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Introduction générale

1.1 L’adaptation chez les champignons

Un des buts majeurs de la biologie évolutive est de comprendre comment les étres vivants
s’adaptent a leur environnement. Comprendre 1'adaptation est important dans le monde actuel
pour prévoir dans quelle mesure les étres vivants pourront s’adapter au changement climatique
et a 'anthropisation croissante de I’environnement. Il est aussi important de comprendre dans
quelle mesure et dans quelles conditions la divergence adaptative peut conduire a la formation

de nouvelles especes.

Depuis Darwin et la synthese néo-darwinienne, on sait que les populations s’adaptent sous
I'effet de la sélection naturelle. Il existe au sein des populations une variabilité phénotypique qui
confere a différents individus une plus ou moins forte aptitude a la survie et a la reproduction.
Si cette variabilité phénotypique repose sur une variabilité génétique, en d’autres termes, si
elle est héritable, la fréquence des phénotypes les mieux adaptés augmente dans les générations
suivantes. Autrement dit, les alleles responsables des phénotypes adaptatifs ont plus de chances

d’étre transmis a la descendance.

En pratique, il s’est avéré difficile d’identifier les genes soumis a la sélection naturelle dans les
populations. Il y a plusieurs raisons a cela. Il est souvent difficile de déterminer quels caracteres
sont responsables de I'adaptation a un environnement donné. Les phénotypes observables ne
sont pas toujours adaptatifs, et les caracteres responsables de 'adaptation peuvent étre diffi-

cilement mesurables. De plus, la sélection est variable dans le temps et dans l'espace, et un
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caractere sous sélection dans des conditions de laboratoire ne 1’est pas forcément en conditions
naturelles. Méme quand des caracteres soumis a la sélection naturelle sont identifiés, il n’est
pas forcément simple d’identifier les génes responsables de ce caractere. L’étude du polymor-
phisme au sein des populations et la comparaison de genes entre especes proches adaptées a des
environnements différents peuvent néanmoins permettre d’identifier des genes candidats dans

I’adaptation, particulierement dans les especes bien étudiées d’un point de vue écologique.

Les scientifiques ne cherchent pas seulement a identifier les genes responsables de I'adaptation,
mais aussi a comprendre de maniere plus générale les processus de ’adaptation, par exemple
si 'adaptation implique quelques genes a effets majeurs ou beaucoup de genes a faibles ef-
fets, quelle est l'importance des interactions épistatiques et des effets additifs, ou quel est
I'impact de I'existence de régions non-recombinantes sur I'adaptation. En effet, les régions non-
recombinantes peuvent abriter des ensembles d’alleles co-adaptés qui sont ainsi protégés de la
recombinaison qui casserait les combinaisons d’alléles favorables [1]. Inversement, la suppression
de recombinaison peut empécher une adaptation optimale. En effet, la recombinaison permet
I’apparition de nouvelles combinaisons d’alleles, éventuellement bénéfiques, et favorise la purge
des mutations déléteres [2, 3]. Méme les organismes a reproduction sexuée posseédent cependant
souvent de larges régions non-recombinantes, souvent associées a la détermination du sexe gé-
nétique ou du type sexuel ; a cause de cette suppression de recombinaison, ces régions peuvent
présenter des signes de dégénérescence, comme une accumulation de mutations déléteres ou
des pertes de genes [4, 5, 6]. Etudier I’évolution des régions non-recombinantes est évidemment
important pour comprendre 1’évolution du déterminisme du sexe, mais c¢’est aussi crucial pour
comprendre comment 'existence de ces régions impacte I’adaptation, en particulier a cause de
la suppression de recombinaison qui devrait freiner I'adaptation. Pour comprendre 1’évolution
des régions non-recombinantes, et le lien avec les processus d’adaptation, il est crucial d’étudier
une large gamme d’organismes et de modes de vie. Ceci est rendu de plus en plus facile par le

développement de la génomique.

Les champignons constituent des modeles intéressants pour étudier ’adaptation car ils occupent
une grande diversité de niches écologiques, et possedent des cycles de vie et des systemes de
reproduction tres variés. Ils forment le groupe frere des métazoaires au sein des opisthochontes.
Certains champignons, comme la levure Saccharomyces cerevisiae ou Neurospora crassa, sont
des especes modeles en génétique. Les champignons possedent en effet des avantages expéri-

mentaux, comme des temps de génération courts et des phénotypes simples a mesurer. L’acces
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direct a la phase haploide, sous forme de produits de méiose alignés, chez certaines especes
comme Neurospora crassa, est particulierement pratique pour étudier la génétique via la sé-
grégation de marqueurs. Le développement de la biologie moléculaire a révélé 'existence de
nombreuses especes cryptiques adaptées a des environnements différents, qui offrent une excel-
lente opportunité d’étudier les processus de divergence adaptative et de spéciation. De plus,
certains champignons possedent des chromosomes de types sexuels qui incluent de larges régions
non-recombinantes. Alors que les chromosomes sexuels des plantes et des animaux font I’objet
de nombreuses études, les chromosomes de types sexuels des champignons n’ont été que peu
étudiés jusqu’a présent. Ils offrent pourtant une tres bonne opportunité d’élargir notre connais-
sance des régions non-recombinantes et de tester la généralité des théories sur 1’évolution de

ces régions.

Cette these s’intéresse donc a I'adaptation, a la dégénérescence, et a 1’évolution des chromo-
somes portant les types sexuels chez les champignons du complexe d’especes Microbotryum

violaceum.

1.2 Microbotryum violaceum, un champignon modele

en écologie et évolution

1.2.1 Cycle de vie de Microbotryum violaceum

Microbotryum wviolaceum est un complexe d’especes de champignons phytopathogenes bio-
trophes qui causent la maladie du charbon des antheres sur plusieurs centaines d’especes de
plantes de la famille des Caryophyllacées [7, 8]. La maladie du charbon des antheéres est une
maladie castratrice qui se traduit par le remplacement du pollen par des spores fongiques sur
les antheres, conférant un aspect charbonneux (poudreux et sombre) aux fleurs infectées. Cette
maladie modifie le développement floral : chez les especes hermaphrodites, I’ovaire est avorté et
les antheres portent les spores fongiques; chez les espéces dioiques, I'ovaire des fleurs femelles

est avorté, et des anthéres se développent, portant également des spores [9] (figure 1.1).

Le cycle de vie de M. violaceum est haplo-dicaryotique et se déroule le plus souvent sur deux
années (figure 1.2). Il n’infecte d’ailleurs que des plantes pérennes [8]. La premiére année, les

téliospores diploides formées dans une plante malade sont dispersées par les pollinisateurs. La
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FIGURE 1.1 — TIllustrations montrant A) des fleurs de Silénes saines et infectées par Microbotryum violaceum,
avec de haut en bas Silene acaulis, Dianthus pavonius, Atocion ruspestris et Saponaria officinalis. B) Une coupe
transversales de fleurs saine et infectée de Silene latifolia montrant 1'ovaire avorté et les antheéres portant des
spores fongiques dans la fleur infectée. C) Un gros plan sur des anthéres d’une fleur infectée. D) Un produit de
germination d’une téliospore montrant une tétrade de spores alignées et quelques cellules issues de bourgeon-

nement. Crédit : Michael Hood, avec autorisation.

14



méiose a lieu a la surface des plantes sur lesquelles les téliospores sont déposées, ce qui produit
une tétrade de sporidies alignées et ordonnées (figures 1.1 et 2.8). Microbotryum violaceum est
un champignon hétérothallique, ce qui signifie que la conjugaison ne peut avoir lieu qu’entre
spores de types sexuels différents. Il possede uniquement deux types sexuels, nommés a; et as.
Au sein d’une tétrade, on trouve toujours deux sporidies de type a; d’un coté et deux sporidies
de type ay de 'autre (figure 2.8), ce qui montre que le type sexuel ségrége en lére division de

méiose.

La méiose peut étre suivie d'une étape de multiplication des sporidies haploides par bourgeon-
nement. Cette phase est souvent bréve, voire méme inexistante car la conjugaison (syngamie)
a le plus souvent lieu entre sporidies d’'une méme tétrade, donnant lieu a de forts taux d’auto-
fécondation [10, 11]. Suite a la syngamie, un hyphe dicaryotique infectieux se forme, qui péneétre
a l'intérieur de la plante a 'aide d’un appressorium [12]. Le champignon passe I'hiver dans la
plante [12], et, au printemps suivant, il colonise les nouvelles hampes florales et produit de

nouvelles téliospores, ou la caryogamie a lieu.

1.2.2 Microbotryum wviolaceum, un modele d’étude en génétique,

évolution et écologie

Microbotryum violaceum est aussi un modele en génétique, notamment pour I’étude des sys-
temes de reproduction [11]. C’est un des premiers champignons pour lequel on a décrit un
systéme de reproduction hétérothallique [14]. Day and Garber ont étudié la ségrégation de
nombreux mutants présentant des phénotypes auxotrophes, morphologiques ou de pigmenta-
tion [15] et établi des cartes de liaison génétique des mutations responsables. Ils ont aussi inféré
I'implication d’éléments génétiques mobiles dans le cas de phénotypes de pigmentation instables
[15]. Microbotryum violaceum est le premier champignon pour lequel on a démontré 'existence
d’un dimorphisme entre les chromosomes qui portent les genes déterminant la compatibilité
sexuelle [16] - appelés chromosomes de types sexuels - de maniere analogue & ce qui est observé
chez les chromosomes sexuels [4, 17]. Au début de ma these, il existait une controverse sur la
taille de la région non recombinante mais aussi sur sa nature plus ou moins dégénérée (cf. 2.1.3
p. 32). En bref, les travaux de Hood et Antonovics [10, 16, 17] suggéraient que ses chromosomes
de types sexuels étaient non-recombinants sur la plus grande partie de leur longueur, avec la

présence de mutations déléteres a 1’état haploide liées au type sexuel, une faible densité en genes
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et une accumulation d’éléments transposables. Au contraire, une étude de Votintseva et Filatov
[18] affirmait que les chromosomes de types sexuels étaient non-recombinants sur seulement un
quart de leur longueur, avec une faible différenciation entre types sexuels. Le premier groupe
défendait donc I’hypothese d’un processus de suppression de recombinaison ancien et avancé,

le deuxieme groupe celle d'une petite région non-recombinante d’origine récente.

Dans le domaine de la spéciation, M. violaceum est un cas bien étudié de complexe d’espéces
jumelles chez les champignons. Les différentes especes présentent une forte spécificité d’hote
[19, 20, 21] (figure 1.3), et une forte différenciation génétique [19, 22, 23] qui suggere que
les flux génétiques sont limités dans la nature (cf. chapitre 4 p. 111). Les événements de
spéciation ont eu lieu par sauts d’hdtes et non pas par cospéciations [24, 22| (figure 4.1). A
I'intérieur du complexe d’especes M. wviolaceum, les especes ont été délimitées par le critere
de congruence entre les différentes généalogies de genes [20, 22]. Certaines especes ont été
formellement décrites et ont regu des noms latins [25, 26], mais pas toutes. Dans la suite de
ce manuscrit, Microbotryum désigne le genre d’especes phytopathogenes auquel appartient M.
violaceum, et Microbotryum violaceum désigne le complexe d’espéeces qui cause le charbon des
antheres chez les Caryophyllacées. Les deux espéces du complexe M. violaceum auxquelles je fais
le plus référence sont Microbotryum lychnidis-dioicae, qui parasite le compagnon blanc Silene

latifolia, et Microbotryum silenes-dioicae, qui parasite le compagnon rouge, Silene dioica.

Microbotryum violaceum est également un modele pour 1’étude des interactions hote-pathogene
[27, 28, 29, 30]. Dans le domaine de I’étude des maladies, M. violaceum est étudié pour son
impact sur la distribution et la dynamique des populations de plantes hotes [31, 32, 8], les
dynamiques de méta-populations [33], les infections multiples et leur impact sur la virulence
[13, 34]. Le systéme présente en effet I'intérét de ne pas étre directement impacté par 'homme,
les plantes parasitées n’ayant pas d’intérét économique, ce qui permet donc de pouvoir étudier
I’épidémiologie d'une maladie naturelle et de pouvoir faire I’objet de manipulations sans risque

pour l'alimentation ou la santé humaine.
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FIGURE 1.3 — Arbre phylogénétique de 12 especes de Microbotryum violaceum. Le nom des espéces hotes est

indiqué ; adapté de [35].
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1.3 Motivations de la these et plan du manuscrit

Ces dernieres années, le développement des techniques de séquencage a haut débit a permis
d’obtenir des données de génomique pour un nombre croissant d’organismes, permettant d’étu-
dier de nouvelles questions en écologie et évolution [36]. Chez M. violaceum, la génération de ces
données a déja permis des progres dans notre compréhension de 1’évolution des chromosomes
de types sexuels et des bases génétiques de I'adaptation du pathogene a son hote. En effet, la
génération de banques d’EST (expressed sequenced tags) a permis d’identifier les séquences des
alleles codant pour les récepteurs a phéromones nécessaires a la syngamie [37] (figure 2.5), et
de montrer que ceux-ci présentent un polymorphisme trans-spécifique tres ancien, estimé a 370
millions d’années [38]. La génération d’une carte optique, c’est-a-dire une carte de restriction
a l’échelle du chromosome, pour les chromosomes de types sexuels, a montré que la région
non-recombinante couvrait 90% des chromosomes de types sexuels chez M. lychnidis-dioicae
et semblait réarrangée ou fortement différenciée entre les deux types sexuels [39]. Des banques
d’EST réalisées chez plusieurs especes de M. violaceum ont aussi permis d’identifier des genes
sous sélection diversifiante entre différentes especes de M. wviolaceum, et donc potentiellement

impliqués dans l'adaptation a différents hotes [40, 41] (cf. chapitre 4 p. 111).

Malgré ces avancées, nous ne disposions toujours pas au début de cette these d’un assemblage
complet des chromosomes de types sexuels de M. lychnidis-dioicae, qui aurait permis de clore
la controverse sur la taille de la région non-recombinante. D’autre part, les études ayant trait
a l'adaptation a I’hote s’appuyaient sur des données génomiques uniquement codantes et par-
tielles, et n’utilisaient pas de données de polymorphisme (banques d’EST d’especes différentes)

[40, 41].

Dans le cadre de cette these, nous avons donc généré de nouvelles données génomiques dans le
complexe M. violaceum afin de répondre a des questions ayant trait a I’étude des chromosomes
de types sexuels et a la génomique de 'adaptation. Nous avons aussi étudié la dégénérescence
dans le contexte de l'exposition aux radiations ionisantes dans la région de Tchernobyl. Ce
manuscrit est donc structuré en trois parties. La premiere partie comporte une introduction
sur les chromosomes de types sexuels, une analyse de la dégénérescence des chromosomes de
types sexuels dans plusieurs especes du complexe M. violaceum et une étude de I'assemblage
complet de ces chromosomes chez M. lychnidis-dioicae. La deuxiéme partie comprend une étude

de populations de M. lychnidis-dioicae de la région de Tchernobyl pour tester si les radiations
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ionisantes provoquent une dégénérescence au niveau génomique et une baisse de valeur sélective
des individus. Enfin, la troisieme partie comprend un article de synthese sur la génomique
de I'adaptation chez les champignons, une étude du génome de M. lychnidis-dioicae qui se
focalise sur la recherche de genes impliqués dans les interactions avec I'hote et le mode de
vie biotrophe, et enfin une étude de génomique des populations qui recherche des traces de
sélection au sein de deux especes jumelles du complexe M. violaceum, M. lychnidis-dioicae et

M. silenes-dioicae.
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Etude des chromosomes de types
sexuels chez Microbotryum

violaceum

2.1 Introduction

Dans les génomes eucaryotes sexués, il existe certaines régions spécialisées qui ont cessé de
recombiner. Les régions non-recombinantes les mieux étudiées se trouvent au sein des chromo-
somes sexuels d’animaux ou de plantes comme les chromosomes X/Y ou Z/W [4] et de certaines
algues et bryophytes (type U/V) [42]. On trouve aussi des régions non-recombinantes autour des
genes de types sexuels chez les champignons [16, 43, 44]. D’autres exemples incluent les régions
d’auto-incompatibilité chez les plantes [45], les régions portant les génes de toxine - antidote
chez certains champignons [46], mais aussi un “chromosome social” qui contrdle 1'organisation
sociale chez la fourmi Solenopsis invicta [47], ou encore un “supergene” qui contrdle les motifs

des ailes chez les papillons Heliconus [48].

Une des caractéristiques intrigantes de ces régions, c’est que la suppression de recombinaison
s’étend parfois bien au-dela des seuls genes dont il parait nécessaire d’empécher la recombi-
naison. C’est chez les chromosomes sexuels que la suppression de recombinaison et ses causes

évolutives ont été le mieux étudiées.
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2.1.1 Les chromosomes sexuels

Chez les especes ou le déterminisme du sexe est génétique, les genes-clés qui controlent le
déterminisme du sexe génétique sont souvent portés par une paire de chromosomes qui pré-
sentent une forte différenciation cytologique, comme les chromosomes X et Y des mammiferes.
Ces chromosomes ont cessé de recombiner sur une partie de leur longueur, au point qu’il ne
reste parfois que de courtes régions recombinantes a chaque extrémité, appelées régions pseudo-
autosomales. C’est le cas par exemple des chromosomes X et Y d’Homo sapiens, chez lesquels
I'dge de la suppression de recombinaison est estimé a 166 millions d’années [49]. Les régions
non-recombinantes peuvent étre tres différenciées et fortement réarrangées, au point que leur
homologie a été sujette a discussion. Elles présentent d’autres caractéristiques particulieres,
comme une plus faible densité en genes que les autosomes et une accumulation d’éléments
transposables, ainsi qu’une accumulation de mutations déléteres et des pertes de genes [50].
La dégénérescence observée est le résultat d’une baisse d’efficacité de la sélection naturelle en
raison de la combinaison de plusieurs facteurs, notamment la baisse d’effectif efficace, I'état
hétérozygote permanent et la suppression de recombinaison [5, 51, 6]. De plus, chez les sys-
temes de type X/Y ou Z/W ou il existe un sexe homogamétique (X/X pour les femelles par
exemple) et un sexe hétérogamétique (X/Y pour les méles), la dégénérescence est plus rapide
sur le chromosome du sexe hétérogamétique, car d’une part celui-ci a un effectif efficace plus
faible que le chromosome de sexe homogamétique, et d’autre part les mutations déléteres qu’il

porte sont abritées car toujours a 1’état hétérozygote (figure 2.1).

Chez les chromosomes sexuels, ’absence de recombinaison concerne des régions bien plus larges
que la région de déterminisme du sexe et entraine une dégénérescence importante. Pourtant, la
suppression de recombinaison peut étre trés ancienne [49]. Comment expliquer 1'existence de

régions non-recombinantes et leur maintien sur des temps aussi longs ?

La théorie la plus largement acceptée, dites des genes a effets sexuels antagonistes, mettrait
en jeu le recrutement successif de genes a effets antagonistes chez les males et les femelles.
Les chromosomes sexuels proviendraient d’une paire ancestrale d’autosomes portant le ou les
genes-clés de déterminisme du sexe [4] (figure 2.2). La recombinaison cesserait d’abord entre les
alleles des genes de déterminisme du sexe afin d’empécher une recombinaison intra-génique qui
serait délétere. L’élargissement progressif de la région sans recombinaison aurait pour origine

une pression de sélection pour lier successivement des génes a effets antagonistes entre les sexes
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Type sexuel ou sexe Sexe déterminé
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FIGURE 2.1 — Dégénérescence dans des allosomes d’organismes ol le sexe/type sexuel est défini a 1’état haploide,

par rapport aux organismes qui possedent un sexe homogamétique et un sexe hétérogamétique.

aux genes de déterminisme du sexe [6]. La notion d’épisodes successifs de suppression de recom-
binaison vient de ’observation qu’il existe une corrélation entre les niveaux de divergence entre
les deux chromosomes sexuels et la distance aux genes de déterminisme du sexe, la divergence
étant une mesure de la date depuis la suppression de recombinaison (figure 2.3). D’un point
de vue mécanistique, ’extension de la suppression de recombinaison pourrait étre due a des

réarrangements, permis ou facilités par I'accumulation d’éléments transposables.

La théorie des genes antagonistes ne peut néanmoins pas expliquer la suppression de recom-
binaison dans les chromosomes de types sexuels des champignons, ou la reproduction est es-
sentiellement isogame [52], avec donc tres peu de différences phénotypiques entre cellules de
types sexuels différents. Il est difficile d’imaginer beaucoup de genes qui auraient des effets
antagonistes dans les différents types sexuels. Pourtant, certains chromosomes de types sexuels
des champignons présentent des caractéristiques similaires a celles des chromosomes sexuels,
comme une grande région de suppression de recombinaison, une plus faible densité en génes, une
accumulation d’éléments transposables et des réarrangements [53]. Certains auteurs avancent
d’ailleurs que la théorie des genes a effets antagonistes n’expliquerait pas tous les cas de chro-
mosomes sexuels non-recombinants, car on a peu d’exemples de genes liés aux genes de déter-
minisme du sexe ayant des effets antagonistes établis entre les sexes, et que des théories plus

générales suffisent a expliquer les données observées [54]. Parmi les hypotheses alternatives, on

23



A f
[ 1] I ) ]
1) cessation de recombinaison entre V
les génes clés de déterminisme du sexe N\ m
| 1] W 0 |
S
n f
2) élargissement de la zone de suppression [ 1 == ]
de recombinaison pour lier des génes a v
- a N\ m
effets antagonistes chez les males et les [ {t ) 1
femelles V

n f
3) Liaisons successives a d'autres génes a )

effets antagonistes recrutés sur les 0 m

chromosomes sexuels [ ” T 80 ]

FIGURE 2.2 — La théorie des genes a effets antagonistes

peut citer les suivantes :

e La suppression de recombinaison pourrait étre sélectionnée pour éviter 'homozygotie de

mutations déléteres récessives, en particulier chez les especes auto-fécondantes.

e La suppression de recombinaison pourrait permettre de lier des genes ayant des interac-
tions épistatiques positives, entrainant la formation de “supergenes”. Cette théorie est en

fait un cas plus général de la théorie des genes a effets antagonistes.

e Les mutations ou réarrangements qui provoquent la suppression de recombinaison pour-

raient étre fixés par dérive génétique.

Ces phénomenes pourraient se produire également sur des autosomes. Cependant, la différence
essentielle entre les régions non-recombinantes autosomales et celles liées aux genes de détermi-
nisme du sexe serait leur durée de vie : les régions de déterminisme du sexe étant sous sélection
équilibrante, les alleles sont maintenus sur des durées plus longues, et donc plus facilement

observables.
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FIGURE 2.3 — Notion de strates de suppression de recombinaison. Dans cet exemple, on observe une corrélation
négative entre la distance a la région de déterminisme du sexe et le niveau de divergence entre les alleles des
genes situés dans la région non-recombinante, avec plusieurs discontinuités le long du chromosome. La divergence
entre alleles est une mesure de I'dge de la suppression de recombinaison. Ici, on peut inférer I'existence de quatre
épisodes successifs de suppression de recombinaison. En pratique, la région de déterminisme du sexe n’est pas
toujours connue et on mesure plutot la divergence en fonction de la distance avec les régions pseudo-autosomales

au niveau du chromosome du sexe homogamétique (X ou Z), qui conserve mieux la structure ancestrale.
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2.1.2 Les chromosomes de types sexuels des champignons

Exemples et origine évolutive

Chez les champignons, les loci qui contrélent le type sexuel, appelés loci MAT (pour “mating-
type”, type sexuel en anglais), peuvent étre situés dans des régions qui ne recombinent pas,
dont la taille varie de quelques milliers de paires de bases [55] & plusieurs Mpb [43, 44, 16, 39],
et qui peuvent englober une majorité du chromosome [56]. Des chromosomes de types sexuels
contenant de larges régions non-recombinantes ont été mis en évidence chez M. lychnidis-dioicae
[16, 18, 39|, Neurospora tetrasperma [56, 57|, Cryptococcus neoformans [58, 59|, Ustilago hor-
dei [60] et Podospora anserina [61], entre autres. Les chromosomes de types sexuels présentent
certaines caractéristiques similaires aux chromosomes sexuels, comme par exemple un dimor-
phisme [16] (figure 2.9), des réarrangements entre types sexuels [43], 'accumulation d’éléments
transposables [43, 44], et des traces de dégénérescence sous forme d’accumulation de mutations

non-synonymes [44].

Quelles forces pourraient étre impliquées dans l'initiation et I’extension de la suppression de
recombinaison dans les chromosomes de types sexuels des champignons? On peut citer les
suivantes, non mutuellement exclusives, sur lesquels je donnerai plus de détails dans la suite de

cette introduction :
e Une pression de sélection pour lier le locus ou les loci MAT et le centromere

e Une pression de sélection pour lier les deux loci MAT déterminant le type sexuel chez

certains basidiomycetes

e Une pression de sélection pour abriter des mutations récessives déléteres en les liant au

type sexuel

e Une pression de sélection pour lier au type sexuel des genes impliqués dans le processus

de syngamie, si les deux types sexuels jouent un role asymétrique

Liaison du locus MAT au centromere. Chez les champignons, la syngamie peut avoir
lieu suivant les especes entre spores provenant d’individus différents (allo-fécondation), entre
spores provenant de produits de méiose d’'une méme individu mais issues de tétrades différentes

(auto-fécondation classique), ou entre produits de méiose d’'une méme tétrade (au-fécondation
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FIGURE 2.4 — Formation d’ascospores chez Neurospora tetrasperma. A) Le type sexuel ségrége en lére division
de méiose. B) Cela permet la production de 100% de spores capables d’auto-fécondation, car contenant deux

noyaux de types sexuels opposés. A et a représentent les alleles du locus de type sexuel.

intra-tétrade, ou automixie), voire méme entre cellules issues d’'un méme génotype par mul-
tiplication clonale (fécondation intra-clone) [52]. Chez les champignons hétérothalliques, par
définition, uniquement des cellules portant des alleles différents au locus ou aux loci MAT
peuvent se croiser. Chez Neurospora tetrasperma, un champignon ascomycete hétérothallique
qui pratique 'automixie, le locus MAT est lié au centromere. Cela permet d’avoir une ségré-
gation du type sexuel en lere division de méiose, et, via des mouvements de noyaux dans
les ascospores, de produire 100% de spores contenant deux noyaux de types sexuels opposés
et donc auto-compatibles (figure 2.4). Une pression de sélection pour lier le locus de type
sexuel au centromere pourrait donc étre a l'origine de la suppression de recombinaison chez ce

champignon.

Fusion des deux loci MAT chez les basidiomycétes bipolaires. Alors que chez la plu-
part des champignons le type sexuel est contrdélé par un seul locus MAT, deux loci sont impliqués
chez les basidiomycetes. Ce caractere est appelé tétrapolarité, car quatre types sexuels différents
sont produits par une méme méiose (en opposition avec les cas bipolaire ou deux types sexuels

sont produits par méiose). Les deux loci impliqués controlent respectivement la compatibilité
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FIGURE 2.5 — Controle & deux loci du type sexuel chez les basidiomycétes. 1) La syngamie ne peut avoir lieu que
s’il y a liaison entre le récepteur a phéromones et les phéromones compatibles. Cette liaison active une cascade
de transcription qui provoque la croissance du tube de conjugaison et la transcription de génes & homéodomaine.
2) Pour que la croissance post-syngamie puisse s’amorcer, il faut la formation d’hétérodimeres de facteurs de

transcription a homéodomaines de type sexuel opposés.

pré- et post-syngamie. Ils comprennent respectivement des geénes codant pour un récepteur

phéromone et des précurseurs de phéromones (PR), et pour des facteurs de transcription

gj/

homéodomaines (HD) (figure 2.5). Certains basidiomyceétes sont néanmoins bipolaires, ce

gj/

qui est interprété comme un retour a la bipolarité a partir d’'un ancétre tétrapolaire. Chez
I’espece bipolaire Ustilago hordei, par exemple, les loci HD et PR sont situés aux extrémités
d’une région non-recombinante de 500 kb (figure 2.7), alors qu’ils ne sont pas liés chez l’espece
voisine tétrapolaire Ustilago maydis. La fusion des deux loci serait avantageuse en cas d’auto-
fécondation (figure 2.6). Les transitions entre tétrapolarité et bipolarité pourraient donc jouer

un réle important dans l'initiation ou I'expansion de la suppression de recombinaison.

Liaison au locus M AT de mutations délétéres récessives. La suppression de recombi-
naison pourrait résulter d’une sélection pour abriter des mutations déléteres récessives partiel-
lement liées au type sexuel car proche de la région non-recombinante [54]. Cette force pourrait
étre particulierement importante chez les especes qui pratiquent 'automixie [62]. Ce processus
de liaisons successives de mutations déléteres récessives aux loci de type sexuel [62] pourrait

créer des strates évolutives.
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FIGURE 2.6 — Compatibilité entre spores d’'une méme tétrade dans le cas de systeme de reproduction bipolaires
ou tétrapolaires. Dans le cas d’un systéme bipolaire, il y a toujours 50% de compatibilité entre spores d’une

méme tétrade.
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FIGURE 2.7 — Architecture de la zone non-recombinante et origine de la bipolarité chez Ustilago hordei. Les
loci de phéromones/récepteur de phéromones et de facteurs de transcription & homéodomaine (PR et HD) sont
situés a chaque extrémité de la zone non-recombinante, qui présente des réarrangements par rapport a ’espéce
tétrapolaire Ustilago maydis. La suppression de recombinaison aurait pour origine une pression de sélection pour

lier les deux loci de type sexuel, ce qui est avantageux pour une espece auto-fécondante.

Asymeétrie du processus de syngamie. Méme s’il existe peu de différences phénotypiques
entre types sexuels chez les champignons, les sporidies de types sexuels différents peuvent jouer
un role asymétrique dans le processus de syngamie, par exemple pour la formation du tube
de conjugaison ou la transmission de mitochondries [63, 64, 65]. Il pourrait donc y avoir une
pression de sélection pour lier les génes impliqués dans le processus de syngamie aux genes de

déterminisme du type sexuel.

Présence de strates de suppression de recombinaison

Afin de mieux comprendre les similitudes et différences entre chromosomes sexuels et chro-
mosomes de types sexuels des champignons, et de reconstituer 1'histoire de la suppression de
recombinaison chez ces derniers, certains auteurs ont testé I'existence de strates de suppression
de recombinaison. Chez Neurospora tetrasperma, on observe deux niveaux différents de diver-
gence dans la région non-recombinante, de part et d’autre du centromere, qui ont été interprétés
comme deux strates de suppression de recombinaison [56]. Chez Cryptococcus neoformans, le
niveau de divergence est hétérogene au sein de la région non-recombinante, ce qui a aussi été

interprété comme la signature d’anciennes strates réarrangées [66].
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Cependant, ces niveaux hétérogenes de divergence entre alleles liés aux deux types sexuels
pourraient aussi résulter de conversion génique. La conversion génique peut étre définie comme
le remplacement d’'un segment d’ADN par un autre, entre une paire d’alleles ou de maniére
ectopique dans le cas de séquences répétées [67]. La conversion génique serait fréquente sur le
chromosome Y d’Homo sapiens [68], et pourrait permettre de ralentir I'accumulation de mu-
tations dans les génomes ou régions génomiques non-recombinants, car elle est souvent biaisée

de AT vers GC au contraire de la mutation qui est plutot biaisée de GC vers AT [69].

Il faut en effet noter que plusieurs difficultés existent pour tester I'existence de strates sur les
chromosomes de types sexuels et plus généralement pour reconstituer 1’histoire de la suppression
de recombinaison chez les champignons. D’une part, les deux chromosomes sont hétérogamé-
tiques et non-recombinants. Or chez les chromosomes sexuels, les strates sont observées en
alignant les genes selon l'ordre du chromosome qui recombine chez le sexe homogamétique et
qui conserve donc plus longtemps la structure de I'autosome ancestral [70]. Lorsqu’on observe
une hétérogénéité du niveau de divergence, mais sans corrélation entre la distance aux genes
MAT et le niveau de divergence, il est donc difficile de faire la différence entre des événements de
conversion génique et des strates réarrangées. De plus, le manque de points de calibration fossile
rend plus imprécis que dans d’autres modeles 1'utilisation d’un modele d’horloge moléculaire

pour dater les événements de suppression de recombinaison [38].
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2.1.3 Les chromosomes de types sexuels de Microbotryum viola-

ceum

Découverte et caractéristiques

Microbotryum violaceum est un champignon basidiomycete, hétérothallique et bipolaire [14]. 11
possede deux types sexuels, nommés a; et as. Les types sexuels ségrégent en lere division de
méiose (figure 2.8). C’est le premier champignon pour lequel il a été montré un dimorphisme
entre les chromosomes de types sexuels [16]. Les chromosomes des champignons sont trop pe-
tits pour permettre la réalisation de caryotypes classiques par microscopie optique, mais il est
possible de les faire migrer par électrophorese en champ pulsé pour les séparer selon leur taille.
La comparaison des caryotypes de sporidies de type sexuel a; et as de Microbotryum lychnidis-
dioicae, 'espece qui parasite Silene latifolia, a montré que les loci de type sexuel étaient portés
par des chromosomes différenciés, qui présentaient un polymorphisme de taille de 600 kb [16] (fi-
gure 2.9). Microbotryum lychnidis-dioicae ayant un tres fort taux d’automixie [11], on s’attend
a un faible niveau d’hétérozygotie. Pour détecter la présence de zones non-recombinantes, Hood
et Antonovics [71] ont étudié des marqueurs AFLP (amplified fragment length polymorphism)
dans les tétrades. Ils ont trouvé que tous les marqueurs AFLP hétérozygotes de Microbotryum
lychnidis-dioicae étaient liés au type sexuel. Ces marqueurs hétérozygotes représentaient 11%
des marqueurs AFLP étudiés, alors que les chromosomes de types sexuels représentaient 13% de
la longueur totale du génome. Ils en ont conclu que la région non-recombinante devait englober
une tres large majorité des chromosomes de types sexuels. Des caryotypes d’autres especes du
complexe M. violaceum ont également montré la présence de chromosomes de types sexuels
dimorphes, mais la taille de ces chromosomes et I'importance du dimorphisme varient entre les

especes [71].

Il est possible d’isoler un chromosome particulier sur un caryotype par gel d’électrophorese.
Pour étudier les caractéristiques des chromosomes de types sexuels chez M. lychnidis-dioicae
et les comparer a celle des chromosomes sexuels, Hood et Antonovics ont isolé chacun des
chromosomes de types sexuels, et réalisé des banques d’ADNc pour chacun d’eux, ainsi que
pour les autosomes [17]. Ils ont ensuite séquencé aléatoirement un certain nombre de fragments
de chaque banque et caractérisé leur contenu en genes et en éléments répétés. Les fragments

issus des chromosomes de types sexuels étaient deux fois moins riches en genes et quatre fois
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FIGURE 2.8 — Tétrades de spores alignées chez Microbotryum violaceum. Le champignon produit des téliospores
diploides, dont la méiose produit des tétrades alignées. Le type sexuel ségrége en lere division de méiose, ce qui

montre qu’il est lié & un centromere.
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FIGURE 2.9 — Caryotype par électrophorese sur gel en champ pulsé pour une tétrade de spores de Microbotryum

lychnidis-dioicae, 'espéce qui parasite Silene latifolia. Les fleches indiquent les chromosomes de types sexuels.
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plus riches en éléments transposables que les fragments autosomaux. Ces caractéristiques sont
proches de celles des chromosomes sexuels de plantes et de mammiféres, ce qui renforcait I'idée

qu'une large proportion des chromosomes de types sexuels était non-recombinante.

Il existe de plus dans les populations naturelles des individus diploides qui présentent des
biais de types sexuels quand ils sont cultivés sur milieu nutritif : la méiose se déroule comme
habituellement sur milieu riche, mais seules des sporidies de type a; ou ay arrivent a pousser,
alors que l'individu diploide est nécessairement hétérozygote pour le type sexuel; Hood et
Antonovics ont étudié ces biais dans deux especes du complexe M. violaceum, et montré qu’ils
correspondaient a la présence de multiples alleles haplo-létaux liés au type sexuel [10], ¢’est-
a-dire des alleles 1étaux a 1’état haploide, qui empéchent les sporidies d'un des deux types
sexuels de pousser. Ces mutations seraient abritées dans la nature car la phase haploide est tres
breve ou inexistante chez M. violaceum et ces alleles seraient toujours a 1’état hétérozygote.
Ces alleles haplo-létaux liés au type sexuel semblent donc étre des signes de dégénérescence sur

les chromosomes de types sexuels de M. violaceum.

Pour estimer 1’age de la suppression de recombinaison, on peut étudier la coalescence des genes
situés dans les régions non-recombinantes. En effet, ces régions sont soumises a une sélection
équilibrante qui peut maintenir le polymorphisme sur des temps tres longs, dépassant les temps
de spéciation [38]. On s’attend donc a ce que les genes situés dans les régions non-recombinantes
présentent un polymorphisme trans-spécifique, c’est-a-dire que, dans la généalogie du gene, les
alleles des différentes especes se groupent par type sexuel plutot que par espece. Différentes
études se sont donc intéressées aux généalogies de genes liés au type sexuel. Une généalogie des
récepteurs a phéromones chez M. violaceum et d’autres champignons [38] a montré que ce gene
affiche un polymorphisme trans-spécifique tres ancien, estimé a 370 millions d’années. D’autres
genes situés sur les chromosomes de types sexuels de M. lychnidis-dioicae ont des généalogies
plus complexes au sein du complexe M. violaceum [72], avec un polymorphisme trans-spécifique
au sein de certains clades mais pas a I’échelle du genre. Ces observations pourraient étre ex-
pliquées par le fait que ces genes ne sont pas liés au type sexuel dans toutes les especes de M.

violaceum, ou par des événements de conversion génique.

Cette premiere série d’étude suggérait donc fortement I’existence d’une région non-recombinante

tres étendue, au moins en partie ancienne, et présentant des signatures de dégénérescence.
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En 2009, une étude a tenté d’évaluer la taille de la région non-recombinante chez M. lychnidis-
dioicae et de tester I’hypothese de strates évolutives. Pour cela, Votintseva et al ont utilisé les
fragments d’ADNc de 1'étude de Hood et Antonovics [17], testé leur liaison au type sexuel par
ségrégation et mesuré la divergence des alléles entre les deux types sexuels [18]. Ils ont estimé
que seuls 25% des marqueurs situés sur les chromosomes de types sexuels étaient liés au type
sexuel, que les marqueurs liés au type sexuel étaient faiblement différenciés, et ils ont proposé
I'existence d’au moins 3 strates distinctes de suppression de recombinaison. Cette étude affichait
cependant deux faiblesses méthodologiques qui pourraient expliquer une telle différence avec
les conclusions des travaux précédents. D’une part, les chromosomes de types sexuels isolés
sur gel peuvent étre dans une certaine mesure contaminés par des fragments autosomaux.
Dans I’étude de Hood et Antonovics, cela n’aurait eu pour conséquence que de sous-estimer
les différences entre autosomes et chromosomes de types sexuels et restait donc conservatif.
Mais dans 1'étude de Votintseva et collegues [18], cela a pu entrainer une sur-estimation du
pourcentage de marqueurs homozygotes situés sur les chromosomes sexuels. De plus, 20% des
marqueurs utilisés par Votintseva et collegues avaient une correspondance avec des éléments

transposables et ne représentaient donc pas des marqueurs fiables [39].

En 2013, Hood et collegues [39] ont réalisé des cartes optiques des chromosomes de types
sexuels a; et as. Les cartes optiques sont des cartes de restriction ordonnées a 1’échelle des
chromosomes [73], obtenues par digestion de larges fragments d’ADN linéarisés et immobilisés
sur gel, visualisation des fragments par microscopie optique et construction de cartes consensus.
L’ancrage de séquences d’ADN aux cartes optiques permet souvent d’améliorer I’assemblage des
génomes [74]. La comparaison des cartes optiques des chromosomes de types sexuels a; et a a
montré que 90% des chromosomes de types sexuels étaient divergents, seules les extrémités des

cartes optiques pouvant étre alignées entre les deux chromosomes.

Quelles pourraient étre les causes de la suppression de recombinaison entre les chromosomes de
types sexuels de M. lychnidis-dioicae et d’autres especes du complexe M. violaceum ? Les genes
codant pour les facteurs de transcription & homéodomaines (HD) ont été identifiés par similitude
avec le locus MAT d’un groupe externe [75], et sont situés dans la région non-recombinante des
chromosomes de types sexuels chez M. lychnidis-dioicae, tout comme le géne codant le récepteur
a phéromones. La suppression de recombinaison aurait donc pu étre initiée en réponse a une
pression de sélection pour lier ces deux loci, ce qui est avantageux en cas d’auto-fécondation

[52, 76]. La suppression de recombinaison a aussi pu étre initiée ou étendue pour lier les loci
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MAT au centromere, ce qui est avantageux en cas d’automixie qui est le mode de reproduction
prépondérant chez plusieurs especes de M. wiolaceum [52, 76]. On peut aussi imaginer une
pression de sélection pour lier au type sexuel des mutations récessives déléteres, et/ou des genes
avec des relations antagonistes dans les deux types sexuels (par exemple les genes impliqués dans
le processus de fusion des gametes, ou dans la transmission des mitochondries). L’importance
relative de ces différentes forces et I'ordre des événements sont pour I'instant inconnus (fusion

des loci MAT puis liaison au centromere, ou l'inverse).

2.1.4 Questions et objectifs

Au début de cette these, les questions que nous nous posions étaient donc les suivantes :

e Quels sont la taille de la région de suppression de recombinaison et le niveau de divergence

entre les chromosomes de types sexuels a; et a7

e Y a-t-il eu dégénérescence dans la région non-recombinante, et notamment accumulation
de mutations déléteres au sein des chromosomes de types sexuels? Y a-t-il méme eu des

pertes des genes ?

e Quels sont I'age et I'histoire de la suppression de recombinaison ? Notamment, y a-t-il
eu des épisodes successifs de suppression de la recombinaison, créant des “strates” de
divergence, ou celle-ci a-t-elle eu lieu en un seul événement, par exemple pour lier les

deux loci de type sexuel et le centromere ?

Pour répondre a ces questions, mes efforts se sont concentrés sur l'identification des régions
non-recombinantes a ’aide de la comparaison des génomes haploides de types sexuels a; et ag,
I'obtention d’un assemblage complet des chromosomes de types sexuels de M. lychnidis-dioicae,
ainsi que la comparaison des chromosomes de types sexuels de différentes especes du complexe

M. violaceum.
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2.2 Article 1 : Degeneration of the nonrecombining re-
gions in the mating-type chromosomes of the anther-

smut fungi

La suppression de recombinaison entraine une baisse de l'efficacité de la sélection naturelle,
en raison notamment de la baisse de la taille de population efficace et du cliquet de Miiller -
I’accumulation irréversible de mutations déléteres dans les régions sans recombinaison - ou la
sélection liée (auto-stop de mutations déléteres avec des mutations favorables, ou au contraire
éliminations de mutations favorables liées a des mutations déléteres [5, 51, 6]). La baisse d’ef-
ficacité de la sélection naturelle peut entrainer I’accumulation de mutations déléteres pouvant
aller jusqu’a des pertes de genes, comme sur le chromosome Y d’Homo sapiens. La baisse d’ef-
ficacité de la sélection naturelle peut aussi mener a une accumulation d’éléments transposables
qui favorisent les réarrangements et peuvent aussi étre des mécanismes proximaux des pertes
de genes. Alors que la dégénérescence chez les chromosomes sexuels a été bien caractérisée
[5, 51, 6], trés peu d’études ont été menées sur les chromosomes de type sexuel des champi-
gnons (mais voir [44, 57]). D’une part, les chromosomes de types sexuels ont été découverts plus
récemment que les chromosomes sexuels, et d’autre part certains auteurs pensaient que les chro-
mosomes de types sexuels représentaient un stade peu avancé de suppression de recombinaison
et étaient donc peu susceptibles d’avoir dégénéré [77, 6]. Cependant, certains chromosomes de
types sexuels possedent des zones non-recombinantes étendues et réarrangées [16, 39, 56, 78],
et chez Neurospora tetrasperma par exemple [44], une accumulation de mutations déléteres a

été observée sous la forme de substitutions non-synonymes.

Dans I’étude suivante, nos objectifs étaient d’identifier les séquences des régions non-recombinantes
des chromosomes de types sexuels a; et as, et de caractériser le degré de dégénérescence de ces
régions dans différentes especes du complexe M. violaceum. Nous nous attentions a trouver de
la dégénérescence [71], et de maniére non-asymétrique entre les types sexuels car il n’existe pas
d’asymétrie d’hétérozygotie entre ceux-ci [79]. Nous disposions déja du génome d’une souche ha-
ploide de type a; de M. lychnidis-dioicae, mais les régions appartenant au chromosome de types
sexuels n’y étaient pas identifiées a cause du caractere incomplet de I'assemblage. Nous avons
isolé sur gel puis séquencé séparément les chromosomes de types sexuels a; et a; de la méme

souche diploide, ce qui nous a permis d’identifier les régions appartenant aux chromosomes de

37



types sexuels. Un ancrage des scaffolds des régions pseudo-autosomales sur la carte optique des
chromosomes de types sexuels (Hood 2013) a permis d’identifier les régions non-recombinantes
et les régions pseudo-autosomales. Nous avons également séquencé les génomes d’une douzaine
d’autres especes du complexe M. violaceum a plus faible couverture, et aligné ces séquences au
génome de référence. Nous avons ainsi recherché des signes de strates évolutives et de dégéné-
rescence dans les régions non-recombinantes des chromosomes de types sexuels sous la forme
d’accumulation de mutations non-synonymes, d’expressions différentes entre types sexuels, et

d’accumulation d’éléments transposables.

Ma contribution a été la suivante : j’ai calculé la divergence entre les alleles des genes situés sur
les chromosomes de types sexuels a; et ay, et analysé I’hétérogénéité de la divergence au sein
des contigs des chromosomes de types sexuels pour tester la présence de strates de suppression
de recombinaison. J’ai aussi analysé l'expression des genes différentiellement exprimés entre
cultures haploides de types sexuels a; et a;. Les figures supplémentaires sont en annexe A.l

(page 235).
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Abstract

Dimorphic mating-type chromosomes in fungi are excellent models for understanding the genomic consequences of
recombination suppression. Their suppressed recombination and reduced effective population size are expected to limit
the efficacy of natural selection, leading to genomic degeneration. Our aim was to identify the sequences of the mating-
type chromosomes (a; and a,) of the anther-smut fungi and to investigate degeneration in their nonrecombining regions.
We used the haploid a; Microbotryum lychnidis-dioicae reference genome sequence. The a; and a, mating-type chro-
mosomes were both isolated electrophoretically and sequenced. Integration with restriction-digest optical maps iden-
tified regions of recombination and nonrecombination in the mating-type chromosomes. Genome sequence data were
also obtained for 12 other Microbotryum species. We found strong evidence of degeneration across the genus in the
nonrecombining regions of the mating-type chromosomes, with significantly higher rates of nonsynonymous substitution
(dN/dS) than in nonmating-type chromosomes or in recombining regions of the mating-type chromosomes. The non-
recombining regions of the mating-type chromosomes also showed high transposable element content, weak gene
expression, and gene losses. The levels of degeneration did not differ between the a, and a, mating-type chromosomes,
consistent with the lack of homogametic/heterogametic asymmetry between them, and contrasting with X/Y or Z/W sex
chromosomes.

Key words: Y chromosome, Silene latifolia, Microbotryum violaceum, PAR, evolutionary strata, autosomes, allosomes,
genetic map.

Introduction recombination renders these genomic regions particularly

Loci determining which genotypes can mate sometimes
reside within genomic regions that display exceptional char-
acteristics, with extensive suppression of homologous recom-
bination and cytological differentiation between members
of the diploid chromosome pair (e.g, in sex chromosomes;
Charlesworth 1991, Marais et al. 2008; Bergero and
Charlesworth 2009; Bachtrog et al. 2011). Despite being fun-
damental to sexual reproduction, the suppression of

prone to degeneration (Bachtrog 2005). Degenerative
changes in the coding sequences (CDS) of sex chromosomes
include higher nonsynonymous substitution rates and/or
lower expression levels than in recombining regions (e.g,
Filatov. and Charlesworth  2002; Bartolome and
Charlesworth 2006). Degeneration may even extend to the
point of gene loss, illustrated for example by the small size and
limited gene content of the human Y chromosome (Repping
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2006). Nonrecombining regions also tend to accumulate
transposable elements (TEs) whose insertions can cause del-
eterious mutations (e.g, Steinemann M and Steinemann S
1992; Erlandsson et al. 2000; Bachtrog 2003; Marais et al. 2008).

In plants and animals in which one sex is heterogametic
(e.g, XY males in systems with XX females), degeneration of
the sex chromosomes is asymmetric (Bachtrog 2013).
Deleterious recessive mutations on the Y are sheltered,
whereas mutations on the X can be exposed to selection
when in the homogametic sex. The efficacy of selection on
sex chromosomes is further limited because of their reduced
effective population size, exacerbated by the process of hitch-
hiking by deleterious mutations, for example, linked to posi-
tively selected Y-linked mutations (Bergero and Charlesworth
2009; Bachtrog 2013). As with the sheltering of mutations,
these population-level effects influence the Y chromosome
more severely than the X.

Some fungal mating-type chromosomes can also display
recombination suppression and size dimorphism analogous
to sex chromosomes (Fraser et al. 2004; Menkis et al. 2008;
Hood et al. 2013; Grognet et al. 2014). Mating-type chromo-
somes carry the genes regulating mating compatibility (e.g,
through premating pheromones and receptors and postmat-
ing homeodomain proteins) but not those determining male/
female functions (Billiard et al. 2011). Mating occurs in the
haploid stage in fungi, and consequently their mating-type
chromosomes are always in a heterogametic condition in
diploids. Mating-type chromosomes are therefore expected,
like sex chromosomes, to display phenomena of sheltering of
deleterious mutations and smaller effective population size
than nonmating-type (non-MAT) chromosomes, which may
lead to degeneration. However, in contrast to sex chromo-
somes, the sheltering and reduced effective population size
effects are expected to be symmetrical in the mating-type
chromosome pair (Bull 1978).

The evolutionary consequences of suppressed recombina-
tion on fungal mating-type chromosomes have not been ex-
tensively studied. Nevertheless, footprints of degeneration
have been reported in the form of high nonsynonymous sub-
stitution rates and degeneration of codon usage in the fungus
Neurospora tetrasperma (Ellison et al. 2011; Whittle and
Johannesson 2011; Whittle et al. 2011). Also, the accumula-
tion of TEs has been shown in the mating-type chromosomes
of N. tetrasperma and Microbotryum lychnidis-dioicae (Hood
et al. 2004; Ellison et al. 2011). Further work is needed to assess
whether reduced expression or loss of genes also occurs, and
whether degeneration is similar in the two mating-type chro-
mosomes. In the case of the M. lychnidis-dioicae mating-type
chromosomes, opposite conclusions have been reached
about the extent of suppressed recombination and whether
evolutionary strata exist. Evolutionary strata are distinct re-
gions of different levels of divergence between sex chromo-
somes, probably reflecting successive stages in the expansion
of the region with suppressed recombination (Lahn and Page
1999; Bergero et al. 2007). Some results suggest a small region
with distinct strata in M. lychnidis-dioicae (Votintseva and
Filatov 2009), whereas others suggest that much of the chro-
mosome pair is nonrecombining (Hood et al. 2013).

40

Microbotryum lychnidis-dioicae is a fungus causing anther-
smut disease on Silene latifolia. It was the first fungus in which
dimorphic fungal mating-type chromosomes (a;, ~3.3 Mb, and
a,, ~4.0 Mb) were described (Hood 2002; Hood et al. 2013). The
suppression of recombination between mating-type chromo-
somes is thought to be favored under a highly selfing mating
system as occurs in this fungus (supplementary fig. ST,
Supplementary Material online) (Antonovics and Abrams
2004; Hood and Antonovics 2004; Johnson et al. 2005; Giraud
et al. 2008). Suppression of recombination linking the centro-
mere, premating pheromones/receptors, and postmating
homeodomain proteins renders a higher rate of gamete com-
patibility under intratetrad selfing (Hood and Antonovics 2000;
Nieuwenhuis et al. 2013). Segregation analyses of progeny
(Hood and Antonovics 2004) and the lack of colinearity
found by analysis of optical maps, that is, ordered, chromo-
some-wide restriction maps (Hood et al. 2013), indicate that
nonrecombining regions (NRRs) make up most of the M. lych-
nidis-dioicae mating-type chromosomes (up to 90%). In con-
trast, Votintseva and Filatov (2009) estimated that only 25% of
the markers from the mating-type chromosomes segregated
with the mating type. The NRRs of the mating-type chromo-
somes in M. lychnidis-dioicae are flanked at either end by
recombining regions (MATRRs), as shown by segregation anal-
yses of progeny (Votintseva and Filatov 2009) and by colinear-
ity in the optical maps (Hood et al. 2013). Because these distal
regions retain the ability to recombine, the transmission and
population genetics of these chromosomes are expected to be
similar to non-MAT chromosomes (Ellis et al. 1990).

Very ancient trans-specific polymorphism has been ob-
served at the mating-pheromone receptor gene (370 My old;
Devier et al. 2009) and, to a lesser extent, at other genes, not
involved in mating but linked to the mating-type genes
(Abbate and Hood 2010a; Petit et al. 2012). Such ancient
trans-specific polymorphism indicates that cessation of recom-
bination began before divergence of the Microbotryum anther-
smut fungi. Numerous Microbotryum species have dimorphic
mating-type chromosomes (Perlin 1996, Hood and
Antonovics 2004), thus providing a unique opportunity to
study the dynamics, roles, and patterns of degeneration in
the NRRs in fungal mating-type chromosomes. However, the
sequence of the a; genome of the reference strain of M. lychni-
dis-dioicae, available at the Broad Institute, was insufficiently
assembled to identify the a; mating-type chromosome.
Furthermore, no reference a, genome was available. The
aims of this work were therefore: 1) To identify the sequences
of the a; and a, mating-type chromosomes and of their NRRs in
M. lychnidis-dioicae, and 2) to investigate TE accumulation and
degeneration in the NRRs of the mating-type chromosomes in
the Microbotryum genus, including increased nonsynonymous
substitution rates (dN/dS), reduced expression, and gene loss.

Results

Identification of Mating-Type Chromosomes,
MATRRs, and NRRs in M. lychnidis-dioicae

We used the reference specimen whose a; haploid genome
was sequenced by the Broad Institute. Both a; and a,
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mating-type chromosomes from this reference specimen
were isolated on pulsed-field electrophoretic gels and se-
quenced at very high coverage (1,175x). Mapping the a,
chromosome-specific DNA against the a, reference assembly
available at the Broad Institute allowed the identification of
scaffolds corresponding to the a; mating-type chromosome.
We conducted de novo assembly of the sequences of the
karyotype-isolated a, mating-type chromosome.

The Broad Institute Supercontigs 37 and 43 could be an-
chored on previously established optical maps of the M. lych-
nidis-dioicae mating-type chromosomes (Hood et al. 2013).
Each of these two scaffolds anchored on one of the two distal
regions of structural colinearity between the a; and a,
mating-type chromosomes (Hood et al. 2013). This allowed
the sequences of the mating-type chromosome recombining
regions (MATRRs) to be identified. As expected for recom-
bining DNA in a selfing species, the sequences assigned to
MATRRSs showed less than 0.1% nucleotide divergence be-
tween the a; and a, chromosomes sequenced.

Because there were numerous repetitive sequences, the
remaining scaffolds assigned to the mating-type chromosome
NRRs could not be satisfactorily anchored on the optical
maps. Nevertheless, their assignment to the mating-type
chromosomes appeared reliable because, after filtering out
repetitive elements: 1) These scaffolds were highly repre-
sented in the reads from the karyotype-isolated mating-
type chromosomes, and 2) significant BLASTn hits were
found between the unique genes from the a; and a, NRR
scaffolds with substantial divergence between most alleles,
consistent with expectations for NRRs. Some unique genes
within scaffolds assigned to NRRs appeared highly similar
between a; and a,. However, these genes were embedded
within scaffolds that carried other genes with more diver-
gence between the two mating types (supplementary fig.
S2, Supplementary Material online). Their assignment to
NRRs therefore appears to be sound. Existing genetic maps
were used for further validation of our scaffold assignments to
NRRs and MATRRs. All 11 loci previously shown to be com-
pletely linked to the mating-type in segregation analyses of a
single progeny (Abbate and Hood 2010b; Petit et al. 2012)
were found on the scaffolds we assigned to NRRs. The se-
quences we assigned to NRRs included 11 additional loci
shown to be linked to the mating type in another segregation
analysis (Votintseva and Filatov 2009). One of the NRR loci
(accession BZ782397 in Votintseva and Filatov 2009) corre-
sponded to one of our NRR fragments with zero a;-a, se-
quence divergence. Thus, even nondiverged regions may
belong to the NRR. Five mating-type chromosome loci pre-
viously shown to be unlinked to mating type and with zero se-
quence divergence between a, and a, (Votintseva and Filatov
2009) were found in scaffolds we assigned to MATRR contigs
(accessions BZ782138, BZ782443, BZ782547, BZ782204, and
BZ782044).

In the a; M. lychnidis-dioicae reference genome, 6,891
genes were predicted in non-MAT chromosomes, 349
genes in the NRRs, and 99 genes in the MATRRs. The NRRs
thus carry 78% of the genes of the mating-type chromosome.
Genes typically determining mating types in basidiomycetes

930
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were found in the NRRs: 1) The genes encoding the mating
pheromones and receptors, which determine conjugation
compatibility, and 2) the genes encoding mating homeodo-
mains regulating growth of the dikaryon after conjugation.
Other than genes previously identified as belonging to the
NRRs and involved in mating (Petit et al. 2012), no other
genes in the NRRs had any putative mating function.

Substantial Divergence between NRRs and
Investigation of the Possibility of Evolutionary
Strata in M. lychnidis-dioicae

Using our de novo assembly of the a, mating-type chromo-
some, we identified the reciprocal best hits between predicted
NRR genes on the a; and a, sequences. We estimated the
divergence between these alleles at synonymous coding po-
sitions, using alignments of concatenated exons per gene
longer than 1,000bp to avoid stochastic effects due to
short sequences (fig. 1). Synonymous divergence was substan-
tial, indicating that the suppression of recombination be-
tween the mating-type chromosomes of M. lychnidis-dioicae
was very ancient, with some extreme values and divergence
varying from 0 to 3.4, and a mean of 0.06. There were no
marked gaps in the distribution of divergence values (fig. 1), as
would be expected if different evolutionary strata had ceased
recombining at different times. Because the assembly was
incomplete, however, we could not plot the divergence
levels against physical distance, which would be the most
powerful approach to test for the existence of evolutionary
strata. Nevertheless, the large scaffolds included genes display-
ing high variation in levels of a;—a, divergence (supplemen-
tary fig. S2, Supplementary Material online), indicating that
heterogeneity in divergence occurs at small scales of physical
distance.

We then assessed when recombination suppression be-
tween the mating-type chromosomes of M. lychnidis-dioicae
emerged relative to speciation events. We built trees of the
predicted genes assigned to NRRs. Trees were built from align-
ments of putative orthologous groups (POGs) from the
whole haploid genome sequences of either mating type (ob-
tained by 454 technology) from 11 other Microbotryum spe-
cies, as well as the a, and a, alleles of M. lychnidis-dioicae. In
principle, recent recombination events would place the a,
and a, alleles of M. lychnidis-dioicae close together relative
to alleles of other species, whereas suppression of recombi-
nation established before speciation events will place M. lych-
nidis-dioicae a, alleles closer to a, alleles of other species than
to M. lychnidis-dioicae a, alleles (Devier et al. 2009; Petit et al.
2012). Among the 349 predicted NRR genes, only 45 reliable
alignments could be obtained that included the alleles of both
a; and a, of M. lychnidis-dioicae and of at least five other
species. In 19 of the 45 trees built with confidently aligned
NRR genes, the a, alleles of M. lychnidis-dioicae clustered with
a, alleles of other species: Microbotryum from S. notarsii, from
L. flos-cuculi, S. nutans and/or S. lemmoni (fig. 2). Such trans-
specific polymorphism indicates that recombination was sup-
pressed before the corresponding speciation events. The
other 26 trees showed clustering of M. lychnidis-dioicae a,
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Synonymous divergence (dS)*SE between a; and a;, alleles in NRRs
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Fic. 1. Synonymous divergence between a, and a, alleles in predicted genes in the NRRs of the mating-type chromosomes of Microbotryum lychnidis-
dioicae, ranked by increasing divergence. Only trimmed alignments of concatenated exons longer than 1,000 bp were retained. Synonymous divergence
was estimated as the numbers of synonymous substitutions (dS), divided by the number of synonymous sites in the sequence; standard errors are
shown. A single dS value at 3.4 is not shown for optimal visualization of the other values. The divergence between the pheromone receptor alleles is not
shown either as they could not be aligned in nucleotides.
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Fic. 2. Examples of gene trees in NRRs of the mating-type chromosomes. Examples are shown of different placements of the a; and a, alleles of
Microbotryum lychnidis-dioicae genes (in gray), relative to orthologs in other Microbotryum species (in black). The name of the host plant is indicated

next to the Microbotryum species name.
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and a, alleles in a specific clade, with high similarity, suggest-
ing that there had been recent gene conversion (fig. 2).

Gene conversion footprints were investigated for predicted
genes in NRRs. We used the 196 POG alignments from various
Microbotryum species and assigned to NRR (see below). A
total of 11 gene conversion events were detected within these
NRR genes, corresponding to 1.9 x 10~ * events per base pair,
affecting 3.6% of the genes.

Identification of POGs and Species Tree
Reconstruction

We mapped the whole genome sequences of the 11 other
Microbotryum species and the outgroup (haploid genomes of
either mating type; fig. 3) onto the M. lychnidis-dioicae refer-
ence genome. We thereby identified 5,726 POGs of loci in
which at least 6 of the 12 species were represented and
that were longer than 150bp. These sequences were fil-
tered to remove intron positions and surrounding regions
that did not align reliably. Based on their positions in the
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86 . i
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— Lychnis flos-cuculi

—  Microbotryum lychnidis-dioicae

M. lychnidis-dioicae reference genome, 5,453 POGs were as-
signed to non-MAT chromosomes, 196 to NRRs, and 69 to
the MATRRs.

We built a phylogeny of the Microbotryum species based
upon the set of 5,453 POGs from non-MAT chromosomes
(fig. 3); genes on the mating-type chromosomes were ex-
cluded because they may display trans-specific polymor-
phism that could blur species relationships (Devier et al.
2009; Abbate and Hood 2010b; Petit et al. 2012). The re-
lationships between species were consistent with those re-
ported previously for this fungal genus (Kemler et al. 2006).
The phylogeny was rooted using a subset of 46 POGs from
the outgroup M. pustulatum parasitizing Polygonum bis-
torta (Kemler et al. 2006); the topology of the resulting
rooted phylogeny was identical to the unrooted version
based on the data set from non-MAT chromosomes, al-
though with smaller bootstrap values. The topology ob-
tained using the full set of 5726 POGs (including from
the mating-type chromosome loci) was also identical and
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um—— Vlicrobotryum violaceum
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Microbotryum _ SR |
] y
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Fic. 3. Unrooted phylogenetic tree of the Microbotryum species studied, with a gene partition model under the maximum-likelihood framework. The
topologies obtained with the different data sets were all identical: The full set of 5,726 putative orthologous genes (POGs), the 46 POGs including the
outgroup, the 5453 non-MAT chromosome POGs, and the set of 288 non-MAT chromosome POGs with high individual bootstraps. Bootstraps
obtained using the full set of 5,726 POGs are indicated at the nodes. The root obtained with the 46 concatenated POGs including the outgroup species,
M. pustulatum parasitizing Polygonum bistorta, is indicated with a red arrow. The scale indicates the total number of substitutions per base accumulated
in each lineage. Fungal species names, and host species names, are indicated. Microbotryum violaceum sensu lato applies to all host-specific lineages for
which no Latin name has been given, whereas Microbotryum violaceum sensu stricto indicates the host-specific lineage to which this Latin name was

originally given. Pictures of diseased host plants are shown.
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with smaller bootstrap values, due to trans-specific poly-
morphisms of genes in the NRRs.

Bootstrap support of 100% for nodes in phylogenomic
trees may nevertheless mask disagreement between trees
for individual genes. The phylogeny was therefore recon-
structed using only the 288 POGs from non-MAT chromo-
somes displaying strong bootstrap values in their individual
gene trees as previously recommended (Salichos and Rokas
2013). This yielded the same topology as the rooted tree, with
100% bootstrap support for all nodes (fig. 3).

Increased Nonsynonymous Substitution Rates
in NRRs

Footprints of less effective selection were identified as the
accumulation of nonsynonymous substitutions (dN, assumed
to be deleterious) at a faster rate than of synonymous sub-
stitutions (dS) in the 12-species POG data set. The compar-
ison of median ® (=dN/dS) values for terminal branches
(fig. 4A) indicated that rates of nonsynonymous substitution
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in NRRs were higher than those in non-MAT chromosomes
in all species except in the branch of the Microbotryum spe-
cies parasitizing S. lemmonii. The differences in ® values be-
tween NRRs and non-MAT chromosomes were significant in
four Microbotryum species, those parasitizing S. nutans,
S. paradoxa, S. parryi, and S. virginica. In contrast, ® values
did not differ between the MATRRs on the mating-type chro-
mosomes and those on the non-MAT chromosomes; ®
values were, however, lower in the MATRR than in non-
MAT chromosomes in 8 of the 12 species (fig. 4A).
Sequencing errors are unlikely to be responsible for the dif-
ferences in the estimated substitution rates between com-
partments (NRR, MATRR, or non-MAT chromosomes), as
the mean read qualities for the different compartments
were similar.

The NRRs of both the a; and a, mating-type chromosomes
had higher rates of nonsynonymous substitutions than in
non-MAT chromosomes across the genus as a whole
(fig. 4C). We then compared degeneration between the a,

Mean dN/dS per mating-type

(singleton) chromosome and genomic partition
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¥
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Fic. 4. Degeneration estimated by comparing mean nonsynonymous with synonymous substitutions ( = dN/dS) across CDS in each of non-MAT
chromosomes, nonrecombining regions of the mating-type chromosomes (NRRs), and recombining regions of the mating-type chromosomes
(MATRRs) in 12 haploid Microbotryum genomes (either of a; or a, mating type): (A) With the full frequency spectrum of substitutions used to
compute dN/dS through a free-ratio branch model (Codeml, PAML), or (B) with only singleton substitutions taken into account to focus on recent
events. The significance of the differences between NRR and non-MAT chromosomes and between MATRRs and non-MAT chromosomes was assessed
by bootstrapping. Significance levels of 1% (***), 5% (**) and 10% (*) and nonsignificance (-) are reported on barplots. (C) Mean ® (dN/dS) per mating-
type chromosome (a; and a,), for NRRs MATRRs and non-MAT chromosomes. Red bars indicate standard deviations. Associated two-sample t-tests are
presented in the table: No significant difference in mean dN/dS was detected between a; and a,.
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and a, NRR within a single species, M. lychnidis-dioicae. We
computed the ® values for the 45 NRR POGs with reliable
alignments between the a; and a, alleles of M. lychnidis-dioi-
cae. The difference between a; and a, was significant for only
one of these 45 NRR genes, and thus there was no evidence
for asymmetry of degeneration between a; and a, mating-
type chromosomes.

To study recent, phylogenetically independent substitu-
tions, we also analyzed ® values for mutations found in
only one of the species (singletons): ® ratios were again sig-
nificantly higher in NRRs than in non-MAT chromosomes
(fig. 4B) in 10 of the 12 species (for all except M. lychnidis-
dioicae parasitizing S. latifolia, and M. saponariae parasitizing
Saponaria officinalis). MATRR ® values again were not signif-
icantly different from those in non-MAT chromosomes (fig.
4B).

Distinguishing Decreased Efficacy of Purifying
Selection from Positive Selection

The higher nonsynonymous substitution rates in NRRs than
in non-MAT chromosomes may reflect decreased efficacy of
purifying selection, as would be expected under sheltering
and reduced effective population size. Indeed, the results of
codon-model tests with and without selection were not con-
sistent with the alternative explanation of positive selection
(supplementary table S1, Supplementary Material online).
The proportions of loci inferred to evolve under positive se-
lection in the 12-species POG data set appeared to be similar
in NRRs (6%, 12 predicted genes), MATRRs and non-
MAT chromosomes (4% each). Furthermore, discarding the
POG:s falling in the “nearly neutral selection” (0.8 < ® < 1.2)
and “positive selection” (®w > 1.2) classes led to similarly
higher mean ® in NRR than in non-MAT chromosomes
and MATRR compartments (supplementary fig. S3A and B,
Supplementary Material online). This suggests that the gen-
erally higher ® in NRRs than other compartments is a con-
sequence of a lower efficacy of purifying selection rather than
the effects of positive selection on genes.

Higher TE Accumulation in NRRs than Recombining
Regions

TE content was significantly higher in the NRRs than in non-
MAT chromosomes of all Microbotryum species and this was
true for both a; and a, mating-type chromosomes (fig. 5): The
TE content was at least four times greater in NRR than in non-
MAT chromosomes in all cases, and 26 times more in the case
of M. violaceum sensu stricto parasitizing S. nutans. We ex-
amined separately the three most frequent TE families in
M. lychnidis-dioicae: Copia-like, Gypsy-like, and rolling circle
Helitron-like elements (Hood 2005, Hood et al. 2005;
Yockteng et al. 2007). The greater TE content in NRR than
non-MAT chromosomes applied to all the three families (sup-
plementary fig. S3D, Supplementary Material online).
MATRRs tended to harbor fewer TEs than the non-
MAT chromosomes (fig. 5), but the difference was not
significant.
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Differential Expression or Gene Loss between the
Mating-Type Chromosomes in M. lychnidis-dioicae

We then examined gene expression using RNA sequencing
(RNA-Seq) in separated a; and a, haploid cultures of
M. lychnidis-dioicae, under conducive (low nutrient water
agar) and nonconducive (nutrient-rich medium) mating en-
vironments. The gene expression profiles (supplementary fig.
S4A, Supplementary Material online) revealed 177 genes dif-
ferentially expressed (cutoff 1E~'%) in M. lychnidis-dioicae be-
tween a, and a, haploid cultures in either low or high nutrient
environments. Among these 177 genes, most of them (93)
were differentially expressed under both conditions. Eighty-
four of the 177 differentially expressed genes were located in
the NRRs and two in the MATRRs. This represents a 49%
enrichment of differentially expressed genes in the NRRs,
which is highly significant (Pearson x”=52.61, P < 0.001).

Differential expression of NRR genes between a; and a,
cultures can be caused by 1) deleterious mutations impairing
proper expression but sheltered in the dikaryotic/diploid
stage by permanent heterozygosity in NRRs, or 2) selection
favoring linkage to one mating type because of antagonistic
effects in cells of the other mating type; this would be similar
to genes on sex chromosomes with antagonistic effects in
males and females (Charlesworth et al. 2005; Bergero and
Charlesworth 2009). Were this second possibility the case,
the differentially expressed genes in NRR would be expected
to be associated with mating-type functions and thus poten-
tially upregulated during mating. However, the differentially
expressed genes in NRRs were not associated with any puta-
tive functions involved in mating, except for the mating-type
pheromone receptor and homeodomain loci. Furthermore,
we did not detect a higher percentage of genes upregulated
during mating in NRRs than in non-MAT chromosomes or
MATRRs: 2.63% of NRR genes were upregulated during
mating, versus 2.02% in MATRRs and 1.71% in non-MAT
chromosomes. Moreover, only 10 of the 130 genes upregu-
lated during mating were also differentially expressed be-
tween separated a; and a, cells. Thus, few, if any, of the
genes identified as differentially expressed between mating
types are involved in mating-type determination, arguing
against the idea that numerous genes have antagonistic ef-
fects between the two mating types. These observations sug-
gest that most of the genes with weak or no expression in one
mating type correspond to genes with deleterious mutations
rather than mating-type specific roles.

In our RNA-Seq analysis, fewer genes appear to be ex-
pressed specifically in a, than a; haploid cells. Sixty-eight of
the 86 differentially expressed genes mapping to the a,
mating-type chromosome were significantly more strongly
expressed in a; cultures and 18 in a, cultures (supplementary
fig. S3, Supplementary Material online). This was probably
because reads were mapped against the gene set from the
a, reference genome, so genes lost from the a; mating-type
chromosome (and thus only expressed in a, cells) would not
have been identified. To recover those genes, RNA-Seq reads
from the a; and a, cell libraries were separately assembled de
novo. The resulting transcripts were mapped against both the
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Fic. 5. TE contents in contigs assigned to non-MAT chromosomes, nonrecombining regions of the mating-type chromosomes (NRRs), and recombin-
ing regions of the mating-type chromosomes (MATRRs), in 12 haploid Microbotryum genomes (either of a; or a, mating type). The results reported are
proportions of sequences corresponding to TEs in 1,000 random 200-bp fragments in each compartment (non-MAT chromosomes, NRRs, and

MATRRS).

a; reference genome and a de novo assembly of the a,
mating-type chromosome from the reference specimen. For
some genes lacking transcripts in cultures of one mating type,
there was evidence of gene loss from the corresponding
mating-type chromosome. Sixteen of the 30 genes expressed
only in cultures of the a; mating type were located in the NRR
and not found among a, genome sequences. Similarly, 9 of
the 21 genes expressed only in cultures of the a, mating type
were located in the NRR and not found among a; genome
sequences. The number of gene losses from a; and a, NRRs
were not significantly different (x”>=0.2; P =0.35). We con-
firmed gene loss from either one of the mating-type chromo-
somes by polymerase chain reaction (PCR) detection using
gene-specific primers in the M. lychnidis-dioicae Lamole ref-
erence strain (supplementary table S2A, Supplementary
Material online). We also screened 18 other M. lychnidis-dioi-
cae or M. silenes-dioicae strains by PCR using the same primer
pairs for the presence of these genes. Overall, the pattern of
gene loss observed was same as that in the Lamole reference
strain. However, a couple of genes were found in both mating
types in several strains, indicating that the gene losses are not

46

in all cases fixed within the species (supplementary table S2B,
Supplementary Material online).

Discussion

Identification of DNA Sequences of the Mating-Type
Chromosomes in M. lychnidis-dioicae, and Its
Large NRRs

Sequencing the chromosomes extracted from pulse-field gels
allowed the identification of the a; and a, mating-type chro-
mosomes within the reference genome sequence, as well as
their MATRRs and NRRs. Several lines of evidence validated
our assignments of scaffolds to NRRs, MATRRs, and non-
MAT chromosomes, noting that any failure to properly
assign a few sequences would obscure the differences be-
tween the mating-type chromosomes and non-MAT chro-
mosomes. The tests for differences between NRRs and
recombining regions should therefore be conservative.
Orthologs between the two mating-type chromosomes (a,
and a,) were found in the NRRs. This finding supports the
view that the dimorphic mating-type chromosomes in fungi
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were initially derived from a homologous pair of non-MAT
chromosomes, as observed for sex chromosomes and other
fungal mating-type chromosomes (Charlesworth 1997;
Charlesworth et al. 2005; Menkis et al. 2008). Several hundred
genes were identified in the NRRs of the mating-type chro-
mosomes, representing most of the predicted genes of the
mating-type chromosomes. This is consistent with sup-
pressed recombination extending over most of the mating-
type chromosome pair in M. lychnidis-dioicae, as indicated by
analysis of optical maps (Hood et al. 2013). Votintseva and
Filatov (2009), in contrast, reported that the NRRs covered a
much shorter section of the mating-type chromosomes in
M. lychnidis-dioicae. That result, however, was partly due to
the inclusion of loci that were repetitive sequences or were
missassigned to MATRRs (Hood et al. 2013).

Divergence between a; and a, Alleles in the NRRs of
the Mating-Type Chromosomes in M. lychnidis-dioicae

The high divergence of synonymous substitutions between
the a; versus a, alleles in many of the genes in the NRR
indicates that the cessation of recombination is ancient. We
found no evidence for allele divergence in discrete stages,
which could have been expected were there evolutionary
strata in mating-type chromosomes of M. lychnidis-dioicae.
A high heterogeneity in divergence levels was found, which
could result from the evolutionary strata, although the het-
erogeneity was observed at small physical scale. Physical map-
ping of loci may be required before a definitive conclusion
about the existence of evolutionary strata or other processes
is possible.

Dating the suppression of recombination in M. lychnidis-
dioicae is limited by the inability to use absolute calibration.
Indeed, calibration points are rare; exploitable calibrations
points require the alignment of numerous genes in fungal
species much more distant than the genus level examined
here. Using fossil records for calibration, we estimated that the
suppression of recombination at the highly conserved mating
pheromone receptor gene in M. lychnidis-dioicae occurred
approximately 370 Ma (Devier et al. 2009). Here, we could
only estimate a relative date for the suppression of recombi-
nation by investigating the placement of the a; and a, alleles in
the broader gene trees that contained several Microbotryum
species. Among the subset of NRR genes that could reliably be
aligned with other species, their placements often indicated
that recombination was suppressed before the speciation of
the sister species M. lychnidis-dioicae and M. silenes-dioicae.
This speciation event has been estimated to have been
420,000 years ago (Gladieux et al. 2011). For some predicted
genes, however, a; and a, alleles were very similar, indicating
recent cessation of recombination or gene conversion. The
heterogeneity of divergence times may be the result of an
expansion of the region with suppressed recombination (i.e,,
evolutionary strata), transposition of genes, and/or the influ-
ence of gene conversion. Further studies that provide more
complete assembly will aid in disentangling these various
possibilities.
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Evidence of Degeneration in the Regions of
Suppressed Recombination in the Mating-Type
Chromosomes of Multiple Microbotryum Species

Consistent with the reduced efficacy of selection expected in
the nonrecombining mating-type chromosomes, we detected
signs of genetic degeneration in the NRRs of Microbotryum
species, in the form of higher rates of nonsynonymous than
synonymous substitutions in NRRs than in MATRRs or non-
MAT chromosomes. Note that the nonsynonymous substi-
tutions detected here may represent rare variants within the
species, as we did not have polymorphism data to check
whether the substitutions had been fixed at the species
level. Even in this case, however, the finding of higher num-
bers of nonsynonymous substitutions in NRRs than in non-
MAT chromosomes would still be a strong indication of a
lower efficacy of purifying selection, leading to deleterious
substitutions being maintained at higher frequencies in the
NRRs than in non-MAT chromosomes.

The different patterns of gene expression between a; and
a, haploids also provided strong evidence for degeneration,
with some genes showing reduced expression or even having
been lost in one mating type. The differential expression was
not likely to be due to selection associated with mating-type
determination because, other than mating pheromone recep-
tors and homeodomain loci, differentially expressed genes in
NRRs did not have any obvious mating functions. Consistent
with this, cells of different mating types are not very differen-
tiated and are of similar size, and the haploid stage is very
transient and restricted to the tetrad formation (Zakharov
1986; Hood and Antonovics 2000, 2004) (supplementary fig.
S1, Supplementary Material online). Only the mating-type
genes at the pheromone/receptor and the homeodomain
loci are therefore clearly expected to be associated with
mating-type determinism, as is typical of basidiomycetes
(Feldbrugge et al. 2004). Under “mating” conditions, the
genes in the NRRs did not appear more frequently upregu-
lated than genes on non-MAT chromosomes. The high fre-
quency of genes with mating-type-specific expression in the
NRREs is thus likely to be associated with the accumulation of
deleterious mutations impairing proper expression. Indeed,
genes not required for growth during the brief haploid
stage may carry loss-of-function mutations at high frequen-
cies, as these would be sheltered by the permanent hetero-
zygosity of these regions.

The substantial degeneration in the NRRs agrees with
observations of frequent haplolethal mutations in natural
populations of several Microbotryum species. Deleterious al-
leles have been detected that were linked to one mating
type (a; or a, depending on the strain), which prevent sus-
tained growth of cells of one mating type when the haploid
stage is artificially extended through in vitro culturing
(Oudemans et al. 1998 Hood and Antonovics 2000;
Thomas et al. 2003). In the case of the Lamole reference
strain, from which the reference genome was obtained, both
a; and a, cells can grow in vitro, so genes lost from the
mating-type chromosomes in this genome are not essential
for haploid growth.
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The TE content of the Microbotryum mating-type chro-
mosome NRRs was found in all species to be much higher
than that of their MATRRs and non-MAT chromosomes. This
is an expected consequence of suppressed recombination, as
has been observed in sex chromosomes (Bachtrog 2013); TE
insertions may contribute to degeneration by disrupting
genes or altering their expression. TE accumulation was
more similar between the MATRRs and non-MAT chromo-
somes, consistent with recombination occurring in MATRR
and allowing for more effective selection such that deleterious
TE insertions are more likely to be purged. Various families of
TEs accumulated differently in  NRRs of different
Microbotryum species, providing further evidence of ongoing
and independent mating-type chromosome degeneration
during the divergence of these fungal lineages. Analyses of
TE transcripts and of mutations also indicate that the activity
of TEs in several Microbotryum species is continuing (Garber
and Ruddat 1995, 1998; Yockteng et al. 2007).

A possible bias in our analyses is that all genomes were
mapped against the M. lychnidis-dioicae reference assembly.
Therefore, genes identified as present in the mating-type
chromosomes based on the orthology with M. lychnidis-dioi-
cae may be present on non-MAT chromosomes in other
Microbotryum species. However, our analyses are conserva-
tive, as any movements between genomic compartments
would obscure differences; our results indicate that sequences
assigned to the mating-type chromosome evolved in a dis-
tinctive manner across species and that it is unlikely that
many of them were misassigned between NRR, non-MAT
chromosomes, and MATRR categories.

Overall, there are various lines of evidence for high levels of
divergence, degeneration, and TE accumulation on the
mating-type chromosomes in numerous species of
Microbotryum. It is striking that a nonsex chromosome
system exhibits such similar phenomena to well-characterized
in sex chromosomes, with extensive suppressed recombina-
tion, loss of gene content, and accumulation of a high content
of repetitive elements. Importantly, similar degeneration was
observed on a; and a, mating-type chromosomes, in contrast
to XY sex determining systems, where the Y chromosome
degenerates much more than the X (Bachtrog 2013). This is
consistent with Bull’s prediction that degeneration is not ex-
pected to be asymmetrical in species where sex or mating
compatibility is determined in the haploid stage and the
chromosomes responsible are always heterogametic in the
diploid stage (Bull 1978).

Materials and Methods

Reference Genome (M. lychnidis-dioicae)

Information on the a; haploid genome of the Lamole refer-
ence strain of M. lychnidis-dioicae parasitizing S. latifolia was
obtained from the Broad Institute web-server. This included
the scaffolds (i.e, supercontigs) corresponding to the nonmi-
tochondrial regions, the associated CDS annotations (gff files),
and the annotations obtained with Interproscan, a powerful
integrated database and diagnostic tool (Jones et al. 2014).
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Resequencing of the a; Mating-Type Chromosomes
(M. lychnidis-dioicae)

The a; mating-type chromosome from the same haploid
Lamole genotype whose whole genome was sequenced by
the Broad Institute was isolated using electrophoretic karyo-
type analysis as previously described (Hood et al. 2004). The
DNA was subjected to multiple displacement amplifications
with the REPLI-g Kit (QIAGEN), and then sequenced at a
coverage of 1,175 x using 2- and 5-kb insert size, mate-
paired libraries for Titanium version 454 technology (www.
rochecom). A first assembly using Newbler (the Roche as-
sembler) was performed with approximately 30-fold and ap-
proximately 20-fold coverage.

Identifying the Mating-Type Chromosome Scaffolds
on the a; Reference Genome

To determine which scaffolds of the M. lychnidis-dioicae
genome belonged to the a; mating-type chromosomes and
which to non-MAT chromosomes, the assembled contigs
from the gel-isolated mating-type chromosomes were
mapped against the M. lychnidis-dioicae reference genome
using NUCmer (http://mummer.sourceforge.net/). Matches
were assigned to the mating-type chromosome, and scaffolds
without any match were assigned to non-MAT chromo-
somes. To validate these results, our 454 data (Newbler)
were mapped onto the Broad Institute assembly scaffolds
to identify contamination from non-MAT chromosomes by
their scattered weak read coverage. Finally, all nonmitochon-
drial Broad Institute assembly scaffolds with coverage greater
than 20-fold when mapped with contigs from the gel-isolated
mating-type chromosomes were assigned to mating-type
chromosomes.

Sequencing and Assembly of the a, Mating-Type
Chromosome (M. lychnidis-dioicae)

The a, mating-type chromosome from the Lamole reference
strain was isolated and amplified as described above for the a,
mating-type chromosome. Four libraries were sequenced on
lllumina HiSeq 2000, one paired-end library (insert size of
250bp) and three mate-pair libraries (expected insert sizes
3, 8, 20 kb; observed insert sizes of 2.2, 9, 12.5 kb, respectively).
The sequence data for the paired-end library (100bp se-
quenced at both ends of fragments) represent a coverage
of 1,175 X (given the expected genome size of 25 Mb). The
2.2-,9- and 12.5-kb libraries include 34, 6.4 and 2.2 millions of
base pairs, respectively.

Contigs were generated from the paired-end data, with
SOAPdenovo 2.04 (Li et al. 2010) using a kmer of 91. Then,
a three-step process was applied to remove artifacts from the
assembly: 1) Contigs fully included in longer contigs were
removed; 2) contigs containing 15-mers that were not pre-
sent in raw reads were split, as they are likely to be chimeras;
and 3) contigs were trimmed (46 bp ~ 1/2 kmer length) to
remove the artificial overlaps created by the large kmer used.

Paired-end and mate-pair reads were mapped
on contigs using the glint software (Faraut T and Courcelle
E, unpublished data; http://lipm-bioinfo.toulouse.inrafr/
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download/glint; parameters - -best-score --step 2 --no-
Ic-filtering - -mmis 5 - -Irmin 80). Due to the large numbers
of highly conserved repeats, additional stringent criteria were
used for further hit selection (length of the hit > 90 bp; iden-
tity = 100%). LYNX scaffolder (Gouzy J, unpublished data) was
used to generate scaffolds. A minimum number of five links
was required for linking information from the 250-nt and 2.2-
kb libraries to be considered, and at least two links for the 9-
and 12.5-kb libraries. Finally, SOAPGapCloser was used to fill
in gaps in the assembly. The final assembly was 24,832,594
nucleotides long in 388 scaffolds (N50 of scaffolds longer than
1,000 nt =299 kb; 4.75% of N).

Identification of the MATRRs (M. lychnidis-dioicae)

To identify sequence assemblies corresponding to the two
MATRRs of M. lychnidis-dioicae mating-type chromosomes
reported in optical maps (Hood et al. 2013), contigs were
aligned with restriction-digest optical maps using the
MapSolver software (OpGen) (Latreille et al. 2007). This soft-
ware predicts restriction digest patterns from DNA sequence
data for comparison with the observed optical maps (restric-
tion-digest fragments sizes); alignments are based on a cumu-
lative scoring function that rewards matching cut-site
distributions and penalizes mismatch or missing sites. The
software’s default settings were used to calculate alignments.

Genome Sequencing of Additional Microbotryum
Species and Mapping against the Reference

The fungal material used in this study was collected as diploid
teliospores from natural populations in North America and
Europe. Some Microbotryum species have not received a spe-
cific Latin name yet and are referred to as M. violaceum sensu
lato with the additional indication of their host plant species
(fig. 3). Microbotryum species have been distinguished on the
basis of a combination of multiple gene genealogies, interfer-
tility assays, and hybrid fitness and fertility assessments (Le
Gac, Hood, Fournier, et al. 2007; Le Gac, Hood, and Giraud
2007; de Vienne, Hood, et al. 2009; de Vienne, Refrégier, et al.
2009). Haploid cultures of the 11 Microbotryum species were
obtained by micromanipulation of the postmeiotic yeast-like
sporidial cells, which were grown on potato dextrose agar
(Difco). Mating types of the haploid cultures were identified
by pairing with cultures of known mating types and examin-
ing the conjugation response elicited by the alternate mating
pheromone (Day 1979). Also, PCR primers that discriminate
between a; and a, pheromone receptors (Devier et al. 2009)
were used to test extracted DNA for mating type with the
DNeasy Plant Mini Kit (QIAGEN). The extracted DNA from
the Microbotryum species was also used to obtain shotgun
sequence libraries using the Titanium version 454 technology
(performed at the University of Virginia, Genomics Core
Facility) with a coverage of 2-2.5 x . Only reliable sequenced
positions, with sufficient qualities, were taken into account.
Sequence libraries for each of the 11 Microbotryum species
were assembled individually by mapping against the M. lych-
nidis-dioicae reference genome using Newbler. Pairwise
mapped sequences were realigned within species libraries
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using Prank (Loytynoja and Goldman 2005, 2008) with the
“-codon” option in accordance with recent recommenda-
tions based on simulations for the use of codon-based
models to detect selection (Fletcher and Yang 2010;
Markova-Raina and Petrov 2011). In the pairwise alignments
obtained, the positions creating gaps on the reference se-
quence were discarded to maintain the initial coordinates
in the reference.

Sequences matching the same fragments of the reference
M. lychnidis-dioicae genome were clustered together as puta-
tive orthologs using Newbler-generated coordinates of the
mapped contigs on the reference genome. Noncoding regions
were filtered out from POGs using the CDS annotations of
the reference genome provided by the Broad Institute. Loci
shorter than 300 bp and those missing from more than six
Microbotryum species were discarded.

An outgroup species, M. pustulatum, parasitizing P. bistorta
(Kemler et al. 2006), was also sequenced and assembled
against the reference genome as described above. Given its
distance from the Microbotryum species (mean number of
substitutions per site between the outgroup and the ingroups
is 0.085 £ 0.067), few POGs (46) were available for the phylo-
genetic studies. Consequently a second, larger data set was
generated without the outgroup species, including 5,726
POGs, which was used for all the subsequent analyses.

Species Phylogeny Inference

To avoid potential biases in the phylogenetic signal caused by
trans-specific polymorphism, as observed at some mating-
type genes (Devier et al. 2009; Abbate and Hood 2010b;
Petit et al. 2012), only POGs not belonging to mating-type
chromosomes were used for the species tree reconstruction.
The 5,453 POGs not belonging to mating-type chromosomes
were concatenated and JMODELTEST (Posada 2008) was
used to infer the most suitable nucleotide substitution
model. Phylogenetic trees were constructed in a maximum-
likelihood framework using RAXML 7.8.1 (Stamatakis et al.
2005) with a GTR+gamma substitution model and on
gene-partitioned data sets (substitution model parameters
were optimized for each partition of genes with
JMODELTEST). Other phylogenies based on codon position
partitioning (computing estimations separately for the first
two codon positions, GC,, vs. the third codon position, GC;)
or on other amino acid substitution models, had identical
topologies. A rooted phylogeny was also produced based
on the small subset of 46 POGs for which orthologs were
found in the Microbotryum species and the P. bistorta out-
group species (Lutz et al. 2005; Kemler et al. 2006).

The robustness of nodes in our tree was tested using only
the POGs not belonging to the mating-type chromosomes
yielding individual trees with a high mean bootstrap support
(MBS) or a high Tree Certainty (TC) (Salichos and Rokas
2013). For each POG, ModelTest v 2.3.1 (Darriba et al. 2012)
was used to find the best model, and PhyML v3 (Guindon and
Gascuel 2003) to reconstruct each tree with 100 bootstrap
replicates. For each tree, the MBS and the TC (using RAXML
7.8.1) were then computed. MBS and TC values being highly
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correlated (R”=0.8276, P < 2.2e-16), only MBS was used
thereafter. POGs with MBS > 80 were selected: The se-
quences of the 288 POGs selected were concatenated.
RAXML v 7.2.8 was used to reconstruct the final trees using
the gtr+gamma substitution model and 100 bootstrap repli-
cates. Note that the tree obtained when selecting the genes
based on their TC was the same as that based on MBS.

Placement of NRR Alleles in a; and a, of
M. lychnidis-dioicae in the Species Tree and
Computation of Their Divergence

BLASTn and tBLASTn searches (NCBI blast 2.2.29 universal
macosx) of the M. lychnidis-dioicae a, alleles for predicted
genes in NRRs were performed to search for hits in the a,
mating-type chromosome of M. lychnidis-dioicae. Both meth-
ods converged on the same hits. The a, protein hits obtained
from the tBLASTn search were added to the respective POG
protein alignments obtained above and realigned using
t-coffee 10.00.r1613 (Notredame et al. 2000) with default
settings. The resulting alignments were trimmed with
Trimal version 1.2rev59 (Capella-Gutierrez et al. 2009), remov-
ing 20% of the gaps introduced when adding the a, se-
quences. We kept only the 45 reliable alignments, and used
them to build the trees with RAXML version 7.4.4 (Stamatakis
2006) and the GTRGAMMA model. The placement of the a,
and a, alleles relative to alleles of other species was visually
inspected in the predicted trees. The synonymous divergence
of NRR alleles between a; and a, of M. lychnidis-dioicae was
computed as the estimated number of synonymous substi-
tutions, including inferred multiple substitutions, divided by
the number of synonymous sites in the sequence. The syn-
onymous divergence and their associated standard error
values were computed using the yn00 program in the
PAML package (v. 4.7a) (Yang 2007) (fig. 1).

Detection of Selection Signatures

The efficacy of purifying selection to maintain gene function
was assessed by two approaches. First classic models of codon
substitution (Yang 2007) were used: Parameters were inferred
from the species phylogeny to reconstruct changes in the
ratios of nonsynonymous to synonymous substitutions
(» =dN/dS). The rationale is that nonsynonymous, deleteri-
ous substitutions are expected to accumulate if purifying se-
lection is weak or relaxed. Ratios of dN/dS were estimated for
each POG using codon models with CODEML in the PAML
package (Yang 2007). The tree used was the species tree
(fig. 3). Species not represented in these POGs were pruned
from the species tree using the Ape package in R. We also ran
analyses using individual gene trees for NRR POGs instead of
species tree, and similar results were obtained (supplementary
fig. S3C, Supplementary Material online).

The efficacy of purifying selection was also investigated
using an estimation of the global ® per branch (the “free-
ratio branch model” under CODEML): Mean and median ®
values per branch for each terminal lineage were calculated,
and genes with dS values close to 0 that would produce
artifactually very large ® values were excluded. Positive
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selection was tested by comparing neutral and selective
codon models. Genes displaying unrealistically high dN or
dS values (i.e, “999” in the codeml output) were discarded
from the analysis as they probably corresponded to saturated
levels of substitutions and would bias ® estimations. We also
excluded from the analysis those genes with null dS and dN
values. More stringent filtering (discarding sequences with
SdS lower than 2, 3, or 4, or filtering using branch length
parameters) led to results for ® similar to those presented.

To control for the possibility of positive selection increas-
ing dN/dS, which would not constitute degeneration, positive
selection was also tested using a branch-site test based on
codon models which accounts for variation of the ® ratio
between both sites and lineages (Yang and Nielsen 2002;
Zhang et al. 2005). A likelihood ratio test was used to compare
a null model without positive selection and an alternative
model allowing positive selection (Nielsen and Yang 1998).
In cases where the null hypothesis was rejected, and the “se-
lective” model retained, positions under positive selection
among foreground branches were determined using a
Bayesian empirical Bayes approach (Yang et al. 2005).
Similar automated procedures (python+R scripts) were
used to run codeml automatically and both extract and
filter parameter values as in the free-ratio branch model de-
scribed above.

The second approach used to assess the efficacy of puri-
fying selection focused on recently derived substitutions;
these have the advantage of being free of assumptions on
phylogenic relationships and are more likely to have occurred
while being in the current genomic compartment; indeed,
substitutions may have occurred before the putative transfer
of genes between recombining regions and NRRs (Abbate
and Hood 2010b; Petit et al. 2012). Recent substitutions
were identified as singletons in aligned POGs. From the sin-
gleton data set for all alignments of orthologous loci, median
dN/dS ratios between different genomic compartments
(NRRs, MATRRs, and non-MAT chromosomes) were com-
puted and compared. The nonsynonymous rate was com-
puted as dN = n/N, where n is the nonsynonymous singleton
count and N is the number of nonsynonymous sites in the
alignment. Similarly, the synonymous rate was computed as
dS =s/S where s is the count of synonymous singleton sub-
stitutions and S the number of synonymous sites in the align-
ment. This approach, however, does not take into account
multiple substitutions at a given site so it may underestimate
substitution counts.

Gene Conversion Analyses

Geneconv v1.81 (Sawyer 1989) was used to look for footprints
of gene conversion in NRRs directly. To be conservative, only
results from estimations of “inner” gene converted fragments
are reported. As defined in the Geneconv manual, such frag-
ments represent evidence of possible gene conversion events
between ancestors of two sequences in the alignment.
Geneconv was executed through a batch script indepen-
dently for the alignments of putative CDS regions
(i.e, POGs) in NRRs.
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TE Analyses

TE contents of contigs were estimated and assigned to non-
MAT chromosomes, NRRs, and MATRRs in each
Microbotryum species. Because many contigs were small, es-
pecially in the NRRs, the analysis was run on fragments of
similar sizes using databases of 200-bp fragments generated in
each species and genomic compartment (non-MAT chromo-
somes, NRR, and MATRR). To compare databases of equiva-
lent sizes, 1,000 reads were randomly resampled without
replacement from each database. A set of full-length TEs of
the most common types in Microbotryum (Hood 2005; Hood
et al. 2005; Yockteng et al. 2007) (Copia-like, e.g, Supercontig
147:1,901-7,063 bp; Gypsy-like, e.g, Supercontig 151: 14,408—
18,631 bp; and rolling circle Helitron-like, e.g, Supercontig
124:8,251-12,551 bp) were used as queries to search against
the 1,000 read databased using tBLASTx (Basic Local
Alignment Search Tool; blast.ncbi.nlm.nih.gov/Blast.cgi) with
the significance threshold set at £ value < 107, To assess the
significance of the differences in TE counts between genomic
compartments, Z tests were used. P values were assigned by
comparing the computed Z value to the critical Z value for a
two-tailed test in a standard normal distribution table. The
null hypothesis was that the difference between the propor-
tions of the two samples considered is zero.

Expression Analysis in the Reference Species
(M. lychnidis-dioicae)
Expression data were generated under five different condi-
tions using the Lamole reference strain, with two biological
replicates per condition. Haploid fungal cells of Lamole a,
sporidial cells (p1A1Rich) and a, sporidial cells (p1A2Rich)
were grown separately for 5 days on yeast peptone dextrose
media (1% yeast extract, 10% dextrose, 2% peptone, 2% agar;
rich growth conditions) at room temperature, and then har-
vested for RNA extraction. Similarly, haploid cells grown sep-
arately on 2% water agar for 2 days were harvested for RNA
extraction and named p1A1Water and p1A2Water; these
samples allowed comparison between the gene expression
when haploid cells of different mating types were subjected
to a nutrient-free environment without a mating partner. We
also studied a “mated” condition: An equal mixture of a1 and
a2 cells was kept at 14 °C on 2% water agar for 2 days, which
induces conjugation, the first stage of mating (Day 1979).
RNA was extracted from samples of the cells cultured in
these various conditions using the RNeasy Plant Mini Kit
(QIAGEN, cat no: 74904) according to the manufacturer’s
instructions. Ambion’s TURBO DNA-free (Applied
Biosystems, cat no: AM1907) DNase was used according to
the manufacturer’s instruction. For quality assessment before
lllumina sequencing, 5 g of DNase-treated RNA was reverse
transcribed with SuperScript Il First Strand Synthesis System
for reverse transcription PCR (Life Technologies, cat no:
18080-051). PCR was performed using TaKaRa Ex Taq Hot-
Start DNA Polymerase (Takara, cat. no: RRO01B) in a reaction
volume of 25 pl. To check for DNA contamination and pos-
sible inhibitory substances in the RNA, two sets of housekeep-
ing primers (Eurofins/MWG/Operon) were used. Targeting
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the Microbotryum mepA gene, the forward primer, 5'-CTTT
TGCGTAGGAAGAATGC-3" and the reverse primer, 5'-AGCA
CTGAACACCCCAACTT-3' were used; this combination
yielded a 532-bp fragment from c¢DNA, and a 1,039-bp frag-
ment from genomic DNA. The other primer combination
targeted the Microbotryum beta-tubulin gene, with forward
primer, 5'-CGGACACCGTTGTCGAGCCT-3,, and reverse
primer, 5'-TGAGGTCGCCGTGAGTCGGT-3', yielding a 150-
bp fragment from cDNA and a 215-bp fragment from geno-
mic DNA. The PCR program was 30s at 94°C, 30 s at 60 °C,
and Tmin at 72 °C for 35 cycles. An Agilent BioAnalyzer was
also used to determine the quality of the RNA prior to
lllumina RNA-Seq.

De novo assemblies of both the a; and a, RNA-Seq
data were generated with Trinity (Grabherr et al. 2011) to
identify genes specific to each mating chromosome.
Assembled transcripts were compared between a; and a,
using blast to identify transcripts specific for each cell type:
a; transcripts were mapped to the gene set based on the
whole genome assembly; the a, assembly is available at the
Broad website, at http://www.broadinstitute.org/annotation/
genome/Microbotryum_violaceum/assets/Mvio_A2_trinity.
fagz.

Differential expression scripts in the Trinity pipeline version
r2013-02-25 (Grabherr et al. 2011) were run to process RNA-
Seq reads from the ten libraries (two biological replicates of
each of p1A1Water, p1A2Water, p1A1Rich, p1A2Rich, and
Mated). The RNA-Seq reads were aligned by bowtie
(Langmead et al. 2009) against protein CDS extracted from
the reference genome, adding 100 bases of flanking sequence
to approximate UTRs. The read alignment files were then
processed with RSEM (Li and Dewey 2011) to quantify tran-
script abundances. To identify genes differentially expressed
between each pair of conditions, edgeR with the trimmed
mean of M-value normalization method (TMM) (Robinson
et al. 2010; Kadota et al. 2012) was run using an adjusted P
value cutoff of 1E-10; TMM normalization is a method for
estimating relative RNA production levels from RNA-Seq data
by estimating scale factors between samples. The agglomera-
tive hierarchical clustering method implemented in the R
package cluster (Maechler et al. 2013) was then used to iden-
tify coexpressed gene clusters of those genes with significant
differential expression between conditions. Expression data
are available at the Broad Institute website, www.broadinsti
tute.org/annotation/genome/Microbotryum_violaceum.

Some genes displayed mating-type-specific expression pro-
files, which could be the result of a lack of expression of these
genes on one of the mating-type chromosomes or of hemi-
zygosity (there is only a single copy of the gene, on only one of
the mating-type chromosomes). To distinguish these possi-
bilities, the presence of the genes expressed only from one
mating-type chromosome was investigated using BLASTn by
aligning the assembled cDNA against the genomic sequence
of the opposite mating type (the published a; haploid
genome for a,-specific transcripts, and the a, mating type
chromosome for a;-specific ones).

The absence of some genes from one of the mating-type
chromosomes was then checked with primers specific for
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these genes (supplementary table S2, Supplementary Material
online): DNAs extracted from a, and a, cells from the refer-
ence Lamole strain, 20 other M. lychnidis-dioicae strains, and
one strain from each other species studied here, were tested
for amplification with these primers.

Statistical Tests Using Monte Carlo Resampling of the
Genomic Background

To test for the significance of the differences in the values of
several variables described above (dN/dS, GC content, pre-
ferred/unpreferred codons) between the NRRs, MATRRs, and
non-MAT chromosomes, a null genomic distribution of the
variable values was constructed through randomization. To
do this, 1,000 sets of non-MAT chromosome loci were ran-
domly sampled and the mean and median values were com-
puted for the variables of interest. The size of each of these
sets was selected to be equal to the number of loci observed
in the region of interest (NRR or MATRR). Significance thresh-
olds of 0.01 or 0.05 were used to score the mating-type chro-
mosome data set (MATRR or NRR) as significantly different
from the non-MAT chromosome set.

Supplementary Material

Supplementary tables S1 and S2 and figures S1-S4 are avail-
able at Molecular Biology and Evolution online (http://www.
mbe.oxfordjournals.org/).
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2.3 Article 2 : Chaos of rearrangements in the mating-
type chromosomes of the anther-smut fungus Micro-

botryum lychnidis-dioicae.

L’étude précédente a permis de montrer que les chromosomes de types sexuels de M. lychnidis-
dioicae et de plusieurs autres especes du complexe M. violaceum présentaient des signatures
de dégénérescence similaires a celles observées chez les chromosomes sexuels, et que cette dé-

. oy fo , X , . .-
générescence n’était pas asymétrique, conformément a ce qu’on attend dans un systeme ou il
n’y a pas d’asymétrie d’hétérozygotie entre les type sexuels. Nous avons pu déterminer quelles
séquences génomiques appartenaient aux zones non-recombinantes ou recombinantes des chro-

mosomes de types sexuels, aux régions pseudo-autosomales ou aux autosomes.

Cependant, I’assemblage restant tres fragmenté (plus de 1000 contigs pour environ 26 Mb), et
les scaffolds des régions non-recombinantes n’ayant pas pu étre ancrés physiquement sur les
chromosomes, nous n’avons pas pu tester ’existence de strates évolutives ni étudier les réarran-
gements au sein de la région non-recombinante. Whittle et al [80] ont publié en 2015 une étude
comparant plusieurs génomes de M. lychnidis-dioicae. Ils ont réévalué a la hausse la proportion
non-recombinante des chromosomes de types sexuels par rapport a leur étude précédente [18],
mais ont estimé que la plus grande partie de la région non-recombinante présentait une faible
divergence entre les types sexuels, et proviendrait donc d’une expansion massive et récente de
la suppression de recombinaison. S’appuyant sur un assemblage tres fragmenté des chromo-
somes a; et ag et sur des données de reséquencage d’individus de M. lychnidis-dioicae, ils ont
inféré la présence d’au moins trois strates évolutives, correspondant a trois épisodes distincts

de suppression de recombinaison, selon le scénario suivant :

1. Suppression tres ancienne [38] de la recombinaison autour du locus de récepteur & phéro-

mones.

2. Fusion des deux loci MAT, HD et PR (distants de 60 kb d’apres leur étude), lors du
passage l'état tétrapolaire a ’état bipolaire chez un ancétre de M. lychnidis-dioicae, en-

trainant la formation d’une 2éme strate de suppression de recombinaison.

3. Expansion massive et récente (au plus quelques millions d’années d’aprés un modele

d’horloge moléculaire) de la suppression de recombinaison, peut-étre en réponse a une
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pression de sélection pour lier le centromere et le locus MAT contenant les deux facteurs

de types sexuels.

Dans ’étude de Whittle et al [80], I'identification des régions homologues entre chromosomes des
types sexuels a; et as et le calcul de la divergence entre ces régions ont été effectués uniquement a
partir des alignements des séquences d’ADN, sans utiliser 'alignement des séquences protéiques
qui aurait pu identifier des régions homologues plus divergentes. Leur méthode est donc biaisée
vers 'identification de régions faiblement divergentes, ce qui a pu entrainer une sous-estimation
du niveau de divergence entre les chromosomes de types sexuels. De plus, leur assemblage des
chromosomes a; et ay reste tres fragmenté, ce qui limite la possibilité d’élaborer des scénarios

sur I’histoire de la suppression de recombinaison.

Dans I’article suivant, nous présentons un assemblage complet des chromosomes de types sexuels
de T'espece M. lychnidis-dioicae, obtenu grace aux améliorations récentes de la technologie

PacBio et a des cartes optiques générées précédemment [39].

Dans cette étude, j’ai réalisé toute I'analyse des assemblages; j’ai identifié les régions et genes
homologues entre les chromosomes a; et ag, mesuré le niveau de divergence synonyme entre
ces alleles, caractérisé le contenu en genes des chromosomes de types sexuels et identifié les
genes présents a I'état hémizygote (c’est-a-dire perdus dans un des deux chromosomes de types
sexuels). J'ai étudié les réarrangements entre a; et ay. J'ai aussi identifié et caractérisé la
structure des centromeres, dont certains étaient entierement séquencés, et identifié des motifs
spécifiques des centromeres ou des régions sub-télomériques. Les figures supplémentaires sont

en annexe A.2 (page 240).
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ABSTRACT Sex chromosomes in plants and animals and fungal mating-type chromosomes often show exceptional genome features,
with extensive suppression of homologous recombination and cytological differentiation between members of the diploid
chromosome pair. Despite strong interest in the genetics of these chromosomes, their large regions of suppressed recombination
often are enriched in transposable elements and therefore can be challenging to assemble. Here we show that the latest improvements
of the PacBio sequencing yield assembly of the whole genome of the anther-smut fungus, Microbotryum lychnidis-dioicae (the
pathogenic fungus causing anther-smut disease of Silene latifolia), into finished chromosomes or chromosome arms, even for the
repeat-rich mating-type chromosomes and centromeres. Suppressed recombination of the mating-type chromosomes is revealed to
span nearly 90% of their lengths, with extreme levels of rearrangements, transposable element accumulation, and differentiation
between the two mating types. We observed no correlation between allelic divergence and physical position in the nonrecombining
regions of the mating-type chromosomes. This may result from gene conversion or from rearrangements of ancient evolutionary strata,
i.e., successive steps of suppressed recombination. Centromeres were found to be composed mainly of copia-like transposable
elements and to possess specific minisatellite repeats identical between the different chromosomes. We also identified subtelomeric
motifs. In addition, extensive signs of degeneration were detected in the nonrecombining regions in the form of transposable element
accumulation and of hundreds of gene losses on each mating-type chromosome. Furthermore, our study highlights the potential of the
latest breakthrough PacBio chemistry to resolve complex genome architectures.
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chromosomes play, their genic content is particularly prone
to degenerative influences of recombination suppression
and enforced heterozygosity (Bergero and Charlesworth
2009).

In fungi, mating-type chromosomes contain the genes for
molecular mechanisms of mating compatibility (e.g., via
pheromones and receptors), and they can display recombi-
nation suppression and size dimorphism analogous to sex
chromosomes (Bakkeren and Kronstad 1994; Hood 2002;
Fraser et al. 2004; Fraser and Heitman 2004; Hood et al.
2004, 2013; Fraser and Heitman 2005; Menkis et al. 2008;
Ellison et al. 2011; Grognet et al. 2014), as well as degen-
eration (Hood et al. 2004; Whittle and Johannesson 2011;
Whittle et al. 2011; Fontanillas et al. 2015). Grouped to-
gether, heteromorphic sex chromosomes and mating-type
chromosomes can therefore be considered allosome pairs
(Montgomery 1911), which are similarly maintained and
influenced by their central role in regulating gamete fusion,
contrasted by the homomorphic autosomes. Nonrecombin-
ing fungal mating-type chromosomes can also show foot-
prints of degeneration (Hood et al. 2004; Whittle and
Johannesson 2011; Whittle et al. 2011; Fontanillas et al.
2015). However, important differences exist between sex
and mating-type chromosomes: because mating types are
expressed as non-self-recognition at the haploid stage, they
are found only in the heterogametic condition in diploids
(similar to macroalgae and bryophytes), and thus with sym-
metrical roles, and mating types are not associated with
male/female functions in fungi (Billiard et al. 2011). These
common features and differences help make fungal mating-
type chromosomes valuable models for the broader phe-
nomenon of allosome evolution, with some shared and some
distinguishing expectations compared to sex chromosomes,
e.g., on the asymmetry of allosome degeneration (Bull 1978)
and on the role of sexually antagonistic selection in driving
suppressed recombination (Bergero and Charlesworth 2009).

Examples of nonrecombining fungal allosomes include the
mating-type chromosomes of Microbotryum lychnidis-dioicae
(Hood 2002) and the fungus-causing anther-smut disease on
Silene latifolia (Votintseva and Filatov 2009; Hood et al.
2013; Fontanillas et al. 2015; Perlin et al. 2015; Whittle
et al. 2015). These nonrecombining fungal mating-type chro-
mosomes have been extensively studied, and degeneration
has been reported in the form of transposable element (TE)
accumulation and high rates of nonsynonymous substitutions
(Hood et al. 2004; Fontanillas et al. 2015). The buildup of TEs
in regions of suppressed recombination has, however, pre-
vented genome assembly for these mating-type chromosomes.
Therefore, the exact content in genes and transposable ele-
ments, the extent of the nonrecombining regions (NRRs),
and the existence of evolutionary strata of recombination sup-
pression have remained elusive (Votintseva and Filatov 2009;
Hood et al. 2013; Fontanillas et al. 2015; Perlin et al. 2015;
Whittle et al. 2015).

The spread of recombination suppression outward from
key compatibility-determining loci to form evolutionary strata
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of differentiation is described for plant and animal sex
chromosomes (Bergero and Charlesworth 2009) and may also
occur on fungal mating-type chromosomes (Fraser et al. 2004;
Fraser and Heitman 2004, 2005; Menkis et al. 2008; Votintseva
and Filatov 2009). Suppressed recombination has been shown
to link the two mating-type-determining loci (ie., encoding
mating pheromone/receptor and homeodomain proteins, re-
spectively), including basidiomycete fungal pathogens of plants
and humans (Ustilago hordei and Cryptococcus neoformans, re-
spectively) (Bakkeren and Kronstad 1994; Fraser et al. 2004).
This linkage of two mating-type-determining loci may be ad-
vantageous under selfing mating systems, where it increases
the compatibility of gamete combinations (Billiard et al. 2011;
Nieuwenhuis et al. 2013). In other fungi, suppressed recom-
bination links mating-type loci to the centromere, causing
segregation of mating types in the first meiotic division. This
is associated with automictic reproduction (mating within the
meiotic tetrad), e.g., in M. lychnidis-dioicae and Neurospora
tetrasperma (Zakharov 1987; Hood and Antonovics 2000;
Giraud et al. 2008; Menkis et al. 2008). Such intratetrad
mating may favor successive linkage to mating type for a suite
of genes that experience deleterious, recessive mutations, as
shown by theoretical models (Antonovics and Abrams 2004;
Johnson et al. 2005) (Supporting Information, Figure S1).
Indeed, deleterious mutation occurring at the margin of the
nonrecombining regions may be partially sheltered in a het-
erozygous state due to less frequent recombination, and ex-
tension of the region of suppressed recombination would
then be selected for permanent sheltering of these deleterious
mutations (Ironside 2010). This could lead to the formation
of evolutionary strata, reflected in increasing allelic differen-
tiation at physical positions along the chromosome when
coming closer to the mating-type genes. Although in plants
and in animals evolutionary strata are generally thought to be
due to sexually antagonistic selection, the definitive linkage of
partially linked deleterious alleles to the sex-determining region
has also been proposed as an alternative explanation (Ironside
2010). Elucidating the existence of evolutionary strata in fungal
mating-type chromosomes may thus generally provide insights
on the shared evolutionary processes acting on allosomes.

In this research, we aimed to produce a finished assembly
of the mating-type chromosomes of the anther-smut fungus
M. lychnidis-dioicae for elucidating the extent of suppressed
recombination, transposable element accumulation, gene con-
tent, and rearrangements and whether evolutionary strata are
present. For this goal, we took advantage of the recent devel-
opments of the PacBio sequencing technology, which allowed
full-length physical mapping of the mating-type chromosomes
and the resolution of these important genomic properties.

Materials and Methods

DNA extraction and sequencing

DNA was extracted with the Qiagen Kit 10243 (Courtaboeuf,
France) following manufacturer instructions and using a Carver
hydraulic press (reference 3968, Wabash, IN) for breaking cell



walls. Haploid a; and a, genomes of the Lamole reference
strain of M. lychnidis-dioicae were sequenced separately using
the Pacific Bioscience (PacBio) method (Institute for Genomic
Medicine, University of California, San Diego, La Jolla, CA).

Assembly and annotation

The PacBio P5/C3 sequencing of haploid a; and a, genomes
produced 658,501 and 648,664 reads, respectively (mean
read length: 7.925/7.569; coverage: 180X/160X). Indepen-
dent assemblies of the a; and a, genomes were generated
with the wgs-8.2beta version of the PBcR assembler (Koren
et al. 2012), with the following parameters: -pbCNS -length
500 -partitions 200 genomeSize = 27000000 -maxCoverage
150. Contigs were aligned with optical maps of the two mating-
type chromosomes (Hood et al. 2013) with MapSolver soft-
ware (OpGen). The alignment of the contig corresponding
to the a, mating-type chromosome with the corresponding
optical map was highly significant. The a; optical map was
used to create an oriented a; pseudomolecule composed of
two contigs for each chromosome arm, aligned on the optical
map, plus a 50-kb unanchored contig in the centromeric re-
gion. The two contigs corresponding to the two a; chromo-
some arms produced full-length alignments that matched only
with the a; mating-type chromosome optical map; alignment
scores of the contigs were 46 and 143, exceeding the default
MapSolver threshold range for significance of 3 to 6.

Mauve was used to compare the two assemblies (Darling
et al. 2010) (Figure S6). In this genome comparison, a contig
belonging to autosomes in one assembly was found to be
a subsequence of a contig in the second assembly (and vice
versa). Manual curation was performed to select the largest
contigs and remove the few short degenerate contigs, prob-
ably resulting from the incorrect editing of reads (Figure
S6). Comparison with the reference sequence (GenBank
no. NC_020353) revealed that the mitochondrial genome
was not correctly solved by the assembler, and this genome
sequence was therefore removed from the assembly. The
PacBio assembly was compared with the Illumina-based as-
sembly available from the Broad Institute and the Illumina
reads generated in a previous study (Perlin et al. 2015). The
PacBio assembly was edited at positions for which both the
genome alignment obtained with Mugsy (Angiuoli and
Salzberg 2011) and a standard variant-calling method
based on read mapping (samtools, bcftools, and VarScan)
(Li et al. 2009; Koboldt et al. 2012) gave concordant find-
ings for the polymorphism. This conservative approach led
to the editing of 1332 SNPs, 456 insertions, and 19,528
deletions. The 11,057 protein-coding gene models were
predicted with EuGene (Foissac et al. 2008), trained for
Microbotryum. Available Microbotryum EST data (Aguileta
et al. 2010) and similarities to the fungi subset of the uniprot
database (Consortium 2011) were integrated into EuGene
for gene prediction. InterPro (Mitchell et al. 2014) was
used to identify protein domains and families and to infer
an automatic functional annotation from protein domain
content.
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Analysis of genome structure

Repetitive DNA content was analyzed with RepeatMasker
(Smit 2013), using REPBASE v19.11 (Jurka 1998). We searched
for subtelomeric motifs with Meme (Bailey et al. 2006) (Figure
S2). Figure 1, Figure 2, and Figure S5 were prepared with
Circos (Krzywinski et al. 2009). We identified syntenic blocks
from the alignment of the two chromosomes with Mauve, us-
ing standard parameters (Darling et al. 2010). We analyzed
gene order after filtering out transposable elements (TEs) to
identify larger blocks of synteny. Alleles were assigned between
the two mating-type chromosomes by applying orthomcl (Li
et al. 2003) to the protein data sets for unique a; and a, ortho-
logs. The signed permutations were used to calculate minimal
reversal distances with Grimm (Tesler 2002). The sequences of
TE-like copias and minisatellites specific for the centromeres
are provided in File S1.

Divergence between a; and a, alleles

Alleles were identified as indicated above, and MACSE
(Ranwez et al. 2011) was used to align DNA-coding sequen-
ces, respecting phase. Synonymous divergence and its stan-
dard error were estimated with the ynOO program of the
PAML package (Yang 2007). The correlation between ds
and physical distance was assessed with JMP (SAS Insti-
tute). As we have here a single individual genome sequence,
some of the substitutions between a; and a, identified here
could theoretically include within-species polymorphism
rather than fixed differences between the a; and a, alleles.
However, this should not be a problem for identifying the
nonrecombining regions from the pseudo-autosomal regions
(PARs). Indeed, given its highly selfing mating system,
M. lychnidis-dioicae is largely homozygous in regions un-
linked to mating type (Giraud et al. 2008; Vercken et al.
2010), so that high levels of synonymous divergence be-
tween two a; and a, alleles from a given diploid individual
reliably indicate suppressed recombination.

Data access

The assembly is available at EMBL-ENA (accession no.
PRJEB7910).

Results and Discussion

Finished genome assembly and new insights about
centromere and telomere structures

The recent PacBio P5/C3 chemistry produced long reads,
averaging 8 kb. The imperfect quality of PacBio reads was
fully compensated by >100X sequencing depth, as illus-
trated by the almost complete assembly of the M. lychnidis-
dioicae genome and including the mating-type chromosomes
(Figure 1 and Figure 2), while several previous efforts
and chemistries had been unsuccessful (Votintseva and
Filatov 2009; Hood et al. 2013; Fontanillas et al. 2015). The
PacBio genome assembly indeed yielded 22 contigs, includ-
ing 18 autosomal contigs, 1 contig for the a, mating-type
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Figure 1 Finished assembly of the mating-type
chromosomes of the anther-smut fungus M. lychnidiis-
dioicae. Tracks A-D show the location of different ge-
nomic elements. A: Structure of the chromosomes, with
the PARs in green, the NRRs in blue, and the centro-
meres in yellow. B: Location of loci that have been
shown to be linked (blue circles) or unlinked (green
circles) to mating type by previous segregation analyses
(Votintseva and Filatov 2009; Abbate and Hood
2010; Petit et al. 2012). C: Location of the genes
related to the mating-type function—pheromone re-
ceptor (PR) and HD homeodomain genes (in red), of
the other genes likely involved in mating (STE12,
STE20, and the precursors of pheromones, PhP),
and of the genes located around the pheromone re-
ceptor gene in the closely related S. salmonicolor
(Coelho et al. 2010) (KAP95, RNAPol, RIB, and
ABC1). D: Links between orthologous alleles of a;
and a,, in red for HD and PR and in blue for
KAP95, RNAPol, RIB, and ABC1.

in genes
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chromosome, and 3 contigs for the a; mating-type chro-
mosome that could be assembled in a scaffold (see below)
(Figure 2, Table 1). The total size of the assembly was 33.3 Mb,
i.e., almost 7 Mb larger than that of the very same a; hap-
loid M. lychnidis-dioicae strain sequenced at the Broad In-
stitute using Illumina technology (Perlin et al. 2015), as the
long reads of the PacBio chemistry allowed assembly by more
complete incorporation of repetitive DNA elements and
included both mating-type chromosomes. In particular, puta-
tive centromeric regions could be assembled and were iden-
tified as the most repeat-rich regions, where we found two
copia-like TEs and two minisatellite repeats specifically clus-
tering in these regions at one location per contig (tracks E and
F in Figure 2). Both copia-like TEs possessed two open read-
ing frames, coding for an integrase and for a reverse tran-
scriptase, but no long terminal repeats, and many copies were
truncated. The minisatellites consisted of a 66-bp repeat motif
of GGCCCA and a 110-bp repeat motif of CGACGG; the 66-bp
repeat was specific for centromeric regions and identical in all
iterations. The structures of the finished centromeres are
shown in Figure 3. Eleven of the contigs had these specific
repeats at one end, suggesting that some autosomes were
split at their centromeres in the assembly (Figure 2). On
finished chromosomes, the centromeric regions spanned
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65-155 kb. Centromeric regions have been elucidated in
a single other basidiomycete fungus so far, Cryptococcus
neoformans var. grubii, in which they were instead enriched
in Ten transposons (Janbon et al. 2014).

We found no typical telomeric repeats (TTAGGG) while
they were identified at the edge of five scaffolds in the Broad
Institute M. lychnidis-dioicae genome (Perlin et al. 2015).
Here, we identified instead a specific 50-bp motif repeated
at some, but not all, chromosome ends (Figure 2, Figure S2),
which thus likely represent a subtelomeric motif. This motif
was in fact found near the TTAGGG telomeric repeats (80—
1500 bp apart) in two of the five contigs from the Broad
Institute containing TTAGGG repeats (the three other con-
tigs being only 500-850 bp long). This suggests that PacBio
technology does not sequence the very edges of telomeres
well and that other motifs may be useful for detecting ends
of chromosomes.

Previous pulse-field gel electrophoresis estimated 11
autosomes for the haploid stage (Perlin et al. 2015), corre-
sponding precisely to the 5 complete autosomes plus the 6
autosomes as two contigs split in their centromeric regions
(the S18 contig corresponded only to a telomeric region).
The autosomes were thus assembled into full or two-arm
contigs (Figure 2). The a, mating-type chromosome was
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completely assembled from PacBio sequences, including the
submetacentric centromeric region. Available optical maps
(Hood et al. 2013), i.e., ordered, genome-wide restriction
maps obtained from single DNA molecules, allowed orient-
ing the two contigs covering the arms of the a; mating-type
chromosome and attributing a 50-kb contig composed of re-
peated DNA to its centromeric region. Collinearity between
the optical maps and the contigs confirmed the high quality of
the assembly (Figure S3). The combination of PacBio chem-
istry and optical maps thus revealed the right approach to
finally resolve the mating-type chromosome structure and
content.

Identification of pseudo-autosomal regions and
extensive nonrecombining regions on the
mating-type chromosomes

Assemblies of the dimorphic M. lychnidis-dioicae mating-type
chromosomes (a;, 3.5 Mbp; a,, 4.0 Mbp) encompassed 614
and 683 predicted genes, respectively, filtering out TEs.
Among these genes, only a few had putative functions known
to be involved in mating (Petit et al. 2012; Fontanillas et al.
2015), i.e., the PR genes encoding the pheromone receptors,
the PhP genes encoding the precursors of pheromones, the
HD1 and HD2 homeodomain genes, STE20 encoding a pro-
tein kinase regulating mating (Smith et al. 2004), and STE12
encoding a transcription factor regulating mating and inva-
sive hyphal growth in fungal pathogens (Hoi and Dumas
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Figure 2 PacBio assembly of the nuclear M. lych-
nidis-dioicae genome. The picture shows the fun-
gal dark spores in the anthers of a S. latifolia
flower, replacing the pollen. The mating-type chro-
mosomes (blue) and finished autosomes (green) or
autosome arms (yellow) are represented. The iden-
tified centromeric regions are shaded. Tracks A-G
show the location of different genomic elements.
A: Genes after filtering out TEs. B: Genes encoding
TEs. C: TEs from the copia family. D: TEs from the
gypsy family. E: TEs from the copia subfamily par-
ticularly abundant at centromeres (Figure 3). F: Sat-
ellite repeat of the type particularly abundant at
centromeres (Figure 3). G: Subtelomeric motifs
(Figure S2).

2010) (Figure 1). Actually, two homologs of STE12 were
found, both present only on the a, mating-type chromosome,
while absent from the a; mating-type chromosome; this
seems consistent with previous observations that initiation
of the conjugation tubes is earlier and to a greater extent
from cells of the a, mating type in M. lychnidis-dioicae (Day
1976; Xu et al. 2015). The PhP pheromone genes were recently
characterized as encoding proteins with the typical C terminus
CAAX motif and producing functional pheromone peptides
triggering the mating response in several Microbotryum species
Xu et al. 2015).

We identified 305 predicted genes shared between the a;
and a, mating-type chromosomes. Synonymous divergence
between a; and a, alleles of these shared genes, when plot-
ted along their physical positions on both mating-type chro-
mosomes, clearly identified the nonrecombining regions;
suppressed recombination can lead to divergence between
alleles while recombination homogenizes allele sequences.
Synonymous divergence values between alleles confirmed
the existence of recombining regions at both ends of the
mating-type chromosomes, called PARs (Figure 4) (Votintseva
and Filatov 2009; Hood et al. 2013). The PARs displayed
almost no substitutions between a; and a, alleles (Figure 4)
and included loci that have previously been shown to be
unlinked to the mating type (Votintseva and Filatov 2009)
(Figure 1). PARs on the short arm (pPAR) and long arm (qPAR)
of the mating-type chromosomes spanned 0.20 and 0.19 Mb,
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Table 1 Assembly statistics of the M. lychnidis-dioicae genome

No. of contigs 22
Minimum contig size 44,493
Maximum contig size 4,061,474
N50 (bp) 2,275,168
N50 (no. of contigs) 6
N90 (bp) 1,030,812
N90 (no. of contigs) 15
Mean contig size 1,505,578.59
Median contig size 1,345,833
Total length of the assembly (bp) 33,122,729

The PacBio genome assembly yielded 22 contigs—18 for autosomes, 1 for the a,
mating-type chromosome, and 3 for the a; mating-type chromosome—that could
be assembled in a single scaffold.

respectively, and contained 102 genes. PAR boundaries cor-
responded precisely to the two distal regions of collinearity
between a; and a, mating-type chromosomes on the restric-
tion digest optical maps (Hood et al. 2013).

The NRRs were characterized by high divergence be-
tween the a; and a, alleles of the single-copy genes (Figure
4 and Figure S4). Fourteen widely distributed loci known to
cosegregate with mating-type (Votintseva and Filatov 2009;
Abbate and Hood 2010; Petit et al. 2012) were found within
these divergent regions, validating the NRRs (Figure 1). The
a; and a, NRRs spanned the majority of the mating-type
chromosomes (>88%), covering 3.08 Mb with 506 genes
and 3.67 Mb with 580 genes for the a; and a, mating-type
chromosomes, respectively (Figure 1), confirming conclu-
sions based on optical maps and marker segregation (Hood
et al. 2004, 2013; Fontanillas et al. 2015) and contrasting
with reports of smaller regions of suppressed recombination
(Votintseva and Filatov 2009; Whittle et al. 2015).

Extensive rearrangements between mating-type
chromosomes and degeneration

Comparison of aligned sequences between the a; and a,
NRRs revealed extensive rearrangement (Figure 1 and Fig-
ure S5), probably reflecting and contributing to the current
degree of suppressed recombination. We identified 40 syn-
tenic blocks of shared genes in the NRRs, encompassing
2-18 genes. At least 210 inversion events were inferred to
account for these rearrangements (Figure 1 and Figure S5).
In contrast, all autosomes were collinear (Figure S6). Sup-
pressed recombination on fungal mating-type chromosomes
has been shown to be associated with rearrangements in
N. tetrasperma (Ellison et al. 2011) and C. neoformans (Fraser
et al. 2004; Fraser and Heitman 2004, 2005) or to occur de-
spite conserved collinearity in Podospora anserina (Grognet
et al. 2014). The lack of collinearity across several mega-
bases and patterns of major inversions or translocations in
M. lychnidis-dioicae is, however, to an exceptional degree
among fungal mating-type chromosomes.

The two mating-type loci typical of basidiomycete fungi
(i.e., the mating pheromone receptor determining premating
recognition and the homeodomain proteins determining
postmating compatibility) were 0.60 Mb apart on the a;
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and a, mating-type chromosomes, while inverted in orienta-
tion (Figure 1 and Figure S5). This distance is much greater
than the one estimated recently based on Illumina sequencing
(56 kb) (Whittle et al. 2015), again showing the great advan-
tage of PacBio sequencing for chromosome assembly. These
mating-type loci were not near the edges of the NRRs, unlike
other basidiomycete fungi with linkage suppression in their
mating-type regions, i.e., U. hordei (Bakkeren and Kronstad
1994) and C. neoformans (Fraser et al. 2004). The mating-
type loci were instead on the same side of the centromere, on
the long arm of the chromosomes. The pheromone precursor
loci were linked to the receptor loci in the NRR, but were up
to 1.4 Mb away, on opposite sides of the centromere on the a,
mating-type chromosome and the same side in the a; mating-
type chromosome. This distance between pheromone recep-
tor and pheromone is also a novel observation among fungi.
Despite rearrangements in NRRs, several genes close to the
pheromone receptor genes in the closely related fungus Spor-
idiobolus salmonicolor (Microbotryomycetes) (Coelho et al.
2010) were also found on the mating-type chromosomes of
M. lychnidis-dioicae (KAP95, RNAPol, RIB, and ABC1, Figure
1). In contrast, the homologs of the 40 predicted genes in the
scaffold containing the HD locus in S. salmonicolor with blast
hits in M. lychnidis-dioicae were all found on autosomes but
one, and 34 of them on a single autosome arm (S09). In-
terestingly, we also found on the SO9 contig a sequence with
similarity to one of the two homeodomain genes (HD1). The
possibility that the HD locus may have duplicated to a location
in linkage with the PhP/PR locus warrants further study as
a potential transition to mating-type bipolarity within the
Microbotryomycetes.

The high degree of rearrangements between the two
mating-type chromosomes in M. lychnidis-dioicae prevents
us from obtaining definitive evidence for the evolutionary
cause of the expansive nature of recombination suppression;
nevertheless, the linkage of mating-type loci and the centro-
mere within NRRs indicates that first-division segregation of
both mating-type loci during meiosis may have been a pri-
mary evolutionary factor in recombination suppression, as
suggested for other automictic fungi (Zakharov 2005).

As expected for nonrecombining regions, the NRRs had
a higher frequency of repetitive elements than the PARs
and autosomes (Figure 2). Repetitive elements accounted
for 16.0 and 18.7% of the a; and a; NRRs, respectively,
explaining why they have remained unassembled until
now. Most of the repetitive elements were long terminal re-
peat retro-elements of the copia and gypsy families, as found
previously (Hood et al. 2005; Fontanillas et al. 2015). In
addition, gene density was lower in the NRRs (25.8% were
coding sequences) than in the autosomes (62.7%) or PARs
(51.2%).

The almost finished assembly of the genome allowed
detection of 245 and 289 genes in a hemizygous state on the
mating-type chromosomes a; and a,, respectively, suggest-
ing that functional copies have been lost from a single one
of the mating-type chromosomes or have degenerated to
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a great extent. None of these hemizygous genes had putative
functions known to be involved in mating except the STE12
homologs on the a, mating-type chromosome. This degree
of gene losses on mating-type chromosomes appears unprec-
edented among fungi. Together with the accumulation of
TEs in NRRs, low gene density and hemizygous loss of genes
constitute signs of advanced mating-type chromosome
degeneration, as expected for long-term, nonrecombining
regions (Bergero and Charlesworth 2009). Degeneration
has also been reported for the mating-type chromosome
NRRs of M. lychnidis-dioicae in terms of higher rates of non-
synonymous substitutions than for recombining regions, and
these degenerative characteristics were shown to occur in
homologous sequences from several other Microbotryum
species (Fontanillas et al. 2015).

The a, mating-type chromosome was 590 kb larger than
the a; mating-type chromosome, where TEs accounted for
26.4% (154 kb) and non-TE genes for 6.8% (40 kb) of the
difference. In particular, gypsy copies were more abundant on
a, than a; mating-type chromosome (129 vs. 93 copies, Figure
2). However, intergenic, nonrepetitive DNA accounted for
the majority of the difference in size (59%, or 0.347 kb).
This finding supports previous conclusions that TE accumu-
lation and degeneration are not asymmetrical between the
mating-type chromosomes (Fontanillas et al. 2015), as ex-
pected from their symmetrical role in mating (Bull 1978).

Ancient recombination suppression without clear
evolutionary strata despite heterogeneity in
a;—a divergence

Divergence between a; and a, alleles of predicted genes in
the NRRs was substantial (mean synonymous substitution
rates: dg = 0.064, Figure 4), indicating relatively ancient
recombination suppression. However, this divergence was
lower than for the pheromone receptor gene, which was
previously shown to constitute the oldest trans-specific poly-
morphism in any organism so far (Devier et al. 2009).

In the evaluation of evolutionary strata within NRRs, we
quantified synonymous divergence (ds) along the mating-
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type chromosomes, and there was no correlation with physical
distance to the PAR boundary or to the mating-type loci on
either the a; or a, chromosomes (Figure 3). In particular, the
correlations between ds and gene order from PAR were non-
significant (on a;, r = 0.06, P = 0.36; on a,, r = 0.02, P =
0.77), as were correlations between ds and gene order from
the nearest mating-type gene (on a; r = —0.04, P = 0.58; on
ap r = 0.02, P = 0.77). There was a particularly sharp bound-
ary between the pPARs, with zero synonymous divergence
between a; and a, alleles, and the adjacent NRRs, with ex-
tensive divergence (mean ds = 0.064). Thus, there was no
evidence of evolutionary strata.

However, given that there is no homogametic diploid in
heterothallic fungi (ie., no aja; or aja, genotypes), which
tends to retain chromosome structure in homogametic sex
chromosomes of plants and animals (X or Z chromosomes),
the mating-type chromosomes may more rapidly undergo rear-
rangements that obscure any history of evolutionary strata,
had they existed. Actually, in XY or ZW systems, evolutionary
strata can be inferred only by using as reference the less rear-
ranged homogametic sex chromosome (Lahn and Page 1999).

It is possible that we may have detected one recent mini-
stratum as a very small region (23 kb) at the edge of the
NRR close to the qPAR that was collinear between a; and a,
mating-type chromosomes but with a high rate of synony-
mous substitutions between mating types. This region was
separated from the qPAR by a rearranged region rich with
TEs (Figure S7). This pattern is consistent with a recent in-
corporation of a PAR fragment into the NRR, which would
support the scenario of an extension of the NRR, and thus
evolutionary strata.

Allele divergence between mating types in NRRs was
characterized by heterogeneous values (Figure 4 and Figure
S4), which may result from a continuing process of trans-
locations between the chromosomes or the remnants of
ancient evolutionary strata that have been scrambled by
rearrangements. Alternatively, gene conversion may have
played a role by recurrently resetting divergence to zero in
some stretches of DNA.
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Conclusions

The nearly finished assembly of the M. lychnidis-dioicae
genome allowed the resolution of controversies over the
extent of the nonrecombining regions of the mating-type
chromosomes, the degree of divergence between the a,
and a, mating-type chromosomes, the patterns of evolu-
tionary strata, and the mechanisms of evolution to bipo-
larity (Votintseva and Filatov 2009; Hood et al. 2013;
Fontanillas et al. 2015; Whittle et al. 2015). The great
extent to which the mating-type chromosomes are con-
sumed by the NRR and the chaos of rearrangements within
this region indicate that these dimorphic chromosomes are
the result of ancient and impactful evolutionary processes,
approaching an ultimate state of genomic entropy, and
thus showing striking convergence with some animals
(Repping et al. 2006; Bachtrog 2013). Our study allows
the broadening of evolutionary biology for nonrecombin-
ing chromosomes by contributing to evidence of conver-
gence in genomic patterns between fungal mating-type
chromosomes and sex chromosomes, as previously high-
lighted (Hood 2002; Fraser et al. 2004; Menkis et al.
2008). These distant systems share extensive suppressed
recombination, a high level of rearrangements, numerous
losses of genes, and accumulation of a high repetitive ele-
ments content. The high level of rearrangements and the
possibility of gene conversion still make it difficult to
reconstitute the full history of the recombination sup-
pression of the mating-type chromosomes. Comparative
genomics between closely related Microbotryum species
and other members of the Microbotryomycetes with differ-
ent degrees and/or ages of suppression of recombination
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between their mating-type chromosomes should help in
resolving these questions in future studies.

Next generation sequencing is increasingly making it
possible to obtain sequence data at low cost for nonmodel
organisms. However, the short length of reads remains
a major limitation, potentially preventing large-scale assem-
bly, particularly for genomic regions rich in transposable
elements (Treangen and Salzberg 2012). The lack of a com-
plete physical assembly precludes investigation of some
of the most fundamental evolutionary inferences. PacBio
chemistry now makes it possible to obtain a complete and
affordable assembly, even for notoriously challenging re-
gions, such as highly repetitive centromeres and nonrecom-
bining chromosomes (Treangen and Salzberg 2012). This
breakthrough technology will now facilitate studies of the
dynamics and evolutionary role of genome structures with
unprecedented resolution and power.
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2.4 Discussion et perspectives

2.4.1 Synthese des résultats

Les travaux présentés dans cette premiere partie ont permis d’établir définitivement que les
chromosomes de types sexuels de M. lychnidis-dioicae sont non-recombinants sur pres de 90%
de leur longueur. De plus, ils présentent un tres fort degré de réarrangements entre types sexuels
a1 et ao. Des centaines de genes sont présents a 1’état hémizygote et ont donc potentiellement
été perdus dans un des types sexuels. La divergence synonyme entre alleles est de 6% en
moyenne mais affiche une forte hétérogénéité le long de la région non-recombinante. L’ampleur
des réarrangements n’a pas permis de tester si cette hétérogénéité proviendrait de strates de
suppression de recombinaison ou d’événements de conversion génique. Deux arguments sont
en faveur de l'existence de conversion génique sur les chromosomes de types sexuels de M.
lychnidis-dioicae. D'une part plusieurs genes situés dans les régions non-recombinantes ont des
généalogies qui montrent une perte dérivée du polymorphisme trans-spécifique dans certaines
especes, les especes impliquées variant d'un geéne & un autre [75]. D’autre part, les copies de
rétro-transposons a LTR (“long terminal repeat”) de type copia sont plus semblables entre elles

sur les chromosomes de types sexuels que sur le reste du génome [81].

Au sein du complexe M. violaceum, on observe une dégénérescence sous forme d’une accumula-
tion de mutations déléteres et d’éléments transposables, et qui sont spécifiques aux différentes
especes. Nous avons vérifié que 'augmentation du taux de substitutions non-synonymes ne cor-
respondait pas a de la sélection positive en comparant des modeles de sélection relachée (dAN/dS
plus fort que le groupe témoin mais inférieur a 1) et de sélection positive (dN/dS > 1). On
observe aussi une expression des genes plus faible au sein de la région non-recombinante chez
M. lychnidis-dioicae. La dégénérescence observée n’est pas asymétrique entre les deux chromo-
somes de types sexuels a; et ap, contrairement a ce qui est observé dans les systemes ou il existe

une asymeétrie avec un sexe homogamétique et un sexe hétérogamétique.

L’étude de Fontanillas et al [35] a montré qu’il existait d’importantes différences d’expression
entre a; et ag. Pour mieux caractériser la dégénérescence dans les chromosomes de types sexuels
de M. lychnidis-dioicae et étudier le lien entre mutations et différences d’expression, nous pour-
rons ré-analyser les données d’expression déja générées [82, 35| avec 'assemblage complet des

chromosomes de types sexuels, pour détecter les types de mutations (mutations non-sens, dans
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les sites d’épissages, les séquences régulatrices) associées aux différences ou pertes d’expres-

sion.

2.4.2 Histoire de la suppression de recombinaison, transitions entre

état bipolaire et état tétrapolaire

Les chromosomes de types sexuels de M. lychnidis-dioicae sont tellement réarrangés qu’il est
difficile d’utiliser leur structure pour élaborer un scénario sur I’histoire de la suppression de
recombinaison. La suite logique de ce travail est donc d’obtenir ’assemblage des chromosomes
de types sexuels chez d’autres especes du complexe M. violaceum et de groupes externes, ce
qui devrait permettre de reconstituer I'histoire de la suppression de recombinaison dans ces

chromosomes de types sexuels.

On pourra en particulier essayer de comprendre comment se sont produites les transitions entre
bipolarité et tétrapolarité. En effet, chez les champignons basidiomycetes, le type sexuel est le
plus souvent déterminé par deux loci indépendants (figure 2.5), et les croisements ne peuvent
avoir lieu qu’entre cellules haploides portant des alleles différents aux deux loci. Cependant chez
certains basidiomycetes, il y a eu des retours a 1’état bipolaire par fusion des deux loci MAT
ou perte de fonction de I'un des deux dans le déterminisme du type sexuel [83]. On pensait
que toutes les especes du complexe M. violaceum étaient bipolaires, mais Hood et collegues
ont tres récemment découvert que deux especes d’'un méme clade étaient tétrapolaires, les loci
HD et PR étant impliqués dans le déterminisme du type sexuel, situés sur des chromosomes
différents, et liés chacun a leur centromeére [84]. Le chromosome portant le locus PR présente
une taille réduite par rapport aux chromosomes de types sexuels des especes bipolaires, mais
affiche un dimorphisme important entre les types sexuels, alors que le chromosome portant le
locus HD est pratiquement monomorphe. La plupart des especes du complexe M. violaceum
étant bipolaires, Hood et collegues [84] ont proposé que I'état ancestral était la bipolarité, et
qu’il y aurait eu un retour a l’état tétrapolaire au sein d'un clade du complexe M. violaceum.
Mais leur conclusion repose sur une analyse de reconstruction de I’état ancestral qui dépend tres
fortement de I’échantillonnage, et on peut aussi imaginer que 1’état ancestral soit la tétrapolarité
méme au sein du complexe Microbotryum, ce qui impliquerait deux acquisitions indépendantes
de ’état bipolaire au sein de M. wviolaceum (voir phylogénie sur la figure 2.10). Nous pourrons

donc comparer les génomes d’especes bipolaires et tétrapolaires du complexe M. violaceum pour
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comprendre dans quel sens se sont produits les changements de mode de reproduction et quels

types de réarrangements sont impliqués.

Hood et collegues [84] ont aussi étudié les caryotypes d’autres espeéces bipolaires du complexe M.
violaceum : toutes les especes bipolaires étudiées possedent des chromosomes de types sexuels
qui figurent parmi les chromosomes les plus larges de leurs génomes, et ces chromosomes de types
sexuels présentent un dimorphisme important. Cela montrerait que I’existence de larges régions
non-recombinantes est un caractére ancien, voire ancestral dans le complexe M. violaceum.
Comme il n’existe pas d’estimation des temps de spéciation au sein du complexe M. violaceum
(excepté la séparation entre les especes tres proches M. lychnidis-dioicae et M. silenes-dioicae,
estimée a 400 000 ans [23]), il est difficile de dire a quel point ce résultat entre en contradiction
avec les résultats de Whittle et al [80] qui proposent que la grande majorité de la région non-

recombinante est d’age “tres récent” (1 ou 2 millions d’années).

Plus généralement, ’assemblage des chromosomes de types sexuels chez d’autres especes du
complexe M. violaceum et de groupes externes permettra de comparer le contenu en genes et
en éléments transposables pour comprendre les différences de taille observées entre chromosomes

de types sexuels chez différentes especes du complexe M. violaceum.

Pour comprendre I’histoire de la suppression de recombinaison, nous pourrons tester si les ré-
gions non-recombinantes sont aussi larges et réarrangées dans d’autres especes de M. violaceum
que chez M. lychnidis-dioicae, si on trouve des traces de strates de suppression de recombi-
naison récentes, sous forme de régions colinéaires entre types sexuels mais liées au type sexuel
et non-recombinantes, et quels sont les types des réarrangements impliqués dans la formation
de ces strates (inversions, translocations, insertions d’éléments transposables). Des analyses de
ségrégation avec le type sexuel pourront étre effectuées pour évaluer le caractére recombinant
de ces régions. Une “mini-strate” potentielle a déja été détectée chez M. lychnidis-dioicae [85],
mais nous n’avons pas encore établi si cette région est liée au type sexuel. Il sera également in-
téressant de tester de degré de réarrangements entre chromosomes d’un méme type sexuel mais
d’especes différentes, pour tenter de reconstituer I'histoire de ces réarrangements et a quelle
vitesse ils se produisent. Nous pourrons aussi systématiquement rechercher des genes a 1’état
hémizygote, et caractériser les mutations impliquées quand la pseudogénisation est suffisam-
ment récente (mutation non-sens, insertion d’éléments transposables). Si des chromosomes de

types sexuels avec des suppressions de recombinaison récentes sont identifiés, il sera intéressant
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FIGURE 2.10 — Transitions entre bipolarité et tétrapolarité chez Microbotryum. A) Phylogénie simplifiée de
Microbotryum montrant la position du groupe externe le plus proche, les levures rouges. Les levures rouges
sont tétrapolaires, et M. violaceum inclut des espéces bipolaires et tétrapolaires. Le statut des autres espéces
de Microbotryum et I'architecture de leurs chromosomes de types sexuels sont inconnus, et donc le nombre et
la position des événements d’acquisition de la bipolarité. B) Répartition des espéces bi- et tétrapolaires dans
le complexe M. violaceum. D’apres le scénario le plus probable, 'ancétre commun était bipolaire et il y a eu
retour & la tétrapolarité au sein d’un clade. C) Le scénario alternatif, celui d’un ancétre commun tétrapolaire,

impliquerait deux acquisitions indépendantes de la bipolarité.

70



d’observer si une dégénérescence est déja détectable, pour comprendre a quelle vitesse elle se

produit.

Tous ces événements (formation de nouvelles strates de suppression de recombinaison, réarran-
gements, pertes de genes) pourront étre replacés sur la phylogénie du complexe M. wviolaceum
pour reconstituer I’histoire de la suppression de recombinaison (figure 2.12). Microbotryum
violaceum constitue un systeme exceptionnel pour ce type d’analyses, avec de multiples espéces
possédant des chromosomes de types sexuels non-recombinants, des niveaux de divergence va-
riables, et une phylogénie bien résolue [35]. Cependant, la plus grande inconnue est ’architecture
des chromosomes de types sexuels des especes les plus basales du complexe M. violaceum. Si
celles-ci ont des chromosomes de types sexuels non-recombinants et tres réarrangés comme
ceux de M. lychnidis-dioicae, nous ne pourrons pas reconstituer les premieres étapes de sup-
pression de recombinaison. Dans ce cas, il sera trés important d’obtenir les génomes de groupes
externes tétrapolaires ou bipolaires mais possédant des chromosomes de types sexuels recombi-
nants. Nous pourrons inclure des especes plus basales du genre Microbotryum, pour lesquelles
des difficultés pourraient étre rencontrées pour obtenir des cultures in wvitro et de ’ADN de
qualité suffisante pour le séquencgage en PacBio. Nous pourrons aussi utiliser comme groupes
externes des especes d'un groupe de levures saprophytes, les ‘levures rouges (“red yeast”), qui
sont tétrapolaires [86] et constituent le groupe externe le plus proche du genre Microbotryum
au sein des pucciniomycetes. Cette étude comparative devrait permettre de mieux comprendre
I'importance des transitions entre bipolarité et tétrapolarité dans la formation de larges régions
non-recombinantes, ainsi que 'importance relative de la liaison au centromere et de la liaison

des loci MAT dans ce processus.

Pour étudier la dynamique et 1'histoire récente des régions non-recombinantes des chromosomes
de types sexuels du complexe M. violaceum, on pourra aussi étudier les variations a l'intérieur
d’une méme espece. Nous ignorons en effet si les différences observées entre types sexuels sont
fixées, a quelle vitesse se produisent les réarrangements entre chromosomes de types sexuels et la
dégénérescence. Il sera particulierement intéressant de chercher des traces de conversion génique
au sein d'une espéce, en détectant par exemple des régions avec une divergence synonyme
nulle entre alleles al et a2 chez certains individus mais élevée chez d’autres. Nous disposons
déja pour cela de données de reséquencage de plusieurs dizaines d’individus au sein de M.
lychnidis-dioicae. Enfin, il a été proposé chez Neurospora tetrasperma [87] que I'introgression

de régions recombinantes provenant d’une espéce proche avec des chromosomes de types sexuels
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qui recombinent pourrait limiter la dégénérescence des régions non-recombinantes. Il sera donc
intéressant de chercher des signaux d’introgression dans les génomes du complexe M. violaceum,
surtout si certaines espeéces ont des chromosomes sexuels recombinants sur une grande partie

de leur longueur.

On n’attend pas de différence de dosage d’expression entre genes de types sexuels différents,
comme ce qui est observé chez les chromosomes sexuels, le stade diploide étant toujours hété-
rogamétique chez les champignons. Néanmoins, il pourrait y avoir une compensation de dosage
suite aux pertes différentielles de genes entre chromosomes de types sexuels. Cette question
n’a jamais été étudiée chez les champignons a ma connaissance. Il sera intéressant d’étudier si
les pertes de genes dans un type sexuel sont compensées par une augmentation du niveau de
I’expression de la copie restante par rapport a des especes ot il n’y a pas eu les mémes pertes
de geénes, ou mieux, par rapport a une espece ou les génes correspondant sont dans une région

recombinante.

Nous pourrons également essayer de dater de maniere absolue les événements de suppression
de recombinaison, pour essayer d’évaluer a quelle vitesse ils se sont produits dans le complexe
M. wviolaceum. Nous avions proposé une datation de six marqueurs présentant différents ni-
veaux de divergence synonyme dans une version précédente du manuscrit sur I'assemblage des
chromosomes de types sexuels de M. lychnidis-dioicae, ce qui donnait des temps de divergence
d’environ 500 000 & 900 000 ans (figure 2.11). Il nous avait été reproché d’avoir utilisé un
nombre de marqueurs trop faible compte tenu de I'imprécision des modeles d’horloge molécu-
laire chez les champignons et du risque de conversion génique. Le faible nombre de genes avec
des datations était dii au fait que peu de genes avaient des orthologues dans les especes de
champignons utilisables pour les calibrations fossiles. Une approche plus robuste pourra étre de
calibrer les noeuds de la phylogénie du complexe M. violaceum et de groupes externes en utili-
sant des marqueurs autosomaux, et de placer les événements de suppression de recombinaison

et de réarrangements sur cette phylogénie calibrée.
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FIGURE 2.11 — Niveau de divergence synonyme entre alléles le long des chromosomes de types sexuels de

Microbotryum lychnidis-dioicae. Le niveau de divergence synonyme entre alleles est représenté en fonction de la
position physique sur a; (haut) et ag (bas). Le trait horizontal en pointillés correspond a la divergence moyenne,

et les traits verticaux aux limites entre régions pseudo-autosomales et région non-recombinante.
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Etude de la dégénérescence dans des
populations de Microbotryum
lychnidis-dioicae de la région de

Tchernobyl

3.1 Introduction

La dégénérescence génomique peut étre définie comme 'accumulation de mutations déléteres
dans les génomes, conduisant a une baisse de la valeur sélective a 1’échelle des individus ou
des populations. Ces mutations déléteres peuvent étre par exemple des mutations ponctuelles
non-sens ou faux-sens ou des insertions d’éléments transposables dans une séquence codante
ou un promoteur. Lorsque les mutations ont lieu dans la lignée somatique, c’est-a-dire dans
des cellules qui ne participent pas a la reproduction, les conséquences sont limitées a I'individu
dans lequel elles se produisent, et contribuent au processus de sénescence et au développement
de maladies comme le cancer. Au contraire, lorsque des mutations déléteres sont transmises a la

descendance, cela peut entrainer une baisse globale de la valeur sélective d’une population.

Il peut y avoir augmentation ou accélération de la dégénérescence si le taux de mutation aug-
mente, par exemple en présence d’agents mutagenes dans ’environnement, ou a cause d’une

moindre efficacité des systemes de réparation de ’ADN. Une autre cause de dégénérescence peut
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étre une diminution de l'efficacité de la sélection, ce qui peut étre lié a une multitude de facteurs
(baisse de l'effectif efficace de la population, changement du régime de reproduction, diverses

formes d’auto-stop génétique, baisse du taux de recombinaison méiotique) [88, 89, 3].

Dans le chapitre précédent, nous avons étudié la dégénérescence des génomes dans un cadre
particulier, celui de régions non-recombinantes situées sur les chromosomes de types sexuels. La
dégénérescence de ces régions est principalement la conséquence de la baisse d’efficacité de la

sélection associée a la suppression de recombinaison et de ’hétérozygotie obligatoire [5, 6].

La dégénérescence peut aussi se produire dans d’autres contextes, comme celui de I’exposition
a des agents mutagenes. La région de Tchernobyl comprend de nombreux sites qui présentent
différents niveaux de radiations ionisantes, permettant d’étudier I'effet des radiations sur les
populations naturelles en fonction de la dose de radiation. Il n’est pas simple de prédire les
conséquences de I'exposition aux radiations sur I’accumulation de mutations déléteres dans les
génomes. D’un coté, on peut s’attendre a ce que la présence d’agents mutagenes entraine une
augmentation des taux de mutations déléteres et donc leur accumulation dans les génomes
[90], mais d’un autre c6té, 'augmentation du taux de mutations pourrait aussi entrainer une
augmentation de la pression de sélection purifiante suffisante pour éviter une telle accumulation
[91]. De plus, les espéces varient dans leur niveau de résistance aux mutations. De fait, parmi les
especes étudiées sur le site de Tchernobyl, il existe une grande variabilité dans les conséquences
génomiques de la contamination radioactive [92]. Certains champignons ont déja été étudiés
pour leur susceptibilité aux radiations, et certains peuvent étre tres résistants [93, 94]. Mais

peu d’études se sont intéressées aux conséquences des radiations a la fois au niveau génomique

et en termes de valeur sélective dans des populations naturelles [93].

Pour étudier 'effet des radiations sur les populations de M. lychnidis-dioicae, nous avons ana-
lysé plusieurs populations présentes dans la région de Tchernobyl et exposées a des niveaux
différents de radiations. Nous avons mesuré I'influence du niveau de radiation sur la prévalence
de l'infection par M. lychnidis-dioicae, effectué des mesures de valeur sélective des individus, et
testé l'existence de dégénérescence, en termes de d’accumulation de mutations non-synonymes

dans les génomes (et donc probablement majoritairement déléteres).
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Dans le manuscrit suivant, j’ai généré les données génomiques, contribué a définir la stratégie
d’analyse des génomes et participé aux analyses bio-informatiques. Ce manuscrit va étre soumis

tres prochainement a la revue Molecular Ecology.

3.2 Article : Lower prevalence but similar viability and
non-synonymous substitution rates suggest radiore-
sistance and increased purifying selection in a para-

sitic fungus at Chernobyl

77



Lower prevalence but similar viability and non-
synonymous substitution rates suggest radioresistance and
increased purifying selection in a parasitic fungus at

Chernobyl

Aguileta'” G., Badouin'” H., Hood? M. E., Magller A.P., Le Prieur’ S., Snirc’
A, Siguenza®* ' S., Mousseau® T.A., Shykoff' J.A., Cuomo® C.A., and Giraud® T.

*These authors share first co-authorship

! Ecologie Systématique Evolution, CNRS, Univ. Paris-Sud, AgroParisTech,
Université Paris-Saclay, 91400 Orsay, France;
2 Biology Department, Amherst College, Amherst, MA USA;
® INRA, Laboratoire des Interactions Plantes-Microorganismes (LIPM), UMR441,
Castanet-Tolosan, F-31326, France;
4CNRS, Laboratoire des Interactions Plantes-Microorganismes (LIPM), UMR2594,
Castanet-Tolosan, F-31326, France;
> Department of Biological Sciences, University of South Carolina, Columbia SC
29208, USA;

® Broad Institute of MIT and Harvard, Cambridge, Massachusetts, USA

Correspondence to TG:

Tel: (+33) 1 69 15 56 88

Fax: (+33) 1 69 15 56 96

E-mail: tatiana.giraud@u-psud.fr

Running headline:

Radio-resistance in a parasitic fungus in Chernobyl

78 1



Abstract

Nuclear disasters at Chernobyl and Fukushima provide examples of effects of acute
ionizing radiation on mutations. Here, we investigated the accumulation of non-
synonymous mutations, the viability and the prevalence of Microbotryum fungi
causing the anther smut-disease, transmitted by plant pollinators. We collected
flowers of Silene latifolia infected with Microbotryum lychnidis-dioicae in locations
ranging by two orders of magnitude in background radiation from 0.08 to 8.35 uSv/h.
Disease prevalence decreased significantly with increasing radiation level, most likely
due to pollinator disappearance and abnormal behaviour. Viability and fertility,
measured as the budding rate of haploid sporidia germinating from diploid
teliospores, did not decrease with increasing radiation levels. We sequenced the
genomes of twelve samples from Chernobyl and of four Eastern European samples
collected from uncontaminated areas in Europe and analyzed alignments of 6,068
predicted genes, corresponding to 1.04x10 base pairs. We found no dose-dependent
differences in non-synonymous substitution rates, and our analyses suggested that this
was not due to a low statistical power. Thus, there was no significant evidence of
increased deleterious mutation rates at higher levels of background radiation. We even
found lower levels of non-synonymous substitution rates in contaminated areas
compared to control regions, suggesting that purifying selection was stronger in
contaminated than uncontaminated areas. We briefly discuss the mechanistic basis for

radio-resistance in this non-melanized fungus.

Keywords: bumblebees; butterflies; dN/dS; fertility, Microbotryum violaceum;
radioresistance; red pigment; melanine; spore germination; susceptibility to radiation,

synonymous and non-synonymous substitution rates; viability rate; degeneration.

79 2



Introduction

Natural levels of radioactivity on Earth vary by more than one thousand-fold, and
such spatial heterogeneity suffices to create heterogeneous effects on mutation. Levels
of background ionizing radiation (hereafter radiation) have decreased by a factor of
ten since life first originated in the pre-Cambrian (Karam & Leslie 2005).
Fluctuations in natural levels of radiation due to solar flares, supernovae and gamma
ray bursts, and large meteor impacts in Mexico, India, Russia and other sites likely
caused the release of vast amounts of radioactive material on Earth (e.g. (Alvarez et
al. 1980). Such fluctuations may have contributed to current levels of resistance to
radiation damage in free-living organisms. Today, typical background radiation dose
rates vary from around a minimum of only 0.01 to 0.10 uSv/h, with the natural level
in Chernobyl before the nuclear accident being 0.01-0.02 uSv/h (Mgller & Mousseau
2013). There are many sites with high levels of radiation in the oceans, with thermal
vents being a well-known example (e.g. (Cherry et al. 1992; Fiala-Médioni et al.
1986; Jollivet et al. 1995a, b). Maximum terrestrial levels of radioactivity reach 29.7

uSv/h in Ramsar, Iran (Ghiassi-Nejad et al. 2002).

Mutations are changes in genomic sequences of DNA that may occur as a
consequence of single or double strand breakage. DNA repair mechanisms readily
repair single-strand, but also double-strand breaks of DNA (Lehman 2006; von
Sonntag 2010). Radiation was first shown to be a powerful mutagen in classical
laboratory experiments almost a century ago (Muller 1954; Nadson & Philippov
1925; National Academy of Sciences — Natural Resources Council. Committee on the
Biological Effects of lonizing Radiation. (BEIR V). 1990; UNSCEAR 1988).
However, it is less well known that natural variation in levels of background radiation
is a source of significant mutation in nature (e.g., (Forster et al. 2002); meta-analysis
in (Mgller & Mousseau 2013). Such naturally occurring mutations are an important
source of novel genetic variation that forms the raw material for evolution
(charmHartl 1988), but both germline and somatic mutations may also cause genetic

diseases, including cancer.
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Fungi show extraordinary abilities to cope with ionizing radiation. For example
micro-fungi associated with thermal vents can live under extremely high radiation
levels (e.g. (Charmasson et al. 2009; Shravage et al. 2007). Several micro-fungi from
irradiated areas are directly attracted by radionuclides (positive radiotropism), being
able to grow on "hot particles" and even degrade them (Zhdanova et al. 2004).
Furthermore, ionizing radiation may have a positive stimulatory effect on spore
germination (Tugay et al. 2006). Because ionizing radiation promotes growth of some
melanized fungi, while simultaneously transferring electrons to melanin, this suggests
that redox properties may even be used to transduce energy for cell metabolism
(Dadachova et al. 2007; Dadachova & Casadevall 2008). Thus most radio-resistant
fungi have been found so far to differ from non-radio-resistant species in their level of
accumulation of intracellular melanin (Dadachova et al. 2007; Khajo et al. 2011 ;
Tugay et al. 2011).

The nuclear accident at Chernobyl on 26 April 1986 was followed by research
providing extensive evidence of somatic and germline mutations in plants (e.g.,
(Kovalchuk et al. 2000) and animals (e.g., (Ellegren et al. 1997). Mutation estimates
from 45 studies of 30 species revealed a mean effect size of 0.67 measured as
Pearson’s product-moment correlation coefficient, accounting for 44.3% of the
variance (Mgller & Mousseau 2015). This effect size is one of the largest ever
recorded in biological sciences. Although there was consistency within species in
effect size (i.e., significant repeatability), and there was significant heterogeneity
among species, there was no evidence of phylogenetic signal, nor were there any clear

ecological predictors of effect size (Mgller & Mousseau 2015).

The predicted effects of radiation exposure include chromosomal aberrations (Mgller
& Mousseau 2013) (Wang et al. 1990), an increased substitution rate due to damaged
DNA (Martincorena & Campbell 2015) and consequently a likely increase in the rate
of deleterious mutations (Mgller & Mousseau 2013; Premi et al. 2009). Several
studies report the detection of chromosomal aberrations subsequent to exposure to
high radiation levels (Chen & Wei 1991; Cheriyan et al. 1999; Hayata et al. 2004;
Jiang et al. 2000; Kochupillai et al. 1976; Mgller & Mousseau 2013; Wang et al.

1990). Computational analysis of genes and genomes of organisms exposed to

81 4



excessive radiation typically as a result of a nuclear disaster such as those experienced
in Chernobyl and Fukushima reveal signatures of increased amino-acid substitution
rates, often with deleterious effects (Mgller & Mousseau 2013, 2015). Increased rates
of deleterious substitutions can be detected by increased ratios of nhon-synonymous to
synonymous rates of substitutions dN/dS (Anisimova & Liberles 2012; Fontanillas et
al. 2015). On the other hand, we may expect that selection is stronger in radiated areas
(Ellegren et al. 1997; Moller 1993, 2002; Moller et al. 2013; Moller et al. 2012;
Moller & Mousseau 2001, 2003; Moller et al. 2005a; Moller et al. 2005b), which
would lead to lower rates of nonsynonymous to synonymous rates of substitutions
(i.e., lower dN/dS rates).

Although radionucleotide accumulation has been investigated in fungi, in particular in
edible and mycorrhizal fungi (Gwynn et al. 2013 ; Mascanzoni 2001 ; Mietelski et al.
2010 ), few studies have investigated the effect of contamination in Chernobyl on the
abundance and fitness of fungi from the contaminated environments (Mgller &
Mousseau 2013; Mgller & Mousseau 2014), with a few exceptions (Dadachova &
Casadevall 2008; Tugay et al. 2006). Certain fungi were found to cope very well with
these high radiation levels, and some even thriving in the defunct Chernobyl nuclear
reactor (Dadachova & Casadevall 2008; Zhdanova et al. 2000). Fungi are good
models for studying genomic consequences of radiation because they have small
genomes that can easily be fully sequenced (Gladieux et al. 2014), and some are easy
to grow in vitro, allowing viability and fertility measures. In addition, they play

important ecological roles as pathogens, mutualists or decomposers.

Here we investigated consequences of the Chernobyl disaster on a plant pathogenic
fungus. Microbotryum lychnidis-dioicae is a fungus causing anther smut disease on
the white campion Silene latifolia. The pathogen castrates the plant by producing its
spores in anthers in the place of pollen in males and aborting ovaries while inducing
spore-bearing anthers in female plants. Spores are transmitted to healthy flowers by
pollinators (Roche et al. 1995), and insect abundance has been shown to decrease
dramatically with radiation level in Chernobyl (Moller & Mousseau 2009).
Microbotryum lychnidis-dioicae is highly selfing, undergoing mostly intra-tetrad
mating (Giraud et al. 2005; Hood & Antonovics 2000; Zakharov 2005), and is
therefore highly homozygous (Giraud 2004; Vercken et al. 2010). Microbotryum
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lychnidis-dioicae is a model organism in ecology and evolution (Antonovics et al.
2002; Bernasconi et al. 2009), and a reference genome has been published recently
(Badouin et al. 2015; Perlin et al. 2015). Previous studies based on microsatellite
markers and gene sequences revealed a strong population structure in M. lychnidis-
dioicae at the European scale, with three main clusters corresponding to glacial
refugia, in Italy and western and eastern Europe, respectively (Gladieux et al. 2011;
Vercken et al. 2010). Therefore, we focused here on the eastern cluster next to the

Chernobyl area to avoid biases due to population structure.

The objectives of this study were to 1) assess anther-smut disease prevalence in S.
latifolia in relation to pollinator abundance and radiation levels in the field, 2)
estimate deleterious effects of radiation in M. lychnidis-dioicae samples from
Chernobyl, in terms of spore viability and fertility, and of non-synonymous
substitution accumulation rates. For this second goal, we estimated one the one hand
the rate of haploid spore budding from diploid teliospores, and on the other hand the
genome-wide ratio of non-synonymous mutations over synonymous mutations
(dN/dS). This latter objective was addressed by sequencing the genomes of twelve
strains from radiated areas, and the genomes of four strains of the same genetic cluster
(previously called the “eastern cluster” (Gladieux et al. 2011; Vercken et al. 2010))
from uncontaminated areas. More specifically, we tested whether dN/dS was
significantly higher in contaminated regions and whether a significant correlation

between dN/dS and radiation level in the field could be detected.

Materials and Methods

Data sampling in Chernobyl

APM recorded pollinator abundance (butterflies and bumblebees) and anther smut
disease prevalence in S. latifolia in Chernobyl during fieldwork at 16 different sites
inside and just outside the Chernobyl exclusion zone during 2010-2015 (Table 1, Fig.
1). APM surveyed more than 30 study sites across the Chernobyl Exclusion Zone and
the surroundings. Each study site was checked for presence of caryophyllaceous
plants including Silene latifolia. None were recorded in 14 out of 30 sites, and these

14 sites all had high levels of background radiation. If S. latifolia was present, the
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total number of flowers and of infected flowers, relying on the presence of smut on
the petals, was counted in the immediate vicinity and the number of butterflies and
bumblebees seen during an observation period of 5 minutes was recorded. In large
populations of S. latifolia, APM then moved 100 m to a new site within the S. latifolia
population where flower number was noted and butterflies and bumblebees were
again recorded for 5 minutes. This process continued until there were no more plants
of S. latifolia recorded (Mgller et al. 2012). The abundance of butterflies and
bumblebees was subsequently standardized to numbers per 5 minutes of observation.
APM collected flower samples in paper bags to bring to the lab for further analyses.

All surveys and collections were only made on days without rain or strong wind.

Spore viability measures

MEH spread teliospores on Potato Dextrose Agar (PDA) plates for 12 strains from the
Chernobyl area without prior knowledge of the level of background radiation of the
sample (Table 1). On nutritive media, the diploid teliospores undergo meiosis and
replicate clonally as haploid sporidia. On the plant, the sporidia undergo mating,
producing an infectious hypha. Sporidia budding rate is thus a measure of both
viability and fertility of the diploid individual present in a given flower. After 48
hours at 22°C MEH photographed the germinations. In the photographs, he counted
the number of sporidia for 100 teliospores per sample, excluding the promycelium’s
cells (the four cells forming the aligned tetrad). We did not use the reference strains

from outside the Chernobyl area for this experiment because they were older.

Strains, DNA extraction and sequencing

The genomes of 18 strains collected on S. latifolia were sequenced. For this goal,
diploid spores from one anther were spread on petri dishes on PDA medium at 23°C
for a few days. A given flower bears diploid spores from a single individual (Lopez-
Villavicencio et al. 2007). Therefore, the harvested haploid sporidia on PDA
represented thousands of meiotic products of a single diploid individual. Haploid
harvested cells were stored at -20°C upon use. DNAs were extracted using the
Macherey-Nagel NucleoSpin Soil kit #740780.250 following manufacturer’s
instructions and resuspended in desionised water (100 ul). DNA purity was assessed
by measuring ratio of 230/260 and 280/260 nm with a NanoDrop 2000
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spectrophotometer (Thermo Scientific), and double-strained DNA concentration was

measured with a Qubit 2.0 fluorometer.

Paired-end libraries of 2x100 bp fragments with an insert size of 300 bp were
prepared with Illumina TruSeq Nano DNA Library Prep Kits, and sequencing was
performed on a HiSeq2000 Illumina sequencer, at a depth of coverage of 100X on

average.

We checked that the strains belonged to M. lychnidis-dioicae by building a
phylogenetic tree using orthologous genes of other Microbotryum species; two strains
placed close together in the tree with other Microbotryum species than M. lychnidis-
dioicae, thus representing spill-over from other host plant species, were discarded (not
shown). The genomes of 16 M. lychnidis-dioicae strains were thus retained (Table 1).
Of these, the first 12 corresponded to strains sampled in the area of Chernobyl (Figure
1, hereafter referred to as Chernobyl group), while the remaining four were sampled
in different locations belonging to the Eastern genetic cluster in Europe in non-
radiated areas (hereafter referred to as the reference group).

Sequence analyses

Accession numbers of the genomes 16 M. lychnidis-dioicae strains analyzed are
included in Table 1. The complete genomes (predicted genes and corresponding
proteins) of the 16 M. lychnidis-dioicae strains and the reference genome (Fontanillas
et al. 2015) were used. For each genome, the total collection of predicted gene
sequences was used as queries in the orthomcl analysis, which implements a
sequential bioinformatics pipeline based on blast searches and clustering methods for
the prediction of orthologous relationships. The script orthomcl.pl version 1.4 (Li et
al. 2003) was used with default settings, allowing us to retrieve the full set of shared
orthologs that are present in all analyzed strains as a single copy (1:1 orthologs). We

therefore obtained alignments of alleles among strains.

Initially, orthomcl predicted 6,145 single-copy orthologous protein-coding genes
shared among the 16 analyzed strains. However, in 77 cases, no matching protein
sequence was found, so all subsequent analyses were conducted with the remaining
6068 genes. For each of these, the predicted genes and the corresponding protein

sequences were extracted. First, the protein sequences were aligned and those
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alignments were subsequently used to guide the predicted gene alignments, taking
codons into account, with the pal2nal v.14 software (Suyama et al. 2006). Next, the
program gestimator from the Libsequence library (Thornton 2003) was implemented
to obtain all possible pairwise rate estimates of synonymous (dS), non-synonymous
(dN), and the corresponding dN/dS rate ratio; dN/dS ratios equal to 999 were removed
from the dataset, as they reflect the absence of synonymous differences (i.e., in those
cases dN/dS is estimated to be infinity). Then, the average dN/dS ratio of each of the
12 Chernobyl strains against each of the four eastern reference strains was calculated.
Diversity estimates were computed using egglib (De Mita & Siol 2012). We checked
using a larger genome dataset (unpublished data) that all the Eastern reference strains
belonged to the genetic Eastern European cluster as previously identified based on
microsatellite data (Vercken et al. 2010) and that no further population subdivision

was found within this cluster (not shown).

To examine the capacity for melanin production, genes involved in three melanin
pathways in fungi were examined: the DHN-melanin (Wheeler et al. 2008), DOPA
melanin (Langfelder et al. 2003), and L-tyrosine degradation (Keller et al. 2011;
Schmaler-Ripcke et al. 2009). Genes for each pathway in M. lychnidis-dioicae were
identified by identifying orthologs using Orthomcl as above with the gene set of
Aspergillus niger. Where orthologs were not identified, the most similar sequences
based on blastp were examined; in all cases this did not identify any additional
orthologs, i.e., for the multicopper-oxidases (MCOs) involved in DHN-melanin

synthesis this identified only ascomycete laccase MCOs.

Statistical analyses
ANOVA, mean comparisons and correlations were performed using JMP (SAS
Institute) and power analysis using the Z transformation method (Lachin 1981) at

http://www.cct.cuhk.edu.hk/stat/other/correlation.htm. Radiation and abundance data

were log-transformed for improving the normality of their distributions.

Results
Prevalence data of the disease
We analyzed the effect of the abundance of butterflies, bumblebees and radiation

level on anther-smut disease prevalence in S. latifolia (Table 2). Disease prevalence
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increased with pollinator abundance, and significantly so with butterfly abundance
(Figure 2; analysis weighted by sample size: r = 0.65, df = 19, P = 0.0008), and log
butterfly abundance decreased with log radiation levels (Figure 3; analysis weighted
by sample size: F, 19y = 15.48, r2 = 0.42, P = 0.0009, slope (SE) = -0.107 (0.027)).
Therefore, we included pollinator abundance in the model testing for an effect of
radiation levels on disease prevalence. Disease prevalence significantly decreased
with radiation level (Table 2, Figure 4), while it was not directly affected by the
abundance of either class of pollinator as main factors. The interaction between
radiation level and abundance of butterflies was however significantly correlated with
disease prevalence (Table 2). Indeed, prevalence increased with butterfly abundance
at low radiation levels, while it decreased with butterfly abundance at high pollinator

abundance (Figure 5).

Spore viability measures

The numbers of haploid sporidia germinating from diploid teliospores following
meiosis and after 48 hours were counted for 100 teliospores for each of 12 strains
from the Chernobyl area (Table 1). There was no significant correlation between
spore germination rates and radiation level (r = 0.19, P = 0.55, on log transformed
data; N = 12; Figure 6). With this correlation, a sample size of more than 105 strains

would be required to detect a significant weak correlation.

Genome sequences

A total of 6,068 predicted genes corresponding to 1.04x10 base pairs (bp) was
analyzed, with an average of 1.71x10° bp per gene alignment. Of these bp, a total of
1.94x10° corresponded to polymorphic sites, with an average of 83.28 polymorphic
sites per analyzed gene alignment. Other diversity indicators yielded averages per site
for  of 0.0010 for Chernobyl strains and 0.0017 for the eastern reference strains, and

for 6 of 0.0005 for Chernobyl strains and 0.0008 for the eastern reference strains.

The average pairwise dN/dS ratios ranged between 0.336 and 0.359. Table 1 presents
the dN/dS average values for all the pairwise estimates per Chernobyl strain and the
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corresponding radiation measurement performed in the field at that collection site. We
detected no sign of genomic degeneration in the Chernobyl area. Indeed, we found no
significant correlation between the average pairwise dN/dS values and the radiation
measurements at the different sampling sites in Chernobyl (r = 0.068, n = 12, P =
0.83, Figure 7). With this correlation, a sample size of more than 830 genomes would
be required to detect a significant weak correlation. The mean dN/dS values were
even significantly lower in the Chernobyl strains (mean dN/dS = 0.346) than in the
reference Eastern group (mean dN/dS = 0.353) (Student’s t-test, t = 2.16, df = 14, P =
0.004).

Discussion

The prevalence of the anther-smut disease caused by M. lychnidis-dioicae was much
lower in more contaminated areas, influenced by an interaction with butterfly
abundance. Radiation indeed reduced the abundance of pollinators, and at low
radiation levels prevalence increased with abundance of butterflies, as expected given
that spores are transmitted by pollinators (Roche et al. 1995). At high radiation levels
however the opposite was found, prevalence decreasing with butterfly abundance.
Perhaps butterflies are poorer pollinators at high radiation level because of abnormal
behaviour. In fact, studies of birds, spiders, plants and insects have shown more
abnormalities at higher radiation levels (Mgller & Mousseau 2013). It is also possible
that plants are more stressed at higher radiation levels and therefore display higher
resistance levels. However, previous studies have in contrast found lower resistance

of plants to biotic stress in Chernobyl (Dmitriev et al. 2011).

We found no evidence of reduced spore viability or elevated frequency of non-
synonymous substitutions in M. lychnidis-dioicae as a function of radiation level. The
magnitude of the correlation was far outside the mean estimate for effects of ionizing
radiation on mutations at Chernobyl (r = 0.67, 95% confidence intervals 0.59 to 0.73,
(Mgller & Mousseau 2014). We even found significantly lower mean values of dN/dS
in Chernobyl, which may be due to stronger selection in contaminated areas against
individuals bearing mildly deleterious mutations. Previous studies have shown that

elimination of inferior phenotypes occurred by more intense selection in Chernobyl
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(i.e., stronger purifying selection) (Ellegren et al. 1997; Moller 1993, 2002; Moller et
al. 2013; Moller et al. 2012; Moller & Mousseau 2001, 2003; Moller et al. 2005a;
Moller et al. 2005b).

The lower prevalence and lower abundance of pollinators in contaminated areas are
unlikely to have biased dN/dS values, i.e. to have changed the rate of non-
synonymous substitutions by themselves. Indeed, M. lychnidis-dioicae is highly
selfing (Giraud et al. 2008), so the low prevalence in Chernobyl is unlikely to lead to
increased selfing rates, which could result in higher accumulation of deleterious
mutations on itself. In addition, a smaller effective population size could also lead to
increased rates of deleterious mutation accumulation, but this is unlikely to have had
any effect with standard mutation rates since 1986, as M. lychnidis-dioicae undergoes
a single generation per year, with a sex event before each new plant infection (Giraud
et al. 2008). In any case, these two effects would be expected to increase the dN/dS

values in contaminated areas, while we observed the opposite.

Melanin has been invoked as a mechanism of radio-resistance in bacteria and fungi
(Dadachova et al. 2007; Khajo et al. 2011 ; Tugay et al. 2011 ). The presence of
melanin has however not been reported so far in Microbotryum, and very few
homologs to genes known to be involved in the synthesis of melanin were found in its
genome (Table 3). However, red pigments have been described in M. lychnidis-
dioicae (at that time the fungus was named Ustilago violacea) (Will et al. 1984; Will
& Reppe 1984). Other red-pigmented organisms have been found to be radio-resistant
(Asker et al. 2007; Copeland et al. 2012; Su et al. 2014; Yuan et al. 2009), although
red pigmentation is mostly known as a protection against UV radiation so far,
including in M. lychnidis-dioicae (Will et al. 1984; Will & Reppe 1984). It may be
that red pigmentation selected for UV-resistance also confers radio-resistance, a
hypothesis that should be explored in future studies. Actually M. lychnidis-dioicae
spores produced in anthers are extremely dark and resistant, and the fungus grows
only small hyphae in the plants, probably remaining in the meristem it infects until

flower development (Schafer et al. 2010 ).

A number of studies have concluded that there is evidence of adaptation to low dose

radiation at Chernobyl, in particular in fungi. These range from proteomic analyses
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(Danchenko et al. 2009; Klubicova et al. 2010) and studies of DNA methylation
(Kovalchuk et al. 2003) to other physiological mechanisms (Klubicova et al. 2012;
Kovalchuk et al. 2004). There is also evidence consistent with adaptation through the
intra-cellular antioxidant glutathione (GSH; (Galvan et al. 2014). Perhaps the most
clear-cut evidence of adaptation concerns resistance to radioactivity in generalist

bacteria that are widely distributed across Europe (Ruiz-Gonzalez et al. 2014).

In conclusion, our study reinforces the view that fungi, and even non-melanized fungi,
can cope extremely well with high radiation levels. A previous study reported the
emergence of a more virulent crop pathogen population in Chernobyl and this could
be a consequence of selection for resistance to radiation (Dmitriev et al. 2011),
although reduced host plant fitness may also play a role. Finally, our findings also

suggest the existence of strong purifying selection in radiated areas.
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Table 1. Information on Microbotryum lychnidis-dioicae strains for which genomes

have been analysed: strain ID, GPS coordinates, prevalence of the disease in the

population, date of collection, spore viability and fertility (mean number of haploid

sporidia germinating from 100 diploid teliospores after 48 hours), radiation level

measure (uSv/h) at the collection site and mean non-synonymous substitution rate

over synonymous substitution rates (dN/dS) in its genome compared to reference

strains from uncontaminated areas belonging to the same eastern genetic cluster. For

the strains from uncontaminated areas, the comparison was done with the three other

reference strains. EMBL genome accession humbers are given, the study number
being PRJIEB11006.

Preva- .
) . Radia- Mean Genome
Strain . GPS coordi- lence Date of Mean +SE . .
Loca-tion . tion dN/ accession
ID nates (Sam-ple collection spore count
. (usv/h) ds numbers
size)
hl Near N 51° 8' 60 0.030
o o o1 AN _
Zalizia, September 2013 1.234 0.347 ERS884833
1101-1 _ E 30° 7' 12" (299)
Ukraine
h2 Near N 51° 8' 60 0.030
o o o1 O _
Zalizia, September 2013 0.24 0.348 ERS884991
1101-2 _ E 30° 7' 12" (299)
Ukraine
h3 Near N 51° 8' 60 0.030
c °8'60" .
Zalizia, September 2013 | 34.30+147 | 0235 | 0345 | ERS885064
1101-3 . E 30° 7' 12" (299)
Ukraine
h4 EcoCente N 51°12' 36 0.075
o 0 191 2@" _
r September 2013 | 38.92+1.48 | 0196 | 0347 | ERS885276
1102-1 _ E30°0'0" (40)
Ukraine
h5 EcoCente N 51°12' 36 0.075
c °12'36" .
r September 2013 0165 | 0336 | ERS885329
1102-2 _ E 30°0' 0" (40)
Ukraine
Vesniane N51°18'600°"
1103-3 . September 2013 90.71+ 3.38 3.56
, Ukraine E 29°38'263”
h7 Red N 51°13'48 0.000
o 0 121 20" _
Forest, September 2013 | 75.68+320 | 21.03 | 0351 | ERo885496
1105 . E 30°2'23.999" (78)
Ukraine
ch Hilton, N 5132378 0.167 September 2013 54.90+2.29 0.08 0.346
. eptember .90+2. . .
1106 Ukraine E 21°10°427" P ERS989710
Dytiatki N 51°06°516"
1108 . September 2013 118.16+3.22 0.16
Ukraine E 30°08'809”’
Ecopolis N51°23'355”
1109 . September 2013 30.69+0.98 0.05
Ukraine E30°04'225”°
Chernoby | N 51°33°000" 6.71
1161 . June 2014 0.35
I Village E 31°11'212” +0.77
chil | Vesniane | N51°10' 48" 0.031 June 2014 24.48+1.54 8.35 0.342 ERS885569
97 20




1162 |, Ukraine | E30° 2212" 192)
chiz | Ivankov, | NG51°13 48" 0.093
_ June 2014 53.49+3.03 0.08 0350 | ERS885640
1163 | Ukraine | E30°1'11.999" | (216)
na | VOO | Nsoe7as 0.167 29.9
C °T " . .0+
v, June 2014 0.03 0352 | ERS885695
1164 _ E 30° 31' 48" (228) 1.68
Ukraine
Near
ch14 | Chemoby | N51°12' 36" 0.113
Y June 2014 41.53+1.78 0.05 0344 | FERS885752
1165-1 I, E30°0'0" (53)
Ukraine
Near
chi5 | Cherno- | NB51°12' 36" 0.113
June 2014 0.05 0344 | ERS885826
1165-2 |  byl, E30°0'0" (53)
Ukraine
7 | reen N53° 47"
C escnow,
17.408" July 2007 0.483 ERS882975
576 Germany
E 12°37'51.02" 0
Lango-
1o yene, N
C
02 near 59°52'18.642" June 2010 0 0359 | ERS883109
Oslo, | E 10°4325.212"
Norway
Krag-
ch20 hede, N 57°12'12.92'
August 2006 0 0364 | ERS881900
443 Den- E 9° 59' 25.8"
mark
N48° 7'
ch21 Tokay, 26.256"
Y October 2006 0 0364 | ERS882829
446 | Hungary E 21° 25'
56.636"
98 21




Table 2. ANOVA analysis of the effect of the abundance of butterflies, bumblebees
and radiation level (uSv/h) on disease prevalence (all explanatory variables being log-
transformed). The model was initially tested with all interactions and the non-
significant ones were sequentially removed. The model had the statistics F, 16) =
10.41, r* = 0.65, P = 0.0002.

d.f. Sumof |F P Estimate (SE)
squares

Intercept 0.2401 0.6325 0.0042 (0.0086)
Log abundance | 1 0.0021 0.0657 0.8009 -0.0096 (0.0376)
bumblebees
Log abundance | 1 0.0550 1.7409 0.2056 0.0643 (0.0487)
butterflies
Log radiation |1 0.2059 5.5232 0.021 -0.-192 (0.0075)
Log radiation x | 1 0.2874 9.1027 0.0082 -0.1667 (0.0553)
log butterflies
Error 16 0.5056
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Table 3. Orthologs of the three main melanin synthesis pathways detected in the

genomes of Aspergillus fumigatus, A. niger and Microbotryum lychnidis-dioicae.

Gene ] . M. lychnidis- o
A. fumigatus* | A. niger o Description
name dioicae
DHN melanin pathway
Afu2g17530 (Abr2) | An01g13660 (McoB) no ortholog
Afulgl5670 An01g14010 (McoA) no ortholog Fungal pigment
Abr2 Afudgl14280 An03g03750 (McoC) no ortholog | pco
An04g10400 (McoO) no ortholog
An05¢g02540 (McoP) no ortholog
An14g05370 (BrnA)
no ortholog
An01g11120 (McoE)
Afu2g17540 (Abrl) | An01g08960 (McoH) MVLG_0186 )
Abrl Fungal ferroxidase
Afu5g03790 (FetC) |An15g05520 (McoK) 8
Aygl | Afu2g17550 (Aygl) | An14g05350 (Aygl) no ortholog
1,3,6,8-
Arp2 | Afu2g17560 (Arp2) | An02g00220 no ortholog | tetrahydroxynaphthal
ene reductase
Scytalone
Arpl | Afu2g17580 (Arpl) | An08g09920 no ortholog
dehydratase
Afu2g17600 (Pksl) | An03g05440 no ortholog
PKS1 |Afu4g00210 (EncA) | An04g09530 no ortholog | polyketide synthase
Afu4g14560 An09g05730 (FwnA) no ortholog
Afu7g00160 Anl11g07310 no ortholog
DOPA melanin pathway
An01g09220 (MelC2) no ortholog )
melC2 | Afu3g01070 Tyrosinase
An03g00280 no ortholog
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melO An12901670 no ortholog
An099g02980 no ortholog
An12g05810 (McoJ)
MVLG_0067
An16902020 (McoM) 0
Afudg14490 An08g08450 (McoG) A Laccase
An05¢02340 (McoF) MVLG 0309
An01g00860 (McoN) 2
An18g02690 (Mcol)
L-Tyrosine degradation pathway
MVLG_0637 |tyrosine
Tat Afu2g13630 An02g05540 ]
0 aminotransferase
4-
hppD | Afu2g04200 An11g02200 no ortholog | hydroxyphenylpyruv
ate dioxygenase
homogentisate
hmgA | Afu2g04220 An11g02180 no ortholog | .
dioxygenase
MVLG_0242 | fumarylacetoacetate
fahA | Afu2g04230 An11g02170
8 hydrolase
) maleylacetoacetate
maiA | Afu2g04240 An11g02160 no ortholog

isomerase

*A. fumigatus genes that belong to the DHN -melanin gene cluster (Tsai et al. 1999) are in bold; other genes share

sequence similarity with the DHN-melanin genes.
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Figure legends

Fig. 1. Sites used for sampling Microbotryum lychnidis-dioicae in
Chernobyl, shown as white circles. Darker colors imply higher levels of
background radiation.
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Fig. 2. Prevalence of the anther smut disease on Silene latifolia plotted

against the logarithm of butterfly abundance.

Prevalence of the anther smut

disease on Silene latifolia

0.35

0.30

0.25

0.20

0.15

0.10

0.05

®
®
[
LY ¢
LY
0.4 0.6
103

0.8 1 1.2

Log abundance of butterflies

14

26



Fig. 3. Butterflies abundance plotted against the logarithm of the radiation
level (uGy/h).
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Fig. 4. Prevalence of the anther-smut disease on Silene latifolia plotted
against the logarithm of radiation (uGy/h).
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Fig. 5. Disease prevalence as a function of radiation level (unGy/h) and
butterfly abundance (all log transformed).

ence
e
~

Log Disease preval

106

29



Fig. 6. Spore viability and fertility for Microbotryum lychnidis-dioicae
strains from the Chernobyl area, estimated as the mean of haploid
sporidia numbers (£ standard error) growing from each of 100 diploid

teliospores, plotted against log radiation level (uGy/h).
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Fig. 7: Mean non-synonymous substitution rate over synonymous

substitution rates (dN/dS) for Microbotryum lychnidis-dioicae strains

from the Chernobyl area, plotted against log radiation level (uGy/h).
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3.3 Discussion et Perspectives

L’analyse de populations issues de différents sites de Tchernobyl a montré que la prévalence
de l'infection diminuait avec le taux de radiations, ce qui pourrait étre causé par la baisse
du nombre de pollinisateurs ou par une baisse de valeur sélective du champignon. On n’a pas
observé de taux de dN/dS plus important dans les populations de Tchernobyl que dans le
groupe témoin, contrairement a ce qui est observé chez un certain nombre d’autres especes
[90]. Le taux de dN/dS est méme moins important que dans le groupe témoin, ce qui suggere
que le champignon pourrait étre résistant aux radiations, ou que 'augmentation de la pression
de sélection purifiante suffit a contre-balancer 'augmentation du taux de mutations. Chez les
champignons radio-résistants connus, la résistance semble causée par la synthese de mélanine,
mais la plupart des genes nécessaires a la synthese de la mélanine sont absents chez M. lychnidis-

dioicae. La résistance aux radiations pourrait donc impliquer d’autres pigments.
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Bases génétiques de ’adaptation chez

Microbotryum violaceum

4.1 Introduction

Dans cette partie, nous nous sommes intéressés a ’adaptation chez les pathogenes, en prenant
comme modeles les champignons biotrophes du complexe M. violaceum. Comprendre comment
les pathogenes s’adaptent a leur environnement est tres intéressant d’un point de vue concep-
tuel, pour mieux comprendre les mécanismes de la divergence adaptative et de la co-évolution,
et c’est aussi primordial pour comprendre et prévoir I’émergence de nouvelles maladies. Cette
partie comprend une synthese sur les apports de la génomique a la compréhension des mé-
canismes de divergence adaptative chez les champignons, dans laquelle nous introduisons de
maniere assez générale la problématique de l'adaptation chez les champignons, entre autres
chez les champignons pathogenes. Je me focaliserai donc dans la suite de cette introduction sur
I’adaptation a I’hote chez les champignons biotrophes, et chez les champignons du complexe M.

violaceum en particulier.

4.1.1 L’adaptation chez les champignons pathogénes

Chez les champignons pathogenes, la plupart des especes sont des spécialistes, spécifiques d’une
seule espece hote ou d'un spectre d’hote restreint. On trouve beaucoup d’especes tres proches

infectant des hotes différents, ces especes de pathogenes ayant longtemps été cryptiques car
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impossibles a distinguer sur le plan morphologique. Les spéciations ont souvent lieu par saut
d’héte [95], c’est-a-dire I'acquisition par une espece de la capacité a infecter un nouvel hote,
suivie d'une spéciation entre la population présente sur ’hote de départ et celle présente sur
le nouvel hote, avec perte de la capacité a infecter I’hote ancestral. Les sauts d’hétes induisent
une sélection forte pour I'adaptation a un nouvel environnement, bien délimité et identifiable,

et offrent donc une tres bonne opportunité d’étudier la divergence adaptative.

Quand on s’intéresse a 'adaptation a 1’héte chez les pathogenes, deux grandes questions se

posent :

e Qu’est-ce qui détermine la spécificité d’hdte et comment est-ce qu'une espece acquiert la
capacité a infecter un nouvel hote ? Cette question est particulierement importante pour

comprendre 'apparition de nouvelles maladies.

e Comment est-ce qu'un pathogene co-évolue sur le long terme avec une espece hote donnée ?

Lorsqu’une espece acquiert la capacité a infecter un nouvel hote, cela peut entrainer une diver-
gence, soit adaptative, en réponse a la pression pour s’adapter au nouvel hote, soit consécutive
d’un isolement reproductif, par exemple un isolement écologique créé par les différences d’ha-
bitat, les deux n’étant pas exclusifs I'un de I'autre. Au final, il peut y avoir un événement de
spéciation. On n’a pas encore résolu la question de savoir, si, de maniere générale, 1’isolement
reproducteur est une conséquence directe de la divergence adaptative, par exemple via des
genes qui ont des effets pléiotropes sur 'adaptation et la reproduction, ou une conséquence in-
directe de la divergence adaptative, via des incompatibilités non directement adaptatives entre
les génomes [96, 97]. Les incompatibilités génétiques désignent des relations épistatiques qui
causent une baisse de valeur sélective. Le modele d’incompatibilités le plus connu est celui des
incompatibilités de Bateson-Dobzhansky-Miiller (BDM), qui postule que des mutations sont
fixées en allopatrie, et que des incompatibilités entre alleles de genes différents se produisent
dans les hybrides formés suite a un contact secondaire. Ces incompatibilités entrainent une
baisse de valeur sélective des individus hybrides, et ainsi un isolement reproducteur [98, 96].
Dans ce modele, 'isolement reproducteur est ainsi une conséquence indirecte de la divergence.
Il est nécessaire d’étudier I’adaptation et la spéciation sur toute une diversité de modeles pour
pouvoir tirer des conclusions générales sur les mécanismes de l'adaptation et les liens entre

adaptation et spéciation.
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Dans ce cadre, nous nous sommes intéressés a la question de 'adaptation et de la divergence
adaptative dans le complexe M. violaceum, qui est un complexe de champignons biotrophes
obligatoires, l'infection de la plante étant indispensable pour compléter le cycle de vie du
champignon. Il existe trois grands types de champignons phytopathogenes : les champignons
nécrotrophes qui tuent leurs hotes et extraient leurs nutriments des tissus morts, les biotrophes
qui infectent et exploitent leur hotes sans les tuer, et les hémibiotrophes dont le cycle de vie
inclut une phase biotrophe et une phase nécrotrophe [99]. De nombreuses études se sont intéres-
sées a I'adaptation chez les champignons biotrophes, notamment d’un point de vue génomique
(revues dans [100, 99, 101, 102]). La comparaison des génomes de champignon biotrophes et non
biotrophes a révélé certaines caractéristiques qui seraient en lien avec le mode de vie biotrophe
[103, 104]. En particulier, on trouve un large répertoire d’effecteurs potentiels, c’est-a-dire de
petites protéines sécrétées qui pourraient étre impliquées dans les interactions avec 1’hote et
la virulence, et dont certaines sont sur-exprimées in planta [105]. Néanmoins, le plus souvent,
I'implication de ces effecteurs dans le processus d’infection n’est pas démontrée. Les génomes
des champignons biotrophes comportent peu de genes codant pour des enzymes de dégradation
des parois cellulaires, qui sont abondantes chez les champignons nécrotrophes, et au contraire
montrent des expansions de familles de genes codant pour des enzymes de modification de la
paroi cellulaire, qui pourraient permettre aux champignons d’échapper au systeme immunitaire
de I'héte. On trouve aussi des expansions de familles de transporteurs membranaires impliqués
dans I'absorption des nutriments. Les effecteurs potentiels sont parfois situés dans des régions
génomiques particulieres, comme des chromosomes facultatifs, au niveau des télomeres ou dans
des régions riches en éléments transposables, mais ils peuvent aussi étre dispersés dans le gé-
nome comme chez Ustilago maydis. Ces effecteurs semblent de plus évoluer plus rapidement
que le reste du génome, peut-étre en lien avec leur localisation dans des régions “dynamiques”

du génome ou avec la proximité d’éléments transposables [106].

4.1.2 L’adaptation dans le complexe Microbotryum violaceum

Les champignons du complexe M. violaceum sont des champignons biotrophes qui manipulent
le systeme de reproduction de leur héte, provoquant leur castration (cf. partie 1.2.1 p. 13). Mi-
crobotryum violaceum forme un complexe d’especes ot les spéciations ont le plus fréquemment

lieu par saut d’hdte [22].
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On pense que 'adaptation a la plante hote serait le facteur de sélection le plus important dans
I’évolution de ces champignons, mais des facteurs abiotiques comme la température pourraient
également jouer un role. Plusieurs études se sont intéressées a 'adaptation et a la divergence
adaptative chez les champignons du complexe M. violaceum. Il a été montré que des populations
de M. lychnidis-dioicae étaient maladaptées a leur hote Silene latifolia [29], ce qui suggere qu'il
y aurait co-évolution entre M. lychnidis-dioicae et son hote, mais que le pathogene serait en
retard sur son hote dans la “course aux armements”, potentiellement a cause d'un taux de

dispersion plus faible et/ou d'un effectif efficace plus faible [29].

Dans les populations naturelles, il y a une forte différenciation génétique entre especes de M.
violaceum et probablement tres peu de flux de génes [107, 19] méme si de rares hybrides ont
été détectés entre les especes M. lychnidis-dioicae et M. silenes-dioicae qui parasitent respec-
tivement Silene latifolia et Silene dioica [23]. L’isolement écologique induit par la différence
d’habitat est seulement partiel, les especes hotes étant parfois présentes en sympatrie et la
conjugaison ayant lieu a la surface des plantes [107]. Cela suggere que d’autres forces pourraient
étre impliquées dans l'isolement reproducteur. L’homogamie, c¢’est-a-dire d’union préférentielle
de gametes issues de la méme espéce, ne semble pas jouer un role important [108, 109]. L’exis-
tence d'un isolement post-syngamie est par contre bien établie : il a en effet été montré que
des hybrides inter-spécifiques obtenus expérimentalement présentaient une fertilité et une via-
bilité plus faible que les souches pures [21]. Le degré d’isolement reproducteur augmente avec la
distance génétique [108], ce qui est cohérent avec 'accumulation progressive d’incompatibilités
qui restreignent les possibilités d’hybridation. La baisse de valeur sélective des hybrides pour-
rait cependant aussi étre liée a une mauvaise adaptation des génotypes hybrides aux plantes

hotes.

On ne connalt pas les bases moléculaires de l'infection par M. violaceum, ce qui rend difficile
I'utilisation d’approches dites “genes candidats”, ol on s’intéresse a des familles de genes bien
précises. Au début de ma these, on ne disposait pas d’outils de génétique fonctionnelle pour les
champignons du complexe M. violaceum. Le modele génétique le plus proche de M. violaceum
est le champignon biotrophe Ustilago maydis, qui provoque la maladie du charbon du mais, et
ou de nombreuses mutations affectant la virulence ont été identifiées. Ustilago maydis et M.
violaceum ne sont néanmoins pas si proches, méme s’ils ont longtemps été classés au sein de
la méme famille (M. violaceum était nommé Ustilago violacea, avant que M. violaceum ne soit

déplacé dans une classe différente des basidiomycetes).
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Caryophyllacées Microbotryum
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FI1GURE 4.1 — Spéciations par sauts d’hotes dans le complexe Microbotryum violaceum. La comparaison des
phylogénies d’espéces du complexe M. violaceum et de leurs hétes montre que les événements de spéciation ont

le plus fréquemment lieu par saut d’hdte [22].

Quelques études ont essayé d’identifier les bases génétiques de 'adaptation a 1'héte dans le
complexe M. violaceum. Une quarantaine de genes candidats sous sélection diversifiante a été
identifiée a partir des banques d’EST réalisées sur quatre especes différentes du complexe M.
violaceum [40]. Parmi ces genes, certains possédaient des annotations en lien avec la synthese
de métabolites secondaires, la respiration en condition de stress ou la régulation de ’expression
génétique, des fonctions compatibles avec un role dans les interactions hote-pathogene. L’étude
de 11 de ces genes au sein de deux especes du complexe M. violaceum, M. lychnidis-dioicae et M.
silenes-dioicae, a montré que 9 d’entre eux étaient sous sélection purifiante en intra-espece [41].
Cela suggere que des genes différents pourraient étre impliqués dans la divergence adaptative
suite a un saut d’hote, et dans la co-évolution a long terme avec un héte donné. Mais rien ne

prouve que les genes détectés sous sélection diversifiante aient un role dans I'adaptation.
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4.1.3 Questions et objectifs

Au début de ma these, un génome de référence venait tout juste d’étre séquencé avec la techno-
logie 454 dans le cadre d'un consortium pour I’espece la plus étudiée du complexe M. violaceum,
M. lychnidis-dioicae. Nous souhaitions générer des données de reséquencage pour étudier les
bases génomiques de I'adaptation chez M. lychnidis-dioicae. En effet, une approche possible
pour détecter des geénes ou régions génomiques impliqués dans l'adaptation est d’étudier le
polymorphisme dans les populations. La sélection laisse des signatures particulieres sur le po-
lymorphisme : par exemple lorsqu’un allele bénéfique est sélectionné positivement, la fréquence
de cet allele dans la population augmente, ainsi que celle des alléles non bénéfiques qui lui sont

liés, créant une baisse locale de la diversité. C’est ce qu’on appelle un balayage sélectif.

Un certain nombre de méthodes ont été développées pour détecter des balayages sélectifs dans
les génomes, a partir de 'analyse du niveau de diversité, du déséquilibre de liaison ou des
spectres de fréquences alléliques [110, 111, 112, 113]. Ces méthodes supposent généralement que
seule une petite portion du génome est affectée par la sélection, et cherchent donc a détecter
des déviations par rapport a un modele neutre. Des événements démographiques comme des
goulots d’étranglements ou des expansions de tailles de populations peuvent également affecter
le polymorphisme. Il n’est pas trivial de faire la différence entre les signatures laissées par la
sélection et celles laissées par la démographie [114]. Une approche consiste a considérer que
sélection n’affecte qu’une petite partie du génome alors que la démographie affecte I’ensemble
du génome. On peut alors soit reconstituer 1'histoire démographique de la population a partir de
I’ensemble des données de polymorphisme et utiliser ce modele démographique comme modele
neutre [115], ou simplement chercher des déviations par rapport au “fond génomique” (qui peut
comporter la totalité des données de polymorphisme, ou un nombre restreint de loci pris au

hasard) sans modéliser explicitement la démographie [112].

Disposer de données de polymorphisme sur I’ensemble du génome est aussi ’occasion d’étudier
les variations du polymorphisme le long du génome et les facteurs qui influencent ces variations.
Plusieurs formes d’auto-stop génétique sont en effet connues pour diminuer le niveau local de
polymorphisme, comme 'auto-stop de sites liés a des alleles bénéfiques (souvent qualifié de
balayage sélectif), ou I’élimination de sites liés a des alleles déléteres (“background selection”
en anglais) [116]. On s’attend a ce que la réduction de polymorphisme causée par ’auto-stop

génétique soit plus forte dans les régions codantes car la pression de sélection est censée y étre
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plus élevée [117], et plus forte dans les régions de faible recombinaison [118]. D’autres facteurs

peuvent aussi influencer le niveau de polymorphisme, comme le contenu en GC [119].

Pour étudier 'adaptation a I'héte dans le complexe M. violaceum, nous nous sommes donc

posés les questions suivantes :

e [’analyse du génome de référence peut-elle indiquer quels geénes pourraient a priori étre

impliqués dans les interactions avec 1’hote, et donc potentiellement ’adaptation a 1’hote ?

e Une approche de génomique des populations peut-étre permettre de détecter des régions

sous sélection au niveau intra-spécifique, et donc de nouveaux genes candidats ?

e Y a-t-il un lien entre adaptation et architecture génomique, par exemple sous la forme

d’“ilots de pathogénicité” regroupant de nombreux genes candidats ?

e Comment varie la diversité le long du génome dans les especes M. lychnidis-dioicae et M.
silenes-dioicae, et par quels facteurs est-elle influencée ? En particulier, observe-t-on une
corrélation positive entre diversité et taux de recombinaison et une corrélation négative
entre diversité et densité en sites codants, qui pourraient indiquer que diverses formes

d’auto-stop génétiques influencent le niveau de polymorphisme le long du génome ?

Dans ce cadre, j’ai participé a analyse du génome de référence (cf. 4.3 p. 140). J’ai mené une
étude de génomique des populations sur deux especes jumelles du complexe M. violaceum, M.
lychnidis-dioicae et M. silenes-dioicae (cf. 4.4 p. 165). J'ai aussi participé a la rédaction d’un

article de synthese sur la génomique adaptative chez les champignons (cf. 4.2 p. 117).

4.2 Article 1 : Fungal evolutionary genomics provides
insight into the mechanisms of adaptive divergence

in eukaryotes

Dans les congres sur la spéciation et la divergence adaptative, les champignons sont souvent
peu représentés. En effet, la spéciation est le plus souvent étudiée dans des modeles animaux
ou plantes, tels que les emblématiques pinsons de Darwin ou les plantes du genre Mimulus.

Comparés aux champignons, les plantes et animaux offrent en effet des phénotypes plus variés
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et plus souvent directement observables, et les especes sont plus souvent délimitables a 1’aide

de criteres uniquement morphologiques.

Les champignons représentent cependant des modeles extrémement intéressants pour étudier
les phénomenes de divergence adaptative et de spéciation chez les Eucaryotes. Beaucoup de
champignons ont des génomes bien annotés, grace a ’homologie avec des modeles génétiques
comme Saccharomyces cerevisiae, Schizosaccharomyces pombe ou Neurospora crassa. Le déve-
loppement de la biologie moléculaire a permis la découverte de nombreuses especes cryptiques
adaptées a des environnements différents, et présentant différents niveaux de divergence et/ou
d’introgression. Les champignons présentent aussi des avantages d’un point de vue expérimen-
tal, avec des petits génomes, des temps de génération courts, des phénotypes simples a mesurer

et 'acces direct a la phase haploide.

Nous avons donc écrit 'article de synthese qui suit, dans le but de présenter I'intérét des modeles
champignons pour étudier la divergence adaptative et la spéciation. Pour cela, nous avons
d’abord introduit de maniere générale la problématique de 'adaptation chez les champignons,
puis nous avons illustré les apports des études sur les champignons dans la compréhension de la
divergence adaptative, et enfin pointé des directions d’études futures. Dans cet article, publié
dans Molecular Ecology, j’ai rédigé une partie de la partie sur I'importance de ’hybridation et

des introgressions dans la divergence adaptative.
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Abstract

Fungi are ideal model organisms for dissecting the genomic bases of adaptive
divergence in eukaryotes. They have simple morphologies and small genomes, occupy
contrasting, well-identified ecological niches and tend to have short generation times,
and many are amenable to experimental approaches. Fungi also display diverse life-
styles, from saprotrophs to pathogens or mutualists, and they play extremely important
roles in both ecosystems and human activities, as wood decayers, mycorrhizal fungi,
lichens, endophytes, plant and animal pathogens, and in fermentation or drug produc-
tion. We review here recent insights into the patterns and mechanisms of adaptive
divergence in fungi, including sources of divergence, genomic variation and, ulti-
mately, speciation. We outline the various ecological sources of divergent selection and
genomic changes, showing that gene loss and changes in gene expression and in geno-
mic architecture are important adaptation processes, in addition to the more widely
recognized processes of amino acid substitution and gene duplication. We also review
recent findings regarding the interspecific acquisition of genomic variation and sug-
gesting an important role for introgression, hybridization and horizontal gene transfers
(HGTs). We show that transposable elements can mediate several of these genomic
changes, thus constituting important factors for adaptation. Finally, we review the con-
sequences of divergent selection in terms of speciation, arguing that genetic incompati-
bilities may not be as widespread as generally thought and that pleiotropy between
adaptation and reproductive isolation is an important route of speciation in fungal
pathogens.

Keywords: Coccidioides, competition, effector, gene regulation, genetic incompatibilities, geno-
mic islands, local adaptation, Neurospora, Penicillium, positive selection, Saccharomyces, yeast
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is also crucial for predicting the ways in which

Introduction . .
organisms will respond to global crises, such as climate

Understanding the genetic and genomic processes
behind adaptive phenotypes remains a holy grail in
biology (Olson-Manning et al. 2012; Alfoeldi & Lind-
blad-Toh 2013). This exercise is not purely academic; it
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change, changes in landscapes and ecosystems, the
spread of invasive species, the emergence of pathogens,
resistance to drugs and vaccines and increasing food
demand. Key challenges currently include identifying
the genes involved in ecologically relevant traits and
understanding the nature, timing and architecture of
the genomic changes governing the origin and
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processes of local adaptation, lineage divergence and
ecological speciation. These processes will be grouped
together below under the umbrella term ‘adaptive
divergence’. The possibility of sequencing thousands of
related genomes has opened up new possibilities for
tackling these crucial issues from a new perspective,
providing unprecedented insight into the genomic bases
and processes of adaptive divergence (Luikart ef al.
2003; Alfoeldi & Lindblad-Toh 2013; Fu & Akey 2013;
Leducq 2014).

The sequencing of multiple genomes can reveal the
relative prevalence of amino acid substitutions, genomic
rearrangements, gene gains, gene losses and introgres-
sions as sources of genomic change. However, it
remains difficult to address these questions in most
eukaryotes, due to their large genomes, phenotypic
complexity, long generation times and the difficulty of
validating computational inferences by setting up
genetic transformation protocols. In this respect, fungi
are ideal model organisms. They have a simple mor-
phology, inhabit contrasting and well-identified ecologi-
cal niches and display considerable diversity, including
a huge variety of lifestyles (from saprotrophs to patho-
gens, mutualists and even predators). Fungi have small
genomes and tend to have short generation times and
to be amenable to experimental approaches, making it
possible, for example, to validate gene functions or to
conduct experimental evolution studies (Dettman ef al.
2007; Schoustra et al. 2009; Ajouz et al. 2010; Anderson
et al. 2010; Schoustra & Punzalan 2012; Barrick & Lenski
2013).

Furthermore, the hundreds of genomes available
make it possible to use similarity data from public data-
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. roqueforti

Fig. 1 The tree of life, including the main
fungal clades, with illustrative images:
for ascomycetes, Ascochyta on chickpea
pod, Penicillium roquefor on a Petri dish,
Ophiocordyceps polyrhachis-furcata on Poly-
rhachis furcat; for basidiomycetes, Micro-
botryum wviolaceum on Silene lafolin and
Flammulina velupes; for oomycetes, Plas-
mopara vicola on grapes. Oomycetes were
long considered to be fungi, because of
convergent fungal-like traits, such as a
filamentous form, for example, but they
are actually more closely related to
brown algae and are not considered in
this review.

Ophiocordyceps
polyrhachis-furcata
on Polyrhachis furcat

Flammulina
velutipes

bases for gene annotation, based on information gained
from the dissection of gene function in model fungi,
such as the baker’'s yeast Saccharomyces cerevisize and
the orange bread mould Neurospora crassa. Systematic
gene deletion and phenotype screening have been car-
ried out in these models (Winzeler et al. 1999; Giaever
et al. 2002; Colot et al. 2006; Hillenmeyer ef al. 2008).
More than 160 sequenced fungal genomes have been
published to date and more than 250 are available in
total. Although fungi are often considered to be
microbes, they are actually phylogenetically close to
animals (Fig. 1), thus sharing physiological complexity
and similar modes of genomic architecture and evolu-
tion with metazoans and other eukaryotes (Tirosh ef al.
2006; Stajich et al. 2009). Inferences drawn from fungi
can therefore provide information that can be extrapo-
lated to the genomic processes of adaptive divergence
in eukaryotes (Tirosh ef al. 2006). Fungi thus have
considerable potential for use as tractable models of
agronomic, medical, industrial and ecological impor-
tance (Stajich et al. 2009; Gladieux et al. 2010a).

There are millions of fungal species, spanning billions
of years of evolution and displaying diverse lifestyles
that evolved on multiple occasions in the tree of life
(James et al. 2006), and playing extremely important
roles in both ecosystems and human activities. The
process of adaptive divergence can be studied in (i)
domesticated fungi, used for the production of food
and beverages and for bioindustry in general (Fay &
Benavides 2005; Liti ef al. 2009; Libkind et al. 2011), (ii)
pathogens, which frequently adapt to new hosts, caus-
ing emerging diseases that have a major negative
impact on human welfare, through agricultural and eco-
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nomic losses, and threats to biodiversity (Fisher et al.
2012), (iii) symbiotic fungi, including endophytes, that
protect their hosts against herbivory or enhance plant
growth and resistance to stress (Zuccaro et al. 2011),
and mycorrhizal fungi, which provide nitrogen and
phosphate to wide range of plants, and (iv) saprotroph-
ic fungi, the only organisms capable of breaking down
lignin to any great extent (Floudas ef al. 2012).

We review here recent insights into the genomic
mechanism of adaptive divergence gleaned from fungi,
ranging from adaptive polymorphism to speciation, and
improving our understanding of these processes in
eukaryotes. We first outline the various ecological
sources of divergent selection acting on fungi, with the
aim of providing an overview for nonmycologists of the
selection agents promoting adaptive divergence in these
organisms. We then review evidence for the roles of dif-
ferent types of genomic changes, showing that gene loss
and changes to gene expression and genomic architec-
ture are important mechanisms of adaptation, in addi-
tion to the more widely recognized processes of amino
acid substitution and gene duplication. We also review
interspecific sources of novel genomic variation on
which selection can act and suggest that introgression,
hybridization and horizontal gene transfer (HGT) are of
much greater importance than is often suggested. In
addition, we show that transposable elements can influ-
ence all these processes, serving as important adaptation
factors. Finally, we review the evidence relating to the
direct translation of divergent selection into reproduc-
tive isolation, through either pleiotropy between adapta-
tion and reproductive isolation or the appearance of
genetic incompatibilities between species due to rapid
evolution. We argue that the contribution of classical
epistatic incompatibilities, although real and important,
may be less pervasive than currently thought. Specific
fungal terms are defined in the glossary.

Sources and targets of ecological divergence

Ecological divergence in fungi may be due to abiotic
and biotic factors, including intra- and interspecific
interactions, or artificial selection (domestication).

Abiotic factors

Environmental factors, such as temperature and edaphic
conditions, are drivers of ecological differentiation in
diverse fungi. Differences in temperature regimes, for
instance, maintain differentiated populations of crop
pathogens, adapted to different climates or seasons (En-
jalbert et al. 2005; Frenkel et al. 2010; Mboup et al. 2012),
and also strongly affect the distribution of forest patho-
gens (Vacher et al. 2008). Climate change has been impli-

© 2013 John Wiley & Sons Ltd
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cated in the recent emergence and probable expansion in
the future of several diseases caused by fungi (Fisher
et al. 2000; Bergot et al. 2004; Fabre et al. 2011). In Neuros-
pora crassa, a population genomics approach revealed
that temperature and latitude were important drivers of
local adaptation. Indeed, genome scans have detected
islands of genomic differentiation including genes
involved in both the response to cold temperatures and
the circadian cycle, and growth rate assays have con-
firmed differences in fitness between populations (Ellison
et al. 2011). In addition, carotenoid accumulation in Neu-
rospora has been correlated with latitude (Luque et al.
2012). Carotenoids protect against UV irradiation and
their production is induced by light. Pigment levels may
therefore be subject to selection and may underlie popu-
lation differentiation in these fungi.

Edaphic factors have been found relevant in the niche
requirements of forest mutualists and decomposers,
with species showing clear preferences based on soil
chemistry (Frankland 1998; Branco 2010). Humidity and
other abiotic factors associated with elevation also act
as strong selection agents in tree pathogens and symbi-
onts, affecting their distributions (Cordier et al. 2012).

There may be trade-offs between different types of
performance subject to selection by different abiotic
agents. For instance, trade-offs may have led to differ-
ent strategies in closely related pathogenic fungal spe-
cies, some being better at overwintering, whereas others
are better at sporulating late in the season (Giraud et al.
1997; Feau et al. 2012).

Pathogens and mutualists: the host as a selective agent

Unlike abiotic factors, biotic agents evolve and constitute
discrete ecological niches in sympatry, therefore causing
strong disruptive selection. This makes fungal pathogens,
which are dependent on their living hosts, attractive sys-
tems for the study of adaptive divergence. Host shifts
have been associated with multiple cases of recently
diverged sibling species in numerous pathogens (Giraud
et al. 2008; de Vienne et al. 2013), and ecosystems modi-
fied by humans continually provide examples of new
fungal diseases emerging on new hosts (Anderson et al.
2004; Gladieux et al. 2010a; Fisher et al. 2012), providing
ample opportunity to investigate the early stages of
adaptive divergence. The strong selection imposed by
hosts is conducive to ecological differentiation in fungal
pathogens, through an increase in the frequency of
locally advantageous alleles and prevention of the immi-
gration of locally deleterious ancestral alleles (Giraud
et al. 2010). Furthermore, specialist pathogens are more
efficient in the arms race with their hosts (Whitlock 1996).
Most fungal pathogens are indeed specialists, evolving
by host shifts (de Vienne et al. 2013).
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In pathogens of animals, virulence reflects a capacity
to neutralize or resist the somatic adaptive immune sys-
tem of the host (Upadhya et al. 2013) and, for pathogens
of homeothermic animals, an ability to cope with tem-
peratures of 37 °C or higher (which is usually a strong
barrier for fungi). Amphibians, which are cold-blooded,
act as hosts to several species of fungal pathogens; the
recent emergence and spread of chytridiomycosis,
caused by the chytrid Batrachochytrium dendrobatidis, has
attracted much attention as it poses a threat to amphibi-
ans worldwide (Fisher et al. 2009).

By contrast to the situation in animals, plant defenses
are based on the innate immunity of each cell and on
systemic signals emanating from sites of infection (Jones
& Dangl 2006). Plant immune responses can be broadly
grouped into two major layers: responses triggered by
general microbe-associated molecular patterns (e.g. chi-
tin) and those triggered by isolate-specific pathogen ef-
fectors, recognized by specific nucleotide-binding and
leucine-rich repeat (NB-LRR) resistance proteins (Schu-
Ize-Lefert & Panstruga 2011). The specific defense
response typically involves localized cell death, which
completely prevents microbial growth, thus exerting
strong selection on fungi (Giraud et al. 2010). Over the
last 100 years, plant breeders have mostly used resis-
tance genes of major effect — usually encoding NB-LRR
proteins — to control infectious fungal diseases, as they
are associated with a phenotype that can be easily
selected and display simple Mendelian inheritance
(Crute & Pink 1996). However, with only a few excep-
tions, such resistances have rapidly broken down
(McDonald 2010), providing spectacular examples of
adaptive evolution (Brown 1994; Guerin et al. 2007; Ter-
auchi & Yoshida 2010; Xhaard et al. 2011). More gener-
ally, widely distributed, high-density and genetically
uniform populations, such as those of cultivated crops,
regularly select for new pathogens (Stukenbrock &
McDonald 2008). Population genetics and phylogenetics
have provided evidence that many fungal pathogens
have emerged through host shifts, host-range expansion
or host tracking over the last 10 000 years, following
the domestication of the affected crops (Couch ef al.
2005; Munkacsi et al. 2006; Stukenbrock et al. 2007; Zaf-
farano et al. 2008; Frenkel ef al. 2010; Gladieux et al.
2010b, 2011; Silva et al. 2012). By contrast, host plants
do not seem to exert strong selective pressure on
mycorrhizal fungi, and there are few examples of strict
mycorrhizal host specificity (Bruns et al. 2002).

Ecological interactions between fungi

Ecological interactions between competitors also act as
strong biotic selection agents and may be involved in
processes of ecological divergence. Competition can

122

favour the exploitation of underused resources, leading
to character displacement and niche expansion, resource
polymorphism and speciation (Bono et al. 2013). Intra-
specific competition and interspecific competition in
natural conditions have been documented in ectomycor-
rhizal and saprotrophic fungi (Boddy 2000; Kennedy
2010) and in fungal pathogens (Koskella et al. 2006; Lo-
pez-Villavicencio et al. 2007; Staves & Knell 2010;
Lopez-Villavicencio et al. 2011). The mechanisms
involved in competitive interactions include the produc-
tion of toxins inhibiting competitors (Kaiserer et al.
2003; Sass et al. 2007), vegetative incompatibility and
hyphal interference, resulting in the death of incompati-
ble hyphae after somatic fusion (Glass et al. 2000; Silar
2005). Competition between fungi shapes the distribu-
tion of species in the field and can play an important
role in species divergence. In addition, many of the vir-
ulence traits in fungal pathogens also have a function in
competition outside of the host (Morris ef al. 2009; Ster-
giopoulos et al. 2012). Predation can also play a selec-
tive role in divergence, and several authors have
suggested that many emerging animal pathogens might
actually have acquired virulence traits, such as resis-
tance to phagocytosis, through their initial selection for
the avoidance of predation by amoebas or nematodes
(Casadevall et al. 2003; Greub & Raoult 2004).

Sexual selection and assortative mating

Sexual selection is another biotic source of divergence.
It acts on traits involved in mate recognition, condition-
ing mate preference and influencing the genetic archi-
tecture passed on to progenies. The existence of strong
consistent biases in nucleus fertilization in crosses
between decomposers of the species Schizophyllum com-
mune has suggested that sexual selection may be of rele-
vance in fungi (Nieuwenhuis ef al. 2010). Also, yeasts
display a preference for higher levels of pheromone
production, which might result from sexual selection
(Jackson & Hartwell 1990; Rogers & Greig 2009). How-
ever, it remains unclear how widespread sexual selec-
tion is or how it promotes divergence in fungi.

Another important force underlying adaptive diver-
gence is selection against maladaptive hybrids, that is,
reinforcement or selection for assortative mating in
sympatry. Several cases of reinforcement have been
reported, particularly in toadstools (Kohn 2005; Giraud
et al. 2008; Giraud & Gourbiere 2012), but also in asco-
mycetes of the genus Neurospora (Turner et al. 2011).

Domestication

Domestication is a specific case of adaptive divergence
in response to artificial selection. Diverse fungi have

© 2013 John Wiley & Sons Ltd
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been domesticated for the fermentation of food prod-
ucts, such as wine, beer, bread (Aspergillus oryzae, Sac-
charomyces sp.), dried sausages (Penicillium nalgiovense),
red fermented rice (Monascus purpureus) and cheeses
(Penicillium sp., Fig. 1). Additional characteristics have
also been selected, including growth, mycelium thick-
ness, colour or lipolytic and proteolytic activities in
cheese Penicillium species. Other domesticated fungi (i)
have organoleptic properties that are appreciated (e.g.
the button mushroom Agaricus bisporus, the shiitake Len-
tinula edodes, the jelly ear Auricularia auricula-judae), (ii)
produce secondary metabolites useful for medical pur-
poses, such as penicillin (Penicillium rubens), or (iii) are
a source of enzymes useful for the biodegradation of
plant polysaccharides in biofuel production (Trichoderma
reesei).

Genetic bases of adaptation: within-species
changes

We have outlined above the different types of selection
agents potentially involved in adaptive divergence in
fungi. The genomic bases of such adaptations are begin-
ning to be dissected in fungi, and we review below the
exciting findings obtained to date, focusing first on
intraspecific genomic changes, that is, mutations leading
to amino acid substitutions, gene regulation and gene
gains and losses.

Amino acid substitutions

Amino acid changes can occur due to errors in DNA
replication or the addition of nucleotides after the inser-
tion and excision of transposable elements (TEs) (Dab-
oussi & Capy 2003), as shown, for instance, for genes
controlling spore colour (Colot et al. 1998) and encoding
effectors (Farman 2007; Rep & Kistler 2010).

Candidate gene analyses have shown that amino acid
changes are pervasive in underlying fungal adaptation
(reviewed in Aguileta et al. 2009; Stergiopoulos et al.
2007; Stergiopoulos & de Wit 2009; Stukenbrock &
McDonald 2009). We focus here on the most recent
findings stemming from the analysis of genomic
sequence variation in natural populations/species.
Genomic approaches have the advantage of not requir-
ing a priori information on the genes involved in adap-
tation and can therefore be used to elucidate the
functions involved in host/habitat specialization and
the environmental factors driving adaptive divergence,
through a ‘reverse-ecology’ approach.

Genes under diversifying selection have been identi-
fied from analyses of expressed sequence tags (ESTs)
collected in closely related species with different ecolog-
ical profiles. In the Microbotryum and Botrytis pathogen
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species complexes and in Saccharomyces yeasts, for
instance, this approach has identified several dozens of
genes that have been subject to recurrent selection, gen-
erating repeated adaptive amino acid changes in the
same gene or even at the same site in different variants
(Li et al. 2009; Aguileta et al. 2010, 2012). A large pro-
portion of these genes under positive selection have
been annotated as transmembrane proteins, putative
secreted proteins or cell wall proteins presumably
involved in transporter activities and establishing com-
munication with the host cell and the external environ-
ment. Interestingly, most of the genes that have been
through episodes of adaptive diversification between
Microbotryum species specialized on different hosts
appeared to have subsequently evolved under strong
functional constraints in the lineages remaining special-
ized on a given host plant (Gladieux et al. 2013), indi-
cating they are not involved in the arms race against
their host.

Whole-genome sequencing in plant pathogens has
revealed the existence of an arsenal of effectors
expressed during infection, revolutionizing our under-
standing of plant-fungus interactions (reviewed in (de
Jonge et al. 2011; Oliver 2012; Stergiopoulos & de Wit
2009). Effectors are generally defined as secreted pro-
teins that manipulate host innate immunity, enabling
infection to occur (Dodds & Rathjen 2010). Resequenc-
ing data for the wheat pathogens Blumeria graminis and
Zymoseptoria tritici have identified several hundred
putative effector genes displaying signatures of positive
selection (Stukenbrock et al. 2011; Wicker et al. 2013).
Such a pervasive rapid evolution of effectors in fungal
pathogens is consistent with a permanent arms race,
with increases in the complexity of recognition systems
in hosts being matched by the development of new sys-
tems for escaping recognition in the pathogen. Other
examples of adaptive amino acid change consistent
with rampant coevolution with hosts or competitors in
fungal lineages include toxin biosynthesis gene clusters
(Ward et al. 2002; Carbone et al. 2007) and secreted pro-
teins in the amphibian-killing fungus B. dendrobatidis
(Farrer et al. 2013; Rosenblum et al. 2013).

More generally, with the availability of larger gen-
ome-wide data sets for multiple members of same
genus or family, it is becoming increasingly possible to
identify the gene-specific or genome-wide effects of
selection associated with changes in life history traits or
ecological strategies. For instance, comparison of the
genomes of human pathogens of the genus Coccidioides
genomes with those of closely related species has
revealed lineage-specific accelerations in the amino acid
substitution rate in a set of about 70 genes displaying
functional enrichment in genes associated with biopoly-
mer metabolic processes and RNA metabolic processes
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(Sharpton et al. 2009). Footprints of positive selection, in
terms of amino acid changes, have also been found in
domesticated fungi, due to the strong selection exerted
by humans. In the fungus used for sake production for
instance, A. oryzae, one of the genes with the strongest
signal of positive selection with respect to its wild rela-
tives encodes a glutaminase catalysing the hydrolysis of
L-glutamine, a widely used food flavour enhancer pres-
ent at high levels in sake (Gibbons et al. 2012).

The genetic code itself can also provide unexpected
adaptive amino acid changes. Many fungi have altered
their genetic code to incorporate serine residues at sites
at which leucine was previously incorporated. This may
sound highly deleterious, but experiments in Candida
albicans have shown that such misincorporation is well
tolerated (Bezerra et al. 2013). Basic growth rates were
lower, but many novel phenotypes were retrieved,
including enhanced growth on novel media, drug resis-
tance and response to human immune cells.

Gene family size changes, gene deletions

As amino acid changes, gene duplication was identified
early on as a possible mechanism of adaptive innova-
tion (Ohno 1970). The sequencing of a large number of
fungal genomes has made it possible to identify gene
families that have been expanded, but also gene fami-
lies that have been reduced in particular lineages or
that have become species specific (Ames ef al. 2012;
Han et al. 2013; Leducq 2014) (Fig. 2). Species- or popu-
lation-specific genes may be derived from within-group
innovation by such rapid divergence that homology is
not recognized (Kellis et al. 2004) or may be obtained
by horizontal or lateral gene transfer through the non-
vertical acquisition of genome fragments containing
coding sequences (Keeling 2009). The reduction or
complete loss of gene families has also often been found
to reflect ecological shifts (Casadevall 2008).

Gene family expansion. Expanded gene sets are wide-
spread and have received special attention due to their
role in adaptive divergence. Duplication allows func-
tional diversification or an adaptive increase in enzyme
production. For example, families of genes encoding
secreted proteins (often regarded as potential effectors),
nutrient transporters and enzymes acting on carbohy-
drates are commonly expanded in fungal obligate para-
sites and mutualist symbionts, such as mycorrhizal
fungi (Martinez et al. 2004; Martin et al. 2008; Powell
et al. 2008; Butler et al. 2009; Duplessis et al. 2011, Ohm
et al. 2012). Families of membrane-bound transporters,
including amino acid permeases and sugar transporters,
allow the uptake of nutrients by pathogens and of car-
bohydrates by symbiotic fungi from their host plants in
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exchange for nitrogen and phosphate compounds.
Expanded sets of effectors produced in large amounts
during plant colonization are involved in the establish-
ment of symbiosis or the development of disease,
avoiding the triggering of host defences, whilst the fun-
gus is growing within living cells (Martin ef al. 2008;
Zuccaro et al. 2011).

Gene family expansion has led not only to improve-
ments in nutrient uptake and host infection in fungal
pathogens and symbionts, but also to adaptations for
more efficient catabolism and drug resistance. In the
human pathogens Malassezia globosa and Candida yeasts
and in the amphibian pathogen B. dendrobatidis,
expanded families of proteases or hydrolases may play
a role in the ability of the pathogens to degrade host tis-
sues (Xu et al. 2007; Joneson et al. 2011). In white-rot*
fungi, the gene families encoding the enzymes involved
in wood decay (oxidases, peroxidases and hydrolytic
enzymes) have been expanded (Martinez et al. 2004). In
the human pathogen Cryptococcus neoformans, recent
amplification of a gene encoding an arsenite efflux
transporter has enhanced arsenite resistance, the degree
of enhancement being correlated with the copy number
of the repeat (Chow et al. 2012).

The expansion of gene families has also contributed
to genomic innovation in domesticated fungal species,
enhancing their enzyme production or particular
aspects of metabolism. In the domesticated species Peni-
cillium rubens (previously known as P. chrysogenum), the
penicillin biosynthesis gene cluster shows footprints of
tandem duplication events, whereas this cluster is pres-
ent as a single copy in the wild type (Fierro ef al. 1995).
The genomic regions specific to the domesticated
A. oryzae, which is used for sake or enzyme production
and is derived from a plant pathogen, are enriched in
genes involved in the synthesis of secondary metabo-
lites, and specific expansions of genes encoding secreted
hydrolytic enzymes, proteins involved in amino acid
metabolism and amino acid/sugar uptake transporters
have been reported (Machida et al. 2005). Expanded
families of transporters have also contributed to the
evolution of various degrees of sensitivity to drugs or
anaerobic fermentation in yeasts (Dunn et al. 2005;
Marcet-Houben et al. 2009; Lin & Li 2010).

A number of gene expansions have been facilitated
by mobile genetic elements. TEs can acquire cellular
genes or gene fragments between their terminal
inverted repeats and replicate them throughout the
genome (Manning et al. 2013). Such TE-mediated dupli-
cations have contributed to the amplification of toxin
production and increased the copy number of effectors,
and their diversification, in the pathogen Pyrenophora tri-
tici-repentis (Manning et al. 2013). In natural yeast popu-
lations, transposon-mediated genome rearrangements
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have resulted in the duplication of genes governing the
regulation of the copper pathway, enhancing copper
tolerance (Chang et al. 2013).

Whole-genome duplication has also created duplica-
tion events in yeasts, with about 500 duplicate genes
known to have been retained in Saccharomyces cerevisiae
(Kellis et al. 2004). Some of these duplicated genes
diversified and became specialized, encoding, in partic-
ular, enzymes controlling metabolism in aerobic and
hypoxic conditions, enabling S. cerevisiae to grow with-
out oxygen, by fermenting glucose anaerobically (Wolfe
2004). In most cases of diverging paralogs, neofunction-
alization commonly occurs where one copy evolved
slowly, retaining the ancestral function, whereas the
other copy evolved much more rapidly, acquiring a
novel function (Kellis ef al. 2004), as predicted before
the advent of genome sequencing (Ohno 1970). By con-
trast, other duplicate genes have remained identical by
gene conversion, conferring advantages through greater
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protein production, as in the case of ribosomal protein
genes (Kellis et al. 2004).

Gene losses. Gene losses are a common landmark of the
switch to an obligate biotrophic or symbiotic lifestyle in
fungi, with a decrease in the numbers of plant cell wall
degradation proteins, secreted toxins and genes control-
ling the machinery redundant with that of their hosts
(Kamper et al. 2006; Martin et al. 2008; Spanu et al. 2010;
Duplessis et al. 2011; McDowell 2011; Spanu 2012). The
mutualist endophyte Piriformospora indica, for instance,
lacks the pathways required for the synthesis of toxic
secondary metabolites and some essential genes
involved in nitrogen assimilation (Zuccaro et al. 2011).
The human Malassezia pathogens have no fatty acid
synthase gene, instead producing multiple secreted lip-
ases, which they use to obtain fatty acids from human
skin (Xu et al. 2007). An extreme case of genome reduc-
tion in pathogens is provided by the fungus-related
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microsporidia. These obligate intracellular parasites
have lost many genes, resulting in a high degree of
dependence on the host genome (Peyretaillade ef al.
2011). Cases of adaptive gene reduction have also
occurred during the evolution of ectomycorrhizal bio-
trophy* and brown rot* saprotrophy from lignin-
degrading white-rot* ancestors (Eastwood et al. 2011;
Floudas ef al. 2012). The reduction of specific protein
families (lignin-degrading peroxidases) in these fungi
represents a considerable saving in terms of the produc-
tion of expensive machinery completely unnecessary for
their lifestyles. Similarly, the biocontrol agent Pseud-
ozyma flocculosa, which antagonizes powdery mildew, is
not a plant pathogen, and it lacks the secreted proteins
involved in the pathogenicity of its close relative
U. maydis (Lefebvre et al. 2013).

Gene deletion is an important mechanism of adapta-
tion not only because it saves energy due to the elimi-
nation of unnecessary enzymatic machineries, but also
because it allows pathogens to avoid detection by host
defences. For example, recent sequencing of the genome
of the wheat powdery mildew Blumeria graminis
revealed large deletions in some individuals, with most
of the deleted genes identified as candidate effectors
(Wicker et al. 2013). Another example is provided by
the emergence of Magnaporthe oryzae on rice, which was
probably facilitated by the loss of an effector (Couch
et al. 2005), mediated by transposable elements.

Regulatory change

Looking at the presence of specific genes or alleles is
not sufficient for a full understanding of adaptive diver-
gence, as the specific regulation of genes may also play
an important role (Wolbach efal. 2009; Spanu &
Kamper 2010). Genes may be regulated by cis-acting
modulators of single genes or trans-acting modulators
of multiple genes. Cis-acting sites (i.e. the DNA-
encoded nucleosome organization of promoters) evolve
much more rapidly than coding sequences (Borneman
et al. 2007; Tuch et al. 2008). In the budding yeast, trans-
acting loci affecting the expression of up to 100 genes
each have been identified, with related functions
displaying coregulation (Brem et al. 2002).

A first line of evidence for the importance of gene
regulation in adaptation comes from genomic scans
looking for signs of selection. Analyses of EST data in
closely related plant pathogens have identified several
genes involved in trans regulation among those under-
going rapid diversification (Aguileta et al. 2010, 2012).
In S. cerevisiae, selective sweeps have been identified on
several cis-regulatory mutations downregulating the
levels of interacting proteins involved in endocytosis in
pathogenic strains, thereby increasing virulence (Fraser
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et al. 2009, 2013). More generally, genome-wide scans
have revealed widespread positive selection, affecting
expression levels in yeasts (Fraser et al. 2009; Bullard
et al. 2010).

A second line of evidence supporting the role of reg-
ulatory changes in adaptation has been obtained from a
combination of genome sequencing and expression
data. These studies have revealed that genes encoding
proteins involved in growth and general metabolism
have conserved expression patterns, whereas those
involved in responses to external and internal signals
(e.g. stress response and effectors) or with nonessential
functions display divergent patterns of expression
between species (Tirosh et al. 2006; Thompson & Regev
2009). The proximal mechanism allowing such differ-
ences in the rate of expression to evolve is linked to
promoter organization. Genes displaying divergent
expression harbour promoters that are particularly sen-
sitive to chromatin remodelling, a particular nucleo-
some organization and the presence of a TATA box
(Tirosh et al. 2006; Field et al. 2009; Thompson & Regev
2009). These observations suggest that there is selection
for stable promoters for essential and housekeeping
genes, whereas the promoters for genes controlling
responses to stresses or encoding effectors are more
labile. This situation favours stability and robustness to
mutation for essential genes, and the rapid evolution of
stress-response and effector genes (Tirosh et al. 2006).

Some important changes in gene regulation have
been found to be caused by the insertion of transpos-
able elements. TE-mediated rearrangements have, for
instance, been implicated in changes to the regulation
of genes conferring sulphite resistance in yeast strains
used for wine production (Perez-Ortin et al. 2002).

The exceptional genetic tractability of the yeast S. ce-
revisize has made it possible to investigate the role of
gene regulation in adaptation by experimental evolution
experiments. After evolution over thousands of genera-
tions of cultures in various suboptimal media (glucose,
sulphate or phosphate limitation) or with novel nutrient
sources, adaptation has been shown to involve the mas-
sive remodelling of gene expression, demonstrating the
importance of genetic regulation for adaptation (Ferea
et al. 1999; Gresham et al. 2008).

Genomic architecture of adaptation

The genomic changes underlying adaptive phenotypes
appear to be nonrandomly distributed within the
genomes, with some regions more prone to the accumu-
lation of changes. Genome sequencing in fungi has,
indeed, revealed many cases of genomic heterogeneity,
with gene-dense and gene-sparse repeat-rich regions,
the latter often evolving more rapidly and carrying
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genes under divergent selection between closely related
species. This phenomenon has been referred to as ‘two-
speed genomes’. Gene-sparse regions may constitute
genomic islands enriched in ecologically important genes
(e.g. effectors), and displaying higher rates of evolution,
in terms of presence/absence, copy number or nonsyn-
onymous substitutions (Hatta et al. 2002; Gout et al. 2006;
Cuomo et al. 2007; Fedorova et al. 2008; Martin et al.
2008; Ma et al. 2010; Schirawski et al. 2010; Stajich et al.
2010; Klosterman et al. 2011). The islands with high rates
of evolution may be subtelomeric (Chuma et al. 2011),
AT-rich isochore-like regions (Van de Wouw et al. 2010;
Rouxel et al. 2011), small dispensable chromosomes
(Coleman et al. 2009; Ma et al. 2010; Goodwin et al. 2011;
Croll & McDonald 2012; Croll et al. 2013), dynamic gene
clusters (Schirawski ef al. 2010; Schardl et al. 2013) or
regions of extensive chromosomal reshuffling (de Jonge
et al. 2011).

The genes underlying adaptive phenotypes can thus
be clustered on supernumerary chromosomes, such as
those of the pathogen Fusarium solani, carrying genes
involved in pathogenicity, antibiotic resistance and the
use of unique carbon/nitrogen sources (Coleman et al.
2009). Similarly, genomic islands in the human patho-
gen Aspergillus fumigatus, which may be as large as
400 kb, contain mostly repetitive DNA and species-spe-
cific genes involved in metabolic processes conferring
adaptation to specific ecological niches (Fedorova et al.
2008). The genomic islands of A. fumigatus are preferen-
tially located in subtelomeric regions prone to frequent
nonhomologous recombination between paralogs,
duplications, sequence variability (Brown et al. 2010)
and gene transfers (Kavanaugh et al. 2006). There may
be selection for the location of effector genes in regions
in which frequent transposable element movements and
rearrangements induce high rates of mutation, as these
genes frequently evolve under positive selection (Gout
et al. 2006; Klosterman ef al. 2011; Rouxel et al. 2011).
Sequencing of the genomes of several strains of the cer-
eal pathogen Fusarium graminearum has revealed that
the gene-sparse regions with species-specific genes are
also the most polymorphic within species (Cuomo et al.
2007).

Other types of ‘genomic islands’ involved in adapta-
tion include those strongly differentiated between closely
related species adapted to different ecological niches.
Genomic islands displaying strong differentiation have
been detected in closely related fungi by genome
resequencing, which has made it possible to identify
regions involved in adaptation to contrasting environ-
ments by a ‘reverse-ecology’ approach, that is, with no a
priori candidate gene or assumed function (Li et al.
2008). A striking example is provided by the detection of
a region displaying high levels of differentiation between
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Neurospora species, harbouring genes shown to be
involved in adaptation to temperature (Ellison et al.
2011) (Fig. 3).

Chromosomal rearrangements constitute another kind
of genomic architecture that can be involved in adapta-
tion by changing gene regulation or triggering gene
duplication for example (Adams et al. 1992; Perez-Ortin
et al. 2002; Gresham et al. 2008). Transposable elements
have been implicated in many adaptive chromosomal
rearrangements (Gioti et al. 2012), and some have even
been recruited for the promotion of regular mating-type
switching (Butler et al. 2004; Barsoum et al. 2013).
Genetic engineering in yeasts has even shown that chro-
mosomal rearrangements can promote enhanced fitness
in the absence of other polymorphisms (Colson et al.
2004; Teresa Avelar et al. 2013). Similarly, experimental
evolution and genetic engineering in yeast have
revealed that a whole-genome duplication and a frame-
shift mutation were sufficient to induce a dramatic
change in behaviour, generating a fast-sedimenting,
multicellular phenotype (Oud et al. 2013).

Another feature of the genomic architecture of adap-
tation in fungi is the clustering of genes involved in
the same biosynthesis pathway, such as those encoding
proteins involved in the production of secondary
metabolites, in particular (Slot & Rokas 2010). The
genes within clusters are coregulated, facilitating their
coinduction in response to particular conditions, such
as plant colonization or stresses, and preventing the
accumulation of intermediate toxic compounds
(McGary et al. 2013). Clustering has been reported, for
example, for the genes responsible for mycotoxin pro-
duction in Fusarium (Ma et al. 2010), secreted proteins
involved in virulence in Ustilago maydis (Kamper et al.
2006), for the galactose utilization pathway (Slot & Ro-
kas 2010) and for the genes involved in nitrate assimi-
lation (Slot & Hibbett 2007). Conversely, cluster
fragmentation may facilitate metabolic retooling and
the subsequent host adaptation of plant pathogens
(Bradshaw et al. 2013).

Genetic bases of adaptation: genomic novelties
of trans-specific origin

We have reviewed above the genomic bases of adapta-
tion resulting from genomic changes occurring within
species, that is, amino acid substitutions, regulation,
gene content and genomic architecture. In this section,
we will focus on adaptation