance

has been considered to be an important predictor for the adap-
tive potential of populations (Barrett & Schluter, 2008; Glémin
& Ronfort, 2013; Hermisson & Pennings, 2005; Matuszewski,
Hermisson, & Kopp, 2015; Orr & Betancourt, 2001; Pritchard,
Pickrell, & Coop, 2010). Indeed, standing variation represents

an easily accessible source of genetic variation, that is readily
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available for adaptation to changing or heterogeneous condi-
tions (Barrett & Schluter, 2008; Hermisson & Pennings, 2005).
Compared to adaptation from de nove mutations, the probabil-
ity of adapting from standing variation is higher simply because
mutations already segregating in a population are expected to be
present at higher frequencies (Barrett & Schluter, 2008; Innan &
Kim, 2004). It has also been suggested that populations adapting
from standing genetic variation can cope with more severe and
more rapid environmental change, as they are able to cross larger
distances in the phenotype space (Matuszewski et al., 2015). The
amount of standing variation available in a population is thus ex-
pected to play a key role in adaptation, and any forces affecting
it may greatly influence whether or not populations are able to
survive new environments.

The mating systemis a population characteristic thatis known
to greatly affect the amount and structure of genetic variation.
For instance, both theoretical models (Abu Awad & Roze, 2018;
Charlesworth & Charlesworth, 1995; Lande & Porcher, 2015) and
empirical data (Charlesworth & Charlesworth, 1995; Clo et al.,
2019; Geber & Griffen, 2003) have shown that, compared to
outcrossing populations, self-fertilization reduces, on average,
the amount of additive genetic variance for polygenic or quan-
titative traits under stabilizing selection. This diminution is due
to more efficient purifying selection under selfing and to neg-
ative linkage disequilibria maintained between alleles at differ-
ent loci: the so-called Bulmer effect (Abu Awad & Roze, 2018;
Lande & Porcher, 2015). Due to this reduction in genetic vari-
ahility, predominant selfing has been described as an evolution-
ary dead-end (Igic & Busch, 2013; Stebbins, 1957; Takebayashi &
Morrell, 2001). However, recent theoretical work and empirical
data have highlighted that cryptic genetic variahility could con-
tribute to the adaptive potential of natural populations. Cryptic
genetic variation has been defined as the part of a population's
standing genetic variation that has no effect on the phenotypic
variation in a stable environment but can increase heritable vari-
ation in environmental conditions rarely experienced (Gibson &
Dworkin, 2004; Paaby & Rockman, 2014). Such variability has
been detected in both outcrossing (in sticklebacks, McGuigan,
Mishimura, Currey, Hurwit, & Cresko, 2011, cavefish, Rohner
et al., 2013, dung flies, Berger, Bauerfeind, Blanckenhorn, &
Schifer, 2011, gulls, Kim, Noguera, Tato, & Velando, 2013 or
spadefoot toads, Ledon-Rettig, Pfennig, & Crespi, 2010) and
selfing species (Caenerhabditis elegans, Milloz, Duveau, Muez,
& Félix, 2008; Arabidopsis thaliano, Queitsch, Sangster, &
Lindquist, 2002). Two main mechanisms could explain the accu-
mulation and the release of such variance: interactions between
loci (Badano & Katsanis, 2002; Shao et al., 2008}, and pheno-
typic plasticity (Anderson, Lee, Rushworth, Colautti, & Mitchell-
olds, 2013). In this paper, we focus on interactions between loci
maintained at stabilizing selection.

In maintaining the population close to the phenotypic optimum,
stabilizing selection disfavours genetic and phenotypic diversity
(Abu Awad & Roze, 2018; Lande & Porcher, 2015). However, the
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structure of the additive variance also strongly depends on the
trait mutation rate and the prevalence of pleiotropy (Abu Awad &
Roze, 2018; Charlesworth, 1990; Lande & Porcher, 2013). When
the pertrait mutation rate is weak, associations hetween loci are
negligible (mutations of strong effect arise slowly and are easily
purged), butwhen the rate increases, the creation and maintenance
of co-adapted gene complexes structure the additive variance into
positive within-loci components and negative among-loci compo-
nents of variance, reducing the ohserved level of additive variance
{Abu Awad & Roze, 2018). The remobilization through recombi-
nation of this among-loci companent of variance could boost the
adaptability of populations undergoing an environmental shift (Le
Rouzic & Carlborg, 2008). Indeed, if associations between loci are
broken, segregating alleles could express some or all of their ad-
ditive effects in new genetic backgrounds. Such remobilization is
anly passible if residual allogamy oceurs (i.e. if the selfing rate is
not equal to 1), which is expected to be common in natural plant
populations (Clo et al., 2019; Kamran-Disfani & Agrawal, 2014).
Classical models analysing the effect of selfing on adaptation
from standing genetic variation have considered a single locus
(Glémin & Renfort, 2013), thus neglecting interactions among loci
that could contribute to an important fraction of standing genetic
variation. As self-fertilization reduces the effective recombination
rate (Mordborg, 2000), allowing the maintenance of co-adapted
gene complexes, the storage of genetic diversity through genetic
associations should be more prevalent in selfing populations (as
suggested in Abu Awad & Roze, 2018; Charlesworth, 1990; Lande
& Porcher, 2015).

In this paper, we explore this hypothesis, using a quantitative
genetics framework. We describe and quantify how, to what de-
gree, and under which conditions populations accumulate genetic
variation at poelygenic traits. Because the development of tracta-
ble analytical predictions of the phenotype and genetic variance
dynamics is not trivial and often requires strong hypotheses to
be made, notably random mating and considering the system to
be at linkage equilibrium (Barton & Turelli, 1987: Birger, 1993;
Keightley & Hill, 1989), we chose to use a simulation approach.
Although it is known that directional dominance plays an im-
portant role in the fate of mutations, especially in the presence
of self-fertilization, the interaction of both directional dominance
and epistasis with mating systems is not well known. In order to
avoid further complicating the interpretation of our results, we
have considered a fully additive model, which despite its simplic-
ity, has previously led to surprisingly accurate predictions (Manna,
Martin, & Lenormand, 2011; Martin, Elena, & Lenormand, 2007).
We show that, in models allowing genetic diversity to be stored
through genetic associations and when adaptation is only possible
from pre-existing standing genetic variation, predominantly self-
ing populations can adapt as well as their mixed-mating and out-
crossing counterparts, when mutation rate is high (but realistic),
despite initially low levels of ohservable genetic diversity. If the
mutation rate is low, purifying selection impedes the storage of

diversity through genetic associations, and our simulations confirm
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the more classical results that selfing populations adapt less well

than their outcrossing counterparts do.

2 | MATERIALS AND METHODS
2.1 | General assumptions

We consider the evolution of a quantitative trait Z in a population
of size N, made of diploid individuals reproducing through partial
self-fertilization, with a constant selfing rate, (and hence constant
inbreeding level) 5. The phenotypic value z of an individual is deter-
mined by the additive action of L loci each with an infinite possible

number of alleles and is given by

I=3+¢ (1)

where g is the genetic component of the individual's phenotype and is
given by g= L}L {g|iM+gin}, with glim (respectively, g}'] the additive allelic
effect at locus j inherited from the maternal (respectively, paternal)
gamete. There are no dominance or epistasis at the phenotypic scale
in this model, but both of which arise naturally at fitness scale, when
considering stabilizing selection and a mean phenotype close to the
optimum, the mean dominance h = 0.25 and epistasis effects are on
average null for fitness. The randem environmental effect, e, is drawn
from a Gaussian distribution of mean 0 and variance Vi, and is consid-
ered to be independent from the genetic components of fitness. The
trait initially undergoes stahilizing selection around an optimal pheno-
typic value, denoted Zopt' The fitness value W, of an individual with

phenotype z is thus described by the Gaussian function:
W= e 1, @

where d is the distance between the individual's phenotype z and the
optimum trait value and @ is the width of the fitness function and rep-

resents the strength of selection.

2.2 Simulation model

We implement the model described above into an individual-based
simulation model written in C++, a modified version of the ‘contin-
uum of alleles’ program provided in Abu Awad and Roze (2018) avail-
ahle in Supperting information and online (https://github.com/diala
AbAw/SelfingAdaptation).

We consider a population of N diploid individuals, each repre-
sented by two linear chromosomes with L multi-allelic loci, coding
for a single quantitative trait under selection. At the beginning of
each simulation, all individuals are genetically identical and are at the
phenotypic optimum (all loci carry alleles with effect 0 and Zpp = 0).
The life cycle can be summarized by five successive events. First,
there is a phenotype-dependent choice of the first parent (selec-

tion), followed by mating-type choice (selfing vs. outcrossing at rates
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rand (1-¢), respectively) and then, in the case of outcrossing, pheno-
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type-dependent choice of the second parent. Selection takes place
as follows: if the ratio of the selected parent's fitness over the high-
est recorded fitness value in the current generation is higher than a
number sampled in a uniform law comprised between 0 and 1, the
individual is allowed to reproduce. Once the two parents are chosen,
they each contribute a gamete, produced through uniformly recom-
bining the parental chromosomes. The number of cross-overs is
sampled from a Poisson distribution with parameter R, the map

length. From Haldane's mapping function, the recombination rate
between two adjacent loci is r= % [1—cxp ([T?JIJ] We choose pa-

rameters that ensure that r = .5, such that loci remain, at least physi-
cally, unlinked. This phase is then followed by the introduction of
new mutations, the number of which is sampled from a Poisson dis-
tribution with parameter U (with U = uL, i being the per locus muta-
tion rate). The additive value of a new mutant allele is drawn from a
normal distribution of mean 0 and variance a°.

Each simulation consists of two phases, the first being burn-in
time to allow the population to attain mutation-selection-drift
(M-5-D) equilibrium. The population is considered to be at M-5-D
equilibrium when the average fitness value calculated over the last
thousand generations does not differ by more than one per cent
fram the mean fitness calculated over the previous thousand gener-
ations. The second phase consists of following the population after a
shift in the phenotypic optimum. After the shift, the haploid genomic
mutation rate Uis setto 0 so that the only source of genetic variahil-
ity to reach the new optimum is the standing variation accumulated

hefore the envircnmental change.

2.3 | Simulation parameter values

Simulations were run for several parameter sets in order to evaluate
the effects of each parameter on both the equilibrium conditions
and on the ability of populations to adapt after the environmental
change. The values chosen for the mutation rate U range from 0.005
to 0.1, reflecting the per-trait haploid genomic mutation rate found
in the literature (Haag-Liautard et al., 2007; Keightley & Bataillon,
2000; Shaw, Geyer, & Shaw, 2002). We use parameter set values
similar to those explored in Barger, Wagner, and Stettinger (1589)
and Ronce, Shaw, Rousset, and Shaw (2009), with the number of
freely recombining loci under selection L = 50, and a’ = 0.05, Ve=1,
@ =1, 9 or 99. In this model, the mean deleterious effect of muta-
tions & is therefore equal to 0.0125, 0.0025 or 0.00025 (5 = a’f 2(a”
+ VF}, Martin & Lenormand, 2008).

Before the shift in the optimum, Z ¢ is set to 0, and after
M-S-D equilibrium, it is set to 2.5, so that the shift is of order
L.a°, and ensures that adaptation is due to genetic changes and
not environmental effects (Ronce et al., 2009). We follow popu-
lations only over 20 generations after the shift in the optimum,

as we chose to follow the possibility of adaptation without any
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contribution from de novo mutations. After this time limit, genetic
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variation starts to erode, and the ohserved results are mainly due
to the effects of loss of diversity due to drift and not to the se-
lection process. Although simulations were run over a large range
of selfing rate values, throughout the manuscript we show results
run principally for three rates of self-fertilization, = = 0, 0.5 and
0.95, representing outcrossing, mixed-mating and predominantly
selfing, respectively. These three values were chosen hecause
they were representative of the main patterns of adaptation we
observed over the whole range of selfing rates (7 from O to 1). We
also considered three population sizes N = 250, 1,000 or 10,000,
which allow to test the effect of drift.

2.4 | Analysis of the effect of selfing on the
equilibrium genetic variance

Following Turelli and Barton (1990), we decompose the genetic vari-

ance of a polygenic trait using the following equation:

L L
Va=2 2 (C;=C)=2 2 (C;=C). ®)
i fEk
with
¢, = Ellg" -3+ -a), )
and
C,;—Elg" -gi-(g -3, (5)

where §_|' is the mean allelic effect on the phenotype at locus j and
g}"“ {respectively, | is the allelic effect at locus j inherited from the
maternal (respectively, paternal) gamete. The sum of Cover locirep-

resents the genic variance (noted Vg,_,"it_,

which is the genetic variance
of a trait in a population harbouring the same allelic frequencies as
the population under study, but without any genetic associations
between loci) and is computed from simulation outputs following
Equation 4. The sum of all values of CJ-I
in allelic effects at locus j on the maternally and paternally inherited

represents the covariance

chromosomes and represents the fraction of the genetic variance
due to excess of homozygosity (noted V,, .} we compute it fol-

lowing Equation 5. This quantity represents FV where F is the

Enict
inbreeding coefficient of the population. The ﬁrgst term of Equation
32 Z:. [CJLr | CJJ)) represents the genetic variance due to within locus
variation. The second term (2 E:
nent of the variance due to associations between loci (noted COVLD}

i (Gt € )) represents the compo-

and is obtained by computing the sum of covariances hetween ge-
notypic values among all pair of loci. This component is proportional
to linkage disequilibrium (LD} and tends to be negative under stabi-
lizing selection due to associations between alleles at different loci
with compensatory effects (i.e. the allele on one locus is positive,
the other negative, their effects on the phenotype thus cancel out
when both are present). At any time in the simulated populations, V,

A
= vf:enlr: * Vinbrea * €OV -
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As a check, estimates of additive genetic variance ohserved
at M-S-D equilibrium in our simulations were compared to an-
alytical predictions obtained by Blrger et al. (1989) (stochastic
house-of-cards approximate) and by Abu Awad and Roze (2018)
under similar assumptions. Comparisons and details are shown in

Appendix 51.

2.5 | Analyses of the response to an
environmental change

To analyse the population's response to an environmental change,
we focus on the 20 first generations after the environmental
change. We follow the temporal dynamics of the additive ge-
netic variance of the trait and of its components. We also analyse
changes with time of the mean trait value and population fitness, as
well as the dynamics of the number of haplotypes and the propar-
tion of new haplotypes generated after the environmental change.

In addition, and in order to determine whether the remohilization
of COV|, plays a role in the adaptive process of selfing populations,
we compute for each mutation rate, the slope of the trait mean vari-
ation shortly after the environmental change (during the first five
generations) as a function of the amount of additive variance avail-
able at M-S-D equilibrium. If remobilization of COV| , is involved in
the adaptive process of selfing populations, the initial slope, for an
initially similar amount of additive variance, should be higher in self-

ing populations than in mixed-mating and outcrossing ones.

3 | RESULTS

3.1 | Level and structure of additive genetic
varlance at mutation-selection-drift equilibrium

In agreement with expectations from previous works, the additive ge-
netic variance present at M-S-D equilibrium in our simulations is over
all negatively correlated with the selfing rate (Figure 1), in part due to
the higher efficiency of selfing in purging deleterious mutations. In
general, reducing the strength of stabilizing selection increases the
overall amount of additive variance, as mutations of small effect are
not as easily purged from the population (Figure 1). The population
size, however, has little qualitative effect on the relationship between
selfing and V,, at least as long as the mutation rate is not too high
(Figure 51). As detailed in Appendix S1, the values of V, obtained
from our simulations were compared to expectations from analytical
approximations from Abu Awad and Roze (2018) and the stochastic
house-of-cards approximation (SHC, Biirger et al., 1989). We generally
find a good agreement between our results and the SHC approxima-
tion for the smaller population sizes and outcrossing populations (¢ =
0 or 0.5). Approximations from Abu Awad and Roze (2018} only hold
for predominantly selfing populations, considering the whole genome
as a single locus (¢ = 0.95, equation 44 in Abu Awad & Roze, 2018),

or for all mating systems when population size is large (N = 10,000)
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FIGURE 1 Additive genetic variance observed at mutation-selection-drift equilibrium in the simulated populations, for different mating
systems, N = 1,000, and different strengths of selection (A: o =1 {strong selection) B : o =9and C: o’ = 99 (weak selection), from the left
to the right). Error bars stand for the 95% confidence interval (n = 100 simulations)

and the strength of selection weak (@° = 99, equation D23). The lack
of fit between our results and approximations from Abu Awad and
Roze (2018) is probably due to the small number of loci considered in
our simulations (n = 50 in our parameter set) and to the fact that we
consider anly a single trait, hoth parameters violate the assumptions
for these analytical approximations to hold.

By decomposing the chserved additive variance V), into the com-
ponents described in the Methods above (ngir, Vibrear COV o) we
find that for the range of parameters we chose to explore, the strong
decrease in V, observed under predominant selfing is mostly driven by
a large but negative COV,, (Figure 2). This confirms the expectation
that recurrent selfing favours the maintenance of associations among
loci. Under such associations, the efficiency of purifying selection is
reduced, as the selection pressure on a single mutation is weakened
by its positive association with other mutations at other loci, which
in turn contributes to higher V. and V.

ELHC inbred
outcrossers, as ohserved in Figure 2. Qur analysis also showed that the

in selfers compared to

higher the mutation rate, the more genetic associations are maintained
and the weaker the efficiency of purifying selection. The increase of
both ¥V, g and Veoenic

of COV|, as is the case for large populations (N = 10,000), leading

can, in some cases, overcome the negative effect

to selfing populations that have close to, and sometimes even greater
amounts of genetic variance than outcrossing or mixed-mating pop-
ulations (Figure 52). As can be expected from classical population
genetics models, smaller population size leads to a decrease in V),

whereas higher mutation rates tend to increase it (Figure 51).

3.2 | Patterns of adaptation through standing
genetic variation

After populations have reached mutation-selection-drift balance,
an environmental change is induced and no new mutations are in-
troduced. Population dynamics are followed over 20 generations,
and if during this time the population reaches a similar level of fit-
ness as that chserved hefore the environmental change, then we
consider that the population is able to adapt to the new optimum.
When the strength of purifying selection is moderate to weak (°
= 9 or 99), all populations seem to harbour encugh genetic varia-
tion to quickly and efficiently respond to an environmental change,
independently of their selfing rate. As there were no ochservable dy-
namic changes in ¥V, and its components for these parameter values
over the course of the first 20 generations following the environ-
mental change, the results for these simulations are only presented
in Figures 53-58. In the following sections, we will anly be concen-
trating on the case of o =1, representing the strongest selection

pressure we explored for.

3.3 | Dynamics of phenotype and fitness during
adaptation under strong selection

As illustrated in Figure 3, when the mutation rate is small {U =

0.005), and hence the amount of diversity stored through genetic
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FIGURE 2 Total additive genetic variance and its three components estimated at MSD equilibrium, for different genomic mutation rates
and mating systems, for N = 1,000 and af =1 (a) Total additive variance of the phenotypic trait, identical to Figure 1 first panel. (b) Genic

variance for the phenotypic trait (V). {

(COV, ). Error bars stand for 25% confidence interval (n = 100)

associations for selfing population is alse small, none of the popu-
lations are able to fully adapt during the 20 first generations, and
population fitness remains low. In this case, the amount of within-
loci genetic variation at equilibrium is the only source of diver-
sity, and as outcrossing and mixed-mating populations have higher
V,. they reach phenotypic values closer to the new optimum, and
have a significantly higher fitness than their selfing counterparts
(Figure 3 for U = 0.005). For higher mutation rates (U = 0.1), dy-
namics of the phenotypic trait and fitness are extremely similar for
all mating systems, despite lower genetic diversity in selfing popu-
lations. As shown in the following sections, when the mutation
rate increases, the variance stored in selfing populations through
genetic associations is partially released, increasing the adaptive
potential of these populations. In such cases, selfing populations
are ahle to reach {a) the new phenotypic optimum, and (b) level of
fitness similar to those abserved at M-5-D equilibrium, thus per-
forming as well as outcrossing populations (Figure 3).

The above-mentioned patterns are similar irrespective of the
population size. As mentionad in the first section of the results, the
greater the population size, the greater the genetic diversity (V, and
covyp,
range of mutation rates for which selfing populations are at least

for selfing species) for a given mutation rate, increasing the

as well, if not better, adapted as outcrossing and mixed-mating

¢) Genetic variance due to inbreeding (V.4 (d) Genetic covariance due to linkage disequilibrium

populations (Figures 59 and 510). This means that population size

has a quantitative but not a qualitative effect.

3.4 | Dynamics of the additive variance and of
its components

As the population undergoes directional selection, the dynamics of
the chservable additive variance and each of its components are tell-
ing of the processes driving adaptation to the new optimum. In small
outcrossing populations (N = 250), the additive variance exhibits very
small changes during the adaptation process, as do its components,
whatever the strength of selection (Figures 59-511). For larger popula-
tion sizes (N = 1,000 or 10,000), the additive variance increases dur-
ing the first generations when the mutation rate is small to medium
(U £ 0.05, Figure 4a for N = 1,000, see Supporting information for N =

10,000). This increase of ¥, stems from an increase in V, indicative

et
of the change in the phenotype being driven by an increagsed frequency
of alleles that may have been neutral or deleterious hefore the environ-
mental change (Blirger, 1993). For high mutation rates (U = 0.1}, as for
small populations, the additive genetic variance and its components re-

main constant through time (Figure 4). v, does notvary (Figure 4¢).

inbred
Overall patterns are similar for mixed-mating populations.
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FIGURE 3 Dynamics of the mean trait value and of the mean fitness value of the population during the 20 generations following the
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parameter values are N = 1,000 and &” = 1. Error bars stand for 95% confidence interval (n = 100)

For predominantly seclfing populations, the initial dynam-
ics strongly depend on 'how much’ diversity the population has
stored at M-5-D equilibrium (represented by COV ). In all cases,
additive genetic variance increases during the adaptation pro-
cess (Figure 5a). When genetic associations are rare (Figure 5, U
= 0.005), adaptation is driven solely through the increase in fre-
guency of beneficial alleles, leading to an increase of the genic vari-
ance and inbred variance (Figure 5b,c). In this case, COV|, slightly
decreases during the first generations (Figure 5d), probably due to
the formation of linkage disequilibrium between alleles rising up
in frequency. When among-loci associations are more substantial
(U = 0.005), the dynamics chserved are qualitatively different, and
reflect another process of adaptation. The increase in additive vari-
ance is due to the ‘release’ of genetic diversity (COV, , increases,
Figure 5d) over the first five generations, whereby the genic and
inbred variances remain constant or decrease (Figure 5h,c). The

variation of V|, . remains equal to F.V, indicating that, as ob-

enic?
served for outcrossing populations, the fnbreeding coefficient does
not vary during adaptation.

The initial response to selection (increase in trait mean
over the first five generations) tightly correlates with the initial
amount of additive variance (Figure 6). Mevertheless, for a theo-
retical equal amount of additive variance at equilibrium (over all

parameter sets combined), selfing populations have a stronger

initial response at the phenotypic level compared to more al-
logamous ones (Figure &). This is due the remobilization of the
diversity stored by genetic associations during the first few gen-
erations, increasing the additive variance and thus the initial
response to selection in selfing populations. The larger the popu-
lation size, the more the pattern observed for selfing populations
differs from that chserved in outcrossing and mixed-mating ones
(Figure &). When selection is moderate to weak, the release of the
stored genetic variation is not necessary for selfing populations
to adapt; thus, this increase in the strength of adaptation for self-

ers is no longer ohserved.

4 | DISCUSSION

In accordance with Stebbins' definition of the dead-end hypoth-
esis (Stebbins, 1957}, single-locus models predict that adaptation
is less likely in selfing populations compared to outcrossing ones,
notably due to the reduced standing genetic variation resulting
from purging (Glémin & Ronfort, 2013). Considering a polygenic
trait, and among-loci associations, we find that this is not always
the case. Previous works have highlighted that stahilizing selection
favours the build-up of associations hetween loci and, through this,

favours the storage of genetic diversity especially in self-fertilizing
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populations (&bu Awad & Roze, 2018; Charlesworth, 1990; Lande
& Porcher, 2015). If the selective regime were to change from
stahilizing to directional selection, due to a strong environmental
effect, for example, our simulations show that some of this vari-
ance can be released through residual allogamy. Residual allogamy
is primordial, as selfing populations are organized in multi-locus
genotypes. The release of the diversity stored through genetic
associations is only possible through rare outcrossing events be-
tween two lineages, resulting in fully heterozygote hybrids, which
can potentially generate D7 new genotypes (D being the number of
differentiated loci among two selfing lineages) after one generation
of selfing. Although the strength of the response to selection is
positively correlated with the amount of obhservable standing ge-
netic variation, it is possible to abserve similar levels of adaptation
in selfing compared to outcrossing or mixed-mating populations,
for high but realistic mutation rates (Shaw et al., 2002). When the
strength of selection is moderate to weak (o = 9 or 99), popula-
tions seem to harbour encugh genetic variation to quickly and ef-
ficiently respond to an environmental change, independently of the
self-fertilization rate, and thus without remobilizing any variance

accumulated through genetic associations.

4.1 | Genetic varlance dynamics under directional
selection: the role of genetic associations

Few theaoretical studies have tried to predict the dynamic of the addi-
tive variance for a trait under directional selection (Barton & Turelli,
1987: Blrger, 1993; Keightley & Hill, 1989). From these works, under
the assumption of random mating and no association between loci,
itis predicted that V, remains unchanged in the short term if popula-
tion size is small (N < 500, Blirger, 1993) and/or if the inverse of the
strength of selection, given by the term @7, is large compared to the
amount of available genetic variance (Barton & Turelli, 1987). This
prediction is supported by our results for obligate outcrossing popu-
lations (Figures $11-515), even when some negative linkage disequi-
librium contributes significantly to additive variance (Figures 2 and
4). For selfing populations, the hypothesis of linkage equilibrium is
no longer valid. As shown in our analysis and known from previous
results (Abu Awad & Roze, 2018; Lande & Porcher, 2015), genetic as-
sociations hetween loci are significant in these populations, notahly
when the mutation rate is high. In this case, the breakup of genetic
associations is necessary for adaptation when most of the genetic

variance is hidden in among-loci associations, leading to an increase
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of ohserved additive variance. The mutation rates for which such
associations contribute significantly to the genetic additive variance
are in the range of mutation rates cbserved for phenotypic traits
in the literature (Haag-Liautard et al, 2007; Keightley & Bataillon,
2000; Shaw et al, 2002), which suggests that these associations
are probably common in natural populations. The more frequent
observations of transgressive segregation (progeny of a cross being
outside the parental phenotypic range) in inbred compared to out-
hred species also give support to this mechanism (Johansen-Maorris
& Latta, 2006; Rieseberg, Archer, & Wayne, 1999).

4.2 | De novo mutations versus standing genetic
varlation: rethinking adaptation In selfing species?

It has been a long accepted paradigm that the advantage procured
by selfing is the more rapid fixation of de nova beneficial muta-
tions, independently of their dominance coefficient, compared to
outcrossing populations, where recessive beneficial mutations can
he lost through drift before selection drives them to fixation, a pro-

cess known as 'Haldane's sieve’ (Haldane, 1927). From single-locus

theory, it is expected that adaptation through new mutations should
be more likely in selfing species and should be more likely than ad-
aptation from standing genetic variation (Glémin & Ronfort, 2013).
However, recent works have suggested that the reduced effective
recombination rate in selfing populations adds a disadvantage even
when it comes to the fixation of new mutations. Unlike what is ex-
pected in outcrossing populations, the fixation of beneficial muta-
tions in selfing populations can be hindered if they appear during
a selective sweep triggered by a beneficial allele at another locus
(Hartfield & Glémin, 2016). This observation, as well as the results
presented here, shows that taking interactions between loci into ac-
count can strongly modify the expectations from single-locus mod-
els. The mutation rate seems to be the major parameter to consider
when studying the dynamics of adaptation from a polygenic point
of view, independently of whether adaptation ocours from de noveo
mutations (Hartfield & Glémin, 2016) or standing genetic variation.
In our simulations, we have considered a quantitative trait with
asimple architecture, assuming pure additivity of genetic effects on
the phenotype. Epistasis, and notably its directionality, is known to
play a key role in adaptation (Hansen, 2013). Positive epistasis (sev-

eral loci reinforcing each other's effects in the direction of selection)
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inflates the additive variance and thus the ahility of a population to
adapt to an environmental change (Carter, Hermisson, & Hansen,
2005; Monnahan & Kelly, 2015). On the contrary, negative epista-
sis (loci suppressing effects at other loci) reduces the additive vari-
ance of the character, thus limiting adaptive potential (Carter et al,,
2005). Few empirical estimations of the directionality of epistasis
are available in the literature (Le Rouzic, 2014; Monnahan & Kelly,
2015; Qakley, Agren, & Schemske, 2015, all detecting positive epi-
static interactions), despite numerous methods and the diversity of
data used to infer it (Le Rouzic, 2014). How the directionality of epi-
static interactions varies in relation to the mating system remains
unknown in natural populations. Knowledge on this relatienship may
bring us closer to the understanding of the differences in patterns of

adaptation ohserved hetween selfing and outcrossing populations.

4.3 | New Insights into the role of standing genetic
variation in the adaptation dynamics of selfing
populations

The overwhelming success of selfing species in the domestication

process and as invasive species has been attributed to mechanisms

other than their adaptive ahility from standing genetic variation. For
instance, the invasive success of selfing populations is attributed
to their reproductive assurance, since a single individual is ahle to
colonize a new environment (van Kleunen, Manning, Pasqualetto,
& Johnson, 2008; Rambuda & Johnsen, 2004), and to reduced
gene flow, which is expected to limit maladapted gene exchanges
between populations (Levin, 2010). Regarding domestication as an
adaptation process, it has been suggested that domestication in self-
ing populations most prohahly relied on new mutations, due to the
initially low genetic variance that would have been further reduced
due to the bottleneck effect of domestication (Glémin & Bataillon,
2009). This idea is reinforced by the fact that selfing species are ex-
pected to quickly fix a rare beneficial mutation, independently of
its dominance level {Ross-lbarra, 2005). In their review on mating
system variation in domesticated plant species, Glémin and Bataillon
(2009) have suggested that the high frequency of self-fertilizing crop
species could be related to an increase in the amount of additive
variance during the domestication process of selection. This idea
has, hoewever, never been tested theoretically or empirically. Here
we show that this increase in additive variance could indeed he an
advantage when selfing species are faced with strong directional

selection and selection occurs through standing genetic variation.
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However, our results hold true only if the bottleneck related to do-
mestication (or other invasion processes) is not too strong and if mu-
tation rates are high enocugh to maintain enough diversity that can

promote adaptation to new conditicns.

44 | CONCLUSION AND PERSPECTIVES

In this work, we show that under stabilizing selection and if muta-
tion rates are high enough (but realistic), selfing populations are able
to accumulate genetic variation through negative linkage disequi-
librium. This structure of genetic variation contributes to acting as
a store of genetic variability, thanks to which adaptation under high
self-fertilization rates is no longer constrained by the reduced chserv-
able additive genetic variance due to purging. For low mutation rates,
the storage of diversity is impeded by stabilizing selection in selfing
populaticns, leading to the more classical conclusion that adapta-
tion in selfing species is limited by the available amount of genetic
diversity. Qur analysis thus shows that measuring the amount of ad-
ditive variance available for quantitative traits is not always sufficient
te make predictions about the adaptive potential of a pepulation.
Complementary analyses should be carried out when quantifying the
short-term adaptability of a population. Such analyses could include
locking for transgressive segregations cr carrying out experimental
evelutionary experiments in which directional selecticn is induced,
and follow the dynamic of additive genetic variance. Following the
components of additive variance is complicated, as it necessitates
thorough knowledge of the genetic architecture of the quantitative
trait under study (number of loci underlying phenotypic variation,
their frequency, the linkage disequilibrium...), which is complicated,
even for model species. More empirical evidence is required to deter-
mine how frequently diversity is stered through genetic associations
in natural populations of selfing species and whether this property is

sufficient to allow selfing species tc adapt te a changing envirenment.
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Figure S3. Dynamics of the trait and fitness, as a function of the trait haploid mutation rate and

the mating system, for N=1000 and w?=9. Error bars stand for 95% confidence interval (n=100).
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Figure S9. Dynamics of the trait and fitness, as a function of the trait haploid mutation rate and

the mating system, for N=250 and w?=1. Error bars stand for 95% confidence interval (n=100).

8l|Page




Trait

Trait

Trait

Trait

20

1.0

0.0

10 20

on

20

1.0

0.0

10 20

00

U=0.005

==
e -
T T T T
10 15 20
Generation
u=0.03

——t = =g = =S =i
—— —— =

— ——
— -t
—— -
——
==
—-
——
T T T T
5 10 15 20
Generation
u=0.05
R ——
=L ]
—— -
e
—— ——
——
e
—
=
—-
T T T T
5 10 15 20
Generation
U=0.1
g e = e i = e i
———
-
——
==
——
—
—.—
T T T
10 15 20
Generation

Fitness

Fitness

Fitness

Fitness

04 08

0.0

04 og

on

0.4 08

0.0

08

04

00

U=0.005

Generation

U=0.03

— —— e e
R == = = = T o
—— ——
.
.
="t
—.—
T T T T
5 10 15 20
Generation
U=0.05
== —— i = —— == = =R ==k
_._=n=='=
——
==
=
T T T T
5 10 15 20
Generation
u=0.1
= N P T =T~ i
= ————
e
——
—_——— .
B Outcrossing

B Mixed mating
B Selfing

T T T T
5 10 15 20

Generation

Figure S10. Dynamics of the trait and fitness, as a function of the trait haploid mutation rate
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Chapitre 3 : Etude empirique sur
I’importance de la dominance dans
I”Isolement reproductif entre lignées
consanguines dans les populations

naturelles de Medicago truncatula

This article is under review in Heredity.
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I have shown that residual allogamy can be of primordial importance when considering
adaptation from standing genetic variation in predominantly selfing species. When two inbred
lines hybrid, a large number of new genotypes can be created through F1 hybrids, fuelling the
adaptive process. Nevertheless, for such a mechanism to be possible, hybridization events
between inbred lines need to have no (or positive) effects on hybrid fitness. By increasing
homozygosity and reducing effective recombination rate (Nordborg, 2000), self-fertilization
increases the probability of fixation of under-dominant loci, chromosomic rearrangements
(Charlesworth, 1992), and epistatic incompatibilities (Coyne & Orr, 2004), at both within and
between population scales (Wright et al., 2013). If such isolation mechanisms occurs between
lines, the remobilization of the genetic diversity could be imped, limiting the adaptive potential

of selfing populations.

In this third chapter, I studied the fitness consequences of hybridization between natural
inbred lines of the predominantly selfing species, Medicago truncatula, at both within and
among-population scales. | first searched for an effect of the spatial scale on the level of hybrids’
performances. | then tried to decompose the genetic architecture of hybrids” performances by
using family-based analyses. Finally, as the observed pattern of hybrid dysfunction was not
compatible with the classical mechanisms of reproductive isolation, | explored an alternative
hypothesis based on the effect of directional dominance on quantitative traits under stabilizing

selection.

I found that hybridization events between lines is overall negative, even if the level of
outbreeding depression is generally moderate (20% compared to mid-parent value). There was
no significant effect of the spatial scale on the level of hybrids dysfunction. Family-based
analyses revealed that outbreeding depression was most of the time due to a negative effect of
dominance, even if I numerically proved that such analyses cannot totally rule out the
contribution of fully dominant epistatic incompatibilities. | finally suggested that the negative
effect of dominance is more likely due to an effect of directional dominance (that is fully
expressed in F1hybrids), rather than under-dominant loci and/or chromosic rearrangements.

The different results and their implications on the evolution of self-fertilization are
described in the following manuscript.
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Abstract: Studying the consequences of hybridization on plant performance can offer insight
into the genetic histories and adaptive potential of populations, notably at local scales. Due to
reduced effective recombination, predominantly selfing species are organized in highly
homozygous multi-locus-genotypes (or lines) that accumulate genetic differentiation both
among- and within-populations. This high level of homozygosity facilitates the dissection of
the genetic basis of hybrid performance in highly selfing species, which gives insights into the
mechanisms of reproductive isolation between lines. Here, we explored the fitness
consequences of hybridization events between natural inbred lines of the predominantly selfing
species Medicago truncatula, at both within- and among-populations scales. We found that
hybridization was overall deleterious, independently of the spatial scale, even if the decrease in
fitness remained moderate. Family-based analyses allowed us to determine that outbreeding
depression was likely due to negative dominance effects, even if we showed that this method
cannot totally rule out the contribution of fully dominant epistatic incompatibilities. As the
patterns of outbreeding depression were not consistent with classical under-dominant
mechanisms, we propose an alternative mode of action of dominance acting on fitness related
traits, and show that it is supported by our data. We discuss how our results bring new insights

into the role of dominance in hybridization events and into the evolution of self-fertilization.
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INTRODUCTION

The evolutionary forces underlying divergence between populations, in particular the
relative strength of genetic drift compared to natural selection, can be revealed by studying the
consequences of hybridization (Lynch, 1991; Demuth and Wade, 2005; Fitzpatrick, 2008a).
Strong genetic drift (e.g. due to demographic events or mating systems, (Barrett et al., 2014)
increases the probability of fixation of deleterious mutations (Kimura et al., 1963).
Hybridization between populations that have accumulated different recessive deleterious
mutations is then expected to lead to heterosis, i.e. an increase in fitness in F1 hybrids compared
to the average fitness of their parents (Crow, 1948; Lynch, 1991; Glémin, 2003). However, if
selection is much stronger than drift, divergent populations are expected to be adapted to their
local conditions. In this case, hybridization could lead to a loss of fitness in F1 and/or subsequent
generations (in general the F2 generation). Several non-exclusive hypotheses explaining the
genetic architecture of outbreeding depression have been proposed, the most prominent of
which is chromosomal rearrangement (Lande, 1985; Charlesworth, 1992; Kirkpatrick and
Barton, 2006), under-dominance (Schierup and Christiansen, 1996), and negative epistatic

interactions (Dobzhansky, 1937; Lynch, 1991; Demuth and Wade, 2005).

Predominantly selfing species are of particular interest when studying the relative
strength of selection compared to drift, and the genetic architecture of heterosis and outbreeding
depression. By decreasing the effective population size, selfing increases the strength of genetic
drift (GIémin and Ronfort, 2013), and thereby the fixation probability of deleterious mutations
(Kimura et al., 1963) . On the other hand, by increasing homozygosity and reducing the
effective recombination rate, self-fertilisation also increases the probability of fixation of under-

dominant loci, chromosomic rearrangements (Charlesworth, 1992), and epistatic
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incompatibilities (Coyne and Orr, 2004), at both within and between population scales (Wright
et al., 2013). In addition, by organizing populations in a mosaic of repeated fully homozygous
multi-locus genotypes (thereafter MLG; (Siol et al., 2008; Volis et al., 2010; Jullien et al.,
2019), self-fertilization greatly simplifies experimental designs for clarifying the genetic
architecture of hybrid fitness. Hybridization between MLGs produces F1 hybrids that are fully
heterozygous and the heterozygosity is divided by two at each consequent generation of selfing,
providing the opportunity to test the relative role of dominance and different forms of epistasis

in populations (Demuth and Wade, 2005; Fitzpatrick, 2008a).

Outbreeding depression and heterosis have been widely documented in predominantly
selfing species (Rhode and Cruzan, 2005; Johansen-Morris and Latta, 2006; Dolgin et al., 2007;
Volis et al., 2010; Gimond et al., 2013; Oakley et al., 2015). Explanations for heterosis always
involve the masking of deleterious mutations while epistatic incompatibilities are generally
thought to be the main cause of outbreeding depression. However, although outbreeding
depression is frequently observed in predominantly selfing populations, the decrease in hybrid
fitness is generally small to moderate (average between 20% and 30%, (Dolgin et al., 2007;
Gimond et al., 2013; Oakley et al., 2015), with hybrids often remaining within the parental
range values. This observation does not support the hypothesis that hybrid breakdown is due to
chromosomic rearrangements or epistatic incompatibilities, which are expected to have drastic
effects on fitness. In most cases, these studies lack a proper testing of the mechanisms involved,
despite the fact that selfing species facilitate distinction between the effects of dominance and
different forms of epistasis. To our knowledge, a single study analysed the underlying
mechanisms and led to the surprising conclusion that outbreeding depression observed after
among-population crosses of Arabidopsis thaliana was caused by a negative effect of

dominance (Oakley et al., 2015). This suggests that incorporating dominance into classical
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models of quantitative traits under selection could be illuminating (Schneemann et al., 2020;

Yamaguchi and Otto, 2020).

Little is known about the scales at which heterosis and outbreeding depression occur.
As mentioned above, selfing populations are organised in inbred lines that may be as likely to
fix genetic incompatibilities among them as geographically isolated lines. Nevertheless, few
studies have tried to investigate how the local genetic structure affects hybrid performance
compared to the among-population genetic structure, and the few studies that have studied
hybridization at the within-population scale have yielded contradictory findings (Volis et al.,
2010; Gimond et al., 2013). Furthering our knowledge on what happens at the population scale
is of primary importance as it could notably explain why transitions from selfing to outcrossing
are rare (Harkness et al., 2019) and give insight into the short-term evolutionary potential of

selfing populations (Clo et al., 2020).

Overall, it appears that little is known about the mechanisms leading to outbreeding
depression and heterosis in predominantly selfing species, how variable they are, and how
variable the magnitude of hybrid performance between within- and among-population crosses
of inbred lines is. In this paper, we investigate the effect of hybridization between naturally
occurring inbred lines from the predominantly selfing species Medicago truncatula. We first
quantify the occurrence and magnitude of heterosis and outbreeding depression at both within-
and among-populations scales, and we compare hybrid performances between the two spatial
scales. In a second time, we try to dissect the genetic architecture of heterosis and outbreeding
depression using family-based analyses. Assuming that dominance could be a driver of
outbreeding depression, at both within and between population scales, we further examine its
underlying genetic architecture. The effect of dominance in hybrid failure is generally assumed

to come from major effect loci, resulting in large negative effects of dominance. Here, we
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examine an alternative architecture, leading to moderate outbreeding depression compared to

mid-parent value.

MATERIAL AND METHODS

Model species and plant material

Medicago truncatula (Fabaceae) is an annual, diploid plant species commonly found in
the Mediterranean basin. It reproduces predominantly through self-fertilization. Here, we
sampled the most frequent MLGs (defined using 20 microsatellite markers) from five natural
populations studied by Jullien et al. (2019): three populations collected in Corsica (CO1, CO2
and CO3), one in the south of France (FR1) and one in the south of Spain (SPA1). For each
population, we chose two MLGs, except for the CO3 population, for which four MLGs were
sampled, adding up to 12 parental lines (MLGs). The genetic differentiation among these MLGs
is measured using the 20 microsatellite markers, and is defined as the number of alleles that
differ between two MLGs, divided by the total number of alleles without missing data. It varies
between 12% and 86% within-population and between 57% and 100% among-populations (see

table S1 for details).

Crossing design and growth conditions

Several plants representing each of these 12 MLGs were grown in the greenhouse in

order to multiply the seed stock and to standardize any potential environmental maternal effects.
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Flower buds were sampled before the flowers open. The flowers used as pollen donors were
dissected by removing sepals and petals. For flowers used as pollen receivers, the immature
anthers were carefully removed under a binocular scope and pollen from a donor was manually
deposited on the stigma. The stems were then wrapped with cotton and placed in a tube with
some water in order to maintain a moist environment and favour fertilization. Each hand-
fertilized flower was then labelled. Once a fruit appeared, it indicated that the fertilization was

successful and the tube was removed. Pods were left on the mother plants until fully ripe.

We performed controlled crosses using the 12 MLGs originating from the five populations
selected. We performed all the possible within-population crosses (one for the four populations
in which two MLGs are sampled, and six for the Corsican population in which four MLGs have
been sampled), for a total of 10 within-population crosses. For among-populations crosses, we
selected the most frequent MLG within each population and the two most frequent MLGs for
the Corsican population, in which four MLGs had been sampled. With these six MLGs, all the
possible among-population crosses were performed, leading to a total of 14 among-population
crosses. The experimental design is summarized in the supplementary materials (Table S2). All
the crosses were carried out using each MLG as a mother or pollen donor (but analyses showed
that there was no effect of the direction of the cross). The 24 crosses were performed in spring
between 2013 and 2015. In 2016, a subset of seeds from the Fi families were germinated,
seedlings were grown in an insect-proof greenhouse and self-fertilized to produce F2 plants.
Leaves from the F1 mother plants were sampled for DNA extraction in order to confirm that
the cross was successful given the parental MLGs, using four microsatellite loci (B12F1,
MTIC59, TA34, FMT 11, (Jullien et al., 2019) . The protocol for extractions and microsatellite
genotyping was the same as detailed in (Jullien et al., 2019). Individuals with mismatches

(generally accidentally selfed) were removed from the analysis. One family produced from
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within-population crosses (population CO1) had to be removed due to a technical error in the

crossing design. The following analyses were thus performed on the remaining 23 families.

In autumn 2017, seeds from the 12 parental MLGs and from the 24 F1 and F2 families
were weighed individually. They were scarified to ease germination and transferred to Petri
dishes with water at room temperature for six hours, before being placed in a vernalisation

chamber at 5 °C for five days.

After vernalisation, an average of 8 replicates from each parental MLG (hereafter noted
“P”), 16 replicates from each F1 family and 64 replicates from each F2 family were transferred
to the greenhouse, according to a randomized block design (eight blocks with one replicate per
bloc for P, two for F1 and eight replicates per block for F2). Dormant seeds or seeds with
germination problems were replaced. The germinated seeds were transplanted into one-litre
pots, filled with a substrate made of 75% sand and 25% potting soil. Throughout the entire life
cycle, plants were maintained under light water stress conditions, watered by soaking five
minutes once a week. No light or temperature controls were imposed: day length varied from
9h.day to 15h.day™ in the region of Montpellier from November 2017 to June 2018, while
recorded temperatures in the greenhouse varying on average between 4°C to 13°C at night, and

between 20°C to 30°C during the day, over the same period.

All the plants that survived transplantation from Petri dishes to the greenhouse reached
the flowering stage. The experiment was stopped when the fruits from all plants that had
reached fructification were mature (i.e. their colour turned from green to brown). No

correlations between flowering time and the different fitness proxies we measured were
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detected, indicating that the experiment lasted long enough to allow late flowering individuals

to end their reproductive cycle (Figure S1).

Traits and fitness measurements

For all the 1788 surviving plants, we measured a fitness component, the vegetative dry
mass (g), and a fitness proxy, the total number of seeds. At the end of the flowering season, we
collected the senescent plants and separated the vegetative biomass from the fruits. The biomass
was dried in an oven and weighed to estimate the dry mass. The fruits produced were counted
and threshed manually. During this step, some seeds were broken, we therefore counted the
number and the total weight of unbroken seeds and measured the total weight of broken seeds.
We then estimated the number of broken seeds by dividing the total weight of broken seeds by

the mean weight of an unbroken seed.

Statistical analyses

Performance measure and its interaction with the spatial scale

For the two traits studied and for each family studied, we compute the relative

performance (RP) of hybrids compared to the mid-parent values as

Wy — W,
pp = Ju— Wr
A

where Wy is the mean value of the trait of either the F1 or F2 progeny of a family, and W, the
mid-parent value. A negative RP indicates outbreeding depression, and a positive RP indicates

heterosis. We test whether the means of F1 and F2 differ significantly from the mid-parent
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values by performing likelihood ratio tests between linear mixed models, where the RP of F1
or F2 is either estimated or constrained to zero. In order to take the variance due to
environmental effects into account, zones within the greenhouse and blocks within zones where

plants were grown, are added as random effects within the models

We test if the average RP differs significantly between within- (n = 9 estimates) and
among-population (n = 14 estimates) scales, for the two generations of hybrids, and for the two
focal traits, using F-tests. For these analyses, we use all RP values, whether they differ

significantly from zero or not (Gimond et al., 2013).

Genetic architecture of hybrid performances

As mentioned in the Introduction, crosses in predominantly selfing species enable the
dissection of the genetic architecture of hybrid performance. Indeed, following how the F2 mean
value differs from the mid-parent value, compared to F1 mean value, provides insights into the
contribution of dominance and/or epistasis to outbreeding depression and heterosis. Here, we
use the theoretical framework introduced by Fitzpatrick (2008) to incorporate Dobzhansky-
Mdller incompatibilities (thereafter called DMI) into line-cross quantitative genetics analyses
(Demuth and Wade, 2005). Nevertheless, it is important to note that the accuracy of
Fitzpatrick’s model strongly depends on the dominance of DMI. We demonstrate that this
model can distinguish the effects of dominance from epistatic incompatibility when DMI are
recessive, but is unable to distinguish between the two effects when DMI are dominant (Annexe
1). Indeed, when epistatic incompatibilities are dominant, epistatic effects decrease by the same
order of magnitude as dominance effects between F1 and F2 generations (Annexe 1, Table 1).
This may limit our ability to distinguish between models that point to dominance or dominant

epistatic effects as causing outbreeding depression or heterosis.
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We test if deviations of F1 and F2 offspring from mid-parent values are due to
dominance, epistatic incompatibilities, or a combination of both, by decomposing the
phenotypic variance of the studied traits into additive, dominance and epistatic components as

follows: let Zijbe the observed phenotypes of the jth individual of the ith family and

Zijx1=uit1aj.A+Ipj.D + (Ir-Dm1j. R-DMI or Ip-omij. D-DMI) + Zone k + block i+ € ik,

where uiisthe mean of the ith family under pure additivity (also equal to the mid-parent value),
A is the deviation due to additivity, D is the deviation due to dominance, R-DMI and D-DMI
are respectively deviations due to recessive and dominant DMI. The contribution of each effect
(I indices) depends on the generation of cross of the jth individual (parent, F1 or F2), and are
detailed in Table 1. Zone k and block  are random effects corresponding to the zone and the
block within the zone in which the jth individual were grown in the greenhouse, and ¢ ijk| is
the residual error. We compare the null model, limited to additive effects and random effects,
with models including one parameter (D, R-DMI or D-DMI), or two parameters (D + R-DMI or

D + D-DMI), and test the significance by performing likelihood ratio tests.

We limited the analysis to families in which at least one generation of hybrids differed
significantly from the mid-parent value (nine families for dry mass and five families for number

of seeds).
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Table 1. Contribution of different genetic effects (additivity, dominance or epistasis) to plant

performance for each generation of cross.

Generation Ia ) Ip-omi Ir-DMI
Parental line 1 1 0 0 0
Parental line 2 -1 0 0 0

F1 0 1 1 0
F2 0 0.5 0.5625 1

Verbal and Theoretical investigation of the role of dominance on hybrid performance

To better understand the potential role of dominance in outbreeding depression, we
explore the effect of directional dominance on hybrid phenotypes and fitness values. We
consider a trait governed by L loci with additive and dominance effects. Let P;, P, denote the
mean phenotypic values of two MLGs sampled in a population and P the mid-parent

phenotypic value. The mean phenotypic value of the F1 hybrid is equal to

with di the biological dominance deviation of the heterozygote from the mid-value of both
homozygotes, at the ith locus. If epistatic effects are negligible, F; is expected to differ from P
only if the biological dominance is directional on average (X:¥ d; # 0). We will consider no
under- and over- dominance at any given locus, such that the hybrids remain in the parental
phenotypic range at each locus. If parental lines are phenotypically similar, but have fixed
different sets of alleles (phenotypic redundancy, Figure 1A), then directional dominance should

lead to hybrid phenotype and fitness lying outside the range of parental values (Figure 1A). In
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this case, the relative performance of hybrids can greatly vary, but is expected to be far from
the mid-parent value (Figure 1A). However, if we consider two parental lines that are
phenotypically divergent (Figure 1B), the breeding values (o) of the parental lines are also
expected to be very different, with the breeding values of the largest parental lines being on
average higher at each of the L loci (due to dominance). In this case, the F1 hybrids are expected
to lie within the range of the parental values for both phenotype and fitness. Hybrids will be
closest to the largest or smallest parental line, depending on the directionality of dominance
(Figure 1B), and the performance of hybrid is expected to close to mid-parent value (Figure

1B).

With directional dominance, the probability that hybrid phenotypes will fall outside the
parental range is therefore expected to increase with the phenotypic distance between MLGs.
Note that this pattern is not expected with under-dominant loci, chromosomic rearrangement or
epistatic incompatibilities, as hybrids should all be less fit than the two parental lines. Evidence
for a positive correlation between parental similarity and the relative performance of hybrids
therefore strongly suggests that directional dominance is involved in the genetic architecture of
hybrid performances. We verified this using simulations that account for directional dominance
effects (Figure 1C). Then, we examined whether directional dominance could play a role in the
consequences of hybridization in our experiment by testing the correlation between the

phenotypic similarity between parental MLGs (computed as min(P1,P2)/max(P1,P2)) and the

phenotypic distance between hybrids and parents (measured by the ratio % if the trait
1,52

shows heterosis, or %ip_) if it displays outbreeding depression).
2

in(P,
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Figure 1. Schematic representation of the hypothesis of directional dominance and predictions
of the consequences of hybridization events in predominantly selfing populations. Figures A.
& B. represent how directional dominance affects the phenotypic values of hybrids for different
levels of phenotypic differentiation between parental lines. In the hypothetical example A, both
parental lines have similar phenotypic values, but have fixed different sets of alleles. The
example B illustrates hybrid values when parental lines are phenotypically divergent. Figure C.
illustrates how the probability that the F1 mean value will fall outside the parental range changes
in function of the phenotypic similarity of parental lines (computed as min(P1,P2)/max(P1,P2)).
We simulated inbred lines that have different means x for a quantitative trait (ranging from 10
to 20, with an increment of 0.05). We then made all the possible pairwise crosses between lines
to produce Fi hybrids (n = 20.100). The trait is coded by L diploid loci (L = 10), and the
contribution of the allele at the ith loci is drawn from a normal distribution of mean x/2L, and
of variance 0.3*x/2L, and dominance deviation was drawn from a uniform distribution ranging

from the mid-parent value to the largest parent.
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RESULTS

Heterosis, outbreeding depression and the effect of spatial scale

We find a strong negative correlation between vegetative dry mass and the number of
seeds (Figure S2). Heterosis for vegetative dry mass should thus be associated with outbreeding
depression for seed production. The untransformed means of parental values and hybrid lines
for each family and trait are given in supplementary material (Figure S3 and S4). In the majority
of families, hybrids remain within the parental range of values for both dry mass and number

of seeds per individual (Figure S3 and S4).

For vegetative dry mass, we find a general increase in both the F1 and the F2 generations,
the increase being smaller in the F2 (Figure 2). Nevertheless, hybrids are significantly different
from the mid-parent only in 9 families (7 where both generations of hybrids differ significantly,
2 with only the F1 or the F2, Figure 2). The mean RP is equal to 0.195 (s.d. = 0.134) in F1 and
to 0.122 (s.d. = 0.110) in F2. There is a marginally significant effect of the generation on the
mean RP (Fvae = 3.996, df = 1, p = 0.053), but there is no effect of the spatial scale, whatever
the generation (Fvae = 0.867, df = 2, p = 0.427). Means RP values in F1 are equal to 0.169 (s.d.
= 0.144) at the within-population scale and to 0.211 (s.d. = 0.131) at the between -population
scale. In the F2 generations, mean RP are 0.089 (s.d. = 0.118) at the within population scale

and 0.144 (s.d. = 0.104) at the between population scale in F2 hybrids.
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Figure 2. Relative performance (RP) of F1 (dark grey) and F2 (light grey) hybrids for the
vegetative dry mass (g), for each family, at the within-population (top panel) and among-
population scale (bottom panel). Significant difference between hybrids and the mid-parent

(black asterisks) and best parent (red asterisks): * p < 0.05; ** p < 0.01.
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For the number of seeds per individual, and in agreement with the negative relationship
between this variable and the vegetative dry mass, we observe a general pattern of outbreeding
depression in hybrids (Figure 3). This pattern is however not observed in crosses involving the
CO3 MLGs, which generally lead to heterosis (Figure 3). Both heterosis and outbreeding
depression are generally stronger in the F1 hybrids compared to the F2 generation (Figure 3).
RP values are significant for 5 families (Figure 3). The mean RP is -0.181 (s.d. = 0.227) in F,
and raises to -0.099 (s.d. = 0.204) in F2. There is no significant effect of the generation on the
mean RP (Fvaie=1.664, df =1, p =0.161), and no effect of the spatial scale for either generation
(Fvaie = 0.919, df = 2, p = 0.407). The mean RP in F1 are equal to -0.127 (s.d. = 0.293) at the
within-population scale and -0.217 (s.d. = 0.177) at the among-population scale, and are equal
to -0.046 (s.d. = 0.271) at the within population scale and -0.134 (s.d. = 0.148) at the among

population scale in F2 hybrids.
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Figure 3. Relative performance (RP) of Fi (dark grey) and F2 (light grey) hybrids for the
number of seeds, for each family, at the within-population (top panel) and among-population
scale (bottom panel). Significant difference between hybrids and the mid-parent (black

asterisks) and worst parent (red asterisks): * p < 0.05.
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Genetic architecture of heterosis and outbreeding depression

Family-based analyses on both traits give very similar and concordant results (Table 2).
For vegetative dry mass, we reject the fully additive model for 6 families out of the 9 exhibiting
significant RP values. For seed production, we reject the fully additive model for all the families
(Table 2). As explained above in the Material and Methods section, it is not possible to
distinguish between hybrid dysfunction due to dominance or dominant DMI. For vegetative dry
mass, we find that the increase observed in hybrids is always due to dominance or DMI
incompatibilities (as the reduction between F1 and F2 of the deviation from mid-parent values
is close to 0.5), except for the CO1-1-CO3-3 crosses, for which the two more complex models
perform equally well. For the number of seeds produced per individual, the only case of
significant heterosis is attributable to recessive DMI (Table 2), whereas outbreeding depression
is due to either negative dominance or dominant DMI effect (Table 2), or a negative effect of
dominance associated with a positive effect of either recessive or dominant DMI (Table 2, CO3-
1 x CO3-3 family). Among the three families for which we observed a significant RP for both
dry mass and seed number, two display an increase of biomass and a reduction of the number
of seeds due to dominance or dominant DMI (SPA-1 x SPA-2 and CO2-1 x CO3-3 families,
Table 1). The remaining family shows an increase in biomass due to either dominance or
dominant DMI, and a reduction of the number of seeds due to a negative effect of dominance
associated with a positive effect of either recessive or dominant DMI (CO3-1 x CO3-3 family,

Table 2).

For most of the other families for which the difference between mid-parent and hybrids
is not significant, we nevertheless detect a reduction between F1 and F2 of the deviation from
mid-parent values by 0.5, which suggests that dominance or dominant DMI are also the most

plausible mechanisms for explaining hybrid performance in these families (Figure S5).
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Table 2. Summary of the family-based analyses to dissect the genetic architecture of hybrid

performance for the studied traits and families where at least one generation of hybrids is

significantly different from the mid-parent value. D indicates that the deviation between hybrid

and mid-parent phenotypes is due to dominance and D-DMI and R-DMI to dominant or

recessive DMI. “A* indicates that the best model is the purely additive one. “*” indicates
significant relative performance.
Fitness proxy Cross Best model RP -F1 RP - F2

SPA-1 x SPA-2 D or D-DMI 0.33° 0.22"

C0O3-1x CO3-3 D or D-DMI 0.44" 0.33"

C0O3-1x CO3-4 A 0.12" 0.06

CO1-1xCO2-1 D or D-DMI 0.30° 0.23"

Dry mass (J) CO1-1x CO3-1 D or D-DMI 0.30" 0.19"
CO1-1x CO3-3 D+D-DMI or D+R- 0.28" 0.29"

DMI

SPA-1 x CO3-3 A 0.32° 0.20°

C0O2-1xCO3-1 A 0.17 0.15

C0O2-1 x CO3-3 D or D-DMI 0.47" 0.37°
SPA-1 x SPA-2 D or D-DMI -0.67 -0.65"

CO3-1x CO3-3 D+D-DMI or D+R- -0.37" 0.00

DMI
Number of CO3-1x CO3-4 R-DMI 0.02 0.29"
seeds

SPA-1x CO2-1 D or D-DMI -0.25" -0.28

C0O2-1 x CO3-3 D or D-DMI -0.32" -0.23
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Dominance and outbreeding depression

We find a significant correlation between the phenotypic similarity among parental lines

and both the ratio ——~— for dry mass and — L for seed number (Figure 4). The
max(P1,P; ) min(Py,P; )

relationship is positive for dry mass (Figure 4A, F121 = 13.9, p = 0.001, R? = 0.37), indicating
that the more similar the parents, the higher the probability that hybrids are heavier than the
heaviest parental line. We find a negative relationship for seed number (Figure 4B, F121 = 22.7,
p = 0.0001, R? = 0.50), indicating that the more similar the parents, the higher the probability

that hybrids are less fit than the worst parental line.
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Figure 4. Relationship between the ratio of F/max(P,, P,) for the dry mass (A) or
F;/min(P;, P,) for the number of seeds per individual (B), and the phenotypic similarity

(computed as min(P;, P,)/max(P;, P,)) between the corresponding parental inbred lines.
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DISCUSSION

In this study, we have demonstrated that hybridization events between multi-locus
genotypes of Medicago truncatula are generally deleterious in terms of seed number and that
this effect occurs for crosses done at both the within- and between -populations scales. We have
dissected the genetic basis of hybrid performances, and we found that dominance is probably
the main driver, even if it is not possible to distinguish between dominance and dominant
Dobzhansky-Miller incompatibilities. Outbreeding depression caused by dominance is
generally attributed to under-dominance and chromosomal rearrangement, in which case it is
expected to have drastic effects on hybrids fitness, just as epistatic incompatibilities. In this
experiment, we found that dominance could be the driver of outbreeding depression at the
within-population scale, and generally lead to a moderate level of outbreeding depression
(deviation of 20% on average compared to mid-parent values in F1). This challenges the
hypothesis that under-dominance and chromosomal rearrangement are the main drivers of
hybrid dysfunction in Medicago truncatula. We propose an alternative explanation involving
directional dominance that reconcile both the moderate level of outbreeding depression and the

observation of mid- and worst-parent negative heterosis.

Outbreeding depression and dominance

Although comparing fitness across F1 and F2 generations of hybrids is not sufficient to
distinguish the effects of dominance and dominant DMI, a series of arguments speak in favour
of a leading role of dominance. First, it is commonly assumed that genetic incompatibilities
should lead to sterility or sub-sterility, which is not the case in our crosses, and second, the loci

underlying incompatibility are generally recessive, with minor effects in the F1 hybrids while
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leading to strong deleterious effects in F2 progenies (Fishman and Willis, 2001; Presgraves,
2003; Tao and Hartl, 2003; Moyle and Graham, 2005; Moyle and Nakazato, 2008; Fitzpatrick,
2008b). Since we did not observe this pattern in our data, we can conclude that all the
outbreeding depression patterns are not solely due to DMI incompatibilities and that dominance

plays a role in hybrid dysfunction in Medicago truncatula.

Our study is not the first to attribute the origin of outbreeding depression in crosses
between selfing lineages to dominance. Oakley et al. (2015) used a similar line cross design in
natural accessions of Arabidopsis thaliana, and found that dominance is the main factor
explaining outbreeding depression. Other studies found a decrease of performance in F1hybrids
in predominantly selfing species (Dolgin et al., 2007; Smith et al., 2011; Gimond et al., 2013);
however without several generations of hybrids or the identification of candidate genes, it is
impossible to confidently assign the observed outbreeding depression to dominance or negative
epistatic incompatibilities. As shown in this study, the mode of action of dominance is also
difficult to distinguish. The role of dominance has always been examined from the point of
view of under-dominance or chromosomic rearrangement. Directional dominance can explain
both the joint observation of mid- and worst-parent outbreeding depression, and the strong
variability of outbreeding depression observed in M. truncatula crosses, as potentially in other
predominantly selfing species. As a next step, quantifying the number of genes (major-effect
loci or generalized effect across many loci), and their mode of action (directional dominance vs
under-dominance vs epistatic incompatibilities) would allow to distinguish between all the
above-mentioned models of outbreeding depression. Performing the same kind of experiments
in natural populations rather than in a greenhouse would also be informative, because the
directional dominance hypothesis assumes that traits are under stabilizing selection for an
environmental optimum, and measuring the plants in a different environment (greenhouse) may

alter the shape of the selection gradient.
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Outbreeding depression in predominantly selfing species: within vs among population scales

As mentioned above, a loss of fitness following crosses between lines in predominantly
selfing populations has been reported frequently at the among-population scale (Rhode and
Cruzan, 2005; Heiser and Shaw, 2006; Johansen-Morris and Latta, 2006; Dolgin et al., 2007,
Gimond et al., 2013; Oakley et al., 2015; Vasseur et al., 2019). Yet, selfing lineages are
expected to accumulate genetic differentiation/incompatibilities even within populations, since
genetic exchanges between plants are rare or absent. In this study, we found no significant
difference between hybrids generated through crosses within- or among-populations,
suggesting that genetic differentiation and incompatibilities can accumulate among selfing
lineages even at local spatial scales. Few data comparing outbreeding depression at different
spatial scales are available in the literature. Gimond et al. (2013) found that hybrids of
Caenorhabditis elegans generated by crossing lines from the same population experience
smaller outbreeding depression compared to among-populations hybrids. In the same species,
Dolgin et al. (2007) found that within-population hybrids perform as badly as among-
population hybrids, but performed no statistical tests. Rhode and Cruzan (2005) found a similar
pattern in Priquieta caroliniana. Such results raise the question of defining what a selfing
population is. In the extreme case, we could consider each MLG as a single population that
interacts with other MLGs in a meta-population network. This result emphasises that
endangered selfing populations require cautious management, as genetic rescue could be highly
deleterious, even for individuals living in similar environments (but see Frankham, 2015, 2016).
Finally, it is worth pointing out that the genetic architecture of hybrid performances seems
uniform across spatial scales in M. truncatula, with dominance being the main driver of hybrid

dysfunction at both scales.
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Consequences for adaptation in predominantly selfing species

Self-fertilization is hypothesized to be an evolutionary dead-end (Takebayashi and Morrell,
2001; lgic and Busch, 2013). One argument to support this hypothesis is that phylogenetic
transitions from outcrossing to predominant selfing are virtually irreversible (Barrett et al.,
1996; Escobar et al., 2010; Harkness et al., 2019) . This is due to the fact that the evolution of
selfing is associated with a diminution of inbreeding depression through the purging of
deleterious mutations, which then allows evolution towards even higher selfing rates (Lande
and Schemske, 1985). Predominant selfing leads to an organisation of populations in multi-
locus-genotypes, which can be adapted to local conditions by combining different sets of alleles
(Lande and Porcher, 2015; Abu Awad and Roze, 2018). Here we show that hybridization
between those MLGs, both within and among populations, is mainly deleterious. This should
lead to strong selection against a reversion from selfing to outcrossing. The weak additive
variance for residual outcrossing found in a population of M. truncatula supports this idea

(Jullien et al. unpublished data).

Nevertheless, residual allogamy could be of major importance for the adaptation of
selfing populations to environmental changes. Using simulations, Clo et al. (Clo et al., 2020)
show that adaptation in predominantly selfing populations can rely on hidden genetic diversity
stored into negative associations between loci (linkage disequilibrium). Rare outcrossing events
occurring between differentiated MLGs are required to remobilize this genetic diversity. Yet,
this theoretical model assumes a purely additive genetic determinism for the phenotype while
the results of our experiment rather suggest that (directional) dominance and/or genetic
incompatibilities are important within predominantly selfing populations. If hybrids between
MLGs are unfit, they will be counter-selected, which will prevent the release of the hidden
genetic diversity and could potentially lead to the extinction of the population. Conversely, if

between-lines differentiation is due to directional dominance, and if the directionality of
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dominance goes in the same direction as the environmental change, hybridization may be
favourable and residual allogamy should boost adaptation (Harkness et al., 2019; Clo et al.,

2020).

CONCLUSION

In this study, we have shown that dominance can be a major driver of phenotypic and fitness
consequences of hybridization events between naturally occurring inbred lines of a
predominantly selfing species. We have also shown that this pattern seems to be shared by most
of the populations of M. truncatula used in this study. In addition, we demonstrated that
hybridization consequences are as important in crosses involving MLGs from the same
population and crosses involving MLGs from different populations. Our study stresses the
limits of line-cross analyses to dissect the genetic architecture of hybrid performance, and the
need to perform genomic and association genetics experiments for more accurate results.
Altogether, our results bring to light the relevance of considering dominance as a driver of the
evolution of self-fertilization and of the adaptive potential of inbred populations, but also the
necessity to consider dominance in theoretical and experimental studies at both phenotypic and

fitness scales.
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Annexe 1: Distinguish epistasic incompatibilities and dominance in line cross analyses.

In order to distinguish dominance effects from Dobzhansky-Miller incompatibilities
(thereafter called DMI), we use the theoretical framework introduced by Fitzpatrick (2008) to
incorporate DMI into line-cross analysis in quantitative genetics (Demuth and Wade 2005). We
detail here how Fitzpatrick’s model can efficiently distinguish the effects of dominance versus
epistatic incompatibilities on hybrid performance when DMI are recessive, but is unable to

distinguish between the two effects when DMI are dominant.

Let P denote the mid-parent value for a phenotypic trait, and D, €dd, €da, €da, and €aa be
the deviations in F1 and F2 from mid-parent phenotypes due to respectively, dominance,
dominance-by-dominance, dominance-by-additive, additive-by-dominance and additive-by-
additive epistatic interactions. Assuming that incompatibilities are not present in parental lines,

the mean of F1 and F2 are respectively
F_'l == p + D + edd
and

- = D edd eaa ead+eda
F,= P+ — &4 o¢y ad ~da
2 ot t 16T T s

Hence, if epistatic interactions are negligible compared to dominance effects, the distance
between the F1 and the mid-parent values is divided by two in the F2. On the contrary, if
dominance is negligible compared to epistatic interactions, the expectation changes depending

whether DMI are recessive or dominant. Under partially recessive DMI (when one gene action
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is dominant over the other, i.e. dd << €da,=€da, < €aa, figure 1B in Fitzpatrick 2008), then F; is
expected to be close to P, but F, becomes increasingly different from P when additive-by-
additive, dominance-by-additive and additive-by-dominance epistatic effects increase. In this
case, the ratio (F;-P)/ (F,-P) allows distinguishing outbreeding depression due to dominance

from outbreeding depression due to partially recessive incompatibilities (Figure A1-A).

Nevertheless, the distinction becomes harder for dominant incompatibilities (edd = €da, =
€da = e€aa, figure 1A in Fitzpatrick 2008), as in this case the means become

F_'l :P+D+ €dd
and

F, = P+D+ k

Hence, the distance between mid-parent and F; phenotypes is still divided by two in F if
dominance is strong compared to epistasis, but is divided by 9/16 (=0.5625), when
incompatibilities are strong compared to dominance (Figure A1-B). As the ratio (F;-P)/ (F,-P)
is very close under both scenarios, it prevents distinguishing between these two genetic

architectures.
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Figure Al. Distance between phenotypic values in F2 and Ficompared to mid-parent, as a
function of the relative strength of epistasis compared to dominance, under two scenarios of
Dobzhansky-Miiller incompatibilities. D is the deviation from the mid-parent value due to
dominance, and edd, €da, €da,, and €aa are deviations due to all epistatic forms. A. For partially
recessive incompatibilities, the red line indicates a ratio of 0.5, corresponding to the case where
deviations due to epistatic interactions are negligible compared to dominance. B. For dominant
incompatibilities, the red lines are centred on 0.5 and 0.5625 respectively, the two limits of the
ratio under this scenario, corresponding respectively to the case where deviations due to

epistatic interations are negligible compared to dominance, and vice versa.
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Figure S1. Relationship between either flowering date and the vegetative dry mass or the
number of seeds. Blue points represents parental lines, green points are F1 families, and red
points are F2 families. There are no significant relationships between flowering date and the

two fitness proxies, for any generations (p > 0.2 in all cases).
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Figure S2. Relationship between the vegetative dry mass and the number of seeds. Blue points
represents parental lines, green points are F1 families, and red points are F2 families. There are
significant relationships between both variables in all generations (p < 0.01 in all cases), but the

slope of regression does not differ between generations (p > 0.3).
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Figure S3. Dry mass (g) for each generation, for all families, for both within and among

population crosses. Error bars stand for one standard deviation.
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Figure S4. Number of seeds for each generation, for all families, for both within and among

population crosses. Error bars stand for one standard deviation.
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Figure S5. Violin plots and associated boxplots (in grey) of the D values for the dry mass and
fitness. The red horizontal dashed line corresponds to y = 0.5, the theoretical value for which
directional dominance is the main factor explaining the departure of F; and F, from the mid-

parent value.
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Table S1. Matrix of genetic differentiation between MLGs. The genetic differentiation among
these MLGs was measured using the 20 microsatellite markers, as the number of alleles that

differ between two MLGs divided by the total number of alleles without missing data

CO3- | CO3- | CO3- | CO3- | FRA- | FRA- | CO2- | CO2- | SPAL- | SPA1- | CO1- | CO1-
1 2 3 4 1 2 1 2 1 2 1 2
CO3- 0 0.14 0.5 071 | 0.71 0.78 | 0.78 | 0.78 0.93 0.93 0.75 | 0.92
1
CO3- 0 057 | 0712 | 057 | 0.71 | 0.78 | 0.78 0.93 0.93 0.67 | 0.83
2
CO3- 0 0.86 | 0.71 0.78 | 0.78 | 0.78 0.86 0.86 0.91 1
3
CO3- 0 0.78 0.78 | 0.71 | 0.78 0.86 0.86 0.91 1
4
FRA- 0 044 | 081 | 081 0.82 0.82 0.77 | 0.77
1
FRA- 0 0.94 | 0.88 0.82 0.82 0.77 | 0.92
2
CO2- 0 0.12 0.89 0.89 0.69 | 0.84
1
CO2- 0 0.89 0.89 0.69 | 0.84
2
SPA1- 0 0.42 0.93 | 0.93
1
SPA1- 0 0.87 | 0.87
2
CO1- 0 0.54
1
CO1- 0
2
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Table S2. Summary of all the crosses performed between MLGs. Light grey represents self-

fertilization events (Parental lines) on the diagonal. Mid-shaded grey represents within-

population hybridization events between MLGs (10 families). Dark-shaded grey represents

between-populations hybridization events between MLGs (14 families).
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Table S3. Summary of AICs for each model and each family for which at least one generation
of hybrids (F1 and F2) is significantly different from mid-parent value, for the dry mass. Best

model(s) have bold AIC(S).

Cross ID A A+D A+D- A+R- A+D + D- A+D + R-
DMI DMI DMI DMI
SPA-1 x 198 192 191 200 193 193
SPA-2
CO3-1x 241 231 230 243 231 231
CO3-3
CO3-1x 280 281 281 282 283 283
CO3-4
CO1-1x 306 297 296 305 297 297
CO2-1
CO1-1x 320 312 311 321 313 313
CO3-1
CO1-1x 277 273 272 274 270 270
COs3-3
SPA-1 x 322 321 321 324 323 323
COs3-3
CO2-1x 260 260 260 262 261 261
CO3-1
CO2-1x 260 254 253 262 253 253
CO83-3
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Table S4. Summary of AICs for each model and each family for which at least one generation

of hybrids (F1 and F2) is significantly different from mid-parent value, for the number of seeds.

Best model(s) have bold AIC(s).

Cross ID A A+D A+D- A+R- A+D + D- A+D + R-
DMI DMI DMI DMI

SPA-1x | 559 552 551 558 551 551
SPA-2

CO3-1x |925 920 921 921 918 918
CO3-3

CO3-1x | 932 934 924 928 930 930
CO3-4

SPA-1x | 933 931 931 932 931 931
CO2-1

CO2-1x | 971 967 967 973 968 968
COs3-3
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Chapitre 4 : Au-dela de I’additivite, de
I”’importance de considéerer I’effet de la
dominance sur le niveau et la structure de

la diversité genétique des populations

This article is under review in Evolution.
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In the different chapters of this thesis, | showed that the theoretical relationship between
adaptive potential and self-fertilization is not well supported empirically, and that directional
dominance seems likely to be of major importance when considering the adaptive potential of
predominantly selfing species. This last point could explain the discrepancies between theory
and data, since the theoretical models of quantitative traits under stabilizing selection make the
strong assumption of pure additivity at the phenotypic scales (Schneemann et al. 2020). Even
if these models are surprisingly able to fit well with biological processes (like the average
dominance level of deleterious mutations, or the distribution of epistatic interactions among
alleles, Martin et al., 2007; Manna et al., 2011), assuming a more realistic genetic architecture
of quantitative traits and fitness could help to reconcile theory and data. In addition, when
dominance occurs with inbreeding, the response to selection is more complex to predict, with
new non-additive terms contributing to the adaptive potential of populations (Kelly, 1999).
Estimations of such components remain rare in the literature (see Wolak & Keller 2014 for a
review), and little is known about their contribution to the genetic variance for quantitative traits

under stabilizing selection.

In this last chapter, | relaxed this assumption and explored the effect of directional
dominance on a fitness-related trait under stabilizing selection for populations that differ in
selfing rates. By decomposing the genetic variance into additional components specific to
inbred populations, | showed that dominance components could make substantial contributions
to the genetic variance of inbred populations. | also showed that ignoring these components
leads to an upward bias in the predicted response to selection. Finally, | showed that when
considering the effect of directional dominance, the evolutionary potential of populations
remains comparable across the entire gradient in outcrossing rates, at both short- and long-term,

reconciling theoretical and empirical results.

These findings suggest that other ecological or evolutionary mechanisms need to be
invoked to explain the reduced evolutionary success of (partially) selfing species. All the results
and their implications are discussed in the following section.
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Abstract: Self-fertilization is thought to leads to reduced adaptive potential, thus leading
selfing lineages down an evolutionary ‘blind alley’. The original argument is that, because
selfing populations are expected to harbour less genetic diversity, their capacity for adaptation
in the event of an environmental change is reduced. Though well supported theoretically,
empirical support for reduced adaptability in selfing species is limited. One limitation of
classical theoretical models is that they assume pure additivity of the fitness-related traits that
are under stabilizing selection, despite ample evidence that quantitative traits are subject to
directional dominance. Here we relax this assumption and explore the effect of directional
dominance on a fitness-related trait under stabilizing selection for populations that differ in
selfing rates. By decomposing the genetic variance into additional components specific to
inbred populations, we show that dominance components can explain a substantial part of the
genetic variance of inbred populations. We also show that ignoring these components lead to
an upward bias in the predicted response to selection. Finally, we show that when considering
the effect of directional dominance, the evolutionary potential of populations remains
comparable across the entire gradient in outcrossing rates, reconciling theoretical and empirical
results. Our findings suggest that other ecological or evolutionary mechanisms need to be

invoked to explain reduced evolutionary success of (partially) selfing species.

Keywords: adaptation, directional dominance, evolvability, quantitative genetics, self-

fertilization, standing genetic variation
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Introduction

The contribution of non-additive genetic components to the standing genetic variance in
guantitative traits is a topic of long-standing theoretical and empirical interest. The contribution
of dominance variance (variance due to interactions between alleles at the same locus) has
received particular attention. For Fisher (1958), dominance variance was expected to be
negligible, as non-additive genetic effects are equal to zero across an infinite number of genetic
backgrounds (Fisher, 1958). In agreement with this assertion, Hill et al. (2008) concluded from
the analysis of a bi-allelic single-locus model that additive variance always explains most of
the genetic variance at mutation-drift equilibrium, notably because alleles are maintained at
extreme frequencies (close to 0 or 1). Wright, on the contrary, stipulated that populations are
generally of finite size, therefore non-additive genetic effects cannot be ignored (Wright, 1931).
Because natural populations are expected to have low effective sizes in general (Roff, 2012),
dominance could be a major component of the genetic variance in natural populations. Although
dominance variance does not contribute directly to the adaptive potential of diploid organisms,
neglecting its contribution to the genetic variance can lead to substantial bias when estimating
additive variance (Ovaskainen et al., 2008). Therefore, the study of dominance effects and their
role in the genetic architecture of quantitative traits is of major importance when aiming to

quantify the evolvability of quantitative traits in natural populations.

Ignoring epistasis, two components contribute to the genetic variance of a quantitative
trait in a randomly mating population. These are the additive variance and the dominance
variance. Conveniently, the response to selection can be predicted as the product of the additive
genetic variance and the selection gradient acting on a trait (Lande, 1979). This simple model
has facilitated the highly successful research programme in evolutionary quantitative genetics,
which has yielded countless empirical estimates of natural selection (e.g. Siepielski et al., 2017)

and additive genetic variance (e.g. Hansen et al., 2011; Opedal, 2019). Importantly, this model
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rests on the assumption that populations mate randomly. Under partial inbreeding, predicting
the response to selection becomes much more complicated. In particular, while dominance
variance does not contribute to selection response under random mating, this is no longer the
case under partial inbreeding (Wright and Cockerham, 1985; Kelly, 1999a). When inbreeding
and directional dominance occurs simultaneously, at least three additional terms contribute to
the genetic variance (Cockerham and Weir, 1984). The genetic variance of a population with

an average inbreeding coefficient of F is then equal to
O_ZG,F = (1 + F) ngenic + (1 —_ F)O-ZDR + F UZDI + 4F OAD] + F(l - F)H* (1)

where o?genic (the variance of additive effects of alleles) and o%or (the variance of dominance
deviations of a randomly mating population) are the classical terms most often inferred in
guantitative genetics. The additional terms arising under partial inbreeding include the variance
of dominance deviations of a fully inbred population o201, and the covariance between the
additive effect of an allele and its homozygous dominance deviation oapi. This covariance arises
because the increased homozygosity in inbred populations increases the probability that an
allele occurs in its homozygote state, which creates a covariance between the contribution of
an allele to the breeding value and the dominance deviation of the homozygote genotype
(Wolak and Keller, 2014). Note that unlike the other terms of equation (1) this term is a
covariance and can thus be negative. The third additional component, H", is the squared per-
locus inbreeding depression, summed over all loci. This last term is expected to be small if
inbreeding depression is due to the cumulative effect of a large number of loci with small effects
(Shaw et al., 1998). While o%or does not affect the response to selection, the additional
dominance components (notably ¢%pi1 and oapi) contribute to the adaptive potential, because
they contribute to the covariance between parents and offspring, on which selection response

depends (Wright and Cockerham, 1985; Kelly, 1999a, 1999b).
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Plant mating systems are highly variable and range from functional asexuality to
obligate outcrossing (Barrett, 2003). Pure mating strategies (obligate selfing or outcrossing) are
uncommon, and most plant species exhibit partial inbreeding (mixed mating systems;
Goodwillie et al., 2005). Within mixed-mating species, outcrossing rates often vary widely
among populations (Whitehead et al., 2018). This variation makes plants ideal subjects for
studies assessing the evolutionary importance of non-additive genetic variance components. In
the light of ongoing changes in pollinator communities (including pollinator declines), a
question of particular interest is how a transition from outcrossing towards partial selfing affects
the immediate and long-term adaptive potential of populations. Quantitative surveys and meta-
analyses have yielded somewhat conflicting results concerning the relationship between selfing
rate and adaptive potential. Charlesworth and Charlesworth (1995) compiled estimates of
outcrossing rates, heritabilities, and coefficients of genetic variation from published studies of
plants, and detected weak overall relationships between outcrossing rates and standing genetic
variation. They did, however, detect the predicted positive relationship when restricting the
analysis to additive genetic coefficients of variation. More recently, Opedal et al. (2017)
reported only minor differences in evolvabilities (mean-scaled genetic variances) of floral traits
between predominantly selfing, mixed-mating, and predominantly outcrossing plants, while
Clo et al. (2019) detected a weak positive relationship for certain traits. These results suggest
that explicit consideration of non-additive components may be needed to fully understand the

adaptive potential of partially selfing populations and species.

Here, we use simulation models to study the relationship between mating systems and
the genetic variance, focusing in particular on the contribution of those variance components
related to directional dominance interacting with inbreeding. Specifically, by introducing
dominance into classical models of quantitative traits under stabilizing selection, we dissect the

genetic architecture of quantitative traits at mutation-selection-drift equilibrium. We test if
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incorporating all relevant components of genetic variance into a simplified model of selection
response yield accurate estimates of the rate of evolution of partially selfing populations,
notably compared to purely additive models. Finally, we use the insights from our model to
discuss the short- and long-term effects of self-fertilization on the adaptive potential of

populations.

Material and Methods
Simulation program

The model parameters, their abbreviations, and their values considered in simulations are
summarized in Table 1. We consider the evolution of a quantitative trait Z in a population of
size N, comprising diploid individuals reproducing through partial self-fertilization at a constant

selfing rate s. The phenotypic value z of an individual is given by
z=g+e (2

where e is the random environmental effect drawn from a Gaussian distribution with mean 0
and variance Ve and assumed to be independent from the genetic components. The genetic
effect g is controlled by L bi-allelic loci with both additive and dominance effects and is given
by g = X% (g}" + g} + 6;), where g™ and g are the additive allelic effects at locus j inherited
from the maternal and paternal gamete, respectively, and ¢j is the dominance deviation (the
difference between the genotypic value and the additive value) if g™; »gfj. The additive allelic
effects at the jth locus are either O or rqj, where rq; is drawn from a Gaussian distribution with
mean 0 and variance a2 The dominance deviation at the jth locus is drawn from a Gaussian

distribution of mean D.rq; and variance d2. The trait Z is subject to stabilizing selection around
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an optimal phenotypic value denoted Zopt. The fitness value Wz of an individual with phenotype

z is thus described by the Gaussian fitness function:
WZ — e_(Z_Zopt)z/szl (3)

where w? is the width of the fitness function and represents the strength of selection. The main
effect of adding directional dominance at the phenotypic scale is to change the average
coefficient of dominance for a deleterious mutation h. Under a fully additive model, h = 0.25
(Manna et al., 2011). With directional dominance, deleterious mutations with effects acting in
the opposite direction of the dominance deviation have h values ranging from 0.25 to 0 (fully
recessive). On the contrary, deleterious mutations with effects acting in the same direction as

the dominance have h values ranging from 0.25 and 1 (fully dominant).

We initiated each simulation from a population of genetically identical individuals at
the phenotypic optimum (all loci carried alleles with effect 0 and Zort = 0). The life cycle can
be summarized by five successive events. First, there is a phenotype-dependent choice of the
first parent (selection), followed by mating-type choice (selfing versus outcrossing at rates s
and [1- s], respectively). In the case of outcrossing, the choice of the second parent is also
phenotype dependent. Selection takes place as follows: if the ratio of the selected parent’s
fitness over the highest recorded fitness value in the current generation is higher than a threshold
value sampled from a uniform distribution between 0 and 1, the individual is allowed to
reproduce. Once the two parents are chosen, they each contribute a gamete produced by random
sampling of one allele per locus. This phase is then followed by the introduction of mutations
from allele O to allele rq and vice versa, the number of which is sampled from a Poisson

distribution with parameter U (with U = L, where p is the per-locus mutation rate).

140 | Page



Investigated parameter values

We ran simulations for several parameter sets (Table 1). The values chosen for the mutation
rate U (0.005 and 0.05) reflect the expected per-trait haploid genomic mutation rate reported in
the literature (Keightley and Bataillon, 2000; Shaw et al., 2002). This also reflects two mutation
regimes, one where genetic associations are negligible (U = 0.005), and one where they are
influential (U = 0.05, see Clo et al., 2020). We chose parameter set values similar to those
explored in Burger et al., (1989) and Ronce et al., (2009), with the number of freely
recombining loci under selection L = 50, and a2 = 0.05 (in agreement with empirical estimates,
Lynch, 1988), Ve =1, w? = 1, 9 or 99. We considered three levels of dominance, with the
increasing allele being always dominant, D = 0 (non-directional dominance), D = 0.5 (partial
dominance) and D = 1 (complete dominance), and d2 = 0.05. Scenarios of partial and complete
recessivity are not presented as they gave results similar to those for partial and complete
dominance. Simulations were run for the full range of selfing rates (s varied from 0 to 1). We
also considered three population sizes N = 250, 1000 and 10000, which allowed us to explore

the effect of drift.
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Table 1. Description of model parameters, their abbreviations and range of values considered

in the simulations.

Parameter

Abbreviation

Value(s)

Population size
Selfing rate
Number of loci

Dominance level

Strength of stabilizing
selection
Haploid phenotypic mutation
rate
Mutational variance for the
quantitative trait
Variance in dominance

deviations

a2

d2

250, 1000, 10.000
FromOto1l
50
0 (non-directional), 0.5
(partial dominance), 1
(complete dominance)

1,9 99

0.005 or 0.05

0.05

0.05

Question 1: What is the relative contribution of each genetic variance component?

Our simulations allow us, for the first time, to evaluate the contribution of each genetic

parameter of equation (1) for a quantitative trait under stabilizing selection. We computed each

variance component following Cockerham & Weir (1984), and we multiplied them by their
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expected contribution based on the inbreeding coefficient F (equation 1, expected and observed
F did not detectably differ, as reported by Glémin, 2003). Table 2 summarizes how each
component of variance is calculated. We also explored the effect of dominance on the amount
of variance due to genetic associations across loci (i.e. a Bulmer effect, Bulmer, 1974). The
genetic covariances (oLp hereafter) are calculated for pairs of loci because pairwise associations
are expected to explain most of the among-loci component (figure S1). Hence, higher-order

associations appear negligible.

As a second step, we computed the proportion of within-loci variance components that
is due to additivity and dominance, following the formulae of Cockerham & Weir (1984). If
identity disequilibrium is null (which is the case when there is no variance in inbreeding level
within the population, or when all individual inbreeding coefficients are known, Shaw et al.,
1998; Nietlisbach et al., 2016), one can decompose the genetic variance into additive and
dominance components. The additive and dominance variances of a population with a given

inbreeding coefficient F are equal to

2 2 2F%) ,
oirp = (1 + F)Ogenic + 4Foup; + 1+ F o0 4)

and

F(1-F)

o5r =1 —F)ajg tTTF

0% + F(1 —F)H* (5)

(Cockerham and Weir, 1984).
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Table 2. Genetic variance components and their measurements. In formulas, nis the number of
alleles at the kth locus, L is the number of loci that encode the quantitative trait, pik is the
frequency of the ith allele at locus k, aik is the additive effect of the ith allele at locus k and ik
is the dominance effect at locus k associated with genotype ij. Both aik and &ijk are defined from

the ancestral (random mating) base population (Lynch and Walsh, 1998, chapter 4).

Variance component Estimation

0'2genic LI
2
2 Z Z Dik®i
k

i

02DR L. nn
Z Z z Pi,kpj,k5i2j,k
k i J
/L n
Z (Z Pik 5ii,k)2
ki
L n n
Z(Z pi,kaizi,k - (Z Pi,k5ii,k)2)
ki i

OADI Lo
Z Z B 1 O
X

i

Question 2: Predicting the immediate response to selection under inbreeding

In order to predict the immediate response to selection for a population with a given selfing
rate, we used a simplification of the Structured Linear Model (SLM hereafter) of Kelly (1999).
The SLM decomposes the population under study into cohorts sharing the number of

generations of selfing that individuals have undergone. Within each of these cohorts, the model

144 |Page



assumes linearity between offspring and parental phenotypes. Following Kelly (1999), the
mean value of a quantitative trait controlled by loci with alleles having arbitrary dominance

relations can be written as
Z = po—F(u; — o) (6.1)
or
Z = u,—FB (6.2)

, Where o and tu are the means of the obligate outbred and obligate inbred populations,

respectively, B is the directional dominance of the trait, and F the mean inbreeding coefficient

of the population. Following Kelly (1999), we can write
Ao = (0% genic + F(0%genic + 204p1))S (7)
and
AB = (04p; + F(oapr + 05))S (8)

where S is the selection differential. In the SLM, AB, Au, and S are calculated within each
cohort of selfing, and the overall changes AB and Au,, and hence the change in the mean
phenotype, are determined by a weighted average of cohort-specific values. Here, we simplified
the SLM by considering the population as a single cohort of equally inbred individuals. By

doing so, the expected change of the quantitative trait under study is equal to

AZ = ((1 + F)02onie + F20%; + (3F + FZ)UAD,) S (9)

This quantity is very similar to the additive variance of a population with an inbreeding

coefficient equal to F (equation 4) and gives similar results for the parameter sets tested (results
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not shown). Nevertheless, the former result holds only under linkage equilibrium. With genetic

associations, the equation becomes

0Z = ((1+ F)02nic + F208; + (3F + F2)aup, + 015) S (10)

, Where oLp represents the effect of genetic associations on the phenotypic variance. When F is
equal to 0, equation 10 is equal to the breeder’s equation (Walsh and Lynch, 2018), and when

F is equal to 1, we find the classical model of pure-line selection (Gallais, 1990).

We first tested if incorporating all the variance components allows predicting the
response to selection more accurately than is possible with a simpler “additive” model (taking

into account g, and o, only). To do so, we introduced an environmental change (coded

as a shift of the phenotypic optimum) and followed the response to selection over one
generation. We compared the response to selection (the observed change of the mean fitness)
with predictions based on Fisher’s fundamental theorem of natural selection (FTNS hereafter,
Fisher, 1958). We computed the expected response to selection using the classical definition of

JE— (1+F)O';enic+0'LD . . ; N
the FTNS (AW, = T) as well as a full version derived from equation 10 (AW, =
F

2
(1+F)0genic+F20p+(3F+F*)oapr+0oLp
Wr

), where Wy is the mean fitness of a population with a given

inbreeding coefficient F.

The assumption that all individuals have the same inbreeding coefficient is realistic for
extreme selfing rates (close to either O or 1) but is probably overly simplistic for mixed-mating
populations. Nevertheless, Kelly & Williamson (2000) compared the accuracy of this “single
cohort” model with the full SLM and found that, while the full SLM is overall more accurate
over the set of simulations they considered, the single-cohort model is generally a good
predictor of the mean changes. The only case for which the single-cohort model can be

inaccurate is when there is excessively strong inbreeding depression for fitness (Kelly and
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Williamson, 2000). Such cases are not expected in our simulations, because the trait under study
is already under stabilizing selection, and the inbreeding load is partially purged due to selfing
(recall that the higher the selfing rate, the smaller the inbreeding load at equilibrium). In

addition, the single-cohort model is probably more applicable empirically than is the full SLM.

Question 3: The effect of shifting from outcrossing to selfing on additive variance

It is generally accepted that a shift from outcrossing to selfing increases adaptive potential on
the short term, because the genic variance is expected to increase by a factor (1+F) due to
positive correlations between additive allelic effects within loci among offspring (Wright, 1931;
Lande, 1977; Peterson and Kay, 2015). However, this ignores the contribution of the other
components of the genetic variance, and notably the covariance between the additive effect of
an allele and its dominance deviation (g4p;) Which can be substantially negative. Using equation
10 we will test if this hypothesis holds in our simulated data, and in empirical data. Only four
studies have estimated all the components of genetic variance in natural plant populations
(Shaw et al., 1998; Kelly, 2003; Kelly and Arathi, 2003; Marriage and Kelly, 2009). These
studies are restricted to two species, Mimulus guttatus (Kelly, 2003; Kelly and Arathi, 2003;
Marriage and Kelly, 2009) and Nemophila menziesii (Shaw et al., 1998), and a total of 22
estimates for individual traits. We used equation 10 to estimate the effect of shifting from
obligate outcrossing to a given selfing rate s on adaptive potential. To compare the change in

additive variance in the empirical and simulated data, we computed the ratio

(L4 F)0jenic + F205; + BF + F¥)ayp, (11
O-gzenic
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Comparing the empirical data to simulations assuming different parameter values can also yield
insights into the range of possible values for the level of dominance and strength of stabilizing

selection to which traits are subject in natural populations.

Results

Question 1: What is the relative contribution of each genetic variance component?

Overall, the within-loci genetic variance (ignoring genetic associations) is dominated by the
additive component for all selfing rates and all degrees of dominance (Figure 1). As expected,
the contribution of dominance variance to genetic variance increases with the degree of
dominance. In the case of complete dominance (D = 1), the dominance component explains
around 25% of the genetic variance for outcrossing populations (Figure 1). These patterns are
found for all simulation parameters we considered, and dominance variance never explained
more than 30% of the genetic variance (Figure 1). For completely selfing populations, the

contribution of dominance variance to total genetic variance is always zero (egs. 4 and 5).
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Figure 1. Effects of selfing rate and the dominance level between alleles at a given locus on
the proportion of the within-loci genetic variance that is additive (6 /(04 + 05 r) See eqgs. 4
and 5 for details). All figures are for N=1000 and L=50, while the strength of stabilizing
selection and mutation rate vary among panels. The parameter D indicates the level of
dominance, with 0, 0.5 and 1 indicating non-directional dominance, partial dominance and
complete dominance relationships between alleles. Errors bars indicate 95% confidence

intervals (n = 100).
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The overall effect of directional dominance is to flatten the relationship between the
genetic variance and the selfing rate (Figure 2A). When dominance is not directional on average
(D = 0), the genetic variance decreases progressively with the selfing rate (Figure 2A). In the
presence of directional dominance, the genetic variance is smaller in outcrossing and mixed-
mating populations (s < 0.8), and higher in predominantly selfing populations (s > 0.8),

compared to a co-dominant scenario (Figure 2A).

The genetic variance is dominated by those components contributing to the additive
variance, that is the genic variance (o%enic), the variance of homozygous dominance deviations
(o%p1), and the covariance between additive effects of alleles and their homozygous dominance
deviations (oapi, Figure 2B, D & F). The main effect of directional dominance is to increase the
strength of purifying selection against deleterious mutations, leading to a loss of genic variance
(o%genic) when the degree of dominance increases (Figure 2B). The contribution of the variance
of homozygous dominance deviations (¢°p1), and the covariance between additive effects and
their homozygous dominance deviations (capi) slowly increase with the selfing rate, so that
these components become important components of the genetic variance at high selfing rates (s
> (.8) and for strong dominance (D = 1, Figure 2D & F). Overall, the dominance variance of a
random-mating population (¢2o0r) and the sum over all loci of squared per-locus inbreeding
depression (H") has minor effects on genetic variance, independently of the selfing rate and the
degree of dominance (Figure 2E). The genetic associations (oLp) are important to consider only
for predominantly selfing populations (s > 0.8, Figure 2G). The higher the degree of dominance,
the higher the selfing rate for which genetic associations become substantial (Figure 2G). This
leads to the result that the covariance between additive effects and their homozygous dominance
deviations (oabi) can be the main factor decreasing the genetic variance and thus the adaptive
potential of populations (Figure 2F), notably when the mutation rate is low (Figure S2).

Decreasing the mutation rate or the strength of stabilizing selection does not alter the described
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patterns (Figure S2 and S3), although, when selection is weaker, positive genetic covariances

between alleles at different loci can arise for mixed-mating populations (Figure S3).

The reduction of genic variance for outcrossing populations with directional dominance
also lead to the surprising result that the genic variance is higher in predominantly selfing
populations than in outcrossing or mixed-mating populations, independently of the mutation
rate for the quantitative trait and hence the strength of genetic associations (Figure 2, S2 and
S3). It is also remarkable that, even though some genetic components do not contribute to the
total genetic variance due to the value of the inbreeding coefficient, it does not mean that the

genetic component itself equals zero.
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Figure 2. Genetic variance decomposition as a function of selfing rate at mutation-selection-
drift equilibrium. All the genetic variance components (panels B to G) are scaled to reflect their
relative contributions. A. Total genetic variance (¢%c). B. Genic variance (62genic). C. Dominance
variance of a random mating population (¢%or). D. Dominance variance of a fully inbred
population (62p1). E. Sum over all loci of squared per-locus inbreeding depression (H"). F.
Covariance of additive effect of alleles and their homozygous dominance deviations (cani). F.
Genetic covariance (or Bulmer effect, oLp). Other parameters are N=1000, L=50, U=0.05 and

w?=1. Errors bars indicate 95% confidence intervals (n = 100).
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Question 2: Predicting the response to selection under inbreeding

Considering all the components of the genetic variance

Considering all relevant components of the genetic variance allows more accurate prediction of
the response of a population to selection than is possible with a restricted model focused on the
genic variance only (Figures 3, S4 & S5). This result holds even in the case of non-directional
dominance (Figure 3, D = 0), notably when the rate of selfing increases (Figures 3 & S4). Both
models tend to overestimate the response to selection (Figure 3, S4 & S5), but the upward bias
is much greater when considering only the genic variance as a source of adaptive potential
(Figures 3, S4 & S5). This effect relates largely to the contribution of the covariance of additive
effect of alleles and their homozygous dominance deviations (oapi), which is negative and thus
tends to decrease the response to selection. Interestingly, the prediction of the full model can
be far from the observed mean fitness change for populations that are highly but not completely
selfing (0.9 <s<0.95, Figures 3, 4 & S4), notably when the change in the optimum occurs in
the same direction as the directional dominance (Figure 4). The higher the additive variance
(and thus the less stochastic the response) and the higher the degree of dominance, the more

accurate is the full model compared to the restricted model (Figures 3, S4 and S5).
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Figure 3. Observed versus predicted (through the fundamental theorem of natural selection )
mean fitness change as a function of the dominance level between alleles, for three
representative selfing rates (s = 0.4, 0.95 and 1). The blue points and line represent predictions
computed by using all the components of the genetic variance that contribute to adaptive
potential. The red points and line represent predictions computed by using the genic variance
only. The black line represents the theoretical 1:1 relationship between observed and predicted

mean fitness change. Other parameters are N=1000, L=50, U=0.05 and »?=1.
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Figure 4. Observed and predicted mean fitness change after one generation of directional
selection, as a function of the selfing rate and the directionality of dominance and selection.
The blue points represent predictions computed by using all the components of the genetic
variance that contribute to adaptive potential. The black points are the observed changes. A.
Dominance and selection act in the same direction. B. Dominance and selection act in opposite
directions. Other parameters are N=1000, L=50, w2 =1, D = 1 and U=0.05. Errors bars indicate

95% confidence intervals (n = 100).
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Effects of the mating system on the immediate response to selection

Directional dominance modifies the effect of the selfing rate on the immediate response to
selection (Figure 5). The co-dominant model (D = 0) is similar to fully additive models, with a
non-linear decay of adaptive potential of populations as a function of the selfing rate. The decay
is slow for mixed-mating populations (s < 0.9), and abrupt for predominantly selfing
populations (s > 0.9). For scenarios with directional dominance (D = 0.5 or 1), the response to
selection declines rapidly at very high selfing rates (s > 0.99), while the relationship is more U-
shaped for more moderate selfing rates (Figure 5). The initial decline in response to selection
for intermediate rates of inbreeding followed by an increase for highly selfing populations (0.6
< S < 0.95) means that predominantly selfing populations may exhibit adaptive potential
comparable to that for outcrossing populations (Figure 5), notably for higher degrees of

dominance (D = 1). These patterns remain true whatever the strength of selection, and the

mutation rate (Figures S7 & S8).
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Figure 5. Observed and predicted mean fitness change after one generation of directional

selection, as a function of the selfing rate and the degree of dominance. The blue points

represent predictions computed by using all the components of the genetic variance that

contribute to adaptive potential. The black points are the observed changes. Other parameters

are N=1000, L=50, w? =1 and U=0.05. Errors bars indicate 95% confidence intervals (n = 100).
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Question 3: The effect of shifting from outcrossing to selfing on additive variance

The empirical estimates of all the genetic-variance components for floral and fitness traits
compiled from the literature suggest that considering all the components is critical to
understanding the adaptive potential of historically outcrossing populations in the event of a
shift towards selfing (Figure 6). In the full model, switching from obligate outcrossing to
complete selfing increases the adaptive potential by a factor of 3, compared to a factor of 2 for
the additive model (Figure 6). The simulated data are in agreement with this pattern when
genetic diversity is low (i.e. for low mutation rates and/or strong stabilizing selection, Figures
6, S6 & S7). The rate of increase in adaptive potential with increasing selfing rate depends on
the degree of directional dominance and is stronger for complete dominance (Figure 6). When
genetic diversity is higher (for high mutation rate and/or weak stabilizing selection), on the
other hand, the increase in adaptive potential with selfing is weaker under the full model than
under the additive model (Figure S8). Interestingly, several of our simulation sets correspond
well to the pattern in the empirical data (Figure 6, S6, S7), especially the case N = 1000, U =
0.005, L =50, D = 1 and w? = 9 (Figure 6). These observations suggest that the studied traits
may tend to be subject to strong directional dominance (0.5 < D < 1) and strong stabilizing

selection (1 < w?*<9).
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Figure 6. Evolution of the additive variance (equation 10) for a randomly mating population (s
= 0) in the event of a switch to a given selfing rate s. Grey points represent average values for
empirical estimates (£ 1 SE, see eq. 11 for details), whereas red, blue and black points represent
simulation results for D = 0, 0.5 and 1, respectively. The genic model represents the classical
prediction of an increase of the adaptive potential of a factor (1+F). Other parameters values
are N = 1000, U = 0.005, L =50, and w? = 9. Errors bars indicate 95% confidence intervals for

simulated values (n = 100), and standard errors for empirical values (n = 22).

159 | Page



Discussion

Shifts in mating systems can have important implications for trait evolvability and hence the
potential of populations to adapt to shifting adaptive optima. Here, we have explored the effect
of directional dominance on a quantitative trait under stabilizing selection. We have shown that
the additive variance is always the largest component of the genetic variance, but the relative
contribution of each component of the genetic variance depends on the degree of dominance
and the selfing rate of the population under study. For inbred populations, even if the
contribution of those dominance terms specific to inbred populations can be moderate,
incorporating them into models of response to selection greatly improves the predictive power.
We also showed that a simplification of existing models of selection response in partially selfing
populations do not lead to dramatic reductions in predictive power. The overall effect of
directional dominance is to flatten the effect of mating system on the immediate response to
selection, notably by reducing the standing genetic variation of randomly mating populations.
Finally, based on empirical estimates of all relevant components of genetic variance in partially
inbred species, we have shown that the transition from obligate outcrossing to selfing is
probably more advantageous in terms of adaptive potential than previously expected,
suggesting that selfing may evolve under a wider range of conditions than traditionally thought.
The comparison of empirical estimates of variance components to our simulation results
allowed us to formulate hypotheses about the strength of stabilizing selection typically acting

on fitness-related traits.

The decomposition of the genetic variance under directional dominance

Our simulations demonstrate that most of the genetic variance is explained by the additive

variance (as defined by Cockerham and Weir, 1984). For outcrossing populations, where only
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the genic and classical dominance variance (o2or) are relevant to selection response, we found
that dominance variance never explains more than 30% of the genetic variance. This result
extends the theoretical predictions of Hill et al. (2008), namely that dominance variance
contributes only a small fraction of the genetic variance and that adding selection on the focal
trait does not alter qualitatively these results. Empirical results are more variable, and
dominance variance can explain from 0 to almost 100% of the genetic variance (see Wolak and
Keller, 2014 & Class and Brommer, 2020 for brief reviews). Estimates from natural populations
are rare and hence prevent generalization about the contribution of dominance to genetic
variance, but most estimates suggest a dominance contribution of less than 50% (Mullin et al.,
1992; Abney et al., 2000; Merila et al., 2001; Waldmann et al., 2008; e Silva et al., 2010; Class

and Brommer, 2020), in agreement with our simulation results.

When considering all relevant components of the genetic variance, we found that the
genic variance, the variance of dominance deviations in a fully inbred populations, and the
covariance between additive effects of alleles and their homozygous dominance deviations are
important components to consider if we want to understand the adaptive potential of
populations. The contribution of these terms to the genetic variance is important mainly for
highly selfing populations for which the inbreeding coefficient is high. This result agrees with
the few empirical data available in the literature (Hoeschele and Vollema, 1993; Shaw et al.,
1998; Edwards and Lamkey, 2002; Kelly, 2003; Kelly and Arathi, 2003; Marriage and Kelly,
2009). Again, more empirical results are needed to gain insight into the evolutionary importance
of these components. The scarcity of such data in the literature almost certainly relates to the
complexity of their inference, which necessitates either complicated crossing designs (Shaw et
al., 1998), or the use of fully inbred lines (Kelly and Arathi, 2003). Exploiting predominantly
selfing species is probably the easiest way forward towards greater empirical insight into these

processes (Gay et al., 2013), because their populations are naturally organized into fully inbred
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lines (Siol et al., 2008; Jullien et al., 2019). By considering the selfed progenies of these natural
lines as well as the rare hybrids produced by residual allogamy between the repeated multi-
locus genotypes, it is possible to estimate all the components of the genetic variance (Kelly and

Arathi, 2003).

Predicting the response to selection in partially selfing populations

To evaluate the importance of non-additive variance components in selection response, we
tested if a simplification of the structured linear model (Kelly, 1999a) integrated into the
fundamental theorem of natural selection (FTNS) can be a good predictor of the evolution of
population mean fitness. Although the additional genetic variance components relevant to
inbred populations (62o1, sapi and H”) contribute only moderately to the genetic variance of the
population, the single-cohort model we used proved always to be more accurate than a fully
additive model, even when dominance is not directional on average, in agreement with a
previous investigation by Kelly and Williamson (2000). The additive model generally
overestimates the response to selection compared to the full model, notably because it ignores
the covariance between the additive effects of alleles and their homozygous dominance
deviations, which can be substantially negative as previously pointed out by Shaw et al. (1998).
The single-cohort model is expected to be inaccurate when inbreeding depression is strong
(Kelly and Williamson, 2000), which was not the case in our simulations because the
quantitative trait under study is already under selection, or when the selected individuals are
not a random sample of the inbreeding classes (Kelly, 1999a; Walsh and Lynch, 2018). We
found that this latter problem can greatly bias the predictions derived from the simplified model
for highly but not fully selfing populations when the dominance deviations and selection act in

the same direction. This discrepancy is notably due to the fact that for such selfing rates
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populations are organized into inbred lines (Lande and Porcher, 2015; Abu Awad and Roze,
2018), and hybridization events between those lines creates F1 hybrids in which directional
dominance is fully expressed. If the dominance and selection act in the same direction, it will
split the population into two cohorts, one with those F1 that were selected against before the
change, and another cohort of inbred lines that are less fit than their hybrids (Clo et al., 2020).
In such cases, the inbreeding coefficient of the selected individuals is much lower than expected
for such selfing rates, explaining the difference between predicted and observed changes (Kelly,
1999a). If dominance and selection act in different directions, F1 hybrids will be less fit than
inbred lines in the new environment, and the selected individuals will have an inbreeding
coefficient closer to that expected under such a high selfing rate, explaining why our
simplification is more accurate in this case (Figure 4). Because the response to selection after
an environmental change can be fuelled by the remobilization of cryptic diversity stored in
negative linkage disequilibrium by residual allogamy in predominantly selfing species (Clo et
al., 2020), we expect that the alignment between dominance and selection will have a major
effect on the short-term adaptive potential of inbred populations. Notably, if hybrids are
selected against because dominance generates recombinant individuals far from the new
phenotypic optimum, the remobilization of cryptic diversity by residual allogamy will not
occur, and response to selection will be based on inbred lines, limiting the adaptive potential of

selfing populations (Noél et al., 2017; Clo et al., 2020).

Consequences of a mating system shift for short- and long-term adaptive potential

Based on a fully additive model, a shift from outcrossing to selfing increases the adaptive
potential by a factor 1 + F (Wright, 1931). By considering a more realistic genetic architecture

of quantitative traits, and by compiling empirical estimates of all genetic components of mixed-

163 | Page



mating plants, we have shown that the gain in adaptive potential can be greater than in the
additive model, notably when tending toward high selfing rates (s > 0.8). This strong beneficial
effect can contribute to explain why transitions from outcrossing to selfing are so frequent
(Wrightetal., 2013). The good fit between our simulation results and the empirical data allowed
us to hypothesize that the floral traits studied in N. menziesii (Shaw et al., 1998) and M. guttatus
(Kelly, 2003; Kelly and Arathi, 2003; Marriage and Kelly, 2009) tend to be under strong
stabilizing selection (1 < w? <9). This insight must be taken as provisional, however, because
other parameter sets not consider here could conceivably fit the empirical data equally well.
Estimates of the strength of stabilizing selection acting on fitness-related traits are extremely

rare in the literature, and our results stress the importance of further investigations.

One important insight from our simulations is that, on the long term, the reduction of
genic variance due to purifying selection and directional dominance in outcrossing and mixed-
mating populations lead to a limited effect of the selfing rate on the immediate response to
selection. This is in agreement with the overall weak relationship between the selfing rate and
the adaptive potential of populations detected in existing meta-analyses (Charlesworth and
Charlesworth, 1995; Geber and Griffen, 2003; Ashman and Majetic, 2006; Opedal et al., 2017
Clo et al., 2019). While these studies have assessed relationships between mating systems and
standing genetic variance, we are not aware of any experiments comparing the realized response
to selection for a trait in populations that truly differ in their mating regimes (Holeski and Kelly,
2006 & Noél et al., 2017 artificially manipulated the selfing rates of their model organisms).
Such experiments are necessary to assess the realized effect of mating systems on adaptive
potential because no integrative measures of the additive variance of populations as a function
of their selfing rate are available in the literature. The best way to estimate the “realized”
evolvability (additive variance) of a trait remains to impose directional selection, and control

for the selection differential (as in Noél et al., 2017). In addition, this may be the most promising
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way forward for estimating additive variance in mixed-mating and predominantly selfing

populations, notably if the exact value of each component of the genetic variance is not desired.

Conclusions and implications for evolution in changing reproductive environments

Our results offer some insights into the consequences of a change in the reproductive
environment, such as a decline in the reliability of pollination leading to a shift towards a greater
rate of selfing. Based on our simulations, if a reduction in pollination reliability concurs with a
shift in the phenotypic optimum, the ability of populations to track this shift is not compromised
by an increased rate of selfing. This suggests that reduced adaptive potential is unlikely to make
predominantly selfing an evolutionary ‘dead end’ (Stebbins, 1957), at least on the short term.
Indeed, if the mutation rate on the phenotypic trait is sufficiently high so that genetic
associations contribute to genetic variance, the release of such diversity could allow
predominantly selfing lineages to evolve faster than outcrossing or mixed-mating lineages (Clo
et al., 2020). While some support for Stebbins’ classic hypothesis has come from phylogenetic
studies showing increased diversification rates of some self-incompatible taxa (e.g. Goldberg
et al., 2010), it is not well understood whether similar trends exist for mixed-mating lineages
with continuous variation in outcrossing rates (Wright et al., 2013). Our finding that
evolutionary potential remains comparable across the entire gradient in outcrossing rates
suggest that other ecological or evolutionary mechanisms need to be invoked to explain reduced

evolutionary success of (partially) selfing species.
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Figure S1. Comparison between the overall genetic covariances (the difference between the
observed genetic variance and the within-locus components) and the calculation of the genetic
covariances by locus pairs, for the three level of dominance. The red line is the 1:1 relationship.
For all the panels, there is a perfect 1:1 relationship (y = x, R?2 = 1). Other parameters are

N=1000, L=50, U=0.05 and w?=1.
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Figure S2. Genetic variance and its decomposition (contribution of each component) at

mutation-selection-drift equilibrium, as a function of the selfing rate. All the components of the

genetic variance (panels B to G) have the same scaled in order to compare their contributions

to the genetic variance. A. Total genetic variance (0%c). B. Genic variance (o2genic). C.

Dominance variance of a random mating population (¢?o0r). D. Dominance variance of a fully

inbred population (¢201). E. Sum over all loci of squared per-locus inbreeding depression (H”).

F. Covariance of additive effect of alleles and their autozygous dominance deviations (cani). F.

Genetic covariance (or Bulmer effect, oLp). Other parameters are N=1000, L=50, U=0.005 and

w?=1. Errors bars stand for 95% confidence intervals (n = 100).
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Figure S3. Genetic variance and its decomposition (contribution of each component) at

mutation-selection-drift equilibrium, as a function of the selfing rate. All the components of the

genetic variance (panels B to G) have the same scaled in order to compare their contributions

to the genetic variance. A. Total genetic variance (0%c). B. Genic variance (oZgenic). C.

Dominance variance of a random mating population (¢?or). D. Dominance variance of a fully

inbred population (¢201). E. Sum over all loci of squared per-locus inbreeding depression (H").

F. Covariance of additive effect of alleles and their autozygous dominance deviations (caoi). F.

Genetic covariance (or Bulmer effect, oLp). Other parameters are N=1000, L=50, U=0.05 and

®?=9. Errors bars stand for 95% confidence intervals (n = 100).
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Figure S5. Observed versus predicted (through FTNS) mean fitness change, in function of the
dominance level between alleles, for all the simulated selfing rates. Blue points and line
represents predictions computed by using all the components of the genetic variance that
contribute to adaptive potential. Red points and line represents predictions computed by only
using genic variance. The black line represents the theoretical 1:1 relationship between
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respectively D =0, 0.5 and 1. The genic model represents the classical predictions of an increase
of the adaptive potential of a factor (1+F). Other parameters values are N = 1000, U = 0.005, L
=50, and w? = 1. Errors bars indicate 95% confidence intervals for simulated values (n = 100),

and standard errors for empirical values (n = 22).
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Figure S7. Evolution of the additive variance (equation X) for a randomly mating population
(s = 0) that switchs it selfing rate to a given selfing rate s. Grey points represented values for
empirical estimates, whereas red, blue and black points represent simulations value for
respectively D =0, 0.5 and 1. The genic model represents the classical predictions of an increase
of the adaptive potential of a factor (1+F). Other parameters values are N = 1000, U = 0.05, L
=50, and w? = 1. Errors bars indicate 95% confidence intervals for simulated values (n = 100),

and standard errors for empirical values (n = 22).
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Figure S8. Evolution of the additive variance (equation X) for a randomly mating population
(s = 0) that switchs it selfing rate to a given selfing rate s. Grey points represented values for
empirical estimates, whereas red, blue and black points represent simulations value for
respectively D =0, 0.5 and 1. The genic model represents the classical predictions of an increase
of the adaptive potential of a factor (1+F). Other parameters values are N = 1000, U = 0.05, L
=50, and w? = 9. Errors bars indicate 95% confidence intervals for simulated values (n = 100),

and standard errors for empirical values (n = 22).
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Au cours de cette these, j’ai montré que I’effet de I’autofécondation sur le niveau de
variance génétique des populations est plus complexe que ce que pouvaient laisser penser les
modeles théoriques. A I’aide d’une méta-analyse menée a large échelle taxonomique (Chapitre
1), j’ai montré que si la variance génétique des populations tend a diminuer avec le taux
d’autofécondation, le systeme de reproduction n’explique que tres partiellement le niveau de
variance génétique au sein des populations (entre 2 et 20%). Ceci confirme les résultats d’autres
méta-analyses menées sur des jeux de données plus modestes. Au cours des chapitres 2 et 4,
nous avons vu que prendre en compte les associations génétiques et I’effet de la dominance
directionnelle permet expliquer I’apparente contradiction entre les attendus theoriques et les
données empiriques. Premierement, les associations génétiques qui se créent dans les
populations consanguines ont pour effet de diminuer I’efficacité de la sélection sur les alléles
déléteres. Ces derniers augmentent ainsi en fréquence dans la population, ce qui alimente la
variance génique des populations autogames (chapitre 2, figure 2). Deuxiémement, en
considérant une architecture génétique plus réaliste des caractéres quantitatifs, j’ai montré que
la variance génique attendue dans une population allogame est moindre lorsque 1’on considere
I’effet de la dominance directionnelle sur le caractere quantitatif sous sélection (Chapitre 4,
figure 2B). Ainsi, les modéles additifs sous-estimeraient I’impact de la sélection sur la variance
des populations allogames. En tenant compte de ces deux effets, les modeles théoriques
prédisent que la variance génique est peu ou pas affectée par le taux d’autofécondation des
populations (chapitre 4).

Méme si malgré ces effets, le niveau de variance génétique est plus faible en populations
autogames par rapports aux allogames ou a régime mixte, nous avons vu que la capacité de
répondre a un changement environnemental n’était pas forcément réduite. En effet, dans le
chapitre 2 nous avons montré que si le taux de mutation affectant les génes déterminant des
caractéres quantitatifs est élevé, alors les populations autogames sont en mesure de stocker de
la diversité via les associations génétiques entre locus. En cas de sélection directionnelle (par
exemple suite a un changement environnemental), cette diversité (partie cachée de la variance
additive a I’équilibre mutation-sélection-dérive) peut étre mobilisée suite a un événement
d’allogamie entre lignées pures ayant fixé des combinaisons alléliques différentes. Nous avons
vu que dans ces conditions, les populations autogames peuvent répondre aussi bien au

changement environnement que leurs homologues allogames ou a regimes mixtes. Si le taux de
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mutation est faible, alors la sélection purificatrice, plus efficace chez les populations autogames
(car les mutations délétéres sont récessives en espérance), permet a elle seule de maintenir la
population proche de I’optimum phénotypique. Dans ces conditions les associations sont rares,
et la variance génétique réduite dans les populations autogames. Celles-ci sont alors moins a
méme de répondre a un changement environnemental, par rapport aux populations plus

allogames.

Néanmoins, la remobilisation de la variance via I’allofécondation nécessite que les
descendants de ces croisements ne soient pas contre-sélectionnés. Or, nous avons montré, chez
Medicago truncatula, que les événements d’hybridation entre des lignees collectées dans les
populations naturelles sont en espérance déléteres (Chapitre 3). Nos analyses suggeérent que la
dépression de croisement serait due a la relation de dominance qui existe entre les différents
alléles portés par les lignées pour les caractéres sous sélection, éloignant les hybrides de
I’optimum local. Ceci crée un mécanisme d’isolement reproducteur impliguant la dominance
directionnelle qui maintient le potentiel évolutif des populations autogames. Il est délétere dans
un environnement stable et permet I’évitement des évenements de recombinaison entre lignées
(a I’échelle locale ou globale). Il peut néanmoins étre avantageux lors d’un changement
d’optimum en permettant le relargage de la diversité génétique stockée via les associations
génétiques (comme confirmé par les simulations du chapitre 4, figure 4), cela dépend de si la
direction de la dominance permet aux individus F1 de s’approcher ou non du nouvel optimum

phénotypique.

Ces différents résultats, pris dans leur globalité, permettent de relativiser I’argument
disant que I’autogamie est un cul de sac évolutif car cet argument repose sur I’hypothése que
les populations autogames auraient moins de diversité génétique que les populations plus
recombinantes. Nos résultats suggérent ainsi que d’autres mécanismes, génétiques ou
écologiques doivent étre avancés pour expliquer le moindre succes évolutif des especes

autogames.
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Plusieurs de mes résultats permettent de remettre en perspective I’hypothése du cul-de-
sac évolutif pour les espéces autogames. Dans cette discussion, je reprendrai les principales
hypothéses sur lesquelles repose la théorie du cul de sac évolutif, et les discuterai au vu des
résultats de ma these et de la littérature sur le sujet. En particulier, I’hypothése du cul-de-sac
évolutif repose sur deux observations majeures : (1) I’unidirectionnalité des transitions de
I’allogamie vers I’autogamie, et (2) le taux de diversification négatif des especes autogames
(Takebayashi and Morrell, 2001; Igic and Busch, 2013).

La transition de I’autofécondation vers I’allofécondation est un processus théoriquement
peu probable, ce qui alimente I’hypothése du cul-de-sac évolutif énoncée par Stebbins (1957).
Aucune étude empirique n’a mis en évidence sans eéquivoque une transition de
I’autofécondation vers I’allofécondation (voir Takebayashi and Morrell 2001 pour une revue).
Plusieurs hypothéses génétiques ont été proposees pour expliquer pourquoi la réversion de
I’autofécondation vers I’allofécondation est compliquée et dans quelles situations théoriques
elle est possible. Dans un premier temps, je synthétiserai ces différents résultats, puis j’étendrai
ces résultats a partir des résultats de ma these.

Dans ce paragraphe, nous ne présenterons que des hypotheses génétiques permettant
théoriquement la transition de I’autofécondation vers I’allofécondation. En effet, lorsque la
transition originale de I’allofécondation vers I’autofécondation est due a I’assurance de
reproduction associée a I’autogamie, dans un contexte de déclin des pollinisateurs par exemple,
alors la réversion vers I’allogamie est peu probable, voire impossible, puisque les pollinisateurs
sont une composante centrale de la valeur sélective des individus se reproduisant par croisement
(Busch and Delph, 2012; Igic and Busch, 2013).
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D’un point de vue génétique, pour que la transition du systeme autogame vers le systeme
allogame soit possible, il faut que la hausse du taux de recombinaison soit accompagnée d’une
hausse de la valeur sélective de la population. Si le niveau de dépression de consanguinité est
supérieur a 0.5 dans une population autogame, et qu’un modificateur du taux d’autofécondation
augmentant le taux d’allogamie apparait dans la population, alors la transition de
I’autofécondation vers I’allofécondation est théoriquement possible (car la dépression de
consanguinité I’emporte sur I’avantage automatique de I’autofécondation, Lande and
Schemske, 1985). La prise en compte de I’effet de purge des mutations délétéres lié a
I’autofecondation rend cependant ce scénario tres improbable, la purge réduisant la depression
de consanguinité en deca du seuil de 0.5 (Abu Awad & Roze, 2018). On peut noter que cet effet

de purge est soutenu empiriquement (Winn et al. 2011).

Toutefois, du fait de leurs plus faibles tailles efficaces et de leurs taux de recombinaison
réduit, les populations autogames sont plus a méme de fixer des mutations délétéres (Muller,
1964). Ces mutations vont participer a I’émergence d’hétérosis lors d’évenements d’hybridation
entre différentes populations d’une méme espéce ayant accumulé ces mutations a des locus
différents (Crow, 1948; Lynch, 1991; Glémin, 2003). Il a alors été proposé que la mise en
contact secondaire de populations complétement autogames ayant fixé des mutations déléteres
pourrait étre le terrain parfait pour la transition de I’autofécondation vers I’allofécondation
(Busch and Delph, 2012; Harkness et al., 2019). Cependant, les modéles théoriques ont montré
que si I’hétérosis pouvait permettre a un modificateur du taux d’autofécondation d’augmenter
en fréquence, sa probabilité de se fixer, et donc d’établir un systeme allogame, restait faible
(Harkness et al., 2019). En effet, I’apparition du morphe allofécondant va permettre
d’augmenter la recombinaison et de créer des haplotypes moins impactés par les mutations
déléteres. Ainsi, lorsque I’alléle autogame ancestral se retrouve dans un haplotype purge, il va
permettre de transmettre cette combinaison allélique favorable en limitant la recombinaison, et
va donc finir par éliminer I’alléle d’allofécondation (Harkness et al., 2019). En conséquence, la
plus petite valeur d’hétérosis permettant une probabilité de fixation du modificateur du taux
d’autofécondation supérieure aux attendus neutres est de 2812%, ce qui rend cet événement
hautement improbable. De plus, il subsiste généralement un résidu d’allogamie dans les
populations autogames (Kamran-Disfani and Agrawal, 2014), il est donc fortement probable
que I’allogamie résiduelle suffise, lors de contacts secondaires de populations autogames, a
provoquer les mémes effets d’hétérosis que dans ces modeles qui ne considérent que la

probabilité de transition de 100% a 0% d’autofécondation, et que cela diminue encore la

182 | Page



probabilité de fixation d’un modificateur du taux d’autofécondation. Enfin, ces modeles ne
considerent que I’effet de mutations inconditionnellement délétéres sur la valeur sélective des
populations, qui favorisent fortement un alléle allofécondant puisque ce dernier va permettre

de masquer I’effet de ces mutations.

Si des croisements entre populations autogames ayant fixé du fardeau de mutation a
différents locus peuvent génerer de I’hétérosis, on s’attend aussi a ce que ces dernieres soient
differenciées génétiqguement (Wright et al., 2013) et aient également fixé des incompatibilités
épistatiques (Dobzhansky, 1937; Lynch, 1991), des locus sous-dominants (Schierup and
Christiansen, 1996) ou des réarrangements chromosomiques (Lande, 1985). Ces effets
pourraient limiter ou annuler la hausse de valeur sélective due a I’hétérosis, et donc limiter
encore un peu plus les conditions dans lesquelles un modificateur du taux d’autofécondation
pourrait permettre une transition de I’autogamie vers I’allogamie. De plus, méme sans fixation
des incompatibilités mentionnées précédemment, les différentes populations peuvent également
étre adaptees a leurs environnement, en fixant différentes combinaisons alléliques, a I’échelle
intra- et inter- populations. Or nous avons vu dans le chapitre 3 que la dominance directionnelle
pouvait jouer un réle dans I’isolement reproducteur entre populations (ou méme lignées)
autogames. Ainsi, la différenciation génétique sur des caractéres liés a la valeur sélective des
individus et soumis a la dominance directionnelle pourrait également limiter I’effet d’hétérosis
pour I’alléle modificateur du systeme de reproduction. En effet, la sélection du modificateur va
dépendre de la valeur sélective des recombinants dans lesquels il va se retrouver (F1), et dans
lesquels la dominance directionnelle des alléles est pleinement exprimée. Ceci peut conduire a
la (sub-) létalité des F1, notamment lorsque la différenciation génétique est importante (Figure
1).
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Figure 1. Performance relative (comme définie au chapitre 3) des hybrides Fi issus de
croisements théoriques entre lignées pures simulées via le modéle du chapitre 2, en fonction de
la différenciation génétique entre les deux lignées utilisees pour générer les hybrides. La
dominance directionnelle est introduite en piochant la valeur de I’hétérozygote dans une loi
uniforme bornée par les valeurs du parent moyen et de la plus grande breeding value des deux
homozygotes. Les parametres de simulation sont N = 250, L = 50, > =1, s = 0.95. Le taux de
mutation varie, permettant de générer des lignées pures ayant différents degrés de
différenciation génétique pour le caractere quantitatif sous sélection stabilisante. Josselin Clo,

données non-publiées.

Une autre hypothése, peu exploitée, pouvant expliquer pourquoi I’on n’observe pas de
transitions de I’autogamie vers I’allogamie, est que les avantages associés a I’autofécondation
sont tellement forts qu’une transition vers I’allofécondation serait délétere. A court terme, une
transition de I’autofécondation vers I’allofécondation aurait pour effet de libérer toute la

variance cachée dans les associations génétiques. Le niveau de variance étant négativement
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correlé a la valeur sélective en milieu stable (Abu Awad and Roze 2018), ceci aurait pour
premier effet de diminuer la viabilité de la population. De plus, il serait nécessaire de faire
évoluer un certain nombre de traits floraux (taille de fleur, coloration, production de nectar,
production de pollen...) permettant d’attirer des pollinisateurs, et des mécanismes d’évitement
de IP’autofécondation, qui peuvent étre couteux a mettre en place, notamment si
I’autofécondation a généré des compromis évolutifs avec d’autres traits de valeur sélective
(Slotte et al. 2012, Wright et al. 2013). Sur le long terme, une transition vers I’allofécondation
est également synonyme de purge moins efficace des mutations délétéres (Lande and Porcher
2015, Abu Awad & Roze, 2018).

Une maniere de regarder si une transition de I’autogamie vers I’allogamie est possible,
et de quantifier son colt sur la valeur sélective des populations serait de tester
expérimentalement si I’on peut sélectionner ou non pour un plus grand taux d’allogamie dans
des populations hautement autogames (lgic and Busch, 2013). L’évolution du systéme de
reproduction peut étre extrémement rapide (moins de 10 générations, Bodbyl Roels and Kelly,
2011), la sélection sur des traits liés au systeme de reproduction pourrait permettre de tester les
différentes hypotheses présentées ici (possibilité ou non de sélectionner pour plus d’allogamie,
les colts associés a une transition vers I’allofécondation...). L’herkogamie pourrait étre le trait
idéal, puisqu’il est fortement relié au taux d’autofécondation des populations, et présente
généralement un niveau de diversité genétique important dans les populations (Herlihy and
Eckert, 2002, 2007; Opedal et al., 2017; Opedal, 2018, 2019).

Il apparait ainsi qu’une transition de I’autofécondation vers I’allofécondation est
hautement improbable, en grande partie parce que I’allogamie résiduelle permet d’imiter les
avantages qui seraient associés a une évolution vers de forts taux d’allofécondation, et que les
colts potentiels associés a une telle transition pourraient tout simplement empécher un
changement de systéme de reproduction. Ainsi, les avantages associés a un systeme hautement
(mais pas completement) autogame pourraient suffire a expliquer I’uni-directionnalité des
transitions de systéme de reproduction. Nous allons maintenant tenter d’expliquer I’observation

de taux d’extinction plus fort des espéces autogames par rapport aux allogames.
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La 2°™ observation qui soutient I’hypothése du cul-de-sac évolutif des espéces
autogames est le taux de diversification négatif des especes auto-compatibles, qui serait une
consequence de leur fort taux d’extinction (Goldberg et al., 2010). Ici, je reprendrai les
principales hypothéses précédemment mentionnées pour expliquer le taux d’extinction plus fort
chez les espéces autogames, en montrant qu’elles peuvent, pour la plupart, étre remises en
question théoriquement et/ou empiriquement. Je proposerai ensuite des pistes alternatives

d’analyse.

Comme vu en introduction, I’autofécondation peut modifier la probabilité de fixer une
mutation avantageuse permettant I’adaptation & un changement environnemental, et les
différents modeles se sont focalisés sur la probabilité de fixation d’une ou plusieurs mutations,
en fonction de leur niveau de dominance (Glémin and Ronfort, 2013; Hartfield and Glemin,
2014, 2016). Parmi les principaux résultats, on peut rappeler qu’en régime autogame, la
probabilité de fixer deux mutations bénéfiques ségrégant simultanément dans la population est
plus faible qu’en régime allogame (Hartfield and Glémin, 2016), et que la probabilité
d’entrainer une mutation délétére pendant la phase de balayage selectif est également plus forte
en population autofécondante (Hartfield and Glémin, 2014). Ces modeles suggérent donc que
la probabilité de s’adapter via des nouvelles mutations est plus importante pour les populations
allogames que pour les populations autogames. Néanmoins, utiliser la probabilité de fixation
d’une ou deux mutations comme proxy de la probabilité d’adaptation d’une population est
trompeur, puisque les caracteres adaptatifs sont probablement, dans la majorité des cas,
polygéniques. Plusieurs mutations bénéfiques peuvent ségréger au méme locus lorsque
plusieurs combinaisons haplotypiques tendent a augmenter en fréquence lors de la phase
d’adaptation. En modifiant le modeéle de simulations développé dans le chapitre 4, j’ai pu
observer que lorsque plusieurs nouvelles mutations sont susceptibles de participer a I’adaptation
a un nouvel environnement, I’autofécondation s’adapte toujours au moins aussi bien que les
populations allogames (Figure 2). Dans ce modeéle, les populations sont uniformes et n’ont pas

de diversité génetique, et la dynamique évolutive est uniquement due a I’augmentation de
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fréquence et/ou la fixation de nouvelles mutations avantageuses. Il apparait que
I’autofécondation répond toujours au moins aussi bien que les populations plus recombinantes
(Figure 2). Lorsque les mutations sont récessives, la dynamique est plus rapide en régime
autogame, comme attendu dans les modeles mono-locus (Figure 2, GIémin and Ronfort, 2013).
Lorsque les mutations sont co-dominantes ou dominantes, alors les dynamiques d’adaptation
sont similaires entre les différents systéemes de reproduction (figure 2), alors que les attendus
mono- et bi-locus suggéraient que I’adaptation était facilitée dans des régimes plus allogames
(Glémin and Ronfort, 2013; Hartfield and Glémin, 2014, 2016). Cela pourrait venir du fait que
I’autofécondation permet une augmentation en fréquence plus rapide des mutations
avantageuses et le maintien de combinaisons haplotypiques favorables, tout en maintenant une

purge efficace des mutations délétéres.

Enfin, nous avons vu en introduction que les mutations n’avaient pas toujours un effet
bénéfique sur I’adaptation des populations. En effet, a cause de leur plus forte probabilité de
fixer des mutations délétéres, les populations autogames sont plus a méme de s’éteindre via des
phénomenes de fonte mutationnelle (Abu Awad et al., 2014; Abu Awad and Billiard, 2017). Si
empiriqguement un tel processus est soutenu, (Escobar et al., 2010; Willi, 2013), I’extinction est
alors attendue tellement rapide que les espéces ne laissent aucune trace phylogénétique (pas de
spéciations), les rendant alors indétectables dans les études utilisant les espéces actuelles (Abu
Awad et al., 2014; Abu Awad and Billiard, 2017).
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Figure 2. Dynamique d’adaptation a partir de nouvelles mutations, d’une population sans
variance génétique pré-éxistante, en fonction du taux d’autofécondation et du coefficient de
dominance des mutations bénéfiques (la dominance varie de la récessivité totale a la dominance
totale). Le modéle utilisé est celui du chapitre 4, avec les conditions de changement d’optimum
du Chapitre 2 (tous les individus sont uniformes et ont une valeur phénotypique de 0, et le
nouvel optimum est égal a 2.5). Les autres paramétres sont N =250, U = 0.05, L =50, ®*=1 et
n = 100 réplicats par taux d’autofécondation. Les barres d’erreurs représentent I’intervalle de

confiance a 95%. Josselin Clo, données non-publiées.

Le principal argument avancé pour expliquer la plus grande probabilité d’extinction des
populations autogames est leur manque de diversité génétique (Stebbins, 1957; Takebayashi
and Morrell, 2001; Igic and Busch, 2013), limitant ainsi leur capacité a répondre a des
changements environnementaux. Au cours de cette thése nous avons vu que les données
empiriques ne montrent pas un signal fort dans ce sens et que cette prédiction théorique n’est

plus valable sous certaines conditions. Ici je reprendrai les principales preuves empiriques qui
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réfutent cette hypothese, et discuterai leurs limites, puis je proposerai des manieres plus
intégratives de mesurer le potentiel évolutif des populations autofécondates, et enfin, je
soulignerai I’importance des associations génétiques dans le potentiel évolutif des populations

consanguines.

L’autofécondation n’affecte pas ou peu le niveau de variance génique en populations
naturelles

Le faible niveau de variance génétique en population autofécondante est bien soutenu
théoriquement (Charlesworth and Charlesworth, 1995; Lande and Porcher, 2015; Abu Awad
and Roze, 2018). Néanmoins, les données empiriques peinent a confirmer ces attendus. Notre
méta-analyse a large échelle montre que la diversité additive de caracteres quantitatifs semble
étre peu affectée par le systeme de reproduction (chapitre 1). Ce résultat est en adéquation avec
les précedentes méta-analyses portant sur le méme sujet (Charlesworth and Charlesworth, 1995;
Geber and Griffen, 2003; Ashman and Majetic, 2006; Opedal et al., 2017) et soutenu par les
modeles théoriques lorsqu’ils sont actualisés pour tenir compte des associations génétiques
entres mutations délétéres (chapitre 2) et de la dominance directionnelle (chapitre 4). Ce dernier
chapitre a également permis de rappeler que le potentiel évolutif des espéces autogames ne peut
pas se résumer a la variance génique des caractéres quantitatifs (Cockerham and Weir, 1984;
Wright and Cockerham, 1985; Kelly, 1999). Il n’existe pas de maniere triviale d’estimer le
potentiel évolutif des especes autofécondantes, notamment pour des taux d’autofécondations
intermédiaires (Kelly and Williamson, 2000). La meilleure maniere de quantifier la variance
additive « réalisée » reste de réaliser des expériences de sélection directionnelle sur des
caractéres quantitatifs. A ma connaissance, seule deux études de ce genre ont été réalisées, je

vais les résumer dans la section suivante.

Les expériences de sélection artificielles, et I’effet de I’autofécondation sur la variance
additive réalisée

Deux expériences ont regarde I’effet de I’autofécondation sur le niveau de réponse a une
sélection artificielle. Holesky & Kelly (2006) sur Mimulus guttatus, et Noél et al. (2017) sur

Physa acuta, ont montré que le systéeme de reproduction influencait la vitesse de réponse a la
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sélection directionnelle. Un résultat surprenant dans ces deux etudes est que les populations
autogames répondent généralement aussi bien a la sélection que les allogames, au moins sur le
court terme. Dans leur expérience, Noél et al. (2017) ont imposé une selection par troncation
sur un trait morphologique, la circularité de la coquille chez la physe, en sélectionnant les 25%
d’individus ayant la plus grande circularité de coquille. Ils ont tout d’abord créé deux lignées a
partir d’une population ancestrale, une lignée 100% allogame (35 générations
d’allofécondation), et une lignée 100% autogame (29 génerations d’autofécondation). Les
principaux résultats de cette étude sont que (1) les groupes autogames répondent plus
rapidement durant les premieres génerations de sélection (Figure 3), mais que (2) cet avantage
disparait sur le long terme (apres trois générations) (Figure 3). Holesky & Kelly (2006) ont
trouvé des résultats similaires chez Mimulus guttatus. A partir d’un pool de lignées pures, les
auteurs ont créé trois groupes de populations, des populations allogames (4 réplicats), a régimes
mixtes (s = 50%, 10 réplicats) et autogames (6 réplicats), et ont imposé de la sélection
directionnelle sur deux traits négativement corrélés : la largeur de la corolle et la date de
floraison. Pour la taille de la corolle, sur les quatre générations de sélection, plus la population
est consanguine, plus la réponse a la sélection est forte et variable. Il ne semble pas y avoir de
déclin de réponse a la sélection pour les populations consanguines, mais I’expérience dure

moins longtemps que celle de Noél et al. (2017).

De maniere trés intéressante, ces expériences fournissent des données empiriques qui
supportent les modeles théoriques, en démontrant I’avantage a court terme et le désavantage a
long terme de I’autofécondation. Cependant, elles renseignent peu sur ce que serait I’évolution
a court et long terme d’une véritable population autogame. En effet, les deux especes étudiées
sont préférentiellement allogames (Holeski & Kelly, 2006; Escobar et al., 2008), et le systéme
de reproduction est imposé « artificiellement », sans qu’il corresponde a un quelconque
optimum phénotypique. Or, imposer un régime autogame a une population précédemment
allogame a pour conséquence d’augmenter la réponse immédiate a la sélection, au moins d’un
point de vue purement additif (Wright, 1931). En effet, la variance additive est doublée dans le
régime consanguin, puisque la variance génique contribue d’un facteur (1+ f), contre un facteur
1 en population allogame. Lorsque toutes les composantes de la variance génétique sont prises
en compte et contribuent significativement, aucune prédiction de I’effet d’un passage de
I’allofécondation a I’autofécondation sur le potentiel évolutif n’est triviale (Kelly, 1999a,
Chapitre 4). Néanmoins, d’apres la décomposition de la variance génétique faite par Kelly &

Arathi (2003) sur les traits floraux du méme pool de lignées qu’ont utilisé Holesky & Kelly
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(2006), nous pouvons predire que la variance additive (au sens de Cockerham & Weir, 1984)
de la largeur de corolle devrait étre deux fois plus importante dans les lignées purement
autogames par rapport aux allogames. Deuxiémement, imposer un régime purement autogames
est probablement peu réaliste au vu du résidu d’allogamie qui est toujours observé en
populations naturelles d’especes majoritairement autogames, et impose une forte sélection sur
les lignées et une baisse de la variance génétique sans doutes beaucoup plus drastique que ce

qui serait observé avec de I’allogamie résiduelle (David et al., 1993; Chelo et al., 2017).
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Figure 3. Réponse cumulée a la sélection par troncation au cours du temps, chez Physa acuta.
Les courbes rouges représentent les groupes issus de la lignée 100% autogame, les bleues les
groupes issus de la lignée 100% allogame. Les courbes pleines représentent les groupes étant
maintenus a un régime 100% allogame pendant la phase de sélection par troncation, alors que
les courbes pointillées représentent les groupes maintenus a un régime 100% autogame. Figure
adaptée de Noél et al. (2017).

Enfin, en quelques générations d’autofécondation imposée, on ne s’attend pas a ce que
les populations aient accumulé de la diversité génétique en fixant des associations génétiques.
Or ces associations, qui pourraient limiter la réponse initiale a la sélection, pourraient la
dynamiser sur le moyen terme. Ces trois effets expérimentaux fragilisent les conclusions que
I’on peut tirer des résultats de ces deux études. Il serait pertinent de reproduire ces expériences
d’évolution expérimentales mais sur différentes populations ayant des taux d’autofécondations

qui different réellement, et non artificiellement. Des especes comme Arabis alpina (Tedder et

191 |Page



al., 2011) ou Eichhornia paniculata (Barrett and Husband, 1990) semblent idéales pour traiter
ce genre de questions, car elles présentent une forte variabilité de taux d’autofécondation en

populations naturelles.

L’accumulation de variance via les associations génétiques, et les contraintes a sa
remobilisation

L’hypothése de potentiel évolutif appauvri chez les autogames ne prend pas en compte
les associations entre locus. Nous avons vu en effet que la variance stockée dans les associations
génétiques peut étre remobilisée via les événements d’allogamie residuelle, permettant un
niveau d’adaptation similaire voire supérieur des especes autogames par rapport aux allogames
lors de la réponse des populations a un changement environnemental. 1l est compliqué de
quantifier la part de variance cachée par les associations génétiques. La maniere la plus simple
est de faire des croisements entre lignées pures, et de regarder la variabilité phénotypique au
sein des individus F2. Des études ont reporté que les populations autogames sont plus & méme
de produire des descendance F2 sortant de la gamme des valeurs parentales (Rieseberg et al.,
1999, 2003), suggérant que les associations génétiques sont une composante importante de la
variabilité génétique des especes autofécondantes.

Néanmoins un tel processus nécessite que les hybrides, sur lesquels la remobilisation de
la diversité se fait, ne soient pas inconditionnellement contre-sélectionnés. J’ai mis en lumiere,
chez Medicago truncatula, que les éveénements d’hybridation sont en moyenne délétéres a la
génération F1, et que la baisse de valeur sélective est due en partie au moins a la dominance
directionnelle. Cette derniere limite donc les événements d’hybridation lorsque le milieu est
stable. Cependant, lors de changements environnementaux, les croisements pourraient étre
bénéfiques en termes de valeur sélective du fait de cette architecture génétique. Il se pourrait
que ce mécanisme basé sur la dominance directionnelle soit répandu chez les populations
autogames. En effet, un isolement reproducteur di a la dominance directionnelle constitue un
mécanisme particulierement efficace pour maintenir le potentiel évolutif des populations
autogames: il permet d’éviter les évenements de recombinaison entre lignées (a I’échelle locale
ou globale) et le relargage de la diversité génétique stockée via les associations génétiques, qui
serait défavorable dans un environnement stable, et permet (voire favorise) I’expression de la

variabilite cachée lors d’un changement d’optimum. Oakley et al. (2015) ont montré que
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I’héterosis et la depression d’allofécondation observés dans leurs croisements de lignées
d’Arabidopsis thaliana étaient dus a la dominance. De plus, une ré-analyse des données de
Gimond et al. (2013) et de Roumet & Widmer (données non publiées), a permis d’établir la
corrélation décrite dans le chapitre 3 entre la similarité parentale et la probabilité que les
hybrides sortent de la gamme parentale (Figure 4), suggerant un réle de la dominance

directionnelle dans les performances des hybrides pour ces deux études également.

.
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Figure 4. Relation entre la similarité parentale et le ratio Fi/max(P1, P2) (se référer au chapitre
3 pour plus de détails sur les notations), pour les espéeces Arabidopsis thaliana (points bleus, n
= 72, données de Roumet & Widmer, non publiées) et Caenorhabditis elegans (points rouges,

n = 18, données de Gimond et al. 2013). Josselin Clo, données non-publiées.

Pour conclure, les différents résultats de mon travail de thése ont montré que les
hypotheses classiques avancées pour expliquer le taux d’extinction accru des especes
autogames ne sont pas nécessairement valables lorsque I’on considere une architecture
génétique plus réaliste des caracteres adaptatifs. Dans ces conditions, le niveau de variance

génétique disponible ne semble pas étre limitant pour I’adaptation a partir de la variation
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génétique pré-éxistante, et une analyse rapide de I’adaptation a partir de nouvelles mutations
suggere que celle-ci est aussi efficace en régime autogame par rapport aux régimes plus
allofecondants. 1l est alors nécessaire de proposer d’autres mécanismes pour expliquer les
données empiriques démontrant un taux de diversification négatif des especes autogames, ce

que nous allons tenter de faire dans la section suivante.

Il a été montré que le systeme de reproduction a un effet sur I’aire de distribution des
especes (Lowry and Lester, 2006; Grossenbacher et al., 2015). Les especes autogames ont
généralement des aires de distribution plus larges que les especes allogames, avec notamment
une capacité a coloniser de plus hautes latitudes (Grossenbacher et al., 2015, Figure 5). De plus,
au sein de certaines espéces, il a été montré que les populations autogames sont plutét présentes
en bordure d’aire de distribution (Pujol et al., 2009; Griffin and Willi, 2014; Paggi et al., 2015).
Or, les limites d’aires de distribution des especes et les hautes latitudes sont généralement des
habitats plus rudes que le cceur de I’aire, avec des extrémes de températures, des saisonnalités
plus marqués, et moins de diversité biotique qu’au cceur des aires de distribution (Mittelbach et
al., 2007). L’ assurance de reproduction associée a I’autoféecondation joue sans doute un role
prépondérant dans ces patrons de distribution, et on peut penser que les phases de colonisations
de ces régions ont probablement été accompagnées de forts goulots d’étranglement. De plus,
I’adaptation aux conditions locales est nécessaire pour que la population puisse s’installer
durablement dans ces conditions extrémes (Pannell, 2015). Du fait de ces effets
démographiques et sélectifs, on s’attend a ce que le niveau de diversité génétique en limites
d’aire de distribution soit inférieur a celui observé au cceur de ces aires (Martinez-Padilla et al.
2017). Finalement, cette baisse de diversité et de taille efficace des populations pourrait limiter
la capacité de ces populations a répondre a des changements environnementaux (Burger et al.,
1989; Abu Awad and Roze, 2018), et/ou favorisent I’accumulation du fardeau de mutation
(Perrier et al., 2020). Ainsi, une maniere d’expliquer le plus fort taux d’extinction des
populations autogames pourrait étre un taux d’extinction local trés prononcé en limite d’aire de
distribution, ou I’on retrouve uniquement les taxons autogames, alors que le taux d’extinction

pourrait étre similaire en cceur d’aire a celui des espéces plus allogames (Barrett et al., 2014).
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Figure 5. Comparaison de la taille des aires de distributions (en km?2) entre especes auto- et
allofécondantes pour 20 différents clades d’espéces tempérées et tropicales. Figure modifiée de
Grossenbacher et al. (2015).

Une autre piste intéressante a creuser serait de compléter les estimations des taux
d’extinction des espéces en considérant les espéces a régimes mixtes et autogames. Jusqu’ici
les modéles phylogenétiques ont en effet fait la distinction entre especes auto-incompatible et
auto-compatible (Goldberg et al., 2010), notamment parce que les méthodes permettant
d’inférer les différents paramétres du modéle (taux d’extinctions, spéciations notamment) a
partir d’un arbre phylogénétique ne gérent qu’un caractere a deux états (Maddison et al., 2007).
Or toutes les espéces auto-compatibles n’ont pas nécessairement le méme taux d’extinction, qui
pourrait par exemple étre plus fort chez les espéces a régime mixte. En effet, la transition de
I’allogamie vers I’autogamie, bien que pouvant permettre le sauvetage évolutif des populations,
notamment lors de déclins de pollinisateurs (Busch and Delph, 2012), peut aussi représenter un
suicide évolutif (Cheptou, 2004, 2019). En effet, les conséquences démographiques associées
a la baisse de valeur sélective dues a la déepression de consanguinité peuvent entrainer un taux
de croissance des populations inférieur a 1, sous le seuil de viabilité, et donc une extinction des

populations (Cheptou, 2004). C’est notamment le cas lorsque le gain de valeur sélective associé
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a I’assurance de reproduction est modeéré, et ne compense pas I’expression de la dépression de
consanguinité (Cheptou, 2019). Abu Awad & Billard (2017) ont également montré que lors
d’une phase d’évolution de I’allofécondation vers I’autofécondation, I’accumulation de
mutations délétéres due a la baisse des tailles efficace et démographique des populations peut
entrainer un processus de fonte mutationnelle. Ainsi, il apparait que la transition de I’allogamie
vers |I’autogamie n’est pas sans risque pour les populations, et on pourrait supposer que le taux
d’extinction plus fort pour les especes auto-compatibles soit lié aux conséquences génétiques
et démographiques qu’entraine I’évolution vers I’autofécondation. Une telle analyse
phylogénétique permettrait egalement de débattre de la stabilité des especes a régime mixte
(Winn et al., 2011; Igic and Busch, 2013).

A travers cette discussion, j’ai présenté plusieurs arguments qui relativisent I’hypothese
du cul-de-sac évolutif. En particulier, les résultats de ma these suggéerent que I’autofécondation
ne serait pas si désavantageuse sur le long terme, au moins lorsqu’elle est pratiquée dans les
mémes conditions écologiques que I’allogamie. Dans ce cadre, une piste de recherche
prometteuse serait d’explorer plus finement les hypotheses alternatives qui pourraient conduire
a ce patron de taux d’extinction plus élevé chez les especes auto-incompatibles, en différenciant
les taux d’extinction locaux et globaux, ou en affinant I’estimation des taux d’extinction des
espéces auto-compatibles, en différentiant les especes a régimes mixte et autogame. Cela
demanderait néanmoins des analyses phylogénétiques poussées. En effet, le nombre d’états des
modeles d’inférences phylogénétique (correspondant par exemple au nombre de classes
d’autofécondation que I’on mettrait dans le modéle) détermine le nombre de paramétres a
estimer, et méme pour un modele a trois états, des inférences précises nécessiteraient des jeux
de donneées conséquents (voir Igic and Busch, 2013 pour une discussion sur le sujet), qui ne
sont pour le moment pas disponibles. Des familles d’angiospermes avec un grand nombre
d’especes modeles, comme les brassicacées ou les poacées, pour lesquelles les systemes de
reproduction sont bien documentés et des génomes de référence sont disponibles, pourraient
permettre d’explorer ces questions dans les années a venir. D’autres pistes plus simples a
creuser seraient les tests de réversion du systeme de reproduction, et une étude expérimentale

du potentiel évolutif des espéces en fonction de leur systéme de reproduction, qui sont des
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questions certes expérimentalement lourdes, mais qui ne demandent pas de nouvelles méthodes
a développer. Ainsi, I’étude de I’évolution de I’autofécondation et de ses conséquences sur le
potentiel évolutif des populations ne semble toujours pas étre un cul-de-sac pour la carriére des

futures générations d’évolutionnistes.
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Annexe 1 - Digest: How mutational bias

could explain the maintenance of sex

This article is published in Evolution.

Clo, J. (2018). Digest: How mutational bias could explain the maintenance of sex. Evolution, 72(9),
1970-1971.
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How does mutational bias affect the fitness of populations under different reproductive strategies? Vanhoenacker et al. (2018)

found that mutaticnal bias can greatly reduce the mean fitness of asexual populations, offering a new hypothesis for the

maintenance of sex.

Understanding the prevalence of sexual reproduction among eu-
karyotes has been dubbed the “queen of problems” in evolutionary
biology (Bell 1982). Sex comes with a cost—il is quile resource-
consuming considering the production of males, expensive re-
productive attributes. and behaviors such as locating or courting
mates. Its ubiquity despite these biological limitations is thus puz-
zling. Though several hypotheses have been proposed to explain
the maintenance of sex, empirical evidence is inconclusive (see
Neiman et al. 2018 for a review). More experimental approaches
are necessary to validate or refute current hypotheses and deter-
mine the interactions between different mechanisms involved in
the maintenance or loss of sex.

Recently, theoretical works have focused on the effect of
mating systems on the genetic architecture of adaptive traits and
their consequences for mean population [itness. When model-
ing a quantitative trait under stabilizing selection, predominantly,
and completely asexual populations should be favored, as the re-
duced (or nonexistent) recombination would aid in maintaining
favorable genetic associations with compensatory epistatic effects
on fitness (Fig. 1). Increasing sexual reproduction increases the
recombination rate and contributes to breaking up the beneficial
combinations, leading to less-well-adapted populations (Roze and
Blanckacrt 2014). However, these classical models make the as-
sumption that the effects of mutations on fitness are symetrically
distributed around zero, increasing the probability of compen-
satory mutations, an unrealistic hypothesis (Charlesworth 2013).

“This article corresponds to Vanhoenacker, E., L. Sandell, and D. Roze.

2018. Stabilizing selection, mutational bias, and the evolution of sex. Evolu-
tion. https:/doi.org/10.1111/evo.13547.

In this issue, Vanhoenacker et al. (2018) developed mathe-
matical and simulation models (o explore the evolution of sex in
the presence of multational bias (an increased probability of new
mutations moving the phenotype away from the optimum, intro-
ducing a component of directional selection; Fig. 1). Previously
considered in a context where reproduction was only sexual, this
approach is the first to bring to light the potential of mutational
bias 10 allect a species’ reproduclive stralegy. Their results predict
that, in regimes where mutations have weak to moderate effects
on fitness, introducing a mutational bias greatly reduces the mean
fitness of ascxual populations compared to scxual onces. This is
mainly caused by the combined effects of the mutational bias and
drift that (ogether contribute to moving the mean phenotype away
from the optimum. The strength of the mutational bias on fitness
can be influenced by several paramelers, such as the number of
loci under selection, population size, pleiotropic effects of loci
on traits, and the dimensionality of the fitness landscape. Fur-
thermore, their individual-based simulations confirm that in the
presence of mutational bias, the rate of sex increases, whereas
in its absence, asexuality is the more successful reproductive
strategy.

Vanhoenacker et al.’s (2018) work offers an alternative expla-
nation for the maintenance of sex. As the authors have mentioned,
despite the links between theoretical parameters and experimental
resulls not always being obvious, there is empirical evidence for
mutational bias {Lyman et al. 1996). Even though the strength
of this bias cannot be quantified, this work gives a new direc-
tion to explore in works aiming to understand the maintenance
of sex. More empirical works are now needed to evaluate levels

© 2018 The Author(s). Evolution © 2018 The Sociely [or the Study ol Evolution.
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Figure 1. Schema presenting the effect of the distribution of mutational effects on compensatory associations between mutations.
Under the hypothesis of unbiased mutational effects, a mutation has the same probability of increasing or decreasing the phenotypic
value. Considering a two-locus system, given the value of the green mutation on one locus, the red mutation on the other has a probability
tending toward 0.5 of being beneficial (compensating the effect of the green mutation, even if the red mutation could overshoot the
optimum and lead to a more strongly deleterious phenotype). Under this scenario, asexuality is favored, as it allows the maintenance
of compensatory associations (linkage disequilibrium) between mutations. If there is mutational bias, mutations tend to move the
phenotype in a given direction (not toward 0), and hence away from the optimum, introducing a component of directional selection. In
this case, given the value of the green mutation, the red mutation has a probability that is less than 0.5 of being advantageous. This
favors sexual reproduction, as this type of deleterious interaction will be better selected against due to higher recombination rates.

of mutational bias, and once key aspects of mutational bias are
better understood and identified (which traits, the strength of the
bias, elc.), experiinents on model species with variable levels of
sex (such as Townsendia hookerl, a plant with sexual and asexual
populations) will allow future research to test their predictions.
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Annexe 2 - Very local gene dispersal in
the pseudometallicolous herb Noccaea

caerulescens in the south of France

This article is under revision (first submission in Heredity).
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Abstract: Higher selfing rates have been predicted to evolve in polluted sites to prevent maladapted
gene flow from non-polluted areas. Despite initial empirical support for this prediction, recent studies
of variation in mating systems in pseudometallophytes have revealed patterns not consistent with this
expectation. Whether gene flow constrains the evolution of local adaptation, and whether variation in
mating system is primarily driven by its consequences for local adaptation has therefore been
questioned. Here we explored the fine scale genetic structure and variation in selfing rates of the
pseudometallophyte Noccaea caerulescens within abandoned mining sites, to address these questions.
In particular, we estimated the spatial scale of gene flow within one site, and tested whether variation of
local plant density alone could explain variation in selfing rates, within two former mines, using two
methods to estimate selfing rates. We found no effect of density on the selfing rates of Noccaea
caerulescens in either population, but observed that gene dispersal occurs at a very small scale (<2m).
These results suggest that local adaptation to varying soil conditions is unlikely to be constrained by

gene flow, while the causes of variation in selfing rates within and across sites remain elusive.
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Annexe 3 - How mating systems influence
evolvability

This book chapter is a part of a book named “Evolvability*. Thomas F. Hansen and Christophe Pelabon
lead the redaction of the book.
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L’autofécondation est souvent décrite comme un cul-de-sac évolutif. Du fait de leurs tailles efficaces
plus petites, augmentant la force de la dérive, une purge plus efficace des mutations déléteres, et des
associations génétiques prédominantes, les populations autogames sont supposées avoir moins de
diversité génétique, limitant ainsi leur potentiel évolutif. Néanmoins, peu de données empiriques
supportent ces attendus théoriques, et la dynamique des populations autogames et leur potentiel adaptatif
restent mal compris. L'objectif de ma thése est de mieux comprendre la dynamique évolutive des
populations d'espéces autogames et notamment le réle potentiel de I'allogamie résiduelle dans cette
dynamique et la réponse adaptative des populations aux contraintes environnementales. Pour y parvenir,
je combine des approches théoriques et empiriques, en utilisant I’espece préferentiellement autogame
Medicago truncatula. Dans un premier temps, j’ai montré, via une méta-analyse a I’échelle des
angiospermes, que si les populations autogames pouvaient avoir moins de variance génétique additive
que les populations plus allofécondantes, le systéme de reproduction n’explique que trés partiellement
le niveau de diversité au sein des populations. Dans un deuxiéme temps, j’ai utilisé la modélisation afin
de montrer que méme si le niveau de variance génétique des populations autogames était inférieur, la
remobilisation par allogamie résiduelle de la variance génétique stockée dans les associations entre
genes permet un niveau d’adaptation similaire a celui des populations allogames. J’ai ensuite montré
que la différentiation génétique accumulée entre lignées autogames aux échelles intra- et inter-
populationnelles, est en moyenne délétére lors d’événements d’hybridation. Ceci est di a un effet négatif
de la dominance, mais ce mecanisme d’isolement n’est pas un frein a la potentiel remobilisation de la
variance cachée chez Medicago truncatula. Finalement, j’ai montré que rendre plus réalistes les modéles
théoriques de traits quantitatifs sous sélection stabilisante en introduisant de la dominance directionnelle
a I’échelle phénotypique permet de réconcilier la théorie avec I’observation d’un faible effet du systéeme
de reproduction sur le potentiel évolutif des populations.

Mots clés : autofécondation, variance génétique, dominance, résidu d’allofécondation, dépression de
croisement.

Self-fertilization is often described as an evolutionary dead end. Due to their smaller effective population
size, increasing the strength of genetic drift, the more efficient purge of deleterious mutations, and
predominant genetic associations, selfing populations are expected to harbour less genetic diversity,
limiting their adaptive potential. However, there is little empirical data supporting these theoretical
expectations, and the dynamics and adaptive potential of selfing populations remain poorly understood.
The aim of this thesis is to better understand the evolutionary dynamics of selfing populations, and
notably the possible role of residual allogamy in this dynamics and in populations’ response to
environmental constrains. To do so, | combined theoretical and empirical approaches, using the
predominantly selfing species Medicago truncatula. First, | performed a meta-analysis in angiosperm
species and showed that if selfing populations have less genetic diversity than their outcrossing
counterparts can, the mating system is a poor predictor of the amount of genetic diversity within
populations. | then used models to show that even if the amount of genetic variance is smaller in selfing
populations, the remobilization by residual allogamy of the genetic variance stored in genetic
associations allows a similar level of adaptation as in outcrossing populations. I then showed that the
genetic differentiation accumulated between inbred lines, at within- and among-population scales, is
deleterious, on average, during hybridization events. This is due to negative dominance effects, but this
mechanism of reproductive isolation does not hinder the remobilization of the hidden genetic variance
in Medicago truncatula. Finally, we showed that making theoretical models of quantitative traits under
stabilizing selection more realistic, by adding directional dominance at the phenotypic scale, could
reconcile theory with empirical data that report a weak effect of the mating system on the adaptive
potential of populations.

Keywords: Self-fertilization, genetic variance, dominance, residual allogamy, outbreeding depression



	Introduction
	I – Distribution et évolution de l’autofécondation en populations naturelles
	1 – Des extrêmes bien représentés, et un continuum entre les deux
	2 – L’évolution vers les extrêmes : hypothèses génétiques et écologiques
	3 – L’autofécondation et l’hypothèse du cul de sac évolutif

	II – Adaptation et systèmes de reproduction
	1 – Systèmes de reproduction et adaptation à partir de nouvelles mutations
	2 – Systèmes de reproduction et adaptation à partir de la diversité génétique préexistante

	III – Variance génétique et autofécondation : une introduction à la génétique quantitative des espèces autogames
	1 – L’effet de l’autofécondation sur le niveau de variance génétique, sous hypothèse de pure additivité
	Les attendus théoriques
	Confrontation avec les données empiriques

	2 – L’effet de la dominance sur la décomposition de la variance génétique et sur la réponse à la sélection en régime autogame
	Décomposer la variance génétique en présence de dominance et d’autofécondation
	Intégrer ces nouvelles composantes de la variance génétique dans les modèles de réponse à la sélection


	IV – Objectifs et présentation de la thèse
	1 – Principaux objectifs
	2 – Chapitre 1 : Méta-analyse de l’effet de l’autofécondation sur la variance génétique au sein des populations naturelles d’angiospermes.
	3 – Chapitre 2 : Le résidu d’allogamie et les covariances génétiques pourraient faciliter l’adaptation des espèces autogames aux changements environnementaux
	4 – Chapitre 3 : Etude empirique sur l’importance de la dominance dans l’isolement reproductif entre lignées consanguines dans les populations naturelles de Medicago truncatula.
	5 – Chapitre 4 : Au-delà de l’additivité, de l’importance de considérer l’effet de la dominance sur le niveau et la structure de la diversité génétique des populations

	Bibliographie

	Chapitre 1 : Méta-analyse de l’effet de l’autofécondation sur la variance génétique au sein des population naturelle d’angiospermes
	Présentation générale
	How does selfing affect the genetic variance of quantitative traits? An updated meta-analysis on empirical results in angiosperm species
	Matériel supplémentaire

	Chapitre 2 : Le résidu d’allogamie et les covariances génétiques pourraient faciliter l’adaptation des espèces autogames aux changements environnementaux
	Présentation générale
	Hidden genetic variance contributes to increase the short-term adaptive potential of selfing populations
	Matériel supplémentaire

	Chapitre 3 : Etude empirique sur l’importance de la dominance dans l’isolement reproductif entre lignées consanguines dans les populations naturelles de Medicago truncatula
	Présentation générale
	Fitness consequences of hybridization between natural inbred lines of the selfing species Medicago truncatula: investigating the role of dominance and genetic incompatibilities
	Crosses
	Greenhouse experiment
	Matériel supplémentaire

	Chapitre 4 : Au-delà de l’additivité, de l’importance de considérer l’effet de la dominance sur le niveau et la structure de la diversité génétique des populations
	Présentation générale
	Genetics of quantitative traits with directional dominance in partially selfing species: implications for evolution in changing reproductive environment
	Matériel supplémentaire

	Discussion générale et perspectives
	Résumé des principaux résultats
	Discussion : Repenser l’hypothèse du cul-de-sac évolutif
	Les raisons des transitions unidirectionnelles du système de reproduction
	Le rôle des mutations délétères dans la transition de l’autogamie vers l’allogamie
	Les transitions de l’autogamie vers l’allogamie freinées par la dépression de croisement
	Les coûts potentiels d’une transition de l’autogamie vers l’allogamie

	Le taux de diversification négatif des populations autogames
	Les rôles des mutations dans la probabilité d’adaptation et l’extinction des populations
	L’adaptation des populations autogames à partir de la variation génétique pré-éxistante
	L’autofécondation n’affecte pas ou peu le niveau de variance génique en populations naturelles
	Les expériences de sélection artificielles, et l’effet de l’autofécondation sur la variance additive réalisée
	L’accumulation de variance via les associations génétiques, et les contraintes à sa remobilisation

	Hypothèses alternatives : extinctions globales vs locales, et l’hypothèse du suicide évolutif


	Perspectives
	Bibliographie

	Annexe 1 - Digest: How mutational bias could explain the maintenance of sex
	Annexe 2 - Very local gene dispersal in the pseudometallicolous herb Noccaea caerulescens in the south of France
	Annexe 3 - How mating systems influence evolvability

