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Introduction générale

Comprendre les mécanismes a l'origine de la diversité du vivant est un enjeu majeur
de la biologie, avec des implications aussi bien fondamentales qu’appliquées. Le Néo-
darwinisme au début du XXéme siécle a permis des avancées considérables dans la
compréhension de ces mécanismes grace a |I'émergence d’une nouvelle discipline: la
génétique des populations. La génétique des populations vise a comprendre et expliquer les
processus évolutifs (la dérive génétique, la migration, la mutation et la sélection) qui
maintiennent ou générent le polymorphisme observé au sein et entre populations (Wakeley,
2008). Depuis une vingtaine d’années, le développement des techniques de biologie
moléculaire en parallele des avancées conceptuelles en génétique des populations ont
permis |'acquisition de jeux de données considérables de marqueurs génétiques (séquences,
SNP, microsatellites) et I'inférence de parametres démographiques et historiques issus de
modeles simulant I'évolution des populations. Les marqueurs neutres permettent de
retracer les histoires démographiques ou généalogiques des espéces, sur toute une gamme
d’échelles évolutives, ce qui a révélé des processus de diversification complexes et variés
(Alves et al., 2012; Caswell et al., 2008; Delplancke et al., 2011; Francois et al., 2008;
Gladieux et al., 2010b; Joy et al., 2003; Kliman et al., 2000; Li, Stephan, 2006; Li et al., 2011;
Tenaillon et al., 2004).

Malgré les avancées théoriques considérables ayant suivi I'avenement du néo-
darwinisme et son application a de trés nombreux modeéles biologiques, les mécanismes a
I'origine de la diversification des organismes vivants figurent encore a I’heure actuelle parmi
les phénomenes biologiques les moins bien compris. Cela est peut étre di au fait que les
processus impliqués se déroulent souvent a des échelles de temps tres longs et impliquent
différents mécanismes complexes agissant en synergie, dont I'étude pratique est rarement
simple. Dans ce contexte, la domestication est un processus de diversification rapide et
récent qui offre une opportunité unique de mieux comprendre les phénomeénes de
diversification. C'est d’ailleurs en s’intéressant a la domestication et a la variabilité intra-
espéce des variétés domestiquées que Darwin, en 1859 dans son livre « On the origin of
species », a mis en évidence un des mécanismes évolutifs a I'origine des espéces, et plus

généralement de la diversification : la sélection naturelle. Ainsi, une bonne compréhension



des mécanismes a l'origine de la biodiversité passe par I'étude de processus a diverses
échelles évolutives : domestication, diversification intraspécifique et diversification

interspécifique (spéciation).
1. Processus de diversification « artificielle » : la domestication

L'étude de systéemes domestiqués a joué un role critique dans le développement et
I'’évaluation de la théorie de I'évolution (Glémin, Bataillon, 2009; Pickersgill, 2007;
Purugganan, Fuller, 2009; Zohary, Hopf, 2000). La domestication est considérée comme le
stade final d’'un processus continu et dynamique qui commence par I'exploitation de taxons
sauvages et se poursuit a travers la culture d’individus sélectionnés en environnement
naturel, mais non encore différenciés des taxons sauvages. Ce processus se termine par la
fixation, a travers la sélection humaine, d’'un syndrome de domestication® et de différences
génétiques distinguant taxons domestiqués et sauvages (Pickersgill, 2007). La connaissance
des processus de domestication du stade initial au stade final est une opportunité unique
pour comprendre les mécanismes a l'origine de nouvelles espéces, populations ou variétés
sur de courtes échelles évolutives.

Il existe de nombreuses études sur la domestication chez les plantes et animaux,
montrant des histoires variables de domestication, ce qui a ouvert des débats quant a la
nature des processus de domestication. Les principales problématiques qui se posent dans la
plupart des modeles biologiques étudiés concernent :

- la vitesse du processus de domestication (rapide ou diffus) ;

- l'origine géographique, le nombre et lidentité de(s) population(s) et espece(s)

contributrice(s) (multiples ou unique) ;

- le mode de diffusion de I'espece domestiquée a partir de son centre d’origine ;

- I'existence d’'un syndrome de domestication ainsi que le moment de son apparition ;

- la détection des génes impliqués dans ce syndrome ;

- la perte de diversité génétique suite a la domestication (goulet d’étranglement?) ;

! Transitions morphologiques, phénologiques, physiologiques entre formes cultivées et sauvages associées 3
une forte sélection par I’'homme de traits liés aux conditions de récolte, a la production des graines, ou a la
compétition entre graines.

? Diminution de la diversité génétique chez le taxon cultivé relativement a son apparenté sauvage due a la
sélection humaine et la dérive génétique lors du processus de domestication.



- lerole des hybridations entre taxons domestiqués et sauvages ;

- limpact des pratiques de culture sur I’évolution des espéces domestiquées.
Depuis une dizaine d’années, I'accumulation des données génétiques a permis a la fois de
compléter les données archéologiques sur ces problématiques, de révéler des particularités
du processus de domestication liées a la grande diversité des traits d’histoire de vie des
espéces animales et végétales, et aussi de pointer du doigt certaines contradictions
temporelles quant a la vitesse du processus de domestication, donnant naissance a un débat

concernant cette question.

Vitesse des processus de domestication, le débat : rapide versus diffus. Jusque dans
les années 2000, la domestication était percue comme un processus rapide caractérisé par
trois étapes principales accompagnant le réchauffement climatique du Pléistocéne a
I'Holocene : (i) un début de culture avec des taxons sauvages suivi d’'une domestication
rapide donnant naissance au taxon domestiqué, (ii) une croissance démographique rapide
du taxon domestiqué, et enfin (iii) une explosion démographique a l'extérieur du centre
d’origine (Allaby et al., 2008; Gross, Olsen, 2009). Dans 'un des lieux les plus étudiés par les
biologistes et anthropologues, le Croissant Fertile, I'instantanéité de la domestication
semblait se confirmer par I'apparition rapide de restes archéologiques de multiples taxons
cultivés majeurs (céréales, légumes secs, lin...). Ce processus de domestication unique et
rapide supporte l'idée que les cultures actuelles majeures ont été domestiquées au méme
moment dans une aire centrale (« core area » ou « golden triangle » (Fuller et al., 2012)) par
le méme groupe de fermiers : c’est I'hypothese du « paquet Néolithique » faisant référence
a un groupe de taxons présents dans cette aire centrale (engrain, orge, lentille, pois, pois
chiche), dont certains sont actuellement cultivés au niveau mondial. Si cette hypothese est
vraie, les taxons domestiqués devraient former chacun un groupe monophylétique par
rapport a leur apparenté sauvage. Inversement, si la domestication a été multiple et
dispersée, les taxons domestiqués devraient apparaitre polyphylétiques, au sein des taxons
sauvages. De nombreux travaux se sont donc intéressés a tester la monophylie versus
polyphylie des taxons domestiqués. De nombreux taxons domestiqués du Croissant Fertile,
comme le lin (Linum usitatissimum), |'orge (Hordeum vulgare), |'engrain (Triticum

monococcum), 'amidonnier (Triticum turgidum ssp. dicoccon) et le blé dur (Triticum durum),
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mais aussi d’Amérique du Sud comme le manioc (Manihot esculensa) et la pomme de terre
(Solanum tuberosum), se sont ainsi révélés monophylétiques (Allaby et al., 2005; Badr et al.,
2000; Heun et al., 1997; Olsen, Schaal, 2001; Ozkan et al., 2002; Spooner et al., 2005),
suggérant une origine unique et donc une invention rapide et localisée de I'agriculture.
Cependant, alors que cette hypothése restait raisonnable il y a encore une dizaine d’années,
I'accumulation des données archéologiques a récemment montré que les trois stades du
processus de domestication (i, ii, et iii) peuvent étre diffus dans le temps. Par exemple, des
restes de céréales sauvages ont été découverts dans le Croissant Fertile, datant d’il y a 23000
ans, donc 10000 ans avant la date supposée de la domestication rapide qui suit le début de
culture des taxons sauvages (étape i) dans cette zone (Weiss et al., 2006). De la méme
maniere, le stade final de domestication par fixation du syndrome de domestication s’est
révélé étre en réalité un processus tres lent chez certains taxons domestiqués comme le blé
par exemple (Tanno, Willcox, 2006). Ainsi les données archéologiques montrent la
domestication comme une mosaique de processus lents (Fuller et al., 2012): les trois étapes
de domestication se distribueraient sur des échelles de temps bien plus longues que ce que
I'on pensait jusqu’alors. Ce modeéle est maintenant au centre des débats (Allaby et al., 2008;
Clotault et al., 2011; Fuller et al., 2012; Glémin, Bataillon, 2009; Heun et al., 2012). Cette
échelle de temps plus diffuse de transition implique que des flux de génes ont pu avoir lieu
entre populations de différentes localités. Ainsi, il est moins probable qu’un taxon
domestiqué soit associé a un seul lieu géographique ou que les évenements de
domestications multiples soient totalement indépendants, mais qu’ils auraient plutot
impliqué des échanges entre fermiers. D’un point de vue génétique, le modele diffus de
domestication ne va pas nécessairement a I'encontre des études démontrant que certains
taxons domestiqués forment des groupes monophylétiques. En effet, la monophylie peut
résulter de I'effacement d’évenements de domestication multiples par I'effet de forts et
longs goulets d’étranglement sur plusieurs générations (Allaby et al., 2008; Olsen, Gross,
2008), méme si cet artefact méthodologique semble exister seulement sous certains
modeles de génétique des populations (Ross-lbarra, Gaut, 2008). De la méme maniére, les
données génétiques nous informent uniquement sur les taxons domestiqués actuels, mais il
est possible que certaines lignées aient été perdues par dérive ou par abandon par les

fermiers, n’apparaissant pas ainsi dans les études génétiques (Gross, Olsen, 2009). Datant
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d’une dizaine d’années, le débat sur la rapidité des processus de domestication est toujours
d’actualité (Clotault et al., 2011; Fuller et al., 2012; Gross, Olsen, 2009; Tanno, Willcox, 2006;
Zeder et al., 2006). L'utilisation de méthodes, comme I"approximate Bayesian computation,
permettant de ne plus se limiter aux interprétations trop simplistes basées sur des arbres,
mais plut6t de tester des scénarios démographiques et historiques plus précis, a apporté des
précisions sur la vitesse des processus de domestication (e.g. Clotault et al., 2011)) ainsi que
le nombre de populations ayant contribué a I'histoire évolutive des espéces domestiquées

(e.g,. Molina et al., 2011).

Origine de la domestication et diffusion du taxon domestiqué: Ou? Quoi?
Combien? Quand? La connaissance de |'ancétre sauvage et de sa localisation
géographique offre une opportunité unique de comprendre les conséquences génétiques et

phénotypiques du processus de domestication (Glémin, Bataillon, 2009).

Ou : localisation géographique des événements de domestication ? Le centre
d’origine des taxons domestiqués est généralement identifié¢ comme |'aire géographique
présentant la plus grande diversité morphologique et génétique chez I'apparenté sauvage
(Vavilov, 1926). Les études de génétique qui se sont intéressées a |'origine géographique des
espéces cultivées se basent sur des marqueurs neutres permettant de comparer les taxons
domestiqués et sauvages, ces derniers présentent des niveaux de variabilités génétiques et
morphologiques plus élevés lorsque la domestication est accompagnée d’un goulet
d’étranglement. Plusieurs centres de domestication ont été proposés chez les plantes et
animaux (Diamond, 2002): le Croissant Fertile, la Chine, la Mésoamérique, les Andes,
I’Amazonie, le Sahel, I'Afrique de I'Ouest tropicale et la Nouvelle-Guinée (Figure 1).
Dans cette carte classique des centres de domestication, |’Asie Centrale ne figure pas en tant
gue centre d’origine géographique des taxons domestiqués alors qu’une majorité de fruitiers
d’importance économique comme le citronnier, le pommier, le poirier, le cognassier, le
néflier, 'amandier, I'abricotier, le cerisier, le pécher et le prunier furent probablement
domestiqués en Asie Centrale, puis ont ensuite rejoint I'Ouest durant I’Antiquité (Janick,

2005), méme si aucune donnée génétique ne confirme ces hypothéses sauf rares exceptions
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Figure 1. Centres d’origine de domestication des animaux et les plantes (Diamond, 2002).

comme le pommier cultivé (Malus domestica) (Velasco et al., 2010). Il est en fait tres difficile
de déterminer le stade initial de la domestication chez les espéces fruitieéres car cela exige
une combinaison de données archéologiques et génétiques, qui sont pour l'instant peu
abondantes et difficiles a acquérir. Jusqu’a tres récemment, peu d’études génétiques ont
abordé ces questions sur I'origine de la domestication des arbres fruitiers. D’autre part, chez
les especes fruitieres, les précisions de datation et de localisation des origines de la
domestication via les restes archéologiques sont difficiles: a la fois d’un point de vue
anatomique, de par le manque de criteres distinctifs entre taxons sauvages et domestiqués
(Zohary, Hopf, 2000), et aussi par la conservation difficile des graines ou pépins au cours du
temps. Ainsi les découvertes de restes archéologiques sont souvent circonstancielles et
anecdotiques, par exemple par la découverte de restes de fruits dans une zone
géographique ou le taxon sauvage n’est pas présent (Zohary, Hopf, 2000). La localisation des
centres de domestication au Proche Orient chez l'olivier et le palmier dattier est liée a
I'apparition simultanée des premiers signes de culture et du développement de
I'horticulture, en particulier de la technique de greffage, ainsi qu’a la présence d’apparentés

morphologiques sauvages dans cette zone géographique (Zohary, Hopf, 2000). Cependant,
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rien ne nous empéche de penser que d’autres espéces fruitieres, dont les apparentés
sauvages sont présents en Asie Centrale, aient pu étre domestiquées plus précocement,

avant le développement des techniques de greffage il y a 3800 ans.

Quoi et combien : identification des ancétres sauvages et de leur nombre? Les
origines des taxons domestiqués peuvent étre uniques (un seul événement de domestication
a partir d’'une espece ou d’une population) ou multiples (plusieurs espéces ou plusieurs
populations de la méme espece, domestiquées indépendamment).

La question de l'origine multiple ou unique des taxons domestiqués est encore
débattue (Glémin, Bataillon, 2009). L'un des exemples les plus classiques de domestication
considéré comme unique est celui du mais (Matsuoka et al., 2002) : une phylogénie basée
sur 99 marqueurs microsatellites incluant la téosinte (Zea mays ssp. parviglumis) et le mais
(Zea mays ssp. mays) montre que I'ensemble des variétés de mais cultivées forment un seul
groupe monophylétique, dérivé de la téosinte. Cependant, l'inférence d’'un événement
unique de domestication peut étre un artefact lié aux méthodes basées sur I'étude des
arbres phylogénétiques (Allaby et al., 2008). Un exemple illustre particulierement bien la
difficulté de résolution de la question du nombre d’ancétres a I'origine des taxons
domestiqués. Le riz cultivé (Oryza sativa) présente deux phénotypes communément appelés
Oryza sativa indica et Oryza sativa japonica. Oryza sativa fUt ainsi supposée étre issue de
deux évenements indépendants de domestication a partir de la méme population, qui aurait
donné ces deux variétés majeures actuelles. Certaines données ont conforté ces hypotheses
(Londo et al., 2006), alors que plus récemment d’autres études ont suggéré sur la base de
nouveaux marqueurs une domestication unique (Gao, Innan, 2008; Molina et al., 2011).

Le modele de domestication a partir d’'un ancétre unique a longtemps été accepté
par défaut, cependant, le débat reste encore ouvert. En effet, de nombreux taxons
domestiqués semblent avoir des origines multiples a partir de populations ou especes
différentes. Les animaux, en particulier le bétail, sont de bons exemples (Bruford et al.,
2003). La vache serait issue de deux évenements de domestication indépendants, a partir de
I’Auroch (Bos primigenius primigenius) en Europe et du zébu en Asie (B. primigenius
namadicus), amenant |'apparition des deux especes domestiques actuelles, Bos taurus et Bos
indicus respectivement (Bruford et al., 2003; Loftus et al., 1994) ; le cheval domestique serait

issu de plusieurs domestications indépendantes a partir de différentes populations de la
14


http://fr.wikipedia.org/wiki/Zea_mays_subsp._parviglumis
http://fr.wikipedia.org/wiki/Zea_mays_subsp._mays

méme espéce sauvage (Vila et al.,, 2001; Warmuth et al., 2012) ; la chévre (Capra hircus)
serait issue de trois évenements indépendants de domestication en Asie et dans le Croissant
Fertile a partir de trois sous-espéces de C. aegagrus (Luikart et al., 2001) ; le mouton (Ovis
aries) serait issu de deux événements indépendants de domestication, en Asie et au Proche
Orient (Bruford et al., 2003). Les plantes aussi présentent des histoires de domestication
impliqguant de multiples évenements de domestication indépendants. Le coton est un
exemple extréme de domestication multiple, avec quatre especes domestiquées (deux en
Amérique, Gossypium hirsutum et G. barbadense, et deux en Afrique-Asie, G. arboreum et G.
herbaceum) issues de quatre évenements indépendants de domestication a partir d’ancétres
sauvages géographiquement isolés (Wendel, Cronn, 2003). Il existe des exemples également
chez les arbres fruitiers : chez I'avocatier (Persea Americana), il y aurait eu trois évenements
de domestication indépendants en Amérique du Sud a partir d’écotypes locaux (populations
sauvages de Persea Americana) présentant des distributions au travers du continent sud-
américain (Chen et al., 2009a); chez I'abricotier (Prunus armeniaca), il y aurait eu deux
centres de domestication indépendants a partir de populations sauvages en Chine et dans le
Proche-Orient (Bourguiba et al., 2012); chez le fruitier Spondias purpurea de multiples
centres de domestication a partir de populations sauvages de la méme espéce ont aussi été
découverts (Miller, Schaal, 2005). La littérature chez les arbres fruitiers reste cependant
beaucoup moins abondante que pour les plantes domestiquées annuelles (céréales et

légumes secs).

Quand : datation de I'évéenement de domestication? La date des évenements de
domestication est difficile a déterminer. Les caractéres morphologiques associés a la
domestication n’étaient souvent pas encore fixés lors de la domestication (Larson et al.,
2012). Ceci a déja été discuté précédemment dans le cadre de la datation de la
domestication des arbres fruitiers, et la possibilité de suggérer I’Asie Centrale comme centre
de domestication. Cependant, chez d’autres taxons domestiqués, des analyses
morphométriques a partir de restes archéologiques permettent de dater approximativement
ces évenements. Par exemple, les chiens seraient apparus il y a 12000 ans en Eurasie (Larson
et al., 2012) et la vigne il y a 5000 ans au Proche Orient (Myles et al., 2011). Cependant, rares
sont les études basées sur des marqueurs génétiques qui ont fournies des estimations en

concordance avec les données archéologiques (Clotault et al., 2011). La principale
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explication a ces discordances peut étre I'utilisation d’horloges moléculaires inappropriées

dans les études de génétique (Zeder et al., 2006).

Origine hybride et diversification post-domestication des taxons domestiqués. Les
hybridations® jouent un réle fondamental a la fois dans I'apparition des taxons domestiqués
(Mallet, 2007) (domestication par hybridation) et aussi dans leur évolution aprés la
domestication (Arnold, 2004) (flux de génes post-domestication entre taxons sauvages et
domestiqués). Des exemples chez les animaux et les plantes suggerent qu’il est important de
prendre en compte ces hybridations lors de la reconstruction des scénarios de domestication
(Arnold, 2004). La domestication par hybridation semble en effet avoir été a l'origine de
certains taxons domestiqués. Les variétés de bananes diploides (Musa acuminata) sont
issues d’'une hybridation entre deux sous-espéces de M. acuminata isolées sur deux fles
d’Asie du Sud-est et de Malaisie (Perrier et al., 2011). Le kiwi (Actinidia deliciosa) serait issu
d’un évenement d’allopolyploidisation (Atkinson et al., 1997). Le blé tendre (Triticum
aestivum) dérive d’'un croisement entre I'amidonnier T. dicoccum et I'égilope Aegilops
tauschii. Les hybridations post-domestication répétées semblent aussi fréquentes et, méme
si leurs conséquences d’un point de vue évolutif sont encore mal connues, dans certains cas,
elles ont sGrement joué un réle dans le développement de la grande diversité de races et
variétés existantes (Bruford et al., 2003). Chez le cochon et le mouton, des hybridations
entre populations sauvages et cultivées ont été a la base de nouvelles races domestiquées
(Arnold, 2004). Chez les mais, des flux de genes de Zea mays ssp. mexicana, une sous-espece
de téosinte des hauts plateaux mexicains, vers certaines variétés locales des hauts plateaux
mexicains (Matsuoka et al., 2002; van Heerwaarden et al., 2011), ont été suggérés comme
étant a I'origine de I'adaptation des variétés locales aux conditions extrémes de survie et de
maturation des hauts plateaux mexicains (Arnold, 2004). Chez la vigne (V. v. vinifera), les
cultivars d’Europe de I’Ouest, originaires des populations sauvages de V. vinifera sylvestris du
Proche Orient, ont subi des introgressions par les populations sauvages de V. vinifera

sylvestris d’Europe de I'Ouest lors de l'introduction de la vigne en Europe il y a 2800 ans.

3 . . .. . \ Y .
Processus par lequel se forme une descendance issue d’individus de populations ou especes différentes qui
sont distinguables sur la base d’un ou plusieurs caracteres héritables.
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Ainsi les flux de génes des taxons sauvages vers les taxons domestiqués semblent avoir joué

un role dans la diversification post-domestication de plusieurs especes domestiquées.

Perte de diversité génétique durant la domestication (goulet d’étranglement) et
conséquences des hybridations post-domestication entre apparentés sauvages et
cultivés. La domestication peut avoir pour conséquence la diminution de la diversité
génétique chez le taxon domestiqué relativement a son apparenté sauvage, du fait de la
sélection par ’'homme et de la dérive génétique (Gross, Olsen, 2009), un phénomene appelé
goulet d’étranglement. Chez les plantes annuelles, des pertes considérables de diversité
génétique ont été documentées (60-90%), comme chez le tournesol (Helianthus annuus)
(Liu, Burke, 2006), le mais (Zea mays ssp mays) (Tenaillon et al., 2004), le soja (Hyten et al.,
2006) et le blé (Haudry et al., 2007). Les barrieres reproductives entre taxons sauvages et
domestiqués sont souvent trés faibles, voire inexistantes, de par leur divergence récente,
impliquant ainsi des hybridations interspécifiques fréquentes (Ellstrand et al., 1999). Elles
ont pour conséquences |I'effacement des goulets d’étranglement chez le taxon domestiqué
et la baisse de I'apparentement génétique au(x) progéniteur(s) ancestral(ux) si les flux de
genes proviennent d’autres espéces sauvages que le(s) contributeur(s) initial(ux), générant
des niveaux de diversité et structures génétiques tres difficiles a interpréter. Ce type de
situation se retrouve chez des animaux tels que les chiens (Canis lupus familiaris) (Larson et
al., 2012), le mouton d’Eurasie de I'Quest (Ovis orientalis aries) (Chessa et al., 2009), le
cheval (Warmuth et al., 2012) mais aussi chez des arbres fruitiers tels que la vigne cultivée
(Vitis vinifera vinifera) (Myles et al., 2011) ou I'amandier (Prunus amygdalus), (Delplancke et
al., 2011) ainsi que des céréales comme le mais (Hufford et al., 2012; van Heerwaarden et
al., 2011). Les flux de genes du taxon domestiqué vers les apparentés sauvages se sont aussi
révélés fréquents (Ellstrand et al., 1999) mais leurs conséquences d’un point de vue évolutif

sur les apparentés sauvages restent encore peu connus.

2. Processus de diversification naturelle : divergences interspécifiques et

intraspécifiques avec flux de genes

Diversifications interspécifiques et intraspécifiques : avec ou sans flux de genes?

La littérature scientifique s’intéressant aux processus de divergence entre espéces est tres
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riche (Network, 2011). Les évenements de spéciation ont été historiquement catégorisés en
guatre grands modes selon la géographie : allopatrie, péripatrie, sympatrie et parapatrie
(Coyne, Orr, 2004). Cependant, ces classifications basées sur la géographie ont récemment
été remises en question (Fitzpatrick et al., 2009; Hey, 2006). Les problématiques se
focalisent maintenant sur I'importance des flux de genes durant la spéciation (Mallet et al.,
2009), en particulier pour les plus contestés des modes de spéciation : sympatrique et
parapatrique, impliquant des flux de genes durant la divergence. La divergence entre
espéces avec flux de génes apparait possible si la sélection est assez forte, en particulier
dans des régions génomiques incluant des genes impliqués dans le choix du partenaires
et/ou dans les traits morphologiques impliqués dans la réponse a la sélection sexuelle (Feder
et al., 2012; Hey, 2006). Deux principales voies d’études se sont formées, la premiére
concerne la détection de I'existence de flux de genes au moment de la divergence, voire
leurs estimations au travers de méthodes d’inférences démographiques entre espéces en
divergence (Bertorelle et al., 2010; Pinho, Hey, 2010). La deuxieme concerne la détection d’
« fles » ou de « continents » génomiques plus différenciés que le reste du génome entre
espéces soeurs, ce qui témoignerait de l'existence de régions génomiques sous forte
sélection divergente lors de la divergence entre populations en présence de flux de genes
(Feder et al., 2012; Michel et al., 2010). Nous nous intéresserons ici uniquement a la
premiere partie, I'estimation du degré de flux de génes lors de la divergence en I'absence
d’isolement géographique, qui a fait I'objet d’une partie de ma thése. De récentes études
ont permis d’estimer la part de flux de geénes dans les processus de divergence
interspécifiques par l'utilisation de marqueurs neutres et d’inférences Bayésiennes. De
nombreux organismes ont été étudiés: des mammiferes (Geraldes et al., 2008), des
amphibiens (Nadachowska, Babik, 2009; Nosil, 2008), des plantes (Li et al., 2011; Stadler et
al.,, 2005; Zheng, Ge, 2010; Zhou et al., 2007), des oiseaux (Carling et al., 2010), des
champignons (Gladieux et al., 2010a) ou encore des insectes (Hey, Nielsen, 2004). Les études
réveélent des niveaux variables de flux de genes entre populations divergentes, souvent
asymétriques, avec certains cas avérés de spéciation avec des flux de génes, comme par
exemple entre espéces/populations de papillons (Kronforst et al., 2006; Salazar et al., 2008),
de salamandres (Nadachowska, Babik, 2009; Niemiller et al., 2008), de riz (Zheng, Ge, 2010)

et de tomates (Stadler et al., 2008). Méme si |'estimation et la datation des flux génes
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restent encore un gros challenge, les nouvelles méthodes basées sur la coalescence et la
comparaison de scénarios alternatifs par ABC (approximate Bayesian computation) sont
prometteuses dans l'identification des nouveaux cas de spéciation avec flux de génes
(Smadja, Butlin, 2011).

La différenciation des populations au sein d’'une espéce représente un processus de
diversification a part entiére, surtout lorsque I'adaptation locale entre en jeu, et est pourtant
rarement prise en compte lorsqu’on parle de biodiversité. La différenciation des populations
est la résultante des mémes forces évolutives (mutation, dérive génétique, migration et
sélection naturelle) que la spéciation (Coyne, Orr, 2004). Les niveaux de différenciation
peuvent d’ailleurs étre plus élevés entre populations qu’entre espéces (Lexer, Widmer,
2008). D’ailleurs, les mémes problématiques qu’a I'échelle spécifique se posent a I’échelle
populationnelle (la barriere espéce/population est d’ailleurs souvent difficile a définir chez
certains modeles, comme les arbres par exemple) concernant I'importance des flux de génes
face a la sélection pour des adaptations locales et la différenciation des populations
(Savolainen et al., 2007). L’étude des processus historiques responsables de |'organisation
spatiale de la diversité génétique entre espéces phylogénétiquement proches et au sein des
espéces, est appelée phylogéographie (Avise, 2000; Avise, 2009). Cette discipline a permis de
mieux comprendre les mécanismes évolutifs impliqués dans les processus de diversification
intraspécifiqgue en inférant les barrieres aux flux de génes et en explorant les conséquences
des fragmentation-recolonisation en terme de différenciation génétique (Petit et al., 2002;
Taberlet et al., 1998). L'un des thémes les plus abordés en phylogéographie est I’étude de la
conséquence des oscillations climatiques durant la derniere grande glaciation (23000-11000
ans) sur la distribution de la diversité génétique des populations et de leurs différenciations
(principalement en Europe et Amérique du Nord). Cette glaciation a eu pour conséquence la
séparation de populations au sein de refuges glaciaires®; puis, suite au réchauffement du
début de I'Holocéne (10000 ans), ces populations ont recolonisé des territoires vers le Nord,
créant probablement des zones hybrides entre lignées évolutives ayant divergé. Ces
processus de migration/extinction/recolonisation de populations sur une échelle de temps

courte (30000 ans) représentent ainsi un modele idéal pour I'étude des processus de

* Site/localisation géographique de populations reliques ou isolées d’une espéce ayant subit des contractions
de son aire géographique suite aux glaciations.

19



divergence de populations avec contact secondaire. De nombreuses études se sont
intéressées a ces processus de recolonisation pour des espéces tempérées européennes
(Heuertz et al., 2006; Heuertz et al., 2004; Pauwels et al., 2012; Petit et al., 2002; Vercken et
al., 2010). Des refuges glaciaires (Péninsule Ibérique, Italie, Balkans et Carpates) ainsi que
des zones de sutures localisées en Europe (Hewitt, 2004; Schmitt, 2007; Taberlet et al.,
1998) semblent partagés entre espéces tempérées. Cependant, les questions concernant
I'importance et la quantification des flux de geénes entre lignées évolutives dans ces
processus de diversification restent limitées aux interprétations issues des structures
phylogéographiques observées. Les méthodes d’inférences démographiques permettant de
tester des scénarios alternatifs avec ou sans flux de génes sont encore peu utilisées dans ce

domaine (Bertorelle et al., 2010; Francois et al., 2008).

Capacité a disperser des espeéces. La dispersion du pollen et des graines sont
responsables des flux de genes entre populations et individus, et par conséquent ont un role
majeur dans les processus de diversification. En effet, la probabilité d’observer une
divergence entre espéces au sein d’une région diminue avec l'intensité des flux de genes
intraspécifiques. Cet attendu théorique a été démontré chez un grand nombre de modeéles :
chauves-souris, mammiféres carnivores, oiseaux, plantes a fleurs, lézards et escargots (Kisel,
Barraclough, 2010). Parmi les diverses méthodes d’estimation des capacités de dispersion,
I'estimation indirecte a travers la caractérisation de la structuration génétique spatiale
intraspécifique (SGS), ainsi que de la détection d’isolement par la distance, permet de
quantifier, voire méme de comparer entre populations et entre espéeces, les capacités de
colonisation et de dispersion (Vekemans, Hardy, 2004). Ces données sont essentielles pour la
gestion des populations naturelles mais aussi pour prédire les changements de distribution a
long terme des especes face aux changements climatiques ou lors d’invasions biologiques

(Petit et al., 2004a)

Approches statistiques d’inférences de parametres démographiques dans les
modeles de divergence avec flux de genes. L'utilisation de marqueurs génétiques
(séquences, SNP, microsatellites) et le développement de méthodes analytiques ont
significativement amélioré I'étude des populations en divergence (Pinho, Hey, 2010). Une
nouvelle discipline visant a retracer [I'histoire démographique de populations
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phylogénétiqguement proches a partir du polymorphisme génétique neutre distribué
aléatoirement sur le génome est alors née : la « génétique des populations en divergence »
(Kliman et al., 2000). L'utilisation de modeles de coalescence a travers des généalogies de
genes permet d’estimer des parametres classiques de génétique des populations tels que les
tailles efficaces, les taux de migration et le temps depuis la divergence.

Certains des programmes actuellement les plus utilisés permettant I'étude de la
différenciation génétique et de lintrogression entre les populations, premiére étape de
I'étude de population en divergence, sont basées sur des inférences Bayésiennes et des
simulations des Chaines de Markov Monte Carlo (MCMC) comme implémentées dans le
logiciel STRUCTURE (Pritchard et al., 2000). Cependant, ce logiciel ne permet pas d’inférer
des paramétres démographiques (tailles efficaces, taux de migration et temps depuis la
divergence), essentiels pour la compréhension des processus de divergence avec flux de
genes. Ainsi, des modeéles basés sur la théorie de la coalescence se sont développés,
permettant d’estimer ces parametres démographiques simultanément (Nielsen, Wakeley,
2001). Ces modeles supposent une divergence de populations avec flux de génes. Plusieurs
logiciels disponibles a ce jour permettent d’utiliser de maniére accessible ces modeéles et
d’inférer ainsi les parametres démographiques associés a une divergence entre deux (/Ma)
voire plusieurs populations (/IMa2) (Hey, Nielsen, 2004; Hey, Nielsen, 2007). Le calcul de la
vraisemblance est cependant trés complexe, restreignant 'utilisation de ces logiciels a des
scénarios évolutifs et modeles d’évolution moléculaires simples (Csilléry et al., 2010) ou a
des jeux de données restreints (Wang, Hey, 2011). D’autre part, malgré les avancées des
capacités informatiques, ces méthodes ne peuvent plus assurer des temps de simulation
raisonnables face au nombre et a la complexité des modeles démographiques devant étre
comparés. Une nouvelle approche qui approxime la vraisemblance est née, |'approximate
Bayesian computation (ABC), associant les avantages du modele Bayésien, mais contournant
le probléme du calcul de la vraisemblance (Csilléry et al., 2010). L’ABC permet de comparer
des modeles évolutifs plus complexes et réalistes que le modele «isolement avec
migration » entre deux ou plusieurs populations (Hey, Nielsen, 2004; Hey, Nielsen, 2007;
Nielsen, Wakeley, 2001). Son utilisation s’est ainsi accrue de maniére considérable depuis
qguelques années afin de résoudre de multiples problématiques (Patin et al., 2009; Row et

al., 2011; Tellier et al., 2011; Wegmann, Excoffier, 2010), en particulier la comparaison de
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modeles avec et sans flux de génes, permettant ainsi d’avoir une meilleure compréhension
du processus de spéciation et plus généralement de diversification (Encadré 1) (Smadja,

Butlin, 2011).

Encadré 1: Approximate Bayesian computation (ABC) et estimation de paramétres

L’ABC est une approche d’inférence Bayésienne basée sur des statistiques résumées
contournant ainsi I'estimation de la vraisemblance, qui est difficile a estimer dans le cas de
scénarios évolutifs complexes. Cette méthode présente aussi les avantages des approches
Bayésiennes prenant en compte des informations priors (distributions de probabilité sur la
valeur d’un parameétre avant que les données soient examinées) et permettant l'inférence
de distributions postérieures sur les parametres des modeles (distribution conditionnelle
d’un parametre sachant les données). Elle est basée sur la simulation de millions de
généalogies supposant différentes valeurs de parameétres sous différents modeéles. Les
simulations qui présentent les valeurs de statistiques résumées les plus proches de celles du
jeu de données observé sont retenues pour estimer les distributions postérieures. Les
principales étapes de I’ABC sont la définition des modeles a tester, le choix du modele, puis

I'inférence des valeurs de parameétres.

Les modeéles

L'un des points forts de I'ABC est la comparaison de scénarios démographiques et
historiques. Les premieres questions a se poser sont donc : quels modeles doit-on tester et
quelle sera leur complexité? Ces modeles proposés sont souvent construits sur la base de
I'expérience et des connaissances préliminaires existant sur les modeles biologiques étudiés,
et des données historiques. Cette étape passe par la conceptualisation mathématique de ces
connaissances préliminaires par la définition des distributions priors pour chaque paramétre
des modeles. Un grand nombre de modeéles peuvent étre proposés ; il faut cependant
essayer de limiter le nombre de modeles testés ainsi que leur complexité afin de trouver

I’explication la plus parcimonieuse.

Inférence et choix des modéles
Une fois les modeéles a tester établis, I’étape suivante consiste, sous chaque modele évolutif,
a échantillonner de multiples fois une valeur de parametre, &i, dans une distribution prior

afin de simuler un jeu de données yi. Ensuite a partir des données simulées, il s’agit de
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calculer la valeur de statistique résumée associée au jeu de données simulé S(yi), et la
comparer a la valeur de la statistique résumée dans le jeu de données observé S(yo), en
utilisant une mesure de distance (par exemple euclidienne). Si la distance entre S(yi) et S(yo)
est inférieure a un seuil, appelé tolérance ¢, la valeur de parameétre est acceptée. Lors de
mes simulations, 0,1% des valeurs les plus proches étaient retenues, soit les 1000 meilleures
simulations. Ces valeurs sont représentées par des points orange sur la figure a. Elles sont
ensuite ajustées par régression linéaire localement pondérée (Leuenberger, Wegmann,
2009) (ligne verte), donnant plus de poids aux simulations produisant des statistiques
résumées proches des valeurs observées. Aprés réajustement, la nouvelle valeur de
parametre (histogramme vert) forme I'échantillon de la distribution postérieure. Cette étape
est réalisée pour chacun des modeles. Ensuite, la comparaison des modeles se fait par
I'estimation des probabilités postérieures ainsi que les Bayes factor de chacun des modeles,
pour ainsi choisir le modele le plus probable. Une fois le modéle choisi, les parametres sont

estimés a partir de ce modeéle.
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Figure a. Principe de I'ajustement par régression linéaire lors de I'utilisation de I’ABC. Qi :
valeur de parameétre, Oi*: valeur de parameétre aprés réajustement, yi: jeu de données
simulé, S(yi): statistique résumée associée au jeu de données simulé, S(yo): statistique
résumée dans le jeu de données observé, -¢: tolérance, ligne verte : régression linéaire
(Figure tirée de Csilléry et al., 2010).

Estimation des parameétres : fiabilité ?
Dans la littérature, les estimations des parametres sont souvent présentées sous forme de

courbes avec les distributions priors (noires dans les figures b et c) et postérieures (rouges
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dans les figures b et c). Cependant, les courbes de rejet sont rarement présentées, et sont
pourtant tres informatives sur la capacité des modéles a prédire et estimer les parameétres.
Les courbes de rejet (bleues dans les figures b et c) correspondent a la distribution des
valeurs de parametres dont les valeurs So ont été acceptées sur le critére du seuil de

tolérance &, mais avant le réajustement par régression.
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Si la courbe de rejet est en concordance avec la distribution postérieure des parametres (en
rouge, figure c) alors, les estimations, de visu, peuvent étre considérées comme fiables
(figure c, parametre estimé Texp). Ces résultats validés de visu sont souvent ensuite aussi
validés lors du model checking qui consiste a tester statistiquement si les statistiques
simulées sous le modeéle choisi sont non significativement différentes des statistiques
résumées observées, afin de valider les estimations de parameétres. Dans certains cas
cependant la courbe de rejet est décalée par rapport a la courbe postérieure (Figure b) :
I'ajustement par régression a amené une estimation trop biaisée des parametres traduisant
un probleme d’ajustement du modeéle aux données observées. Cette estimation au travers
de la régression engendre des problémes d’estimation de paramétres pour le modéle donné.
Ainsi I'observation des courbes de rejet est souvent un bon moyen de savoir si les
estimations de parameétres sont fiables ou non, sans passer par le model checking

directement.
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3. Les arbres, un modeéle particulier d’étude des processus de

diversification

Les arbres sont des plantes vasculaires ligneuses pérennes ne formant pas un groupe
monophylétique mais partageant des spécificités communes d’un point de vue évolutif : des
faibles taux de spéciation malgré une grande diversité génétique, une grande différenciation
au niveau de leurs traits adaptatifs malgré de forts flux de geénes, une grande capacité a
maintenir l'intégrité génétique des especes malgré des hybridations interspécifiques trés
fréquentes, ainsi que des traits d’histoire de vie qui les distinguent des autres plantes, tels
gu’une longue durée de vie et un long temps de génération (Petit, Hampe, 2006; Savolainen,
Pyhajarvi, 2007). On peut ainsi s’attendre a des mécanismes de diversification originaux a
diverses échelles évolutives (domestication, diversification intraspécifique, spéciation) chez
ces modeles. Pourtant, la littérature concernant ces problématiques reste encore limitée
comparativement a d’autres modeles de plantes comme les espéces annuelles, malgré leur
importance dans I'économie actuelle et les retombées de ces études en termes
d’amélioration variétale et de conservation des ressources génétiques, sans oublier bien sir

I'intérét académique de ces questions.

Propagation végétative, temps de génération et méthode de sélection chez les
arbres fruitiers: impact sur le processus de domestication. La combinaison du
greffage et des méthodes de sélection a sGrement d{ jouer un réle primordial dans I’histoire
de la domestication des arbres fruitiers.

Pour les especes de plantes pérennes, la domestication passe souvent par un
changement de la reproduction sexuée (milieu naturel) vers la reproduction végétative
(milieu cultivé), par bouture, par surgeon (rejeton qui pousse au pied d’un arbre), ou par
greffage (Zohary, Hopf, 2000). Ce contraste entre les taxons domestiqués et leurs
apparentés sauvages joue probablement un réle dans I'évolution des espéces pérennes
végétales cultivées. La reproduction végétative permet, chez des espéces végétales
allogames (strictes ou non), de maintenir des génotypes élites d’intérét agronomique a la
génération suivante et d’éviter ainsi les désavantages de la ségrégation mendélienne

inhérents a la reproduction sexuée (McKey et al., 2010). La capacité naturelle a se propager
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végétativement de certaines especes sauvages pérennes leur a ainsi permis d’étre
domestiquées tot dans I'histoire de ’humanité, tels que le figuier, I'olivier ou la vigne, alors
gue des especes comme le pommier, poirier ou cerisier ont été cultivées plus tardivement
(Zohary, Hopf, 2000). La propagation végétative des arbres cultivés implique peu de
recombinaison et de cycles sexués, amenant les taxons cultivés a étre trés proches
génétiquement du pool génétique de leurs apparentés sauvages. De plus, les arbres cultivés
présentent des temps de génération beaucoup plus longs que les especes annuelles. Ainsi, la
différenciation génétique par rapport a l'apparenté sauvage devrait étre beaucoup plus
lente (en termes d’années) que chez les espéces annuelles. L'observation de syndromes de
domestication peu marqués chez les arbres fruitiers pourrait ainsi s’expliquer par la
limitation du nombre de générations sur laquelle la sélection a pu agir (Miller, Gross, 2011).
Chez les arbres fruitiers, I'amélioration variétale est souvent basée sur des
croisements aléatoires entre génotypes intéressants, dont les phénotypes intéressants sont
ensuite maintenus par greffage. La question de I'impact de ces pratiques sur la structuration
génétique et I'évolution des espéces pérennes reste encore tres peu étudiée (McKey et al.,

2010), en particulier chez les arbres fruitiers.

Les arbres: impact des flux de genes intraspécifiques et interspécifiques et des
larges tailles efficaces sur les mécanismes de diversification artificielle et
naturelle. L'évolution des arbres ne peut étre comprise sans considérer leurs
caractéristiques principales (Petit, Hampe, 2006). Or, 'une d’entre elles est leur forte
capacité a échanger des geénes au travers des hybridations interspécifiques et
intraspécifiques.

Les flux de génes intraspécifiques sont en général plus importants chez les arbres que
chez les herbacées a systeme de reproduction similaire (Petit, Hampe, 2006). Beaucoup
d’études ont en effet montré une faible structuration génétique spatiale et de fortes
capacités de dispersion chez de nombreuses espéces d’arbres (Lascoux et al., 2004; Petit et
al., 2004a; Petit, Hampe, 2006; Vekemans, Hardy, 2004), en particulier chez les especes
tropicales ayant la caractéristique d’étre en trés faible densité dans les foréts. La
combinaison de ces traits d’histoire de vie, associée a de larges tailles efficaces de
population, implique des effets de dérive trés peu prononcés, limitant la divergence entre

populations ou espéces et favorisant la rétention de polymorphisme ancestral entre especes
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phylogénétiqguement apparentées. Par exemple, des espéeces de pins ayant divergé il y a 10
millions d’années ne difféerent que de 5% au niveau des sites synonymes de séquences
nucléaires (Savolainen, Pyhajarvi, 2007). D’autre part, les arbres apparaissent plus enclins
aux croisements interspécifiques que d’autres plantes (Petit, Hampe, 2006). Ces hybridations
interspécifiques par contacts secondaires combinées au polymorphisme ancestral ont pour
conséquence une évolution réticulée des lignées, limitant I'étude des mécanismes de
diversification chez les arbres au travers des approches phylogénétiques classiques, ne
prenant pas en compte cette rétention de polymorphisme ancestral. Ainsi, I'’étude des
mécanismes de diversification chez les arbres par les nouvelles méthodes d’analyses
d’inférence en génétique des populations, intégrant ces effets de rétention de
polymorphisme ancestral et des modeles évolutifs complexes, permettra de répondre a des
guestions encore peu résolues chez ces modeles, concernant I'importance des flux de génes

lors des processus de diversification.

4. Le modeéle pommier, le genre Malus

Le genre Malus représente un modele idéal pour tester des hypotheses sur les
mécanismes de diversification chez les arbres, en particulier chez les arbres fruitiers. Ce
genre regroupe lI'ensemble des espéces de pommiers distribuées a travers les régions
tempérées dont les délimitations morphologiques sont trés floues et le nombre encore
controversé (dix a 100 morpho-especes selon les auteurs). L'incertitude sur le nombre
d’especes de Malus résulte d’'un manque de caractéres morphologiques diagnostics, de
chevauchements géographiques et d’hybridations interspécifiques fréquentes (Juniper,
Mabberley, 2006). Parmi I’ensemble des espéces du genre, la seule espéce cultivée, Malus
domestica, est utilisée pour la production commerciale de pommes. Le genre Malus serait
originaire du Sud de la Chine, des provinces du Guizhou, du Sichuan et du Yunnan. Ces trois
régions présentent une tres grande richesse spécifique, comportant potentiellement plus de
3/5 des especes de Malus existant dans le monde. Il semble probable que le genre soit
apparu durant I'Eocéne (55,5-33,7 millions d’années), période d’apparition de plusieurs
genres dans la famille des Rosaceae (Juniper, Mabberley, 2006). Une espéece ancestrale
présentant huit chromosomes aurait subi une auto-polyploidisation (=50 millions d’années)

aboutissant a un caryotype a 18 chromosomes, dont un aurait été perdu, aboutissant a un
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caryotype a 17 chromosomes, caractéristique de la sous-tribu des Pyreae des Rosaceae, qui
comprend I'ensemble des espéces de pommiers et de poiriers (Giovannoni, 2010). Le
scénario de dispersion et de diversification du genre est cependant encore trés mal connu.
Le genre aurait connu une radiation spécifique durant les périodes préglaciaires,
interglaciaires et postglaciaires, avec des espéces colonisant le reste de I'Asie, de I'Europe et
de I'’Amérique (Juniper 2006). Des phylogénies basées sur des séquences nucléaires et
chloroplastiques ont permis d’identifier les espéces basales du genre, mais la phylogénie
manquait de résolution pour le groupe incluant le pommier domestiqué et plusieurs espéces
sauvages (Harris et al., 2002; Robinson et al., 2001), en particulier pour les quatre espéeces
sauvages supposées étre des contributrices potentielles au génome du pommier domestiqué
(Juniper, Mabberley, 2006): M. sylvestris (Europe), M. baccata (Sibérie), M. sieversii (Asie

Centrale) et M. orientalis (Caucase) (Figure 2).

M. orientalis

Figure 2. Distributions géographiques des quatre especes de pommiers sauvages étudiées
(Malus domestica n’est pas présente en milieu naturel). Malus sylvestris (a) est distribuée a
travers I'Europe de I'Ouest et de I'Est (couleur bleue sur la carte) et présente des pommes
petites (@ : 2-5 cm), vertes et acides (b). Malus baccata (d) se distribue a travers la Russie du
Sud-Est ainsi qu’en Sibérie (violet), et présente de petites pommes type « cerise » (@ < 1 cm)
(c). Malus orientalis (e) se distribue dans le Caucase, avec certains individus repérés en
Russie (jaune), avec des pommes de tailles similaires a celles de Malus sylvestris
vertes/rougeatres et acides (f). Malus sieversii (h) se distribue en Asie Centrale (Kazakhstan,
Kirghizistan, Tadjikistan et Xinjiang en Chine), avec des pommes présentant des diversités de
couleurs et de morphologies exceptionnelles (g) (photos : USDA, Forsline, 2004).
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Ces quatre espéces présentent des distributions géographiques et des écologies différentes,
alors qu’étant morphologiquement proches du pommier cultivé (M. domestica). Un scénario
de domestication probable est le suivant: le pommier cultivé (M. domestica) serait
initialement apparu a partir de M. sieversii en Asie centrale dans les montagnes du Tian Shan
il y a 8000 ans environ, et il aurait ensuite été transporté vers I'Ouest le long de la route de la
Soie, ou il aurait pu s’hybrider avec M. orientalis et M. baccata, puis avec M. sylvestris suite a
son introduction en Europe par les Romains il y a 3000 ans (Forsline et al., 2002). Certains
auteurs, comme Barrie Juniper, contestent ce scenario et considérent que M. sieversii est le
seul contributeur au génome de M. domestica (Juniper, Mabberley, 2006). Les données
génétiques ne permettaient pas de trancher sans ambiguité en faveur de I'un ou l'autre des
scénarios au début de ma these.

Ce complexe de cing espéces, toutes diploides et phylogénétiquement proches, incluant
une espece domestiquée, constitue un modele idéal pour étudier des processus de

diversification a des échelles évolutives différentes.

5. Buts de la thése

Cette thése vise a comprendre les mécanismes généraux impliqués lors de diversification
interspécifiques et intraspécifiques dans le genre Malus, qui regroupe l'ensemble des
espéces de pommiers a travers le monde. En particulier, je me suis focalisée sur I'unique
espece domestiquée (Malus domestica) et quatre espéces sauvages ayant été suggérées
comme de possibles espéces contributrices au génome du pommier cultivé. Je me suis
intéressée aux mécanismes évolutifs neutres impliqués dans la diversification de ces especes
a différentes échelles évolutives : a) histoire de la domestication du pommier cultivé (M.
domestica) ; b) diversification intraspécifique chez un contributeur sauvage (M. sylvestris) a
I'espece cultivée; c) histoires des spéciations entre quatre espéces sauvages apparentées et
une espece domestiquée; d) estimation de la structure génétique spatiale et des capacités
de dispersion de trois especes sauvages contributrices au génome du pommier cultivé (M.
orientalis, M. sylvestris et M. sieversii), ainsi que des niveaux d’introgressions du pommier
cultivé vers chacune de ces espéces dans leur région d’origine, afin d’estimer I'importance
des hybridations entre especes d’arbres cultivées et sauvages. Pour répondre a ces

guestions, j’ai utilisé un total de 1549 individus de chacune des cing espéces, échantillonnés
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a travers I'Eurasie et génotypés a I'aide de 26 marqueurs microsatellites. A cela, j’ai ajouté
13 loci nucléaires amplifiés pour huit a dix individus selon les espéces afin d’étudier I'histoire
des spéciations dans le genre Malus (Manuscrit C). Enfin, j’ai participé a une étude
concernant la coévolution d’un des champignons pathogéne du pommier cultivé, la tavelure
du pommier (Venturia inaequalis), dont les résultats sont présentés en Annexe 2. Ma these

s’articule donc en quatre parties principales:

A. Domestication du pommier cultivé (Malus domestica): comprendre I'histoire de sa
domestication, déterminer son origine et comprendre quelles sont les espeéces
sauvages ayant contribué a son génome, et en quelles proportions s’il y en a eu plus
d’une. Manuscrit A: New Insight into the History of Domesticated Apple: Secondary
Contribution of the European Wild Apple to the Genome of Cultivated Varieties.
PloS Genet. 2012. 8(5) e1002703

B. Phylogéographie du contributeur européen (Malus sylvestris) au génome du
pommier cultivé: comprendre I'origine de la structuration des populations d’'une des
espéces contributrices au génome du pommier cultivé. Manuscrit B: Post-glacial
recolonization history of the European crabapple (Malus sylvestris Mill.), a wild

contributor to the domesticated apple. Resubmitted to Molecular Ecology.

C. Histoires de spéciations entre quatre especes de pommiers sauvages en Eurasie et du
pommier cultivé : reconstruction des histoires de spéciations récentes au sein de ce
genre afin de comprendre si les especes dans le genre Malus apparaissent et se
maintiennent avec ou sans flux génes. Manuscrit C: Speciation histories of four wild

apple species in Eurasia and of the cultivated apple. In prep.

D. Hybridations interspécifiques du pommier cultivé vers les trois especes contributrices
sauvages et estimation de la structuration génétique spatiale chez I'espéce asiatique
et I'espéce caucasienne. Manuscrit D: Crop-to-wild gene flow and spatial genetic
structure in the closest wild relatives of the cultivated apple. Submitted to

Evolutionnary Applications.
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E. Annexe 2: Le Van et al. Manuscrit E: Evolution of pathogenicity traits in the apple
scab fungal pathogen in response to the domestication of its host. Evolutionary

Applications. 2012: In press.
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Manuscript A: Domestication du pommier cultivé

(Malus domestica)
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ABSTRACT

Apple is the most common and culturally important fruit crop of temperate areas. The
elucidation of its origin and domestication history is therefore of great interest. The wild
Central Asian species Malus sieversii has previously been identified as the main contributor
to the genome of the cultivated apple (Malus domestica), on the basis of morphological,
molecular and historical evidence. The possible contribution of other wild species present
along the Silk Route running from Asia to Western Europe remains a matter of debate,
particularly with respect to the contribution of the European wild apple. We used
microsatellite markers and an unprecedented large sampling of five Malus species
throughout Eurasia (839 accessions from China to Spain) to show that multiple species have
contributed to the genetic makeup of domesticated apples. The wild European crabapple M.
sylvestris, in particular, was a major secondary contributor. Bidirectional gene flow between
the domesticated apple and the European crabapple resulted in the current M. domestica
being genetically more closely related to this species than to its Central Asian progenitor, M.
sieversii. We found no evidence of a domestication bottleneck or clonal population structure
in apples, despite the use of vegetative propagation by grafting. We show that the evolution
of domesticated apples occurred over a long time period and involved more than one wild
species. Our results support the view that self-incompatibility, a long life span and cultural
practices, such as selection from open-pollinated seeds, have facilitated introgression from
wild relatives and the maintenance of genetic variation during domestication. This
combination of processes may account for the diversification of several long-lived perennial

crops, yielding domestication patterns different from those observed for annual species.
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INTRODUCTION

Domestication is a process of increasing codependence between plants and animals
on the one hand, and human societies on the other (Diamond, 1997; Zeder et al., 2006). The
key questions relating to the evolutionary processes underlying domestication concern the
identity and geographic origin of the wild progenitors of domesticated species (Diamond,
2002), the nature of the genetic changes underlying domestication (Purugganan, Fuller,
2009; Wright, Gaut, 2005), the tempo and mode of domestication (e.g., rapid transition
versus protracted domestication) (Tenaillon, Manicacci, 2011) and the consequences of
domestication for the genetic diversity of the domesticated species (Allaby et al., 2008;
Caicedo et al., 2007; Doebley et al., 2006; Gross, Olsen, 2009). An understanding of the
domestication process provides insight into the general mechanisms of adaptation and the
history of human civilization, but can also guide modern breeding programs aiming to
improve crops or livestock species further (Brown et al., 2009; Feuillet et al., 2008).

Plant domestication has mostly been studied in seed-propagated annual crops, in
which strong domestication bottlenecks have often been inferred, especially in selfing
annuals, such as foxtail millet, wheat and barley (Brown et al., 2009; Glémin, Bataillon, 2009;
Kilian et al., 2007; Kovach et al., 2007; Russell et al., 2011; Wang et al., 2010). Genetic data
have suggested that domestication or the spread of domesticated traits has been fairly rapid
in some annual species (e.g, maize or sunflower), with limited numbers of populations or
species contributing to current diversity (Blackman et al., 2011; Gross, Olsen, 2009; Harter et
al., 2004; Matsuoka et al., 2002; Oumar et al., 2008; Tenaillon et al., 2004). In contrast, a
combination of genetics and archaeology suggested a protracted model of domestication for
other annual crops, and in particular for the origin of wheat or barley in the Fertile Crescent
(Brown et al.,, 2009; Tanno, Willcox, 2006). However, the genetic consequences of
domestication have been little investigated in long-lived perennials, such as fruit trees (Chen
et al., 2009a; Miller, Gross, 2011; Miller, Schaal, 2005). Trees have several biological features
that make them fascinating and original models for investigating domestication: they are
outcrossers with a long lifespan and a long juvenile phase, and tree populations are often
large and connected by high levels of gene flow (Petit, Hampe, 2006; Savolainen, Pyhajarvi,

2007).
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Differences in life-history traits probably result in marked differences in the mode
and speed of evolution between trees and seed-propagated selfing annuals (Austerlitz et al.,
2000; Petit, Hampe, 2006; Savolainen, Pyhajarvi, 2007). For example, outcrossing may tend
to make domestication more difficult, in part because the probability of fixing selected
alleles is lower than in selfing crops (Glémin, Bataillon, 2009; Tenaillon, Manicacci, 2011).
The combination of self-incompatibility and a long juvenile phase also results in highly
variable progenies, making breeding a slow and expensive process, and rendering crop
improvement difficult. The development of vegetative propagation based on cuttings or
grafting has been a key element in the domestication of long-lived perennials, allowing the
maintenance and spread of superior individuals despite self-incompatibility (Janick, 2005).
However, the use of such techniques has further decreased the number of sexual cycles in
tree crops since the initial domestication event, adding to the effect of long juvenile phases
in limiting the genetic divergence between cultivated trees and their wild progenitors
(Janick, 2005; Miller, Schaal, 2006; Zohary, 2004; Zohary, Spiegel-Roy, 1975). Thus,
domestication can generally be considered more recent, at least in terms of the number of
generations, in fruit tree crops than in seed-propagated selfing annuals.

Given the slow process of selection and the limited number of generations in which
humans could exert selection, the protracted nature of the domestication process in trees
has probably resulted in limited bottlenecks (Miller, Gross, 2011; Miller, Schaal, 2006) and in
a weaker domestication syndrome (Pickersgill, 2007) than in seed-propagated annuals.
Nevertheless, many cultivated fruit trees clearly display morphological, phenotypic and
physiological features typical of a domestication syndrome, such as large fruits and high
sugar or oil content (Juniper, Mabberley, 2006; Zohary, Spiegel-Roy, 1975). Many aspects of
fruit tree domestication have been little studied (Miller, Gross, 2011). Consequently, most of
the hypotheses concerning the consequences of particular features of trees for their
domestication/diversification remain to be tested. Recent studies on grapevines, almond
and olive trees have provided illuminating insights, such as the importance of outcrossing
and interspecific hybridization (Besnard et al., 2007; Delplancke et al., 2011; Myles et al.,
2011), but additional studies of other species are required to draw more general

conclusions.
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Here, we investigated the origins of the domesticated apple Malus domestica Borkh.,
one of the most emblematic and widespread fruit crops in temperate regions (Juniper,
Mabberley, 2006). A form of apple corresponding to extant domestic apples appeared in the
Near East around 4,000 years ago (Zohary, Hopf, 2000), at a time corresponding to the first
recorded uses of grafting. The domesticated apple was then introduced into Europe and
North Africa by the Greeks and Romans and subsequently spread worldwide (Juniper,
Mabberley, 2006). While the ancestral progenitor has been clearly identified as being M.
sieversii, the identity and relative contributions of other wild species present along the Silk
route that have contributed to the genetic makeup of apple cultivars remain largely
unknown. This is surprising given the potential importance of this knowledge for plant
breeding and for our understanding of the process of domestication in fruit trees.

The wild Central Asian species M. sieversii (Ldb.) M. Roem has been identified as the
main contributor to the M. domestica genepool based on similarities in fruit and tree
morphology, and genetic data (Coart et al., 2006; Harris et al., 2002; Robinson et al., 2001;
Velasco et al., 2010). The Tian Shan forests were identified as the geographic area in which
the apple was first domesticated, on the basis of the considerable intraspecific
morphological variability of wild apple populations in this region (Dzhangaliev, 2003; Vavilov,
1926). Nucleotide variation for 23 DNA fragments even suggested that M. sieversii and M.
domestica belonged to a single genepool (which would be called M. pumila Mill.), with
phylogenetic networks showing an intermingling of individuals from the two taxa (Velasco et
al.,, 2010). Some authors have also suggested possible contributions of additional wild
species present along the Silk Route: M. baccata (L.) Borkh, which is native to Siberia, M.
orientalis Uglitz., a Caucasian species present along western sections of the ancient trade
routes, and M. sylvestris Mill. (European crabapple), a species native to Europe (Boré,
Fleckinger, 1997; Forsline et al., 2002; Luby et al., 2001; Rehder, 1940). These hypotheses
were based on the history of human migration and trade, the lack of phylogenetic resolution
between M. domestica and these four wild species (Harris et al., 2002; Robinson et al.,
2001), genetic evidence of hybridization at a local scale between domesticated apple and M.
sylvestris (Coart et al., 2006), and the recent finding of sequence haplotype sharing between
M. sylvestris and M. domestica (Harrison, Harrison, 2011). However, such secondary

contributions remain a matter of debate, mostly due to the difficulty of distinguishing
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introgression from incomplete lineage sorting (Harrison, Harrison, 2011; Micheletti et al.,
2011; Velasco et al., 2010). The three wild species occurring along the Silk Route all bear
small, astringent, tart fruits. None of these species has the fruit quality of M. sieversii, but
they may have contributed other valuable horticultural traits, such as later flowering,
resistance to pests and diseases, capacity for longer storage or climate adaptation. The
organoleptic properties of the fruits of these wild species may also have been selected
during domestication, for the preparation of apple-based beverages, such as ciders (Forsline
et al., 2002; Pereira-Lorenzo et al., 2009). Cider apples are indeed smaller, bitter and more
astringent than dessert apples and bear some similarity to M. sylvestris apples. There is also
evidence to suggest that Neolithic and Bronze Age Europeans were already making use of M.
sylvestris (Zohary, Hopf, 2000).

In this study, we used a comprehensive set of apple accessions sampled across
Eurasia (839 accessions from China to Spain; Figures 1 and S1; Table S1) and 26
microsatellite markers distributed evenly across the genome to investigate the following
guestions: 1) Is there evidence for population subdivision within and between the five taxa
M. domestica, M. baccata, M. orientalis, M. sieversii and M. sylvestris? 2) How large is the
contribution of wild species other than the main progenitor, M. sieversii, to the genome of
M. domestica? 3) Does M. domestica have a genetic structure associated with its different
possible uses (i.e., differences between cider and dessert apples)? 4) What consequences
have domestication, subsequent crop improvement and vegetative propagation by grafting
had for genetic variation in cultivated apples? Most of our samples of M. domestica
corresponded to cultivars from Western Europe (Figures 1 and S1), as almost all the cultivars
available in modern collections (including American, Australasian cultivars) are of European
ancestry and this region is therefore the most relevant area for the detection of possible

secondary introgression from the European crabapple.

RESULTS

High diversity and low deviations from random mating expectations within species

Our sampling scheme (Figures 1 and S1), based on the collection of a single tree for

each apple variety, was designed to avoid the sampling of clones. However, there may still
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be some clonality if some varieties differing by only a few mutations were propagated by
grafting. We corrected for this potential clonality, using the clonal assignment procedures
implemented in GENODIVE (Meirmans, Van Tienderen, 2004). We found no pair of samples
assigned to the same clonal lineage unless using a threshold of 22 pairwise differences
between multilocus genotypes, indicating that our samples did not include any clonal
genotypes (the threshold corresponds to the maximum genetic distance allowed between
genotypes deemed to belong to the same clonal lineage).

Many apple cultivars, including modern cultivars in particular, share recent common
ancestors, and siblings or clones of wild species can also be collected unintentionally in the
field. Because these features could result in a spurious genetic structure due to the presence
of closely related individuals in the dataset, we checked for the presence of groups of
related individuals in our dataset between M. domestica cultivars and between the
individuals of each wild species. The percentage of pairs with a pairwise relatedness (ryy)
greater than 0.5 (i.e., full sibs) was: 0.4% in M. domestica (N=168 pairs), 0.3% in M. sieversii
(N=79), 0.004% in M. orientalis (N=20), and 0.7% in M. baccata (N=40). For M. sylvestris, no
individual pair with r,,>0.5 was identified. However, the distribution of pairwise relatedness
ryy among M. domestica cultivars did not deviate significantly from a Gaussian distribution
centred on 0 and with a low variance (Fisher’s exact test, P=1, standard deviation=0.11,
Figure S2). This suggests that closely related cultivars are unlikely to have biased subsequent
analyses of population structure. We also checked for the limited effect of relatedness on
our conclusions by performing all analyses of population subdivision on both the full dataset
and a pruned dataset excluding related individuals (see below).

We tested the null hypothesis of random mating within each species by calculating
Fis, which measures inbreeding. All five Malus species had relatively low values of Fi,
although all were significantly different from zero (Table 1), suggesting that each species
corresponded to an almost random mating unit. This is consistent with the self-
incompatibility system of these species and indicates a lack of widespread groups of related
individuals in M. domestica. Low F;s values at species level also indicate a lack of population
structure within species. The higher values of F;s observed in M. baccata probably resulted
from the occurrence of null alleles, as the microsatellite markers were developed in M.

domestica, to which M. baccata is the most distantly related (Table 2). The lowest F;s value
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was that obtained for M. domestica, reflecting outcrossing between dissimilar parents in
breeding programs, or that selection targeted higher levels of heterozygosity (Koopman et

al., 2007).
The five Malus species form well separated genetic clusters

We used the ‘admixture model” implemented in STRUCTURE 2.3 (Pritchard et al.,
2000) to infer population structure and introgression. Analyses were run for population
structure models assuming K=1 to K=8 distinct clusters (Figure 2). The AK statistic, designed
to identify the most relevant number of clusters by determining the number of clusters
beyond which there is no further increase in likelihood (Evanno et al., 2005), was greatest
for K=3 (AK=6249, Pr[In L=-78590). However, the clusters identified at higher K values may
also reveal a genuine and biologically relevant genetic structure, provided that they are well
delimited (Vercken et al., 2010). The five Malus species were clearly assigned to different
clusters for models assuming K>6 clusters and for a minor clustering solution (“mode”) at
K=5 (Figure 2). The major mode (i.e., the clustering solution found in more than 60% of the
simulation replicates) observed at K=5 grouped together M. sylvestris and M. domestica
genotypes. Increasing the number of clusters above K=6 identified no additional well-
delimited clusters corresponding to a subdivision of a previous cluster. Instead, it simply
introduced heterogeneity into membership coefficients, indicating that the clustering of the
five Malus species into separate genepools was the most relevant clustering solution. We
checked that the presence of related pairs of cultivars in our dataset did not bias clustering
results, by repeating the analysis on a pruned dataset (N=489) excluding all related
individuals in wild and cultivated species (i.e., excluding all pairs with r,,20.5). Similar results
were obtained, with the same five distinct clusters identified as for the full dataset.

We estimated the genetic differentiation between the five Malus species by
calculating pairwise Fsr (Table 2). All Fsr values were highly significant (P<0.001) and seemed
to indicate a West to East differentiation gradient of M. domestica with the wild species. The
highest level of differentiation was that between M. baccata and the other Malus species,
and the lowest level of differentiation was that between M. domestica and the westernmost

species, M. sylvestris (Table 2). Malus domestica was markedly more differentiated from its

41



main progenitor M. sieversii (Fs7=0.0639) than from the European M. sylvestris (Fs;=0.006)

and it was only slightly less differentiated from the Caucasian M. orientalis (Fs=0.049).
No bottleneck during apple domestication

We first searched for footprints of a domestication bottleneck by comparing levels of
microsatellite variation in M. domestica and wild species. There was no significant difference
in genetic diversity (as measured by expected heterozygosity, He) between M. domestica and
M. baccata, M. orientalis or M. sieversii, but Hg was significantly higher in M. sylvestris than
in M. domestica (Table 1). Significant differences in allelic richness (A;) were found between
M. domestica and M. orientalis (Wilcoxon signed rank test, P=0.03) or M. sylvestris (P<10®),
but not between M. domestica and either M. baccata (P=0.9) or M. sieversii (P=0.9) (Table
1).

We used the method implemented in the BOTTLENECK program (Cornuet, Luikart,
1996), comparing the expected heterozygosity estimated from allele frequencies with that
estimated from the number of alleles and the sample size, which should be identical for a
neutral locus in a population at mutation-drift equilibrium. Inferences about historical
changes in population size are based on the prediction that the expected heterozygosity
estimated from allele frequencies decreases faster than that estimated under a given
mutation model at mutation-drift equilibrium in populations that have experienced a recent
reduction in size. BOTTLENECK analysis showed no significant deviation from mutation-drift
equilibrium in any of the five species, under either stepwise or two-phase models of
microsatellite evolution (one-tailed Wilcoxon signed rank test, P>0.95). We therefore

detected no signal of a demographic bottleneck associated with the domestication of apples.

Variable recent contributions of wild relative species to the M. domestica genepool, with

the strongest introgression from M. sylvestris.

We used the admixture coefficients estimated by STRUCTURE to assess the recent
contribution of the various wild species to the M. domestica genepool. STRUCTURE analyses
of the full dataset showed some admixture among Malus species for the minor mode

separating the five species at K=5. Admixture coefficients were higher between M.
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domestica and M. sylvestris (¢=0.23) than between M. domestica and respectively M.
sieversii (2=0.06), M. orientalis (¢=0.034) and M. baccata (¢=0.032).

We further analysed the contribution of each wild species to the genome of M.
domestica by running STRUCTURE separately on each pair of species including M. domestica
(Figure 3; Tables 3 and S2). Malus domestica genotypes with membership coefficients >0.20
in a wild species genepool were considered to display introgression. Using this somehow
arbitrary cut-off value, STRUCTURE analyses revealed that 26% of M. domestica cultivars
displayed introgression from the European crabapple, M. sylvestris (Tables 3 and S2). By
contrast, only 2%, 3% and 0.02% of the M. domestica genotypes displayed introgression
from M. sieversii, M. orientalis and M. baccata, respectively (Tables 3 and S2). The M.
domestica cultivars displaying admixture with the M. sylvestris genepool were mostly
Russian (e.g., “Antonovka”, “Antonovka kamenicka”, “Novosibirski Sweet”, “Yellow
transparent”), French (e.g., “Blanche de St Anne”, “St Jean”, “Api” and “Michelin”) and
English (e.g., “Worcester Pearmain” and “Fiesta”). The M9 dwarf apple cultivar (“Paradis
jaune de Metz”, (Mabberley et al., 2001)) commonly used as a rootstock also appeared to
display introgression from the European crabapple (proportion of ancestry in the M.
domestica genepool: 0.28; Table S2). When French cultivars were removed from the dataset
(N=89) and pairwise STRUCTURE analyses were repeated for all species pairs including M.
domestica, 18% of cultivars displayed introgression from M. sylvestris, including commercial
cultivars such as Granny Smith, Michelin, Antonovka and Ajmi (Figure S3) with a mean
membership coefficient of M. sylvestris into M. domestica genepool of 47%. Malus sylvestris
thus appears to have made a significant contribution to the M. domestica genepool through
recent introgression, building on the more ancient contribution (see below) of the Asian wild
species M. sieversii. We also note that a few M. domestica individuals appeared to display
introgression from several wild species (Table S2), and that M. baccata ornamental cultivars,
such as M. baccata flexilis, M. baccata Hansen’s and M. baccata gracilis, were partially or

even mostly assigned (from 32% to >80%) to the M. domestica genepool (Table S3).

Wild Central Asian apple origin of the M. domestica genepool

Previous studies (Diego et al., 2011; Harrison, Harrison, 2011; Velasco et al., 2010)

identified the Central Asian wild apple M. sieversii as the main progenitor of M. domestica
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on the basis of DNA sequences. Due to the large contribution by M. sylvestris detected in our
dataset, corresponding mostly to Western European cultivars, M. domestica and M.
sylvestris appeared to be the most closely related pair of species in our analyses of
microsatellite markers. We investigated the more ancient contribution of M. sieversii to the
M. domestica genepool, by reassessing the genetic differentiation between species in
analyses restricted to “pure” individuals (i.e., assigned at 0.9 to their respective genepools)
from both wild and cultivated species. All Fsr values were highly significant (P<0.001), but the
ranking of Fsrvalues between M. domestica and the various wild species was affected: the
highest differentiation was still observed between M. domestica and M. baccata (Fsr=0.22),
but the lowest differentiation was observed between M. domestica and M. sieversii
(Fs7=0.11). Regarding the differentiation between M. sylvestris and M. domestica, we
observed the opposite of what was found with the full dataset: M. sylvestris appeared to be
more strongly differentiated (Fs7=0.14) from M. domestica than M. sieversii. Thus, by
removing signals of recent introgression between cultivated and wild species we were able

to confirm that M. sieversii was the initial progenitor of M. domestica.

Recent introgression from M. domestica into wild species

The finding of a significant level of introgression from wild species into cultivated
apple suggested that gene flow might also have occurred in the opposite direction.
STRUCTURE analyses of pairs of species confirmed this hypothesis (Figure 3), revealing
possible introgression of genetic material into M. sylvestris, M. baccata, M. orientalis and M.
sieversii from M. domestica (mean proportions of ancestry in the M. domestica genepool of
0.12, 0.10, 0.03 and 0.23, respectively; Table 3). Considering genotypes with membership
coefficients 20.9 in the M. domestica genepool as misclassified, we found a total of N=31
misclassified wild Malus individuals. These results suggest gene flow from the domesticated
apple genepool could significantly affect the genetic integrity of wild apple relatives, their

future evolution and, possibly, their use as resources for crop improvement.

Inference of demographic history

Model-based Bayesian clustering algorithms, such as that implemented in

STRUCTURE, have a high level of power only for the detection of recent introgression events
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(Anderson, Thompson, 2002; Excoffier et al., 2005; Pritchard et al., 2000). We therefore
investigated the contributions of M. sylvestris and M. orientalis to the M. domestica
genepool using approximate Bayesian computation (ABC) methods that offer a more
historical perspective on gene flow (Ross-lIbarra et al., 2009). We used a demographic model
implementing admixture events (Cornuet et al., 2008).

We compared several admixture models to infer what species pairs underwent
introgression events and to estimate introgression rates (Cornuet et al.,, 2008). Malus
baccata was not included in these analyses because of its high level of divergence from M.
domestica. We assumed, as suggested by previous studies, that M. domestica derived
originally from M. sieversii. The most complex model simulated sequential admixtures
between M. domestica and all wild species. Other models sequentially removed
introgression with each wild species, the order being based on Fsr values and admixture
rates inferred by STRUCTURE. The compared models were the following: (i) the model a
assumed that M. domestica was derived from M. sieversii and that the ancestral M.
domestica population was involved in reciprocal introgression events with M. orientalis and
M. sylvestris, and subsequently introgressed back into M. sieversii (Figure 4a), (ii) model b
was similar to the model a, but without introgression events from M. domestica into wild
species (Figure 4b), (iii) the model c included a single introgression event, from M. sylvestris
into M. domestica (Figure 4c), and (iv) the model d simulated no admixture (Figure 4d). The
number of parameters estimated in the model was limited by fixing the times of admixture
with M. orientalis, M. sylvestris and M. sieversii at 600, 200 and 13 generations before the
present, respectively. We used the following underlying hypotheses: (i) as the juvenile
period of Malus lasts five to 10 years, we assumed a generation time of 7.5 years, (ii)
admixture between ancestral M. domestica and M. orientalis in the Caucasus occurred
approximately 4,500 years ago, shortly before the appearance of sweet apples in the Middle
East (4,000 years ago), (iii) admixture between ancestral M. domestica and M. sylvestris in
Europe occurred approximately 1,500 years ago, soon after the introduction of domesticated
apples into Europe by the Greeks and Romans (iv) back-introgression into M. sieversii from
M. domestica occurred approximately 100 years ago, when the cultivation of modern

varieties reached Central Asia.
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The relative posterior probabilities computed for each model provided strongest
statistical support for model ¢, which assumed a single introgression event, from M.
sylvestris into M. domestica (Table 4; posterior probability [p]=0.67, 95% confidence interval:
0.63-0.72). Note that the model without admixture (model d) had the lowest relative
posterior probability (Table 4). In analyses under alternative admixture models (models a
and b), the posterior distributions were flat for introgression between M. domestica and M.
orientalis and highly skewed towards low values for introgression into M. sylvestris and M.
sieversii (not shown), which is consistent with statistical support being highest for model c.

Given that the model ¢ was clearly favoured, parameter estimates are shown below
only for this model (Table 5; prior distributions in Table S4). The contribution of M. sylvestris
to the M. domestica genepool was estimated at about 61% (95% credibility interval [95% Cl]:
50-68%). We obtained estimates of effective population sizes of 3,520 (95% Cl: 2,090-5,680)
for M. domestica, 13,200 (95% Cl: 6,920-19,300) for M. sieversii, 34,600 (95% Cl: 15,100-
48,000) for M. sylvestris, and 28,300 (95% Cl: 11,700-64,000) for M. orientalis. Using a
generation time of 7.5 years, the divergence between M. domestica and M. sieversii (T3) was
estimated to have occurred 17,700 years ago (95% Cl: 6,225-25,200), which is earlier than
previously thought, but we note that the credibility interval is quite large. We estimated that
M. sylvestris and M. sieversii diverged about 83,250 years ago (T1, 95% Cl: 40,575-334,500),
with M. orientalis and M. sieversii diverging about 20,775 years ago (72, 95% Cl: 9,900-
47,775).

The results above were obtained using the full dataset. We checked the validity of
our inferences by conducting analyses on the dataset without admixed and misclassified
individuals and using different times of admixture, by assessing the goodness-of-fit of
models to data, and by checking that sufficient power was achieved to discriminate among
competing models (Text S1; Tables S5-S7). Overall, ABC analyses all provided clear support
for a model with contribution of the European crabapple into the domesticates, although
the estimated value of the actual contribution of M. sylvestris is probably overestimated
here, and should therefore be treated with caution. Indeed, the simulation of a single
introgression event hundreds of years ago most likely demanded higher rates of
introgression to account for the actual genetic contribution of M. sylvestris into M.

domestica than would be needed under continuous gene flow over a long period.
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Weak genetic structure within M. domestica: linked to cultivar use or geography?

As cider cultivars produce apples that are smaller, more bitter and astringent than
dessert cultivars, we expected to observe genetic differentiation between these two groups
of cultivars and a closer genetic proximity of cider cultivars to M. sylvestris (Juniper,
Mabberley, 2006; Wagner, Weeden, 2000). Neither hypothesis was supported by our data.
The classification of apples into “dessert” and “cider” varieties as prior information for
STRUCTURE (Locprior model) revealed a very weak tendency of cider and dessert cultivars to
be assigned to different clusters at K=2 (Figure 5), but increasing K did not further result in
clearer differentiation between the two types of cultivars. At K=2, M. domestica cider
genotypes had a mean membership of 94.7%, and M. domestica dessert genotypes had a
mean membership of 52.5%. However, STRUCTURE analyses without this prior information
gave essentially the same clustering patterns at k=2 (G’=0.95 similarity to analyses using
classification to assist clustering). The weak differentiation between cider and dessert
cultivars (Fs7=0.02) and their high level of admixture in STRUCTURE analyses (Figure 5)
indicated a shallow subdivision of the M. domestica genepool. Analyses on a pruned dataset
from which closely related individuals had been removed (i.e., pairs of genotypes with
ry20.5; N=172) revealed the same pattern, confirming that the presence of related cultivars
in the dataset did not bias clustering analyses. STRUCTURE was also run on a dataset
including all M. sylvestris genotypes, to test the hypothesis that cider cultivars would display
a higher level of introgression from the European crabapple. However, the opposite pattern
was observed: the proportion of genotypes displaying introgression from M. sylvestris was
actually significantly higher in dessert than in cider cultivars (36.4% and 15.5% respectively,
x?=16.9, P=4x10). Finally, little genetic differentiation was observed between groups of

cultivars of different geographic origins (95% Cl: -0.8 — 0.6, Table S8).

DISCUSSION

The apple is so deeply rooted in the culture of human populations from temperate
regions that it is often not recognized as an exotic plant of unclear origin. We show here that
the evolution of the domesticated apple involved more than one geographically restricted

wild species. The domesticated apple did not arise from a single event over a short period of
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time, but from evolution extending over thousands of years. The genepool of the current
domesticated apple varieties has been enriched by the contribution of at least two wild
species. Malus species have a self-incompatibility system; apple domestication and
traditional variety improvement have therefore been based mostly on the selection of the
best phenotypes grown from open-pollinated seeds. This breeding strategy has probably
favoured the incorporation of genetic material from multiple wild sources and the
maintenance of high levels of genetic variation in domesticated apples, despite the extensive
use of large-scale vegetative propagation of superior individuals by grafting. Our results are
consistent with those reported for the few other woody perennials studied to date, such as
grape (Myles et al., 2011), red mombin (Miller, Schaal, 2005) and olive trees (Besnard et al.,
2007), and support the view that domestication in long-lived plants differs in many respects

from the scenarios described for seed-propagated annuals.
Weak differentiation from wild progenitors and the Central Asian origin of M. domestica

Malus sieversii was previously identified as the main contributor to the M. domestica
genome on the basis of morphological and sequence data (Harris et al., 2002; Velasco et al.,
2010). The flanks of the Tian Shan mountains have been identified as a likely initial site of
domestication, based on the high morphological variability of the wild apples growing in this
region, and their similarity to sweet dessert apples (Dzhangaliev, 2003; Vavilov, 1926). We
show here, using a set of rapidly evolving genetic markers distributed throughout the
genome and a large sampling, that M. domestica now forms a distinct, random mating
group, surprisingly well separated from M. sieversii, with no difference in levels of genetic
variation between the domesticate and its wild progenitor. This contrasts with the pattern
previously reported, based on a twenty three-gene phylogenetic network (Velasco et al.,
2010), where domesticated varieties of apple appeared nested within M. sieversii. After the
removal of individuals showing signs of recent admixture, M. sieversii and M. domestica
nevertheless appeared to be the pair of species most closely related genetically, confirming

their progenitor-descendant relationship.
Lack of a domestication bottleneck

Apple breeding methods (grafting and “chance seedling” selection), life-history traits
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specific to trees and/or the genetic architecture of selected traits have likely played a role in
the conservation of levels of genetic diversity in cultivated apples similar to those in wild
apples. Some factors, such as “chance seedling” selection (Gardiner et al., 2007), may even
have increased genetic diversity, by favouring outcrossing events among domesticates and
introgression from wild species (Zohary, Hopf, 2000). The low inbreeding coefficients
inferred in domesticated apples and the low level of differentiation between cultivated and
wild apple populations (Coart et al., 2006; Coart et al., 2003; Gharghani et al., 2009;
Koopman et al., 2007) indicate a high frequency of crosses between individuals of M.
domestica, M. sieversii and other wild relatives hailing from diverse geographic origins. Such
a high level of gene flow has likely contributed to maintenance of a high level of genetic
diversity in domesticated apples.

The grafting technique, which was probably developed around 3,000 years ago, has
made it possible to propagate superior individuals clonally. The spread of grafting, together
with the lengthy juvenile phase (5-10 years) and the long lifespan of apples, may have
imposed strong limits on the intensity of the domestication bottleneck thereby limiting the
loss of genetic diversity (Miller, Schaal, 2006; Petit, Hampe, 2006; Savolainen, Pyhajarvi,
2007). By decreasing the number of generations since domestication, these factors have
probably also helped to restrict the differentiation between domesticates and wild relatives.
In theory, grafting may have limited the size of the apple germplasm dispersed early on to a
few very popular genotypes, thereby provoking a sudden shrink in effective population size
and a loss of diversity. However, we found no evidence that the clonal propagation of apples
resulted in a long-lasting decrease in population size or clonal population structure. We can
speculate that this may be due to a combination of various factors such as: gene flow with
wild species, small-scale propagation (many farmers producing a few grafts each), a large
variation in preferences for taste and other quality characteristics between farmers and
cultures, large differences in growth conditions leading to the adoption of different sets of
genotypes in different regions or the typical behaviour of hobby breeders, who tend to spot
particular differences and multiply them. Similarly, for grape, there are huge numbers of old
varieties and as much genetic variation in cultivated varieties as in wild-relative progenitors

(Myles et al., 2011).
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A major secondary contribution from the European crabapple

There has been a long-running debate concerning the possible contribution of other
wild species present along the Silk Route to the genetic makeup of M. domestica (Coart et
al., 2006; Forsline et al., 2002; Ponomarenko, 1991; Rehder, 1940; Wagner, Weeden, 2000).
Our results clearly show that interspecific hybridization has been a potent force in the
evolution of domesticated apple varieties. Apple thus provides a rare example of the
evolution of a domesticated crop over a long period of time and involving at least two wild
species (see also the cases of olive tree and avocado (Chen et al., 2009a; Miller, Schaal,
2005; Myles et al., 2011; Olsen, Gross, 2008)). A recent study argued that introgression from
M. sylvestris into the M. domestica genepool was the most parsimonious explanations for
shared gene sequence polymorphisms between the two species (Harrison, Harrison, 2011).
Using an unprecedentedly large dataset, more numerous and more rapidly evolving markers
and a combination of inferential methods, we provide a comprehensive view of the history
of domestication in apple. We confirm that M. sieversii was the initial progenitor and show
that the wild European crabapple M. sylvestris has been a major secondary contributor to
the diversity of apples, resulting in current varieties of M. domestica being more closely
related to M. sylvestris than to their central Asian progenitor. This situation is reminiscent of
that for maize, in which the cultivated crop Zea mays is genetically more closely related to
current-day highland landraces than to lowland Z. mays ssp. parviglumis from which the crop
was domesticated (van Heerwaarden et al., 2011). This pattern has been attributed to large-
scale gene flow from a secondary source, a second subspecies of teosinte, Z. mays ssp.
mexicana, into highland maize populations (van Heerwaarden et al., 2011).

The usefulness of wild relatives for improving elite cultivated crop genepools has long
been recognised and the exploitation of wild resources is now considered a strategic priority
in breeding and conservation programs for most crops (Brown et al., 2009; Dzhangaliev,
2003; Feuillet et al., 2008). Domesticated apples are unusual in that the contribution of wild
relatives probably occurred early and unintentionally in the domestication process,
preceding even the use of controlled crosses. The use of genetic markers with lower

mutation rates than our set of microsatellites might also make it possible to investigate the
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contribution of more phylogenetically distant apple species growing in areas away from the
Silk Route to the diversification of modern apple cultivars.

The Romans introduced sweet apples into Europe at a time at which the Europeans
were undoubtedly already making cider from the tannin-rich fruits of the native M. sylvestris
(Juniper, Mabberley, 2006; Orton, 1973). Cider is not typical of Asia (Juniper, Mabberley,
2006), but it was widespread in Europe by the time of Charlemagne (9th century, (Lea,
Piggott, 2003)). Large numbers of apple trees were planted for cider production in France
and Spain from the 10" century onwards (Boré, Fleckinger, 1997; Pereira-Lorenzo et al.,
2009). The very high degree of stringency of cider apples (often to the extent that they are
inedible) led to the suggestion that cider cultivars arose from hybridization between M.
sylvestris and sweet apples (Forsline et al.,, 2002; Juniper, Mabberley, 2006; Wagner,
Weeden, 2000). We show here that the genetic structure within the cultivated apple
genepool is very weak, with poor differentiation between cider and dessert apples. Cider
cultivars thus appear to be no more closely genetically related to M. sylvestris than dessert
cultivars. As wild Asian apples are known to cover the full range of tastes (Dzhangaliev, 2003;
Forsline et al., 2002), it is possible that fruits with the specific characteristics required for
cider production were in fact initially selected in Central Asia and subsequently brought into
Europe. There is a long-standing tradition of cider production in some parts of Turkey
(Juniper, Mabberley, 2006), for instance, which is potentially consistent with an Eastern
origin of cider cultivars. However, the low level of genetic differentiation between dessert
and cider apples indicates that, even if different types of apples were domesticated in Asia

and brought to Europe, they have not diverged into independent genepools.
Concluding remarks

This study settles a long-running debate by confirming that 1) M. domestica was
initially domesticated from M. sieversii, and 2) M. domestica subsequently received a
significant genetic contribution from M. sylvestris, much larger than previously suspected
(Juniper, Mabberley, 2006), at least in Western Europe, where originated most of our
samples and most cultivar diversity. The higher level of introgression of the European
crabapple into the domesticated apple in this study than in previous studies (Harrison,

Harrison, 2011; Micheletti et al., 2011; Velasco et al., 2010) may be attributed to the use of a
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larger and more representative set of M. domestica genotypes coupled with the genotyping
of numerous and rapidly evolving markers known to trace back more recent events.

Our inferences also have important implications for breeding programs and for the
conservation of wild species of apple. The major contribution of the various wild species to
the M. domestica genepool highlights the need to invest efforts into the conservation of
these species, which may contain unused genetic resources that could further improve the
domesticated apple germplasm (Hajjar, Hodgkin, 2007), such as disease resistance genes or

genes encoding specific organoleptic features.

MATERIALS AND METHODS

Sample collection and DNA extraction. Leaf material was retrieved from the collections of
various institutes (INRA Angers, France; USDA - ARS, Plant Genetic Resources Unit, Geneva,
NY; ILVO Melle, Belgium) and from a private apple germplasm repository in Brittany for M.
domestica (N=368, Figure S1 including only diploid cultivars N=299) and from forests for the
four wild species (Figure 1; Table S1). Malus sieversii (N=168) material was collected from
2007 to 2010 in the Chinese Xinjiang province (N=26), Kyrgyzstan (N=5), Uzbekistan (N=1),
Tajikistan (N=1) and Kazakhstan (N=114). Malus orientalis (N=215) was sampled in 2009 in
Armenia (N=203), Turkey (N=5) and Russia (N=5). Malus sylvestris (N=40) samples were
obtained from 15 European countries. Malus baccata (N=48) was sampled in 2010 in Russia.
The origins of M. domestica cultivars were: France (N=266), Great Britain (N=12), USA
(N=12), Russia (N=7), the Netherlands (N=6), Australia (N=4), Belgium (N=4), Germany (N=4),
Japan (N=3), Ukraine (N=3), Tunisia (N=2), Switzerland (N=2), Spain (N=2), New Zealand
(N=2), Israel (N=1), Ireland (N=1), Canada (N=1), Armenia (N=2) and unknown/debated
(N=34). Genomic DNA was extracted with the Nucleo Spin® plant DNA extraction kit Il

(Macherey & Nagel, Diren, Germany) according to the manufacturer’s instructions.

Microsatellite markers and polymerase chain reaction (PCR) amplification. Microsatellites
were amplified by multiplex PCR, with the Multiplex PCR Kit (QIAGEN, Inc.). We used 26
microsatellites spread across the 17 chromosomes (one to three microsatellites per
chromosome), in 10 different multiplexes previously optimised on a large set of genetically

related progenies of M. domestica (Patocchi et al., 2009). The four multiplexes (MPO1,
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MP02, MP03, MP04; Table S9; Lasserre P. unpublished data) were performed in a final
reaction volume of 15 pl (7.5 ul of QIAGEN Multiplex Master Mix, 10-20 uM of each primer,
with the forward primer labelled with a fluorescent dye and 10 ng of template DNA). We
used a touch-down PCR program (initial annealing temperature of 60°C, decreasing by 1°C
per cycle down to 55°C). Six other multiplex reactions (Hi6, Hi4a® Hi5-10, Hi13a, Hi13b, Hidb)
were performed using previously described protocols (Patocchi et al., 2009). Genotyping was
performed on an ABI PRISM X3730XL, with 2 ul of GS500LIZ size standard (Applied
Biosystems). Alleles were scored with GENEMAPPER” 4.0 software (Applied Biosystems). We

retained only multilocus genotypes presenting less than 30% missing data.

Suitability of microsatellites for population genetic analyses. We checked the suitability of
the markers for population genetic analyses. None of the 26 microsatellite markers deviated
significantly from a neutral equilibrium model, as shown by the non significant P-values
obtained in Ewen-Watterson tests (Excoffier, Lischer, 2010), and no pair of markers was
found to be in significant linkage disequilibrium in any of the species (Raymond, Rousset,

1995; Rousset, 2008). The markers could therefore be considered unlinked and neutral.

Analyses of genetic variation and differentiation between the five species. Apple cultivars
may be polyploid (Schuster, Bittner, 1995). We therefore first checked for the presence of
polyploidy individuals of M. domestica within our dataset. Individuals presenting multiple
peaks on electrophoregrams were first re-extracted to eliminate contamination as a possible
source of apparent polyploidy. We then checked whether they had been reported to be
polyploidy in previous studies (Schuster, Biittner, 1995). After completion of this checking
procedure, we removed 69 polyploids (of the 368 samples) from subsequent analyses. We
tested for the occurrence of null alleles at each locus with MICROCHECKER 2.2.3 software
(Van Oosterhout et al., 2004). Allelic richness and private allele frequencies were calculated
with ADZE software (Szpiech et al., 2008), for a sample size of 22. Heterozygosity (expected
(He) and observed (Ho)), Weir & Cockerham F-statistics, deviation from Hardy-Weinberg
equilibrium and genotypic linkage disequilibrium were estimated with GENEPOP 4.0
(Raymond, Rousset, 1995; Rousset, 2008). The significance of differences between Fsr values
was assessed in exact tests carried out with GENEPOP 4.0 (Raymond, Rousset, 1995;

Rousset, 2008). Individuals were assigned to clonal lineages with GENODIVE (Meirmans, Van

53



Tienderen, 2004). We estimated relatedness between pairs of cultivars and between pairs of
individuals within each species, by calculating the r,, of Ritland and Lynch (Lynch, Ritland,
1999) with RE-RAT online software (Schwacke et al., 2005). We tested whether the
distributions of r,, deviated significantly from a Gaussian distribution with a mean of zero
and a standard deviation equal to the observed standard deviation, by comparing observed
and simulated distributions in Fisher's exact test (R Development Core Team, URL

http://www.R-project.org).

Assessing bottlenecks during apple domestication and diversification. We tested for the
occurrence of a bottleneck during apple domestication with the method implemented in
BOTTLENECK (Cornuet, Luikart, 1996; Piry et al., 1999). The tests were performed under the
stepwise-mutation model (SMM) and under a two-phase model (TPM) allowing for 30%
multistep changes. We used Wilcoxon signed rank tests to determine whether a population

had a significant number of loci with excess genetic diversity.

Analyses of population subdivision. We used the individual-based Bayesian clustering
method implemented in STRUCTURE 2.3.3 (Falush et al., 2003; Hubisz et al., 2009; Pritchard
et al., 2000) to investigate species delimitation, intraspecific population structure and
admixture. This method is based on Markov Chain Monte Carlo (MCMC) simulations and is
used to infer the proportion of ancestry of genotypes in K distinct predefined clusters. The
algorithm attempts to minimize deviations from Hardy—Weinberg and linkage equilibrium
within clusters. Analyses were carried out without the use of prior information, except for
analyses of population subdivision within the M. domestica genepool for which the
“cider”/“dessert” classification of cultivars was used as prior information to assist clustering.
K ranged from 1 to 8 for analyses of the five-species dataset and the M. domestica dataset,
and was fixed at K=2 for analyses of pairs of species including M. domestica and each of the
wild species. Ten independent runs were carried out for each K and we used 500,000 MCMC
iterations after a burn-in of 50,000 steps. We used CLUMPP v1.1.2 (Greedy algorithm)
(Jakobsson, Rosenberg, 2007) to look for distinct modes among the 10 replicated runs of
each K.

STRUCTURE analyses were run for the full dataset (N=839) and for two pruned

datasets excluding non-pure individuals (i.e., genotypes with <0.9 membership of their

54


http://www.r-project.org/

species’ genepool) and related individuals (r,,>0.5).

Inference of demographic history. We used the DIYABC program (Cornuet et al., 2010) to
compare different admixture models and infer historical parameters. We simulated
microsatellite datasets for 14 loci (Ch01h01, Ch01h10, Ch02c06, Ch02d08, Ch05f06, Ch01f02,
Hi02c07, Ch02c09, Ch03d07, Ch04c07, Ch02b03b, MS06g03, Ch04e03, Ch02g01) previously
reported to be of the perfect repeat type (Gianfranceschi et al., 1998; Liebhard et al., 2002;
Silfverberg-Dilworth et al., 2006). In total, we generated 5 x 10° simulated datasets for each
model.

A generalized stepwise model (GSM) was used as the mutational model. The model had two
parameters: the mean mutation rate (u) and the mean parameter (P) of the geometric
distribution used to model the length of mutation events (in numbers of repeats). As no
experimental estimate of microsatellite mutation rate is available for Malus, the mean
mutation rate was drawn from a uniform distribution by extreme values of 10 and 10, and
the mutation rate of each locus was drawn independently from a Gamma distribution
(mean=u; shape=2). The parameter P ranged from 0.1 to 0.3. Each locus L had a possible
range of 40 contiguous allelic states (44 for CH02C06, 42 for CHO4E03) and was characterized
by individual values for mutation rate (u;) and the parameter of the geometric distribution
(P.); uy and P, were drawn from Gamma distributions with the following parameter sets:
mean=p, shape=2, range=5 x 10°- 5 x 10 for U, and mean=P, shape=2, range=0.01-0.9 for
P,. As not all allele lengths were multiples of motif length, we also included single-nucleotide
insertion-deletion mutations in the model, with a mean mutation rate (usy) and locus-
specific rates drawn from a Gamma distribution (mean=usy; shape=2). The summary
statistics used were: mean number of alleles per locus, mean genetic diversity (Nei, 1978),
genetic differentiation between pairwise groups (Fsr; (Weir, Cockerham, 1984)), genetic
distances (8u)” (Goldstein et al., 1995).

We used a polychotomous logistic regression procedure (Fagundes et al., 2007) to estimate
the relative posterior probability of each model, based on the 1% of simulated data sets
closest to the observed data. Confidence intervals for the posterior probabilities were
computed using the limiting distribution of the maximum likelihood estimators (Cornuet et
al., 2008). Once the most likely model was identified, we used a local linear regression to

estimate the posterior distributions of parameters under this model (Beaumont et al., 2002).
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The 1% simulated datasets most closely resembling the observed data were used for the

regression, after the application of a logit transformation to parameter values.
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Figure 1. Geographic origins of the samples of the four wild Malus species used: M. sylvestris
(blue), M. orientalis (yellow), M. baccata (purple) and M. sieversii (red). Samples of unknown

origin (N=28) were not projected onto the map.
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Figure 2. Proportions of ancestry of Malus genotypes from five species (N=770) from K=2 to
K=8 ancestral genepools (“clusters”) inferred with the STRUCTURE program. Each individual
is represented by a vertical bar, partitioned into K segments representing the amount of
ancestry of its genome in K clusters. When several clustering solutions (“modes”) were
represented within replicate runs, the proportion of simulations represented by each mode

is given.
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Figure 3. Proportions of ancestry in two ancestral genepools inferred with the STRUCTURE
program, based on datasets including M. domestica (green, N=299) and each of the four wild

Malus species (red). The x-axis is not to scale (details in Table S2).
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Figure 4. Admixture models compared in approximate Bayesian computations. Model a
assumes that M. domestica is derived from M. sieversii and that the ancestral M. domestica
population was involved in reciprocal introgression events with M. orientalis and M.
sylvestris, and subsequently introgressed back into M. sieversii. Model b assumes no
introgression from M. domestica into wild species, model ¢ assumes the only admixture
event is from M. sylvestris into M. domestica, and model d assumes no admixture.
Admixture times between M. domestica and the three wild species were fixed (see text).
Abbreviations: Nk, effective population sizes; Tk, divergence times; r1, r3, r4 introgression
from M. domestica into M. sieversii, M. sylvestris, and M. orientalis respectively; r2, r5

introgression from M. sylvestris and M. orientalis, respectively, into M. domestica.

59



CIDERS DESSERTS
Figure 5. Proportions of ancestry of M. domestica genotypes (cider and dessert apples) in

two ancestral genepools inferred with the STRUCTURE program.

Tables

Table 1. Summary of genetic variation in the five Malus species

Ho He Fis A, Ap Ap*  Ppa
M. domestica 0.81 0.83 0.02%** 8.0 0.8 1.2 0.02
M. sieversii 0.77 0.82 0.07*** 8.0 1.1 1.2 0.03
M. sylvestris 0.75 0.87 0.14%** 9.9 1.7 2.5 0.02
M. orientalis 0.79 0.84 0.06%** 8.8 2.1 1.9 0.03
M. baccata 0.56 0.75 0.24%*x 7.8 1.4 21 012

Ho and He: observed and expected heterozygosity, respectively, Fis: inbreeding coefficient, A,
and A,: allelic richness and private allele richness averaged across loci, respectively,
estimated by rarefaction using a standardized sample size of 22, A,*: private allele richness
averaged across loci using the pruned dataset without hybrids in both wild and cultivated
species, estimated by rarefaction using a standardized sample size of 12; Py: proportion of

null alleles, ***: P-value<0.0001

Table 2. Pairwise differentiation (Fs7) between the five Malus species

M. baccata M. sylvestris M. domestica M. sieversii
M. sylvestris 0.1683 - - -
M. domestica 0.1505 0.0056 - -
M. sieversii 0.1457 0.0818 0.0639 -
M. orientalis 0.1337 0.0579 0.0494 0.0393

All Fsrvalues were significant (P<0.001)

60



Table 3. Mean proportions of assignment to each of the two species in species pair
comparisons (K=2) including M. domestica (Genepool 1) and each of the four wild Malus

species (Genepool 2).

Species pairs Genepool 1 Genepool 2
M. domestica 0.841 0.159
M. sylvestris 0.119 0.881
M. domestica 0.993 0.007
M. baccata 0.104 0.896
M. domestica 0.980 0.020
M. orientalis 0.030 0.970
M. domestica 0.981 0.019
M. sieversii 0.231 0.769

Table 4. Relative posterior probabilities (p) for the four historical models compared using
approximate Bayesian computations. Models are described in Figure 4. CI2.5 and CI97.5 are

boundaries of the 95% confidence intervals.

Model p Cl2.5 Cl97.5
a 0.0349 0.0253 0.0445
b 0.2819 0.2509 0.3130
c 0.6832 0.6504 0.7159
d 0.0000 0.0000 0.0000
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Table 5. Demographic and mutation parameters estimated using approximate Bayesian

computation for model c. Posterior distributions are summarized as the mode and

boundaries of the 95% credibility intervals (CI2.5 and CI97.5). Demographic parameters are

introduced in Figure 4 (note that admixture times are fixed in these analyses). Composite

parameters scaled by the mutation rate are also shown. The mutation parameters are u

(mean mutation rate), p (mean value of the geometric distribution parameter that governs

the number of repeated motifs that increase or decrease the length of the locus during

mutation events), uSN/ (mean single nucleotide indel mutation rate). Species names are

abbreviated.

Parameter Mode Ci2.5 Ci97.5
N1 (M. dom) 3,520 2,090 5,680
N2 (M. ori) 28,300 11,700 64,000
N3 (M. siev) 13,200 6,920 19,300
N4 (M. sylv) 34,600 15,100 48,000
T1 (M. siev - M.sylv) 11,100 5,410 44,600
T2 (M. siev - M. ori) 2,770 1,320 6,370
T3 (M. siev - M. dom) 2,360 830 3,360
r2 (introgr. by M. sylvinto M. dom) 0.61 0.50 0.68

u 2.0.10" 1.1.10" 6.9.10"
p 0.3 0.1 0.3
USNI 3.0.10°® 5.0.10°® 5.9.10°
91 (=4N1y) 0.7 0.5 2.5

92 (=4N2u) 6.1 3.1 23.6
93 (=4N3u) 2.8 1.9 7.4

94 (=4N4y) 6.8 4.4 18.1

Tl (=uT1) 2.28 1.30 16.10
2 (=uT2) 0.54 0.31 2.38

3 (=uT3) 0.41 0.19 1.55
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Table S1. Description of the Malus species accessions analysed, with their geographic origin and providers.

Species Nb* Provider
Malus sylvestris 40
Austria 2 Thomas Kirisits, Bernhard Kirisits and Heino Konrad
Belgium 4 IRR, CRA-W, ILVO?
Bosnia-Herzegovina 3 Dalibor Ballian
Bulgaria 1 Petya Gercheva, Argir Zhivondov, Valentina Bojkova and Anna Matova
Denmark 6 Anders Larsen
France 5 INRA®, USDA-ARS"
Germany 5 Jorg Kleinschmit and Wilfried Steiner
UK, Scotland 2 Stephens Cavers
Hungary 2 Lazlo Nyari
Italy 2 Alberto Dominicci and Emanuela Fabrizi
Norway 2 Per Avid
Poland 2 Jan Kowalsky and Dzmitry Kahan
Romania 1 Lucian Curtus
Spain 2 Carlos Ferrera and Francisco Donaire
Ukraine 1 Roman Volansyanchuk
Malus sieversii 168
Kazakhstan 114 BLC, FL, PG, Emmanuelle Jousselin, Marie-Anne Félix, Catherine Peix and Aymar Dzhangaliev
28 USDA-ARS*
China 26 BLC, PG, XGZ
Kirghizstan 5 Evelyne Heyer
Tajikistan 1 USDA-ARS’
Uzbekistan 1 USDA-ARS®
Malus orientalis 215
Armenia 203 PG, JC, AN, IG, Ara Hovhannisyan, Karen Manvelyan and Eleonora Gabrielian
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Russia 5 USDA-ARS’
Turkey 5 USDA-ARS*
Unknown 2 USDA-ARS’
M. baccata 48
Unknown 10 USDA-ARS’, EMR?®, ILVO®
Russia (Transbaikal Region) 36 MO, llya Zakarov, Natalia Badmayeva and Irina Kreshchenok
Romania 1 ILVO?
Hungary 1 ILVO®
Malus domestica 368 INRA?, CRA-W', USDA-ARS®, Dominique Beauvais >and Jean Pierre Roullaud’
Diploid 299
Unknown 28 INRA®, CRA-W', USDA-ARS*
Australia INRA®
Belgium 4 INRA®, CRA - W!
Canada INRA®
France 209 INRA3, CRA-W?, Dominique Beauvais > and Jean Pierre Roullaud’
Germany 4 INRA®, CRA - W!
Great Britain 9 INRA®, CRA - W*!
Ireland 1 USDA-ARS’
Israel 1 INRA?
Japan 2 INRA3
Netherlands 6 INRA®, USDA-ARS*
New Zealand 2 INRA?
Russia 7 INRA®, USDA-ARS*
Spain 2 INRA3
Switzerland 2 INRA?
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Tunisia 2 INRA?
Ukraine 3 INRA®, CRA-W*
USA 11 INRA®
Armenia 2 PG, IC, AN, IG, Ara Hovhannisyan, Karen Manvelyan and Eleonora Gabrielian
Triploid 69
Unknown 6 INRA®
Australia INRA®
France 58 INRA®, Dominique Beauvais > and Jean Pierre Roullaud’
Great Britain 2 INRA?
Japan 1 INRA®
USA 1 INRA’
Malus domestica
Cider 119
Desserts 180

*Number of trees sampled
'CRA-W

21LVO - PLANT

*INRA

* USDA - ARS

> Abbaye de Beauport
*EMR

’Verger Conservatoire d’Arzano

Centre Wallons de Recherches Agronomiques, Belgium

Plant -Growth and Development, Melle, Belgium

Institut de Recherche en Horticulture et Semences, Angers, France
Plant Genetic Resources Unit, Geneva (NY)

Conservatory Orchards of ancient apple varieties, Paimpol, France.
East Malling Research, Kent, UK

Conservatory Orchards of ancient apple varieties, Brittany, France.
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Europe N=240
Unknown N=28
Australia N=3
Canada N=1
Israel N=1
Japan N=2
New Zealand N=2
Russia N=7
Tunisia N=2
USA N=11
Armenia N=2
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Figure S1. Geographic origins of diploid Malus domestica cultivars (N=299).
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Figure S2. Distribution of pairwise relatedness coefficients (Lynch, Ritland, 1999) among the
Malus domestica cultivars. r,, values among cultivars are normally distributed around a

mean of zero, with a low variance between pairs of cultivars (Fisher’s exact test, P=1).
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Table S2. Malus domestica cultivars used in the study, with their use, provider, geographic putative origin. Details of the STRUCTURE analysis summarized in

Table 3 are also provided.

Geographi M. M. M. M. M. M. M. M.
Sample Use cal Origin Provider domestica sylvestris domestica  baccata | domestica sieversii domestica  orientalis
borovitsky dessert Russia INRA 0.067 0.933 0.001 0.999 0.94 0.06 0.669 0.331
reinette ananas dessert ? INRA 0.98 0.02 0.004 0.996 0.997 0.003 0.998 0.002
udarre zagarra dessert France INRA 0.887 0.113 0.102 0.898 0.964 0.036 0.984 0.016
usta gorria dessert France INRA 0.628 0.352 0.001 0.999 0.956 0.044 0.912 0.088
Netherlan INRA
orleans dessert ds 0.983 0.017 0.001 0.999 0.996 0.004 0.998 0.002
camuesa verde dessert Spain INRA 0.585 0.415 0.049 0.951 0.942 0.058 0.993 0.007
saint-bernard d29 dessert France CRA-W 0.934 0.066 0.001 0.999 0.997 0.003 0.996 0.004
purpurroter cousinot c21 dessert Germany CRA-W 0.966 0.034 0.003 0.997 0.997 0.003 0.997 0.003
pigeonnet al2 dessert France CRA-W 0.964 0.036 0.001 0.999 0.997 0.003 0.998 0.002
mc intosh dessert Canada INRA 0.955 0.045 0.001 0.999 0.992 0.008 0.997 0.003
douce de sfax dessert ? INRA 0.397 0.603 0.001 0.999 0.804 0.196 0.523 0.477
calville duguesne b14 dessert Belgium CRA-W 0.504 0.496 0.001 0.999 0.958 0.042 0.984 0.016
pun d'boche b56 dessert ? CRA-W 0.926 0.074 0.001 0.999 0.995 0.005 0.996 0.004
keuleman jaune d15 dessert ? CRA-W 0.978 0.022 0.114 0.886 0.997 0.003 0.999 0.001
reinette rouge etoilée
b1l dessert Belgium CRA-W 0.669 0.331 0.002 0.998 0.994 0.006 0.993 0.007
drap d'or a40 dessert France CRA-W 0.917 0.083 0.002 0.998 0.996 0.004 0.998 0.002
grand alexandre a34 dessert Ukraine CRA-W 0.147 0.853 0.001 0.999 0.992 0.008 0.99 0.01
président damseaux b17 dessert ? CRA-W 0.702 0.298 0.001 0.999 0.993 0.007 0.99 0.01
keiing.rode d13 dessert ? CRA-W 0.984 0.016 0.012 0.988 0.997 0.003 0.998 0.002
pladei d40 dessert ? CRA-W 0.972 0.028 0.003 0.997 0.997 0.003 0.998 0.002
reinette de geer d22 dessert Belgium CRA-W 0.989 0.011 0.001 0.999 0.997 0.003 0.998 0.002
maréchal d62 dessert ? CRA-W 0.981 0.019 0.352 0.648 0.997 0.003 0.998 0.002
belle du bois c44 dessert ? CRA-W 0.987 0.013 0.001 0.999 0.997 0.003 0.999 0.001
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blanc braibant s02
api ko1

streeping q16

belle fontaine s01
apez sagarra

rambour de himbsel k31

reinette struel k39

patte de loup

saint-omer k48
type eisdener
meulemans 032

franc bon pommier
idared

golden delicious

reinette etoilee

rome beauty

calville d'angleterre

calville blanc
grand alexandre
james grieve
reinette de landsberg
bismark

romarin blanc

winesap

cox's orange pippin
benoni

democrat

dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert

dessert

dessert
dessert
dessert
dessert

dessert

dessert

dessert

dessert
dessert
dessert
dessert
dessert
dessert

dessert

dessert
dessert

dessert

France
?

?
France
?

?
France

France

?
France

USA

USA
Netherlan
ds

USA
Great
Britain

Switzerlan
d/German
y

Ukraine
Scotland
Germany
Australia

?

USA
Great
Britain

USA

?

CRA-W
CRA-W
CRA-W
CRA-W
INRA
CRA-W
CRA-W
INRA
CRA-W

CRA-W
INRA
INRA
INRA

INRA
INRA

INRA

INRA
INRA
INRA
INRA
INRA
INRA
INRA

INRA
INRA
INRA

0.909
0.255
0.97
0.932
0.945
0.68
0.857
0.979
0.972

0.978
0.883
0.965
0.976

0.659
0.876

0.985

0.946
0.582
0.943
0.52
0.44
0.793
0.778

0.454
0.875
0.628

0.091
0.745
0.03
0.068
0.055
0.32
0.143
0.021
0.028

0.022
0.117
0.035
0.024

0.341
0.124

0.015

0.054
0.418
0.057
0.48
0.56
0.207
0.222

0.546
0.125
0.372

0.001
0.029
0.001
0.001
0.002
0.001
0.003
0.275
0.001

0.022
0.005
0.333
0.027

0.81
0.011

0.347

0.845
0.298
0.431
0.015
0.326
0.002
0.002

0.536
0.988
0.999

0.999
0.971
0.999
0.999
0.998
0.999
0.997
0.725
0.999

0.978
0.995
0.667
0.973

0.19
0.989

0.653

0.155
0.702
0.569
0.985
0.674
0.998
0.998

0.464
0.012
0.001

0.997
0.744
0.994
0.995
0.995
0.991
0.997
0.997
0.995

0.997
0.994
0.984
0.997

0.97
0.994

0.996

0.998
0.996
0.99
0.997
0.992
0.996
0.992

0.994
0.943
0.993

0.003
0.256
0.006
0.005
0.005
0.009
0.003
0.003
0.005

0.003
0.006
0.016
0.003

0.03
0.006

0.004

0.002
0.004
0.01
0.003
0.008
0.004
0.008

0.006
0.057
0.007

0.997
0.819
0.997
0.998
0.998
0.997
0.998
0.998
0.995

0.998
0.996
0.991
0.998

0.966
0.993

0.998

0.998
0.997
0.994
0.998
0.975
0.99
0.991

0.995
0.996
0.994

0.003
0.181
0.003
0.002
0.002
0.003
0.002
0.002
0.005

0.002
0.004
0.009
0.002

0.034
0.007

0.002

0.002
0.003
0.006
0.002
0.025
0.01
0.009

0.005
0.004
0.006
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reinette bergamotte

worcester pearmain
ajmi
newton pippin
reine des reinettes
melrose
jonathan
millers seedling
reinette du mans
chantecler
akane
chahla
aziza
fuji
granny smith

grifer

elstar
shiemer
anna

reinette marbree
gala
falstaff

braeburn

grenadier

pink lady

ariane

dessert

dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert
dessert

dessert

dessert
dessert
dessert

dessert

dessert

dessert

dessert

dessert
dessert

dessert

Russia
Great
Britain
?
USA
Germany
USA
USA
?
France
France
Japan
Tunisia
Tunisia
Japan
Australia
?

Netherlan
ds

?

Israel
?
New-
Zealand
Great
Britain
New-
Zealand
Great
Britain
Australia

France

INRA

INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA
INRA

INRA
INRA
INRA
INRA

INRA

INRA

INRA

INRA
INRA
INRA

0.343

0.683
0.089
0.985
0.922
0.987
0.984
0.965
0.984
0.967
0.818
0.505
0.391
0.962
0.753
0.92

0.968
0.643
0.617
0.943

0.947

0.938

0.99

0.934
0.979
0.93

0.657

0.317
0.911
0.015
0.078
0.013
0.016
0.035
0.016
0.033
0.182
0.495
0.609
0.038
0.247
0.08

0.032
0.357
0.383
0.057

0.053

0.062

0.01

0.066
0.021
0.07

0.998

0.993
0.999
0.997
0.999
0.998
0.999
0.999
0.849
0.991
0.997
0.999
0.998
0.998
0.999
0.995

0.997
0.999
0.999
0.999

0.999

0.999

0.998

0.997
0.999
0.994

0.002

0.007
0.001
0.003
0.001
0.002
0.001
0.001
0.151
0.009
0.003
0.001
0.002
0.002
0.001
0.005

0.003
0.001
0.001
0.001

0.001

0.001

0.002

0.003
0.001
0.006

0.963

0.99
0.386
0.996
0.998
0.998
0.996
0.997
0.997
0.986
0.994

0.81
0.763
0.998
0.997
0.995

0.997

0.869

0.997
0.99

0.997

0.996

0.997

0.996
0.996
0.983

0.037

0.01
0.614
0.004
0.002
0.002
0.004
0.003
0.003
0.014
0.006

0.19
0.237
0.002
0.003
0.005

0.003

0.131

0.003
0.01

0.003

0.004

0.003

0.004
0.004
0.017

0.778

0.996
0.235
0.998
0.999
0.999
0.998
0.998
0.998
0.997
0.998
0.752
0.597
0.999
0.995
0.993

0.998
0.946
0.985
0.998

0.998

0.995

0.998

0.997
0.998
0.991

0.222

0.004
0.765
0.002
0.001
0.001
0.002
0.002
0.002
0.003
0.002
0.248
0.403
0.001
0.005
0.007

0.002
0.054
0.015
0.002

0.002

0.005

0.002

0.003
0.002
0.009
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beauty of bath

pinova

belle de boskoop
reinette baumann
winter banana
anisha hosta
cachao sagarra
margil

michelin
worcester

fiesta
prima
M9

delicious
unamed
trojen hir
unamed
drap d’or a tort
guillevic
mickellic
bacon melen cotro melen

judin

tockec

dessert
dessert

dessert
dessert
dessert
dessert
dessert
dessert

dessert

dessert

dessert
dessert
dessert

dessert

dessert

cider

dessert

dessert

cider

cider

cider

dessert

dessert

Great
Britain
Germany

Netherlan
ds

Belgium
USA
France
France
?

France
Great
Britain
Great
Britain
USA

France
?

France
France
France
France
France
France
France

France

France

INRA
INRA

INRA
INRA
INRA
INRA
INRA
INRA
INRA

INRA

INRA
INRA
INRA

INRA
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany

Verger Conservatoire

0.746
0.783

0.982
0.985
0.986
0.937
0.78
0.981
0.319

0.912

0.701
0.963
0.717
0.983

0.685

0.822

0.559

0.813

0.982

0.715

0.864

0.943
0.681

0.254
0.217

0.018
0.015
0.014
0.063
0.22
0.019
0.681

0.088

0.299
0.037
0.283
0.017

0.315

0.178

0.441

0.187

0.018

0.285

0.136

0.057
0.319

0.999
0.997

0.986
0.999
0.999
0.999
0.998
0.999
0.978

0.998

0.999
0.999
0.998
0.998

0.001

0.999

0.996

0.999

0.985

0.998

0.998

0.997
0.998

0.001
0.003

0.014
0.001
0.001
0.001
0.002
0.001
0.022

0.002

0.001
0.001
0.002
0.002

0.999

0.001

0.004

0.001

0.015

0.002

0.002

0.003
0.002

0.872
0.996

0.997
0.996
0.998
0.973
0.986
0.995
0.93

0.997

0.993
0.992
0.996
0.998

0.995

0.996

0.994

0.995

0.992

0.976

0.997

0.997
0.935

0.128
0.004

0.003
0.004
0.002
0.027
0.014
0.005
0.07

0.003

0.007
0.008
0.004
0.002

0.005

0.004

0.006

0.005

0.008

0.024

0.003

0.003
0.065

0.936
0.996

0.998
0.998
0.999
0.991
0.89
0.999
0.879

0.999

0.997
0.998
0.998
0.999

0.993

0.991

0.994

0.992

0.998

0.993

0.998

0.998
0.997

0.064
0.004

0.002
0.002
0.001
0.009
0.11
0.001
0.121

0.001

0.003
0.002
0.002
0.001

0.007

0.009

0.006

0.008

0.002

0.007

0.002

0.002
0.003
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skouarn gat
s2 moulin du roch
s3 moulin du roch
bacon ru
c’huello mverger moulin
du roch
inconnue guy padan
dous coumoulen
kermerrien
dous bohars
pomme orange
poul poche
pomme cloc’h

commere

chuero bris

Blanche de ste anne
tardive de la sarthe
bouteille

lost cam

dessert

dessert

dessert

cider

cider

cider

cider

cider

dessert

dessert

cider

cider

cider

cider

dessert

cider

cider

cider

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

d’Arzano, Brittany

Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger
Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany

0.952

0.945

0.536

0.972

0.966

0.742

0.919

0.874

0.96

0.934

0.902

0.931

0.876

0.873

0.221

0.666

0.927

0.984

0.048

0.055

0.464

0.028

0.034

0.258

0.081

0.126

0.04

0.066

0.098

0.069

0.124

0.127

0.779

0.334

0.073

0.016

0.997

0.931

0.999

0.999

0.999

0.999

0.999

0.999

0.998

0.999

0.999

0.971

0.998

0.997

0.998

0.999

0.977

0.997

0.003

0.069

0.001

0.001

0.001

0.001

0.001

0.001

0.002

0.001

0.001

0.029

0.002

0.003

0.002

0.001

0.023

0.003

0.995

0.988

0.995

0.997

0.996

0.994

0.997

0.986

0.997

0.998

0.997

0.997

0.997

0.995

0.985

0.997

0.993

0.997

0.005

0.012

0.005

0.003

0.004

0.006

0.003

0.014

0.003

0.002

0.003

0.003

0.003

0.005

0.015

0.003

0.007

0.003

0.998

0.997

0.996

0.998

0.998

0.998

0.999

0.993

0.998

0.999

0.999

0.999

0.999

0.994

0.974

0.997

0.997

0.998

0.002

0.003

0.004

0.002

0.002

0.002

0.001

0.007

0.002

0.001

0.001

0.001

0.001

0.006

0.026

0.003

0.003

0.002
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fil rouge
caot plom
dessus du paillé
coat hir
fil jaune
dous ribote
ste anne rouge
dous kernao
justine
dous glas
grise dieppoise
bienvenue
chailleux
matheline
doffage
tillet
dessus du paillé
carabille

dous grise

dessert

cider

dessert

cider

dessert

cider

dessert

cider

dessert

cider

cider

cider

dessert

dessert

cider

dessert

dessert

dessert

cider

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany

0.975

0.959

0.801

0.914

0.845

0.89

0.892

0.974

0.986

0.97

0.954

0.88

0.895

0.827

0.82

0.907

0.867

0.625

0.961

0.025

0.041

0.199

0.086

0.155

0.11

0.108

0.026

0.014

0.03

0.046

0.12

0.105

0.173

0.18

0.093

0.133

0.375

0.039

0.998

0.999

0.999

0.999

0.998

0.999

0.999

0.997

0.998

0.999

0.999

0.999

0.998

0.999

0.999

0.998

0.996

0.999

0.977

0.002

0.001

0.001

0.001

0.002

0.001

0.001

0.003

0.002

0.001

0.001

0.001

0.002

0.001

0.001

0.002

0.004

0.001

0.023

0.995

0.993

0.996

0.996

0.997

0.976

0.973

0.996

0.997

0.985

0.995

0.997

0.995

0.996

0.998

0.998

0.994

0.994

0.997

0.005

0.007

0.004

0.004

0.003

0.024

0.027

0.004

0.003

0.015

0.005

0.003

0.005

0.004

0.002

0.002

0.006

0.006

0.003

0.997

0.996

0.996

0.999

0.998

0.994

0.991

0.998

0.998

0.997

0.996

0.999

0.997

0.998

0.999

0.998

0.992

0.993

0.998

0.003

0.004

0.004

0.001

0.002

0.006

0.009

0.002

0.002

0.003

0.004

0.001

0.003

0.002

0.001

0.002

0.008

0.007

0.002

73




reinette d’armorique
50 margueilt coz
dous gwen kerijan
bacon ru hatif
dous kervidan
kignet fri
reinette grise type de
saintonge
carabine
bris canic
dous moén
dous minotte
rené vert
bacon bihan bris
fouesnen gwen
ru galand
pen ognon
dous miliner
st quidic

dous mad

dessert

cider

cider

cider

cider

cider

dessert

dessert

dessert

cider

cider

dessert

cider

cider

dessert

cider

cider

dessert

cider

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany

0.975

0.978

0.883

0.693

0.965

0.972

0.898

0.794

0.79

0.636

0.659

0.987

0.958

0.724

0.964

0.984

0.983

0.695

0.906

0.025

0.022

0.117

0.307

0.035

0.028

0.102

0.206

0.21

0.364

0.341

0.013

0.042

0.276

0.036

0.016

0.017

0.305

0.094

0.999

0.999

0.999

0.999

0.994

0.999

0.999

0.997

0.998

0.998

0.994

0.973

0.998

0.998

0.999

0.999

0.997

0.999

0.998

0.001

0.001

0.001

0.001

0.006

0.001

0.001

0.003

0.002

0.002

0.006

0.027

0.002

0.002

0.001

0.001

0.003

0.001

0.002

0.997

0.994

0.998

0.917

0.996

0.995

0.996

0.997

0.994

0.995

0.972

0.996

0.996

0.995

0.995

0.997

0.996

0.995

0.985

0.003

0.006

0.002

0.083

0.004

0.005

0.004

0.003

0.006

0.005

0.028

0.004

0.004

0.005

0.005

0.003

0.004

0.005

0.015

0.998

0.997

0.997

0.979

0.998

0.998

0.997

0.998

0.997

0.996

0.991

0.999

0.998

0.997

0.998

0.998

0.997

0.943

0.995

0.002

0.003

0.003

0.021

0.002

0.002

0.003

0.002

0.003

0.004

0.009

0.001

0.002

0.003

0.002

0.002

0.003

0.057

0.005

74




couhen
dous bleud
eistek trink
reinette de pont farcy
mirebloaz
dous mann
san adrian
pomme de vin moélan
chuero jégo
blanc duret
médaille d’or
eistek lanester
st jean
pommier auberge du
cleuziou
locard vert
coat plom
sac’h biniou

dous veg bris

gwen penker diffon

cider

cider

dessert

Pont

dessert

cider

cider

cider

dessert

dessert

cider

cider

dessert

dessert

dessert

cider

cider

cider

cider

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

France

Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger
Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany
Verger Conservatoire
d’Arzano, Brittany

Verger Conservatoire

0.913

0.984

0.914
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Figure S3. Proportions of ancestry in two ancestral genepools inferred with the STRUCTURE
program from datasets including Malus domestica (green, N=89) and each of the wild Malus

species (red) except Malus baccata. The x-axis is not at scale.

Table S3. Membership coefficients inferred from the STRUCTURE analysis for Malus baccata

individuals.

Origin/cultivar name* Malus baccata Malus domestica
Russia 0.999 0.001
Russia 0.996 0.004
Russia 0.898 0.102
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.951 0.049
Russia 0.999 0.001
Russia 0.997 0.003
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.886 0.114
Russia 0.998 0.002
Russia 0.999 0.001
Russia 0.998 0.002
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.988 0.012
Russia 0.997 0.003
Russia 0.999 0.001
Russia 0.648 0.352
Russia 0.999 0.001
Russia 0.999 0.001
Russia 0.971 0.029



Russia
Russia
Russia
Russia
Russia
Russia
Russia
Russia
Russia
Russia
Romania
Hungary
unknown (EMR")
flexilis (EMR")
gracilis (EM RY)
jackii (EMR)

mandshurica (USDA-ARS’. gmal35)

rockii (USDA-ARS’. gmal423)
flexilis (USDA-ARS®. gmal1605)
unknown (USDA-ARS’. gmal1617)
jackii (USDA-ARS’. gmal2460)
Hansen's (USDA-ARS’. gmal2477)

0.999
0.999
0.998
0.999
0.997
0.725
0.999
0.978
0.995
0.667
0.973
0.19
0.989
0.653
0.155
0.702
0.569
0.985
0.674
0.998
0.998
0.464

0.001
0.001
0.002
0.001
0.003
0.275
0.001
0.022
0.005
0.333
0.027
0.81
0.011
0.347
0.845
0.298
0.431
0.015
0.326
0.002
0.002
0.536

* Samples whose origin is indicated as “Russia” were effectively collected in Russia during
field trip. Samples from apple collections from Romania or Hungary are actually of
unknown geographic origin. For all other samples, variety names are given, with
germplasm repository names in brackets.

EMR?!
USDA-ARS?

East Malling Research, Kent, UK
Plant Genetic Resources Unit, Geneva (NY)
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Table S4. Prior distributions used in approximate Bayesian computations. Prior distributions
are uniform between lower and upper bound. Parameters are introduced in Figure 4 and

Table 5. Species names are abbreviated.

Parameter Lower bound Upper bound
N1 (M. dom) 1 6,000
N2 (M. ori) 1,000 70,000
N3 (M. siev) 1,000 20,000
N4 (M. sylv) 1,000 50,000
T1 (M. siev - M.sylv) 615 50,000
T2 (M. siev - M. ori) 615 7,000
T3 (M. siev - M. dom) 614 3,500
r1 (introgr. by M. dom into M. siev) 0.001 0.700
r2 (introgr. by M. sylvinto M. dom) 0.001 0.400
r3 (introgr. by M. dom into M. sylv) 0.001 0.700
r4 (introgr. by M. dom into M. ori) 0.001 0.400
r5 (introgr. by M. ori into M. dom) 0.001 0.700
u 10" 10°

p 0.10 0.30
USNI 10°® 10"

Text S1. Method used for approximate Bayesian computations on alternative

datasets/admixture times.

Approximate Bayesian computations on alternative datasets/admixture times

We conducted two additional sets of approximate Bayesian computations: (i) on a
pruned dataset with misclassified wild individuals and individuals with a recent admixed
ancestry removed, (ii) on the full dataset, but assuming that admixture between ancestral M.
domestica and M. sylvestris was more recent (67 generations, 500 ybp) than in original
analyses (200 generations, 1500 ybp). Analyses were conducted using the same prior sets
than the main dataset (Table S4). In analyses on the pruned dataset, relative posterior
probabilities of models b and ¢ were not significantly different from each other (Table S5;
model b: 0.5135, 95% confidence interval: 0.4778-0.5492; model c: 0.4857, 95% confidence
interval: 0.4500-0.5214). However, since introgression between M. domestica and M.
orientalis could not be estimated under model b (not shown), only parameter estimates for

model ¢ are reported in Table S6. In analyses assuming an alternative admixture time
84



between M. domestica and M. sylvestris, the posterior probability of model b was only
slightly lower than that of model ¢ (Table S5), but, again, introgression between M.
domestica and M. orientalis could not be estimated accurately under model b (model b:
0.5486, 95% confidence interval: 0.5089-0.5882; model c: 0.4154, 95% confidence interval:
0.3765-0.4543). Both analyses resulted in very minor changes to the point estimates for all

parameters (Table S6).
Model checking

We assessed the goodness-of-fit of all model parameter posterior combinations. For
each combination, 100 datasets were simulated using parameter values drawn posterior
distributions. Summary statistics of the observed data were then ranked against the
distributions obtained from simulated datasets (Cornuet et al. 2010). To avoid
overestimating the quality of the fit by using the same statistics twice, model checking was
based on test quantities summary statistics that have not been used in parameter
inferences. Results are shown in Table S7. We found that none of the test quantities had
significant tail-area probabilities under model a, b, c. Two test quantities (proportion of
shared alleles between M. domestica and M. sylvestris, and between M. orientalis and M.
sieversii) showed significant, or marginally significant, tail-area probabilities under model d.
These results suggest that observed data are more plausible under the posterior predictive
distributions generated under admixture models a, b and ¢, than under the posterior

predictive distributions generated under model d.
Confidence in model choice

The performance of the method to discriminate among competing historical models
was assessed by analyzing test datasets simulated with the same number of loci and
individuals than in observed datasets (i.e., pseudo-observed datasets). One hundred of such
test data sets were simulated under each competing model, using parameter values drawn
in the same prior distributions than those for original analyses. Relative posterior
probabilities of competing models were evaluated for each pseudo-observed dataset, using
the same methodology as described for the observed dataset. Confidence in model choice

was then estimated using the proportion of cases a given scenario has not the highest
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posterior probability among competing scenarios when it is actually the true scenario (type |
error) and the proportion of cases a given scenario has the highest posterior probability
when it is actually not the true scenario (type Il error).

For main analyses, results indicated a good power of our methodology to
discriminate among the four competing models. For model ¢, the type | error rate amounted
to 0.54, and the mean type Il error rate was 0.05 (range: 0 — 14). Analyses on alternative
datasets/parameter sets also indicated a good power to discriminate among competing
models. For model ¢ with the pruned dataset, the type | error rate amounted to 0.57 and the
mean type Il error rate was 0.08 (range: 2-19). For model ¢ using an alternative admixture

time, type | error rate was 0.47, and the mean type Il error was 0.067 (range: 0 — 18).

Table S5. Relative posterior probabilities (p) for the four historical models compared using
approximate Bayesian computations. Models are described in Figure 4. CI2.5 and CI97.5 are
boundaries of the 95% confidence intervals. (A) Analyses on a pruned dataset with
misclassified wild individuals and individuals with a recent admixed ancestry removed. (B)
Analyses on the full dataset, assuming that admixture between ancestral M. domestica and
M. sylvestris was more recent (67 generations — 500 ybp) than in original analyses (200

generations — 1,500 ybp).

Treatment/Model p Cl2.5 C197.5
A
a 0.0008 0.0005 0.0011
b 0.5135 0.4778 0.5492
c 0.4857 0.4500 0.5214
d 0.0000 0.0000 0.0000
B
a 0.0360 0.0240 0.0480
b 0.4154 0.3765 0.4543
c 0.5486 0.5089 0.5882
d 0.0000 0.0000 0.0000
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Table S6. Demographic and mutation parameters estimated using approximate Bayesian
computation for model c. Posterior distributions are summarized as the mode and
boundaries of the 95% credibility intervals (CI2.5 and CI97.5). Demographic parameters are
introduced in Figure 4 (note that admixture times are fixed in these analyses). Composite
parameters scaled by the mutation rate are also shown. The mutation parameters are u
(mean mutation rate), p (mean value of the geometric distribution parameter that governs
the number of repeated motifs that increase or decrease the length of the locus during
mutation events), uSN/ (mean single nucleotide indel mutation rate). Species names are
abbreviated. (A) Analyses on a pruned dataset with misclassified wild individuals and
individuals with a recent admixed ancestry removed. (B) Analyses on the full dataset,
assuming that admixture between ancestral M. domestica and M. sylvestris was more recent

(67 generations — 500 ybp) than in original analyses (200 generations — 1,500 ybp).

Treatment A Treatment B

Parameter Mode CiI2.5 CI97.5 Mode CI2.5 CI97.5
N1 (M. dom) 1,470 844 4,250 1,410 860 5,090
N2 (M. ori) 40,200 17,000 67,700 27,000 10,900 63,500
N3 (M. siev) 4800 2,480 12,300 14,200 6,710 19,400
N4 (M. sylv) 33,700 16,300 48,700 32,900 16,000 48,400
T1 (M. siev - M.sylv) 9,270 4,900 45,000 11,600 5,060 44,500
T2 (M. siev - M. ori) 2,340 1,100 6,260 2,480 1,220 6,070
T3 (M. siev - M. dom) 1,690 746 3,400 1,560 758 3,300
r2 (introgr. by M. sylvinto M. dom) 0.65 0.50 0.69 0.63 0.51 0.68
u 2.2.10* 1.1.10* 7.8.10* 1.7.10* 1.1.10* 6.4.10"
p 0.3 0.1 0.3 0.3 0.1 0.3
USNI 3.0.10® 4.0.10® 5.2.10° 4.0.10® 7.0.10® 6.1.10°
U1 (=4N1u) 0.43 0.21 1.54 0.36 0.19 0.17
U2 (=4N2u) 10.8 4.8 34.2 4.6 2.8 22.0
U3 (=4N3u) 1.5 0.9 3.8 2.7 1.8 7.0
U4 (=4N4u) 8.3 4.8 22.0 6.7 4.2 17.9
Tl (=uT1) 3.2 14 18.8 2.6 1.2 154
12 (=uT2) 0.6 0.3 2.6 0.5 0.3 2.2
3 (=uT3) 0.5 0.2 1.7 0.3 0.2 1.3
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Table S7. Model checking based on comparisons of test quantities between observed data and 100 pseudo-observed datasets generated using

parameter values drawn from posterior distributions. (A) Analyses on the full dataset, (B) Analyses on a pruned dataset with misclassified wild

individuals and individuals with a recent admixed ancestry removed. (C) Analyses on the full dataset, assuming that admixture between

ancestral Malus domestica and M. sylvestris was more recent (67 generations — 500 ybp) than in (A).

Tail-area probability

Treatment A

Treatment B

Treatment C

Test Observed | Model | Model | Model | Model | Observed | Model | Model | Model | Model | Observed | Model | Model | Model | Model
guantity value a b c d value a b c d value a b c d
VAR1 32.05 0.34 | 036 | 0.33 0.62 29.74 0.25 | 031 | 0.24 0.86 32.05 032 | 039 | 038 | 0.77
VAR2 19.18 0.51 | 0.25 | 0.16 0.2 17.58 0.68 | 0.45 | 0.49 0.45 19.18 0.42 | 0.23 0.18 | 0.23
VAR3 21.17 0.6 0.35 | 0.26 0.37 15.15 0.69 | 0.52 | 0.57 0.62 21.17 0.59 | 039 | 0.29 | 0.45
VAR4 32.02 0.38 | 0.39 | 0.38 0.35 30.63 0.25 | 0.33 | 0.29 0.29 32.02 0.345 | 0.43 0.35 0.49
N2P12 23.57 0.25 | 0.36 | 0.275 | 0.605 21.00 0.27 | 0.355 | 0.41 0.68 23.57 0.27 | 0.265 | 0.245 | 0.52
N2P13 20.64 0.245 | 0.19 | 0.17 0.61 16.64 0.23 | 0.265 | 0.32 | 0.725 20.64 0.24 | 0.21 | 0.185 | 0.59
N2P14 21.79 0.33 | 0.45 | 0.415 | 0.36 19.64 0.3 0.27 | 0.33 0.26 21.79 0.415 | 0.4 0.46 | 0.34
N2P23 21.00 0.295 | 0.46 | 0.32 0.45 17.36 0.38 | 0.375 | 0.41 0.38 21.00 033 | 046 | 039 | 0.29
N2P24 24.14 0.29 0.34 | 0.285 0.45 23.86 0.28 0.33 0.38 0.395 24.14 0.33 0.3 0.33 | 0.395
N2P34 21.86 0.355 | 0.29 0.28 0.405 20.50 0.315 | 0.28 | 0.365 0.39 21.86 0.39 0.27 | 0.275 | 041
H2P12 0.871 0.17 | 0.115 | 0.135 | 0.445 0.860 0.285 | 0.26 | 0.305 0.5 0.871 0.2 0.175 | 0.175 | 0.345
H2P13 0.866 0.25 0.09 | 0.165 0.58 0.852 0.315 | 0.35 | 0.395 | 0.755 0.866 0.2 0.17 0.23 0.57
H2P14 0.862 0.135 0.1 0.145 | 0.585 0.854 0.175 0.2 0.285 0.67 0.862 0.1 0.15 | 0.215 | 0.53
H2P23 0.832 0.245 | 0.115 | 0.155 0.12 0.807 0.3 0.245 | 0.275 | 0.125 0.832 0.27 0.17 | 0.135 | 0.09
H2P24 0.852 0.175 | 0.09 0.13 0.11 0.843 0.235 | 0.25 0.24 0.135 0.852 0.19 | 0.155 | 0.13 0.09
H2P34 0.847 0.38 | 0.175 | 0.23 0.23 0.826 0.39 | 0.345 | 0.325 0.35 0.847 0.435 | 0.195 | 0.155 | 0.255
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DAS12 0.091 0.69 | 0.795 | 0.77 0.45 0.089 0.475 | 0.645 | 0.54 | 0.325 0.091 0.585 | 0.72 | 0.795 | 0.535
DAS13 0.098 0.67 0.85 | 0.795 | 0.415 0.089 0.535 | 0.53 | 0.445 | 0.18 0.098 0.62 | 0.775 | 0.75 | 0.435
DAS14 0.095 0.7 0.81 0.74 | 0.965* 0.084 0.73 | 0.725 | 0.72 | 0.975* 0.095 0.575 | 0.765 | 0.77 | 0.925
DAS23 0.148 0.765 | 0.85 0.84 0.89 0.174 0.68 0.78 0.75 | 0.915 0.148 0.76 | 0.835 | 0.84 0.94
DAS24 0.057 0.52 0.67 | 0.655 | 0.545 0.050 0.475 | 0.69 0.64 | 0.635 0.057 0.515 | 0.675 | 0.655 | 0.61
DAS34 0.063 0.535 | 0.83 0.75 | 0.685 0.051 0.515 | 0.705 | 0.62 | 0.665 0.063 0.555 | 0.755 | 0.745 0.7

1: M. domestica; 2: M. orientalis; 3: M. sieversii; 4: M. sylvestris. Tail-area probability was computed for each test quantities (tg)aspand 1—p

for p £ 0.5 and > 0.5, respectively, with p = Prob[tqg(simulated)<tg(observed)] (Cornuet et al. 2010). VARi = mean allelic size variance in

population i, N2Pijj = mean number of alleles in populations i and j, H2Pij = mean gene diversity in populations i and j, DASij = proportion of
shared alleles between populations j and j. * p>0.95.
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Table S8

. Genetic differentiation (Fsr) between cultivars of different geographic origins (N=266). Cultivars of unknown origin have been

removed.
Germany UK Australia Belgium Canada Spain France Japan New Zealand Netherlands Russia United-States Switzerland Tunisia  Ukraine
UK 0.0089
Australia 0.0025 -0.0142
Belgium 0.0379 0.0306* 0.0095
Canada 0.0523 0.0269 0.0610 0.0865
Spain 0.0484 0.0001 0.0552 0.0230 0.1160
France 0.0260* 0.0155*  -0.0007* 0.0123 0.0153*  -0.0093
Japan -0.0008 -0.0295 0.0137 0.0313 0.0156 0.0247 0.0020*
New Zealand 0.0280 0.0168 0.0846 0.0618 0.1595 0.0893 0.0278*  0.0463
Netherlands 0.0116 0.0064 0.0258 -0.0199 0.0430 0.0233 0.0071 0.0237 -0.0080
Russia 0.0377* 0.0369* 0.0155 0.0318 -0.0409  -0.0011  0.0332*  -0.0359 0.0230 0.0354
United States 0.0168 0.0248* 0.0198 0.0314* 0.0744 0.0290*  0.0299*  0.0045 -0.0062 -0.0043 0.0369*
Switzerland 0.0259 -0.0089 0.0699 0.0750 0.5647 0.2087 0.0283 0.0235 0.2575 0.0489 0.0219 -0.0177
Tunisia 0.0838 0.0575* 0.0796 0.0901 0.2072 0.0969 0.0517*  0.0695 0.1158 0.0782* 0.0229 0.0294 0.1877*
Ukraine 0.0726 0.0365* 0.0502 0.1295* 0.1183 0.1345 0.0629*  0.0280 0.1334 0.1029* 0.0262 0.0757* 0.1323 0.1415
Israel 0.0267 -0.0766 0.0631 0.0767 0.5122 0.1384 -0.0221  -0.0793 0.1539 0.0184 -0.0019 -0.0343 0.4605 0.1828  0.1293
*: P<0.05
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Table S9. Description of the Multiplex PCRs (MP0O1, MP02, MP03, MP04) used for microsatellite amplification.

MPO1

Mix giagen

CHO1h10
(10uMm)

CHO1hO1
(10uM)

CHO1f03b
(10uM)

CHO02c06
(20uMm)
dWater

DNA
Total

VIC

PET

FAM

NED

Volume
(mL)

7.50
0.15
0.15
0.15
0.15
0.15
0.15
0.30
0.30

4

15

MPO2

Mix giagen

NZ05g08
(20uMm)

CHO5f06
(10uM)

CH02d08
(10puM)

CHO4e05
(20uM)
dWater

DNA
Total

HEX

PET

NED

FAM

Volume
(mL)

7.5
0.30
0.30
0.30
0.30
0.15
0.15
0.30
0.30

3.40

15

MPO3

Mix giagen

Hi02c07
(10uM)

CHO1f02
(20uM)

CHO2c11
(10uM)

dWater

DNA
Total

VIC

6FA

NED

Volume
(mL)

7.5
0.15
0.15
0.30
0.30
0.15
0.15

4.30

15

MPO04

Mix qgiagen

CHO4c07
(10uM)

GD12
(10uMm)

CH03d07
(20uM)

CHO02c09
(10uM)
dWater

DNA
Total

VIC

PET

6FA

NED

Volume

(L)
7.5

0.15
0.15
0.15
0.15
0.30
0.30

0.15
0.15

15
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Abstract

An understanding of the way in which the climatic oscillations of the Quaternary Period have
shaped the distribution and genetic structure of extant tree species can provide insight into
the processes driving species diversification, distribution and survival. Deciphering the
genetic consequences of past climatic change is also critical for the conservation and
sustainable management of forest and tree genetic resources, a timely endeavor as the
Earth heads into a new period of climate change. We used a combination of genetic data and
ecological niche models to investigate the historical patterns of biogeographic range
expansion for a wild fruit tree, the European crabapple (Malus sylvestris), a wild contributor
to the domesticated apple (Malus domestica). While climatic predictions suggested that this
species maintained a large and continuous distribution during the last glacial maximum
(LGM), analyses of microsatellite variation indicated that M. sylvestris experienced range
contraction and fragmentation. Bayesian clustering analyses indeed revealed a clear pattern
of genetic structure, with a first genetic cluster spanning a large area in Western Europe and
two genetic clusters having more limited distributions in Eastern Europe, one located in an
area around the Carpathian Mountains and the other restricted to the Balkan Peninsula.
Approximate Bayesian computation appeared to be a powerful technique for inferring the
history of these clusters, supporting a scenario of simultaneous differentiation of three
separate glacial refugia. Admixture between these three populations was found in their
suture zones. A weak isolation by distance pattern was detected within each population,

indicating a high dispersal capacity for the European crabapple.

Key words: fruit trees, intra-species diversification, microsatellite, approximate Bayesian

computation, ecological niche modeling
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Introduction

The climatic oscillations of the Quaternary Period clearly affected the distribution
and genetic structure of many species (Hewitt, 2004; Lascoux et al., 2004). In Europe, many
temperate species faced with the expansion of ice sheets over the northern part of the
continent survived periods of glaciation in small ice-free spots in southern and south-eastern
Europe (called glacial refugia), in which conditions were more favorable (Hewitt, 2004;
Schmitt, 2007). These range contractions were followed by range expansions during the
interglacial periods, with populations at the northern boundaries of refugia expanding into
the large territories further north, which became increasingly hospitable as the climate
rapidly warmed. Such shifts in distribution following rapid climate change are excellent
models for understanding the mechanisms by which intra- and interspecific genetic
differentiation arises and is maintained (Excoffier et al., 2009; Hewitt, 1990; Hewitt, 1996;
Hewitt, 2004; Petit et al., 2004a; Petit, Excoffier, 2009; Schmitt, 2007). Identification of the
sites of the refugia that existed during the last glacial maximum (LGM) can also help set
priorities for the conservation and management of genetic resources (Hampe, Petit, 2005),
and an understanding of past population dynamics is important for predictions of the effects
of climate change on species distribution and survival (Nogués-Bravo et al., 2008; Petit et al.,
2004a; Petit et al., 2008; Provan, Bennett, 2008).

Trees are fascinating models for investigating the impact of climatic fluctuations on
species colonization, adaptation, speciation and extinction (Petit, Hampe, 2006; Savolainen,
Pyhajarvi, 2007). Retrospective analyses based on paleoecological and genetic data have
greatly increased our understanding of tree phylogeography (Davis, Shaw, 2001; Hewitt,
2000; Lascoux et al., 2004; Petit et al., 2004a; Stewart et al., 2010). A combination of
population genetic studies and explicit species distributions determined from fossil pollen
and macrofossil evidence has revealed that trees recolonized higher latitudes within the
Holocene, following expansion from southern glacial refugia (Brewer et al., 2002; Cheddadi
et al., 2006; Magri et al., 2006), but also from small populations that persisted in more
northern “cryptic” refugia (Anderson et al., 2006; Parducci et al., 2012). However, additional
studies of other species are required for more general conclusions to be drawn regarding the

impact of historical contingencies and differences in climatic niches (from southern
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temperate to southern boreal), and mechanisms of gene dispersal on interspecific
differences in postglacial histories. In particular, the post-glacial evolutionary histories of
wind-dispersed tree species growing in high-density populations has been extensively
documented (e.g., Heuertz et al., 2006; Petit et al., 2002), but fewer studies have focused on
low-density, animal-dispersed fruit trees (Jolivet, Degen, 2011; Oddou-Muratorio et al.,
2004; Palmé, Vendramin, 2002). Animal-dispersed species would be expected to have
stronger genetic structure and weaker dispersal capacities than wind-dispersed species,
whereas low-density species would be expected to have higher dispersal capacities than
high-density species (Hardy et al., 2006; Vekemans, Hardy, 2004). It remains unclear how the
balance between these two life-history traits characteristic of fruit trees — animal dispersal
and a low density — as well as the importance of outcrossing, shapes the genetic diversity
and genetic structure of populations during post-LGM recolonization.

Most previous studies investigating the phylogeography of European tree species
were based on chloroplast DNA sequences. An advantage is that maternally inherited
markers often display stronger differentiation between populations than biparental markers,
due to their smaller effective size and lack of recombination. However, it has repeatedly
been argued that this lack of recombination, together with selective pressures and
interspecific organelle introgressions can bias biogeographic inferences (Ballard, Whitlock,
2004). Conversely, microsatellites have proved powerful for the elucidation of species
history and recent hybridization (Lu et al., 2001; Randi, Lucchini, 2002; Uwimana et al.,
2012). Although sequences can be more useful for dating ancient demographic events,
studies using microsatellites should help to unravel recent demographic processes, which
have received little attention to date, such as gene flow between recolonization wave fronts.

Post-glacial recolonization routes have been inferred from patterns of population
structure (Lascoux et al., 2004; Schmitt, 2007; Taberlet et al., 1998). However, until recently,
the lack of suitable and tractable statistical methods for distinguishing between different
demographic scenarios and estimating demographic and population parameters (effective
population size, divergence time between populations and the amount of gene flow
between populations) (Richards et al., 2007) hindered the accurate and precise inference of
complex scenarios. Approximate Bayesian computation (ABC) provides a robust framework,

allowing more powerful inferences of a species’ past demography (Beaumont et al., 2002;
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Bertorelle et al., 2010; Csilléry et al., 2010). In particular, it makes possible probabilistic
comparisons of alternative demographic scenarios (Bertorelle et al., 2010). A new
framework has recently been developed, in which ABC methods are used to test ecological
niche models (ENMs), to identify habitats that were suitable for particular species in the past
(Brown, Knowles, 2012; Carstens, Richards, 2007). This approach, which is complementary to
genetic inference, may further improve inferences concerning the post-glacial history of
species (Richards et al., 2007; Waltari et al., 2007).

The European crabapple (Malus sylvestris Mill), a woody fruit species occurring
across Western and Central Europe (Larsen et al., 2006), is a tree of the Rosaceae family,
mainly pollinated by bees and flies (Syrphidae), that grows in low-density populations in
natural habitats. A great diversity of wild animals feeds on the fruit but their respective
efficiencies as seed dispersal vectors are unknown (Larsen et al., 2006). Malus sylvestris has
been identified as a major contributor to the genome of the cultivated apple M. domestica
(Cornille et al., 2012b) and is considered to be endangered (Jacques et al., 2009). Efforts to
decipher the genetic structure and demographic history of this tree species is thus timely in
programs aiming to conserve the genetic resources of M. sylvestris: 1) to mitigate the effects
of climate change and prevent negative effects of habitat fragmentation on this endangered
species, and 2) to increase the genetic resources available for apple breeding programs,
through the identification of genes conferring resistance to pathogens or tolerance of
diverse abiotic stress conditions. The genetic structure of the European crabapple has been
studied only in limited areas (Coart et al., 2003; Larsen et al., 2006) and appears to be weak
at this scale, suggesting a high dispersal capacity. No study has yet investigated the
phylogeography of this emblematic wild European species across its entire distribution
range. We therefore used population genetic analyses and ENM to investigate the glacial
refugia and post-glacial recolonization history of M. sylvestris. For genetic analyses, we used
a comprehensive set of M. sylvestris individuals sampled throughout Europe and 26
microsatellite markers. We addressed the following questions: 1) Did wild apples survive the
last glacial period in a single refuge area in Europe or at multiple sites? Did all relict
populations contribute equally to the post-glacial recolonization of Europe by wild apples? 2)
Can we detect the genetic consequences of successive founder events during postglacial

colonization, i.e., does genetic diversity decline with increasing distance from refugia? 3) Can
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we detect genetic patterns of isolation-by-distance (IBD) and obtain information about
dispersal capacities? 4) Did admixture occur between recolonizing populations during
expansion of the post-glacial range of this species? 5) Can we reconstruct habitats that were

suitable for European crabapple in the past by ENM methods?

Materials and methods

DNA extraction and microsatellite genotyping

DNA was extracted with the Nucleo Spin® plant DNA extraction kit Il (Macherey &
Nagel, Diiren, Germany). PCR amplification was performed with the Multiplex PCR kit
(QIAGEN, Inc.). We used 26 microsatellites, dispersed over the 17 chromosomes, typed in 10
different multiplex reactions as previously described (Cornille et al., 2012b; Patocchi et al.,
2009). We retained only multilocus genotypes with fewer than 25% missing data. We
checked the suitability of the markers for population genetic analysis with ARLEQUIN
(Excoffier, Lischer, 2010). None of the 26 microsatellite markers deviated significantly from
the neutral equilibrium model, as shown by the non significant P-values obtained in Ewen-
Watterson tests, and no pair of markers was in significant linkage disequilibrium (Raymond,
Rousset, 1995; Rousset, 2008). The markers used may therefore be considered to be

unlinked and to be evolving in a neutral manner.
Sampling

We have previously demonstrated the existence of gene flow from the cultivated
apple Malus domestica to the European wild apple (Cornille et al., 2012b). We therefore
initially carried out a STRUCTURE analysis, including 40 reference M. domestica cultivars
previously identified as displaying no introgression from European crabapple (i.e, with
membership coefficients >0.9 to the M. domestica genepool) and the entire M. sylvestris
dataset. We retained only individuals assigned with a value of >0.9 to the M. sylvestris
genepool for further analyses. Leaf material of the retained trees was collected at 37 sites
across Europe (N=381, Table S1 and Figure S1), covering most part of the geographical
distribution of the European crabapple except in Spain and Sweden (see Euforgen map of

the European crabapple http://www.euforgen.org/distribution_maps.html).
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Descriptive statistics

We tested for the occurrence of null alleles at each locus with MICROCHECKER 2.2.3
(Van Oosterhout et al., 2004). Allelic richness and private allele richness were calculated with
ADZE (Szpiech et al.,, 2008), at the site (i.e, geographical locations) and cluster (i.e,
population inferred by TESS analyses including hybrids up to 0.55 membership coefficient in
the given cluster) levels, using sample sizes of N=12 (6 individuals x two chromosomes) and
N=200 (100 individuals x two chromosomes), corresponding to the smallest number of
observations for sites and clusters, respectively. Heterozygosity, Weir and Cockerham F-
statistics and Hardy-Weinberg genotypic linkage equilibrium were assessed with GENEPOP
4.0 (Raymond, Rousset, 1995; Rousset, 2008). Only sampling sites with at least four
successfully genotyped specimens were included in site-specific computations (25 sites in

total).
Population subdivision, genetic variability and isolation by distance (I1BD)

We used the individual-based Bayesian clustering methods implemented in
STRUCTURE 2.3.3 (Pritchard et al., 2000) and TESS 2.1 (Chen et al., 2007) to investigate
population subdivision. These methods are based on the use of Markov Chain Monte Carlo
(MCMC) simulations to infer the assignment of genotypes into K distinct clusters. The
underlying algorithms attempt to minimize deviations from Hardy—Weinberg and linkage
disequilibria within each cluster. The clustering procedure of TESS also includes a spatial
component, such that genotypes from geographically closer locations are considered more
likely to belong to the same cluster. In TESS analyses, we used the conditional autoregressive
(CAR) Gaussian model of admixture with a linear trend surface, setting the spatial interaction
parameter (p) at 0.6. These parameters (p and trend) affect the weighting assigned to spatial
proximity when clustering genotypes.

For both methods, ten independent analyses were carried out for each number of
clusters K (2<K<6 for TESS and 1<K<6 for STRUCTURE), with 500,000 MCMC iterations after a
burn-in of 50,000 steps. Outputs were processed with CLUMPP v1.1.2 (Jakobsson,
Rosenberg, 2007), for the identification of potentially distinct modes (i.e., clustering
solutions) in replicated runs for each K. A G'-statistic greater than 80% was used to assign

replicates to a common TESS mode. We determined the amount of additional information
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explained by increasing K, by using the AK statistic (Evanno et al., 2005) for STRUCTURE
analyses and the rate of change of the deviation index criterion (DIC) when increasing K for
TESS analyses.

We checked for IBD patterns as previously described (Loiselle et al., 1995). A Mantel
test with 10,000 random permutations was performed between the individual coefficient of
relatedness Fj; and the matrix of the natural logarithm of geographic distance. These
analyses were performed with SPAGeDI 1.3 (Hardy, Vekemans, 2002). Spatial patterns of
genetic variability were visualized by mapping variation in allelic richness across space with
the interpolation kriging function in ARCINFO (ESRI, Redlands, CA), using a spherical semi-

variogram model.
Approximate Bayesian inference

We found weak genetic differentiation in the European crabapple between the
north-eastern and south-eastern populations identified with TESS (see results). We therefore
investigated whether the observed pattern of genetic diversity resulted from: (1) the
simultaneous expansion of three independent populations (i.e, western, south-eastern and
north-eastern; referred to as W, SE and NE, respectively) or (2) simultaneous expansions of
the W and SE populations, followed by the divergence and expansion of a NE population
derived from the SE population (i.e, resulting from a more recent colonization wave front).
We used ABCtoolBox (Wegmann et al., 2010) to compare these two different scenarios, with
and without the occurrence of gene flow in each case (Figure 1). The juvenile period of M.
domestica lasts five to 10 years and no data for this parameter are available for M. sylvestris.
We therefore assumed a generation time of 7.5 years. We estimated the effective size of
each population (Nyw, Nng Nsg), the rate of migration between populations for each
generation (m,,: migration rate from population x to y per generation), the exponential
growth rate of each population (Gw, Gune, Gse), and the divergence times (Texpand Tae-se). The
boundaries of the uniform (or log-uniform) prior distributions (Table S2) were chosen based
on preliminary analyses run with very large priors (not shown). The “populations” used in
these analyses are the main clusters identified by Bayesian clustering methods.

For all models, identical microsatellite datasets were simulated for 14 of our loci

(Ch01h01, Ch01h10, Ch02c06, Ch02d08, Ch05f06, Ch01f02, Hi02c07, Ch02c09, Ch03d07,
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Ch04c07, Ch02b03b, MS06g03, Ch04e03, Ch02g01) that had been reported to carry perfect
repeats, increasing confidence in the simulated mutation model (Gianfranceschi et al., 1998;
Liebhard et al., 2002; Silfverberg-Dilworth et al., 2006). We checked that TESS yielded the
same pattern of population structure with these 14 markers as observed with the full set of
markers. Using CLUMPP (Jakobsson, Rosenberg, 2007), we showed that both sets of markers
(14 versus 26 SSR) gave similar clustering patterns (data not shown, similarity index G’=96%
for K=3). We generated 2 x 10° genetic datasets from coalescent simulations, using
population parameters drawn from a prior distribution (Table S2) under the four previously
specified scenarios. For each simulation, we calculated two summary statistics per
population: H, the mean heterozygosity across loci; K, the mean number of alleles across
loci. We also calculated pairwise Fsr (Weir, Cockerham, 1984) and genetic distances (6u)°
(Goldstein et al., 1995) between pairs of populations. We conducted a preliminary principal
component analysis (PCA) with R software (MASS package, function prcomp), based on
3,000 simulated datasets for M. sylvestris, for the four models, to establish and check
correlations between the main parameters of the model and the chosen summary statistics
(Tellier et al., 2011).

We assumed a generalized stepwise model of microsatellite evolution (Estoup et al.,
2002). The mutation rate was allowed to vary across loci, with locus-specific mutation rates
being drawn from a gamma distribution (a, a/u) in which u is the mutation rate per
generation and a is a shape parameter. We assumed a log-uniform prior distribution for u
[0.00001, 0.02] and a uniform distribution for a [1, 30].

We compared the four models by calculating their Bayes factors (Wegmann et al.,
2010) and estimating their relative posterior probabilities, based on the 1% of simulated
datasets most closely matching the observed data (i.e., 2,000 simulated datasets). Once the
best model had been chosen, we estimated demographic parameters under this scenario,
using a general linear model (ABC-GLM) post-sampling regression adjustment for the 2,000
retained simulations (Leuenberger, Wegmann, 2010; Wegmann et al., 2010). We report the
mode and 95% highest posterior density (HPD) interval for each model parameter estimate.

The performance of the method for discriminating between competing historical
models was assessed by analyzing test datasets simulated with the same number of loci and

individuals as for the observed datasets (i.e., pseudo-observed datasets). We simulated
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2,000 such datasets for each competing model, using parameter values drawn from the
same prior distributions as for the original analyses. We determined the relative posterior
probabilities of competing models for each pseudo-observed dataset, using the model
choice procedure, as described above (Wegmann et al., 2010). Confidence in model choice
was then estimated from the likelihood that a given scenario did not have the highest
posterior probability of the competing scenarios when it was actually the true scenario (type
| error), and the likelihood of a given scenario having the highest posterior probability when

it was not the true scenario (type Il error).
Projections of M. sylvestris distribution during LGM

We modeled the climatic niche of M. sylvestris from the current species distribution
with BIOMOD package (v 1.1-7.00, 2011-08.03, (Thuiller et al., 2009)) using 19 and eight
bioclimatic variables download from WorldClim dataset v. 1.4 (http://www.worldclim.org/;
(Hijmans et al., 2005)), and records of the presence of M. sylvestris obtained for sampled
individuals (N=381). We removed duplicated coordinate data points, resulting in 79
presences in total (Dataset S1) to evaluate the distribution at the LGM. These models make
the assumptions that climate is one of the main factors driving species distribution and that
the climatic niche of this species has remained largely unchanged in recent centuries. Details

on ecological niche models (ENM) for each step are provided in Text S1.

Results

Population structure

Summary statistics for genetic variability are shown in Tables S3 and S4. For the 25
sites with at least four samples, the mean number of genotypes was 13.818.4, allelic richness
was 3.720.4 (range: 2.6—4.4) and genetic diversity was 0.84+0.14 (range: 0.55-0.89), on
average, across markers. Fis values were low, with a mean of 0.03+0.07 per site and per
marker, and 20 of the 25 populations having values below 0.10. Heterozygote deficit,
estimated over the whole dataset, was low (Fs=0.03, P<0.001). Between-site differences in
allelic frequencies, estimated by calculating the mean Fsr across loci, were small (Fs7=0.10;

range: 0.008-0.280) but significant, for all pairs of populations (P<0.02, Table S5).

109


http://www.worldclim.org/

The results of TESS analyses are shown in Figure 2. For K=2, the analyses revealed a
clear west/east partitioning. The simulations for K=3 split the eastern cluster into north-
eastern (NE) and south-eastern (SE) clusters. A similar pattern was obtained for K=4,
whereas for K=5 a fourth cluster was identified in Bosnia-Herzegovina (Figures 2 and 3).
STRUCTURE analyses generated congruent clustering patterns (Figures S2 and S3).

In TESS analyses, DIC values decreased monotonically from k=2 to K=6. Thus,
increasing the number K of clusters continually improved the fit of the model to the data.
However, DIC seemed to decrease more slowly after K=3 (Figure S4), suggesting that further
increases in K provided little relevant information. In STRUCTURE analyses, the mode of the
AK statistic was observed at k=2 (Ak=377.1, Pr[In L=-37040, Figure S5), but AK was still high
at K=3 (AK=480, Pr[In L = -37084.4), suggesting further improvement in the fit of the model.
Based on the narrow geographic distribution of the clusters inferred at K>3, and the AK and
DIC values obtained, K=3 was considered the most biologically relevant clustering solution
for subsequent historical inference.

We used the TESS membership coefficient inferred at k=3 to define the three
populations used in subsequent analyses. Genotypes were assigned to a given population if
their membership coefficient for that population exceeded 0.55. Five genotypes could not be
assigned to any population and were not included in subsequent analyses. The three
populations are referred to hereafter as the “western” (W, red, N=213), the “north-eastern”
(NE, blue, N=90) and “south-eastern” (SE, green, N=73) populations. The western population
was relatively homogeneous, with 91% of genotypes having membership coefficients >0.9
for that population (Figures 2 and 3). The NE and the SE populations presented higher levels
of admixture, with 31% (N=28) and 26% (N=19) of genotypes, respectively, having
membership coefficients <0.9 (Figures 2 and 3). Admixed genotypes in the NE population
could be assigned to both the W (N=7) and SE (N=14) populations, whereas admixture in the
W and SE populations occurred only with the NE population (Figures 2 and 3).

Population-specific polymorphism summary statistics are shown in Table 1. Genetic
differentiation was weakest between the two eastern populations (Fsr=0.04, P<0.001), and
higher between the W and NE (Fs=0.09, P<0.001) or W and SE (Fs=0.12, P<0.001)
populations. The W population had a level of genetic variability significantly lower than that

of the NE and SE populations, in terms of both genetic diversity (Hg) (Wilcoxon signed rank
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(WSR) tests: V=271, P=0.007 and V=229, P=0.008 respectively) and allelic richness (A,) (WSR:
V=351, P<0.0001 and V=345, P<0.0001, respectively) (Table 1). The W population contained
a similar number of private alleles to the NE population (WSR: P=0.08), but significantly
fewer than the SE population. The NE and SE populations had similar levels of genetic
diversity (He) (WSR: P=0.7), but the SE population had a higher allelic richness (WSR: V=320,
P<0.0001) and a larger number of private alleles (WSR: V=338, P<0.0001) (Table 2).

The map of interpolated allelic richness (Figure 4) showed that genetic diversity
decreased with increasing latitude, being highest in the Balkans, Carpathians, Italy, and the
Iberian Peninsula and lowest in Northern Europe. Within each of the three populations,
genetic differentiation and geographic distance were significantly correlated (Table 1),
consistent with an IBD model. The Sp statistic can be used to quantify spatial structure and
can be compared between populations and/or species. Lower Sp values are associated with
greater dispersal capacities and effective population sizes. Spatial Sp values were very low
both overall and within each population (Table 1), lying close to 0 (Sp=0.04, P<0.0001). This
suggests that each population had a high dispersal capacity and a large effective population

size.
Models of population expansion and estimation of demographic parameters

We used ABC to determine statistically which of the following scenarios provided the
most likely explanation for the existence of the three genetically differentiated populations
of M. sylvestris in Europe: (1) the simultaneous expansion of three independent populations
(W, SE and NE) that had differentiated during the last period of glaciations, with (model a) or
without (model b) gene flow, (2) divergence and expansions of the W and SE populations,
followed by the divergence and expansion of a NE population derived from the SE
population (i.e, resulting from a more recent colonization wave front), with (model c) or
without (model d) gene flow (Figure 1). The correlations between demographic parameters
and summary statistics are presented in Figure S6. The relative posterior probabilities
calculated for each model provided the strongest statistical support for model a, suggesting
that the three populations (W, SE, NE) diverged simultaneously, with all populations growing
exponentially and bidirectional gene flow occurring between each pair of populations during

expansion (Table 2; Bayes factor for model a=4.37). The models without gene flow (models ¢

111



and d) had the lowest relative posterior probabilities (Table 2). The migration rates per
generation were estimated at my.ss=0.01 [95% HPD]: [0-0.21], mu.ne=0.03 [0-0.21], mse
ne=0.01 [0-0.22], mse.w=1.01 x10™° [0~0.17], myg-s¢=1.01 x 10> [0~0.21], and mye=0.05 [0—
0.27]. We obtained estimates of effective population sizes of 40,883 [524-828,327] for Ny,
20,691 [505-565,916] for Nyg, and 40,882 [524-828,327] for Nse. Using a generation time of
7.5 years, we estimated the population split to have occurred 303,016 years ago [120,963—
545,649].

We also checked that the power of the analysis was sufficiently high to discriminate
between the competing models: For model a, the type | error rate was 0, and the mean type
Il error rate was 0. Overall, ABC analyses provided clear strong support for gene flow

between recolonizing refugia and for the simultaneous divergence of the three populations.
Ecological niche modeling

Model performance, as assessed from the AUC (Area Under the receiver operating
characteristic Curve), was high for all six algorithms (Table S6), with an AUC value of
0.98+0.01, indicating that all six models fit the data well (Allouche et al., 2006; Fieldings, Bell,
1997; Monserud, Leemans, 1992). With thresholds maximizing the TSS (True Skill Statistic),
M. sylvestris had a good TSS value of 0.79+0.04. We ran ecological niche models with both
sets of past climate data, CCSM2 and MIROC, but only MIROC gave consistent results across
Europe. We therefore present projections based on MIROC data (Figures 5b and S7b). The
projection onto current climate layers identified a putative suitable climate area essentially
located in Western Europe for M. sylvestris (Figures 5a and S7a). The MIROC model
predicted that the areas suitable for this species during the LGM were limited to lower
latitudes than those considered suitable today (Figures 5 and S7). The climatic model
suggested that populations of the European crabapple may have been maintained in areas
further north than the typical glacial refugia (Hewitt, 2004), with possible continuity
between the populations from lIberia, Italy and the Balkans. The predicted distribution
however does not show a refugial distribution in isolated places as expected if the species

survived in nunatacks in northern latitudes.
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DISCUSSION

Paleodistribution modeling and genetic data allowed inferences on the
phylogeography of the European crabapple, an endangered species and valued genetic
resource for apple breeding. The distribution predicted based on climatic data was overall
consistent with population genetic analyses, altogether suggesting population and range
contractions of M. sylvestris during the last glaciation. However, while the climatic models
predicted a continuous distribution, Bayesian analyses indicated the existence of three
differentiated populations in Europe, likely resulting from differentiation in different glacial
refugia. Iberia and the Balkans were easily identified as refugia, whereas the M. sylvestris
populations from the Carpathian Mountains may have resulted from two alternative
demographic scenarios of recolonization (i.e, later wave of recolonization from Balkans or
from a Carpathian Mountains refugium). The ABC analyses made it possible to distinguish
between competing scenarios, suggesting that the Carpathian Mountains were also a glacial
refugium, as its split from the other populations was simultaneous. Spatially explicit analyses
combining ENM and genetic data (Brown, Knowles, 2012; Carstens, Richards, 2007) would
have been more powerful for inferences of precise locations of refugia, but the continuous

distribution predicted by ENM impaired such analyses.
Glacial refugia for Malus sylvestris

Malus sylvestris displays a clear geographic pattern of population structure, with
three strongly differentiated populations in Europe: (i) a western population (W) spanning a
huge area from Iberia to Sweden, and an eastern group subdivided into (i/) a north-eastern
(NE) population surrounding the Carpathian Mountains and (iii) a south-eastern (SE)
population located at the north-east edge of the Balkan Peninsula. The strong differentiation
between the three populations and the decreasing allele richness with increasing distance
north from Southern Europe suggest that the European crabapple contracted its range to
southern glacial refugia, at least one of which probably was in the Iberian Peninsula and
another in the Balkans. Evidence for admixture was found at intermediate latitudes, but not
in the southern-most populations, indicating that the greater variability observed in the
south was due to relict populations from glacial refugia in these regions rather than

admixture following secondary contact between recolonizing fronts.
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The population growing around the Carpathian Mountains (NE population) displayed
a low level of genetic differentiation from the Balkans population (SE population), but a high
level of allelic richness. There were two possible origins for this population: a refugium from
north-eastern Europe that came into secondary contact with the Balkans population, or a
wave front from the Balkan refugium during the recolonization of Europe. ABC analyses
evaluating the fit of various demographic models to microsatellite data showed that the
most strongly supported scenario was the simultaneous divergence of the three populations,
with gene flow between each pair of populations. The NE population, therefore, probably
originated from isolation in a glacial refugium rather than during the postglacial
recolonization of Europe. The inferred divergence dates are consistent with such a scenario,
although they should be taken with caution, as not much data was available on generation
time in M. sylvestris and overlapping generations were not modeled.

The geographic pattern of population structure uncovered in M. sylvestris is
consistent with those found in other animal, plant and fungal taxa (Hewitt, 2004; Lascoux et
al., 2004; Schmitt, 2007; Vercken et al., 2010) and, in particular, with the patterns commonly
found in temperate forest trees (Heuertz et al., 2006; Heuertz et al., 2004; Magri et al., 2006;
Petit et al., 2002). Indeed, the existence of a large Western European population and
differentiated eastern populations in the Balkans Peninsula has been reported in Quercus
sp., Abies alba and Fraxinus excelsior. In some other tree species, such as Alnus glutinosa
(King, Feris, 1998) and the common beech Fagus sylvatica (Magri et al., 2006), the existence
of additional refugia in the eastern part of Europe, particularly in the Carpathian Mountains,
has been suggested on the basis of the high level of genetic diversity in cpDNA and pollen
fossil records (Magri et al., 2006). We clearly identified a distinct genetic cluster around the
Carpathian Mountains in the European crabapple, on the basis of microsatellite markers. A
similar situation has been suggested for the common ash Fraxinus excelsior (Heuertz et al.,
2004), but no clear origin of the Carpathian population could be established due to a lack of
samples in this area. Our ABC analyses indicated that the NE populations originated at the
same time as the other recolonizing populations, thus suggesting that the Carpathian
Mountains may have acted as a glacial refugium for temperate forest tree species, as for
other temperate species, including mammals, reptiles and amphibians (Provan, Bennett,

2008; Stewart et al., 2009). The existence of such a “northern” glacial refugium would be
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consistent with the results of ENM, suggesting that M. sylvestris may have survived at high
latitudes. In some tree species, such as Fagus sylvatica, it has been suggested that such a
northern refugium may have served as the main source population for the recolonization of
Eastern Europe after the LGM, whereas the Balkan population located farther south spread
over a much more limited area during post-glacial recolonization (Hu et al., 2008).

For ash, silver fir, oaks and beech, Italy has been identified as a possible additional
glacial refugium, isolated from other lineages by the Alpine barrier (Taberlet et al., 1998).
We detected no footprint of an Italian refugium in M. sylvestris. This may be due to the lack
of pure M. sylvestris (i.e, membership coefficient >0.9) from this region. Our samples from
Italy indeed were all introgressed by the cultivated apple M. domestica, which may be linked
to the introduction of the cultivated apple in Europe by the Romans in Italy 3000 years ago
(Juniper, Mabberley, 2006). For the western population, which probably expanded from an
Iberian refugium, the level of allelic richness was high, but significantly lower than that in the
eastern populations. These differences in genetic variability may be due to much more
severe climatic episodes (i.e., arid and cold) during the Quaternary Period in this region than
in other parts of Europe (Petit et al., 2003). Tree populations that survived successive ice
ages in the Iberian Peninsula were restricted to a few small suitable areas and were thus

smaller than those in other parts of Europe.
Suture zones and recolonization fronts for the European crabapple

There were two main waves of recolonization from the glacial refugia in Europe: the
whole of Western Europe, right into the north, was probably recolonized by a population
from the lberian Peninsula, whereas the population from the Carpathian Mountains spread,
albeit to a lesser extent, northwards in Eastern Europe. The population from the Balkans
refugium has not recolonized large areas.

Our microsatellite markers provided evidence of admixture in all three of the
populations identified. The Iberian (Western) population contained the smallest number of
admixed individuals and displayed the highest level of genetic differentiation from the other
populations. This pattern suggests higher levels of recent genetic exchange between the
Balkan (SE) and Carpathian (NE) populations. The lack of samples from Central Europe may

have resulted in an underestimation of the number of individuals with admixed ancestry in
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the western and eastern populations, but ABC analyses provided strong support and
demonstrated a high level of confidence for the choice of the model assuming gene flow
between populations, although migration rates could not be estimated precisely.

The biogeographic scenario uncovered in our study, with two main recolonization
fronts in Western and Eastern Europe, has been demonstrated for many other temperate
tree species (Heuertz et al., 2004; Lascoux et al., 2004). Suture zones in Central Europe, as
detected for the European crabapple, are also typical of other temperate tree species
(Heuertz et al., 2006; Heuertz et al., 2004; Liepelt et al., 2009; Magri et al., 2006; Petit et al.,
2002). However, the clear suture between the SE and NE populations and the evidence for
admixture have not been reported before. These findings demonstrate the utility of nuclear
microsatellite markers for retracing the ancient demographic history of populations and the
extent of admixture in phylogeographic studies. Indeed, these markers appear to provide
additional and more precise insight into the demographic history of species than the more
frequently used organelle markers (Heuertz et al., 2004; Magri et al., 2006). In apple trees,
chloroplast markers are not polymorphic enough for a high degree of resolution between
closely related species (Robinson et al., 2001), whereas microsatellite markers clearly

discriminate between the species (Cornille et al., 2012b).
Historical gene flow and dispersal capacity in the European crabapple

This species is dispersed by animals, but the weak spatial genetic structure within
each population at the European scale, weak IBD patterns and low Sp values suggest that the
European crabapple may dispersed over large distances. These results are consistent with
those previously reported for scattered temperate tree species (Oddou-Muratorio et al.,
2004; Oddou-Muratorio, Klein, 2008). The high dispersal capacity of the European crabapple
and its current wide distributional range extending into the northern-most parts of Europe
identify this species as a rapid colonizer (Svenning, Skov, 2007), consistent with its high

pioneering capacity (Larsen et al., 2006).

Ecological niche models and reconstruction of the recolonization history of the European

crabapple on the basis of its paleodistribution
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ENM projections onto current climate layers resulted in a current suitable habitat for
the European crabapple covering most of Europe, with the exception of southern Spain and
Italy, consistent with the Euforgen distribution map
(http://www.euforgen.org/distribution_maps.html), which extends further eastern than the
region studied in this paper. The projection onto paleoclimate layers showed that the
distribution of the European crabapple, like those of many other European tree species
(Svenning et al., 2008), was affected by climate changes during the Quaternary Period, with
a contraction of the northern European crabapple populations. The modeling results
suggested possible refugia in the European crabapple in the northeast, southeast and west,
concordant with the distribution of the three genetic clusters. ABC results were also in
agreement with these results showing that the three clusters expanded from three
independent sources (Hewitt, 1996). Climatic conditions may have allowed M. sylvestris to
grow at intermediate latitudes in Europe, extending up to northern parts of France and
connecting glacial refugia during the LGM. Such northern distributions were demonstrated
on the basis of pollen fossil records and genetic data, mostly in cold-tolerant tree species of
the genera Betula and Alnus (Lascoux et al., 2004). The genetic data showed a possible high-
latitude refugium in the Carpathian Mountains as well as besides and in southern refugia for
M. sylvestris. Despite the overall concordance between ENM and genetic data, the predicted
past distribution extends northwards up within the extent of the glaciers. This raises
qguestions about the accuracy of ENM paleoreconstructions and their interpretation,
including limitations concerning the available predictor variables (Araudjo, Guisan, 2006).
Indeed, in these models, the species niche is defined in terms of temperature and
precipitation data only. Although climate is one of the main factors underlying species
distribution, other factors will need to be taken into account in the future (Pearson, Dawson,
2003), including dispersal processes (using hybrid approaches), biotic interactions (e.g,
competitors and pollinators) and stages of succession in forests. One of the main issues of
niche modeling is the assumption of niche conservatism. If the species niche shifts over time,
the species may not respond to climate change in a predictable way (Jezkova et al., 2011). In
addition, calibrating the climatic niche of species under current conditions and projecting
them to non-analogous conditions in the past would lead to spurious response curves and

therefore to naive projection (Thuiller et al., 2004). However, while limits currently exist in
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paleoreconstruction distribution, ENM is becoming a valuable complementary approach to

genetic demographic inference in many cases (Brown, Knowles, 2012),
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Figures

TEXP

TEXP

TNE-SE

Figure 1. Demographic models compared in approximate Bayesian computations. Model a
assumes that three populations (western (W), south-eastern (SE), north-eastern (NE))
diverged and underwent simultaneous exponential growth; bidirectional gene flow was
assumed between all pairs of populations. Model b is identical to model a but with no gene
flow. Model c assumes that the W and SE populations expanded simultaneously and that the
NE population subsequently diverged from the SE population, with all populations
undergoing exponential growth; bidirectional gene flow was assumed between all
population pairs. Model d is identical to model ¢ but without gene flow. Nx: Effective
population size of population x, m,,: gene flow per generation from population x to
population y; Texp: divergence time at the beginning of the Holocene; Tye-se: time at which

the  north-eastern  population split from the south-eastern  population.
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Figure 2. Population structure in European crabapple Malus sylvestris (N=381), inferred with
the Bayesian clustering algorithm implemented in TESS. Each individual is represented by a
vertical bar, partitioned into K segments representing the proportions of ancestry of its
genome in K clusters. When several clustering solutions (“modes”) were represented within
replicate runs, the proportion of simulations represented by each mode is shown. Aut:
Austria, Be: Belgium, Bgr: Bulgaria, Bih: Bosnia Herzegovina, Da: Denmark, Fr: France, Deu:
Germany, Gbr: Great Britain, Hun, Hungary, It: Italy, No: Norway, Po: Poland, Ro: Romania,

Ukn: Ukraine.
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Figure 3. Maps representing the mean membership proportions for K clusters, for samples of
Malus sylvestris collected from the same site. Membership proportions were inferred with
the Bayesian clustering algorithm implemented in TESS. At K=5 the results presented are

those of the minor clustering solution (“mode”), showing the geographic location of the

fourth previously identified cluster (Figure 2).
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Figure. 4. Map of overall allelic richness at 22 sites.
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Figure 5. Ensemble forecasting of the six different algorithms predicting the current (a) and
LGM (b) suitable climate area distribution for Malus sylvestris. The probabilities (x 1000) of a

suitable habitat are given in the legend.
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Tables

Table 1. Genetic polymorphism and spatial pattern of differentiation within each cluster in

Malus sylvestris
Cluster

W (red) NE (blue) SE (green)
Microsatellite polymorphism
N 213 90 73
Ho 0.69 0.77 0.80
He 0.74 0.85 0.88
Fis 0.07*** 0.10%** 0.09%**
A, 11.5 15.3 17.3
Ap 1.3 2.1 4.4
Spatial pattern (logarithm)
Sp 0.005 0.004 -0.003
mean(Ln(dist)) 1.3 1.3 0.8
b -0.006*** -0.004*** -0.001***
F(1) 0.03 0.01 0.02
r? 0.008 0.008 0.009

N: sample size of each cluster, Ho and Hg: observed and expected heterozygosity, Fis:
inbreeding coefficient, A,: mean allelic richness for loci, corrected by the rarefaction method,
estimated for a sample size of 100, A,: number of private alleles, corrected by the
rarefaction method, estimated for a sample size of 100, Sp: spatial Sp parameter,
mean(Ln(dist)): mean of the logarithm of the geographic distance between genotypes, b
regression slope between Fj; and the logarithm of geographic distance, Fi;): mean Fj between
individuals from the first distance class, *: 0.05<P<0.01, **: 0.01<P<0.001, ***: P<0.001, r%:

squared correlation coefficient.

Table 2. Relative posterior probabilities (p) and Bayes factor (BF) for the four historical

models compared by approximate Bayesian computations. The models are described in

Figure 1.
Model p BF
a 0.81 4.37
b 0.19 0.23
c 2.3e 2.3e
d 1.0297¢™° 1.03e™°
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Figure S2. Bayesian clustering results of Malus sylvestris in Europe (N=381) using the

program STRUCTURE from K=2 to K=6.

Figure S3. Maps of mean membership probabilities per locality from the STRUCTURE analysis

for Malus sylvestris assuming 2 to 5 clusters.

Figure S4. Estimated number of populations in Malus sylvestris from TESS analyses using the

DIC.

Figure S5. Estimated number of populations in Malus sylvestris from STRUCTURE analyses

using the AK.
Figure S6. PCA on 3,000 simulations for Malus sylvestris.

Table S6. AUC Index for ENM ran with eight and 19 bioclimatic variables for each of the six

models and each repetition

Figure S7. Ensemble forecast using M. sylvestris presence records and pseudo-absences

projected onto the map of Europe and Western Russia using 19 bioclimatic variables.
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Table S1. Description of the Malus sylvestris accessions analysed with their geographical origin and providers.

Country Nb Provider
Austria 20 Heino Konrad (Federal Research and Training Centre for Forests, Vienna, Austria), Thomas and Bernhard Kirisits (Institute of Forest
Entomology, Forest Pathology and Forest Protection, Vienna, Austria)
Belgium 9 ILVO*, IRR
Bosnia y Herzegovina 73 Dalibor Ballian (Faculty of Forestry, University of Sarajevo, Bosnia-Herzegovina)
Bulgaria 1 Petya Gercheva, Argir Zhivondov, Valentina Bojkova and Anna Matova (Fruit-Growing Institute, Plovdiv, Bulgaria)
Denmark 100 Anders Larsens (Forest and Landscape, Department for Management of Forest Genetic Resources, Denmark)
BLC, Frangois Laurens, TG, PG, Pascal Heitlzer, Dominique Beauvais, Nicolas Feau, Aurélien Cabaret, ILVO*, IRR, Jean-Pierre Rioult
France 45  (Université de Caen Basse-Normandie, EREM - Equipe de Recherche et d’Etudes en Mycologie, France), Nicolas Feau (Forest Sciences
Centre, UBC, Vancouver, Canada), Francois Laurens (INRA, Equipe FruitQual et CaDiPom, France)
Germany 30 JK and Wilfried Steiner (Northwest German Forest Research Institute, Germany)
Great Britain 9  Stephens Cavers (NERC, Centre for Ecology and Hydrology, UK)
Hungary 27 Lazlo Nyari (Forest Genetics and Forest Tree Breeding, Gottingen, Germany)
Italy 5 Stefano Porta, Alfredo Martignoni, Alberto Dominicci and Emanuela Fabrizi (Monti Simbruini Regional Park, Italy), Frangois Salomone,
Norway 21 per Avid (Agder Natural History Museum and Botanical Garden, Norway)
Poland 8 Jan Kowalsky and Dzmitry Kahan (Forest Research Institute, Poland)
Romania 9 Luian A Curtus (Transylvania University Brasov, Faculty of Forest Sciences, Romania)
Ukraine 4 Roman Volansyanchuk

Nb : Number of sampled individuals

" ILVO - PLANT Plant -Growth and Development, Melle, Belgium

We also want to thank Dominique Beauvais (Abbaye de Beauport, Paimpol, France); Alberto Dominici and Emanuela Fabrizi (Monti Simbruini Regional Park, Italy), Carlos
Herrera (Estacion Biologica de Donana, CSIC, Spain), Francisco Donaire (Jardin Botanico La Cortijuela, Sierra Nevada, Granada, Spain), Roman Volansyanchuk (Ukrainian
Research Institute of Forestry and Forest Melioration, Ukraine) for providing M. sylvestris samples. We also thank Thierry Genevet, Frédéric Tournay (Jardin Botanique de

Strasbourg), Levente Kiss, the East Malling Research Station (UK), Philip Forsline and the Plant Genetic Resources Unit in Geneva (NY).
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Figure S1. Sampling of the different Malus sylvestris locations through Europe

127



Table S2. Prior distributions used in approximate Bayesian computations. Prior distributions

are uniform between lower and upper bound. Parameters are introduced in Fig.1.

Parameter distribution Lower Bound Upper Bound
Nse log unif 500 1,000,000
Nne log unif 500 1,000,000
Nw log unif 500 1,000,000
Texp log unif 0 50,000

TNE-SE log unif 0 50,000
Muy.se log unif 0 0.05
mMuy-ne log unif 0 0.05
MseNE log unif 0 0.05
Mse.w log unif 0 0.05
Mpese log unif 0 0.05
Mye-w log unif 0 0.05
Gw unif -1 0
Gne unif -1 0
Gse unif -1 0
u logunif 0.00001 0.02
a unif 1 30

log unif : log-uniform distribution; unif: uniform distribution; u :

parameter of the gamma distribution

mutation rate; a: shape
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Dataset S1. X/Y coordinates of presences of Malus sylvestris in Europe used for ENM

X Y
-2.756 55.611
-2.756 55.611
-2.755 55.612
-2.755 55.612
-2.754 55.612
-2.754 55.612
-2.754 55.612
-2.754 55.612
0.261 49.042
0.373 48.267
0.373 48.268
0.373 48.268
0.717 49.450
1.270 43.604
1.499 48.643
1.544 47.901
2.034 48.199
2.214 46.228
3.087 45.790
4.327 50.939
6.316 61.550
6.900 58.367
7.186 47.957
7.305 47.760
7.460 51.364
8.160 62.960
9.750 57.183
9.751 52.358
9.904 44.808
9.983 56.465
10.048 59.987
10.298 59.128
10.330 63.000
10.351 59.898
10.368 59.783
10.416 60.211
10.439 59.744
10.450 56.260
10.452 51.166
10.454 59.293
10.536 59.664
10.612 60.074
10.654 59.777
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10.661
10.743
10.770
10.864
10.885
10.922
11.317
11.683
13.080
13.270
13.350
15.573
16.114
16.115
16.117
16.118
16.119
16.217
16.232
16.346
17.162
17.195
18.049
18.596
20.702
20.731
20.734
20.750
20.760
20.765
20.811
21.216
22.564
25.299
25.746
36.132

59.319
60.056
60.114
60.115
59.963
59.951
59.187
56.766
42.000
41.900
41.900
44.971
47.885
47.883
47.881
47.881
47.881
48.386
44.159
46.729
43.995
44.004
43.520
47.780
51.415
51.253
51.257
51.270
51.264
51.026
51.240
48.268
50.656
42.867
45.746
49.948
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Text S1. Ecological Niche Models methodology used to project paleodistribution of Malus
sylvestris

Current bioclimatic and past LGM climate data were downloaded from WorldClim
dataset v. 1.4 (http://www.worldclim.org/; (Hijmans et al., 2005)), at a 2.5 arc-minute
resolution. LGM climate data were selected from general circulation model (GCM)
simulations from two models: the Community Climate System Model (CCSM) (Collins et al.,
2006) and the Model for Interdisciplinary Research On Climate (MIROC, version 3.2)
(Hasumi, Emori, 2004).

For Ecological Niche Models (ENM), we first examined 19 bioclimatic variables. We
assessed the pairwise correlation of values for the 19 bioclimatic variables by calculating
Pearson’s correlation coefficients, to prevent autocorrelation and the overfitting of our data.
We retained only the variables that were not strongly correlated with each other (i.e,
Pearson’s correlation coefficient<0.75). The eight climate variables retained were: mean
diurnal temperature range, isothermality (i.e., mean diurnal temperature range/annual
range of temperature), minimum temperature of the coldest month, annual range of
temperature, mean temperature of wettest quarter, mean temperature of the driest
guarter, seasonality of precipitation, and precipitation during the coldest quarter. These
variables summarize the means and variation of temperature and precipitation and
therefore probably summarize the dimensions of climate determining the distribution of M.
sylvestris. Estimated distributions based on the model including eight bioclimatic variables
were not markedly different from those obtained with the model based on all 19 of the

initially considered bioclimatic variables (see results).

Species records. Records of the presence of M. sylvestris were obtained for sampled
individuals (N=381). We removed duplicated coordinate data points, resulting in 79
presences in total (Dataset S1). As most of the models required presence/absence data, we
generated 79 pseudo-absences by the Species Range Envelope (SRE) strategy in BIOMOD
and, because different selections can provide different results, the models were run with 10
different sets of pseudo absences. SRE strategy consists to generate random selection of
points from all points outside the suitable area estimated by a rectilinear surface envelope

from the presence sample (i.e. SRE) (Thuiller et al.,, 2009). Bioclimatic variables were
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downscaled to a resolution of 2.5 minutes, by bilinear interpolation for all records from the

global climate model (GCM) output listed above.

Ecological niche models (ENM). Climatic niche models were constructed with the BIOMOD
package (package BIOMOD v 1.1-7.00, 2011-08.03, (Thuiller et al., 2009)). Details are
provided in supplementary material. Many different ENM algorithms exist which may
provide substantially deviating predictions (Pearson et al.,, 2006). There is currently no
consensus concerning the most suitable ENM algorithm for species distribution modeling
(Araujo, Guisan, 2006; Segurado, Araujo, 2004; Svenning et al., 2011; Tsoar et al., 2007), but
combining ENM projections in an ensemble forecast framework has been proposed as a
strategy to reduce model uncertainty (Aradjo, New, 2007). We therefore performed
simulations with multiple ENM algorithms, to predict the current and past (CCSM2 and
MIROC models) distribution of M. sylvestris. We created ensembles consisting of projections
derived from six statistical algorithms available in the BIOMOD package: GAM (General
Additive Model), a flexible and automated approach to identifying and describing non-linear
relationships between predictors and response, GLM (General Linear Model), a regression
method that is a generalization of the multiple regression model that used the so-called link
function to accommodate response variables that are distributed other than normally, GBM
(Generalized Boosting Model), a machine learning method which combines a boosting
algorithm and a regression tree algorithm to construct an ‘ensemble’ of trees, RF (Random
Forest), a machine learning method which is a combination of tree predictors such that each
tree depends on the values of a random vector sampled independently and with the same
distribution for all trees in the forest, CTA (Classification Tree Analysis), a classification
method running a 50-fold cross-validation to select the best trade-off between the number
of leaves of the tree and the explained deviance, and MARS (Multivariate Adaptive
Regression Splines), a generalization of stepwise linear regression for large numbers of
predictor variables, in the R v.2.14.0 environment (R, 2011). More details about these
modeling techniques can be found in Thuiller et al. (2009). We first performed the
calibration procedure with 80% of the data. We then evaluated the predictive model
performance of a species distribution mode, we used a random subset of 80% of the data to
calibrate the model, then we used the remaining 20% for evaluation, using a threshold

independent method, AUC. The data splitting approach was then replicated 10 times, from
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which we calculated the mean AUC as well as the mean TSS (True Skill Statistic) value. The
TSS is the sum of the sensitivity (proportion of actual positives which are correctly identified
as such) and the specificity (proportion of negatives which are correctly identified). The final

calibration of every model for making predictions uses 100% of available data.

Validation of model robustness. \We evaluated the robustness of the predictive performance
of each algorithm, by calculating the Area Under the receiver operating characteristic Curve
(AUC) (Fieldings, Bell, 1997; Zweig, Campbell, 1993), which quantifies the performance of the
model. The value of AUC indicates the proportion of the time a random selection from the
positive group will score higher than a random selection from the negative group (Fieldings,
Bell, 1997). Using the eight selected bioclimatic variables, we produced, for each climatic
dataset, a total of 60 models for the current time (6 models x 10 repetitions), from which we
calculated an ensemble forecast scenario by weighted average consensus based on AUC
values (Araujo, New, 2007; Marmion et al., 2009). The potential problems raised on the use
of AUC (Lobo et al., 2008) as a measure of model performance were potentially minor here
because AUC was used to select the best models for a given species within a fixed
geographical area and using the same pseudo-absences. For each LGM model (CCSM2 and
MIROC), we calculated an ensemble forecast from the current prediction and then projected

probabilities of presence onto a map, using ArcGis (ESRI, Redlands, CA).
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Table S3. Summary statistics for each Malus

sylvestris sampling site with more than four

individuals

Site ID Country N Ho He Fis Ar
Aut_hern Austria 10 0.78 0.81 0.04 NS 4.1
Aut_stock Austria 30 0.77 0.82 0.05*** 3.9
Bel Belgium 9 0.73 0.75 0.03 NS 3.6
Bih_jab Bosnia 6 0.80 0.80 0.002NS 4.0
Bih_liv Bosnia 27 0.83 0.87 0.04*** 4.4
Bih_olo Bosnia 18 0.74 0.81 0.09%** 4.0
Bih_pre Bosnia 18 0.80 0.85 0.06%** 4.4
Da_he Denmark 17 0.66 0.69 0.05%** 3.5
Da_k Denmark 27 0.63 0.69 0.08%** 3.2
Da_ka Denmark 28 0.67 0.69 0.04%** 3.4
Da_no Denmark 28 0.66 0.69 0.04%** 3.4
Fr_clermt France 6 0.63 0.71 0.11* 3.4
Fr Hom France 14 0.78 0.79 0.015* 3.9
Fr_orl France 4 0.81 0.70 -0.17NS 3.3
Fr_tou France 6 0.83 0.77 -0.08NS 3.9
Deu_popO0 Germany 9 0.71 0.75 0.06* 3.6
Deu_popl Germany 8 0.66 0.67 0.01NS 3.1
Deu_pop2 Germany 12 0.62 0.55 -0.13NS 2.6
Gbr Great Britain 9 0.70 0.73 0.04NS 34
Hun_p2 Hungary 13 0.75 0.84 0.11%*** 41
Hun_p3 Hungary 6 0.74 0.84 0.11%*** 4.2
It Italy 5 0.80 0.82 0.03NS 4.0
No Norway 21 0.68 0.73 0.07*** 3.5
Ro Romania 9 0.75 0.83 0.10%** 4.1
Ukn Ukraine 4 0.82 0.86 0.04NS 4.3

Full dataset 344 0.73 0.76 0.03%**

N: Sample size at the site, Hp and He: observed and expected heterozygosities, Fis: inbreeding

coefficient, A;: mean allelic richness for loci, corrected by the rarefaction method, estimated

for a sample size of 6, *: 0.05<P<0.01, **: 0.01<P<0.001, ***: P<0.001, NS: non-significant
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Table S4. Summary statistics for the 26 microsatellite loci in Malus sylvestris.

Range Ho HE F/S Ar (N=6) NA
Ch01f03 139-247 0.72 0.86 0.15%** 4.33 0.08
Ch01h01 104-160 0.87 0.91 0.04*** 4.81 0.02
Ch01h10 84-144 0.84 0.89 0.06*** 4.68 0.05
Ch02c06 204-290 0.74 0.95 0.22%** 5.29 0.11
Ch02d08 199-258 0.78 0.83 0.06*** 4.11 0.04
Ch05f06 160-198 0.73 0.88 0.17%*** 4.57 0.09
Ch01f02 159-225 0.86 0.93 0.07*** 5.07 0.04
Ch02c11 202-266 0.80 0.87 0.08%*** 4.47 0.04
Hi02c07 97-148 0.79 0.87 0.10%*** 4.45 0.04
Ch02c09 202-266 0.73 0.83 0.12%** 4.17 0.05
Ch03d07 97-148 0.67 0.79 0.15* 3.92 0.06
Ch04c07 234-262 0.61 0.76 0.19%*** 3.78 0.06
GD12 167-228 0.66 0.78 0.15%** 3.73 0.07
CHO2b03b 98-159 0.85 0.87 0.03*** 4.49 0.02
CHO2b12 149-193 0.73 0.85 0.15%** 4.30 0.06
Hi03a10 75-199 0.52 0.70 0.26*** 3.35 0.11
MS06g03 114-166 0.64 0.87 0.26*** 4.42 0.12
CH Vvf1 203-302 0.75 0.85 0.17%** 4.28 0.06
CHO03d12 132-222 0.69 0.85 0.18*** 4.26 0.09
CHO5a05 128-177 0.70 0.81 0.14%*** 4.08 0.05
CHO5f04 98-163 0.36 0.58 0.39%*** 2.80 0.14
CHO5g08 191-253 0.80 0.87 0.08*** 4.54 0.04
NHO009b 148-174 0.76 0.86 0.11%** 4.28 0.06
CHO4e03 153-216 0.78 0.90 0.13%*** 4.79 0.04
CHO02g01 138-171 0.69 0.83 0.16*** 4.07 0.08
NzZ02b01 182-237 0.76 0.91 0.17%*** 4.89 0.09

Total 0.73 0.84  0.14***

Range: size range of SSR alleles in bp, Ho and Hg: observed and expected heterozygosity, Fis:

inbreeding coefficient, A,: mean allelic richness for loci, corrected by rarefaction method

estimated for sample a size of 6, NA: Null alleles.
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Table S5. Pairwise genetic differentiation (Fs7) among the 25 localities.

Site AutHern  Aut.stock  Bel Bih.jab  Bih.liv Bih.olo  Bih.pre eDa.h Dakk Daka Dano Fr.clmt Fr.Hom Fror Fritou Deu.pop0 Deu.popl Deu.pop2 Gbr Hun.p2 Hun.p3 It No Ro
Aut.stock 0.01

Bel 0.11 0.11

Bih.jab 0.08 0.08 0.12

Bih.liv 0.08 0.08 0.11 0.05

Bih.olo 0.11 0.11 0.13 0.10 0.06

Bih.pre 0.09 0.08 0.13 0.08 0.03 0.04

Da.he 0.14 0.14 0.05 0.15 0.14 0.17 0.16

Da.k 0.15 0.15 0.06 0.16 0.15 0.18 0.18 0.03

Da.ka 0.14 0.13 0.05 0.15 0.14 0.18 0.17 0.03 0.04

Da.no 0.15 0.14 0.05 0.15 0.15 0.18 0.18 0.01 0.02 0.02

Fr.clmt 0.12 0.12 0.06 0.14 0.13 0.15 0.15 0.06 0.06 0.07 0.07

Fr.Hom 0.09 0.08 0.05 0.10 0.09 0.11 0.11 0.08 0.07 0.09 0.09 0.05

Fr.orl 0.13 0.11 0.03 0.12 0.11 0.15 0.14 0.05 0.05 0.04 0.04 0.05 0.05

Fr.tou 0.09 0.08 0.04 0.08 0.08 0.12 0.11 0.06 0.08 0.05 0.06 0.05 0.07 0.07

Deu.pop0 0.12 0.12 0.03 0.12 0.10 0.13 0.13 0.02 0.03 0.04 0.04 0.05 0.03 0.05 0.04

Deu.popl 0.16 0.14 0.08 0.15 0.13 0.18 0.17 0.04 0.04 0.07 0.05 0.10 0.07 0.08 0.09 0.04

Deu.pop2 0.24 0.21 0.11 0.24 0.19 0.23 0.23 0.08 0.09 0.10 0.10 0.17 0.14 0.16 0.17 0.06 0.11

Gbr 0.12 0.12 0.02 0.11 0.11 0.15 0.14 0.05 0.06 0.05 0.05 0.05 0.07 0.03 0.02 0.05 0.08 0.14

Hun.p2 0.03 0.04 0.10 0.04 0.05 0.08 0.06 0.14 0.15 0.14 0.15 0.13 0.08 0.11 0.09 0.11 0.14 0.20 0.11

Hun.p3 0.05 0.05 0.11 0.03 0.05 0.07 0.07 0.14 0.15 0.15 0.15 0.11 0.08 0.09 0.09 0.12 0.15 0.25 0.11 0.02

It 0.09 0.08 0.09 0.09 0.08 0.11 0.09 0.14 0.15 0.15 0.15 0.13 0.09 0.11 0.09 0.11 0.17 0.25 0.11 0.08 0.06

No 0.12 0.12 0.04 0.13 0.12 0.15 0.15 0.02 0.04 0.01 0.01 0.04 0.06 0.03 0.03 0.03 0.07 0.10 0.02 0.12 0.12 0.13

Ro 0.09 0.09 0.13 0.07 0.05 0.07 0.07 0.16 0.17 0.15 0.16 0.16 0.12 0.13 0.11 0.13 0.17 0.24 0.14 0.06 0.06 0.10 1(2
Ukn 0.06 0.05 0.11 0.05 0.05 0.09 0.06 0.15 0.16 0.15 0.15 0.12 0.09 0.12 0.09 0.12 0.16 0.26 0.13 0.03 0.05 0.07 1(; 0.05
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Figure S2. Bayesian clustering results of Malus sylvestris in Europe (N=381) using the
program STRUCTURE from K=2 to K=6. Each individual is represented by a vertical bar,
partitioned into K segments representing the amount of ancestry of its genome in K clusters.
When several clustering solutions (“modes”) were represented within replicate runs, we give
the proportion of simulations represented by each mode. For better visualisation we
grouped localities from the same country together. Aut: Austria, Be: Belgium, Bih: Bosnia
Herzegovina, Da: Denmark, Fr: France, Deu: Germany, Gbr: Great Britain, Hun, Hungary, It:

Italy, No: Norway, Po: Poland, Ro: Romania, Ukn: Ukraine, Bgr: Bulgaria.
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Figure S3. Maps of mean membership probabilities per locality from the STRUCTURE analysis for

Malus sylvestris assuming 2 to 5 clusters
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Figure S4. Estimated number of populations in Malus sylvestris from TESS analyses using the DIC.
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Figure S5. Estimated number of populations in Malus sylvestris from STRUCTURE analyses using the

AK.
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Figure S6. PCA on 3,000 simulations for Malus sylvestris. PCA axes 1 and 2 are shown in a) model a b) model b ¢) model ¢ d) model d. The
percentage of the total variance explained is indicated for each PCA axe. For clarity, the simulated datasets are not indicated, and we show in
blue the representation of the summary statistics and in red the parameters of the models. In blue, the summary statistics : Fs7_x_y: pairwise
Fst between the populations x and y, K_x: mean number of alleles over loci and population x, H_x : mean heterozygosity over loci and
population x, DMUSQ_x : mean 8u? (Goldstein et al., 1995) over loci in the population x. In red, the model parameters: m,., : migration rate per
generation from the population x to the population y, STR_MUTATION : mutation rate of microsatellites, N, : effective population size of the
population x, Gry: Growth rate of the population x, T, : divergence time between the population x and the population y, COEFF_P : Value of
the geometric parameter for the Generalized Stepwise Mutational model
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Table S6. AUC Index for ENM ran with eight and 19 bioclimatic variables for each of the six

models and each repetition.

repl rep2 rep3 rep4d rep5 rep6 rep7 rep8 rep9 repl0
Roc Curve (AUC) 8 variables
CTA 0.961 0.963 0.963 0.961 0.971 0.968 0.969 0.969 0.955 0.96
GAM 0.983 0.984 0.985 0.984 0.987 0.986 0.987 0.984 0.98 0.984
GBM 0.988 0.989 0.99 0988 0.989 0.991 0.991 0.989 0.985 0.989
GLM 0.983 0.984 0.986 0.984 0.987 0.987 0.987 0.984 0.98 0.984
MARS 0.982 0.98 0.982 0.981 0.983 0.982 0.984 0.981 0.975 0.98
RF 0.993 0.994 0.994 0.993 0.995 0.995 0.995 0.994 0.993 0.994
Roc Curve (AUC) 19 variables
CTA 0.856 0.765 0.794 0.858 0.906 0.846 0.829 0.875 0.938 0.893
GAM 0.93 0.93 0.936 0.923 0.923 0.952 0.851 0.978 0.996 0.901
GBM 0.957 0.96 0.971 096 0.969 0.96 0.949 0.919 0.978 0.96
GLM 0.91 0.849 0.923 0.938 0.875 0.945 0.875 0.993 0.939 0.91
MARS 0.89 0.824 0.787 0.904 0.879 0.976 0.941 0.873 0.919 0.914
RF 0.967 0.949 0.952 096 0.993 0.949 096 0.978 0.996 0.971
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Figure S7. Ensemble forecast using Malus sylvestris presence records and pseudo-absences

projected onto the map of Europe and Western Russia using 19 bioclimatic variables.
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Manuscrit C: Histoires de spéciations dans le genre Malus.

151



Manuscrit C : Speciation histories of four wild apple species and the

cultivated apple in Eurasia. In prep.

Synthése

Dans ce chapitre nous nous intéressons aux mécanismes de diversification interspécifique
dans le genre Malus. Plus particulierement, nous nous sommes concentrés sur les relations
de parenté, le degré de différenciation génétique et I'existence de flux de génes durant la
divergence entre cing espéces apparentées de pommiers dont une est cultivée,
respectivement: Malus sieversii (Asie Centrale), M. orientalis (Caucase), M. sylvestris
(Europe), M. baccata (Sibérie) et M. domestica. Les études précédentes basées sur quelques
marqueurs chloroplastiques et nucléaires n’avaient pas résolu les relations phylogénétiques
entre les pommiers sauvages caucasiens, européens et asiatiques suggérant une divergence
récente entre ces especes ou des flux de génes post-divergence. Malus baccata est une
espéce génétiquement plus différenciée dans ce groupe de quatre espéces, avec un
phénotype aussi plus divergent, présentant des petites pommes type « cerise ». Dans le
manuscrit A (Histoire de la domestication du pommier cultivé), nous avons montré que ces
cing especes se différenciaient sur la base de marqueurs microsatellites, et ces derniers nous
ont aussi permis de détecter des introgressions importantes du pommier cultivé par le
pommier sauvage européen. Dans cette étude en cours, |'utilisation de 13 fragments
nucléaires amplifiés sur 45 individus nous permettra sans doute d’apporter un nouvel
éclairage sur I'histoire de la domestication du pommier cultivé et sur la diversification
interspécifique des cinq especes étudiées. Nous pourrons également comparer les résultats
obtenus sur la base des marqueurs microsatellites et ceux obtenus sur la base de ces
séquences nucléaires. Ce manuscrit est en préparation. Les résultats préliminaires montrent
que les especes sont peu différenciées génétiquement, en particulier M. sieversii et M.
orientalis, et M. baccata est plus différenciée des autres especes. Nous sommes en train
d’utiliser I'approche ABC (approximate Bayesian computation) afin de comparer des
scénarios de spéciation avec et sans flux de génes. La construction des scénarios a été basée
sur les études phylogénétiques précédentes (Harris et al., 2002; Robinson et al., 2001). Les
analyses ABC sont en cours; les résultats ne sont donc pas encore présentés dans le

manuscrit.
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Introduction

Speciation with gene flow has long been dismissed, but still remains one of the
hottest topics in evolutionary biology. Accumulating evidence suggest that ecological and
phenotypic divergence can occur in the presence of gene flow (Feder et al., 2012; Nosil,
2008). The emergence of a new methodological framework, known as “divergence
population genetics” (Kliman et al., 2000), using DNA variation at multiple loci combined
with coalescent population genetic models, allowed inferences on past demography
histories of species, in particular on the degree and timing of gene flow among them. Such
approaches helped unravelling whether divergence has occurred in the face of gene flow or
whether species were isolated and exchanged genes after secondary contact. The
approximate Bayesian computation (ABC) framework (Beaumont et al., 2002; Cornuet et al.,
2008; Csilléry et al., 2010; Wegmann, Excoffier, 2010) has become a valuable tool in this
context as it provides both estimates of historical demographic parameters (e.g., population
mutation parameters, divergence times and migration rates) and allows probabilistic
comparison of alternative models (Bertorelle et al.,, 2010). This approach has been
successfully applied to various model organisms in testing speciation scenarios (Bertorelle et
al., 2010; Francois et al., 2008; Li et al.,, 2011; Row et al., 2011; St. Onge et al., 2011;
Thornton, Andolfatto, 2006)

With their high levels of inter-population gene flow associated with large effective
population sizes, long generation times and frequent hybridizations, trees represent
fascinating and original models to study speciation with gene flow (Petit, Hampe, 2006;
Savolainen, Pyhajarvi, 2007). These features are thought to play a major role in this existence
of species complexes characterized by extensive shared polymorphisms and low levels of
interspecific divergence (Li et al., 2010; Savolainen, Pyhajarvi, 2007). Studies on several tree
species showed complex histories of speciation with variable levels of gene flow among
related species (Li et al., 2010; Li et al., 2011; Wachowiak et al., 2011).

Here, we aimed at elucidating the recent diversification history of the apple genus
(Malus spp.), and in particular at deciphering the relationships among the closest wild
relatives of the domesticated apple and at testing whether the divergence between these
species occurred with or without gene flow. A previous study based on microsatellite data

pinpointed three wild apple species as being contributor to the genome of the cultivated
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apple (Malus domestica): Malus sieversii (Central Asia), M. orientalis (Caucasus), and M.
sylvestris (Europe) (Cornille et al., 2012b). Malus sieversii is the ancestral progenitor of the
cultivated apple (Cornille et al., 2012a; Velasco et al., 2010), while M. sylvestris and M.
orientalis (to a lesser extent) have been involved in post-domestication introgressions
(Cornille et al., 2012b). We investigated the demographic and divergence histories between
five Malus species: the cultivated apple (Malus domestica), the three wild contributor
species, and a more divergent species, M. baccata, found in Siberia. Previous phylogenetic
studies based on chloroplast and nuclear markers did not resolve the genetic relationships
among these five species, except in showing that M. baccata was the most divergent species
(Harris et al., 2002; Robinson et al., 2001). We used a set of 45 apple accessions sampled
across Eurasia (Table S1) and 13 nuclear DNA fragments to investigate the following specific
guestions: 1) What is the level of genetic differentiation and the genetic relationships among
the five Malus species? 2) Did divergence among the five species occur in the face of gene
flow? 3) Can these new data and new analyses bring new insights into the history of

domestication of the domesticated apple?

Materials and methods

Plant material and DNA extraction

Leaf material was retrieved from the collections of various institutes (INRA Angers,
France; USDA — ARS, Geneva, USA; ILVO Melle, Belgium) and in situ (Table S1). Malus
sieversii (N=9) material was collected from 2007 to 2010 in Kazakhstan. Malus orientalis
(N=9) was sampled in 2009 in Armenia. Malus sylvestris (N=10) samples were obtained from
seven European countries (Bosnia Herzegovina, Denmark, Spain, Great Britain, Ukraine,
Austria and Belgium). Malus baccata (N=9) was sampled in 2010 in Russia. Malus domestica
cultivars (N=8) were Worcester, Belle de Boskoop, Cox’s Orange Pippin, Jonathan, Fuji,
Granny Smith, Macintosh and Golden Delicious varieties. Genomic DNA was extracted with

the Nucleo Spin® plant DNA extraction kit Il (Macherey & Nagel, Diiren, Germany).
Sequencing

Thirteen DNA fragments were sequenced (205, 30, 166, 262, 437, 444, 477, 559, 583, 586,

154



983, 1027, 1322 (Velasco et al., 2010)) (Table S2). Sequence reactions were outsourced at
Cogenics (Grenoble, France) using standard techniques. Forward sequence data were base-
called, assembled and edited using Codon Code Aligner v. 3.0.1 (CodonCode Corporation). All
putative polymorphic sites were validated by visual inspection of electrophoregrams. All
indels were excluded from analyses. All sequence data have been deposited with the
EMBL/GenBankData (Table S1). The resulting contigs were processed with automated shell
and Perl programs and aligned using MAFFT (Katoh et al., 2005) as implemented in Jalview

9.5 (Clamp et al., 2004).
Polymorphism and divergence

The gametic phase of diploid genotypes was inferred using PHASE (Stephens et al.,
2001), as implemented in DnaSP v. 4.0 (Rozas et al., 2003). Standard population genetics
parameters and neutrality test statistics were computed for each locus with DnaSP v. 4.0
(Rozas et al., 2003). For each species, intraspecific variation was estimated using number of
haplotypes (H), haplotypic diversity (Hy) (Nei 1987), and two estimators of the population
mutation parameter 4Neu (where Ne is the effective population size and u the neutral
mutation rate): i, that uses the average number of pairwise differences (Tajima, 1983) and
Jw, that uses the number of polymorphic sites (Watterson, 1975). The standard neutral

model was tested using Tajima’s D (Tajima, 1989), Fu and Li’'s D* and F * (Fu, Li, 1993).
Population structure

We used an analog of Wright’s fixation index (Weir, Cockerham, 1984) that also takes
into account the distance among haplotypes, ¢sr (Excoffier et al.,, 1992), to assess
differentiation among species. @sr values were estimated with an analysis of molecular
variance (AMOVA) as implemented in Arlequin v. 3.5 (Excoffier, Lischer, 2010). Results are
reported as averages over loci weighted by the total variance in allele frequency as well as
locus-by-locus. Significance of ¢sr values was tested by permuting haplotypes among
populations.

We used the individual-based Bayesian clustering method implemented in
STRUCTURE 2.3.3 (Pritchard et al., 2000) to investigate species delimitation, intraspecific

population structure and admixture. This method is based on Markov Chain Monte Carlo
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(MCMC) simulations and is used to infer the proportion of ancestry of genotypes in K distinct
predefined clusters. The algorithm attempts to minimize deviations from Hardy—Weinberg
and linkage equilibrium within clusters. Analyses were carried out with the use of prior
information (i.e., species identification) to assist clustering. K ranged from 1 to 8 for analyses
including the five-species dataset. Ten independent runs were carried out for each K and we
used 500,000 MCMC iterations after a burn-in of 50,000 steps. We used CLUMPP v1.1.2
(Greedy algorithm) (Jakobsson, Rosenberg, 2007) to look for distinct modes among the 10

replicated runs of each K.
Demographic scenario of speciation

We used ABCtoolBox (Wegmann et al., 2010) to compare scenarios with and without
gene flow (Figure 1). Models a and b assumed that M. domestica and M. sieversii diverged
after M. sieversii and M. orientalis, while models ¢ and d assumed that M. sieversii and M.
orientalis diverged after M. domestica and M. sieversii. Bidirectionnal gene flow was
assumed between each species in models a and c. The juvenile period of M. domestica lasts
five to 10 years and no data for this parameter are available for M. sylvestris. We therefore
assumed a generation time of 7.5 years. We estimated the effective size of each species
(Nsiews Nsy, Nori, Naom, Nbacc), the rate of migration between species for each generation (my.,:
migration rate from species x to y per generation), divergence times (T,,: divergence time
between species x and y).

We will simulate 2 x 10° datasets, using population parameters drawn from a prior
distribution under the four previously specified scenarios. For each simulation, we will
compute two summary statistics per population: S, the number of sites with segregating
substitutions output for each species,t: the mean number of pairwise differences for each
species. We will also compute pairwise Fsr (Weir, Cockerham, 1984) between pairs of
species. We will conduct a preliminary principal component analysis (PCA) in R environment
(MASS package, function prcomp), based on 3,000 simulated datasets including the five
Malus species, for the four models, to establish and check correlations between the main
parameters of the model and the chosen summary statistics (Tellier et al., 2011).

The mutation rate will be allowed to vary across loci, with locus-specific mutation

rates being drawn from a gamma distribution (o, a/u) in which u is the mutation rate per
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generation and « is a shape parameter. We will assume a log-uniform prior distribution for u
[0.000001, 0.0001] and a uniform distribution for « [1, 30].

We will compare the four models by calculating their Bayes factors (Wegmann et al.,
2010) and estimating their relative posterior probabilities, based on the 1% of simulated
datasets most closely matching the observed data (i.e., 2,000 simulated datasets). Once the
best model are chosen, we will estimate demographic parameters under this scenario, using
a general linear model (ABC-GLM) post-sampling regression adjustment for the 2,000
retained simulations (Leuenberger, Wegmann, 2010; Wegmann et al., 2010). We will report
the mode and 95% highest posterior density (HPD) interval for each model parameter
estimate.

The performance of the method for discriminating between competing historical
models will be assessed by analyzing test datasets simulated with the same number of loci
and individuals as for the observed datasets (i.e., pseudo-observed datasets). We will
simulate 2,000 such datasets for each competing model, using parameter values drawn from
the same prior distributions as for the original analyses. We will determine the relative
posterior probabilities of competing models for each pseudo-observed dataset, using the
model choice procedure, as described above (Wegmann et al., 2010). Confidence in model
choice will then be estimated from the likelihood that a given scenario does not have the
highest posterior probability of the competing scenarios when it is actually the true scenario
(type I error), and the likelihood of a given scenario having the highest posterior probability

when it is not the true scenario (type Il error).

Results

Polymorphism summary

All 13 loci were polymorphic in all species. A mean number of 16 alleles per locus
were sequenced per species. Of the 5409 bp sequenced, ca. 40% was in coding regions.
Summaries of variation are given in Tables 1 and S3. Genetic variation was not significatively
different among species (Wilcoxon’s Sign Rank test, P>0.1 for all comparison between each

species pairs for m, Sy and H,). For all species, the allele frequency spectrum, as measured by
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Tajima’s D (Tajima, 1983) and Fu and Li’'s D* and F* (Fu, Li, 1993), generally conformed to

expectations under a standard neutral model of molecular evolution (Table S3)
Population differentiation

Population differentiation values (¢@s7) are presented in Table 1 and locus-by-locus
AMOVA are presented in Table S4. Malus baccata appears the most differentiated species,
the @sr values with each of the four other species being >0.4. @sr values between M.
orientalis and M. sieversi were very low (0.03) indicating low differentiation between the
two species. The differentiation between M. domestica and each of its three wild
contributors lies within the same order of magnitude, @sr:0.2, with M. sylvestris being the
closest one.

STRUCTURE analyses with prior information on species status revealed structure
among the five species (but analyses without using prior information did not — data not
shown). A split between M. orientalis/M. sieversii from the one hand and M. domestica/M.
baccata/M. sylvestris on the other hand was observed at K=2 (Figure 2). At K=3, M. baccata
individualized in the main mode, while a minor mode instead splitted M. domestica in a new
cluster. At K=4, the species M. baccata, M. sylvestris, M. domestica formed well separated
clusters whereas M. sieversii and M. orientalis were clustered together. Increasing K yielded
no obvious further structuring, and instead introduced some heterogeneity in individual
membership proportions (Figure 2). The AK statistic, designed to identify the most relevant
number of clusters by determining the number of clusters beyond which there is no further
increase in likelihood (Evanno et al., 2005), was greatest for K=7 (AK=1.31, Pr|InL=-1318.9).
However, membership coefficients do not allow identifying more than four populations and
AK at K=4 was close to its value at K=7 (AK=0.850128, Pr|InL=-1313.1) (Figure S1).
Altogether, these results indicate weak genetic differentiation among the five wild species,

particularly between M. orientalis and M. sieversii.
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Figure 2. Demographic models compared using approximate Bayesian computations. Models

a and b assume divergence of Malus orientalis and Malus sieversii followed by a divergence

of Malus sieversii and Malus domestica. Models ¢ and d assumes divergence of Malus

orientalis and Malus sieversii followed by a divergence of Malus sieversii and Malus

domestica. Bidirectional gene flow was assumed between all pairs of species in the Models a

and c. Model b is identical to model a but without gene flow. Model d is identical to model ¢

but without gene flow. T,.,: divergence between species x and y. Mori: Malus orientalis,

Msiev: Malus sieversii, Mdom: Malus domestica, Msyl: Malus sylvestris, Mbacc: Malus

baccata.
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Figure 3. STRUCTURE analysis of the five Malus species when K=2-8 clusters are assumed.
Each individual is represented by a vertical bar, partitioned into K segments representing the
proportions of ancestry of its genome in K clusters. When several clustering solutions
(“modes”) were represented within replicate runs, the proportion of simulations

represented by each mode is shown.
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Tables

Table 1. Summary statistics of nucleotide variation within each wild Malus species

Species N? s° H° H 9u’(%) (%)
Malus baccata 14.5 5.6 4 0.59 0.45 0.57
Malus domestica 14.3 5.3 4.1 0.59 0.43 0.46
Malus orientalis 17.4 33 3.7 0.47 0.24 0.29
Malus sieversii 16.5 4.5 4.1 0.45 0.32 0.31
Malus sylvestris 17.1 7.4 5.6 0.64 0.54 0.50

# Mean sample size over loci, °. Number of segregating sites, ©: Number of haplotypes, d.

Haplotypic diversity,

®: Estimates of the population mutation parameter based on the

number of polymorphic sites (8w, (Watterson, 1975)) and the average number of pairwise

differences (m; (Tajima, 1983)), respectively.

Table 2. @sr values over all loci among the five Malus species. All values were significant,

P<0.001.
M. dom M. bacc M. or M. siev
M. bacc 0.45
M. or 0.23 0.53
M. siev 0.22 0.58 0.03
M. syl 0.18 0.44 0.38 0.37

M. bacc: Malus baccata, M. syl: Malus sylvestris, M. or: Malus orientalis, M. siev: Malus

sieversii, M. dom: Malus domestica.
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Supporting information

Table S1. List of the sampled individuals for the five Malus species accessions.
Table S2. List of primers used to amplify the loci analysed.
Table S3. Summary of nucleotide variation for each locus within each wild Malus species

Figure S1. Estimated number of populations using the five species dataset from STRUCTURE

analyses using the AK

Table S4. Locus-by-locus AMOVA including the five Malus species.
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Table S1. List of the sampled individuals for the five Malus species accessions with their

geographical origin and providers.

Species Origin location/varieties
Malus baccata N=9

BACC10RUS19 Ilya Zahharov Russia
BACC10RUS21 Ilya Zahharov Russia
BACC10RUS29 Marina Olonova Russia
BACC10RUS35 Marina Olonova Russia
BACC10RUSW12 Ilya Zahharov Russia
BACC10RUSWS5 Ilya Zahharov Russia
BACC10RUSW6 Ilya Zahharov Russia
BACCRUSS28 Marina Olonova Russia
BACCRUSW?7 Ilya Zahharov Russia
Malus orientalis N=9

OR092639 PG, Joanne Clavel, Armenia
OR092646 PG, Joanne Clavel, Armenia
OR092720 PG, Joanne Clavel, Armenia
OR092826 PG, Joanne Clavel, Armenia
OR09POI13 PG, Joanne Clavel, Armenia
OR09POI27 PG, Joanne Clavel, Armenia
OR09POI3 PG, Joanne Clavel, Armenia
OR09POI60 PG, Joanne Clavel, Armenia
USMORT2 USDA* ?

Malus sieversii N=9

SI06KZL1199 Bruno Le Cam, PG, Francois Laurens Kazakhstan
SI06KZL325 Bruno Le Cam, PG, Frangois Laurens Kazakhstan
SIO7KZL15AT6 Bruno Le Cam, PG, Frangois Laurens Kazakhstan
SI07KZL3T1 Bruno Le Cam, PG, Frangois Laurens Kazakhstan
SI08KZL1T2 Bruno Le Cam, PG, Frangois Laurens Kazakhstan
SI08KZL2T2 Bruno Le Cam, PG, Frangois Laurens Kazakhstan
SIEV10KZLW40 Marie-Anne Félix Kazakhstan
SIEV10KZLWA49 Marie-Anne Félix Kazakhstan
USMSIEVT19 USDA* Kazakhstan
Malus sylvestris N=10

SY10BIHJAB28 Dalibor Ballian Bosnia Herzegovina
SY10BIHLIV2 Dalibor Ballian Bosnia Herzegovina
SY10DAK15 Anders Larsen Denmark
SY10ESSY3421 Francisco Donaire Spain
SY10GBR10 Stephen Cavers Great Britain
SY10GBR14 Stephen Cavers Great Britain
SY10UKN10 Roman Volansyanchuck Ukraine
SYAUT19 Thomas Kirisits and Bernhard Kirisits Austria
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SYDANO26 Anders Larsen Denmark

SYBE453 ILVO**, Isabel Roldan-Ruiz Belgium
Malus domestica N=8
X1954 INRA*** Cox's Orange Pippin
X2656 INRA*** Jonathan
09MXDT3 INRA*** Worcester

7190 [INRA*** Belle de Boskoop
X3069 INRA*** Granny Smith
X557 INRA*** Maclintosh
X972 INRA*** Golden Delicious
X3049 INRA*** Fuji

* USDA: Plant Genetic Resources Unit, Geneva (NY)

**|LVO - PLANT: Plant -Growth and Development, Melle, Belgium

***INRA: Institut de Recherche en Horticulture et Semences, Angers, France
N:sample size
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Table S2. List of primers used to amplify the loci analysed (Velasco et al., 2010).

Amplicon Associated SNP Primer Forward (5'-3') Primer Reverse (5'-3") LG genelD

MDE01108.1 GDSNP00477 GGCATGATAGCTTTTGGGAG  CACTTGTACATGCCATTCGG 3 MDP0000291654
MDE02156.2 GDSNP00583 TCCTTTGCAAGTTGGTGACA CAAATTTGGGACCATTCCAC 1 MDP0000258088
MDEO02757.1 GDSNP0O0030 CCACAAACCATAGGTGGGTC  CTTGCAACAATCCCAGTGTG 16 MDP0000212368
MDE04897.1 GDSNP00983 GCAGGTGAAAGGCAAGACTC GGACTGAGAAACCAACGGAA 15 MDP0000171994
MDE14436.1 GDSNP00262 ACTTGAAGTTGGGCGAATTG  CCAAAAGCACGAGCATAACA 17 MDP0000191398
MDEO0758.1 GDSNP00437 TAGCTTTTTCGGGTCATGCT AAACGGTGAGTTTTGATGGC 3 MDP0000291654
MDEO00787.2 GDSNP00444 TGTTGGAGCTGCAAAAACTG  GTGGTGGGGTCTGTGATTCT 16 MDP0000170922
MDE01932.1 GDSNP00559 TTTGCCAGAAAGTGTCGATG  TAAACGCAGCTTTTGGAGGT 5 MDP0000230999
MDE02181.1 GDSNP00586 TGGGAAGCACATGAATGAAA CTCAGAGGACACCCCAATGT 14 MDP0000898700
MDE04610.2 GDSNP00205 AGATTTGGTCATGTCCGAGG  TCGATTGGATTGGTTTCACA 9 MDP0000181482
MDEO05301.1 GDSNP01027 TGAACAAACAACAGACCGGA GGTAATGTGTTCGTCGCCTT 1 MDP0000124654
MDE12995.1 GDSNP01322 TTCTTCGCTCCCCTCTTACA AAGCTTCAATTCCTTCCGGT 2 MDP0000022758
MDE01422.2 GDSNP00166 AGGGGGAAAAGCAAAAAGAA TCTCCTTAAGTCCCGGTGTG 6 MDP0000835914

LG: linkage group, Gene ID: Identification for the target sequenced gene
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Table S3. Summary of nucleotide variation for each locus within each wild Malus species

Species Locus N S H Hy U (%) it (%) D D* F*
Malus baccata 205 18 6 7 0.84 0.46 0.49 0.186 -0.104 -0.028
30 14 4 6 0.28 0.30 0.19 -1.164 -0.555 -0.813
166 18 14 7 0.85 1.01 1.48 1.748 1.150 1.527
262 16 4 4 0.71 0.26 0.36 1.132 1.141 1.304
437 18 11 4 0.40 0.96 0.96 0.013 1.438* 1.196
444 14 2 2 0.54 0.15 0.26 1.933 0.935 1.353
477 2 0 0 0.00 0.00 0.00 0.000 0.000 0.000
559 16 5 5 0.60 0.42 0.45 0.240 1.351 1.578
583 14 2 3 0.39 0.32 0.13 -0.011 0.935 0.787
586 18 6 3 0.45 0.34 0.18 -1.553 -2.149 -2.285
983 18 9 5 0.71 0.52 0.52 0.015 -0.115 -0.090
1027 10 5 4 0.78 0.53 0.67 1.082 1.300 1.397
1322 12 5 2 0.55 0.64 1.06 2.386 1.261 1.752**
Average 14.5 5.6 4 0.59 0.45 0.56
Malus domestica 205 16 5 4 0.35 0.40 0.22 -1.491 -1.808 -1.974
30 14 5 3 0.69 0.37 0.59 2.055* 1.234 1.653*
166 8 4 4 0.75 0.38 0.37 -0.121 -0.176 -0.180
262 16 2 3 0.58 0.12 0.13 0.201 -0.504 -0.364
437 16 9 5 0.58 0.82 0.92 0.457 0.429 0.502
444 16 7 3 0.59 0.51 0.31 -1.380 -2.196 -2.266
477 16 2 3 0.49 0.14 0.19 1.085 0.907 1.088
559 12 7 8 0.91 0.64 0.89 1.510 1.351 1.578
583 12 3 2 0.30 0.28 0.25 0.003 1.105 0.855
586 16 8 9 0.89 0.47 0.50 0.283 0.829 0.781
983 16 10 3 0.43 0.60 0.64 0.262 0.535 0.529
1027 16 6 5 0.68 0.70 0.74 0.158 0.612 0.561
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1322 12 1 2 0.41 0.12 0.15 0.541 0.752 0.787
Average 14.3 5.3 4.2 0.59 0.43 0.45
Malus orientalis 205 18 5 6 0.56 0.39 0.32 -0.504 -0.359 -0.459
30 18 1 2 0.52 0.06 0.11 1.505 0.667 1.011
166 18 3 4 0.65 0.22 0.35 1.653 1.024 1.369
262 18 4 4 0.77 0.24 0.29 0.642 1.123 1.140
437 18 0 0 0.00 0.00 0.00 0.000 0.000 0.000
444 18 2 3 0.22 0.14 0.05 -1.508 -1.989 -2.130
a77 18 3 4 0.61 0.20 0.16 -0.508 -0.881 1.024
559 16 6 6 0.81 0.50 0.69 1.310 0.612 0.919
583 18 1 2 0.11 0.15 0.06 -1.165 -1.499 -1.612
586 16 2 3 0.43 0.12 0.09 -0.578 0.907 0.592
983 18 4 2 0.11 0.23 0.09 -1.853* -2.525% 2.691*
1027 18 11 10 0.88 0.86 1.04 0.774 0.164 0.388
1322 14 1 2 0.50 0.11 0.17 1.212 0.716 0.953
Average 17.4 3.3 3.7 0.47 0.25 0.28

Malus sieversii 205 16 4 4 0.62 0.32 0.22 -0.966 1.522 -1.572
30 18 1 2 0.01 0.06 0.10 1.166 0.667 0.910
166 18 5 5 0.55 0.36 0.38 0.165 -0.359 -0.247
262 18 4 4 0.53 0.24 0.16 -0.743 -1.613 -1.675
437 16 1 2 0.33 0.09 0.10 0.156 0.688 0.627
444 16 7 4 0.35 0.51 0.29 -1.798 -1.808 -2.074
477 16 2 3 0.24 0.14 0.06 -1.498 -1.915 -2.060
559 12 6 5 0.76 0.55 0.66 0.752 0.101 0.304
583 14 2 2 0.14 0.18 0.08 -1.481 -1.827 -1.974
586 16 3 3 0.59 0.18 0.15 -0.387 -1.122 -1.060
983 18 9 3 0.31 0.52 0.36 -1.065 -0.614 -0.854
1027 18 11 13 0.97 0.86 1.22 1.542 1.438* 1.695*
1322 18 3 4 0.50 0.22 0.22 -0.872 -1.309 -1.369
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Average 16.5 4.5 4.2 0.45 0.32 0.31
Malus sylvestris 205 20 8 9 0.65 0.60 0.47 -0.743 -0.354 -0.538
30 20 7 4 0.62 0.46 0.52 0.422 0.674 0.697
166 16 15 6 0.68 1.12 0.61 -1.787 -2.246 -2.440
262 20 3 4 0.28 0.17 0.06 -1.723 -2.386 -2.535
437 20 11 8 0.82 0.93 0.73 0.156 0.688 0.627
444 16 8 7 0.87 0.58 0.87 1.753 1.356* 1.683*
a77 20 4 4 0.66 0.26 0.24 -0.138 1.108 0.879
559 16 9 8 0.88 0.75 0.63 -0.570 -1.011 -1.023
583 20 4 3 0.49 0.32 0.40 0.727 1.108 1.155
586 18 7 7 0.86 0.39 0.44 0.443 0.701 0.725
983 20 9 4 0.49 0.50 0.64 0.920 0.862 1.018
1027 14 10 7 0.82 0.84 0.85 0.025 0.582 0.495
1322 16 1 2 0.23 0.11 0.09 -0.448 0.688 0.450

Average 18.2 7.4 5.6 0.64 0.54 0.50

4:Sample size, °. Number of segregating sites, ©: Number of haplotypes, d. Haplotypic diversity, ®: Estimators of the population mutation

parameter based on the number of polymorphic sites (Jw; (Watterson, 1975)) and the average number of pairwise differences (rm; (Tajima,

1989)), respectively, f. Tajima’s D and Fu and Li’s D* and F* statistics to test for the standard neutral model ((Fu, Li, 1993; Tajima, 1989))
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Figure S1. Estimated number of populations using the five species dataset from STRUCTURE

analyses using the AK
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Table S4. Locus-by-locus AMOVA including the five Malus species.

Locus Variation SS  Var. F  P-value
30 Among 55.7 0.87 0.49 0
Within ~ 72.0 0.90
166 Among 33.7 0.46 0.25 0
Within  99.2 1.36
205 Among 26.6 0.34 0.34 0
Within  55.2 0.66
262 Among 46.8 0.64 0.60 0
Within  35.0 0.42
437 Among 344 044 0.33 0
Within ~ 75.5 0.91
444 Among 39.2 39.17 0.44 0
Within  39.2 0.73
477 Among 10.5 0.17 0.31 0
Within  10.5 0.37
559 Among 43.1 78.81 0.36 0
Within  78.8 1.18
583 Among 29.1 16.75 0.66 0
Within  16.7 0.23
536 Among 29.1 0.46 0.66 0
Within  16.7 0.23
Among 25.6 0.38 0.34 0
1027 Within  52.8 0.74
Among 12.2 0.18 0.34 0
1322 Within 249 0.35

SS: the sum squares. Var: the variance component. F: F-statistics.
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Abstract

Gene flow and introgression from cultivated to wild plant populations have important
evolutionary and ecological consequences and require careful consideration in conservation
programs for wild genetic resources of potential use in breeding programs and in
assessments of the risk of transgene escape into natural ecosystems. Using 26
microsatellites and a comprehensive set of 1181 trees, we investigated the extent of
introgression from the cultivated apple, Malus domestica, to its three closest wild relatives,
M. sylvestris in Europe, M. orientalis in the Caucasus and M. sieversii in Central Asia. We
found footprints of introgression from M. domestica to M. orientalis (3.2% of hybrids), M.
sieversii (14.8%) and M. sylvestris (36.7%). Malus sieversii and M. orientalis both presented
weak but significant spatial genetic structures across their geographic range. Malus orientalis
displayed genetic differentiation across a north-south gradient, with three differentiated
populations, in Turkey, Armenia and Russia. Malus sieversii consisted of a main population
spread over Central Asia and a smaller population in the Tian Shan Mountains. The low
values of Sp obtained indicate high dispersal capacities. Our findings are important for the in
situ conservation of wild apple species and for the establishment of seed orchards based on

wild genetic resources.

Key words: hybridization, Venturia inaequalis, apple scab, conservation, isolation by

distance, tree
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Introduction

The anthropogenization of landscapes and ecosystems, with landscape
fragmentation and the introduction of crops over extended areas, has greatly increased the
likelihood of contact between domesticated and related wild taxa that were previously
isolated either geographically or ecologically (Kareiva et al., 2007). In the last 20 years, an
increasing number of studies have documented introgression from crops into their wild or
weedy relatives (Arnaud et al., 2003; Ellstrand, 2003; Ellstrand et al., 1999). Crop-to-wild
gene flow thus appears to be more frequent than previously thought on the basis of the
assumption that domesticated traits probably reduce fitness in natural conditions (Ellstrand,
2003). Thirteen major food crops have been shown to hybridize with their wild relatives
(Ellstrand et al., 1999). Hybridization events are facilitated by the frequent lack of a strong
intrinsic reproductive barrier between domesticated crops and their wild relatives (Ellstrand
et al., 1999; Gepts, Papa, 2003).

Crop-to-wild introgression may greatly affect the evolution and ecology of wild
relatives of domesticated plants (Ellstrand, 1992). The most direct negative consequences of
crop-to-wild gene flow include a loss of wild population integrity, resulting in a loss of gene
pools important for ecosystem function and potentially useful in controlled introgression
strategies for crop improvement (Ellstrand, 2005). Modern landscapes are characterized by a
mosaic of wild and cultivated populations, promoting hybridization and potentially
threatening wild related species already jeopardized by a loss of their natural habitats
(Sagnard et al., 2011). Detailed investigations of gene flow between crops and wild relatives
are required for the development of conservation plans for wild crop relatives as genetic
resources for breeding purposes and for the assessment of risks associated with transgene
escape into natural ecosystems (Ellstrand, 2003; Papa, 2005). Hybridization and
introgression rates vary considerably between populations and species (Ellstrand, 2003),
hindering the development of general conservation programs. There is therefore an urgent
need to quantify crop-to-wild relative gene flow for the various domesticated species and
their wild relatives. It is also important to evaluate the dispersal capacities of wild crop
relatives exposed to seed and pollen flow from domesticated taxa, for the evaluation of

potential crop-to-wild gene flow (Krutovsky et al., 2012). Dispersal capacity and the extent of
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gene flow between wild populations strongly affect the spread and ultimate distribution of
domesticated alleles or transgenes in the landscape. Dispersal capacities can be estimated
indirectly by analyzing intraspecies spatial genetic structure (SGS) (Vekemans, Hardy, 2004).
The investigation of SGS may also reveal cryptic genetic discontinuities, making it possible to
identify priority areas for conservation, to maintain genetic resources for future breeding
programs (Manel et al., 2003).

Trees generally have exceptionally high long-distance dispersal capacities (Kremer et
al., 2012) and are therefore important models for studies of crop-to-wild gene flow. Gene
flow through long-distance dispersal may increase the likelihood of hybridization between
wild and crop populations, thereby increasing the risk of introgression of domesticated
alleles or potential transgenes over a large scale. Interest in gene flow from cultivated trees
to their wild relatives has increased in the last decade, with trees and shrubs accounting for
16% of the 48 plant species for substantial evidence of crop to wild gene flow was obtained
over this period (Ellstrand, 2003).

The cultivated apple (Malus domestica) is one of the most widely grown fruit crops of
temperate regions, with an annual worldwide production of about 40 million tons. Apple
trees are self-incompatible, favoring intra- and interspecific gene flow. The cultivated apple
was domesticated in Central Asia from Malus sieversii (Cornille et al., 2012b; Velasco et al.,
2010) and was brought to Europe through human migrations about 3000 years ago (Juniper,
Mabberley, 2006). The migration of domesticated apples westwards from Asia may have
involved contact and hybridization with local wild Malus relatives growing along the Silk
Route. Previous investigations of the evolutionary history of the cultivated apple have
provided evidence for wild-to-crop gene flow, with a major contribution of the European
crabapple, M. sylvestris, to the genetic makeup of modern domesticated apples, and a
possible contribution of the Caucasian M. orientalis to the genome of some Mediterranean
cultivars (Cornille et al., 2012b). These three wild species are small insect-pollinated trees of
the Rosaceae family. M. sylvestris and M. orientalis grow in low-density populations in
natural habitats, whereas M. sieversii forms high-density populations in the Tian Shan
Mountains (Jackson, Weng, 1999). The three wild relatives are mostly pollinated by bees and
flies (Syrphidae). Diverse wild animals, including mammals and large birds, feeds on the fruit,

but their respective efficiencies as seed dispersal vectors are unknown (Juniper, Mabberley,
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2006; Larsen et al., 2006). Hybrids cannot be differentiated from cultivated apples or pure
wild individuals on the basis of morphological characteristics alone, molecular tools are
therefore required to investigate hybridization. Previous molecular studies have identified a
few wild M. sylvestris trees displaying introgression from M. domestica in populations from
Denmark and Belgium (Coart et al., 2006; Larsen et al., 2006; Larsen, Kjaer, 2009). However,
we still know little about crop-to-wild gene flow, SGS and dispersal capacities across the full
geographic ranges of the wild relatives that have contributed to the cultivated apple
genome.

We used 26 microsatellite markers and a comprehensive set of 1181 samples of wild
apples collected in Europe, the Caucasus and Central Asia to investigate the extent of
introgressive hybridization from the cultivated apple into the genomes of M. sieversii, M.
orientalis and M. sylvestris, together with a previously characterized set of pure M.
domestica reference genotypes (Cornille et al., 2012b). We also investigated the SGS of the
three wild relatives of the cultivated apple. We addressed the following specific questions: 1)
How much crop-to-wild gene flow has occurred from the cultivated apple to its wild
relatives? 2) What are the SGS and dispersal capacities of the three wild species? The SGS
and dispersal capacity of the European crabapple have recently been investigated (Cornille

et al., 2012a) and are therefore not presented here.

Materials and methods

Sampling, DNA extraction and microsatellite genotyping

Leaf material was collected from 1) M. sylvestris (N=796) at 56 sites across Europe, including
38 samples from the apple collection of the Plant Genetic Resources Unit (ILVO); 2) M.
orientalis (N=217) at 27 sites across the Caucasus (Armenia, Russia and Turkey); 3) M.
sieversii at 28 sites across Asia (Kazakhstan, China, Kyrgyzstan, Tajikistan and Uzbekistan)
(N=168). Details of the sampling locations are provided in Table S1. We chose 40 M.
domestica individuals previously identified as displaying no introgression from M. sylvestris,
M. sieversii or M. orientalis, i.e., with membership coefficients exceeding 0.9 for the M.

domestica genepool in a STRUCTURE analysis (Cornille et al., 2012b). These 40 individuals
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were used as the reference “pure” M. domestica genepool, for the identification of hybrids
between wild species and the domesticated apple.

DNA was extracted with the Nucleo Spin® plant DNA extraction kit Il (Macherey &
Nagel, Diren, Germany). Multiplex microsatellite PCR amplifications were performed with a
Multiplex PCR Kit (QIAGEN, Inc.). We used 26 microsatellites spread across the 17
chromosomes (one to three microsatellites per chromosome) using 10 different multiplex
reactions, as previously described (Cornille et al., 2012b; Patocchi et al., 2009). We retained

only multilocus genotypes with less than 25% missing data.
Bayesian inference of population structure and hybridization

We used the individual-based Bayesian clustering methods implemented in STRUCTURE
2.3.3 (Pritchard et al., 2000). Preliminary Bayesian analyses with STRUCTURE showed that
the most relevant numbers of populations (K,) for the wild species were K,=3 for M.
sylvestris (Cornille et al., 2012a); K,=2 for M. sieversii and K,=3 for M. orientalis (data not
shown). We then estimated introgression from M. domestica into the wild species. We used
STRUCTURE 2.3.3 (Pritchard et al.,, 2000) on three datasets, each encompassing the 40
reference M. domestica cultivars and a wild species, without using the origin of samples as
prior information to assist clustering. For each dataset, we considered models with k=2 to K=
Ku+1 clusters, K, corresponding to the number of genetically differentiated populations
identified in the focal wild species in preliminary analyses. We considered individuals
assigned to a wild genepool with a membership coefficient <0.9 to display introgression from
M. domestica. The membership coefficients of wild genotypes into the M. domestica and
individual wild species gene pools are denoted Pyomestica and Pyiig, respectively.

For the analysis of within-species population structure, we excluded hybrids and used
the individual-based spatially explicit Bayesian clustering method implemented in TESS 2.1
(Chen et al., 2007). These analyses were performed for M. sieversii and M. orientalis only, as
the population structure of M. sylvestris has already been investigated (Cornille et al.,
2012a). Both STRUCTURE and TESS make use of Markov Chain Monte Carlo (MCMC)
simulations to infer the proportion of ancestry of genotypes from K distinct clusters. The
underlying algorithms attempt to minimize deviations from Hardy—Weinberg and linkage

disequilibria. TESS also incorporates a spatial component into the clustering procedure, such
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that genotypes from areas located closer together geographically are considered more likely
to belong to the same cluster. In TESS analyses, we used the conditional autoregressive
(CAR) Gaussian model of admixture with linear trend surface, setting the spatial interaction
parameter (p) to 0.6. These parameters (p and trend) affect the weight given to spatial
distance when clustering genotypes. Ten independent analyses were carried out for each
number of clusters K (2<K<6 for TESS), using 500,000 MCMC iterations after a burn-in of
50,000 steps. Outputs were processed with CLUMPP v1.1.2 (Jakobsson, Rosenberg, 2007) to

identify distinct modes (i.e., clustering solutions) in the replicated runs of each K.

Genetic variation within M. sieversii and M. orientalis

We used ARLEQUIN (Excoffier, Lischer, 2010) to check the suitability of the markers
for population genetic analyses in each species. None of the 26 microsatellite markers
significantly deviated from a neutral equilibrium model, as shown by the non significant P-
values obtained in Ewen-Watterson tests, and no pair of markers was in significant linkage
disequilibrium (Raymond, Rousset, 1995; Rousset, 2008). The markers were therefore
considered to be unlinked and to be subject to neutral evolution, in each species.

We tested for the occurrence of null alleles at each locus with MICROCHECKER 2.2.3
(Van Oosterhout et al., 2004). Allelic richness was calculated with ADZE software (Szpiech et
al., 2008), at the site and cluster levels, using sample sizes of N=14 (seven individuals x two
chromosomes) for M. orientalis and N=6 (three individuals x two chromosomes) for M.
sieversii, corresponding to the smallest number of observations for sites and clusters,
respectively. Heterozygosity, Weir and Cockerham F-statistics and Hardy-Weinberg
genotypic linkage equilibrium were assessed in GENEPOP 4.0 (Raymond, Rousset, 1995;
Rousset, 2008). Only sampling sites with at least six successfully genotyped specimens were
included in site-specific calculations (seven sites for M. sieversii and 14 for M. orientalis).

We checked for isolation by distance (IBD) patterns, as previously described (Loiselle et al.,
1995). A Mantel test with 10,000 random permutations was performed between the
individual coefficient of relatedness Fj; and the matrix of the natural logarithm of geographic
distance. These analyses were performed with SPAGeDI 1.3 (Hardy, Vekemans, 2002),
separately for the main clusters identified by Bayesian clustering algorithms in both M.

sieversii (Main.siev) and M. orientalis (C.or and S.Or). Spatial patterns of genetic variability
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were visualized by mapping variation in allelic richness over space with the interpolation

kriging function in ARcINFO (ESRI, Redlands, CA), using a spherical semi-variogram model.

Results

Estimation of introgression from the cultivated apple to the wild species

We ran STRUCTURE analyses on three datasets, each including the 40 reference M.
domestica genotypes and one wild species, setting the number of clusters (K) to values
corresponding to the number of clusters (K,) determined in preliminary analyses on the
focal wild species, plus one for M. domestica, i.e. K= K,+1, with K=3 for M. sieversii and K=4
for both M. orientalis and M. sylvestris. STRUCTURE analyses consistently detected hybrid
genotypes in wild species (Figure 1). The assignments obtained at lower K values confirmed
that running STRUCTURE at K values below the most relevant value can create spurious
assignments (Kalinowski, 2011) (Figure 1). For instance, some of the M. sieversii individuals
partly assigned to the M. domestica gene pool at K=2 actually formed a distinct pure M.
sieversii population at K=3, without footprints of admixture with the M. domestica genepool.
Not taking into account the population structure of the wild species can thus lead to the
detection of spurious footprints of introgression (Kalinowski, 2011). Setting K at higher
values revealed no further substructure within species, indicating that the admixture
detected at K,,+1 was not an artifact.

Each wild species included genotypes showing signs of admixture with M. domestica,
(i.e, individuals with coefficients of <0.9 for membership of the wild species gene pool)
(Figure 2). However, the proportion of hybrids differed considerably between the wild
species: only seven hybrid genotypes were identified in M. orientalis (3.2% of the sample),
25 hybrids were identified in M. sieversii (14.8% of the sample), and M. sylvestris included
many hybrids, with 292 admixed individuals (36.7% of the sample). Misidentified individuals
(i.e., pure M. domestica genotypes) were detected within M. sylvestris (N=37) and M.
sieversii (N=4). The distributions of the proportion of admixture between wild species and M.
domestica were obtained by summing, across the populations identified within each species,
the number of genotypes with a membership coefficient corresponding to a given

membership class. The distribution of admixture proportions varied among wild species
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(x?=74.6, P<0.01). All M. orientalis trees displaying introgression from M. domestica had low
proportions of admixture, M. sieversii included some individuals with higher admixture
proportions, whereas M. sylvestris presented the whole range of admixture values (Figure
2). Malus sylvestris presented a large number of intermediate hybrid genotypes, with trees
displaying introgression from M. domestica (0.1<Pgomestica<0.45), and even included trees
that appeared to be hybrids backcrossed with M. domestica or feral M. domestica displaying

introgression from M. sylvestris (0.55<Pjomestica<0.9) across its distribution range.

Population subdivision in Malus sieversii and Malus orientalis

Hybrids were removed from the datasets for within-species analyses. Summary
statistics for population structure and diversity are shown for M. sieversii and M. orientalis in
Table 1. Within M. sieversii, for the eight sites for which at least six samples were available,
the mean sample size was 10.9+6.1 genotypes. On average, across sites and markers, allelic
richness was 3.5#0.3 [min: 3.1 — max: 3.9] and gene diversity was 0.75+0.03 [min: 0.69 —
max: 0.76]. F;s values were low, with a mean of 0.02+0.04 per site and marker. The species-
wide heterozygote deficit was highly significant (P<0.001) but low (F;s=0.05). Between-site
differences in allelic frequencies, estimated from the mean Fsr across loci, were low
(Fs7=0.02; min: -0.008 — max: 0.06), but significant for 15 pairs of populations (P<0.05, Table
S2).

Within M. orientalis, for the 14 sites for which at least six samples were available, the
mean sample size was 12.9£3.5 genotypes. On average, across sites and markers, allelic
richness was 6.2+0.4 [min: 5.4 — max: 7.1] and gene diversity was 0.81+0.02 [min: 0.69 —
max: 0.76]. F;s values were low, with a mean value of 0.04+0.06 per site and marker. The
species-wide heterozygote deficit was highly significant (P<0.001) but low (F;s=0.06).
Between-site differences in allelic frequencies, estimated from the mean Fsr across loci,
were low (Fsr=0.02; min: -0.02- max: 0.07), but significant for 58 pairs of populations
(P<0.05, Table S3).

Spatially explicit clustering analyses with TESS revealed two and three well defined
clusters for M. sieversii and M. orientalis, respectively, even when setting K>2 (Figure S1) and
K>3 (Figure S2), respectively. We thus concluded that K=2 and K=3 were the biologically

most relevant numbers of populations, for M. sieversii and M. orientalis respectively, as
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observed in preliminary analyses with full datasets. For M. sieversii, clustering patterns at
K=2 revealed a large cluster spreading across Central Asia (green) and a small cluster (red)
consisting mostly of individuals from the Kaz Kuz population in the Tian Shan Mountains
(Figure 3). For M. orientalis, clustering patterns at K=2 indicated a north/south genetic
differentiation between a cluster encompassing the Turkish and Armenian Shikahogh
populations (green) and another cluster comprising most of the Armenian populations (red)
(Figure S2). At K=3, a third cluster (blue) appeared, including the Russian population and the
Armenian Jermouck population (Figure 4).

For subsequent analyses, genotypes were assigned to the geographic population for
which their membership coefficient was the highest, provided that this coefficient exceeded
0.55. For M. orientalis, six genotypes could not be assigned to any population and were
therefore not included in subsequent analyses. The three populations identified in M.
orientalis are referred to hereafter as the “Northern” (“N.or”, blue, N=4), the “Central”
(“C.or”, red, N=159) and the “Southern” (“S.or”, green, N=38) populations. For M. sieversii,
the two populations are referred to as the “Mountains” (“Mount.siev”, red at K=2, N=9) and
“Main” (“Main.siev”, green at K=2, N=92) populations.

Within the three populations for which N>10 (i.e, C.or, S.or and Main.siev), genetic
differentiation and geographic distance were significantly correlated, consistent with an IBD
model. The spatial Sp statistic can be used to quantify spatial structure and is useful for
comparisons between populations and/or species. Lower Sp values are associated with
greater dispersal capacities and effective population sizes. Sp values were very low, close to
0, but were significant in the M. sieversii Main.siev population (Sp=-0.002, P<0.05) and in M.
orientalis (C.or: Sp=0.003, P<0.001; S.0r: Sp=0.002, P<0.001). These results suggest that the

wild Malus species have high dispersal capacities and/or a large effective population size.

Discussion

Wild relatives of the cultivated apple represent a valuable genetic resource for
enriching and improving the cultivated apple gene pool, by incorporating alleles or allelic
combinations providing greater tolerance to abiotic factors or resistance to pest and

diseases. Knowledge of the population structure and dispersal capacities of wild apples and
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of the degree of hybridization of these wild species with the domesticated apple is essential
for the development of sound conservation plans and innovative breeding strategies. Our
findings reveal substantial gene flow from M. domestica to wild apple relatives from Europe
and the Caucasus (M. sylvestris and M. orientalis) and to the main Asian progenitor of
cultivated apple (M. sieversii). The results obtained in this study, together with our previous
results for the European crabapple (M. sylvestris) (Cornille et al., 2012a), indicate that the
wild species have a weak spatial genetic structure, with large-scale isolation by distance,

entirely consistent with their high dispersal capacities.

Evidence for crop-to-wild gene flow: introgression from M. domestica to its three main

wild contributors

Introgression from the cultivated apple to wild relatives has been investigated in M.
sylvestris, but at a local geographic scale (Coart et al., 2006; Coart et al., 2003; Larsen et al.,
2006). Here, we analyzed crop-to-wild gene flow across the entire geographic range of three
wild Malus species, demonstrating much higher introgression levels. Indeed, our results
suggest that substantial crop-to-wild gene flow occurs: 37% of M. sylvestris, 15% of M.
sieversii and 3%, of M. orientalis samples were found to be hybrids. Thus, large-scale
introgression from M. domestica to its wild relatives may occur spontaneously. The lower
rates of hybridization observed in previous studies in Belgium and Germany for M. sylvestris
(4% to 14%) (Coart et al., 2006; Coart et al., 2003) and in Denmark (2%) may be due to the
lower power for detecting the M. domestica gene pool in these studies, due to the use of
fewer markers and/or smaller reference samples, or potential differences in landscape
features (e.g., distance to M. domestica orchards or forest fragmentation). Unfortunately,
the available information concerning landscape features for our sample was insufficiently
detailed for assessments of the influence of specific factors.

Previous studies reporting low rates of hybridization between the cultivated apple
and the European crabapple had suggested that the low reproductive fitness of interspecific
hybrids might account for this finding (Coart et al., 2003). By contrast, our findings of high
rates of introgression and backcrossing suggest that hybrids may actually be reasonably fit in
natural habitats. Gene flow from domestic to wild species has been investigated in various

plant and animal models and recurrent gene flow from crop to wild species has often been
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demonstrated (Arrigo et al., 2011; De Andrés et al., 2012; Delplancke et al., 2011; Ellstrand,
2003; Goedbloed et al., 2012; Hibner et al., 2012; Sagnard et al., 2011). The proportion of
introgressive hybridization found in the European wild apple was of a similar order of
magnitude to that reported in wild relatives of other crops, such as goatgrasses (Aegilops,
25% of these wild relatives of wheat are hybrids) (Arrigo et al., 2011), wild grapevine (Vitis
vinifera ssp. sylvestris, 19%) (De Andrés et al., 2012) and prickly lettuce (Lactuca serriola,
7%). In wheat, crop-to-wild gene flow levels may differ between species due to differences in
mating systems, with Aegilops species, which are the most allogamous, showing the highest
levels of hybridization (Arrigo et al., 2011). In lettuce (Lactuca sativa), an allele from the
crop, delaying flowering, might confer a selective advantage on hybrids in natural conditions
(Hartman et al., 2012).

The previous studies reporting low rates of hybridization in M. sylvestris also put
forward isolation by distance as a barrier to hybridization between M. domestica and M.
sylvestris (Larsen et al., 2006). Other factors, such as overlapping flowering times, have also
been proposed as potential barriers to hybridization. We show here that the rates of
hybridization between M. domestica and wild apple trees are much higher than previously
thought, suggesting that hybrids are often viable and that all these potential barriers to

interspecific gene flow are actually quite weak.
Weak spatial genetic structure (SGS) in wild contributors and high dispersal capacities

The wild apple species M. sieversii, M. orientalis and M. sylvestris had a weak SGS
across a wide geographic range, suggestive of high dispersal capacities. The SGS of the
European crabapple has been described elsewhere (Cornille et al., 2012b). The SGS of M.
sylvestris suggests an ancient contraction followed by expansion since the last glacial
maximum in Europe. Three principal populations have been identified in M. sylvestris: a
large population spreading through Western Europe and two populations with narrower
distributions located in the Carpathian Mountains and the Balkans. We investigated the SGS
of M. sieversii and M. orientalis across their geographic ranges, in Central Asia and the
Caucasus, respectively. Our findings contrast with previous estimates based on fewer
samples and markers, which had suggested a much more pronounced regional structure

(Richards et al., 2009; Volk et al., 2008). Malus sieversii displayed weak SGS over a large
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geographic scale, with two distinct populations identified: one with a broad distribution
throughout Central Asia and the other restricted to the Tian Shan Mountains in Kazakhstan.
The differentiation of the Kaz Kuz population is particularly interesting when compared with
that of the fungal pathogen Venturia inaequalis, which causes apple scab disease on the
domesticated apple and its wild relatives. Venturia inaequalis displays a similar pattern of
genetic differentiation in the M. sieversii forests of the eastern mountains of Kazakhstan
(Gladieux et al., 2010b). This correspondence suggests possible co-structuring of the
populations of the main apple progenitor M. sieversii and its pathogen. The V. inaequalis
population in the Tian Shan Mountains is thought to be a relic of the ancestral populations
infecting M. sieversii before the domestication of M. domestica (Gladieux et al., 2010b).
Malus orientalis displayed a weak north-south pattern of SGS, with three distinct
populations: a large population corresponding to most of the Armenian samples and two
more narrowly distributed populations: one in the Southern Caucasus (Turkey and southern
Armenia) and the other in more northerly latitudes (in Russia).

Isolation by distance patterns were detected for both M. orientalis and M. sieversii,
as previously reported for M. sylvestris (Cornille et al., 2012b). The three wild species, with
their different geographic distributions and densities, displayed similarly low values of the Sp
statistic, consistent with high dispersal capacities and large effective population sizes. Sp
estimates can be used to compare the levels of gene flow between wild apples and other
tree species. The Sp values of the three wild apple species (all animal-dispersed) were of a
similar order of magnitude to those estimated for wind-dispersed trees, such as Larix
laricina, Quercus robur and Fraxinus excelsior (Vekemans, Hardy, 2004), but were lower than
those found for animal-dispersed shrub species (e.g, Sorbus torminalis, Sp=0.02).

Several features may account for these high Sp values and weak SGS. Apples are
allogamous, with self-incompatibility systems favoring gene flow and low levels of
population genetic differentiation, as typically observed in trees (Kremer et al., 2012).
However, animal seed-dispersal syndrome might have been expected to limit gene flow
(Vekemans, Hardy, 2004). Animal dispersers of apples include honeybees, bumblebees, leaf-
cutter bees and mason-bees for pollen transport and large mammals, such as wild cattle,
brown bear and humans for seed transport (Juniper, Mabberley, 2006). These dispersers can

travel over long distances, much greater than those covered by birds (while carrying fruits),
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for example, potentially accounting for the large dispersal distances, similar to those for
wind-dispersed species, obtained for this animal-dispersed species.

The combined dispersal capacities of the seed and pollen dispersers may account for
the low Sp values obtained for apple trees, and for the large effective population sizes,
typical of trees, reported elsewhere (Cornille et al., 2012b). Low density has also been put
forward as an explanation for long-distance dispersal and weak SGS (Vekemans, Hardy,
2004). However, whereas M. orientalis and M. sylvestris are present in low-density
populations throughout their geographic ranges, mostly being scattered in forests, M.
sieversii forms large populations with high densities in the Tian Shan Mountains. As the three
wild species studied had similar Sp values, density does not appear to be an important factor
underlying the weak SGS. It should be noted that Sp provides an unbiased estimate when
SGS is measured at the appropriate spatial scale, is due exclusively to isolation by distance
and has reached equilibrium (Hardy et al., 2006; Vekemans, Hardy, 2004). This might not be
the case here, and the SGS may also be explained by historical factors, such as ancient

colonization events, bottlenecks or population extinctions.
Conclusion and perspectives

A good knowledge of the existence and location of differentiated populations and of
admixture zones is essential to guide breeding and conservation programs (Pautasso, 2009).
In breeding programs, differentiated populations are often used to improve the local
adaptation of cultivars or to enhance resistance to pathogens of cultivars, by selecting for
sources of disease resistance from wild populations (Lenne, Wood, 1991). In programs
aiming to conserve wild genetic resources, the identification of interesting populations for
potential conservation in situ (e.g., conservation of several genetically differentiated
populations) or ex situ (e.g., establishment of orchards or seed-based core collections from
pure wild individuals) is essential. Regions corresponding to “melting pots” of genetic
diversity (Jay et al., 2012; Liepelt et al., 2009; Petit et al., 2003) may also include interesting
genotypes, e.g., recombinants adapted to new environmental conditions and capable of
meeting the challenge of global warming. The genetic uniqueness of southern “rear-edge”
populations is also of key importance for long-term conservation purposes (Petit, Hampe,

2006). As wild relatives and contributors to the cultivated apple (Cornille et al., 2012b;
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Velasco et al., 2010), M. orientalis, M. sieversii and M. sylvestris are targets for conservation
and sustainable management programs for genetic resources (Jacques et al., 2009; Zhang et
al., 2007). In these three wild species, differentiated populations have been detected across
the corresponding distribution ranges, and these populations may harbor a number of
valuable horticultural traits, including resistance to fire blight (Erwinia amylovora), apple
scab resistance (V. inaequalis), fruit quality and drought tolerance. The discovery of signs of
a co-structure between M. sieversii and V. inaequalis, with a small and specific population in
the Tian Shan Mountains for both the host and the pathogen species, is of particular interest
in terms of breeding programs aiming to increase resistance to apple scab. Our results
suggest high levels of historical gene flow throughout the geographic range, but
contemporary gene flow may have been drastically reduced by population fragmentation
and reduction. Malus sieversii is, indeed, suffering from forest destruction, with the
restriction of its populations to areas that have been rapidly decreasing in size over the last
decade (Zhang et al., 2007).

Crop-to-wild gene flow leads to the spread of crop genes into the wild gene pool and
may have various consequences for the evolution of the wild species. Crop-to-wild gene flow
can lead to genetic swamping (Le Normand, 2002) and, thus, to the loss of genetic diversity
in wild taxa. Such a decline in diversity has been demonstrated in wild Fragaria virginiana
(Westman et al., 2004), and it has even been suggested that wild cotton, Gossypium darwinii
and Gossypium tomentosum, disappeared through hybridization with the crop Gossypium
hirsutum (Ellstrand et al., 1999). The problem of crop-to-wild gene flow is of particular
importance in forest trees, given their high dispersal capacity, particularly since the
development of genetic modification techniques, introducing a risk of transgene flow
(Strauss, 2011). The spread of transgenes into the wild gene pool can confer selective
advantages on hybrids in the wild (Ellstrand, 2003), even if these genes prove to be
deleterious in the long term. Transgene spread is thought to have occurred from transgenic
rice (Oryza sativa) to red rice (Oryza sativa f. spontanea), a weed species (Oard et al., 2000).
Some crop alleles may not affect the fitness of hybrids, facilitating their introgression, and
resulting in a loss of wild species integrity. This has been demonstrated for the transfer of
the BAR transgene into Oryza sativa f. spontanea. The first genetically modified apples are

probably still a long way from approval for market release, but scientists are already trying
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to model the risk and impact of transgene flow in apples (Tyson et al., 2011), and our data
will help to provide credible parameter values. There is also too little information available
to predict the possible evolutionary consequences of hybridization for wild relatives of the
cultivated apple. The current challenge is to evaluate hybrid fitness and to determine
whether certain genomic regions are preferentially sites of introgression for crop alleles, that
is, whether introgression occurs mostly in non-coding regions or whether introgressed
alleles show footprints of recent selective sweeps, indicating positive selection.

Another question warranting further investigation is whether introgressive
hybridization in wild apple populations is affected by distance to orchards or sources of M.
domestica populations or by other ecological or geographic factors. Our results also highlight
the need to use molecular markers to elucidate the taxonomic status of Malus individuals
sampled in the field. Indeed, it is not possible to distinguish between M. domestica and M.
sylvestris reliably on the basis of morphological characters alone, and this may lead to

frequent misidentification in the field.
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Figures

M. sieversii M. domestica

M. sylvestris M. domestica

M. domestica

M. orientalis

Figure 1. Coefficients of membership in various gene pools inferred with the STRUCTURE
program, based on datasets including 40 Malus domestica reference samples (green, N=40)
and one of the three wild Malus species in each case. The x-axis is not shown to scale.
Hybrids were detected by running STRUCTURE from K=2 to K=3 for Malus sieversii and up to

K=4 for Malus sylvestris and Malus orientalis.
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Figure 2. Distribution of membership coefficients in the Malus domestica gene pool
(Pdomestica) inferred by STRUCTURE for (a) Malus orientalis at K=4, (b) for Malus sieversii at
K=3 (c) for Malus sylvestris at K=4. Membership coefficients of each population within the

species were summed to obtain Pyomestica- P(cenorvees): proportion of genotypes.
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Uzbekistan Kazakhstan China

Figure 3. Bayesian clustering results for Malus sieversii (N=101) in Central Asia, obtained
with TESS at K=2, and associated map of mean membership probabilities per site. Each
individual is represented by a vertical bar, partitioned into K segments representing the
amount of ancestry of its genome corresponding to K clusters. Visualization was improved by

sorting genotypes by site.
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Figure 4: Bayesian clustering results for Malus orientalis in the Caucasus (N=217) obtained
with TESS at K=3 and an associated map of mean membership probabilities per site. Each
individual is represented by a vertical bar, partitioned into K segments representing the
amount of ancestry of its genome corresponding to K clusters. Visualization was improved by

sorting the genotypes by site.
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Tables

Table 1. Genetic variation within Malus sieversii and Malus orientalis

Species Site N Ho He Fis Ag
Ch Xinj 21 0.71 0.75 0.05*** 3.5
Kaz3 8 0.76 0.74 -0.03 3.5
Kaz Aksu 7 0.72 0.72 0.007 3.9
M. sieversii* Kaz Kuz 13 0.69 0.72 0.05%** 3.1
Kaz djun res 19 0.7 0.80 0.05 3.5
Kaz tauturgen 7 0.75 0.78 0.04* 3.2
Kaz unid2 6 0.71 0.77 0.07 3.9

Overall 101 0.73 0.77 0.05***

ARA 10 0.82 0.81 -0.02 6.1
Djermuk1 10 0.71 0.82 0.14%** 5.7
Djermuk?2 9 0.74 0.77 0.03 5.4
Hermonl 14 0.81 0.80 -0.02 6.5
Hermon2 12 0.78 0.81 0.04*** 6.2
Hermon3 12 0.84 0.80 -0.06 6.1
Jermouck 13 0.77 0.84 0.08*** 7.1
M. orientalis** Khosrov Reserve 1 10 0.74 0.85 0.13%** 6.5
Khosrov Reserve 5 8 0.81 0.84 0.03 6.5
Khosrov Reserve 6 15 0.80 0.82 0.03 6.3

Shikahogh 1 16 0.76  0.83 0.08*** 6

Shikahogh 3 16 0.79 0.81 0.03 6
Vorotanpass 1 15 0.80 0.83 0.04*** 6.3
Vorotanpass 2 21 0.77 0.78 0.02 5.9

Overall 211  0.79 0.83 0.06%**

N: sample size of each cluster, Ho and Hg: observed and expected heterozygosities, Fis:
inbreeding coefficient, Az: mean allelic richness across loci, corrected by the rarefaction
method. *For. Malus sieversii, 5 sites (Ch pop1; Kaz Kokbu; Kaz Kotyr; Uzbe; Kaz Almat) with
N<6 were excluded from these analyses. **For Malus orientalis, 14 sites (KhosrovReserve 2,
3, 3bis, 3ter, 4, 7, 8, 9, unidentified, Arm unknown, Kaz Kokbu, Turkey, Russia, Shikahogh2)
with N<6 were excluded from the analyses. *0.05<P<0.01; ** 0.01<P<0.001; *** P<0.001
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Supporting information

Table S1. Description of the Malus accessions analysed with their geographical origins and

providers.
Table S2. Pairwise genetic differentiation (Fsr) among Malus sieversii sites (N>6)
Table S3. Pairwise genetic differentiation (Fsr) among Malus orientalis sites (N>6)

Figure S1. Bayesian clustering results for Malus sieversii in Central Asia (N=101) using the

program TESS from K=2 to K=6.

Figure S2. Bayesian clustering results for Malus orientalis in the Caucasus (N=217) using the

program TESS from K=2 to K=6.

Figure S3. Maps representing the mean membership proportions for K clusters, for samples

of Malus sylvestris collected from the same site
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Table S1. Description of the Malus accessions analysed with their geographical origins and providers.

Species and locations Nb Providers
Malus sylvestris 381
Austria 40 Thomas Kirisits, Bernhard Kirisits and Heino Konrad
Belgium 9 Isabel Roldan-Ruiz, CRA-Wl, ILVO?
Bosnia-Herzegovina 73 Dalibor Ballian
Bulgaria 1 Petya Gercheva, Argir Zhivondov, Valentina Bojkova and Anna Matova
Denmark 100 Anders Larsen
France 45 INRAZ, USDA-ARS* Aurélien Cabaret, Nicolas Feau, Jean-Pierre Rioult, Pascal Heitzler
Germany 30 Jorg Kleinschmit and Wilfried Steiner
UK, Scotland 9 Stephens Cavers
Hungary 27 Lazlo Nyari
Italy 5 Alberto Dominicci and Emanuela Fabrizi, Francois Salomone, Stephano Porta
Norway 21 Per Avid
Poland 8 Jan Kowalsky and Dzmitry Kahan
Romania 9 Lucian Curtus
Spain 0 Carlos Ferrera and Francisco Donaire
Ukraine 4 Roman Volansyanchuk
Malus sieversii 168
Bruno Le Cam, Francgois Laurens, PG, Emmanuelle Jousselin, Marie-Anne Félix, Catherine Peix and Aymar
Kazakhstan 114 Dzhangaliev
28 USDA-ARS"
China 26 Bruno Le Cam, PG, Xiu-Guo Zhang
Kirghizstan 5 Evelyne Heyer
Tajikistan USDA-ARS*
Uzbekistan 1 USDA-ARS"



Malus orientalis 217
PG, Joanne Clavel, Anush Nersesyan, lvan Gabrielyan, Ara Hovhannisyan, Karen Manvelyan and Eleonora

Armenia 205 Gabrielian
Russia 5 USDA-ARS’
Turkey 5 USDA-ARS*
Unknown 2 USDA-ARS’
Malus domestica 40 INRA®, CRA-W?, USDA-ARS?, Dominique Beauvais > and Jean Pierre Roullaud’
Number of trees sampled
'CRA-W Centre Wallons de Recherches Agronomiques, Belgium
2|LVO - PLANT Plant -Growth and Development, Melle, Belgium
3 INRA Institut de Recherche en Horticulture et Semences, Angers, France
* USDA - ARS Plant Genetic Resources Unit, Geneva (NY)
> Abbaye de Beauport Conservatory Orchards of ancient apple varieties, Paimpol, France.
*EMR East Malling Research, Kent, UK
7Verger Conservatoire
d’Arzano Conservatory Orchards of ancient apple varieties, Brittany, France.
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Table S2. Pairwise genetic differentiation (Fsr) among Malus sieversii sites (N>6)

Kaz_Kuz Kaz_3 Kaz_djun Kaz_Aksu Ch_Xinj Kaz_taut

Kaz_3 -0.005
Kaz_djun 0.0336*** 0.0152***
Kaz_Aksu 0.0574*** 0.0317*** 0.0536***
Ch_Xinj 0.0343*** 0.0142*** 0.0262 0.0172
Kaz_taut 0.023*** 0.0151* 0.0063 0.03971*** 0.0076**
Kaz_unid 0.0183 0.0203 0.0017 0.06*** 0.0157** -0.008
Kaz_Kokb 0.0157*** -0.0037 0.0102 0.0515*** -0.0021 -0.0016
*0.05<P<0.01 ; ** 0.01<P<0.001 ; *** P<0.001
Table S3. Pairwise genetic differentiation (Fsy) among Malus orientalis sites (N>6)

Site ARA Djermukl Djermuk2 Hermonl Hermon2 Hermon3 Jermouck KhosrovR1l KhosrovR5 KhosrovR6 Shikahogl Shikahog3
Djermukl  0.0258***
Djermuk2  0.0293***  0.0010
Hermonl 0.0282***  (0.0123** -0.0135
Hermon2 0.0152 -0.0051 -0.0063 0.0044
Hermon3 0.0324***  0.0127*** 0.0068 0.0101 0.0167
Jermouck  0.0131* 0.0120%** 0.0109 0.0129%** 0.0043 0.0255***
KhosrovR1 0.0081 0.0222***  0.0256*** 0.0242*** 0.0179** 0.0335*** -0.0024
KhosrovR5 0.0148*** 0.0114 0.0273 0.0184* 0.0200 0.0389* 0.0135 0.0103
KhosrovR6 0.0192 0.0123** 0.0229*** 0.0176*** 0.0103*** 0.0231*** 0.0124*** 0.0122 -0.0031
Shikahogl 0.0403*** 0.0434*** (0.0559*** (0.0463*** 0.0460*** 0.0646*** 0.0241*** (0.0210*** 0.0269* 0.0371**
Shikahog2 0.0658*** (0.0248** 0.0563***  (0.0504*** 0.0530** 0.0692*** 0.0172* 0.0273*** 0.0449* 0.0471*** 0.0078
Vorotanpl 0.0126 -0.0007 -0.0005 0.0026 -0.0155 0.0145* 0.0045 0.0093 0.0030 0.0044 0.0363*** (0.0371***
Vorotanp2 0.0312*** 0.0196*** 0.0048* 0.0083** -0.0017 0.0225***  0.0260*** 0.0311*** 0.0251** 0.0215** 0.0594***  (0.0574***

*0.05<P<0.01 ; ** 0.01<P<0.001 ; *** P<0.001
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Uzbekistan Kazakhstan China

Figure S1. Bayesian clustering results for Malus sieversii in Central Asia (N=101) using the
program TESS from K=2 to K=6. Each individual is represented by a vertical bar, partitioned
into K segments representing the amount of ancestry of its genome in K clusters.

Visualization was improved by sorting genotypes by site.
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Figure S2. Bayesian clustering results for Malus orientalis in the Caucasus (N=217) using the program TESS from K=2 to K=6. Each individual is
represented by a vertical bar, partitioned into K segments representing the amount of ancestry of its genome in K clusters. Visualization was

improved by sorting genotypes by site.
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Figuré $3. Maps reresenting the mean membership proportions for K clusters, for samples
of Malus sylvestris collected from the same site. Membership proportions were inferred with
the Bayesian clustering algorithm implemented in TESS. At K=5 the results presented are
those of the minor clustering solution (“mode”), showing the geographic location of the

fourth previously identified cluster (Cornille et al., 2012a).
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Discussion et Perspectives

Le genre Malus s’est révélé étre un bon modéle pour I'étude des processus de
diversification a différentes échelles évolutives (domestication, diversifications
intraspécifiques et interspécifiques) : il inclut une espece domestiquée, Malus domestica, et
présente une histoire de diversification récente avec des espéeces phylogénétiquement tres
proches et possibles contributrices au génome du pommier domestiqué : M. orientalis, M.
sieversii, M. sylvestris et M. baccata. D’autre part, 'étude de ce complexe d’espéces a
permis d’apporter des éléments sur 'importance des flux de genes dans les processus de

diversification interspécifiques et intraspécifiques chez un genre d’arbres fruitiers.
1. Diversification récente dans le genre Malus

La grande variabilité morphologique observée dans le genre Malus, non
discriminante entre les espeéces, et les probables nombreuses hybridations interspécifiques,
rendent le nombre d’espéces trés controversé. En particulier, les relations phylogénétiques
entre M. domestica, M. orientalis, M. baccata, M. sieversii et M. sylvestris restaient encore
peu résolues (Harris et al., 2002; Robinson et al., 2001). Les résultats issus du manuscrit A
montrent que, sur la base de marqueurs microsatellites, les cing especes de pommiers
forment des groupes génétiques distincts les uns des autres, malgré leurs faibles
différenciations génétiques interspécifiques (Manuscrit A). Les séquences nucléaires (13 loci)
montrent une différenciation interspécifique encore plus faible qu’avec les microsatellites,
les especes apparaissant différenciées cette fois uniquement avec I'utilisation d’a priori sur
I'appartenance des individus a une espece (Manuscrit C, analyses STRUCTURE avec
utilisation de distributions priors informatives). Malus baccata présente la plus forte
différenciation génétique par rapport aux autres especes étudiées, a la fois au niveau des
marqueurs microsatellites et des séquences nucléaires. Ce résultat est en accord avec la
différenciation phénotypique observée entre cette espece et les autres espéces sauvages,
asiatique (M. sieversii), caucasienne (M. orientalis) et européenne (M. sylvestris),
notamment en ce qui concerne la morphologie des fruits. En effet, M. baccata présente des
pommes ressemblant a des « cerises » (diamétre <lcm), petites et rouges avec pédicelles

flexibles sensibles au vent, typiques d’une dispersion par les oiseaux (Juniper, Mabberley,
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2006) (Figure 1). En comparaison, les pommes de M. sylvestris et M. orientalis présentent un
diameétre plus élevé (diamétre=2-5cm), sont vertes/rougeatres et ameres, et dispersées par
des herbivores domestiqués ou sauvages (Khoshbakht, Hammer, 2006; Larsen et al., 2006).
Malus sieversii est 'espece qui présente la plus grande diversité morphologique de pommes,
allant de phénotypes type « M. sylvestris » au phénotype de la fameuse variété « Golden
Delicious », qui sont elles aussi dispersées par de gros mammiféres (Figure 2) (Juniper,
Mabberley, 2006). De plus, M. baccata a une distribution plus marginale que les autres
espéces, dans I'Est de I'Eurasie. Cette plus forte différenciation de M. baccata, a la fois sur
les plans génétiques et morphologiques, est en accord avec les études précédentes, utilisant
des séquences ITS et chloroplastiques, incluant M. baccata dans une série différente (série
Baccatae) de celles de M. domestica, M. sieversii, M. orientalis et M. sylvestris (série Malus)
(Juniper, Mabberley, 2006; Robinson et al., 2001). Bien que les modeéles testant les scénarios
de spéciation entre les espéces soient encore en cours d’analyse, les données préliminaires
suggerent que ces dernieres especes ont divergé récemment.

Chez les arbres, les tailles efficaces de population (Ne) extrémement élevées laissent
penser que la dérive génétique intervient peu dans I'évolution de ces populations/espéces
(Petit, Hampe, 2006; Savolainen, Pyhajarvi, 2007). Mes estimations des tailles efficaces (Ne)
sur la base des marqueurs microsatellites (2090<Ne<64000, Manuscrit A) révélent que les
cing especes étudiées ont effectivement des tailles efficaces élevées en comparaison a
d’autres especes de plantes (Petit, Hampe, 2006). Concernant les arbres, mes estimations
sont du méme ordre de grandeur que les tailles efficaces de certaines espéces de genévriers
(Li et al., 2011), et moitié moins élevées que celles de certaines especes de pins (Wachowiak
et al., 2011) et d’épicéas (Chen et al., 2009b). Ces fortes tailles efficaces ont dli jouer un réle
dans la diverfication du genre Malus, en particulier dans |’histoire évolutive des cinq espéeces
étudiées dans cette these. En effet, le genre Malus serait originaire de Chine et se serait
dispersé a partir de la le long du corridor de foréts tempérées distribuées jusqu’en Europe
de I'Ouest (Juniper, Mabberley, 2006), qui sont maintenant extrémement fragmentées. Les
tailles efficaces élevées, ont pu contribuer a limiter le niveau de différenciation entre les
especes isolées par la fragmentation du corridor forestier. Le test de scénarios alternatifs par

approximate Bayesian computation, visant a estimer la part de polymorphisme ancestral et
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de flux de genes dans le niveau de différenciation interspécifique, nous permettra de mieux
comprendre les modes de séparation (avec ou sans flux de génes) entre ces espéces.

Etant donné la faible différenciation estimée entre les cinq espéces en utilisant une
trentaine de marqueurs, les approches génomiques constituent une alternative prometteuse
afin d’améliorer notre capacité a distinguer différents scénarios de divergence
interspécifique. Cela permettrait également d’explorer si certaines zones génomiques
demeurent plus ou moins perméables aux introgressions afin de tester I'existence d’« flots
de divergence », c’est-a-dire de zones génomiques plus différenciées que le reste du génome
car portant des génes sous sélection diversifiante. Chez de nombreux modéles biologiques,
des génes impliqués dans la divergence ont été découverts par cette approche, mais des
guestions se posent quant au role de l'organisation de ces genes dans le génome des
populations en divergence permettant la différenciation malgré I’existence de flux de génes
(Feder et al., 2012; Kulathinal et al., 2009; Nosil, 2008; Renaut et al.,, 2012). Dans ce
contexte, I'hypothése de I'existence d’ « flots de divergence » postule que seules de petites
régions génomiques impliquées dans la divergence écologique ou comportementale se
différencieraient au début entre espeéces, le reste du génome restant perméable aux flux de
genes (Feder et al., 2012). La spéciation avec flux de genes impliquerait quatre phases,
correspondant a des étapes avec des régions de divergence au sein du génome de tailles
croissantes au cours du temps, malgré I'existence de flux de geénes, et appelées
métaphoriquement des « ilots » puis des « continents » génomiques de divergence. L'un des
exemples bien documentés de I'existence de ces « ilots » de divergence concerne deux sous-
especes d’anopheéles sympatriques (Anopheles gambiae, formes M et S) présentant trois
régions génomiques avec une forte différenciation génétique par rapport au reste du
génome (Turner, Hahn, 2007; Turner et al., 2005). Malgré d’autres exemples ayant étayé
cette hypothese d’« flots de divergence » (Ellison et al., 2011; Harr, 2006; Michel et al., 2010;
Neafsey et al., 2008; Neafsey et al., 2010), elle reste encore trés controversée, méme chez
Anopheles (White et al., 2010). En effet, la détection de ces ilots se base sur I'observation
d’une différenciation (Fs7) plus élevée de ces régions par rapport au reste du génome.
Cependant, d’autres explications alternatives peuvent expliquer ces hétérogénéités de
différenciation génomique, impliquant de potentielles mauvaises interprétations sur la

signification et I'origine évolutive de ces ilots, en particulier par 'utilisation des mesures de

216



différenciation ou divergence nucléotidique (Fsr ou Da) (Noor, Bennett, 2009). Par exemple,
I'effet d’'une recombinaison restreinte dans certaines parties du génome pourrait biaiser
I'estimation de ces paramétres.

Une faible différenciation génétique, de forts effectifs de population et des flux de
genes entre espéces apparentées font de nos cing espéces de pommiers des modeles idéaux
pour étudier la génomique de la divergence chez les arbres. En particulier, ce complexe
d’espéces offre I'opportunité de tester les hypothéses d’ilots génomiques de divergence,
guestion encore largement débattue, et encore jamais abordée chez les arbres. De futures

études génomiques devraient donc étre entreprises dans cette direction.

2. Domestication du pommier cultivé a partir de Malus sieversii et
contribution majeure inattendue du pommier sauvage européen

(Malus sylvestris)

D’aprés des études antérieures utilisant des séquences nucléaires et
chloroplastiques, le pommier sauvage d’Asie Centrale, M. sieversii, serait I'ancétre sauvage
du pommier cultivé (Harris et al., 2002; Velasco et al., 2010). Une contribution du pommier
sauvage européen M. sylvestris avait été cependant suggérée (Forsline et al., 2002), en
particulier suite a la découverte d’haplotypes partagés au niveau de séquences nucléaires,
mais cette contribution restait contestée (Coart et al.,, 2006; Harrison, Harrison, 2011;
Micheletti et al., 2011). En effet, seul un faible nombre de variétés et d’individus sauvages
avaient pu étre analysés. Dans le manuscrit A, j'ai montré I'existence d’une contribution
majeure, par introgressions récentes, du pommier sauvage européen, M. sylvestris, dans le
génome du pommier cultivé. J’ai aussi montré que M. sieversii est 'espéce la plus proche
génétiquement du pommier cultivé, si les individus cultivés présentant de forts signaux
récents d’introgression avec le pommier sauvage européen sont retirés des analyses. Malus
sylvestris a ainsi joué un réle dans la diversification post-domestication du pommier cultivé
plutét que dans sa domestication originelle en Asie Centrale. On peut d’ailleurs se demander
si nos résultats sont réellement en accord avec le statut de M. sieversii en tant qu’ancétre du
pommier cultivé. En effet, il est possible que I'entité génétique M. domestica, différenciée

des autres espéces, panmictique et avec une forte variabilité génétique, représente une
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espéce a part entiere, existant ou ayant existé a I'état sauvage, au méme titre que M.
sieversii dans le Tian Shan, mais que les populations sauvages de cette espéce putative
n'aient toujours pas été identifiées et échantillonnées. Cette espece aurait ensuite été
dispersée et aurait subi des croisements avec d’autres espéces présentes le long de la route
de la Soie. M. sieversii elle-méme n’a été découverte qu’en 1929 par le botaniste Russe
Nikolai Vavilov. Malheureusement pour les pommiers Kazakhs, Vavilov f(t envoyé en prison
ou il mourut en 1943. Ce n’est qu’au début des années 1990 que M. sieversii fut ainsi
« redécouverte » grace a un étudiant Kazakh de Vavilov, Aimak Djangaliev (Morgan,
Richards, 2003).

Etonnamment, aucun goulet d’étranglement n’a été détecté chez le pommier cultivé,
qui forme par ailleurs une entité génétique panmictique indépendante. On aurait pu
pourtant s’attendre a ce que la technique de propagation clonale par greffage utilisée pour
cultiver le pommier ait créé une structuration génétique clonale chez 'espéce cultivée,
limitant ainsi la différenciation génétique avec son ancétre sauvage, s'il s’agit bien de M.
sieversii. L'absence de structure clonale (quand on ne considére qu’un réplicat par variété
dans les analyses) peut étre expliquée par les techniques de création de cultivars. Le temps
de génération élevé des pommiers et leur systéme de reproduction allogame (a cause d’un
systeme d’auto-incompatibilité) rend la sélection de certains individus «élites» et
I'amélioration par croisement longues et laborieuses. Les techniques historiques de création
des variétés de pommiers étaient donc de simples « allo-pollinisations au hasard» suivies du
choix des meilleurs individus dans la descendance, qui étaient ensuite propagés et
maintenus par clonage. Cela a eu pour conséquence le maintien d’'une grande diversité
génétique au sein du pommier cultivé. Ces méthodes de sélection et de culture sont aussi
tres utilisées chez d’autres fruitiers comme la vigne, qui présente d’ailleurs une histoire
évolutive trés proche de celle du pommier cultivé (Myles et al., 2011). En effet, chez la vigne
V. v. vinifera, les cultivars d’Europe de I'Ouest, originaires des populations sauvages de V.
vinifera sylvestris dans le Proche Orient, ont subi des introgressions par les populations
sauvages de V. vinifera sylvestris d’Europe de I'Ouest lors de l'introduction de la vigne en
Europe il y a 2800 ans. Bien que les méthodes de croisements entre cultivars élites (intra-V.
v. vinifera) aient favorisé la coancestralité de la majorité des variétés de vignes créées, ces

méthodes de croisements inter-variétaux et inter-populationnels avec V. v. sylvestris
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localement en Europe de I'Ouest ont permis le maintien d’une forte diversité génétique.
Ainsi, les méthodes de sélection ont favorisé les hybridations interspécifiques et
intraspécifiques dans I'espéce cultivée, ce qui a méme pu éliminer les traces de propagation
clonale et d’un éventuel goulet d’étranglement initial. La propagation végétative et ces
hybridations ont donc eu un r6le primordial dans I'évolution du pommier cultivé, et
probablement aussi chez d’autres fruitiers ligneux.

La vitesse de la domestication est déterminée par la combinaison de I'intensité de la
sélection sur les traits phénotypiques - qui dépend a la fois de 'architecture génétique des
caracteres sélectionnés (mono- versus polygéniques) et de la pré-existence ou non de
variation génétique chez le taxon sauvage contribuant au phénotype du taxon domestiqué
(Doebley et al., 2006) - de la sévérité du goulet d’étranglement lors de la domestication, des
tailles efficaces et du systeme de reproduction (Glémin, Bataillon, 2009; Tenaillon,
Manicacci, 2011). Chez les arbres, le mode de propagation et le long temps de génération
jouent aussi sur la durée du processus de domestication : a durée égale, le nombre de
générations sur laquelle la sélection et les effets de dérive peuvent agir est plus limité que
chez les especes annuelles. La domestication des arbres a été aussi plus tardive dans
I'histoire que celle des céréales (Zohary, Hopf, 2000; Zohary, Spiegel-Roy, 1975).
Globalement, les exemples de détection de forts goulets d’étranglement sont rares chez les
arbres fruitiers. Chez 'abricoter (Prunus armeniaca), une baisse de diversité génétique a été
détectée dans une population supposée étre dans son centre d’origine secondaire
(Bourguiba et al.,, 2012). De la méme maniére, les populations cultivées de Spondias
purpurea, arbre fruitier en Mésoamérique, présentent une diversité génétique légerement
inférieure a celle des populations sauvages (Miller, Schaal, 2006) ; on peut aussi retrouver
une baisse de diversité génétique entre les populations cultivées et sauvages de café (Coffea
arabica) (Anthony et al., 2002). Cependant, ces baisses de diversité génétique sont bien
moindres que celles observées chez certaines plantes annuelles comme le mais (Tenaillon et
al., 2004), le soja (Hyten et al., 2006), le tournesol (Liu, Burke, 2006) ou le blé (Haudry et al.,
2007). La plupart des especes d’arbres fruitiers présentent en effet les mémes niveaux de
diversité génétique que leurs apparentés sauvages, comme par exemple chez l'olivier, le
figuier, le pommier ou I'amandier (Besnard et al., 2011; Cornille et al., 2012b; Delplancke et

al.,, 2011; Miller, Gross, 2011; Miller, Schaal, 2006). D’autre part, les syndromes de
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domestication sont souvent peu marqués, méme si certaines modifications phénotypiques
peuvent exister concernant la taille et la teneur en sucre (grenadier, figuier, dattier, vigne et
ananas) ou en huile (olivier) du fruit (Zohary, Spiegel-Roy, 1975). En particulier, le pommier
cultivé ne présente pas de syndrome de domestication marqué a proprement parler: la
qualité du fruit (calibre, couleurs vives et variées) est retrouvée de maniére naturelle chez
certains arbres dans les foréts du Tian Shan en Asie Centrale, et aucun trait associé a de
meilleures conditions de récolte ni de stockage des fruits par exemple n’est présent chez le
pommier cultivé (Forsline et al., 2002; Juniper, Mabberley, 2006; Luby et al., 2001). Chez les
arbres, les phénotypes des taxons domestiqués sont ainsi souvent trés proches des
apparentés sauvages, provoquant de nombreux débats sur le statut taxonomique des taxons
domestiqués et sauvages (Juniper, Mabberley, 2006; Lumaret, Ouazzani, 2001; Zohary,
Spiegel-Roy, 1975). Une explication a ce syndrome de domestication peu marqué peut étre
qgue la plupart des traits d’importance agronomique ont un contréle polygénique, ce qui a
rendu, en plus des longs temps de génération, 'amélioration variétale difficile (Neale, 2007).
Ce n’est que depuis une petite dizaine d’années, suite a I'avenement des approches de
génomique d’association, que les composantes génétiques de ces caractéres commencent a
étre révélées pour certaines especes d’arbres, en particulier celles utilisées pour la
production de bois (Neale, 2007).

Ainsi, les traits d’histoire de vie (larges tailles efficaces et longs temps de génération)
et les difficultés d’amélioration inhérentes au cycle de vie des arbres fruitiers (long temps de
génération et systeme de reproduction allogame avec systéme d’auto-incompatibilité) ont
entrainé des différences phénotypiques peu évidentes entre les arbres domestiqués et leurs
ancétres sauvages. Ces observations nous aménent, non pas a se poser des questions sur la
réelle domestication des arbres fruitiers depuis le Néolithique, mais a remettre en question
I'utilisation chez les arbres d’une définition de domestication basée sur |'existence d’un
syndrome de domestication marqué, telle qu’elle est communément utilisée chez les plantes
herbacées. Chez les arbres en général certains auteurs font référence a une « domestication
en cours» ou «semi-domestication » comme par exemple chez les arbres fruitiers
amazoniens comme Stenocereuse stellatus (Clement et al., 2010; Pickersgill, 2007). Dans le
cas du pommier, les pommes produites par M. sieversii ne sont pas toutes

phénotypiquement proches de M. domestica, suggérant une potentille sélection par
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I'homme des phénotypes avantageux chez M. domestica. |l est d’ailleurs impossible d’avoir
un verger de pommes de bon calibre toutes identiques (clonales) sans I'action de I’homme.
Ainsi, le pommier apparait bien comme une plante domestiquée formant un groupe
panmictique différencié de ses apparentés sauvages, mais sans syndrome de domestication
extrémement marqué.

De nouvelles approches en termes de marqueurs génétiques utilisés et de nouveaux
efforts d’échantillonnage permettraient certainement d’approfondir nos connaissances sur
I'histoire évolutive du pommier cultivé et de ses apparentés sauvages. L'échantillonnage
devrait se focaliser sur des régions encore non explorées comme |I'Afghanistan, I'lran, I'lraq,
la Turquie et le sous-continent Indien, ainsi que dans les régions présentant la plus grande
diversité spécifique de pommiers, le Sichuan, le Guizhou et le Yunnan en Chine. Ces
échantillonnages nous apporteraient de nouveaux éléments sur les relations de parenté
entre le pommier domestique et des especes sauvages encore jamais étudiées, et ainsi
révéler d’autres contributions potentielles au génome du pommier domestique. D’autre
part, de la méme maniére que nous avons montré dans le manuscrit A que certains cultivars
locaux du Bassin Méditerranéen étaient introgressés par le pommier sauvage caucasien (M.
orientalis), 'acces a d’autres accessions de cultivars locaux dans le Caucase, le Moyen-
Orient, la Chine, I’Afrique du Nord et dans des régions localisées d’Europe, pourraient nous
apporter de nouveaux éléments sur des contributions d’autres espéces sauvages a des
cultivars locaux le long de la route de la Soie (Juniper, Mabberley, 2006). Il serait aussi
intéressant d’établir les relations de parenté entre M. domestica et M. asiatica, une autre
espece exclusivement cultivée en Asie pour la production de pommes jusqu’a I'introduction,
il y un siecle, de M. domestica comme principal producteur de pommes commerciales.

Les techniques de séquencage haut débit, rapides et a faibles prix permettraient de
déterminer si certaines zones du génome ont été ou non soumises a sélection lors du
processus de domestication. Chez des taxons domestiqués présentant des syndromes de
domestication marqués, comme par exemple le poulet, des balayages sélectifs ont été mis
en évidence sur des geénes codant pour certains caractéres phénotypiques d’intérét
agronomique (Rubin et al., 2010). Etant donné le syndrome de domestication peu marqué
chez le pommier cultivé, peut-on s’attendre a I'absence de balayage sélectif chez des genes

impliqués dans les caracteres phénotypiques comme la couleur, la taille, le goGt de Ila
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pomme ? Méme si aucun balayage sélectif n’est détecté, observerait-on tout de méme des
traces de sélection chez ces genes ou dans d’autres régions du génome ? Ces données
génomiques constitueraient une information trés utile d’'un point de vue fondamental mais
aussi pour les programmes d’amélioration variétale (Hamblin et al., 2011; Neale, 2007;

Neale, Kremer, 2011).

3. Flux de génes dans le genre Malus : fortes capacités de dispersion et

hybridations interspécifiques et intraspécifiques

L'importance des hybridations dans I’évolution des plantes est largement reconnue
(Abbott, 1992; Baack, Rieseberg, 2007; Schaal et al., 1998), en particulier chez les plantes
pérennes (Petit, Hampe, 2006; Rieseberg et al., 2000). Les introgressions constituent un
phénomene clé dans I'évolution des populations car elles jouent sur la spéciation, la
diversification et I'adaptation a de nouveaux environnements (Baack, Rieseberg, 2007). Nos
études a différentes échelles évolutives des processus de diversification nous ont permis
d’estimer les flux de genes entre les cing espéces de pommiers et au sein de ces especes.
Jusgu’alors, les études génétiques entre les cinq especes de pommiers étaient basées sur
des séquences nucléaires et chloroplastiques peu variables (Juniper, Mabberley, 2006;
Robinson et al., 2001) ou sur un nombre limité d’échantillons de chacune des cing espéces
(Coart et al., 2006; Coart et al., 2003; Larsen et al., 2006). La combinaison de marqueurs
hypervariables et d’un échantillonnage représentatif de la distribution géographique de
chaque espéece nous a permis d’estimer I'importance des hybridations interspécifiques entre
pommiers sauvages et cultivés (Manuscrits A et D), des hybridations intraspécifiques lors des
processus de recolonisation (Manuscrit B), et d’estimer les flux de genes historiques chez les
especes sauvages (Manuscrits B et D). Nous avons exclu M. baccata de ces analyses puisque
nous n’avions détecté que tres peu d’hybrides (Manuscrit A), et I'échantillonnage ne nous
permettait pas d’estimer les flux de génes de maniere spatialisée.

Des flux de genes tres importants ont été détectés chez les especes de pommiers
analysées. En effet, I'analyse des populations du pommier sauvage européen (M. sylvestris)
montre une faible structuration génétique a I'échelle de I'Europe a l'intérieur des groupes

génétiques résultant de la recolonisation des refuges glaciaires. De plus, les paramétres de
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dispersion estimés (Sp et m,.,) chez cette espéce, ainsi que chez M. orientalis et M. sieversii,
dans la limite des données collectées, nous suggérent de fortes capacités de dispersion,
comparables a celles estimées chez certains arbres tropicaux, présentant la caractéristique
d’étre en faible densité (Vekemans, Hardy, 2004), tout comme les pommiers sauvages
(exceptée M. sieversii qui forme des foréts denses). Ce résultat suggere que la dispersion des
fruits et du pollen par les animaux, connue pour limiter les distances de dispersion et
augmenter la structuration génétique spatiale chez d’autres especes (Vekemans, Hardy,
2004), ne semble pas limiter la flux de génes chez les pommiers. L'utilisation de marqueurs
microsatellites a hérédité bi-parentale ne nous permet pas de distinguer les flux de génes
imputables a la dispersion du pollen ou des graines. Il est donc encore difficile d’apprécier
les roles respectifs des disperseurs de fruits et des pollinisateurs dans les processus de
dispersion. Chez les pommiers, les ours, les chévres, les bovidés sauvages et les oiseaux se
nourrissant de pommes, sont des vecteurs de dispersion des graines capables de parcourir
de grandes distances (Juniper, Mabberley, 2006; Khoshbakht, Hammer, 2006; Larsen et al.,
2006). Les pollinisateurs du pommier sont majoritairement généralistes : abeilles, bourdons,
abeilles solitaires et abeilles maconnes et peuvent butiner sur de longues distances (Juniper,
Mabberley, 2006). L'homme a aussi di et doit encore jouer un role essentiel dans la
dispersion de ces espéces, comme c’est le cas pour d’autres espéces d’arbres, en particulier
beaucoup d’especes d’arbres invasives telles que Ginkgo biloba ou Quercus robra (Petit et
al., 2004a). En effet, ’'homme a travers les échanges et le commerce notamment, a joué un
réle majeur lors de la diffusion du pommier cultivé a travers I'Eurasie. Malgré le peu
d’indices a ce jour, la littérature suggére que la combinaison de différents vecteurs de
dispersion relativement extensifs, comme chez les pommiers, expliquerait I'observation de
flux de génes aussi importants (Pasquet et al., 2008). D’autre part, les forts flux de genes
observés chez M. sieversii, qui elle présente des densités de populations tres fortes dans les
Montagnes du Tian Shan en Asie Centrale, laissent penser que d’autres facteurs que la
densité jouent un role dans la dispersion de ces pommiers. Ces facteurs pourraient étre liés a
des écologies ou des histoires de colonisation différentes entre les pommiers d’Asie de
I’Ouest (M. orientalis et M. sylvestris) et ceux d’Asie Centrale (M. sieversii).

Nous avons vu dans le paragraphe précédant que les hybridations interspécifiques

avaient joué un role inattendu dans I'évolution du pommier cultivé (Manuscrit A), en
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particulier dans la diversification post-domestication. Les résultats présentés dans le
manuscrit D montrent aussi I'importance des flux de génes du pommier cultivé vers les
pommiers sauvages. Les études précédentes s’intéressant a ces questions n’avaient détecté
gue tres peu de ces évenements d’hybridation, concluant qu’ils étaient rares (Coart et al.,
2006; Coart et al., 2003; Larsen et al., 2006). Notre étude (Manuscrit D) montre qu’en réalité
ces hybridations sont fréquentes. Cependant, il est difficile de déterminer si I'apparente
contradiction de nos résultats avec ceux des études précédantes est liée a des effets
confondants tels que des échantillonnages plus exhaustifs, la proximité de zones plus
urbanisées ou plus agricoles (par exemple plus proches de vergers a pommiers cultivés) ou
I'histoire des zones échantillonnées (anciennes parcelles agricoles). Dans une optique de
conservation des ressources génétiques, ces questions sont primordiales. En effet,
I'identification de populations de pommiers sauvages non introgressées par le pommier
cultivé pourrait permettre de guider les mises en place de vergers a graines de pommiers
sauvages « purs » (non introgréssés par le pommier cultivé). lls auraient un double intérét.
D’une part, M. sylvestris, M. sieversii et M. orientalis représentent des ressources génétiques
sauvages importantes, au service de I'amélioration variétale, puisque contributrices au
génome du pommier cultivé. D’autre part, M. sylvestris a I'heure actuelle (mais aussi dans le
futur M. orientalis et M. sieversii), est de plus en plus utilisée dans les projets agro-forestiers
visant au retour de l'arbre dans les agrosystemes. Dans ces projets, les agroforestiers
souhaitent utiliser des individus sauvages dont ils connaissent les caractéristiques
génétiques, par exemple des individus non introgressés par le pommier cultivé et
correspondant au groupe génétique de la région ou ils seront replantés.

Dans mes travaux, j'ai estimé les flux de genes sur de larges échelles et de maniere
globale. L’échantillonnage était peu adapté pour estimer plus finement les processus de
dispersion: les échantillons pour chacune des espéces étaient concentrés en populations
espacées, avec souvent l'absence de coordonnées géographiques individuelles. Pour
caractériser la structure génétique spatiale des populations de maniére optimale, I'échelle
spatiale d’échantillonnage doit étre maximisée et relativement continue, par exemple en
échantillonnant le long d’un transect, a une échelle correspondant a celle a laquelle les
processus de dispersion se déroulent (Vekemans, Hardy, 2004). Ce type d’échantillonnage

est donc difficile a mettre en oeuvre sans informations préliminaires sur les capacités de
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dispersion des especes, données que nous avons obtenues dans le manuscrit D. L'estimation
fine des capacités de dispersion via le pollen et les graines nous permettrait de mieux
comprendre les phénomenes d’hybridations interspécifiques entre le pommier cultivé et le
pommier sauvage européen. Les estimations des distances de dispersion nous permettront
en effet de cibler les populations de pommiers les plus sujettes a long terme a des
introgressions par le pommier domestiqué, selon la distance aux zones géographiques
présentant une forte densité de vergers ou de pommiers domestiqués « marrons » (c’est-a-
dire « échappés » de cultures domestiques mais poussant a I'état sauvage). Ces perspectives
seront étudiées dans le cadre d’'un projet que j'ai rédigé, et qui a été financé par la région
lle-de-France dans le cadre de I'appel d’offre PICRI pour 2012-2014 (Annexe 1). D’un point
de vue plus fondamental, le processus de colonisation de |'espéce cultivée de |’Asie vers
I'Europe pourrait étre interprété comme l'invasion d’une espéce (M. domestica) en Europe
et utilisé comme modele pour comprendre les conséquences génétiques des hybridations
interspécifiques dans les expansions et les invasions (Excoffier et al., 2009; Petit et al.,

2004b) chez les espéces domestiquées et leurs apparentés sauvages.

4. Approximate Bayesian computation : avantages et inconvénients dans

le cadre de I’étude de la diversification dans le genre Malus

Afin d’estimer les parametres démographiques et génétiques des populations de
pommiers, je me suis basée sur une approche de plus en plus utilisée : I'approximate
Bayesian computation (ABC). Les raisons de son utilisation dans ma thése sont avant tout
pragmatiques. En effet, mes jeux de données (5 espéces, 1200 individus, 26 marqueurs
microsatellites) ne me permettaient pas d’inférer des paramétres démographiques en un
temps raisonnable avec des méthodes basées sur des approches Bayesiennes standardes
intégrant des MCMC et des simulations de coalescence comme IMa (Hey, 2006; Hey,
Nielsen, 2004; Hey, Nielsen, 2007). A titre illustratif, avec de telles approches, la simulation
de deux populations de 168 et 140 individus respectivement, avec 26 marqueurs
microsatellites m’a demandé deux mois de calcul pour seulement 250000 étapes de « pré-

chauffe ». Une autre raison du choix des approches de type ABC vient de 'adéquation des
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modeles simulés par ces approches avec les processus évolutifs mis en jeu lors des processus
de diversification que je souhaitais étudier durant ma thése. En effet, les méthodes
d’inférences démographiques Bayesiennes utilisant des modéles d’« isolement avec
migration » n’étaient pas forcément pertinentes pour tester des hypothéses
démographiques complexes caractéristiques des processus de diversification. Les scénarios
simples des modéles Bayesiens existant, type IMa (Hey, 2006; Hey, Nielsen, 2004; Hey,
Nielsen, 2007), n’intégrent que deux ou quelques populations. Les méthodes ABC
permettent donc I'exploration d’un trés grand nombre de modéles différents (nombre et
valeurs de paramétres utilisés pour les simulations). Ceci leur conférent un avantage certain
lors du choix de scénario évolutifs comme par exemple dans le cas présent ol nous avons
testé I'existence de flux de génes lors des processus de diversification dans le genre Malus
ou les différentes modalités de domestication du pommier cultivé.

Les résultats issus de I’ABC dans I’étude de I'histoire de la domestication du pommier
cultivé (Manuscrit A) nous ont permis d’avancer des arguments solides sur la contribution du
pommier sauvage européen (M. sylvestris). Nous avons choisi d’utiliser DIYABC (Cornuet et
al., 2008), logiciel qui fait I'hypothése que les introgressions de chaque espéce ont lieu a un
instant t (documenté pour chaque espéce sauvage par des données historiques) plutot
gu’avec des flux de génes a chaque génération depuis un temps t. Les résultats ont confirmé
ceux de STRUCTURE (Pritchard et al., 2000) - indiquant des introgressions récentes sur
quelques générations - démontrant en plus qu’il y avait eu des introgressions plus anciennes
lors de I'introduction de M. domestica en Europe il y a 3000 ans.

Nous avons également utilisé des approches ABC afin de retracer I'histoire de la
recolonisation post-glaciaire du pommier sauvage (M. sylvestris). Nous avons simulé des
coalescents en utilisant SimCoal2 (Laval, Excoffier, 2004). Ce logiciel permet de simuler des
flux de génes constants entre populations en divergence a chaque génération a partir d’'un
instant t. Nous avons ainsi fait I’hypothése que, durant les processus de recolonisation, la
remise en contact secondaire de populations aprés isolement implique des flux de genes a
chaque génération, et non pas une introgression a un temps t (comme implémenté dans
DIYABC). Les simulations d’ABC analysées avec ABCtoolBox (Wegmann et al., 2010) nous ont
permis de suggérer I'existence d’'un troisieme refuge glaciaire dans les Carpates chez le

pommier sauvage européen durant la derniére glaciation ainsi que l'existence de flux de
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genes entre populations recolonisantes, qui avaient été isolées dans les refuges glaciaires
durant le Pléistocéne (Manuscrit B).

L'approche ABC a été trés puissante dans le choix des scénarios avec des supports
supérieurs a 70% pour les meilleurs scénarios (Manuscrits A et B). Cependant, I'estimation
des parametres a été plus difficile dans le cas de I'étude de la recolonisation post-glaciaire
du pommier sauvage européen. Lors de la reconstruction du processus de domestication du
pommier cultivé, les estimations de parameétres présentaient des intervalles de confiance
raisonnables et les données observées s’ajustaient bien au modele choisi (« Model
checking » : les statistiques résumées observées ne sont pas significativement différentes
des statistiques résumées simulées avec le modele choisi). Au contraire, lors de I'étude de la
recolonisation post-glaciaire du pommier sauvage, les estimations des parametres ont un
faible support, avec des intervalles de confiance particulierement larges. En effet, méme sile
scénario choisi est bien significativement meilleur que les autres (Manuscrit B), les valeurs
des statistiques résumées observées sont significativement différentes de celles obtenues
avec le meilleur modeéle. Une des possibilités pour vérifier la validité des estimations est de
comparer les courbes de distributions postérieures des parameétres a leurs courbes de rejet
(Encadré 1). La courbe de rejet est directement liée a I'adéquation du modele testé aux
données observées : quand les données observées sont significativement différentes des
données simulées, alors les courbes de rejet et les courbes de distribution postérieures
different. Etant donnés les estimations et les intervalles de confiance obtenus, ainsi que la
proximité des données observées avec celles simulées pour la domestication du pommier
(i.e., avec DIYABC), nous n’avons réalisé cette comparaison post-hoc que lors de I'étude de
I'histoire de recolonisation du pommier sauvage européen (i.e., avec SimCoal et
ABCtoolBox). Dans ce cas, pour la majorité des parameétres estimés les courbes de rejet et les
courbes de distribution postérieures sont décalées. Ce résultat suppose des problémes
d’inférences des parametres.

Plusieurs explications peuvent étre avancées afin d’expliquer les problémes
rencontrés. En premier lieu, les processus de recolonisation sont plus complexes que les
scénarios testés dans le manuscrit B. Les mauvaises estimations seraient donc directement
lites au modele lui méme. Une autre explication pourrait étre liée aux statistiques résumées

utilisées pour choisir les simulations dont les parametres contribueront a la construction de
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la distribution posterieure des parameétres. Le manuscrit B présente une ACP sur les
parametres estimés et les statistiques résumées issues de 3000 simulations pour chaque
scénario démographique (Figure 3). Cette figure montre que certains paramétres (en rouge)
ne sont « expliqués » par quasiment aucune des statistiques résumées (en bleu). Dans le cas
présent, les taux de migration (m,,) et de croissance des populations (Grx) semblent
difficilement estimables sur la base des statistiques résumées choisies pour l'inférence.
Cette approche descriptive fournit un bon diagnostic de la pertinence du choix des

statistiques résumées et donc de nos capacités d’estimation.

a PCA1{237) b PCA1(3589)
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Figure 3. ACP sur 3000 simulations chez Malus sylvestris. Les axes 1 et 2 sont représentés
pour les modeéles : a (a), b (b) c (c) et d (d) (voir détails des modeles dans le manuscrit B). Le
pourcentage de variance totale expliquée est indiqué sur chaque axe. En bleu, les
statistiques résumées : Fsr_x_y: différenciation génétique entre les populations x et y, K x:
nombre d’allele moyenné sur I'ensemble des loci dans la population x, H_x : hétérozygotie
moyennée sur I'ensemble des loci dans la population x, DMUSQ_x : éu? (Goldstein et al.,
1995) moyenné sur 'ensemble des loci dans la population x. En rouge, les parametres du
modele : m,,: taux de migration par génération de la population x a la population v,
STR_MUTATION : taux de mutation des microsatellites, N, : taille efficace de la population x,
Gry : taux de croissance de la population x, T.,: temps de divergence entre la population x et
y, COEFF_P : paramétre géométrique de la distribution du modele mutationnel.
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Finalement, la derniére explication possible concernant les problémes d’estimations de nos
modeles est liée a l'utilisation de marqueurs microsatellites. En particulier, le manque de
statistiques résumées disponibles pour ces marqueurs dans les logiciels « clé en main »
comme ABCtoolBox, ainsi que le manque de connaissance de leur modéle mutationnel
pourraient expliquer que les données simulées avec un bon scénario s’ajustent mal aux
données observées. Alors que les taux de mutation et modeéles mutationnels sont
relativement bien connus pour les données de séquences, dans nos simulations nous avons
mis des priors sur les paramétres du taux de mutation ainsi qu’un hyperprior (i.e., prior sur
les priors) sur la forme de la distribution gamma. Ces priors et hyperpriors peuvent
provoquer des bruits dans I'estimation des parametres. A ma connaissance aucune étude n’a
comparé la puissance d’inférence des parametres démographiques et génétiques a partir de
marqueurs microsatellites a celle obtenue a partir de séquences. Cette problématique fera
I'objet d’'une collaboration avec Aurélien Tellier (Université Munich, Allemagne) lors de mon
année de post-doctorat financée par le projet PICRI de la région lle-de-France. Nous
utiliseront pour cela les jeux de données microsatellites et des séquences nucléaires chez les

cing espéeces de pommier du genre Malus.
5. Co-divergence hote-pathogeéne lors des processus de domestication

Comprendre les mécanismes d’émergence de pathogenes chez les plantes
domestiquées et leur dispersion dans les agrosystémes est un enjeu essentiel si 'on veut
mieux les controler dans le futur (Anderson, May, 1982). Venturia inaequalis est un
champignon pathogene responsable d’'une maladie appelée la tavelure, affectant le
pommier cultivé et causant de sérieuses baisses de qualité dans la production de pommes
(Gladieux et al., 2008) (Figure 4). Des résultats antérieurs ont retracé I’histoire évolutive de
ce pathogéne depuis le centre d’origine du pommier cultivé (M. domestica) en Asie Centrale
jusgu’en Europe, montrant que ce pathogéne était originaire d’Asie Centrale (Gladieux et al.,
2008) et pointant M. sieversii comme son hote d’origine (Gladieux et al.,, 2010b). Ces

résultats sont conformes avec I'hypothése d’un phénoméne d’host-tracking® dans lequel V.

> Ce terme se référe a un des mécanismes a I'origine des agents pathogénes dans les agrosystémes :
la co-divergence hote/pathogeéne. Cette co-divergence référe a I’évolution d’un agent pathogene lors
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inaequalis se serait dispersé jusqu’en Europe en suivant son héte M. domestica lors de sa
domestication. Il aurait ensuite colonisé I'Europe par expansion démographique, en
s’établissant sur M. sylvestris, hote qui ne présentait jusqu’alors pas de traces de ce
pathogene. D’autre part, la domestication du pommier a été associée a une différenciation

génétique chez le pathogene (Gladieux et al., 2010b).

Figure 4. Tavelure de pommier (Venturia inaequalis) sur des feuilles de Malus sylvestris
(Photo : Bruno LeCam).

De la méme maniére qu’on observe des syndromes de domestication chez les plantes
cultivées, des changements de traits d’histoire de vie des pathogenes s’adaptant a leur
nouvel héte domestiqué et aux agrosystéemes associés peuvent apparaitre. Une étude a
laquelle j'ai collaboré (Manuscrit E, Annexe 2, Le Van et al 2011) a ainsi testé par
inoculations croisées les changements de pathogénicité de V. inaequalis associés a la
domestication du pommier cultivé et a sa dispersion jusqu’en Europe. Les trois especes
hotes M. domestica, M. sylvestris et M. sieversii ne sont pas faciles a discriminer sur la base

de caractéres morphologiques, j'ai donc génotypé les arbres inoculés pour vérifier leur statut

du processus de domestication de son hote (host-tracking). Dans ce modele, 'agent pathogéne et
I’h6te partageraient le méme centre d’origine.
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taxonomique. En résumé, les résultats montrent une évolution de la pathogénicité des
populations de V. inaequalis lors de 'adaptation a son héte domestiqué a travers I'Eurasie.
Les études sur les processus de domestication des micro-organismes commencent a
émerger (Libkind et al., 2011; Liti et al., 2009), en particulier I’étude des processus de
« domestication » (dans le sens « changement évolutif di a 'homme, mais par forcément
intentionnellement ») des pathogénes associés a la domestication de leur hote (Stukenbrock
et al., 2007; Zaffarano et al., 2008). Les résultats sur V. inaequalis (Gladieux et al., 2008;
Gladieux et al., 2010b; Lé Van et al., 2012) montrent I'impact de la domestication d’un arbre
cultivé sur I'évolution de son pathogéne a la fois en termes de différenciation génétique et
d’évolution de traits d’histoire de vie. L'interaction V. inaequalis - M. domestica représente
ainsi un modele idéal afin d’étudier la coévolution hote-pathogene lors des processus de
domestication. Le développement des approches de génomique rapides et peu colteuses,
permettront d’obtenir les génomes de pommiers cultivés, d’Asie Centrale et d’Europe, ainsi
gue les génomes des souches de V. inaequalis associées a ces individus hotes afin de tester
I'existence de balayage sélectifs liés a I'adaptation a I'h6te domestiqué. En particulier, il
serait intéréssant d’étudier les génes impliqués dans la pathogénicité, et en parallele

d’établir la co-structuration hote-pathogéene liée a I'host-tracking.
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Annexe 1: Conserver et utiliser les ressources génétiques du pommier sauvage
européen (Malus sylvestris)

Cornille Amandine, Giraud Tatiana, Collin Eric
(2012) Forét-entreprise, 205: 40-41.
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Conserver et utiliser les ressources
génétiques du pommier sauvage

Amandine Cornille*, Tatiana Giraud* , Eric Collin**

Les hybridations entre pommiers sauvages et arboricoles sont étudiées afin de mieux préciser la

provenance et la qualité des plants réintroduits en agroforesterie.

? intensification de I’agri-
culture depuis la révolu-
tion verte jusqu'a nos
jours s’est accompagnée
d’une perte de biodiversité considéra-

ble dans les agrosystemes. Il faut dé-

sormais revisiter nos pratiques agrico-
les, non seulement pour une meilleure
efficacité agronomique mais aussi pour
la qualité de notre environne-
ment. L’aménagement
de parcelles agrofo-

Pommier sanvage : Malus sylvestris, Ardéche, 2008.

Forét-entreprise n°205-juillet 2012

restieres favorise la protection intégrée
des productions agricoles en héber-
geant une faune auxiliaire abondante
et variée. Une part importante
des agriculteurs (30 %) se
montre intéressée par la
mise en place d’'une
ou plusieurs parcelles
agroforestieres dans
leur exploitation. Il est

© Duchemin

[

donc pertinent et pri-
mordial que les gestionnai-
res du territoire, en particulier les
agriculteurs et les collectivités, puis-
sent disposer d’outils simples, lisibles
et efficaces pour un développement
plus intense et mieux raisonné de la
réimplantation de I'arbre champétre.
Cependant, ces mesures, si elles se
veulent raisonnées et durables sur le
long terme, dépendent directement
de la connaissance de l'identité gé-
nétique des arbres plantés, ainsi que
deleur diversité génétique locale, mais
aussi de la diversité génétique existant
a plus grande échelle.

Le pommier sauvage,

une espece rare qu’‘on apprend

a connaitre

Les agriculteurs et les forestiers dési-
reux de réintroduire des pommiers
sauvages dans le paysage bocager ou
forestier sont confrontés & un double
probléme : comment se procurer des
plants, comment étre sar qu’il s’agit
bien de pommiers sauvages et non de
résultats de croisements avec des va-
riétés fruitieres ?
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Powames de Malus sylvestris, Orléans 2009,

Les instances en charge de la conser-
vation des ressources génétiques des
arbres forestiers en France (CRGF?)
et en Europe (EUFORGEN®™)) s'inquie-
tent des conséquences de plantations
forestieres réalisées avec du matériel
de provenance inconnue ou & base gé-
nétique trop étroite (ex : graines ré-
coltées sur un seul arbre). Une thése™®
en cours d’ach&vement et un projet
(PICRI*®) qui la prolonge vont heureu-
sement permettre d’apporter des ré-
ponses a ces questions et des bases
pour combattre cette cause d'inquié-
tude.

Sur le plan fondamental, cette thése
met en lumiére les mécanismes géné-
tiques qui ont conduit 4 la différencia-
tion des espéces de pommiers en Asie
et en Europe ces 60 Q00 derniéres an-
nées et qui ontaccompagné la domes-
tication du pommier par I’homme il
y amoins de 10 000 ans. De maniére
plus appliquée, elle fournit des indica-
tions pour la conservation et |'utilisa-
tion des ressources génétiques des
pommiers sauvages de France.

Une recommandation serait d’éviter
les transferts de graines et plants en-
tre I'est et I'ouest du pays, dont les po-
pulations actuelles de pommier
semblent génétiquement différen-
ciées, car issues de refuges glaciaires
géographiquementisolés. De plus, les
travaux de thése ont montré que 50 %
de pommiers sauvages échantillonnés
a travers I'Europe (800 individus),
identifiés sur la base de criteres mor-
phologiques, se sontrévélés étre des
hybrides avec le pommier cultivé. Les
analyses de I'’ADN conduites sur 1 200
échantillons de pommiers forestiers et

fruitiers de différents pays d’Europe
ou d’Asie ont également permis de
sélectionner des marqueurs molécu-

laires utilisables en routine & moin-
dre colt pour des études plus
appliquées, comme celles qui seront
mises en ceuvre dans le projet qui
vient de débuter.

Un vaste échantillonnage

en cours

Le projet a pour but premier d’étudier
les hybridations entre pommiers sau-
vages et cultivés en fle-de-France, mais
son champ s’étend naturellement &
I’ensemble du territoire national, no-
tamment pour estimer la diversite et
ces génétiques de pormmiers sauva-
ges. Grace au vaste échantillonnage'®
engageé par des bénévoles et des or-
ganismes forestiers, Ce projet permet-
tra au laboratoire Ecologie,
Systématique et de
I'Université Paris-Sud et CNRS, de me-
surer la diversité génétique a I'intérieur

Evolution

de populations des pommiers sauva-
ges, la différenciation entre popula-
tions et les hybridations entre espéces
sauvage et cultive.

Cette étude permettra a I'assoclation
francaise d’Agroforesterie (AFAF) d'es-
timer quelles sont les meilleures po-
pulations sauvages candidates & choisir
pour la réimplantation des arbres en
milieu agricole. Leur but final est de
mettre en place des politiques locales
de réintroduction du pommier sau-
vage dans les plus brefs délais et dif-
fuser les informations acquises le plus
largement possible vers les agricul-
teurs et les régions. L'association a

dossier

aussi pour but de généraliser cette dé-
marche et de la pérenniser a long
terme sur les autres espeéces fruitieres
comme le poirier, le cormier, le meri-
sier, le chéne, et |’érable.

Les données recueillies permettront
aussi de préciser les précautions a res-
pecter en matiere de récolte et de
transfert géographique des graines et
plants destinés aux plantations. Elles
permettront aussi de repérer les pom-
miers faussement forestiers, issus en
fait de pépins de variétés fruitieres ou
de croisements sauvage-cultivé, Des
récoltes de greffons pourront étre réa-
lisées sur une cinquantaine de pom-
miers sauvages pour constituer un
(des) verger(s) a graines conserva-
toire(s) régionalisé(s), ce qui permet-
trait de résoudre, pour la (les) région(s)
concernée(s), les problémes d’'utilisa-
tion et de conservation évoqués ci-
dessus. Plus généralement, les
résultats de la thése et du projet per-
mettront & la CRGF de jeter les bases
d’une stratégie de conservation du
pommier sauvage en France et de fa-
ciliter son élargissement a |’échelle
paneuropéenne dans le cadre du ré-
seau EUFORGEN. [l

Amandine Cornille™, Tatiana Giraud* :
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Université Paris-Sud, 91405 Orsay ;
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Annexe 2: Evolution of pathogenicity traits in the apple scab fungal pathogen
in response to the domestication of its host (Manuscrit E).

Amandine Lé Van, Pierre Gladieux, Christophe Lemaire, Amandine Cornille,
Tatiana Giraud, Charles-Eric Durel, Valérie Caffier and Bruno Le Cam
(2012) Evolutionary Applications, in press.
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Keywords
apple scab, coevolution, disease emergence,
plant-microbe interactions, wild crop Understanding how pathogens emerge is essential to bring disease-causing

relatives. agents under durable human control. Here, we used cross-pathogenicity tests
to investigate the changes in life-history traits of the fungal pathogen Ventfuria
inaequalis associated with host-tracking during the domestication of apple and
subsequent host-range expansion on the wild European crabapple {(Malus
sylvestris). Pathogenicity of 40 isolates collected in wild and domesticated eco-
systems was assessed on the domesticated apple, its Central Asian main progen-
itor (M. sieversii) and M. sylvestris. Isolates from wild habitats in the centre of
origin of the crop were not pathogenic on the domesticated apple and less
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aggressive than other isolates on their host of origin. Isolates from the agro-
ecosystemn in Central Asia infected a higher proportion of plants with higher
aggressiveness, on both the domesticated host and its progenitor. Isolates from
the Buropean crabapple were still able to cause disease on other species but
were less aggressive and less frequently virulent on these hosts than their
endemic populations. Our results suggest that the domestication of apple was
associated with the acquisition of virulence in the pathogen following host-
tracking. The spread of the disease in the agro-ecosystem would also have been
accompanied by an increase in overall pathogenicity.
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current host along the domestication process (e.g. Munk-

lnsodtction acsi et al. 2008; Gladieux et al. 2010; Giraud et al. 2010;

The domestication of plants, expanding global trade and
agriculture are major drivers of plant pathogen emergence
(Pysek et al. 2010). Understanding how pathogens emerge
on domesticated plants and spread in the agro-ecosystem
is essential to bring disease-causing agents under durable
human control (Anderson et al. 2004). Population genetic
analyses on samples from domesticated and wild hosts
have provided important insights into the origins of fun-
gal pathogens (Gomez-Alpizar et al. 2007; Frenkel et al.
2010; Stukenbrock et al. 2011; Torriani et al. 2011). The
emergence of pathogens on domesticated hosts can result
from the colonization of a novel host or from a process
of host-tracking where the pathogen simply follows its

Hansen 1987; Stukenbrock and McDonald 2008). Coloni-
zation of a novel host can be due to host-range expansion
(ie. colonization of a new host species while remaining
pathogenic on the ancestral host) or host-shift (i.e. colo-
nization of a new host species associated with the loss of
the ability to infect the ancestral host). By definition,
host-shifts involve very strong (qualitative) host special-
ization and can lead to rapid speciation through the evo-
lution of an association between genes involved in host
adaptation and genes conferring reproductive isolation
(Couch et al. 2005; Giraud et al. 2010). In the case of
host-range expansion or host-tracking, specialization is
not an obligate outcome but quantitative specialization to

® 2012 Blackwell Publishing Ltd. This is an open access article under the terms of the Creative Commons Attribution 1
Non Cormmercial License, which permits use, distribution and reproduction in any medium, provided the original work is

properly cited and is not used for commercial purposes.
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the new host can nonetheless be observed, with a lower
performance on the ancestral host of pathogen popula-
tions from the new host compared to native populations
(Fry 2003; Sicard et al. 2007). In fungal plant pathogens,
specialization is favoured by some particular Tife-history
traits including a large number of spores,
the host and high sclection cocfficients on a limited num-
ber of genes (Giraud et al. 2010).

In addition to the divergent seleciive pressures caused
by the genetic differences among ancestral and domesti-
cated hosts, pathogens are also exposed to a novel habi-
tat, the agro-ecosystem, drastically different from natural
ecosysterns.  The particular features of the human-
engineered environment are thought to further enhance
pathogen specialization to the domesticated Thosts
{Stukenbrock and McDonald 2008). Unlike natwral plant
populations, the high density and genetic uniformity of
cultivated plant populations are highly conducive to
pathogen transmission between infected and noninfected
hosts, which favours more aggressive pathogens (Ander-
son and May 1982; Hochberg 2000; Thrall et al. 2007).
Moreover, cultivated crops represent large targets for
pathogens shifting from other hosts, while the large and
widely connected pathogen populations associated with
the agro-ecosystem are potential reservoirs for novel epi-
demics on nalve hosts that do not have evolved defence
mechanisms (Couch et al. 2005}, The vast-scale and
homogenous availability of nutrients in the agro-ecosys-
temn Is alse expected to emable the development of
very Jarge populations of pathogens, thereby Increasing
the efficiency of selection and accelerating adaptation
{Karasov et al. 2010),

in analogy with the commoen suite of morphological
and physiological traits that distinguish crops from their
wild ancestors (Doebley et al. 2006 Zeder et al. 2006),
the changes in life-history traifs of pathogens adapting to
domesticated hosts and to the agro-ccosystem can be
regarded as a ‘domestication syndrome’. Unlike plants,
however, for which the domestication syndrome has been

mating within

extensively investigated, the study of the evolutionary
changes in pathogens associated with the domestication
of plants and ecosystems is still in its infancy, This might
be related to the lack of archaeclogical data on pathogens
and to the difficulty in identifving, getting access and col-
lecting samples in the centre of origins of diseases. Studies
on the rice blast pathogen, Magnaperthe orvzae, have
demonstrated differences in pathogenicity traits between
populations infecting domesticated rice and the ancestral
fiest of the pathogen, Setaria millet. Isolates from Setaria
millet were either not virulent on rice or less aggressive
than isolates from rice (Couch et al. 2005). Similatly, the
pathogen Rhynchosperium shifted from an unidentified
ancestor to cultivated bardey and rye and spedated after

L& Van et al

adaptation to its new hosts at the time of domestication
of cereals in the Fertile Crescent {Zaffarano et al, 2008).,
The pathosystern Malus spp.-Vemturia inaequalis (apple
scab) is an excellent system to investigate the changes in
life-history traits of pathogens adapting to domesticated
hosts and to the agro-ecosvstern. First, the life-history
traits of V. thaequalis confer to this ascomyecte an impot-
tant evolutionary potential (McDonald and Linde 2002).
The fongus reproduces both asexvally during spring and
sununet (epidemde phase) and sexually during winter
(saprotrophic phase). Reproduction occurs between
strains of opposite mating types that have infected the
sarne leall This reproductive system, where mating occurs
between individuals that were able to grow on the same
host genotype, is highly conducive to rapid ecological
divergence (Giraud et al. 2080; Gladieuwx et al. 2011). Sec-
ond, the story of the apple domestication is well docu-
mented. Historical information (Juniper and Mabberley
2006} and (partial} genetic evidence (Harris et al. 2002
Velasco et al. 2010) suggested that the centre of origin of
the cultivated apple (M. x domestica) was Central Asia,
where the wild apple M. sieversii, its main progenitor,
forms foresis {Harris et al. 2002}, From Central Asia, the
domesticated apple was moved westward to Europe and
eastward to China following the Silk Road (Juniper and
Mabbetley 2006}, During the spread of apple cultivation,
several other Malus specles may have contributed to the
gene pool of M. X domestica. While the domesticated
vatieties appear closely related to M. seversii (Velasco
et al. 2010), a possible contribution from the Buropean
crabapple M. sylvestris to the domesticated apple gene
pool is still debated (Coart et al. 2006; Harrison and Haz-
rison 2011; Micheletti et al. 2011; A Comille, P. Gladieusx,
L. Rolddn-Ruiz, F. Laurens, B. Le Cam, M. J. M. Smul-
ders, A. Nersesyan, J. Clavel, M. Olonova, L. Peugey, L
Gabrielyan, X, G Zhang, M. 1L Temillon, T. Giraud,
unpublished manuscript). The speciation between Euro-
pean and Central Asian wild apples likely occurred during
Pleistocene repeated glaciations owing to the retreat and
fragmentation of an ancient corndor of Tertiary temper-
ate forests that ranged from the Atlantic Ocean to Bering
(Juniper and Mabberley 2006), Malus sylvestris is now
considered as an endangered free species in some Buro-
pean regions, with a very scattered distribution (Stephan
et al. 2003; A Cornille, P. Gladieux, I Roldin-Ruiz,
Lawrens, B. Le Cam, M. 1. M. Smulders, A, Nersesvan, 1.
Clavel, M. Olonova, L. Feugey, I Gabrielyan, X. G.
Zhang, M. 1. Tenaillon, T. Giraad, unpublished manu-
seript). Third, population genetics studies on V. #noequal-
is provided Important clues about the evolutionary
history of this pathogen. A previous study on the popula-
tion structure of V. inaequalis showed that the pathogen
shared a commeon origin with its host in Central Asia

& 2012 Blackwell Publishing Ltd
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{Gladieux et al. 2008}, A subsequent study on populations
of V. inaequalis infecting the wild apples M. sieversii and
M. sylvestris pinpoioted M. sieversii as the host of origin
of the fungus (Gladieux et al. 2010). Results were consis-
tent with a host-tracking scenario in which V. inaequalis
spread Inte Burope together with the domesticated apple
and subsequently expanded its range to M. splvestris, pre-
viously free of apple scab. Population genetic analyses
indicated that apple domestication had a strong impact
on the population structure of the pathogen: apple
domestication was associated with significant changes in
the genetic differentiation of V. fmaegualis populations in
their centre of origin but had little Impact on historical
dermnography and mating system of the fungus (Gladieux
et al. 2010), Three distinct gene pools were indeed identi-
fied based on microsatellite data by Gladieux et al
{2010): a population geographically restricted to the
south-eastern  mountains  of Kazakhstan parasitizing
M. steversii (CAM population), an Asian population
infecting M. X domestica and M. sieversii in peri-urban or
agricultural aveas (CAP population) and a Buropean pop-
wlation present on M. X domestica and M. sylvestris (EU
population) (Gladieux et al. 2010). Gladiewy et al. (2010)
hypothesized that the mountain population (CAM) could
represent a relict of the ancestral populations that infected
M. steversii before apple domestication and from which
the other populations would have diverged following
domestication. The CAM population would represent an
undisturbed population of the pathogen fom natural
ecosystems, while the CAP and EU populations would be
evolved populations in contact with the agro-ecosystem.
Here, we used cross-inoculation tests to investigate the
changes in pathogenicity traits of the apple scab fungus
V. inaequalis  associated with the domestication and
spread of its host. Pathogenicity of 40 iselates collected in
wild and domesticated ecosvstems was assessed on the
domesticated apple (Malus X domestica), its Central Asian
main progenitor (M. sieversii) and the wild Baropean
crabapple (M. sylvestris). Two components of pathogenic-
ity were anabysed: virulence, that is, the ability to infect a
given host genotype, and aggressiveness, that is, the sever-
ity of the disease in successful infections. We tested the
hypotheses that agro-ecosystern features such as high host
density favoured pathogen specialization on M. x domes-
tica as well as an increase in aggressiveness, while the fea-
tures of the Furopean forest ecosvstern with a very
scattered host distribution did not lead to the specializa-
tion on M. sylvestris. We tested more specifically the fol-
lowing hypotheses: (i) host-tracking of V. fraequalis from
the wild ancestor to the cultivated apple has been associ-
ated with a gain in virulence; evidence would be that iso-
lates from the wild Asian progenitor are unable to cause
disease on M. X domestica; (i) adaptation to the culti-

@

r

012 Blackwell Puilishing Lind

Pathogen evolution under host domestication

vated apple has been associated with increased overall
pathogenicity; evidence wounld be that isolates from
domesticated apple trees are more aggressive or mose fre-
quently virulent on the wild Asian progenitor than the
endemic isolates; (i) the emergence of apple scab on
wild crabapple populations in Burope was due to a host-
range expansion and not a host-shift of V. inaequalis
populations from  agro-ecosystems; evidence would be
that isolates from crabapple trees are siilll able to cause
disease on the domesticated frees; iv) the host-range
expansion on M. sylvestris, nevertheless, resulted in a cer-
tain degree of specialization; evidence would be that crab-
apple  Isolates show lower aggressiveness or lower
frequency of virulence on domesticated trees than isolates
fram M. X domestica.

Materials and methods

Fungal isclates

This study was based on a total of 40 isolates of V. ingeg-
ualis (Table 1) sampled on M. sieversil, M. X domestica
and M. sylvestris. Three core collections of V. innequalis
were previously constructed, one per Malus species of ori-
gin, as maximizing nentral genetic diversity among iso-
lates genotyped with 12 SSR loci (L& Van etal. 2011).
Each core collection was constituted by 15 isolates except
the ‘M. % domestien core collection” constituted by 10 Iso-
lates. The isolates originating from CAM, CAP or EU
populations (Gladieux et al. 2010) were dassified into five
pools labelled after thelr geographic origin (Asia or Bur-

ope), the environment of origin (wild or agro-ecosystem)
and the host of origin (M. sieversii, M. X domestica or
M. sylvestrisy: “WildAsiaSiev’, ‘AgroAsiaSiev’, ‘AgroAsia-
Dom’, ‘AgroBuDom’ and ‘WildFuSylv’ (Table 1).

Plant material

Two cultivars of M. X dosmestica, three accessions of
M. sieversii (GMAL 3619.b, PI 633797.d and PL 63379%.2)
and four accessions of M. splvestris (X 9650, X 9651, X
9653 and X 9654) were used in this study. The two culti-
vars, Gala and Top Red Delicious (latter on called ‘Top
Red), are extensively cultivated worldwide. Malus ¢
accessions were collected in Kazakhstan in two different
localities (Figure S1). GMAL 3619.b and PI 633799.¢ were
collected from the Tarbagatal mountain range, and PL
633797.d was ocollected from the Diungarsky mountain
range (Forsline etal. 20010; USDA website: Thetp://
www.ars-grin.govicgi-binmpgs/html/search.pl), Malus syl-

2t st

vestris accessions were collected in the French forest of
Rambouillet. Budwoods were grafted on MMI06 apple
rootstocks and then maintained in a greenhouse, The
plants of M. sylvestris wed in pathogenicity tests were
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ntion of the Venturia insequ: olates used in this study,
isolate Country of origin Sampled year Ponulation nams Malus host (Cultivar)
Kazakhstan 2006 WildAsiaSievt
Kazakhstan 2006 WildAsiabievt
Kazakhstan 2006 Wil Asias vt
Kazakhstan 2006 WildAsiaSievt
Kazakhstan 20066 WilkdAsias ievt M. steversii
Karakhstan 2006 WildAsiaSievt M. sieversil
22 Kazakhstan 2006 WildAsiaSievt M. sieversii
2225 Kazakhstan 2006 WildAsiaSievt M. sieversii
2227 Kazakhstan 2006 AgrofsiaSievi
2228 Kazakhstan 2006 Agrofsiasiev]
2229 Kazakhstan 2006 iaSievt
2230 Kazakhstan 2006 siasievi
2231 Kazakhstan 2006 siaSievi
2233 China 2005 AgroAsiasiev]
2234 China 2005 AdrofsiaSievi M. sfeversii
2278 China 2005 AgroAsialo M. = domestica (Goiden Relicious)
2275 China 2005 M. x domesti
2281 China 2005 M. X domestica pdcw Century)
China 2005 3 Dom} M. % domestica (Navy Cantury)
China 2005 AgroAsiabomi M. domestica (Gala)
Franca 2005 AgroEuDom§ M. % domestica (Mutsu)
France 2005 M. % domestica MU
France 2005 M. domestiza (MU
Snain 2005 M. % domestica (Wwe
Germarny 1998 Az;'m L Domi d !‘J’[)v’?')“\ﬁ(u {Coon 8)
france 2005 WildEuSyive
France 2005 WildELSyivE
France 2005 WildEuSyive M. sulvestris
Frange 2005 j M. sylvestris
France 2008 M. sylvestris
France 2005 g vestris
France 2005 WilEUSYVE L svlvestris
france 2005 WildEu M. sylvestris
France 2005 WildEuSyive W sylvestris
France 2005 WildEuSyive M. sylvestris
Franca 2005 WildEuS i
france 2008
France 2005 WildELSyVE
France 2005 WildEuSyive L Swlvestris
Franee 2005 WildELSyivE M. sylvestris

*These isolates were inocuiated anto M.
+This popuiation helongs to the
$This pop
§This population belorgs to the previously identifi

w domestica and M. syivestris

1

ation helongs to the previously identifie

genotyped using mricrosatellite markers, and their assign-
ment to the gene pool of their putative species of origin
was checked using a reference data set {Data §1).

Cross-pathogenicity tests

The 40 Isolates were nocwlated omto all host genotvpes
during theee rounds of experiments per host species. For
each experiment, one to six isolates of each fungal popu-

nat anta M. sieversi.
reviously identified Cal (Cantral Asian Mountal
tral Asian Plains) 1
£U {European) population.

st population (Glagieux =t al. 2010).

puietion.

lation were inoculated onto one Meafus species. For inocu-
lations onto M. sieversii, 28 of 40 isolates were noculated
because of limited plant material available (Table 1), Only
actively growing plants with uniform growth were chosen
and transferred to a quarantine-controlled climate cham-
ber for subsequent inoculations. We used a guarantine
room because of the exotic origin of nwmerous Isclates
whose unknown vindence may present a risk. Inocda
were obtained by growing monoconidial isolates of the

il Publishing Ltdl
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fungus on cellophane sheets deposited onto malt agar
medium (Bus et al. 2005). Monoconidial suspensions of
each isolate were adjusted to a concentration of 1.5 % 107
conidia/mL. Germination rates were assessed for each
monoconidial suspension on malt agar plates to ¢heck for
the viability of conidia. Germination rates ranged from
34% to 95% depending on the isolate and the experi-
ment, with more than 64% reached in 73% of cases. Fach
isolate was sprayed using an air pressure hand-sprayer on
four to five replicates of each host genotype. All Jeaves
were inoculated. For the first 48 h after inoculation, the
plants werg kept in darkness with humidity maintained at
100% and temperature at 18°C to allow conidia germina-
tion and fungal infection. Humidity was then reduced to
80% with 16-h light per day. Percentage of each leaf
showing sporulation was scored visually at 14, 21 and
28 days after inoculation (dai) on an ordinal scale, rang-
ing from 0 (no sporulation) to 8 (100% of leaf area
showing sporulation) (L8 Van et al. 2011). Por virulence,
each replicate was either scored as infected or not {no vis-
ible sporulating symptoms at 28 days).

Data analyses

Analyses of virulence

Virulence was defined as the ability of an isolate to pro-
duce sporulating symptoms on a host genotype. A Pear-
son’s chi-squared test was performed on contingency
tables to test for independence between virnlence and
population of origin. Because of expected cell count
below five, P-values were computed for a Monte Carlo
test (Hope 1968} with 1 x 16° replicates. When virulence
and the population of origin were not independent, mul-
tiple comparisons were made using Pearson’s chi-squared
tests on two-by-two contingency tables using the Bonfer-
ronl corrsction. A Pearson’s chi-squared test was also
conducted to test for independence between virnence
and Malus species tested.

Analyses of aggressiveness

Aggressiveness was measured as the area under the disease
progress curve (AUDPC) calculated on the sporulation
percentage of the most diseased leal of each replicate. The
‘AUDPC variable was analysed using a linear mixed-
effect model (LME). The ‘isolate’ was treated as random
factor and nested in the population of origin. The cult-
vars were treated as fixed factors. A variance function was
used for modelling the within-group heteroscedasticity.
Bach factor (isolate, population of origin, Malus species
of origin, tested cultivar and round of experiment) was
included in the model based on an ascendant selection
using BIC (Bayesian Information Criterion) to select the
best model (Pinheiro and Bates 2000}, The model was fit-
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ted by maximizing the log-likelihood. Al statistical analy-
ses (virulence and aggressiveness) were performed using
the ‘nlme’ package (Pinheiro et o, 2008) in R version
2.10.1 (R-Development-Core-team, 2008).

Results

Virulence

Molus  sieversii plants were significantly miore often
infected by isolates from Central Asia sarapled in the
agro-ecosystem area, either from M. sieversii (AgroAsia-
Siev population) or from M. X domestica (AgroAsiaDom
population), than by isolates sampled in the wild area in
Central Asia (WildAsiaSiev population) or isolates from
Europe, either from wild or from agro-ecosystermn (Pear-
son’s chi-squared tests on two-byv-twe contingency tables;
Fig. 1). Isolates belonging to the Asian population from
the agro-ecosystern were able to infect up to three M. sie-
versii accessions, whereas isolates from Europe were able
to infect up to two accessions. Only one of the three
accessions was infected by isolates from the WildAsiaSiev
population {Table 2}, The higher frequency of virulence
on M. sieversii in fungal populations from Asian agro-
ecosysterns suggests that the spread of the disease on the
domesticated apple has been associated with an increase
in pathogenicity of V. inaequalis.

None of the M. X domestica cultivars was infected by
the WildAsiaSiev population. Malus X domestica cultivars
were significantly less frequently infecied by the WildAsia-
Siev population than by other pathogen populations
(Pearson’s chi-squared tests on two-by-two contingency
tables; Fig, 1), All other populations were able to infect
both M X domestica cultivars (Fig. 1) The lack of patho-
genicity of isolates from wild habitats of the centre of ori-
gin of the crop when inoculated on the domesticated
apple indicates that the host-tracking of V. inavqualis
from the wild ancestor to the cultivated apple has
dernanded acquisition of new virulence.

Although  isolates from both M x domestica and
M. sylvestris were able to infeet M. X domestica cultivars,
the number of infected plants was significantly lower
when challenged with isolates from M. sylvestris (WildEu-
Sylv population) thao with isolates from M. % domestica
cither collected in Asia or in Burope {y’ = 9.44; P < 0.01
and y° = 6.8%; P < 0.01, respectively). This suggests a cer-
tain degree of specializaton by isolates parasitizing the
European crabapple. No significamt differences  were
observed between isolates from M. X domestica from
either Asia or Europe (P = 1} (Big. 1),

Mafus  syfvestris  plants  were  significantly  more
frequently diseased after inoculation by isolates from
M. sylvestris than by isolates from other Malus species
(Pearson’s chi-squared tests on two-by-two contingency
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Pathogen populations
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Figure 1 Percentage of plants of three Mals species infected by five Venhel nseguels populations. Nate that an empty place indicates zera
infected plant for the carespanding pathagen population. Virdlence was measured on three accessions for M. geversi wa cullivars far
M. x domestica and faur accessions for M. gavestris. Differert letters indicate significant differences between populations {F < 0.05) {Pearsan’s
chi-sryuared tests with Banferroni carrection an twia-by-twa cantingency table).

Tahle 2. Muraber of virulent isolates of Venfurs ngeguali out of the number of solates tested for each genotype of three Malis species.

M. dlomasticg

M. sieversii accessiong cultivars M. Sideestris arcessiang
Pathagen papulation GRAL 3619k Fl 633 797.d FIG33 799 Gala Tap Red X650 #9651 HOA53 HOa54
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Agradsialarm &4 344 34 55 55 05 05 144 0/
AgraBulorm =) 15 145 =¥ == 05 05 05 15
WAldEuSyh 44 0/ 1/ 1315 1215 1414 5 412 B4

tables; Fig. 1}, except for AgroAsiallom. Moreover, some
isolates from M. splvestris were able to infect up to three
different M. splvestris accessions, whereas isolates from
other populations were able to infect a single accession.
This suggests that the colonization of M. splvestris has
demanded a certain degree of adaptation.

The number of diseased plants was not significantly
different when challenged with isolates from the agro-eco-
gystemn in Asia sampled on M X domestica or on M. sie-
verséi {¥* — 003 P — 1) Similar to the pattern of
virulence observed on M. x domestica, the eight isolates
from WildAsiaSiev were not able to infect M. sphestris
accessions (Fig. 1} Malus syhestrss accessions were resis-
tant to a significantly higher number of isolates than
M x domestica or M. sieversii accessions (¥ — 355.28;
P < 0.0001).

Aggressiveness

Data of all experiments conducted on the same Malus
species were pooled. The experiment factor had no signif-
icant effect and did not improve LME models. As a con-
sequence, it was not eventually included in the models.
The within-group heteroscedasticity was modelled as a
power function of mean fitted values.

Because a single M. sieversii accession was susceptible
to all pathogen populations, statistical analyses were con-
ducted only for this accession {GMAL 361%.b}. The factor
‘population of origin’ explained the area under the dis-
ease progress curve (AUDPC) varlance {BIC — 3158} and
significantly improved the null meodel {BIC — 3176;
P < 0.0001). Isolates from Asia collected in the agro-eco-
system, either from M. sieversii or from M. X domestica,
were significantly more aggressive than isolates from other
populations on the M sizversii accession {Fig. 2}. The
AgroAsiaSiev and the AgroAsiallom populations were on
average fivefold and fourfold, respectively, more aggres-
sive than the WildasiaSiev population. This higher
aggressiveness of populations from agro-ecosystems on
M. sieversii is another evidence Indicating an increase in
overall pathogenicity following the spread of the pathogen
on the domesticated apple.

Aggressiveness of isolates from WildAsiaSiev was signif-
icantly lower than aggressiveness of isolates from Agro-
AsiaSiev, but not significantly different from
agpressiveness of European isolates, regardless of their
host of origin (M. x domestica or M splvestris), The
response of isolates from M. X domestica was different
across populations. Isolates from M. X domestica collected
in Asia {AgroAsialdom} were significantly more aggressive
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than isolates from Europe {AgroEullom} on M. sieversii.
The lower aggressiveness and the lower frequency of viru-
lent isclates in European population from the agro-eco-
gystem support the wview that, unlike in Central Asia,
pathogen populations in Europe evolved a quantitative
specialization to the apple-based agro-ecosystem.

For tests on M. X dmmestica accessions, the best model
induded the factor ‘“Mulus  spedes  of  origin’
{BIC — 3700}, significantly improving the null model
{BIC — 3715; P < 0,001} There was no significant effect
of the cultivar, cv. Gala and cv. Top Red having similar
responses. Thus, adding this trait to the model did not
significantly improve the BIC score {BIC - 3721}, The
most aggressive isolates were those from M. X domestica
regardless of their geographic origin {Asia or Europe}
{Fig. 2}. However, isolates from M x domestica were not
significantly more aggressive than isolates from AgroAsia-
Siev {P — 0.81} WildEuSyly was the least aggressive pop-
ulation, suggesting that the emergence of the disease on
M. splvestris was followed by the evolution of quantitative
specialization in pathogen populations.

The number of isolates virulent on M. spheestris acces-
sions was low {Table 2}. Furthermore, the severity of the
disease caused by virulent isclates was weak {Fig. 2} Az a
consequence, the statistical analysis of aggressiveness had
too low a power to infer any reliable conclusion and is
therefore not presented.

Discussion

Previous studies exploiting population genetic inference
revealed a marked impact of domestication on fungal
pathogen population structure, leading in some cases to
the emergence of novel pathogen species {Couch et al
2005; Munkacsi et al. 2007 Stukenbrock et al. 2007}

Fathogen evelution ander host domestication

However, the impact of domestication on pathogenicity
traits has rarely been investizated, despite being of
major importance to understand the consequences of
modermn human activities on disease emergence. We used
cross-pathogenicity tests in controlled quarantine condi-
tions to investigate the changes in pathogenicity traits of
the apple scab fungus, V) ingequalis, associated with the
domestication and spread of its host. Qur main findings
were that host-tradking was assoclated with a change in
virulence and an increase in aggressiveness of pathogen
populations from the agro-ecosystem. Our results sug-
gested that the transition from wild to apple-based
agro-ccosystem did not promote the evolution of spe-
cialized populations of V. incequalis, as they were still
able to infect the ancestral host plant [n contrast, host-
range expansion from the domesticated apple to the
European wild apple was associated with a certain
degree of host specialization, as populations of V. inasg-
ualis from AL splvestris caused a less severs disease on
M X domestica.

Changes in pathogenidty traits associated with
host-tracking

The pathogenicity of isolates collected in natural ecosys-
tems on the wild apple M sieversii {WildAsiaSiev} can be
compared to more recently founded pathogen popula-
tions from the agro-ccosystem to draw inferences on the
evolutionary changes associated with the emergence and
spread of V. inaequalis on the domesticated apple. The
lack of pathogenicity of isclates from the WildAsiaSiev
population when inoculated onto the domesticated apple
suggests a strong ecological differentiation between the
WildAsiaSiev population and the populations from the
agro-ecosystem. A similar pattern of pathogenicity was

Pathogen populations

Clwisasissier P2 A (m

mean AUDPC + SE
mean AUDPC + SE
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Figure 2 Mean area under the disease progress curve {AUDPC) {(+5E) of five Veniurs Maeguals populatiang inarulated arto three Maus species.
AUDPC was rmeasured an ane accessian for Mahe seversi twa cultivars far M. % domestica and twa accessions for M. seheastris. Different letters
indicate significant differences between papulations (P < 0.05), pararneters being estimated by the maximors-likeliood algarithen in the linear

riixed-effect madel,
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observed in a study on the rice blast fungus where isolates
of M. eryzae from ancestral undomesticated hosts (Setaria
millet) were not able to infect or were less aggressive on
domesticated rice (Couch et al. 2005). Unlike M. oryzae,
however, V. inaequalis did not emerge on the domesti-
cated crop following a host-shift but through a moere con-
tintous process of host-tracking. It could be hypothesized
that the disruptive change during domestication corre-
sponded to input of new resistance genes in the domesti-
cated apple species. Indeed, along the process of
domestication, M. X dasmestica might have hybridized
with several wild species of Malus such as M. sieversii, M.
baccata, M. kirghisorumi, M. orientalis {Coart et al. 2006
Forsline et al. 2010; A Cornille, P. Gladieux, I Roldan-
Ruiz, ¥. Laurens, B. Le Cam, M. J. M. Smulders, A. Ner-
sesyan, . Clavel, M. Olonova, L. Feugey, 1. Gabrielyan, X,
G. Zhang, M. L Tenaillon, T. Girand, unpublished manu-
script) from which new resistant genes could have been
introgressed. Resistance genes from M. sieversii might also
be unconsclously selected during the course of dormestica-
tion. A recent study also suggests that novel resistant
alleles may also have been created in crops during domes-
tication {Zhai et al. 2011).

Additional insights into the changes in pathogenicity
assoclated with the apple domestication can be gained by
comparing the frequency of virdlence and aggressiveness
of isolates collected in populations from natural and
agro-ecosystems. The different populations could only be
compared on M. sieversii, as lsolates from the WildAsia-
Siev population were avinudent on M. % domestica. Isolates
from the WildAsiaSiev population were less aggressive
and less frequently virulent on M. sieversii than isolates
from the population representing the Central Asian agro-
ecosystem (AgroAsiaSiev and AgreAsiaDom populations),
suggesting that spread of the disease on the domesticated
apple may have been assoclated with a  quantitative
increase in pathogenicity. These differences in overall
pathogenicity {both virulence and aggressiveness) may be
related to the contrasted ecological properties of the two
environments. Higher density and homogeneity of the
agro-ecosystern would have promoted higher pathogenic-
ity of populations infecting domesticated hosts, while the
cafchy  and  geographically  structured  populations of
M. sieversii {Richards ot al. 2009) would have impeded
the evolution of high pathogenicity in populations from
narral ecosystems. The lower overall pathogenicity of
WildAsiaSiev could also be explained by differences in
ance to V. inaequalie between M. sieversii popula-
tions from Central Asian mountains and plains, A study
of local adaptation using M.
which WildAsiaSiev and AgroAsiaSiev populations were
sampled would be interesting for assessing to what extent
WildAsiaSiev and AgroAsiaSiev populations are adapted

Tes

sieversii  genotypes from
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to their host, taking into account the potential diversity
in resistance to V. inaequalis existing within M. sieversii.

Apple-based agro-ecosystern did not promote the
evolution of specialized populations of V. inaequalis

The higher level of environmental homogeneity of the
agro-ecosystem Is thought to promote the ecological spe-
clalization of pathogens associated with cultivated species
(Stukenbrock and McDonald 2008). Following host-track-
ing, V. ingequalis populations on M. x dentestica did not
loose their capacity to infect their wild native host M. sie-
versii. In Central Asla, specialization of the V. ingegualis
population from M. x domestica agro-ecosystem might
have been impeded by recurrent gene flow between popu-
lations infecting domesticated apples and neighbouring
populations from M. sieversii in human-managed habitats.
In Burope, pathogenicity experiments supported quantita-
tive specialization of the V. imgegualis population from
the agro-ecosystern. This population was less frequentdy
viralent and less aggressive than Asian populations from
the agro-ecosystem on M. sieversit, Allelic combinations
providing higher pathogenic fitness on M. sfeversii would
have been unnecessary in European populations and
would thus have been progressively lost through genetic
drift. The observed quantitative specialization in Europe
could therefore be due to geographic distance rather than
to environmental differences between wild and agricul-
tural ecosystems,

The emergence of apple scab on the European wild apple
resulted from a host-range expansion associated with
quantitative host specialization

The pathogenicity of isolates from European crabapple on
the domesticated trees indicated that the emergence of
apple scab on M. sylvesiris resulted from a host-range
expansion and not a host-shift. Analyses further revealed
that the host-range expansion from M. X domestica to
M. svlvestris, nevertheless, led to a quantitative specializa-
tion with a lower frequency of virdlence and lower
aggressiveness of populations from M. sylvestris on the
native host M. x domestica, suggesting a trade-off between
adaptations onto these two hosts. The fower phylogenetic
distance between M. sieversii and M. x domestica (Velasce
et al. 2010} compared with that between M. x domestica
and M. sylvestris coudd explain the less pronounced trade-
off between adaptations to these two former hosts. Stron-

ger trade-offs are Indeed expected for host-range expan-
sion Involving phylogenetically distant hosts than for
host-tracking. Isolates from AL sylvestris were not mwore
aggressive on M. sylvestris than isolates sampled on other
hosts. The highly scattered distribution of M. sylfvestris
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across Europe and within forests may not promote evolu-
tion towards higher aggressiveness (Gilbert 20023, Envi-
ronmental context could thus be of primary Importance
for the evelution of pathogenicity and aggressiveness.

Concluding remarks

‘We have investigated the changes in pathogenicity in
populations of the pathogen V. inaegualis, associated with
the dowmestication of theit host. The eroergence of
V. inaequalis on domesticated hosts was assoclated with a
gain in virulence and a subsequent increase in aggressive-
ness on M. deversii trees in contact with the agro-scosys-
tem. These results are expected characteristics of the
domestication syndrome in pathogens. We hypothesize
that pathogen populations did not specialize on the
domesticated  host  becanse of the close relatedness
between their original wild host and M. X domestica and
the persistence of gene flow between pathogen popula-
tions from M. sfeversii and M. x domestica in Central

Asia. A decrease in the levels of gene flow in Furope
would have led to a decrease in aggressiveness of the
Furopean population {rom M. X domestica but without a
loss of its capacity to infect its original wild host. The
introduction of V. inaequalis in Furope was followed by a
host-range expansion from M. X demestica to the more
phylogenctically distant M. splvesiris. The existence of effi-
cient resistance traits in this wild species, in association
with its very low density in forests, may have limited the
increase in aggressiveness of the corresponding pathogen
population.

Our findings have important implications regarding the
assessment of risk for the emergence of highly aggressive
pathogens in wild and agricultural ecosystems. We show
here that regulation agencies, policy makers, as well as
plant breeders, should consider very carefully the risk of
host-tracking by pathogens onto domesticated species.
The favourable environment provided by the agro-ecosys-
tem can foster the emergence of new pathogens with
increased virulence and aggressivencss. While many plant
and animal species are still under domestication (Dia-
mond 2002), our results point to the considerable risk
that potentially unpoticed pathogens can adapt via host-
tracking and subsequently spread across continents.
Moreover, the finding that a pathogen having emerged in
the agro-ecosystem has increased its aggressiveness with-
out loosing its ability to infect its original host also sug-
gests that such pathogens can subsequently pose serious
threats to wild crop relatives. The policy regarding culti-
vated areas should therefore take into account the sur-
rounding wild ecosystem to prevent a ‘hoomerang’ effect,
that is, the return of more aggressive pathogens back on
wild original hosts.
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Figure 51. Geographic location of strains {circles} and hosts
(squares) sampling sites. Populations of strains are identified by differ-
ent colours: WildAsiaSiev (red), AgroAsialiev (orange), AgroAsialom
(purple), AgroBuDom {yellow; and WildBEuSylv {greenj. Red squares
represent the three accessions of M. si

ersi? from Kazakhstan. Acces-
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slons of M. splvesiris are located in France in the Rambouillet forest
(mext to Paris). Maps are pravided by Goagle Earth

Data §1. M. sylvestsis accessions were genotyped using microsatellite
markers, and their assignment to the gene pool of their putative spe-
cles of origin was checked nsing a reference data set.

Please note: Wiley-Blackwell are not responsible for the content or
fonctionality of any sapporting materials supplied by the anthors. Any

queries (other than missing material) shounld be directed to the corre-
spending author for the artide.
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Résumé : Malgré son importance économique, culturelle et historique, I’histoire évolutive du
pommier cultivé (Malus domestica) ainsi que celle de ses apparentés sauvages supposés, restaient
encore trés peu connues. En s’appuyant sur les nouvelles approches de génétique des populations
(approximate Bayesian computation) avec I’utilisation de marqueurs microsatellites et de séquences
nucléaires, cette thése a eu pour objectif d’étudier, a différentes échelles évolutives
(phylogéographie, spéciation, domestication), les mécanismes de diversification naturelle et
artificielle dans le genre Malus. Mes travaux ont porté sur quatre especes de pommiers sauvages
distribuées a travers I'Eurasie (Malus orientalis (Caucase), Malus sieversii (Asie Centrale), Malus
sylvestris (Europe), et Malus baccata (Sibérie)) et sur la seule espéce domestiquée du genre, Malus
domestica. Cette thése s’est articulée en quatre parties visant respectivement a inférer : (i) I’histoire
de la domestication du pommier cultivé depuis son centre d’origine en Asie Centrale, (ii) I’histoire de
la recolonisation post-glaciaire du pommier sauvage Européen (M. sylvestris), (iii) les histoires de
spéciation entre les cing espéces de Malus, (iv) les hybridations interspécifiques et les capacités de
dispersion des trois principaux contributeurs (M. sylvestris, M. sieversii et M. orientalis) au génome
du pommier cultivé. L'étude des mécanismes de diversification artificielle montre que les processus
de domestication sont originaux chez cet arbre fruitier, de par I'absence de goulet d’étranglement et
I'existence d’introgressions post-domestication fréquentes par une autre espéce sauvage (M.
sylvestris) que I'espéce ancestrale (M. sieversii). L'étude des processus de diversification naturelle
(phylogéographie, spéciation et structure des populations) révelent de grandes tailles de
populations, de forts flux de genes et de faibles structures génétiques spatiales chez chacune des
especes. Cette these a aussi révélé de forts taux d’hybridations interspécifiques, en particulier de
fortes introgressions des espéces de pommiers sauvages par le pommier cultivé en Europe et en Asie
Centrale. Cette étude a permis I'amélioration des connaissances de la structuration des populations
de pommiers sauvages ayant contribué au génome du pommier cultivé ainsi que de I’étendue des
hybridations du pommier cultivé avec les especes sauvages. Ces travaux revétent une grande
importance autant pour la conservation des pommiers sauvages, pour le maintien de leur intégrité
dans des habitats fragmentés que pour I'amélioration variétale du pommier domestiqué.

Abstract: Despite its economic, cultural and historical importance, few studies have investigated the
evolutionary history of the domesticated apple (Malus domestica) as well as those of its wild
relatives. Using new population genetic approaches (approximate Bayesian computation) with
microsatellites and nuclear sequences, this thesis aimed at unravelling, at different evolutionary
scales (phylogeography, speciation, domestication), the natural and artificial diversification processes
at play in the Malus genus. My research focused on the four wild apple species distributed across
Eurasia (Malus orientalis (Caucasus), Malus sieversii (Central Asia), Malus sylvestris (Europe), and
Malus baccata (Siberia)) and on the single domesticated apple species in the genus, Malus
domestica. This thesis was divided into four parts: (/) domestication history of the cultivated apple,
from its origin in Central Asia to Europe, (ii) post-glacial recolonization history of the European
crabapple (M. sylvestris), (iii) the history of speciation among the five Malus species, (iv) crop-to-wild
gene flow and dispersal capacities of the closest wild relative species (M. sylvestris, M. sieversii and
M. orientalis). By investigating artificial diversification, we evidenced unique processes of
domestication in this fruit tree, with no bottleneck and with extensive post-domestication
introgressions by another wild species (M. sylvestris) than the ancestral progenitor (M. sieversii).
Natural diversification patterns (phylogeography, speciation and population structure) revealed large
effective population sizes, high dispersal capacities and weak spatial genetic structures. This thesis
also revealed high levels of interspecific hybridizations, particularly high level of crop-to-wild gene
flow in Europe and Central Asia. This study extended our knowledge about population structures for
wild species that contributed to the cultivated apple genome, as well as the extent of hybridization
rates. This work is essential for the conservation of wild apple populations, the integrity maintenance
of wild species facing fragmentation and future breeding programs concerning the domesticated
apple.
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