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Figure 1. Exemples de champignons ou de symptômes associés à des maladies fongiques des 
plantes. (A) Aspergillus niger, producteur industriel d'acide citrique (E330) ; (B) Candida albicans, 
responsable de candidoses chez l'homme ; (C) Saccharomyces cerevisiae, levure de boulanger et de bière ; 
(D) Xanthoria parietina, champignon lichénisé ; (E) Penicillium roqueforti, utilisé dans la production de 
fromages à pâte persillée ; (F) Tuber melanosporum, la truffe noire ; (G) Agaricus bipolaris, le champignon 
de Paris ; (H) Laccaria bicolor, champignon ectomycorhizien [source : Lawrence Livermore National 
Laboratory] ; (I) Zymoseptoria tritici, responsable de la septoriose du blé ; (J) Botrytis cinerea, la pourriture 
grise de la vigne ; (K) Ustilago maydis, responsable du charbon du maïs [credit : H Zell] ; (L) Leptosphaeria 
maculans, responsable de la nécrose du collet du colza [credit : MH Balesdent].
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 1. Les champignons

Tout le monde a sa propre idée de ce qu'est un champignon, que l'on soit gastronome, 

agriculteur, médecin ou retrogamer. En biologie, le terme « champignon » est utilisé pour 

décrire les organismes appartenant au règne Fungi (Eumycètes i.e. vrais champignons), 

c'est à dire des eucaryotes pluricellulaires ou unicellulaires dépourvus de chlorophylle 

incapables de synthétiser les substances organiques nécessaires à leur croissance et qui 

dépendent donc des molécules fabriquées par d'autres organismes. Ce règne regroupe 

des organismes d'une grande diversité, estimée à 1,5-3 millions d'espèces (Hawksworth, 

2012a) voire 10 millions selon certains auteurs (Cannon, 1997) et qui ont réussi à se 

développer dans la plupart des niches écologiques (Kubicek & Druzhinina, 2007) en 

mettant en place différents styles de vie (Figure 1). Leur impact sur l'écosystème et le 

développement de notre société est considérable. Les champignons sont les agents 

principaux responsables, aux côtés des bactéries, de la dégradation et du recyclage de la 

matière organique morte (saprophytisme) et ce sont les seuls organismes capables de 

dégrader la lignine, constituant essentiel du bois. De nombreux champignons contribuent 

à différents processus industriels, d'autres sont une source de nourriture ou participent à 

l'élaboration de produits chimiques et pharmaceutiques utilisés quotidiennement par 

l'homme. Ces organismes peuvent aussi avoir des effets délétères sur l'économie ou sur 

la santé quand ils agissent comme agents pathogènes, causant des maladies 

extrêmement difficiles à contrôler chez les animaux ou les plantes (Desprez-Loustau et al., 

2007).

Au cours du temps, les champignons ont développé différents types d'interactions 

avec d'autres organismes, ce qui a permis leur évolution mais aussi celle de leurs 

partenaires. Des lignées d'espèces mutualistes (symbiontes, endophytes, lichénisés) et 

parasites ont ainsi émergé de multiples fois et de manière indépendante dans des lignées 

saprophytes (Figure 2) (Hock, 2001 ; Pöggeler & Wöstemeyer, 2011). Pour des raisons qui 

semblent principalement liées à leur faible tolérance aux températures élevées, les 

champignons sont plutôt associés aux plantes qu'aux animaux. En effet, sur les 100 000 

espèces de champignons décrites, 10 % sont phytopathogènes alors qu’en comparaison, 

seulement 0,05 % sont connues comme causant des maladies chez l’homme ou les 

animaux (Agrios, 2005). Chez l'homme, il s'agit le plus souvent de maladies opportunistes 

comme par exemple l'aspergillose ou la candidose chez des patients immunodéprimés.
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Figure 2. Polyphylétisme du pouvoir pathogène chez les champignons. Ces phylogénies montrent 
comment des agents pathogènes de plantes (vert) et d'animaux (rouge) ont évolué indépendamment à 
différents temps à partir de lignées saprophytes (bleu). Adapté de Spanu (2012).
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Les champignons phytopathogènes sont les micro-organismes les plus 

dommageables aux cultures dans le monde entier, causant d'énormes pertes de 

rendement (Birren et al., 2002). On estime que 50 % des maladies des plantes cultivées 

sont dues à des champignons (Porta-Puglia & Vannacci, 2011). Selon l'ONU, la population 

mondiale devrait augmenter de plus de 30 % dans les quarante prochaines années 

(www.un.org) et dans un tel contexte, la lutte contre les pertes de denrées alimentaires 

provoquées par les champignons phytopathogènes constitue un réel enjeu mondial en 

agriculture. Différents moyens de lutte ont donc été mis en place afin de contrôler ces 

agents pathogènes, soit en essayant de les supprimer grâce à l'utilisation de produits 

chimiques (fongicides), soit en essayant de diminuer l'impact des maladies par des 

changements de pratiques culturales (rotation des cultures, enfouissement des résidus de 

cultures, sélection de variétés résistantes aux maladies). Si l'on veut développer des 

mesures de lutte efficaces et respectueuses de l'environnement, basées sur la résistance 

génétique, une meilleure compréhension des différentes interactions établies entre le 

champignon et son hôte est nécessaire. Cependant, les modes de vie et de parasitisme 

étant très divers d'une espèce à l'autre, il est difficile d'obtenir des informations génériques 

concernant ces interactions. 

1.1 Styles de vie des champignons phytopathogènes.

Au cours de l’évolution, les champignons pathogènes de plantes ont montré une extrême 

plasticité concernant leur biologie, leur cycle vital et parasitaire, ou leurs modes de survie 

et de dispersion (Glawe, 2008). Ils ont ainsi développé différents modes de vie que l'on 

catégorise comme biotrophes, nécrotrophes ou hémibiotrophes. Cette classification est 

toutefois très subjective et une même espèce peut être considérée différemment selon les 

auteurs.

Les biotrophes stricts sont des parasites obligatoires ayant une très grande 

spécificité d'hôte, dont ils dépendent fortement, et qui, pour se nourrir et compléter leur 

cycle de vie, doivent maintenir vivantes les cellules de l’hôte (Mendgen & Hahn, 2002 ; 

Ridout, 2009 ; Voegele et al., 2009). Les membres les plus connus et les plus étudiés de 

ce groupe sont les rouilles (p. ex. Puccinia graminis) et les oïdiums (p. ex. Blumeria 

graminis) (Staples, 2000 ; Glawe, 2008). L'absorption des nutriments est réalisée via des 

structures spécialisées appelées haustoria. Mais ces structures ne servent pas 

uniquement à la nutrition, elles sont aussi capables d'exporter des molécules ayant pour 
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fonction de neutraliser le système immunitaire de la plante et de maintenir la biotrophie 

(Stergiopoulos & de Wit, 2009 ; Kloppholz et al., 2011). D'un point de vue évolutif, la 

biotrophie stricte peut être considérée comme une spécialisation irréversible se traduisant 

par la perte d'un grand nombre de gènes utilisés par d'autres agents pathogènes durant 

des phases de saprotrophie ou de nécrotrophie (Spanu, 2012).

Les nécrotrophes détruisent les cellules de l'hôte en sécrétant des molécules 

phytotoxiques et des enzymes lytiques qui vont tuer et décomposer les tissus de la plante, 

ce qui permettra au champignon de se développer de façon saprophyte dans les tissus 

morts (Horbach et al., 2011). Si les molécules toxiques présentent une activité spécifique à 

une ou quelques espèces végétales, l'agent pathogène aura une gamme d'hôte réduite (p. 

ex. Cochliobolus et Alternaria spp.). Dans le cas contraire, la gamme d'hôte peut être très 

large et comprendre plus de 200 espèces de dicotylédones comme pour Botrytis cinerea 

(van Kan, 2006). 

Entre ces deux extrêmes, on trouve la grande majorité des agents pathogènes de 

plantes classifiés de façon plus ou moins vague comme hémibiotrophes. Les 

hémibiotrophes présentent un cycle de vie plus complexe que les nécrotrophes ou les 

biotrophes stricts puisqu'ils sont capables d'alterner différents comportements nutritionnels 

au cours de celui-ci. Ils montrent ainsi une extrême diversité de mode de vie et de 

colonisation des tissus. Certains champignons, comme Leptosphaeria maculans, 

établissent initialement une phase de biotrophie durant laquelle ils se développent de 

façon asymptomatique dans l'apoplaste de l'hôte avant de devenir nécrotrophes en 

détruisant les tissus de la plante sur lesquels ils vont finir leur cycle de vie comme 

saprophytes (Tyler & Rouxel, 2013). D'autres champignons, comme Magnaporthe oryzae 

ou Colletotrichum spp., vont pénétrer les cellules épidermiques de l'hôte de façon 

biotrophique via une structure spécialisée appelée appressorium et les coloniser une à 

une avant d'entamer une phase nécrotrophe. La plasticité nutritionnelle des 

hémibiotrophes suggère une régulation complexe des mécanismes de la pathogenèse. La 

compréhension de la mise en place des différents programmes parasitaires nécessite une 

analyse de génomique et transcriptomique globale pour identifier les déterminants de la 

pathogenèse mais aussi une dissection fine d'un cycle vital complexe en interaction avec 

la plante hôte (Tyler & Rouxel, 2013).
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2. Les génomes des champignons

Les champignons, en tant qu'organismes eucaryotes, partagent un grand nombre de 

fonctions biologiques, de traits de vie ou de structures communes avec les animaux et les 

plantes. Cela concerne par exemple le développement et la différenciation cellulaire, les 

cycles circadiens, la reproduction sexuée, la signalisation intercellulaire, la méthylation de 

l'ADN ou les modifications de la chromatine (Galagan et al., 2005a). Les gènes impliqués 

dans ces fonctions biologiques fondamentales ont une origine commune à tous les 

eucaryotes. Ainsi grâce à leurs génomes plus petits et généralement moins complexes 

que ceux des eucaryotes « supérieurs », les champignons sont considérés comme des 

organismes modèles pour comprendre les grandes fonctions biologiques du vivant. De 

plus, ce sont des organismes souvent facilement manipulables expérimentalement grâce 

au développement d'outils génétiques, moléculaires ou cytologiques. De la même façon 

que les génomes fongiques seraient explicatifs de la biologie des eucaryotes, l'étude de 

leur évolution devrait permettre d'accroître nos connaissances sur l'histoire de la vie sur 

Terre et l'évolution des écosystèmes.

2.1 La génomique fongique.

L'ère de la génomique fongique a été amorcée en 1996 avec la publication du premier 

génome eucaryote séquencé, celui de la levure Saccharomyces cerevisiae (Goffeau et al., 

1996). Ces données ont permis les premières analyses fonctionnelles des gènes 

eucaryotes ainsi que de leur expression. Cela a aussi ouvert la porte à la génomique 

comparative et Botstein et al. ont montré en 1997 que 31% des 6000 gènes de la levure 

étaient partagés avec les mammifères. Malgré les formidables avancées technologiques 

et biologiques fournies par ce modèle, il faudra attendre 6 ans et le séquençage du 

génome de Schizosaccharomyces pombe (Wood et al., 2002) pour voir la génomique 

fongique continuer sa marche. Cependant, les génomes de levures permettent 

d'appréhender seulement une infime partie de la diversité biologique du règne des 

champignons. En 2003 puis en 2005, les génomes des champignons filamenteux 

Neurospora crassa (Galagan et al., 2003) et Aspergillus nidulans (Galagan et al., 2005b) 

sont publiés et apportent de nouvelles données, avec des génomes près de trois fois plus 

grands que ceux des levures et comportant deux fois plus de gènes. En 2008, au 

commencement de mon travail de recherche sur Leptosphaeria maculans, plus de 40 

21



génomes de champignons étaient séquencés et disponibles dans des bases de données 

privées ou publiques. Parmi ces génomes séquencés, une douzaine provenaient d’agents 

pathogènes de plantes (Soanes et al., 2007) mais quatre seulement étaient publiés : ceux 

des ascomycètes Magnaporthe oryzae, Fusarium graminearum et Phaeosphaeria 

nodorum (Dean et al., 2005 ; Cuomo et al., 2007 ; Hane et al., 2007) et du basidiomycète 

Ustilago maydis (Kämper et al., 2006). L'exploitation de chacun de ces génomes puis la 

comparaison de leur séquences codantes étaient censés faciliter l’identification des 

déterminants potentiellement impliqués dans leurs différents styles de vie ou dans les 

interactions avec leur hôte et fournir ainsi un aperçu des adaptations évolutives requises 

par le champignon pour causer des maladies. Mais la plasticité des génomes fongiques 

ainsi que le manque de ressources nécessaires permettant l'attribution d'une fonction à un 

gène, plus ou moins prédit et/ou annoté, ont grandement complexifié le postulat de départ.

2.2 Structure des génomes.

Malgré des similitudes morphologiques et physiologiques, les champignons diffèrent 

grandement au niveau génomique. Les temps de divergence très importants entre les 

espèces aux génomes séquencés font qu'il est difficile de détecter une conservation de 

l'ordre des gènes, ou synténie, entre espèces de genres différents (Dean et al., 2005 ; 

Hane et al., 2007), les notions de genre et d'espèce étant elles-mêmes relativement mal 

définies chez les champignon. Des analyses comparatives effectuées entre trois espèces 

de Sordariomycètes, M. oryzae, F. graminearum et N. crassa, révèlent que les régions 

synténiques entre ces champignons sont très réduites, ne comportant que 3 à 20 gènes 

(Xu et al., 2006). Même les membres d'un même genre peuvent avoir des génomes très 

divergents. Le pourcentage moyen d'identité en acides aminés observé entre les génomes 

de trois espèces d'Aspergillus (A. nidulans, A. fumigatus et A. oryzae) est comparable à 

celui observé entre les mammifères et les poissons (Galagan et al., 2005b). Ces trois 

génomes sont globalement conservés entre eux, mais les régions synténiques ont subi de 

nombreux réarrangements tels que des inversions, des translocations, des délétions ou 

des duplications (Galagan et al., 2005b). Ces réarrangements sont particulièrement 

observés près des régions télomériques et sont souvent associés à des éléments répétés, 

à l'instar de ce qui avait déjà été décrit chez d'autres eucaryotes (Galagan et al., 2005a). 

Bien que les génomes des champignons filamenteux soient organisés différemment d’une 

espèce à l’autre, leur séquençage a tout de même permis d'esquisser des caractéristiques 
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génomiques communes : les génomes sont plutôt compacts, pour des génomes 

eucaryotes, avec une taille moyenne d'environ 30 Mb ; ils contiennent peu d'éléments 

répétés tels que les éléments transposables (ET) ; le nombre de gènes prédits est 

comparable, entre 10 000 et 15 000. Ces études ont mis en avant le dynamisme des 

génomes fongiques, et eucaryotes en général, et permettaient de mesurer la complexité à 

laquelle on se heurtait lorsqu'on s'engageait dans la génomique et la génomique 

comparative fongique.

2.3 Génomique et pouvoir pathogène.

Avant la disponibilité des génomes et des différentes approches haut-débit permettant 

l'étude fonctionnelle des gènes, l'étude de la pathogenèse fongique se focalisait sur la 

recherche de gènes essentiels à l'infection de la plante mais dispensable lors de la phase 

de croissance saprophyte. Cependant, la majorité des déterminants du pouvoir pathogène 

identifiés expérimentalement était impliquée dans des cascades de signalisation et des 

voies métaboliques conservées chez la plupart des espèces fongiques, dont des 

saprophytes et des symbiotes (Idnurm & Howlett, 2001). Avec l'avènement de la 

génomique, la comparaison des répertoires de gènes prédits dans des champignons 

pathogènes et non pathogènes offrait donc un moyen direct d'obtenir de nouvelles 

informations sur les mécanismes impliqués dans la pathogenèse fongique. En 2008, 

Soanes et al. ont suivi cette démarche et comparé les gènes prédits de 36 espèces de 

champignons, incluant des agents pathogènes des plantes et des saprophytes 

phylogénétiquement proches. Leur étude a montré qu'il n'existait vraisemblablement pas 

de déterminants du pouvoir pathogène conservés chez, et spécifiques de, toutes les 

espèces phytopathogènes. Les différences observées entre les espèces pouvaient être 

dues à l'expansion de certaines familles de gènes associées à des fonctions nécessaires 

à la mise en place de la pathogenèse (métabolites secondaires, protéases, CAZymes, 

transporteurs, facteurs de transcription). Cependant, Soanes et al. (2008) identifiaient 

certains gènes comme étant exclusivement présents chez cinq espèces phytopathogènes 

(Fusarium graminearum, Botrytis cinerea, Sclerotinia sclerotorium, Magnaporthe oryzae et 

Phaeosphaeria nodorum). Les produits de ces gènes ne possèdent pas d'homologues 

dans les bases de données, ni de domaines protéiques connus et la plupart sont prédits 

comme étant sécrétés (Soanes et al., 2008). Ces protéines, appelées ensuite effecteurs, 

ont d’emblée été considérées comme des éléments clés de la pathogénie chez les 
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champignons phytopathogènes et jouent un rôle critique dans l’établissement de 

l’interaction et la progression de l’infection (Kamoun, 2007).

2.4 Les effecteurs

La notion d'effecteur chez les champignons phytopathogènes est très récente et a été 

théorisée peu de temps avant le début de mes travaux de recherche sur L. maculans. 

Historiquement, les gènes codant des effecteurs ont d’abord été identifiés par des 

approches génétiques et protéomiques. Ces approches, effectuées chez les champignons 

et les oomycètes (organismes distants phylogénétiquement mais montrant des 

convergences adaptatives avec les champignons phytopathogènes), ont permis de définir 

les caractéristiques structurales communes aux gènes codant des effecteurs : (i) les 

protéines qu'ils codent sont de petite taille, inférieure à 300 acides aminés, (ii) elles 

possèdent souvent un peptide signal prédit, et sont donc aussi nommées PPS (Petites 

Protéines Sécrétées), (iii) elles possèdent souvent de nombreux résidus cystéine 

potentiellement impliqués dans la création de ponts disulfures, ce qui permettrait de 

stabiliser leur structure tridimensionnelle et favoriser leur résistance aux protéases de la 

plante, (iv) elles n'ont pas ou peu d'homologues dans les bases de données et (v) leur 

fonction biochimique demeure inconnue (Stergiopoulos & de Wit, 2009). Généralement, 

les effecteurs sont définis comme des molécules qui ciblent spécifiquement des processus 

physiologiques de la plante, mais de façon limitée sans provoquer la mort cellulaire, dans 

le but de neutraliser, d’inhiber les défenses de la plante afin de faciliter l’infection (Tyler et 

Rouxel, 2013). Ces connaissances, essentiellement structurales, couplées à l'avènement 

des méthodes de séquençage haut-débit et aux méthodes de prédictions in silico, ont 

permis de générer le répertoire complet des effecteurs et des protéines sécrétées 

(sécrétome) d'un agent pathogène donné (Kämper et al., 2006 ; Haas et al., 2009). 

L'obtention de la séquence génomique a aussi apporté des informations quant à la 

localisation des gènes codant des effecteurs, ce qui a permis de voir que beaucoup de ces 

gènes se trouvaient dans des régions génomiques très dynamiques telles que des 

télomères et des régions riches en éléments transposables, augmentant ainsi la variabilité 

génétique de ces gènes, leur conférant potentiellement une évolution accélérée 

(Stergiopoulos & de Wit, 2009). C'est le cas de AvrLm1 et AvrLm6 de L. maculans, deux 

effecteurs induisant une reconnaissance spécifique par les gènes de résistance de la 

plante (aussi appelés gènes d'avirulence) se trouvant chacun dans de grandes régions 
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(150-270 kb) composées de mosaïques d'éléments transposables dégénérés (Gout et al., 

2006 ; Fudal et al., 2007). A cette époque, L. maculans est le premier champignon 

filamenteux montrant des signes d'une invasion de son génome par des éléments 

transposables, en faisant ainsi un modèle original pour l'étude de l'évolution des génomes 

et du pouvoir pathogène des champignons phytopathogènes.
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Figure 3. Classification des éléments transposables proposée par Wicker et al. en 2007. Les éléments 
sont divisés en deux classes en fonction de leur intermédiaire de transposition, ARN ou ADN. Ces classes 
sont divisées à leur tour en sous-classes, ordres et super-familles en fonction de la structure des éléments. 
Pour faciliter l'identification des éléments, Wicker et al. ont proposé un code à trois lettres qui est ajouté au 
nom de famille de l'élément.
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3 - Les éléments transposables.

En associant des mutations observées chez le maïs avec des translocations non 

aléatoires spontanées de fragments de chromosomes à l'intérieur du génome, Barbara 

McClintock (1950) découvrait les éléments transposables (ET). Les ET  sont définis 

comme des séquences d'ADN mobiles codant les instructions nécessaires à leur 

déplacement dans le génome (phénomène de transposition). Ils sont présents dans la 

plupart des organismes étudiés à ce jour, procaryotes et eucaryotes, et peuvent 

représenter une fraction non négligeable du génome, par exemple 85 % du génome du 

maïs (Schnable et al., 2009) et près de 45 % du génome humain (Lander et al., 2001). Les 

ET ont été initialement considérés comme de l'ADN poubelle (junk DNA, Ohno, 1972), de 

l'ADN parasite ou égoïste (selfish DNA, Orgel & Crick, 1980) mais il a été montré qu'ils 

constituaient une source d'innovation génétique pour l'organisme grâce à leur pouvoir 

mutationel ou en se comportant comme des gènes (domestication des ET) ou des 

éléments régulateurs de gènes (Biémont & Vieira, 2006).

3.1 Classification des ET.

En 1989, Finnegan a proposé une première classification des ET basée sur leur 

intermédiaire de transposition (Finnegan, 1989). On distingue ainsi deux classes : la 

classe I est composée de rétrotransposons qui se répliquent via un intermédiaire ARN par 

un mécanisme de transposition dit de « copier-coller » (copy-and-paste), et la classe II est 

composée de transposons qui se répliquent via un intermédiaire ADN par un mécanisme 

de « couper-coller » (cut-and-paste). Par la suite, la découverte de nouveaux ET capables 

de transposer par « copier-coller » sans intermédiaire ARN ou d'éléments non-autonomes 

a complexifié cette dichotomie et suggéré l'existence de nouvelles classes d'éléments. En 

2007, Wicker et al. ont proposé une nouvelle classification des ET (Figure 3) basée sur les 

mécanismes de transposition, les similitudes de séquence et les relations structurales afin 

d'inclure les nouvelles classes d'ET identifiées. Cette classification hiérarchisée permet de 

conserver la séparation des éléments dans les deux classes originelles tout en précisant 

l'existence de sous-classes et de familles bien définies d'ET. La nomenclature servant à 

l'identification des ET proposée par Wicker et al. a été utilisée lors de l'annotation des ET 

des génomes des membres du complexe d'espèces Leptosphaeria maculans-L. biglobosa 

(Chapitre 1 & 2).
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Les rétrotransposons ou éléments de classe I (Figure 3) commencent leur cycle de 

réplication en étant traduit sous forme d'ARN qui, grâce à la machinerie enzymatique qu'ils 

codent, va ensuite être rétro-transcrit en une molécule d'ADN qui va s'insérer à un autre 

endroit du génome. Chaque cycle complet produit ainsi une nouvelle copie de l'élément. Il 

existe deux groupes de rétrotransposons en fonction de la présence ou non de répétitions 

directes, les LTR (long terminal repeats), à leurs extrémités. Les rétrotransposons à LTR 

contiennent les ORFs codant pour une protéine de structure virale (gag) et pour une 

polyprotéine (pol) contenant une protéase, une reverse transcriptase, une RNAse et une 

intégrase. L'agencement de ces modules fonctionnels dans l'élément permet de 

discriminer différentes familles (Gypsy, Copia). Cette organisation est très proche de celle 

des rétrovirus, qui pourraient avoir évolué à partir des rétrotransposons à LTR grâce à 

l'acquisition d'une protéine d'enveloppe (env) (Wicker et al., 2007 ; Biémont & Vieira, 

2006). Les rétrotransposons sans LTR regroupent les LINE (long interspersed elements) 

et les SINE (short interspersed elements), ces derniers étant des éléments de petite taille 

non-autonomes, c'est à dire qui ne contiennent pas de séquences codantes et qui utilisent 

donc les enzymes codées par les éléments autonomes de leur famille d'origine ou non 

pour se répliquer et transposer.

Les transposons ou éléments de classe II (figure 3) transposent via un 

intermédiaire ADN. Ces éléments sont séparés en deux sous-classes en fonction du 

nombre de brins d'ADN cassés lors de la transposition. Les éléments de la sous-classe 1 

codent une transposase responsable d'une cassure double-brin de l'ADN lors de l'excision 

de l'élément qui va ensuite s'insérer ailleurs dans le génome. Ils sont caractérisés par la 

présence de séquences répétées et inversées, les TIR (terminal inverted repeats), à leurs 

extrémités. On retrouve aussi dans cette sous-classe des éléments non-autonomes, les 

MITE (miniature inverted-repeats transposable elements). La deuxième sous-classe est 

composée des hélitrons et des polintons (Mavericks). Leur mécanisme de transposition 

diffère de celui des éléments de la sous-classe 1. Les hélitrons contiennent un domaine 

composé d'une hélicase et utilisent un mécanisme de transposition appelé « rolling-

circle » (Kapitonov & Jurka, 2007). Les polintons (Mavericks) sont des éléments de grande 

taille (9-22 kb (Pritham, 2009)) bordés par des TIR, qui codent plusieurs protéines dont 

une ADN polymérase B et une intégrase laissant penser qu'il y a bien utilisation d'un 

intermédiaire ADN dans leur cycle de réplication. Cependant leur mécanisme de 

transposition reste encore indéterminé.
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3.2 Abondance des ET dans les génomes.

La taille d'un génome n'est pas liée à la complexité de l'organisme ni généralement au 

nombre de gènes que comprend ce génome. En effet, les différences de taille de génome 

observées entre les espèces sont principalement dues aux parties non-codantes, 

comprenant les ET et autres types de séquences répétées (Biémont & Vieira, 2006). Chez 

les espèces eucaryotes, la taille du génome est fortement liée à la proportion en ET alors 

que chez les procaryotes la plupart des variations de taille des génomes résultent 

d'expansions géniques souvent dues à des transferts horizontaux de gènes (Frost et al., 

2005). 

Les génomes des plantes ont un spectre de taille extrêmement étendu, allant de 64 

Mb pour les espèces du genre Genlisea (Greilhuber et al., 2006) jusqu'à 127 000 Mb pour 

les espèces du genre Fritillaria (Ambrozová et al., 2011). Ces énormes variations sont 

majoritairement dues à la polyploïdisation et à l'expansion ou l'élimination des ET 

(Bennetzen et al., 2005). Chez les plantes, les taux d'ET dans les génomes sont variables 

et peuvent être de 10 à 20 % pour les espèces à petit génome telles que Brachypodium 

distachyon, mais aussi atteindre 85 % pour des espèces possédant un génome de grande 

taille telles que le maïs ou l'orge (Tableau 1). Chez les mammifères, dont la taille de 

génome moyenne est de 3300 Mb (Gregory, 2013), la proportion en ET est assez 

constante et représente près de la moitié du génome (Tableau 1). Chez les vertébrés non-

mammifères, on note une plus grande variation de la proportion des ET dans les génomes 

avec 9 % chez le poulet ou 77 % chez la grenouille verte (Tableau 1). Les micro-

organismes eucaryotes tels que les champignons ont globalement des génomes de 

petites tailles comprenant peu d'ET, mais les nombreux séquençages récents ont permis 

de mettre en avant des cas « d'obésité » de certains génomes comme celui de Blumeria 

graminis ou de l'oomycète Phytophthora infestans (Tableau 1).

Cependant la présence des ET dans les génomes eucaryotes n'est pas 

systématique. Plusieurs génomes d'eucaryotes unicellulaires tels que l'algue rouge 

Cyanidioschyzon merolae (Misumi et al., 2005) ou les Apicomplexa Cryptosporidium 

hominis (Xu et al., 2004) et Plasmodium falciparum (Gardner et al., 2002) ne présentent 

pas d'ET dans leur génome. L’absence d'ET dans ces génomes peut toutefois être due 

aux limites de l'identification des ET basée sur des homologies de séquence avec des ET 

connus définis dans des espèces phylogénétiquement distantes (Pritham, 2009).
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Tableau 1. Proportion en éléments transposables (ET) et taille de génome chez les eucaryotes.

30

Organismes %ET Références

Plantes

Arabidopsis thaliana 10 125 Initiative, T.A.G., 2000

Brachypodium dystachion 21 272 Initiative, T.I.B., 2010

Hordeum vulgare Orge 84 5100 I.B.G.S.C., 2012

Zea mays Maïs 85 2300

Mammifères

Mus musculus Rongeur 40 3300 Biémont & Vieira, 2006

Homo sapiens Homme 45 3300 Biémont & Vieira, 2006

Monodelphis domestica Marsupial 52 3600

Vertébrés (non mammifères)

Gallus gallus Oiseau 9 1050 I. C. G.S.C., 2004

Xenopus tropicalis Amphibien 35 1700

Dano rerio Poisson 52 1412

Rana esculenta Amphibien 77 5800 Biémont & Vieira, 2006

Invertébrés

Drosophila melanogaster Insecte 10 140

Caenorhabditis elegans Nématode 12 97 Biémont & Vieira, 2006

Micro-organismes

Ustilago maydis Basidiomycète 1 21

Magnaporthe oryzea Ascomycète 10 40

Leptosphaeria maculans Ascomycète 33 45

Blumeria graminis Ascomycète 64 120

Phytophthora infestans Oomycète 74 240

Taille du
génome

(Mb)

Schnable et al., 2009

Gentles et al., 2007

Hellsten et al., 2010

Howe et al., 2013

Drosophila 12 genomes
consortium, 2007

Kämper et al., 2006

Dean et al., 2005

Rouxel et al., 2011

Spanu et al., 2010

Haas et al., 2009



3.3 Distribution des ET dans les génomes.

D'un génome à un autre, les différentes classes d'ET ne sont pas représentées de la 

même façon en terme de nombre, de composition ou de localisation. Les 

rétrotransposons, grâce à leur mécanisme de réplication et à leur taille, sont souvent les 

principaux constituant de l'ADN répété dans les génomes eucaryotes. Par exemple, ce 

sont les seuls ET présents dans les génomes pauvres en ET de Saccharomyces 

cerevisiae, Schizosaccharomyces pombe et Entamoeba dispar (Pritham, 2009). On les 

retrouve aussi en grande proportion (90 %) dans les génomes de l'homme et de la souris 

(Pritham, 2009). Les transposons à ADN contribuent dans une moindre mesure à la 

variabilité de la taille des génomes puisqu'ils représentent souvent une faible fraction de 

ces derniers. Dans certains cas, ils en sont les seuls représentants comme dans les 

génomes de Trichomonas vaginalis ou Entamoeba invadens (Pritham, 2009).

Au sein d'un même génome, on constate le plus souvent la domination d'une 

famille ou d'une sous-famille. Cette domination n'est pas obligatoirement corrélée avec 

une grande diversité des familles. Par exemple, les LINE L1 et les SINE Alu sont 

dominants dans le génome humain et sont représentés par peu de sous-familles. Au 

contraire, les rétrotransposons à LTR ont un nombre de copie relativement faible et sont 

représentés par une douzaine de familles différentes (Lander et al., 2001). La diversité des 

ET et leur abondance dans le génome est très variable entre les espèces et reflète 

l'histoire évolutive des ET spécifique à chacun de ces génomes. Cette histoire évolutive 

est aussi liée à la localisation des ET dans les génomes. En effet, les ET sont 

fréquemment identifiés dans des régions télomériques ou péricentromériques (régions 

hétérochromatiniennes), des régions à faible densité génique ou dans d'autres ET. 

Cependant, ils sont aussi retrouvés dans des régions chromatiniennes à proximité de 

gènes ou de régions régulatrices (Hua-van et al., 2011). Il  reste à déterminer si cette 

distribution est le résultat d'une préférence d'insertion des éléments ou d'une sélection.
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Figure 4. Éléments transposables et interactions génome-environnement. Sous l'action de 
l'environnement, les éléments transposables vont entraîner des modifications structurales et fonctionnelles 
dans le génome hôte. Les mutations peuvent être responsables de modifications phénotypiques, de 
changement du potentiel d’adaptation de l'organisme menant éventuellement à la spéciation. Les éléments 
transposables peuvent échapper aux différents mécanismes de régulation imposés par le génome hôte en 
se déplaçant vers les génomes d'autres organismes par transfert horizontal (Biémont & Vieira, 2006).
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3.4 Incidence des ET sur les génomes.

Pendant très longtemps, les ET ont été considérés comme des éléments parasites et 

égoïstes, sans fonction ni rôle et n'apportant rien de bénéfique au génome hôte. Soixante 

ans après leur découverte (McClintock, 1950), les ET sont maintenant reconnus comme 

des acteurs majeurs de l'évolution des génomes. La cohabitation prolongée des ET et de 

leur génome hôte a conduit à des interactions multiples tant au niveau structural, avec 

l'induction de réarrangements chromosomiques ou la formation d'hétérochromatine, qu'au 

niveau fonctionnel avec la modification de l'activité des gènes ou la domestication d'ET.

A l'origine, les ET ont été identifiés à cause des (ou grâce aux) réarrangements 

chromosomiques qu'ils induisaient dans le génome du maïs. Les ET peuvent ainsi être à 

la base de recombinaisons ectopiques entre copies homologues, induisant des délétions, 

des translocations ou des inversions chromosomiques. Par exemple, chez les 

mammifères, Zhao & Bourque (2009) ont montré que les points de cassure au niveau 

d'inversions chromosomiques étaient enrichis en élément L1, un LINE qui représente près 

de 20% du génome humain (Lander et al., 2001). Chez Drosophila buzzatii, Delprat et al. 

(2009) ont mis en évidence le rôle de la recombinaison ectopique due au transposon 

Galileo dans la génération de deux inversions chromosomiques. Ces recombinaisons 

peuvent se produire même si les ET sont inactivés (Oliver & Greene, 2012), ce qui veut 

dire que les ET peuvent influer sur la structure du génome longtemps après la perte de 

leur capacité à se déplacer dans le génome.

Les ET jouent aussi un rôle dans l'organisation de la chromatine à l'intérieur du 

noyau. Ils sont particulièrement abondants dans l'hétérochromatine constitutive retrouvée 

principalement au niveau des télomères et des centromères. Ils sont aussi fréquemment 

trouvés dans les régions péricentromériques (Hua-Van et al., 2011) et peuvent intervenir 

dans la formation de l'hétérochromatine facultative en étant inactivés puis méthylés par 

des mécanismes épigénétiques (Lewis et al., 2008).

En induisant des modifications structurales dans le génome, les ET peuvent aussi 

être responsables de modifications fonctionnelles. En s'insérant dans une région codante, 

les ET peuvent altérer ou supprimer l'activité d'un gène en modifiant sa structure 

(terminaison prématurée de la séquence, épissage alternatif). Le phénotype « ridé » des 

graines de petits pois utilisés par Mendel pour réaliser ses expériences est en fait le 

résultat de l'insertion d'un ET dans un gène codant pour une enzyme de ramification de 

l'amidon (Bhattacharyya et al., 1990).
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Les ET, porteurs d'éléments cis-régulateurs, peuvent aussi contribuer directement à 

l'expression des gènes en s'insérant dans des régions promotrices ou amplificatrices. 

Chez la vigne, l'insertion d'un rétrotransposon dans la région promotrice d'un gène 

impliqué dans la biosynthèse de pigment rouge serait à l'origine de l'apparition de cultivars 

blancs (Kobayashi et al., 2003). Dans le génome humain, 4 % des gènes et près de 25 % 

des régions promotrices contiennent des séquences dérivées d'ET (Nekrutenko & Li, 2001 

; van de Lagemaat et al., 2003).

Les fonctions des ET peuvent aussi être recrutées par le génome hôte via un 

processus évolutif appelé domestication. Ce phénomène a d'abord été décrit chez la 

drosophile avec l'élément P (Miller et al., 1992) puis a été généralisé à d'autres 

organismes comme les plantes ou les animaux (Sinzelle et al., 2009). Dans le génome 

humain, 47 gènes ont été identifiés comme dérivant, entièrement ou partiellement, de 

séquences codantes d'ET, principalement des transposases (Feschotte, 2008). Un des 

exemples les plus connus de domestication d'ET est le mécanisme de recombinaison 

V(D)J du système immunitaire des vertébrés. Ce mécanisme dépend de deux gènes 

dérivant d'un élément de classe II, Transib (Kapitonov & Jurka, 2005).

Les ET, en modifiant la structure du génome et en contrôlant l'activité des gènes, 

pourraient non seulement générer du polymorphisme génétique favorisant l'adaptation de 

populations mais aussi être à l'origine de phénomènes de spéciation (Figure 4). 

Cependant, il est difficile d'évaluer si des modifications de nombre ou d'activité d'ET au 

cours d'une période évolutive spécifique sont les conséquences ou les causes du 

processus de spéciation (Biémont, 2010).

3.5 Contrôle des ET par les génomes.

Chez Drosophila melanogaster, le taux d'insertion des copies d'ET est beaucoup plus 

important que le taux d'excision (Maside et al., 2001), on devrait donc s'attendre à une 

accumulation d'ET qui aurait pour conséquence une augmentation constante de la taille 

du génome. Or ce n'est pas ce que l'on observe, il y a donc régulation du nombre de 

copies d'ET. Cette régulation peut s'effectuer via la sélection naturelle lorsque des 

insertions délétères sont contre-sélectionnées (Biémont et al., 1997). Elle peut aussi 

s'effectuer via des mécanismes de contrôle du génome hôte. 
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Par exemple, l'inactivation des ET peut être exercée grâce à des mutations dirigées 

contre ces éléments. Un tel mécanisme d'inactivation des ET a été décrit chez le 

champignon filamenteux Neurospora crassa, il s'agit du RIP (Repeat-Induced Point 

Mutations) (Galagan et al., 2003). Ce mécanisme se déroule durant la phase sexuée du 

champignon et va induire des mutations de type C:G vers T:A sur les deux copies de 

l'élément dupliqué. Le RIP va ainsi inactiver irréversiblement les ET et induire de la 

divergence entre les copies d'ET empêchant potentiellement toute recombinaison 

ultérieure (Galagan & Selker, 2004). Ce mécanisme semble très efficace puisque aucune 

copie d'ET est intacte dans le génome de N. crassa et aucune activité de transposition n’a 

été détectée (Galagan et al., 2003).

Le génome peut aussi inactiver les ET sans altération de leur séquence en les 

soumettant à un contrôle épigénétique. Ce processus efficace a les avantages d'être à la 

fois transmissible à la descendance et réversible. Grâce à ce système, les ET 

représentent donc un réservoir potentiel de variabilité et peuvent être occasionnellement 

réactivés (Hua-Van et al., 2011). Des explosions rapides d'amplification des ET ont été 

décrites dans plusieurs espèces, suggérant une perte temporaire du contrôle épigénétique 

de ces éléments (Rebollo et al., 2010).
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Figure 5. Symptômes et stades d'infection par Leptosphaeria maculans. (A) Verse parasitaire d'une 
culture de colza  due à la nécrose du collet ; (B,C) Nécrose des tissus du collet et développement de 
périthèces sur des résidus de culture 9 mois après la récolte ; (D) Observation au microscope d'asques 
typiques contenant 8 ascospores ; (E) Ascospores germant sur une feuille de Brassica napus (microscope 
électronique à balayage) ; (F) Colonisation des espaces inter-cellulaires du mésophylle par du mycélium 
(coloration au bleu de trypan) ; (G) Macules foliaires sur feuille de Brassica napus après infection naturelle 
au champ. Adapté de Rouxel & Balesdent, 2005.
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4 - Leptosphaeria maculans

Leptosphaeria maculans, forme parfaite de Phoma lingam, est un champignon filamenteux 

ascomycète de la classe des Dothidéomycètes. Cette classe est de loin la plus importante 

et la plus diversifiée au sein des Ascomycètes avec plus de 19 000 espèces répertoriées 

réparties dans 1300 genres (Kirk et al., 2008). Les membres de cette classe couvrent tous 

les styles de vie et sont présents dans toutes les niches écologiques accessibles aux 

champignons. Certaines espèces existent sous formes lichénisées, certaines sont 

aquatiques, certaines sont des parasites de l'homme ou d'autres espèces du règne 

Animalia. Néanmoins la plupart d'entre elles sont des saprophytes terrestres. Les espèces 

les plus connues de cette classe font parties des genres Cochliobolus (syn. Bipolaris), 

Phaeosphaeria, Zymoseptoria, Pyrenophora, Venturia, Pseudocercospora et 

Leptosphaeria et sont des agents pathogènes de plantes cultivées (maïs, blé, orge, 

pommier, bananier, colza, etc.) occasionnant d'importantes pertes de rendement ou de 

qualité lors des récoltes (Schoch et al., 2009b).

L. maculans est un agent pathogène des crucifères (Brassicaceae) et plus 

particulièrement des plantes du genre Brassica telles que Brassica napus (colza), 

Brassica rapa (navet), Brassica juncea (moutarde) ou Brassica oleracea (choux) (Rouxel 

& Balesdent, 2005). Ce champignon est responsable de la maladie la plus dommageable 

au colza : la nécrose du collet, qui peut entraîner localement la destruction de parcelles 

entières et des pertes de 5 à 20 % de la production au niveau national (Fitt et al., 2006). 

Cette maladie est mondialement répandue et touche tous les pays producteurs de colza à 

l'exception de la Chine et de certains pays d'Europe de l'Est. L'ouverture des marchés à 

l'international et la globalisation de la sélection du colza sont pour ces pays sources de 

craintes quant au futur développement de L. maculans sur leurs territoires.
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Figure 6. Cycle biologique de Leptosphaeria maculans en Europe. (1) phase saprophyte sur résidus de 
culture ; (2) reproduction sexuée et génération de l'inoculum primaire ; (3,4) courte phase nécrotrophe 
suivant l'infection primaire, apparition de macules foliaires, multiplication asexuée ; (5) phase endophyte 
avec colonisation systémique de la tige et du collet ; (6) phase nécrotrophe à l'origine de la verse de la 
plante. Adapté de CETIOM (1996).
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4.1 Cycle biologique de L. maculans.

L. maculans est un agent phytopathogène hémibiotrophe présentant un cycle de vie 

complexe au cours duquel il va alterner plusieurs modes de nutrition, passant de 

saprophyte à nécrotrophe puis à biotrophe pour finir par être de nouveau nécrotrophe 

(Rouxel & Balesdent, 2005) (Figure 6). Son cycle de vie est étroitement lié à celui de sa 

plante hôte, le colza (B. napus). Le cycle est initié hors saison de culture lorsque 

L. maculans se développe de façon saprophytique sur les résidus de tiges infectées de 

colza récolté lors de la saison précédente (Figure 5C). Durant cette étape importante, le 

champignon effectue sa reproduction sexuée et produit des ascospores  (Figure  5D), 

l’inoculum primaire permettant sa dispersion. Les ascospores sont ensuite libérées et 

disséminées par le vent après des baisses de températures et des précipitations, ce qui 

correspond à la période des semis et aux premières semaines de croissance des plants 

de colza en Europe. Ainsi, de jeunes plantules vont être les cibles principales sur 

lesquelles les ascospores vont germer et infecter la feuille (ou le cotylédon) en pénétrant 

les tissus via des ouvertures naturelles telles que les stomates ou des blessures (Figure 

5E). Une fois à l’intérieur de son hôte, L. maculans va coloniser les tissus sans expression 

de symptômes visibles et croître exclusivement dans l’apoplaste pendant quelques jours 

avant de devenir nécrotrophe (Figure 5F). A ce stade, la mort des cellules infectées va 

former des macules foliaires (Figure 5G), non préjudiciables pour le rendement final, qui 

vont être le lieu de la reproduction asexuée et de la production de conidies 

(pycnidiospores, inoculum secondaire). Suivant cette courte phase nécrotrophe dans les 

feuilles, le champignon va entamer une phase endophytique pouvant durer jusqu’à 9 mois 

et ainsi coloniser de façon systémique la plante jusqu’à atteindre la tige. En fin de période 

culturale, L. maculans redevient nécrotrophe et détruit les tissus du collet (Figure 5B). 

Cette nécrose, en fragilisant la base de la plante, peut mener à la verse du plant de colza 

(Figure 5A) (West et al., 2001) et aux pertes de rendement mentionnées ci-dessus.

4.2 Interactions B. napus – L. maculans.

Deux types de résistances sont décrits chez B. napus : la résistance quantitative 

(résistance générale) et la résistance qualitative (résistance spécifique). La résistance 

quantitative se met en place une fois l'infection établie et va conduire à un ralentissement 

de l'expression de la maladie (Delourme et al., 2006). Cependant, les mécanismes à la 

base de la mise en place de cette (ou de ces) résistance(s) ne sont pas encore résolus et 
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le fait qu'ils impliquent probablement plusieurs gènes chez chaque partenaire compliquent 

grandement leur étude (Delourme et al., 2006). La résistance spécifique dans le couple 

L. maculans / B. napus suit le modèle gène-pour-gène décrit par Flor (1955) (Ansan-

Melayah et al., 1995), ce qui implique la présence de gènes de résistance spécifiques (R) 

chez la plante et de gènes d'avirulence (Avr) correspondants chez l'agent pathogène. Si 

une plante possédant un gène de résistance est attaquée par un agent pathogène 

possédant le gène d'avirulence correspondant, on parle d'interaction incompatible, la 

plante est résistante et sera ainsi capable de se défendre contre son agresseur. Dans tous 

les autres cas, l'interaction est dite compatible, la plante est dite sensible et la maladie se 

propagera. Dans le couple L. maculans / B. napus, les gènes d'avirulence du champignon 

sont appelés AvrLm et les gènes de résistance correspondant chez la plante Rlm. A ce 

jour, 11 gènes d'avirulence ont été identifiés génétiquement chez L. maculans parmi 

lesquels 4 ont été clonés : AvrLm1 (Gout et al., 2006), AvrLm6 (Fudal et al., 2007), 

AvrLm4-7 (Parlange et al., 2009) et AvrLm11 (Balesdent et al., 2013).

4.3 Le complexe d'espèces L. maculans-L. biglobosa.

L. maculans fait partie d'un complexe comprenant au moins deux groupes génétiquement 

distincts initialement décrits comme virulent et avirulent (McGee & Petrie, 1978), agressif 

et non agressif (Hammond & Lewis, 1987), Tox+ et Tox0 (Balesdent et al., 1992) ou groupe 

A et groupe B (Johnson & Lewis, 1994) en fonction des méthodes utilisées pour les 

discriminer. Grâce à l'avènement des outils moléculaires et à la description plus précise de 

différences morphologiques, en particulier concernant les périthèces, ces deux groupes 

ont été reconnus comme étant deux espèces différentes : L. maculans et L. biglobosa 

(Shoemaker & Brun, 2001). Sur colza, ces deux espèces ont le même cycle de vie, se 

développent sur les mêmes hôtes et peuvent être retrouvées simultanément sur la même 

plante. Elles sont toutes les deux capables de provoquer des lésions nécrotiques et de 

coloniser les tissus des plantes hôtes mais leurs impacts sur les cultures ne sont pas 

similaires : seule L. maculans est susceptible de provoquer la verse parasitaire et donc 

d’être dommageable pour les cultures (Williams & Fitt, 1999; West et al., 2002; Rouxel et 

al., 2004), L. biglobosa, quant à elle, va causer des lésions de la tige ne conduisant qu'à 

des dégâts mineurs à la culture. Chez L. maculans, de nombreuses interactions 

spécifiques (interaction gène-pour-gène) ont été montrées avec ses différents hôtes alors 

que pour le moment aucune interaction de ce type n'a été décrite chez L. biglobosa 
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(Vincenot et al., 2008).

Des relations phylogénétiques entre les membres du complexe d'espèces ont été 

établies sur la base d'analyses de plusieurs séquences nucléiques (ITS, actine, β-

tubuline), révélant un niveau de complexité inattendu en comparaison à la simple 

séparation en deux espèces (Mendes-Pereira et al., 2003 ; Voigt et al., 2005 ; Vincenot et 

al., 2008). En effet, ces résultats montrent que L. maculans est une espèce très 

monomorphe avec uniquement une séparation en deux sous-clades dont un, L. maculans 

'lepidii', est très rare et représenté seulement par quelques individus isolés sur Lepidium 

sp., une crucifère adventice. L. biglobosa, quant à elle, est une espèce très polymorphe 

avec une séparation en six sous-clades correspondant à des spécificités d'hôtes ou à 

différentes origines géographiques : L. biglobosa 'brassicae' présent sur plusieurs espèces 

de Brassica en Eurasie et aux Etats-Unis, L. biglobosa 'canadensis' retrouvé 

principalement sur les cultures de colza en Amérique et en Australie, L. biglobosa 

'occiaustralensis' présent sur colza et chou en Australie et au Mexique, L. biglobosa 

'australensis' présent sur colza en Australie, L. biglobosa 'thlaspii' isolé sur Thlaspi 

arvense au Canada et le très rare L. biglobosa 'erysimii' isolé sur Erysimum spp. au 

Canada (Figure 7) (Mendes-Pereira et al., 2003 ; Voigt et al., 2005 ; Vincenot et al., 2008 ; 

Van de Wouw et al., 2009 ; Dilmaghani et al., 2009, 2012).
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Figure 7. Phylogénie du complexe d'espèces Leptosphaeria maculans-Leptosphaeria biglobosa et 
d'espèces Leptosphaeria proches. Arbre de distance réalisé à partir des séquences ITS1-5.8S et ITS2 du 
rDNA (Mendes-Pereira et al., 2003). Un sous-clade supplémentaire de L. biglobosa, L. biglobosa 
'occiaustralensis' proche de L. biglobosa 'canadensis' a été identifié par Vincenot et al. (2008).
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4.4 Le pouvoir pathogène de L. maculans.
Chez L. maculans, très peu de gènes ont été décrits comme impliqués dans le pouvoir 

pathogène. Pour identifier ces gènes, une première approche consistait à rechercher des 

candidats en se basant sur les homologies de séquences avec ce qui était déjà connus 

chez d'autres espèces et sur des données d'expression in planta lors de l'interaction. Des 

gènes codant pour des ABC transporteurs, des enzymes de dégradation de la paroi 

cellulaire et des enzymes de détoxication ont été identifiés par cette approche mais 

aucune validation fonctionnelle de leur rôle dans la pathogenèse n'a été réalisée (Sexton 

et al., 2000 ; Sexton & Howlett, 2000). Avec le développement des méthodes de 

transformation génétique et d'extinction des gènes chez L. maculans, certains gènes 

candidats ont pu être éteints mais aucun défaut dans le pouvoir pathogène n'a été 

observé chez ces transformants (Wilson et al., 2002 ; Idnurm et al., 2003a, 2003b). 

D'autres gènes candidats ont permis l'identification de clusters de gènes codant des 

métabolites secondaires, et notamment celui de la sirodesmine PL. La sirodesmine PL est 

une phytotoxine produite par L. maculans mais pas L. biglobosa. Elle appartient à une 

classe de métabolites secondaires, les epipolythiodioxopiperazine (ETP), produits par des 

champignons parmi lesquels on retrouve des agents pathogènes de plantes et d'animaux 

(Gardiner et al., 2004). Cette toxine possède des propriétés antivirales et antibactériennes 

et est essentielle pour le pouvoir pathogène de L. maculans sur les tiges de B. napus 

(Elliott et al., 2007). Une autre phytotoxine, la phomalide, a été identifiée mais sa 

production ne semble pas essentielle au pouvoir pathogène de L. maculans (Elliott et al., 

2013).

Une autre stratégie très intéressante pour identifier de nouveaux déterminants du 

pouvoir pathogène chez L. maculans a été la production d'une large collection de mutants 

par ATMT (Agrobacterium tumefaciens-mediated transformation) associée à du 

génotypage et du phénotypage. Les mutants ainsi générés montrant une défaillance dans 

leur pouvoir pathogène ont permis d'identifier des gènes, dont certains sont impliqués 

dans le métabolisme primaire du champignon (Idnurm & Howlett, 2002 ; Elliott & Howlett, 

2006 ; Rémy et al., 2008a, 2008b ; Van de Wouw et al., 2009).

Une autre approche, le clonage positionnel, a permis l'identification et la 

caractérisation de quatre gènes d'avirulence, AvrLm1, AvrLm4-7, AvrLm6 et AvrLm11, 

codant des PPS dont les fonctions moléculaires n'ont pas encore été définies (Gout et al., 

2006 ; Fudal et al., 2007 ; Parlange et al., 2009 ; Balesdent et al., 2013). Ces gènes ont 

tous la particularité d'être localisés dans des compartiments génomiques riches en bases 
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AT, composées principalement d'ET. Cette localisation, alors inédite, ainsi que l'importance 

du rôle du produit de ces gènes lors de la mise en place de la pathogenèse sont les bases 

qui ont mené au séquençage du génome de L. maculans.
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5. Projet de thèse.

Aujourd'hui, avec les nouvelles générations de technologies de séquençage et 

d'assemblage, obtenir la séquence d'un génome est devenu possible rapidement et à 

moindre coût, ce qui permet le séquençage en masse de plusieurs dizaines de génomes 

simultanément. Toutefois, si l'on retourne un peu moins de 10 ans en arrière, produire le 

génome d'un organisme demandait beaucoup plus d'investissement en temps et en 

argent, et le choix de l'organisme à séquencer était très important et conduisait à des 

débats souvent passionnés au sein des instituts tels que l’INRA ou de la communauté 

scientifique internationale. Ainsi, si le séquençage systématique des virus puis des 

bactéries phytopathogènes a rapidement été établi de façon routinière, celui des 

champignons phytopathogènes a été lent à s’initier malgré les problèmes importants qu'ils 

causent en agriculture (et en particulier en grandes cultures). 

Ainsi, à l’initiative des équipes concernées et grâce à la mise en place du centre national 

de séquençage français, le Genoscope, deux modèles étudiés au sein de l'INRA ont été 

initialement mis en avant : Botrytis cinerea et Leptosphaeria maculans. Si B. cinerea 

résultait en partie d’un choix culturel en tant qu’agent pathogène de la vigne, le choix de 

L. maculans, fortement soutenu par une vaste communauté internationale et nationale, 

tant scientifique qu’appliquée, était plus lié à son importance agronomique et à ses 

capacités adaptatives conduisant à de rapides cycles de boom-and-bust. L. maculans 

étant un agent pathogène responsable de pertes massives de rendement dans les 

cultures de colza, on espérait tout d’abord du séquençage de son génome une 

identification plus aisée des gènes dont les produits jouent un rôle direct dans les 

interactions avec son hôte. En effet, la protection des cultures de colza face à L. maculans 

repose principalement sur l’utilisation de gènes de résistance spécifiques ciblant des 

gènes d’avirulence. La séquence du génome et la mise en place d'outils d’annotation 

dédiés devaient ainsi permettre l’identification de tous les gènes d’avirulence 

correspondant aux nouvelles résistances. Ce postulat initial a d’ailleurs été validé au cours 

de ma thèse par l’équipe d’accueil et le clonage positionnel de gènes d’avirulence 

fortement facilité par mes travaux. D'un point de vue biologique, l'intérêt était tout aussi 

important. L. maculans est un parfait représentant des stratégies d'infection mises en 

place par les Dothidéomycètes et a montré au cours du temps de grandes capacités 
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d'adaptation, notamment grâce à certaines caractéristiques comme par exemple son cycle 

de vie très complexe alternant différents types de nutrition et de reproduction. De plus, les 

premières données génomiques (séquençage de clones BACs comprenant trois gènes 

d’avirulence cibles) montraient deux aspects très importants et potentiellement spécifiques 

de L. maculans : (i) tous les gènes d'avirulence caractérisés étaient localisés dans de 

grandes régions riches en bases AT et composés d'ET, (ii) ces régions riches en AT 

préfiguraient une structure génomique particulière, qui, si elle se généralisait à l'ensemble 

du génome, aurait été totalement inédite chez un micro-organisme eucaryote. 

Mes travaux de thèse s'inscrivent dans un contexte d'essor du séquençage des génomes 

fongiques amorcé quelques années auparavant avec les publications des premiers 

génomes de champignons filamenteux (Neurospora crassa, Aspergillus nidulans) et 

phytopathogènes (Magnaporthe oryzae, Phaeosphaeria nodorum). Mes travaux de Master 

2 puis ceux de thèse ont eu lieu à une période charnière du séquençage des 

champignons filamenteux, au moment où les premiers génomes étaient obtenus, mais 

très peu encore publiés, et où de nombreux outils étaient en cours d’élaboration pour 

l’assemblage, l’annotation et l’exploitation des données génomiques. Grâce à l’obtention 

du génome de référence de L. maculans, puis du séquençage de plusieurs espèces 

proches formant une série évolutive, l'objectif de ma thèse était de mettre en avant, à 

l'aide d'une approche de génomique puis de génomique comparative, les relations entre 

l'évolution de la structure et du fonctionnement du génome des membres du complexe 

d'espèces L. maculans-L. biglobosa, et leur pouvoir pathogène ou leur adaptabilité à 

l’hôte. 

Suite à l’introduction présentant les champignons et le développement des approches 

génomique sur ces organismes, puis les ET et leurs rôles dans l’évolution des génomes 

puis enfin le modèle d’étude sur lequel je travaille, mon manuscrit est composé de trois 

parties : (i) les résultats obtenus au cours de ma thèse qui sont présentés dans les deux 

premiers chapitres, (ii) une discussion générale et perspectives, (iii) des annexes 

comportant les articles sur des sujets liés mais extérieurs à mon projet de thèse auxquels 

j'ai participé, ainsi qu'un bilan d'activité listant les différentes présentations effectuées au 

cours de ma thèse.
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Le chapitre 1 présente le génome de Leptosphaeria maculans en se focalisant plus 

particulièrement sur sa structure et l’impact potentiel de celle-ci sur la diversification et 

l'évolution de protéines jouant un rôle essentiel lors de l'interaction agent pathogène-

plante, les effecteurs. Ce chapitre est composé de l'article « Effector diversification within 

compartments of the Leptosphaeria maculans genome affected by Repeat-Induced Point 

mutations » publié le 15 février 2011 dans le journal en ligne Nature Communications.

Le chapitre 2 présente tout d’abord une étude de génomique comparative et évolutive au 

sein du complexe d’espèces L. maculans-L. biglobosa en se focalisant sur les relations 

entre les différents niveaux d'adaptation au colza de chacun de ses membres et l’invasion 

des génomes par des éléments transposables. Cette partie est composé de l’article 

«Transposable  Element-assisted  evolution  and  adaptation  within  the  Leptosphaeria 

maculans-Leptosphaeria biglobosa species complex of fungal plant pathogens» en cours 

de finalisation pour publication dans la revue scientifique Genome Research. La seconde 

partie de ce chapitre présente une analyse comparative des génomes de quatre isolats 

diversifiés de L. maculans ‘brassicae’, dont le but est d’évaluer les divergences génétiques 

et leurs conséquences sur les gènes impliqués dans la pathogenèse en se focalisant sur 

le répertoire d’effecteurs de chaque génome.

La discussion-conclusion est organisée sous la forme d’une publication de synthèse 

illustrant l'incidence que peuvent avoir les ET sur l'évolution du génome d'un champignon 

phytopathogène. Cette synthèse fait l'objet d'un article intitulé « Incidence des Éléments 

Transposables sur l’évolution des génomes des champignons phytopathogènes et leur 

potentiel adaptatif » soumis dans la revue scientifique française Biologie Aujourd'hui. Ce 

chapitre comporte aussi les perspectives découlant des différents résultats et données 

accumulés lors de mes recherches, ainsi que mon projet post-doctoral.
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CHAPITRE 1

Le génome de 
Leptosphaeria maculans 

‘brassicae’
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Ce chapitre est composé de l'article « Effector diversification within compartments of the 

Leptosphaeria maculans genome affected by Repeat-Induced Point mutations » publié le 

15 février 2011 dans la revue scientifique en ligne  Nature Communications.  Cet article 

décrit le génome de L. maculans en se focalisant plus particulièrement sur sa structure et 

l’impact potentiel de celle-ci sur la diversification et l'évolution de protéines jouant un rôle 

essentiel lors de l'interaction agent pathogène-plante, les effecteurs.

Chez L. maculans, la caractérisation de gènes codant des effecteurs correspondant 

à  trois  gènes  d'avirulence  AvrLm1,  AvrLm6 et  AvrLm4-7 avait  mis  en  évidence  une 

localisation  inédite  de  ces  derniers  dans  de  grandes  régions  riches  en  bases  AT.  La 

première analyse de génomique utilisant le génome complet de  L. maculans consistait 

donc en l’identification de l'ensemble des régions riches en AT puis visait à prédire dans 

ces régions des gènes codant des protéines aux caractéristiques proches des effecteurs 

connus, c'est à dire des protéines de petite taille potentiellement sécrétées (PPS). Cette 

analyse a permis de généraliser la présence de ces régions riches en AT dans l'ensemble 

du génome, faisant ainsi  de  L. maculans le premier micro-organisme à avoir une telle 

structure de génome. C'est aussi le premier champignon Ascomycète dont le répertoire 

des effecteurs potentiels a été publié. D'ailleurs, la structure du génome et ce répertoire 

sont très liés puisque nous montrons que les régions riches en AT sont enrichies en gènes 

codant des PPS.

Si le génome de  L. maculans a cette structure particulière, c'est parce qu'il a été 

envahi par des ET qui sont les principaux composants des régions riches en AT. Au cours 

de l'évolution, les champignons Ascomycètes ont développé un mécanisme de défense, le 

RIP  (Repeat-Induced  Point  mutations),  contre  ce  type  d'éléments  répétés  considérés 

comme parasites par la cellule.  Chez  L. maculans,  nous montrons que les séquences 

codantes identifiées au sein des régions riches en AT, donc riches en ET, présentent aussi 

des signatures de RIP. Ce qui signifie que dans le génome de L. maculans, les ET sont 

une source, à travers le mécanisme du RIP, de diversification pour les gènes proches de 

ces  éléments.  Le  fait  de  garder  des  gènes codant  des  protéines  importantes  pour  le 

pouvoir  pathogène  dans  des  régions  hautement  dynamiques  (au  niveau  mutationel) 

pourrait permettre à L. maculans de s'adapter plus rapidement aux différentes pressions 

de sélection exercées contre lui.
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Pour cet article, dont je suis co-premier auteur, j’ai contribué à (i) l’identification des 

régions riches en AT dans l’ensemble du génome, (ii) à la prédiction de gènes codant des 

effecteurs dans ces régions, (iii)  à l’analyse de ces gènes (indices de RIP, usage des 

codons) et de leur produit (composition, annotation fonctionnelle, recherche de motifs de 

translocation),  (iv)  à  l’identification  des  gènes  codant  des  effecteurs  dans  les  autres 

régions du génome et à ainsi établir le répertoire complet des effecteurs de la souche 

v23.1.3  L. maculans  ‘brassicae’, (v)  à l’annotation de l’ADN ribosomique, et (vi)  à une 

évaluation de la dynamique des ET et à la datation des événements de transposition.
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Abstract

Fungi are of primary ecological, biotechnological and economic importance. Many

fundamental biological processes shared by animals and fungi, are studied in fungi due to

their experimental tractability. Many fungi are pathogens or mutualists. They are model

systems to analyse effector genes and their mechanisms of diversification. Here we report

the genome sequence of the phytopathogenic ascomycete Leptosphaeria maculans and

characterize its repertoire of protein effectors. The L. maculans genome has an unusual

bipartite structure – alternating distinct GC-equilibrated and AT-rich blocks of homogenous

nucleotide composition. The AT-rich blocks comprise one third of the genome and contain

effector genes and families of transposable elements, both of which are affected by

Repeat Induced Point mutation (RIP), a fungal-specific genome defense mechanism. This

genomic environment for effectors promotes rapid sequence diversification and underpins

the evolutionary potential of the fungus to adapt rapidly to novel host-derived constraints. 
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Introduction

Fungi are the most important pathogens of cultivated plants, causing about 20% yield

losses worldwide. Such diseases are a major cause of malnutrition worldwide1. Their

phenotypic diversity and genotypic plasticity enables fungi to adapt to new host species

and farming systems and to overcome new resistance genes or chemical treatments

deployed in attempts to limit losses to crop yields2. Along with such genotypic plasticity,

natural or anthropogenic long-distance dispersal of fungi allows the emergence of novel,

better-adapted phytopathogens and more damaging diseases. These processes of

adaptation are exemplified by Leptosphaeria maculans ‘brassicae’ (Phyllum Ascomycota,

class Dothideomycetes), which causes stem canker (blackleg) of oilseed rape (Brassica

napus) and other crucifers. This fungus has been recorded on crucifers (mainly cabbages)

since 1791, but only began to cause important damages to broad acre Brassica species

and spread around the world in the last four decades3. Other phytopathogens often rapidly

cause lesions on plants to ensure asexual reproduction. In contrast, L. maculans shows an

unusually complex parasitic cycle with alternating saprotrophy associated with sexual

reproduction on stem debris, necrotrophy and asexual sporulation on leaf lesions,

endophytic and symptomless systemic growth, and a final necrotrophic stage at the stem

base3. 

Some features of filamentous fungal genomes are remarkably constant; for instance

size (20-60 Mb typically about 34 Mb), gene number (10,000 to 13,000), gene content,

intron size and number, and the low content of repeated sequences4. Comparative

genomic approaches have shown that most of candidate “pathogenicity genes” (e.g. those

encoding hydrolytic enzymes that can degrade plant cell walls, or involved in formation of

infection structures) analyzed in the last decade in a gene-by-gene approach are shared

by saprobes and pathogens4. These genes were probably recruited as pathogenicity

factors when phytopathogens evolved from saprobes, but they do not account for host

range or host specificity of phytopathogens. Such roles are played by ‘effector’ proteins,

which modulate host innate immunity, enable parasitic infection, and are generally genus,

species, or even isolate-specific5,6. Such effector genes include those with primary function

as avirulence genes or encoding toxins or suppressors of plant defense. While bacteria

produce few effectors (typically less than 30), which mostly appear to suppress plant

innate immunity7, hundreds of candidate effectors have been identified in oomycetes8-10. In

fungi, in contrast, such a catalogue of effectors has only been established to-date in the

hemibasidiomycete pathogen of maize, Ustilago maydis, in which many of the effector
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genes are organized as gene clusters11.

In L. maculans, the only characterized effectors include a toxic secondary

metabolite, sirodesmin PL12 and the products of three avirulence genes, AvrLm1, AvrLm6

and AvrLm4-7, of which at least one, AvrLm4-7, is implicated in fungal fitness13-15. These

three avirulence genes show typical features of effector genes, i.e., they are predominantly

expressed early in infection, encode small proteins predicted to be secreted (SSPs) into

the plant apoplast and have no or few matches in databases. Intriguingly, all three are

located within large AT-rich, heterochromatin-like regions that are mostly devoid of other

coding sequences13,15. 

In this paper we describe the genome of L. maculans. We speculate how the

genome, characterized by a distinct division into GC-equilibrated and AT-rich blocks of

homogenous nucleotide composition, has been reshaped following massive invasion by

and subsequent degeneration of transposable elements (TEs). We also predict the

repertoire of pathogenicity effectors for the first time in an ascomycete genome and we

propose how the unusual genome structure may have led to the diversification and

evolution of effectors.
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Figure 1. Phylogenetic relationships between Dothideomycetes including an example of
microsynteny between Leptosphaeria maculans and related species. (a) An example of microsynteny
between Leptosphaeria maculans and closely related Dothideomycetes, Phaeosphaeria nodorum,
Cochliobolus heterostrophus and Pyrenophora tritici-repentis, showing the integration of an AT-rich genomic
region (grey boxes) between two orthologous genes encoding for fungal transcription factors (red and green
arrows) of the three other species, along with generation of one novel Small Secreted Protein-encoding gene
(blue arrow) in L. maculans only. Grey arrow, P. nodorum predicted gene. The ID of each gene in the
corresponding genome sequence is indicated. The intergenic distance (expressed in kb) is shown. (b) A
phylogenetic tree and estimated time divergences of major lineages in Ascomycota with a selection of plant
pathogenic lineages in Dothideomycetes. The phylogenetic analysis was done using RaxML44 and the
chronogram, calibrated using recent data from the literature and fossil dates, produced using r8s45. Classes
outside of the Dothideomycetes were collapsed in TreeDyn except for Sordariomycetes where the order
Hypocreales represented an important calibration point. The blue vertical lines correlate with divergence
times when the root of the tree was fixed at 500 MYA while the green lines of the tree represent a fixed root
of 650 MYA. The range of dates for the emergence of Dothideomycetes and Pleosporineae are highlighted
with stippled lines. Thickened branches on the tree represents nodes that had more than 70% bootstrap
values in a RAxML run. Species with genome data are marked with a DNA logo.
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Results

General features of the Leptosphaeria maculans genome

The haploid genome of strain v23.1.3 of L. maculans ‘brassicae’ was sequenced using a

whole-genome shotgun strategy. This fungus is closely related to Phaeosphaeria

(Stagonospora) nodorum, Pyrenophora tritici-repentis and Cochliobolus heterostrophus, as

seen in the phylogeny based on sequence analysis of a range of genes (Supplementary

Table S1; Figure 1a). The genome assembly had a total size of 45.12 Mb, scaffolded into

76 SuperContigs (SCs) (30 large SCs > 143 kb) (Tables 1, 2; Supplementary Table S2).

The correspondence of SCs to chromosomes was inferred by a combination of

approaches (Figure 2; Supplementary Figures S1, S2). Conglomerated data are consistent

with the presence of 17 or 18 chromosomes, ten of which correspond to single SCs

(Supplementary Figure S1; Supplementary Table S2).

Table 1. Assembly statistics for the L. maculans genome.

Gene models were identified using the EuGene prediction pipeline (Supplementary

Tables S3, S4), and the resultant total of 12,469 genes is consistent with that in other

Dothideomycetes (Table 2). Expression of 84.4% of predicted genes was detected using

NimbleGen custom-oligoarrays in free-living mycelium or during early stages of oilseed

rape infection (Table 3). About 10% of the genes were significantly over-expressed during

infection (Table 3). Taking into account EST, transcriptomic, and proteomic support, 84.8%

of the gene models were biologically validated (Table 3). The genes are shorter than those

in the other Dothideomycetes whose genomes have been sequenced (Table 2). Intergenic

distances are shorter than those of P. nodorum, the closest relative to have been

sequenced, and bi-directional promoters are common (Supplementary Table S5).
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SuperContigs Contigs

Number 76 1743

Size (Mb) 45,12 43,76

N50 (kb) 1770 61

Min / Max size (kb) 0.49 / 4258.57 0.22 / 395.37

Mean size (kb) 594 26

Median size (kb) 29 11



Figure 2. Main features of the Leptosphaeria maculans genome as exemplified by SuperContig_1
(3.38 Mb), which corresponds to a complete chromosome. (a) Transposable elements (TE) distribution
and gene density along the SC. TE density is drawn in green and gene density is in blue. (b) location of
SSPs (small-secreted protein encoding genes). Blue arrowheads, SSP in AT-blocks, corresponding to TE-
rich regions in a; red arrowheads, SSP in GC-blocks, corresponding to gene-rich genome regions in a. (c)
GC content along the SC showing alternating GC-equilibrated and AT-rich regions, with location of a
polyketide synthase-encoding gene, PKS4. (d) genetic (upper part, expressed in centiMorgan-cM) to
physical (expressed in kb) distance relationship as a function of the isochore-like structure. Lower part:
physical location of genetic markers. Upper part of the panel: genetic map using MapMaker/Exp 3.0 with
parameter set at LOD value > 3.0 and minimum distance = 20 cM. Only markers drawn from the sequence
data are represented.
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Automated finding and annotation of repeated elements in the genome using the

REPET pipe-line showed they comprise one third of the genome compared to 7% in P.

nodorum (Table 2). Although most of the repeat elements are truncated and occur as

mosaics of multiple families, their origin as TEs is clear. Class I elements (see 16 and Table

4  for classification of TEs), dominate with nine families comprising 80% of the repeated

elements (Table 4). Of these, just four families comprise 11.37 Mb, which is 25% of the

genome assembly. Very few, if any, of the TEs are transcribed, as shown by EST

inspection and transcriptomic analysis. TEs are clustered in blocks distributed across SCs

and the number of TE copies per SC correlates with size of the SC (R2 = 0.86)

(Supplementary Figure S3a). 

Table 2. Features of genomes of L. maculans and other closely related Dothideomycetes.

a References for the genomes as follows: L. maculans54, P. nodorum55, P. tritici-repentis56,
C. heterostrophus57, A. brassicicola58, M. graminicola59. Unpublished reannotation of P. nodorum genome
was provided by J. Hane and R. Oliver 
b Not applicable since the M. graminicola genome is finished i.e., each SC corresponds to a chromosome
c 'Core' genome excluding the repeated elements, but including the gaps in the genome sequence
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17-18 19 11 15-16 9-11 21

45,1 36,6 37,8 34,9 30,3 39,7

1743 496 703 400 4039 21

76 107 47 89 838 21

1,8 1,1 1,9 1,3 2,4

Gaps (%) 2,5 0,4 1,7 1,1 5,4 0,01

12469 10762 12141 9633 10688 10952

1323 1326 1618 1836 1523 1600

GC content (%) 44,1 50,3 50,4 52-54 50,5 55

34,2 7,1 16 7 9 18

29,7 34,5 31,7 32,5 27,6 32,6

4,2 3,1 3,8 3 3,9 3,4

  L. maculans a 
P. (Stagonospora)

nodorum a P. tritici-repentis a C. heterostrophus a A. brassicicola a M.
graminicola a

No. of chromosomes

Genome size (Mb)

No. of contigs

No. of SuperContigs (SCs)

SC N50 (Mb) n/a b

No. of predicted genes

Average gene length (bp)

Repeat content (%)

'Core' genome size (Mb) c

Gene density/core genome 
(no. of gene per 10 kb)



The Transposable Elements are RIP-affected

Alignment and comparison of repeat families also showed a pattern of nucleotide

substitution consisting mainly of C-to-T and G-to-A changes, suggesting the presence of

Repeat-Induced Point mutation (RIP). RIP is a premeiotic repeat-inactivation mechanism

specific to fungi and has been previously experimentally identified in L. maculans17. The L.

maculans genome possesses orthologs of all the Neurospora crassa genes currently

postulated to be necessary for RIP18 (Supplementary Table S6). Analysis using RIPCAL, a

quantitative alignment-based method19, indicated that C bases within CpA dinucleotides

were mutated to T more frequently than the sum of CpC, CpG and CpT dinucleotides

confirming the action of RIP on all of the TEs (Supplementary Figures S4, S5). 

The compartmentalized genome of Leptosphaeria maculans 

The L. maculans genome is larger and has a lower overall GC content (44.1% GC) than

those of the related Dothideomycetes P. nodorum, Alternaria brassicicola, C.

heterostrophus, P. tritici-repentis or the more divergent species Mycosphaerella

graminicola (Table 2). As previously reported for a broader range of fungi20, the larger size

is consistent with the genome having been extensively invaded by TEs. The GC content of

ESTs and other known coding sequences is 50.5% and the low genome GC content is due

to the compartmentalized structure of the genome into GC-equilibrated regions (51.0% GC

content, sizes between 1 to 500 kb, average 70.4 kb) (henceforth denoted as GC-blocks)

alternating with AT-rich regions (henceforth denoted as AT-blocks) (averaging 33.9% GC

content; with sizes between 1 and 320 kb, average of 38.6 kb). Whole-genome analysis

identified 413 AT-blocks and 399 GC-blocks (Supplementary Table S7). The AT-blocks

cover 36% of the genome and are distributed within the large SCs, comprising between

23.1 and 49.2% (Figure 2c, Supplementary Figures S2b, S3b, S6; Table S7). SC22,

corresponding to a minichromosome21 contains nine AT-blocks amounting to 92.5% of the

SC (Supplementary Table S7). 

As well as differences in GC content, the two types of genomic regions are

dissimilar in terms of recombination frequency and gene content. The number of

crossovers (CO) along a chromosome ranges between 1.16 to 3.31, depending on size of

the chromosome, with one CO every 820 kb on average. The recombination frequency is

significantly higher between marker pairs located within GC-blocks than those located on

each side of one AT-block (F Fisher = 5.873, P=0.019) (Figure 2d, Supplementary Figure
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S7). 

GC-blocks contain 95% of the predicted genes of the genome, at a higher density

(4.2 per 10 kb) than in other Dothideomycetes (Table 2) and are mostly devoid of TEs. In

contrast, AT-blocks are gene-poor, comprising only 5.0% of the predicted coding

sequences, and mainly contain mosaics of TEs mutated by RIP, thus resulting in a low GC

content of TEs. There are three categories of AT-blocks: telomeres, which include a

Penelope retroelement22 (Supplementary Figure S8); large AT-blocks (216 sized 13-325

kb); and mid-sized AT-blocks (197 sized 1-13 kb) (Supplementary Figure S9), mostly

corresponding to single integrations of only two families of DNA-transposons

(Supplementary Table S8). 

In almost half of the cases where pairs of orthologs are on the same SC, the genes

flanking AT-blocks in L. maculans have orthologs in P. nodorum that are either two

consecutive genes or genes separated by only a few others (Figure 1b). A similar pattern

was observed for C. heterostrophus and P. tritici-repentis, suggesting the TEs invaded the

genome after the separation of Leptosphaeria from other species of suborder

Pleosporineae 50-57 million years ago (MYA) (Figure 1a). 

The ribosomal DNA repeat is extensively affected by RIP

In eukaryotes, the ribosomal DNA (rDNA) comprises a multigene family organized as large

arrays of tandem repeats. The core unit is a single transcription unit that includes the 18S

or Small Subunit (SSU), 5.8S, and 28S or Large Subunit (LSU) separated by internal

transcribed spacers (ITS1 and ITS2). Each transcription unit is separated by the Intergenic

Spacer (IGS) (Figure 3a). Although essential duplicated regions would be expected to be

protected from RIP mutations, the rDNA repeats in L. maculans are in part affected by RIP

(Figure 3b, 3c, Supplementary Figure S10). The number of rDNA repeats ranges between

56 and 225 in different L. maculans isolates23. The assembly of strain v23.1.3 has > 150

repeats, only two of which are highly similar (99.6% identity) and are not affected by RIP.

Fifty complete rDNA units and 107 incomplete units are present, and most of them are on

extreme ends of SC2 and SC19, which are not complete chromosomes. Many of these

repeats are severely affected by RIP (Figure 3, Supplementary Figure S10). Selker24 has

suggested that rDNA repeats in the nucleolus organizer region are protected from RIP. Our

data indicate that this is not the case in L. maculans, at least for a part of the array of

tandem repeats. 
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AT-blocks as niches for effectors 

As described above, AT-blocks have few genes. Furthermore, 76% of these genes are

located close to the borders with GC-blocks; only 24% (148 genes) are located within AT-

blocks (Table 3). Protein comparisons and Gene Ontology (GO) analysis indicate that AT-

blocks are enriched in genes likely to have a role in pathogenicity (Supplementary Figure

S11). These include orphan genes such as those encoding SSPs, genes involved in

response to chemical or biotic stimuli (Supplementary Figure S11), as well as non-

ribosomal peptide synthetases and polyketide synthases, which encode enzymes involved

in biosynthesis of secondary metabolites (Supplementary Tables S9, S10; Supplementary

Figure S12).

Table 3. Comparative features of SSP-encoding genes occuring in diverse genome environments.

a “Borders” refer to 859 ± 385 bp transition regions between AT-rich and GC-equilibrated genomic regions.
b BLAST to nr cutoff = 1.e-10

c Percentage of genes showing a TpA/ApT Repeat Induced Point mutation (RIP) index above 1.5. This cutoff
corresponds to that observed in the majority of RIP-inactivated AvrLm6 alleles39

d Genes with more than 1.5 fold change in transcript level and an associated P-value lower than 0.05 were
considered as significantly differentially expressed during infection (7 or 14 dpi) compared to growth in vitro;
expressed as a percent of genes with transcriptomic support. Similar genes may be overexpressed at 7 and
14 dpi.
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No. 12469 529 (4.2%) 407 (3.3%) 91 (0.7%) 65 (0.5%) 57 (0.5%)

71,3 48,4 60,2 34,1 15,4 8,8

GC content (%) 54,1 54,6 52,9 48,9 51,1 48,2

TpA/ApT 1,04 1,2 1,12 1,49 1,19 1,44

6,9 16,4 11,5 36,3 20 38,6

EST, transcriptomic or proteomic support (%) 84,8 77,1 73,7 54,9 56,9 60

10524 396 298 47 35 33

9,9 19,1 11,1 36,2 13,9 72,7

11 15,4 11,8 8,5 22,2 24,2

Average protein size (amino acid) 418,4 167,7 396,1 192,4 111,6 98,6

% Cysteines in the predicted protein 1,7 2,9 1,9 2,1 3,8 4,5

 
All 

predicted
genes 

SSPs in 
GC-equilibrated

regions

Non-SSPs
in borders a

Non-SSPs 
within AT-rich

regions 

SSPs in
borders a

SSPs within
AT-rich
regions

BLAST hits (%) b

TpA/ApT > 1.5 (%) c 

No. of genes present on the NimbleGen array,
and with transcriptomic support

Genes over-expressed in planta 7dpi d (%)

Genes over-expressed in planta 14 dpi d (%)



One hundred and twenty-two (ca. 20%) of the genes located in AT-blocks encode

putative SSPs (Table 3). Only 4.2% of the genes in the GC-blocks encode SSPs (529

genes), and these lack many features of known effectors of L. maculans (Table 3). In

contrast, the SSPs encoded in AT-blocks have features indicative of effectors such as low

EST support in in vitro grown cultures, low abundance in in vitro secretome samples,

increased expression upon plant infection, lack of recognizable domains or homologs in

other fungi, and high cysteine content (Table 3). Three TEs, the retrotransposon,

RLx_Ayoly, and Two DNA transposons, DTF_Elwe and DTx_Gimli are significantly over-

represented in the immediate vicinity of SSPs (Supplementary Figure S13). Although

SSPs are never embedded within a single TE, four SSPs are inserted between two

tandemly repeated copies of the DNA transposon DTM_Sahana. 

As well as the avirulence genes, two SSPs, LmCys1 and LmCys2, have been

functionally analysed. LmCys1 contributes to fungal growth in planta, whilst LmCys2

contributes to suppression of plant defence responses, reflecting their roles as effectors (I.

Fudal, unpublished data). Expression of 70.2% of the SSP-encoding genes was detected

(Table 3). Of these, 72.7% of the SSP-encoding genes located within AT blocks (compared

to 19.1 to 22.2%  in GC-blocks) were over-expressed at early stages of infection of

cotyledons compared to in vitro mycelium growth (Table 3; Supplementary Figure S14).

Accordingly these are postulated to be effectors. In addition, 45% of the predicted SSPs in

AT-blocks show a presence/absence polymorphism in field populations, as is the case for

avirulence genes in L. maculans and other fungi25. The SSPs in GC-blocks include 110

(20.8%) with best BLAST hits to hypothetical proteins from P. nodorum. In contrast, very

few SSPs in AT-blocks have identifiable orthologs; only two (1.8%) had a best match to a

predicted protein of P. nodorum. In addition to their lack of orthologs, SSPs in AT-blocks

also lack paralogs; only seven genes belong to gene families comprising one to four

paralogs. Biases in codon usage occur: in GC-blocks, the preferred codon for each of the

20 amino acids ends with a C or a G and the preferred stop codon is TGA, whilst in SSP

genes located in AT-blocks, the preferred codon ends with an A or T for 13 amino acids

and the preferred stop codon is TAA (Supplementary Table S11). This, however only has a

limited impact on amino acid favoured usage by SSPs (Supplementary Table S12).
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Table 4. Main families and characteristics of transposable elements and other repeats in the L.
maculans genome.

a Classification of TEs according to Wicker et al.16: the three-letter code refers to class (R, retrotransposon;
D, DNA transposon), order (L, Long Terminal Repeat –LTR-; T, Terminal Inverted Repeat –TIR-; P, Pelelope
Like Element –PLE) and superfamily (G, Gypsy; C, Copia; P, Penelope; F, Fot1-Pogo; T, Tc1-Mariner; M,
Mutator, x, unknown superfamily) followed by the family (or subfamily) name italicized.
b Including a rDNA-specific LINE element 
c Including Telomere Associated Penelope-like retroelement RPP-Circe and RecQ telomere-linked Helicase 
d Excluding variable length short-tandem repeats flanking almost every rDNA repeat.
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Genome coverage Size (bp) SuperFamily

12.30 Mb (27.26%)

3.06 Mb 7246 250 1085 187 0.172 Ty3/Gypsy

2.97 Mb 6928 179 1014 164 0.162 Ty3/Gypsy

2.24 Mb 11875 235 594 46 0.077 Ty3/Gypsy

3.10 Mb 6981 281 1020 83 0.081 Ty1/Copia

0.30 Mb 6620 228 85 30 0.353 Ty3/Gypsy

0.16 Mb 5306 177 97 14 0.144 Ty1/Copia

0.02 Mb 803 259 57 5 0.088 Unknown

0.40 Mb 10397 217 164 8 0.049 Unknown

0.05 Mb 7289 None 22 3 0.136 Ty3/Gypsy

Class II (DNA transposons)

TIR : 10 families 1.19 Mb (2.64%)

199.3 kb 2173 57 158 54 0.342 Fot1-Pogo

25.6 kb 3489 49 36 3 0.083 Mutator

5.3 kb 866 49 15 4 0.267 Unknown

11.5 kb 1793 37 73 2 0.027 Unknown

2.7 kb 529 29 7 4 0.571 Tc1-Mariner

10.8 kb 523 29 31 11 0.355 Tc1-Mariner

7.4 kb 806 29 15 4 0.267 Tc1-Mariner

782.8 kb 5992 none 873 49 0.056 Mutator

112.9 kb 606 none 279 51 0.183 Unknown

33.4 kb 3582 37 48 1 0.021 Mutator

159.9 kb (0.35%)

767 kb (1.70%) > 100 50

935.0 kb (2.07%)

  LTR/TIR size
(bp)

Number of
copies

Number of
complete

copies

Complete/
incomplete 

copies

Class I (retrotransposons) a

LTR  : 9 families.

RLG_Olly

RLG_Polly

RLG_Rolly

RLC_Pholy

RLG_Dolly

RLC_Zolly-1 & -2

RLx_Jolly

RLx_Ayoly

RLG_Brawly

DTF_Elwe

DTM_Lenwe

DTx_Olwe

DTx_Valwe

DTT_Finwe-1

DTT_ Finwe-2

DTT_ Finwe-3

DTM_Sahana

DTx_Gimli

DTM_Ingwe

Uncharacterized
repeats
(11 families)

rDNA repeats b 7800 d

Telomeric
repeats c



Motifs resembling the RxLR translocation motifs of oomycetes were sought26 following the

validation that one such motif, RYWT, present in the N-terminal part of AvrLm6 allows

translocation into plant and animal cells26. Searches for <[RKH] X [LMIFYW] X> or <[RKH]

[LMIFYW] X [RKH]> showed that up to 60% of SSPs in AT-blocks and up to 73% of SSP in

GC-blocks have putative “RxLR-like” motifs, implicating these SSPs as candidate effectors

that enter plant cells. 

History of genome invasion by Transposable Elements

A range of 278-320 MYA is estimated for the origin of the Dothideomycetes with the crown

radiation of the class during the Permian (251-289 MYA) (Figure 1a). The origins of the

plant pathogenic Pleosporineae is determined at 97-112 MYA, placing it in the Cretaceous

at a time when flowering plants were beginning to become widespread and eudicots were

emerging, during the late Cretaceous and Paleocene. Leptosphaeria likely diverged from

the other species analysed between 50 and 57 MYA (Figure 1a). Phylogenetic analyses

suggest three main features of genome invasion by TEs: transposition bursts mostly after

separation of L. maculans from other species of suborder Pleosporineae as indicated by a

“recent” divergence of the TE families, estimated to 4-20 MYA (Figure 4a); a single or few

wave(s) of massive transposition(s) followed by a “rapid”  decay, with some cases like

DTM_Sahana where divergence between copies is extremely low; and no on-going waves

of genome invasion by TEs (Figure 4b). Like other organisms with a high density of TEs,

the L. maculans genome exhibits ‘nesting’, where repeats occur within previously inserted

TEs. In this fungus TEs are commonly invaded by other TEs generating a complex

‘nesting network’. Eighty-five% of these cases correspond to TEs invading one other TE

(primary nesting relationship). Most of the retrotransposon families investigated can invade

or be invaded to similar extents (Supplementary Table S8). They also can invade TEs from

the same family (self-nests) but usually at a very low frequency compared to invasion of

retrotransposons from other families. In contrast, the DNA transposons are more

commonly invaded (23.3% of the cases) than acting as invaders (3.5% of the cases;

Supplementary Table S8). In accordance with overlapping divergence time estimates

(Figures 1a, 4), these data indicate periods of overlapping transpositional activity for the

LTR-retrotransposons that form the major part of AT-blocks.  In such a scenario, the later

insertions would be preferentially tolerated in existing
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Figure 3. Repeat-induced Point mutation in ribosomal DNA of  Leptosphaeria maculans,  shown as
RIPCAL output. (a)  schematic representation of the rDNA unit  in  L. maculans  (ITS, internal transcribed
spacers; IGS, intergenic spacer); (b) a schematic multiple alignment of the 7.8 kb “complete” ribosomal DNA
(rDNA) units occurring in SuperContigs 2 and 19. Polymorphic nucleotides are coloured as a function of the
type of Repeat-induced Point (RIP) mutation observed with black, invariant nucleotide, red, CpA  TpA or
TpG  TpA mutations; dark blue, CpC  TpC or GpG  GpA mutations; pale blue, CpT  TpT or
ApG  ApA mutations; green, CpG  TpG or CpG  CpA mutations; (c) RIP mutation frequency plot
over  a  rolling  sequence  window,  corresponding  to  the  multiple  alignment  directly  above.  Nucleotide
polymorphisms (against the alignment consensus, which is also the highest GC-content sequence) mostly
correspond to CpA  TpA or TpG   TpA (red curve) and CpG   TpG or CpG   CpA (green
curve).
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decayed transposons. These TEs having undergone RIP in their turn, would initiate a

positive reinforcement loop that would create large AT-rich and gene-poor blocks of

homogeneous nucleotide composition.

Discussion

The peculiar genomic structure of the L. maculans genome is reminiscent of that

discovered in mammals and some other vertebrates: the base composition (GC-content)

varies widely along chromosomes, but locally, base composition is relatively homogenous.

Such structural features have been termed ‘isochores’27. In L. maculans, AT-blocks are

gene-poor, rich in TEs and deficient in recombination compared to GC-blocks, as in

mammals27. However, despite these similarities, these genomic landscapes appear to

result from different mechanisms. In mammals, the evolution of GC-rich isochores is most

likely driven by recombination: genomic regions sized between 100 kb to several Mb with

a high recombination rate tend to increase in GC content relative to the rest of the

genome. This pattern is not due to a mutational effect of recombination, but most probably

due to biased gene conversion28. In L. maculans, variations in base composition occur at a

much finer scale (the isochore-like blocks are about 10-20 times smaller than in

mammals), and it is unknown whether biased gene conversion contributes to increase the

GC content of GC-blocks. Conversely, L. maculans isochores can be attributed to the AT-

biased mutational pattern induced by RIP mutation of TEs and their flanking regions, thus

leading to the evolution of AT-rich isochores. 

Although the evolutionary forces we postulate shaped the L. maculans genome are

common to many species, no fungal genome characterized so far has a similar isochore-

like structure. This structure reflects extensive genome invasion by TEs that are

nonetheless tolerated by the pathogen, existence of an active RIP machinery

(Supplementary Table S6), so far restricted to the Pezizomycotina subphylum of the

Ascomycota and maintenance of sexual reproduction (necessary for RIP). Whereas many

species seem to have maintained an active RIP machinery, most of the sequenced fungal

genomes are poor in TEs, indicating that run-away genome expansion is normally

deleterious. Also, many fungal species have lost the ability to cross in nature (e.g., F.

oxysporum, Magnaporthe oryzae) and no case of large-scale sculpting of repeat-rich

regions is found in these species, only some ancient signatures of RIP are29.
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Figure 4. Dynamics of transposable elements in the Leptosphaeria maculans genome. A phylogenetic
analysis  was  used  to  retrace  the  evolutionary  history  of  each  transposable  element  (TE)  family  after
elimination of mutations due to Repeat-induced Point mutations. Terminal fork branch lengths were assumed
to correspond to an evolutionary distance used to estimate the age of the last transposition activity. The
divergence  values  were  converted  to  estimated  divergence  time  using  a  substitution  rate  of  1.05  10 -9

substitution  per  location  per  year52,53 (expressed  as  “million  years  ago”  MYA).  (a)  Box  plot  graph  of
divergence times. The red line represents the median value; the boxes include values between the first and
the third quartile of the distribution; squares and circles, 1st and 9th decile, respectively. (b) Kernel density of
divergence plots. A R script was written to plot a histogram of the terminal fork branch length with kernel
density estimate for each family.
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On the basis of the characteristics of avirulence genes in L. maculans, we have

described a comprehensive repertoire of putative effectors, which has not previously been

done for an Ascomycete. In L. maculans, AT-rich blocks are enriched in effector-like

sequences. Location of effector genes has been investigated in only some eukaryotic

genomes. A few of the effectors of M. oryzae are subtelomeric30, as are those in protozoan

parasites of animals, such as Plasmodium and Trypanosoma 31. Genomes of many

Fusarium species contain supernumerary “B”  chromosomes enriched in strain-specific

effectors and accounting for the host range of each “forma specialis”32,33. The genome of

the oomycete Phytophthora infestans has a plethora of effector candidates embedded in

repetitive DNA and diversification of these effectors is postulated to occur via segmental

duplication and variation in intra-specific copy number resulting in rapidly diverging

multigene families8. The association between one family of effectors and a LINE in

Blumeria graminis, the barley powdery mildew fungus, is proposed to provide a

mechanism for amplifying and diversifying effectors34. Diversification of effectors in the

species mentioned above is postulated to be associated with TE-driven gene duplication

and generation of multigene families. In the L. maculans genome, SSP-encoding genes

are associated with only a few TE families, which may indicate the ability of TEs to “pickup

and move” effectors. In contrast to the above examples, duplicated effector genes are not

present in L. maculans, a finding consistent with the steady inactivation of TEs by RIP and

with ancient transposition activity prior to underdoing RIP.

The origins of some effector genes might be at least partially ascribed to lateral

gene transfer (LGT), a specialty of species within the Pezizomycotina35-37. Regardless of

the origin of the effector genes, our data suggest that RIP is an important mechanism for

generating diversity for genes occurring within AT-blocks of the genome of L. maculans, in

a manner not previously documented in any other species. RIP has previously been

reported to be restricted to duplicated DNA but most SSPs or other genes in AT-blocks are

present in single copies. How, then, can RIP act on SSP-encoding genes? Studies in N.

crassa indicated that the RIP machinery can occasionally overrun the repeated region into

adjacent single-copy genes38. The embedding of SSPs within RIP-degenerated TEs would

then favour such RIP leakage (Supplementary Figure S4c) while selection pressure to

maintain functional effectors would prevent them from becoming extinct due to an

excessive degree of RIP. This would result in extensive mutation of the affected gene and

could account for the mutation rate required for diversifying selection. In contrast, effector

genes that became detrimental to pathogen fitness, such as avirulence genes subjected to
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resistance gene selection, would be lost rapidly as alleles that have undergone extensive

RIP are selected for39. Evidence for this scenario is provided by examination of RIP indices

and in alignment-based studies of alleles of SSPs39. The genes (including SSPs) within AT-

blocks had higher TpA/ApT indices than those in GC-blocks (Table 3; Supplementary

Figure S15) consistent with former genes having been RIP-affected. RIP indices for the

effectors located within AT-blocks thus would be a compromise between values leading to

complete degeneration of the sequence and values enabling sequence diversification

while retaining functionality. In plant-pathogen systems, diversifying selection operates on

effector genes whose products interact with host proteins25. This has been demonstrated

for both resistance and avirulence genes, but mechanisms for the diversifying selection of

effectors have not been proposed. RIP is shown here to be a potential factor to create the

genetic (hyper)variation needed for selection to occur in L. maculans and this process may

also act on effectors in other fungi40. 

These findings allow speculation about an evolutionary scenario for birth of

isochore-like structures in the L. maculans genome and its incidence on effector

diversification. Firstly, the genome was invaded by a few families of TEs over a (relatively)

short time period, mostly after the separation of L. maculans from other related fungi. This

TE invasion is unlikely to have been targeted to pre-existing effector-rich genome regions

as seen in microsynteny analyses (Figure 1b) and the fact that the most recent invader,

DTM_Sahana, is not specifically associated with SSPs. Secondly, waves of overlapping

transposition occurred with probable transduction, translation or duplication of genes,

resulting in large amplification of a few families. Such transpositions were primarily

targeted to other TEs as shown by the nesting of retrotransposons within other TEs. In

parallel, duplicated copies of TEs and genes (either duplicated or not) hosted within TE-

rich regions underwent RIP either to extinction for TEs or to generate gene diversity in

cases where a strong selection pressure to retain genes was exerted. This eventually

resulted in complete inactivation of transposition events, and the sculpting of the genome

in an isochore-like structure. Effector genes were maintained in AT-blocks to favor rapid

response to selection pressure39,41 and probable epigenetic concerted regulation of their

expression (Supplementary Figure S14b). L. maculans shows intriguing evolutionary

convergence with both higher eukaryotes in terms of an isochore-like genome structure,

and with oomycetes in terms of hosting effectors in highly dynamic “plastic” regions of the

genome8. It differs in exploiting a RIP-based mechanism for diversification and inactivation

of effector genes. 
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The sequencing of genomes of several species or sub-species of the recent and

more ancient outgroups that derived from a common ancestor with L. maculans will

provide more information on origin of effectors, genome invasion by TEs and the

subsequent effect on generation/diversification of effectors, and thus test the validity of the

proposed evolutionary scenario.
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Methods

Phylogenetic analysis

A taxon set containing representatives of most classes in Ascomycota was selected from

the data matrices produced in two previous papers42,43. Sequences were concatenated

from the SSU and LSU of the nuclear ribosomal RNA genes and three protein coding

genes, namely the translation elongation factor-1 alpha and the largest and second largest

subunits of RNA polymerase II (Supplementary Table S1). A phylogenetic analysis was

performed using RAxML v. 7.0.444 applying unique model parameters for each gene and

codon. A combined bootstrap and maximum likelihood (ML) tree search was done in

RAxML with 500 pseudo replicates. The best scoring ML tree was analysed in the program

R8sv1.745 in order to produce a chronogram (Figure 1a).

Sequencing and assembly 

L. maculans ‘brassicae’  isolate v23.1.3. was sequenced because it harbours numerous

avirulence genes, three of which have been cloned by a map-based strategy involving

large-scale sequencing of surrounding genomic regions13,15,41. Isolate v23.1.3 results from

a series of in vitro crosses between European field isolates46 and is representative of the

populations of the pathogen prevalent in the EU in the mid 1990s. 

DNA was provided as agarose plugs containing partly digested conidia21. Whole

genome shotgun sequencing of three types of libraries (high-copy-number plasmids with

3.3 kb inserts; low-copy-number plasmids with 10 kb inserts and fosmids with inserts 35 or

40 kb) was performed, and also six cDNA libraries, including ones derived from infected

plants were sequenced (Supplementary Table S13). Sequencing reads were assembled

using Arachne47 (Table 1) and the correspondence of SCs to chromosome was inferred by

aligning the genetic map to the genome sequence, hybridization of single-copy markers to

chromosomal DNA separated by pulsed-field gel electrophoresis, identification of

telomere-specific repeats, and by mesosynteny analyses (conserved gene content) with

genomes of other Dothideomycetes (Supplementary Table S2).

Leptosphaeria maculans genome annotation 

Automated structural annotation of the genome was performed using the URGI genomic

annotation platform including pipelines, databases and interfaces, developed or locally set

up for fungi. The EuGene prediction pipeline v. 3.5a48, which integrates ab initio
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(Eugene_IMM, SpliceMachine and Fgenesh 2.6 (www.softberry.com)) and similarity

methods (BLASTn, GenomeThreader, BLASTx) was used to predict gene models. The

functional annotation pipeline was run using InterProScan49. Genome assembly and

annotations are available at INRA

(http://urgi.versailles.inra.fr/index.php/urgi/Species/Leptosphaeria).

Genome assemblies together with predicted gene models and annotations were

deposited at DNA European Molecular Biology Laboratory/GenBank under the accession

numbers FP929064-FP929139 (SC assembly and annotations). ESTs were submitted to

dbEST under accession no FQ032836-FQ073829.

Full description and associated references for sequencing, assembly and gene

annotation are provided as Supplementary Methods.

Annotation and analysis of repeated elements 

TEs16 were identified and annotated using the “REPET”  pipeline

(http://urgi.versailles.inra.fr/index.php/urgi/Tools/REPET), optimized to better annotate

nested and fragmented TEs. Repeats were searched with BLASTER for an all-by-all

BLASTn genome comparison, clustered with GROUPER, RECON and PILER, and

consensuses built with the MAP multiple sequence alignment program. Consensuses were

classified with BLASTER matches, using tBLASTx and BLASTx against the Repbase

Update databank50 and by identification of structural features such as long terminal repeats

(LTR), terminal inverted repeats (TIR)16 etc. Additional steps of clustering and manual

curation of data were performed resulting in a series of consensuses used as an input for

the REPET annotation pipeline part, comprising the TE detection software BLASTER,

RepeatMasker and Censor, and the satellite detection softwares RepeatMasker, TRF and

Mreps. 

Analysis of the dynamics of genome invasion by TEs was firstly based on

phylogenetic analysis of each family of repeats, retracing the evolutionary history

regardless of truncation, insertion in other TEs and deletion events51. After elimination of all

RIP targets, the tree topology was used to retrace the dynamics and demography of TE

invasion in the genome. Terminal forks branch lengths from the trees were used to

calculate the age of the last transposition events of the copies in the genome. The

divergence values were converted in estimated divergence time using a substitution rate

of 1.05 x 10-9 nucleotide per site per year as applied to fungi52,53. 
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Dynamics of TE aggregation over time was also analysed by a visual analysis of

nesting relationships between TEs. Following the long join annotation, mosaics of TEs

were visualised using Artemis v. 12.0 (http://www.sanger.ac.uk/Software/Artemis/) in SC0-

22 and a data matrix recording the frequency with which a given TE family was inserted

into another one (invader) and the frequency with which one given TE was recipient of an

insertion from one or multiple other TEs (invaded TE) was generated (Supplementary

Table S8). The statistical identification and significance of the favoured invasion of other

TE families as compared to random association was evaluated with a Chi-squared test for

given probabilities with simulated P values, based on 20,000 replicates, as implemented in

R. In addition a Python script was written to identify, quantify and visualise nesting

relationships.

RIP and DeRIP analyses 

Automated analysis of RIP in L. maculans genomic DNA repeats was performed using

RIPCAL (http://www.sourceforge.net/projects/ripcal), a software tool that performs both

RIP index and alignment-based analyses19. In addition, RIP indices such as TpA/ApT and

(CpA+TpG)/(ApC+GpT) were used to evaluate the effect of RIP on genes or genome

regions for which multiple alignments could not be generated. DeRIP analyses, which

predict putative ancient pre-RIP sequences, were perfomed using an updated version of

RIPCAL, including the Perl script “deripcal” and ripcal_summarise.

Analysis of AT-blocks 

AT- and GC-blocks were manually discriminated from each scaffold using Artemis

(http://www.sanger.ac.uk/Software/Artemis/), and a Python script was used to extract

sequences and features of AT-blocks. TE content of AT- and GC-blocks was analyzed

using the REPET pipeline. Size distribution of AT-blocks, occurrence of AT-blocks on

chromosomes and relationship between AT-blocks, TE content and chromosome length

were calculated. 

To evaluate meiotic recombination differences between AT- and GC-blocks, micro

and minisatellites located either in GC-blocks or located on both sides of a single AT-block

were mapped in a reference cross and the number of cross-overs between two

consecutive markers was calculated. The recombination frequency between two

successive markers was calculated, plotted against the physical distance between the two
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markers and subjected to an ANOVA and a non-parametric test (Mann-Whitney test) using

XLStat, to compare recombination frequencies between and within GC-blocks.

Intergenic distances were compared between AT- and GC-blocks in L. maculans,

and also compared to those of the closely-related Dothideomycete, P. nodorum

(Supplementary Table S5).

Gene Ontology annotations were compared between genes occurring in AT- and

GC-blocks using the blast2GO program.

Identification and features of Small Secreted Proteins (SSP) 

Non-repeated regions within AT-blocks were identified following masking of TEs with

RepeatMasker. The EMBOSS:GETORF program was used on these genomic regions to

refine the identification of genes encoding SSPs with a size limit set at 600 amino acids

(lower limit: 60 amino acids). A dedicated script combined the outputs of GETORF,

FgeneSH and EuGene and a pipeline written in Python screened the predicted proteins

according to their size and the presence of signal peptide and transmembrane domains

(SignalP 3.0, TargetP and TMHMM). Base composition of the genes encoding SSPs

(percent of each base in the sequence, GC content and GC3 content) and amino acid

count of the SSPs (as%  of each amino acid in the protein) were calculated by custom

Python scripts. Statistical bias in amino acid occurrence was evaluated by an F-test to

determine if the variances were equal in both sets, followed by a Student t test (95%

confidence level) to compare the mean use of each amino acid in each set of predicted

proteins. Biases in codon usage were evaluated using EMBOSS:CHIPS. A Chi-squared

test for given probabilities with simulated values (20,000 replicates) as implemented in R

was performed to test random association of SSP-encoding genes in AT-blocks with

specific TEs. Motifs similar to the RxLR motif necessary for oomycete effectors to be

translocated within plant cells were sought in predicted SSPs using a Python script aiming

at identification of motifs (<[RKH] X [LMIFYW] X> or <[RKH] [LMIFYW] X [RKH]>).

Analysis of expression patterns of SSP-encoding genes were compared between in

vitro (mycelium grown in axenic medium) and in planta (3, 7 and 14 days after inoculation

of oilseed rape cotyledons), either using the L. maculans whole-genome expression array

(manufactured by NimbleGen Systems Limited) or by qRT-PCR on a selected subset of

SSP-encoding genes.
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Supplementary figures

Supplementary Figure S1. Strategies to validate and improve the Leptosphaeria maculans genome
assembly. The example of hybridisations of chromosomal DNA of isolate v23.1.3 separated by Contour-
Clamped Homogeneous Field (CHEF) analysis with SuperContig (SC)-specific single copy probes. (a)
Schematic representation of chromosomes and corresponding SCs based on a composite of gels run under
various conditions that resolved DNA in different size ranges, and Southern blotting with single-copy probes.
Hashed bands represent multiple chromosomes whilst black bands represent single chromosomes. (b)
Chromosomal DNA resolved on 0.85% low-melting agarose in 0.5 X TBE; 3V/cm (100V); switching times:
500 sec for 70h followed by 420 sec for 48 h. Note that chromosomes above 3 Mb correspond to a
compression zone and are usually difficult to separate by CHEF electrophoresis. Hw, Hansenula wingei
chromosomes as molecular size markers. (c)  L. maculans karyotype as generated by the combination of
hybridisation, genetic mapping, telomere annotation and mesosynteny; in c, + between SCs indicates SCs
joined to make up a chromosome.
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Supplementary Figure S2. Mesosynteny analyses to validate the Leptosphaeria maculans genome
assembly by comparison to the closely related Dothideomycete, Phaeosphaeria nodorum. (a) A
MUMMER-generated dotplot comparing SuperContigs/Scaffolds (SCs) 1-40 from L. maculans (x-axis) and
SCs 1-109 from P. nodorum (y-axis). Dots represent matching regions (similar to the lines in b), between
translated SC sequences. Presented as a dotplot, mesosyntenic regions appear as rectangular 'blocks'
comprised of many dots (eg.  red circle). (b) SC4 of L. maculans and SC11 of P. nodorum share multiple
regions of similarity. Lines drawn between the sequence pair represent regions matching by tBLASTx with
>75% identity over >500 bp length. Red lines indicate matches in the same orientation, whereas blue lines
are matches in opposing orientations. In b, black boxes along SCs indicate transposable element-rich
genomic regions.
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Supplementary Figure S3. Relationship between size of SuperContigs of Leptosphaeria maculans
and their content of AT-rich regions or transposable elements. This analysis excludes SuperContigs
(SCs) only made of one AT-rich region and SCs corresponding to extra-chromosomal DNA. (a) Relationship
between size of SCs and the number of transposable element (TE) copies they host; (b)  Relationship
between size of SCs and their content in AT-rich genomic regions.
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Supplementary Figure S4. Analysis of the Repeat-Induced Point mutation degeneracy gradient at the
borders and within AT-rich genomic regions. The example of AT-block 02 in SuperContig_0, sized 7 kb,
including 2.5 kb of flanking GC-equilibrated genomic region. (a) a snapshot of the Leptosphaeria maculans
Gbrowser indicating automated EuGene gene prediction along with best blast hit of predicted genes with
those of Phaeosphaeria nodorum isolate SN15 and other fungal proteins. (b) a synthetic representation of
genes occurring in the region following manual reannotation. Color code as follows: green, transposable
elements; orange, Small-Secreted Protein-encoding gene present in the AT-block; purple, other protein-
encoding genes present in the AT-block; red, protein-encoding genes present in GC-block. The red
arrowheads point to regions of the genes with altered Repeat induced Point (RIP) mutation indices. (c)
Analyses of RIP indices TpA/ApT (blue line) and CpA+TpG/ApC+GpT (red line) computed on a 300-bp
sliding window.
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Supplementary Figure S5. An example of Repeat-Induced Point mutation degeneracy in the
DTM_Sahana transposable element family. DTM_Sahana is a transposable element (TE) characterized
by its common occurrence as a single TE inserted within GC-equilibrated, gene-rich genomic regions. (a)
Multiple alignment of genome regions corresponding to repeat units of the DTM_Sahana family. Polymorphic
nucleotides are coloured as a function of the type of Repeat-induced Point (RIP) mutation observed with
black, invariant nucleotide, red, CpA  TpA or TpG  TpA mutations; dark blue, CpC  TpC or GpG
 GpA mutations; pale blue, CpT  TpT or ApG  ApA mutations; green, CpG  TpG or CpG
 CpA mutations. (b) RIP mutation frequency graph corresponding to the alignment directly above in a,
and colour-coded as in a.
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Supplementary Figure S6. Transposable element distribution along the main SuperContigs of the
Leptosphaeria maculans genome, and general features of SuperContigs. Transposable element density
is drawn in green and gene density is in blue.
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Supplementary Figure S7. Comparisons of recombination frequencies between contrasting genomic
regions in  Leptosphaeria maculans  and relationship between physical and genetic distances.  Data
are micro-or minisatellites distributed along 7 SuperContigs (SCs) and include 41 pairs of markers located
within the same GC-equilibrated genomic region (dark blue squares in b) and 21 pairs of markers located on
both sides of  one AT-rich region (pink empty squares in  b).  (a) Recombination frequencies per  100 kb
between successive markers located within the same GC-equilibrated genomic region (intra GC) or spanning
one AT-rich region (inter GC). (b) Relationship between physical and genetic distances. Plain line, linear
regression curve for GC-located marker pairs; dotted line, linear regression curve for marker pairs spanning
AT-blocks.
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Supplementary Figure S8. Schematic representation of four telomeres in Leptosphaeria maculans.
Telomeres typically encompass (i) TTAGGGn (represented as black circles; e.g., TTAGGG28 in the case of
the 5’ telomere of SuperContig (SC) 11) or related tandem repeats (represented as empty squares), (ii) one
or two copies of RPP_Circe, a Telomere Associated Athena Retrotransposon (TAAR; green arrows), usually
in the most distal part of the telomere, (iii) an ill-defined repeat, termed Unclassified Telomere Linked Repeat
(UTLR, blue box), made up of numerous large tandem repeats and putative remnants of a helicase domain,
and (iv) numerous copies of a RecQ Telomere Linked Helicase (RTLH, pink arrows). Non telomere-specific
TEs may be interspersed with telomere-specific repeats and are represented as yellow arrows. Note All
components of the telomeres depicted are severely degenerated by RIP and many TAAR and RTLH are
truncated to various extents. The slash marks in the 5’ telomere of SC21 represent gaps in the assembly.
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Supplementary Figure S9. Size distribution of AT-rich genomic regions in the final assembly. Four
hundred and thirteen AT-blocks were identified from the SuperContig sequences and their size distribution
plotted using 5000 bp windows.
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Supplementary Figure S10. RIPCAL analysis of  the rDNA repeats of  Leptosphaeria maculans.  (a)
Schematic representation of the rDNA repeat unit including size of the different parts and of the occasionally
inserted sequences. (b) Multiple alignments of the genomic regions corresponding to the rDNA repeat unit
and the SuperContig (SC) on which they are located. Repeat-induced Point (RIP) mutations (against the
alignment consensus) are indicated by colour  with black, invariant nucleotide; red, CpA  TpA or TpG
 TpA mutations; dark blue, CpC  TpC or GpG  GpA mutations; pale blue, CpT  TpT or ApG
 ApA mutations; green, CpG  TpG or CpG  CpA mutations. (c) RIP mutation frequency graph
corresponding to the alignment directly above in b and colour-coded as in b. (d) Identification of the different
components of the rDNA unit with a 7-kb insertion of the degenerated LINE element within the 3’ end of the
28S gene.
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Supplementary Figure S11. Comparative Gene Ontology analysis of genes occurring in GC- and AT-
blocks of the Leptosphaeria maculans genome. 5528 proteins (44.3% of the sequences) of the whole-
genome set and 177 (35.5% of the sequences) of the AT-block set were annotated using Blast2GO and
compared for Gene Ontology (GO) term occurrence, expressed as a percent of occurrence within the set. A
figure is provided for each main branches of the GO: (a)  Biological Process; (b)  Cellular Component; (c)
Molecular Function. Blue bars, occurrence within the whole genome; purple bars, occurrence within AT-
blocks. Note that the scale differs between each panel.
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Supplementary Figure S12. Genomic location of putative effector genes along chromosomes of
Leptosphaeria maculans: the example of SuperContig_0. Upper panel, location of genes encoding
Small-Secreted Proteins (SSPs) along SuperContig (SC)0 with blue arrows, SSP-encoding genes in AT-
blocks; red arrows, SSP-encoding genes in GC-blocks. Lower panel, GC content variation along SC0
defining the typical L. maculans genome isochore-like structure, and location of genes encoding for Non-
ribosomal Peptide Synthases (NPS) and Polyketide Synthases (PKS).
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Supplementary Figure S13. Relationship between transposable elements and Small Secreted Protein-
encoding genes in the Leptosphaeria maculans genome. Diamonds, retrotransposons; triangles, DNA
transposons. Large-sized diamonds and triangles indicate those elements that are significantly over-
represented (red) or under represented (green) in the immediate vicinity of Small Secreted Protein (SSP)-
encoding genes, according to a Chi-squared test for given probabilities. Black diamonds and triangles
correspond to transposable elements, (TE) families which are not significantly over-represented in the
vicinity of SSP-encoding genes.
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Supplementary Figure S14. Q-RT-PCR analysis of in planta expression of selected Small Secreted
Protein-encoding genes as a function of their genomic environment. (a) Blue curves: Small Secreted
Protein-encoding genes (SSPs) in GC-equilibrated genomic regions; (b) red curves: SSPs in AT-rich regions;
(c) green curves: SSPs located at the border between GC- and AT-blocks. Gene expression levels are
relative to β−tubulin. Each data point is the average of three biological repeats (three extractions from
different biological material) and two technical repeats. Standard error of the Mean Normalized Expression
level is indicated by error bars.
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Supplementary Figure S15. Box plot representation of the TpA/ApT RIP indices in four sets of genes.
The four sets of genes are as follows: Small secreted protein (SSP)-encoding genes in GC-blocks (529
genes: SSP in GC); SSP-encoding genes within AT-blocks (57 predicted genes, SSP in AT); genes encoding
other proteins (non-SSPs) in AT-blocks (498 genes, non-SSP in AT); and genes encoding other proteins in
GC-blocks (11,394 genes) (non-SSP in GC). The red line represents the median value; the box includes
values between the first and the third quartile of the distribution; squares and circles, 1st and 9th decile,
respectively.
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Supplementary tables

Supplementary Table S1. Taxa and sequences used in phylogenetic analyses.

a SSU, small subunit of the nuclear ribosomal RNA gene; LSU, large subunit of the nuclear ribosomal RNA
gene; RPB1 and RPB2, first and second largest subunits of RNA polymerase II, respectively; TEF1,
translation elongation factor-1 alpha. When individual sequences are deposited in databases, their GenBank
accession number is indicated.
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Taxon

Ascochyta pisi DQ678018 DQ678070 DQ677967 DQ677913

Ajellomyces capsulatum Genome Genome Genome Genome Genome

Alternaria alternata DQ678031 DQ678082 DQ677980 DQ677927

Arthrobotrys elegans FJ176810 FJ176864 FJ238349 FJ238395

Botryosphaeria dothidea  DQ677998 DQ678051 EU186063 DQ677944 DQ767637

Botryotinia fuckeliana AY544695 AY544651 DQ471116 DQ247786 DQ471045

Cladosporium cladosporioides DQ678004 DQ678057 GU357790 DQ677952 DQ677898

Cladosporium herbarum DQ678022 DQ678074 GU357793 DQ677971 DQ677918

Coccidioides immitis Genome Genome Genome Genome Genome

Cochliobolus heterostrophus AY544727 AY544645 AY544737 DQ247790

Conidioxyphium gardeniorum GU296143 GU301807 GU357774 GU371743 GU349054

Corynespora cassiicola GU296144 GU301808 GU357772 GU371742 GU349052

Debaryomyces hansenii DHA508273 AF485980 XM_456921 CR382139 Genome

Geoglossum nigritum AY544694 AY544650 DQ471115 DQ470879 DQ471044

Hypocrea lutea AF543768 AF543791 AY489662 DQ522446 AF543781

Hysterobrevium smilacis FJ161135 FJ161174 GU357806 FJ161114 FJ161091

Icmadophila ericetorum DQ883704 DQ883694 DQ883723 DQ883711 DQ883730

Leotia lubrica AY544687 AY544644 DQ471113 DQ470876 DQ471041

Leptosphaeria maculans DQ470993 DQ470946 DQ471136 DQ470894 DQ471062

Magnaporthe grisea AB026819 AB026819 Genome Genome Genome

DQ767652 DQ678098 Genome DQ677993

Mycosphaerella graminicola DQ678033 DQ678084 Genome DQ677982

DQ471017 DQ470968 DQ471165 DQ470920 DQ471092

Nectria cinnabarina U32412 U00748 AY489666 DQ522456 AF543785

Neurospora crassa X04971 AF286411 Genome Genome Genome

Orbilia vinosa DQ471000 DQ470952 DQ471145 DQ471071

Peltigera degenii AY584681 AY584657 DQ782826 AY584688 DQ782897

Peziza vesiculosa DQ470995 DQ470948 DQ471140 DQ470898 DQ471066

Phaeosphaeria ammophilae GU296185 GU301859 GU357746 GU371724 GU349035

Phaeosphaeria nodorum Genome Genome Genome Genome Genome

Phoma exigua EU754084 EU754183 GU357813 GU371780 GU349080

Phoma herbarum DQ678014 DQ678066 GU357792 DQ677962 DQ677909

Pyrenophora tritici-repentis AY544672 Genome Genome DQ677882

Pyronema domesticum DQ247813 DQ247805 DQ471166 DQ247795 DQ471093

Roccellographa cretacea DQ883705 DQ883696 DQ883713 DQ883733

Saccharomyces cerevisiae SCYLR154C SCYLR154C X96876 SCYOR151C Genome

Schismatomma decolorans AY548809 AY548815 DQ883715 DQ883725

Schizosaccharomyces pombe X54866 Z19136 X56564 D13337 Genome

Sydowia polyspora DQ678005 DQ678058 GU357791 DQ677953 DQ677899

Teratosphaeria associata GU296200 GU301874 GU357744 GU371723 GU349025

SSU a LSU a RPB1 a RPB2 a TEF1 a

  

Mycosphaerella fijiensis
(anamorph Pseudocercospora fijiensis)   

  
Mycosphaerella punctiformis
(anamorph Ramularia endophylla)



Supplementary  Table  S2.  Characteristics  of  the  main  SuperContigs  of  the  Leptosphaeria  maculans genome  and  their  assembly  into  complete
chromosomes using a combination of approaches (1/2).
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Name Size (bp) GC% N% Validation of assembly Linked with Comments

Chromosomes

SC0 4,258,568 45.70 0.99 43 61 4.26 Complete chromosome

SC1 3,378,610 45.30 3.50 23 20 3.38 Complete chromosome

SC2 2,939,989 45.00 4.75 76 none Mesosynteny; Genetic map Presence rDNA; Hybridization >3.43 SC19? 

SC19 1,186,800 43.20 1.76 none none Presence rDNA; Hybridization >3.43 SC2?

SC3 2,348,246 42.30 2.00 14 13 Mesosynteny; Genetic map 2.49 SC31

SC31 143,268 44.20 0.20 16 none SC3

SC4 1,918,205 46.60 0.59 30 19 1.92 Complete chromosome

SC5 1,869,450 47.20 0.52 26 36 1.87 Complete chromosome

SC6 1,888,674 42.80 2.46 32 none 2.60 SC29 and SC11

SC29 200,94 33.60 5.98 none none SC6 and SC11

SC11 1,590,160 42.70 0.45 78 13 SC6 and SC29

SC7 1,769,547 46.00 0.32 7.5 9.9 1.77 Complete chromosome

SC8 1,809,296 46.10 2.75 36 none Mesosynteny; Genetic map Hybridization > 3.6 SC10

SC10 1,758,670 40.20 9.47 none none SC8

SC9 1,772,623 45.10 0.81 93 68 1.77 Complete chromosome

SC12 1,631,710 43.70 3.23 2 42 Mesosynteny; Genetic map Hybridization 4.10 

Dubious reassembly, so uncertainSC15 1,560,629 43.70 2.62 none none SC12 and SC 32?

SC32 87,679 37.50 0.00 40 none SC12 and SC15?

SC13 1,634,580 43.90 3.67 none 11 > 1.6 ? Unassembled SC

SC14 1,533,332 47.40 0.44 44 19 Telomeres; Hybridization 1.50 Complete chromosome

Telomere 5' 
size (kb)

Telomere 3' 
size (kb)

Validation of linkage
to another SC

Assembled 
chromosome 

(Mb)

Mesosynteny; Telomeres; 
Genetic map ; Hybridization
Mesosynteny; Telomeres; 
Genetic map ; Hybridization

Each SC hybridises to a band sized > 
3.43 Mb, which may comprise a single 
chromosome sized 4.87 Mb or two 
chromosomes sized > 3.43Mb. The exact 
size is difficult to establish due to the lack 
of one telomere and presence of rDNA 
repeats in small SCs

Mesosynteny; Genetic map ;
Hybridization

Mesosynteny; Telomeres; 
Genetic map ; Hybridization
Mesosynteny; Telomeres; 
Genetic map ; Hybridization

Sequencing of a large genomic 
region with finishing13

Linkage between SC6 and SC11 
validated by RFLP hybridization

Reassembled chromosome is 1.1 Mb 
larger than expected on the basis of CHEF 
gel hybridisation. Comparisons between 
finished sequence data and the 
reassembly suggest SC11 is a chimera 
where one part is linked with SC6 and 
SC29 to make up a complete chromosome 
sized 2.60 Mb. Another 1 Mb is part of 
other uncharacterised chromosome(s). 

Mesosynteny; Telomeres; 
Genetic map ; Hybridization

One telomere missing. Size consistent 
with lack of resolution of chromosomal 

DNA > 3.6 Mb in CHEF gels
Mesosynteny; Telomeres; 
Genetic map ; Hybridization

SC15
SC32?

Hybridization to one 
chromosome sized > 3Mb

One telomeric end missing.
No genetic map evidence



Supplementary  Table  S2.  Characteristics  of  the  main  SuperContigs  of  the  Leptosphaeria  maculans genome  and  their  assembly  into  complete
chromosomes using a combination of approaches (2/2).
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Size (bp) GC% N% Validation of assembly Linked with Comments

Chromosomes

SC16 1,397,653 44.30 0.15 52 38 1.40 Complete chromosome

SC17 1,445,693 43.70 5.05 none none Mesosynteny >1.44 Lack of telomeres. Unassembled SC

SC18 1,351,976 44.70 0.89 29 85.5 Telomeres Mesosynteny 1.35 Complete chromosome

SC20 1,087,932 44.60 0.47 57 none Genetic map Mesosynteny; Hybridization 3.30 SC21 and SC23

SC21 1,020,521 44.40 2.33 57 none SC20 and SC23

SC23 521,426 45.20 0.74 none none SC20 and SC21

SC22 731,443 35.30 0.12 none 15.5 Hybridization 0.84 

Unassembled telomeric sequences

SC24 475,869 44.50 0.37 none 51kb

SC25 318,058 46.80 0.60 none 5.8kb

SC26 261,54 45.80 0.29 32kb none

SC39 22,454 Telomeric repeats only

SC43 10,063 Telomeric repeats only

SC45 9396 Telomeric repeats only

SC53 7218 Telomeric repeats only

SC57 6329 Telomeric repeats only

SC64 5236 Telomeric repeats only

Unassembled rDNA sequences

SC27 250,629 28.12 21.1 RIPped rDNA copies

SC28 236,098 28.90 18.0 RIPped rDNA copies

SC33 65,326 33.80 1.57 RIPped rDNA copies

SC34 58,596 RIPped rDNA copies

SC35 79,158 RIPped rDNA copies

SC37 52,193 RIPped rDNA copies

SC74 3630 RIPped rDNA copies

SC75 491 RIPped rDNA copies

Non chromosomal DNA

SC30 154863 30.00 0.09 Mitochondrial DNA

SC50 7683 Linear plasmid pLm10

SC52 7314 Linear plasmid pLm9

SC60 6199 Linear plasmid

Name Telomere 5' 
size (kb)

Telomere 3' 
size (kb)

Validation of linkage
to another SC

Assembled 
chromosome 

(Mb)

Mesosynteny; Telomeres; 
Hybridization

Complete chromosome comprising SC20, 
SC21 and SC23

Lacks one telomere but size almost that of 
smallest chromosomal band. Probably 
minichromosome



Supplementary Table S3. Gene model statistics for the Leptosphaeria maculans genome.

a “Reliable” predictions correspond to those whose coding sequence is > 300 nt or less than 300 nt with EST,
domain and/or motif associated with the prediction; “less reliable” corresponds to coding sequences < 300 nt
and without EST, domain, or motif support
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All predictions

Number of genes 12469 11561 908

Gene length median (bp) 1162 1254 250

Gene length mean (bp) 1323 1535 312

Coding gene length median (bp) 1002 1083 180

Exon length median (bp) 214 229 89

Intron length median (bp) 63 63 113

Gene with introns (%) 76 77 63

Introns/gene average 1.8 1.9 0.8

Density of genes (nb of genes/kb) 0.28 - -

“Reliable”
predictions a 

“Less reliable”
predictions a



Supplementary Table S4. Automated functional annotation of Leptosphaeria maculans genes.
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Programs

Total % genes

34,387 6577 52.75

Superfamily 7330 4990 40.02

HMMPfam 9145 5959 47.79

HMMPanther 8212 5051 40.51

HMMSmart 3791 1712 13.73

HMMPIR 383 382 3.06

HMMTigr 861 710 5.69

PatternScan 2546 1936 15.53

BlastProDom 208 163 1.31

ProfileScan 3663 2165 17.36

FPrintScan 6021 1199 9.62

Gene3D 5325 3737 29.97

Seg 26,243 8410 67.45

Coil 2888 1770 14.20

SignalPHMM 2400 2399 19.24

TMHMM 8892 2111 16.93

78,61 10,434 84.73

No. of
domains/motifs

No. of genes
with domain/motif

InterPro entry

Genes with at least
one domain/motif identified



Supplementary Table S5. Comparative analyses of intergenic distances between Leptosphaeria
maculans and the closely-related Dothideomycete, Phaeosphaeria nodorum.

a Genes separated by gaps in the assembly were not analysed 
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L. maculans L. maculans P. nodorum

AT-blocks GC-blocks whole genome

Mean 6006.83 1197.15 1854.98
Median 2489 990 1083

Count 344 3495 5119

Mean 4731.03 910.37 1577.96

Median 2006 670 670.5

Count 172 2623 2758

Mean 5874.63 997.26 1512.43

Median 1991 781 970

Count 180 2599 2789

  Intergenic distance (bp) a   

TYPE A: two genes in the same 
orientation, ie. ---->    ---->

TYPE B: two genes in the opposite 
orientation, meeting at terminators,
 ie. ---->    <-----

TYPE C: two genes in the opposite 
orientation, meeting at promoters,
 ie. <-----    ----> 



Supplementary Table S6. Orthologs of the Neurospora crassa factors necessary for gene silencing18

identified in the genome of Leptosphaeria maculans.

a GenBank accession number for N. crassa genes and ID of their genome ortholog in L. maculans.
b Abbreviations: MIP, Methylation Induced Premeiotically; RIP, Repeat Induced Point mutation; MSUD,
Meiotic Silencing of Unpaired DNA; DMT: DNA Methyltransferase, HMT: Histone Methyltransferase, RdRP :
RNA dependent RNA polymerase, TGS: transcriptional gene silencing.
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Function

RID Putative DMT, essential for RIP and MIP Lema_P040230.1 NCU02034.3

Dim-5 H3 3mK9 HMT essential for RIP Lema_P050470.1 NCU04402.3

Quelling

QDE-1 RdRP, essential for quelling Lema_P088990.1 NCU07534.3

QDE-2 Argonaute-like protein, essential for quelling Lema_P015760.1 NCU04730.3

QDE-3 RecQ helicase, essential for quelling Lema_P098920.1 NCU08598.3

DCL1 Dicer-like protein, involved in quelling Lema_P036310.1 NCU08270.3

DCL2 Dicer-like protein involved in quelling Lema_P041660.1 NCU06766.3

QIP Putative exonuclease protein, involved in quelling Lema_P099110.1 NCU00076.3

MSUD

SAD-1 RdRP essential for MSUD Lema_P117350.1 NCU02178.3

SAD-2 Essential for MSUD None NCU04294.3

DNA methylation

Dim-2 Lema_P122420.1 NCU02247.3

HP1 Heterochromatin factor, essential for CpN methylation Lema_P110410.1 NCU04017.3

Chromatin remodelling factors

HDA6 Histone deacetylase involved in CpG methylation Lema_P067960.1 NCU00824.3

SIR2 NAD-dependant histone deacetylase involved in TGS Lema_P055610.1 NCU04737.3

DDM1 SW12 / SNF2-like protein involved in CpN methylation Lema_P071270.1 NCU03875.3

L. maculans a N. crassa a

RIP b

De novo CpN DMT / maintenance CpG DMT



Supplementary Table S7. Occurrence of AT-blocks in SuperContigs and size of the borders between
AT-rich and GC-equilibrated genomic regions.

a Excluding  SuperContigs  (SCs)  only  made  of  one  AT-rich  region  and  SCs  corresponding  to  extra-
chromosomal DNA; note that in the sequence databases, ‘SCx’ is referred to as ‘lm_SuperContig_x_v2’.
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Size (bp)

SC0 4,258,568 37 1,359,311 31.9 1087 1065

SC1 3,378,610 25 907,84 26,9 750 1036

SC2 2,939,989 21 799,223 27,2 680 674

SC3 2,348,246 23 1,122,437 47.8 1530 879

SC4 1,918,205 18 535,669 27,9 1316 1430

SC5 1,869,450 15 484,191 25,9 1160 1282

SC6 1,888,674 17 839,691 44.4 973 863

SC7 1,769,547 21 532,22 30,1 528 567

SC8 1,809,296 22 437,727 24,2 1113 945

SC9 1,772,623 14 610,287 34.4 750 946

SC10 1,758,670 14 789,897 44.9 740 960

SC11 1,590,160 14 783,033 49.2 1046 1191

SC12 1,631,710 13 630,489 38.6 1686 1076

SC13 1,634,580 11 551,321 33.7 750 889

SC14 1,533,332 16 377,531 24,6 1161 855

SC15 1,560,629 18 586,22 37.6 705 807

SC16 1,397,653 10 569,872 40.8 893 939

SC17 1,445,693 17 449,508 31,1 643 444

SC18 1,351,976 9 527,452 39.0 890 790

SC19 1,186,800 16 510,07 43.0 708 809

SC20 1,087,932 6 462,635 42.5 1491 1998

SC21 1,020,521 14 359,32 35.2 617 744

SC22 731,443 9 676,652 92.5 702 783

SC23 521,426 5 177,245 34.0 517 766

SC24 475,869 6 198,348 41.7 913 756

SC25 318,058 3 73,603 23,1 299 673

SC26 261,54 5 86,848 33.2 654 615

SC29 200,94 3 189,534 94.3 999 2239

SC31 143,268 3 59,241 41.3 771 423

SC32 87,679 4 73,636 84.0 402 356

SC39 22,454 2 10,513 46.8 252 310

SC45 9396 2 5958 63.4 256 301

SuperContig a

Number of 
AT-rich 
regions 

Total size of 
AT-rich 

regions in the SC (bp)

SC 
coverage (%)

Left 
border 

size (bp) 

Right 
border 

size (bp) 



Supplementary Table S8. A data matrix of individual nesting of Transposable Elements in the Leptosphaeria maculans genome.

a Numbers followed by a * correspond to those families behaving significantly more (bolded numbers) or less (italicized numbers) as an invader (P = 0.05) as
compared to what is expected in the case of random invasion (according to a chi-squared test for given probabilities with simulated P values).
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Invader

Invaded

26 46 24 3 1 0 1 0 8 0 4 0 0 0 2 127 0.76

32 21 35 18 1 1 0 1 0 7 0 2 0 0 0 1 119 0.92

42 22 12 * 22 1 0 0 0 0 5 0 3 0 0 0 0 107 0.63

26 17 19 3 * 0 0 0 2 0 4 0 0 0 1 0 0 72 0.86

13 * 21 * 21 * 2 2 3 * 0 0 0 6 * 0 2 * 0 0 0 0 70 7.00

20 * 1 12 10 * 1 0 1 0 0 0 2 0 0 0 0 48 8.00

5 8 10 5 2 * 0 0 0 0 0 0 1 0 0 0 0 31 10.33

2 2 2 0 0 1 * 0 2 * 0 1 0 3 * 0 0 0 0 13 1.86

2 * 1 5 * 0 0 0 0 0 0 0 0 1 * 0 0 0 0 9 n/a

2 * 0 1 0 0 0 2 * 0 0 1 * 0 1 * 1 0 0 0 8 0.24

1 3 * 0 0 0 0 0 0 0 0 0 0 0 0 0 7 n/a

3 1 2 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0.32

1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 6 6.00

0 3 1 0 0 0 0 0 0 0 0 0 0 0 0 0 4 4.00

1 4 * 1 0 0 0 0 0 0 0 0 0 0 0 0 0 6 n/a

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0.67

TOTAL invader 167 130 171 84 10 6 3 7 0 33 0 19 1 1 0 3

  

RLC_ 
Pholy

RLG_ 
Olly

RLG_ 
Polly

RLG_ 
Rolly

DTF_ 
Elwe

RLx_ 
Ayoly

DTM_ 
Sahana

DTx_ 
Gimli

DTM_ 
Lenwe

RLx_ 
Jolly

RLC_ 
Zolly-2

RLG_ 
Dolly

DTM_ 
Ingwe

RLC_ 
Zolly-1

DTT_ 
Finwe-1&-2

RLG_ 
Brawly

TOTAL
invaded

Invaded/ 
invader

    

RLC_Pholy 12 * a

RLG_Olly

RLG_Polly
RLG_Rolly

DTF_Elwe

RLx_Ayoly 1 *

DTM_Sahana

DTx_Gimli
DTM_Lenwe

RLx_Jolly

RLC_Zolly-2 3 *

RLG_Dolly
DTM_Ingwe 3 *

RLC_Zolly-1
DTT_Finwe-1 
&-2
RLG_Brawly



Supplementary Table S9. Non-ribosomal peptide synthetases of Leptosphaeria maculans: gene location, orthologs, and putative function.
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NRPS Closest matches Location

SirP Yes GC-equilibrated region

maa1 Limited unknown No GC-equilibrated region

NPS1 None unknown No

NPS2 Limited Yes

NPS3 Yes unknown Yes

NPS4 Limited No

Limited Unknown No

NPS6 Yes Yes

NPS7 Limited unknown Yes

NPS8 None No Flanked by AT-rich region

Lys2 Limited No

NPS10 Unknown Yes

NPS11 None Unknown ?

SC location

Np. of 
modules 
and size 

(aa)

% 
similarity

Synteny 
with 

Phaeosphaeria 
nodorum

Putative 
function

Gene
 cluster

13 

(1399536-1391626)
2

2176

Aspergillus fumigatus GliP-like XP_754329 
Neosartorya fischeri GliP2 XP_001263173 
A. fumigatus GliP2 EDP52461 

53.6
53.1
52.0

No homolog
Sirodesmin 

biosynthesis  

5 
(436833- 440678)

1 

1282

Pyrenophora tritici-repentis EDU39885 
Cochliobolus heterostrophus NPS10 AAX09992 
SNOG_07126 XP_001797479 

94.9
94.5
91.1

12 

(681838-685052)
1 

1038

Gibberella zeae XP_382427 
Penicillium chrysogenum CAP85555.1
A. nidulans XP_662431 
Botryotinia fuckeliana XP_001548852 
SNOG_01846 XP_001792471 

76.1
64.7
62.2
59.9
48.5

AT-rich region upstream

10 

(271464-253889)
4 

5592

C. heterostrophus NPS2 AAX09984 
SNOG_02134 XP_001792752 
Alternaria brassicicola NPS2 ABU42595 

68.1
51.7
25.7

Ferricrocin 

(intracellular siderophore) 
biosynthesis  

AT-rich region upstream

9 

(490591-496848)
1 

1579
P. tritici-repentis EDU45320 
SNOG_03771 XP_001794318

53.7
53.7

Flanked by AT-rich region

0 

(3115396-3137646)
4 

7187

A. brassicae NPS2 AAP78735 NRPS1 
C. heterostrophus NPS4 AAX09986 
P. tritici-repentis EDU41238 
SNOG_14834 XP_001805009 

82.0
80.0
79.7
77.2

Role in virulence  ?
HC-toxin synthetases 
(P. tritici repentis)

AT-rich region downstream

NPS5 0 

(1015484-1021453)
1 

1350

SNOG_04863 XP_001795276 
Talaromyces stipitatus EED13476
A. terreus XP_001212754 
SNOG_09488 XP_001799780

72.0
51.6
15.6
11.2

Flanked by AT-rich region

7 

(898191-890963)
1 

2122

C. miyabeanus ABI51982
C. heterostrophus NPS6 AAX09988
SNOG_14368 XP_001804557

73.8
73.7
73.9

Coprogen 

(extracellular siderophore) 
biosynthesis  

In AT-rich region

9 
(1709321-1712394)

1 

971

SNOG_03620 XP_001794175
A. niger XP_001393822
P.marneffei XP_002146735.1

84.0
52.0
52.0

In AT-rich region

10 
(21848-3955)

5 

5868

SNOG_09081 XP_001799383
A. nidulans XP_660149
A. nidulans XP_681153

52.1
49.9
51.6

Cyclic peptide/ 
phomalide biosynthesis?

4 
(428379-424738)

1 

1179

P. tritici-repentis 
SNOG_07784 XP_001798111
A. nidulans XP_663214

95.8
93.5
64.4

α-aminoadipate reductase 
(lysine biosynthesis)

GC-equilibrated region

11 
(1553383- 1550441)

1 

981

P.tritici-repentis XP_001931634
Chaetomium globosum XP_001228818
Podospora anserina XP_001903778
P. tritici-repentis EDU40739

94.0
64.2
60.1
58.3

No homolog AT-rich region downstream

0 

(4083398–4088008)
1

1256 

T. stipitatus EED16026.1
G. zeae XP_383912
N. fischeri XP_001263102

76.0
67.8
61.5

In AT-rich region



Supplementary Table S10. Polyketide Synthases of Leptosphaeria maculans: gene location, orthologs, and putative function.
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PKS Closest matches

PKS1 Yes

PKS2 SNOG_04868 Yes

PKS3

PKS4 None No

PKS5 None No

PKS6 No

PKS7 Yes

PKS8 None No

PKS9 None No

PKS10 No

PKS11 Yes

PKS12 Yes

SC location
% 

similarity

Synteny 
with 

Phaeosphaeria 
nodorum

Putative 
function

Gene
 cluster

13 
(1417543-1424481)

Aspergillus flavus PksA AAS89999
A. oryzae XP_001821511 
A. parasiticus Q12053

67.5
67.5
67.3

SNOG_08614
46.2%

Aflatoxin 

0 

(988418–996463)

Phaeosphaeria nodorum XP_001795280
Podospora anserina XP_001904919
Alternaria solani BAD83684.1

93.8
71.3
50.0

Type I PKS
Alternapyrone 
in Alternaria solani

0 

(2503452-2513155)

Botryotinia fuckeliana AAR90244
Chaetomium globosum XP_001226673
Magnaporthe grisea XP_360215

50.6
50.5
50.1

SNOG_11066
52.1%

Type I PKS
Yes

1 

(1511847–1521828)

A. solani BAE80697
Cochliobolus heterostrophus AAR90264
Pyrenophora tritici-repentis XP_001930443

55.0
55.1
54.7

Type 1 PKS 
Phenolpthiocerol ppsA

11 

(1300692-1306965)

Penicillium chrysogenum CAP95290
P. tritici-repentis XP_001942484
A. clavatus XP_001273596

53.4
51.8
50.9

Type 1 PKS
Lovastatin synthesis

11 

(273779-282201)

Acremonium strictum CAN87161
Coccidioides immitis XP_001243185
A. niger XP_001393501

65.6
63.2
59.5

SNOG_06682
47%

Methylorcinaldehyde 
synthase
Citrinin toxin

12 

(88853-96821)

P. tritici-repentis XP_001937136
A. clavatus XP_001270321
P. anserina XP_00190896

79.7
55.9
53.7

SNOG_05791
45.5%

Phenolpthiocerol ppsA
Alternapyrone 

14 
(1277125-1284521)

Gibberella zeae ABB90283 
Hypomyces subiculosus ACD39758
H.subiculosus ACD39767

60.0
58.0
58.0

Reducing PKS 
for hypothemycin

14 
(1285013-1290007)

Pochonia chlamydosporia ACD39770
G. zeae ABB90282
H. subiculosus ACD39762

24.4
22.7
22.9

Non-reducing PKS: 
Partial gene – only PP binding 
domain and thioesterase domain

14 

(1410771-1417375)

Bipolaris oryzae BAD22832
C. heterostrophus AAR90272
Elsinoe fawcettii ABU63483

91.8
89.4
75.5

SNOG_11981
89.2%

Melanin 
Elsinochrome 

21 

(723403-733783)

P. tritici-repentis XP_001936632 
G. zeae XP_385970
Sclerotinia sclerotiorum XP_001592682

74.1
65.7
45.8

SNOG_04868
31.9%

Type 1 PKS
Mycocerosic acid 

0
(348658-356839)

A. clavatus (Ace1) XP_001270543
P. chrysogenum CAP74149
Coccidiodides immitis XP_001242733

37.3
37.2
37.2

SNOG_00308
57%

Ace1 homolog but lacks
NRPS modules



Supplementary Table S11. Favoured codon usage for Small Secreted Proteins located within AT-rich
genomic regions.

a Favoured usage in all predicted proteins of the genome
b Favoured usage in Small Secreted Protein (SSPs) located at the borders of AT-isochores
c Favoured usage in SSPs located within AT-isochores
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Amino acid

* TGA TGA TAA

A GCC GCC GCT

C TGC TGC TGC

D GAC GAC GAT

E GAG GAG GAA

F TTC TTC TTC

G GGC GGC GGC

H CAC CAT CAT

I ATC ATC ATT

K AAG AAG AAA

L CTC CTC CTT

M ATG ATG ATG

N AAC AAC AAC

P CCC CCT CCT

Q CAG CAG CAA

R CGC CGC AGA

S AGC TCT TCT

T ACC ACC ACC

V GTC GTC GTT

W TGG TGG TGG

Y TAC TAC TAT

20 17 7

All predicted proteins a SSPs in borders b SSPs within AT-blocks c

Number ending with G or C



Supplementary Table S12. Amino acid favoured usage (% per protein) in different sets of predicted
proteins of Leptosphaeria maculans compared to proteins referenced in SWISSPROT database.

a Favoured usage in all predicted proteins of the genome
b Favoured usage in Small Secreted proteins (SSPs) located within GC-blocks
c Favoured usage in other proteins encoded by genes located within AT-blocks
d Favoured usage in SSPs whose genes are located in AT-blocks
e Favoured usage in SSPs located within AT-blocks (excluding those located at the border between AT- and
GC-blocks)
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Amino acid SWISSPROT

Alanine 8,14 8,83 9,91 8,53 8,26 8,9

Cysteine 1,41 1,65 2,7 1,8 4,28 4,65

Aspartic acid 5,41 5,13 4,18 5,32 3,4 3,51

Glutamic acid 6,73 5,6 4,06 5,56 3,37 3,41

Phenylalanine 3,87 3,5 3,92 3,74 4,17 4,6

Glycine 7,04 6,97 7,87 6,63 6,28 6,03

Histidine 2,28 2,75 2,21 2,77 2,88 2,5

Isoleucine 5,92 4,65 4,6 4,88 4,83 4,86

Lysine 5,88 4,83 3,9 4,67 3,73 4,47

Leucine 9,67 8,59 9,67 8,84 10,76 10,61

Methionine 2,4 2,51 2,52 2,44 3,02 2,75

Asparagine 4,06 3,53 3,61 3,56 3,44 3,66

Proline 4,77 6,38 6,44 5,89 5,59 5,38

Glutamine 3,96 4,05 3,61 3,96 3,73 4,02

Arginine 5,5 6,48 4,68 6,3 5,42 4,7

Serine 6,66 8,21 8,44 8,22 8,24 7,35

Threonine 5,36 6,24 7,01 6,33 6,44 7,05

Valine 6,81 5,93 6,42 6,07 6,89 6,65

Tryptophane 1,09 1,49 1,63 1,68 1,97 1,54

Tyrosine 2,92 2,68 2,63 2,8 3,28 3,35

All predicted 
proteins a

SSPs 
in GC-blocks b

Non-SSP 
in AT-blocks c

SSPs 
in AT-blocks d

SSPs 
within AT- blocks e



Supplementary Table S13. Summary statistics for the shotgun sequencing of Leptosphaeria
maculans isolate v23.1.3.

a HC, high copy number; LC, low copy number; BAC, Bacterial Artificial Chromosome
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3.3 kb HC plasmid 200,566 721 97.7 3.20x

10 kb LC plasmid 255,592 697 96.5 3.95x

79 kb BAC 11,703 535 94.8 0.14x

42 kb BAC 10,603 586 97.5 0.14x

39.8 kb Fosmid 57,105 657 84.0 0.88x

Total 535,649 696 95.6 8.31x

Average 
insert size

Vector 
type a

No. of 
reads

Average trimmed 
read length (bp)

Fraction paired
(%)

Genomic 
coverage



Supplementary Table S14. cDNA libraries of Leptosphaeria maculans isolates generated and used
here.

a BG, DT, EB, and EC series of sequences were retrieved from public databases; RS0A* sequences were
sequenced by Genoscope (this study)
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Isolate Description

BG 119 V8-grown mycelium (5’ sequencing)

DT 313 Mycelium submitted to starvation stress

RS0AAB 8355 Mycelium grown in oilseed rape-juice for 5 days and 8 hours

RS0AAC 6628 Mycelium in V8 for 5 days and minimal medium for 8 hours

RS0AAD 212 Conidia germinating in V8 juice for 28h

EB 760 Mycelium in V8 juice 

EC 23

RS0AAA Full-length-enriched mycelium grown for 48h in Fries liquid medium

RS0AAE 3528 Conidia germinating in Fries liquid medium for 48 h (inserts < 1kb)

RS0AAF 2934 Conidia germinating in Fries liquid medium for 48 h (inserts 1 to 2kb)

RS0AAG 3644 Ungerminated conidia (V8 agar) (inserts up to 1kb)

RS0AAH 3249 Ungerminated conidia (V8 agar) (inserts 1 to 2kb)

RS0ABA 3686 Cotyledon-pathogen interaction 14 dpi (inserts 0.8 to 1.2kb)

RS0ABB 3364 Cotyledon-pathogen interaction 14 dpi (insert 1.2 to 2kb)

RS0ABC 2539 Cotyledon-pathogen interaction 14 dpi (insert larger than 2kb)

Library 
name a

No. of 
ESTs 

IBCN18
(M1)
n = 15627

PL86
n = 783 Brassica napus leaf tissue eight days post infection (dpi)

v23.1.3
n = 25812

5’ 1644
3’ 1224



Supplementary Methods

Phylogenetic analyses and divergence time estimates

A taxon set containing representatives of most classes in Ascomycota was selected from

the data matrices produced in two previous papers42,43, both available from TreeBASE.

Published sequence data were concatenated from the small and large subunits of the

nuclear ribosomal RNA genes (SSU, LSU) and three protein coding genes, namely the

translation elongation factor-1 alpha (TEF1) and the largest and second largest subunits of

RNA polymerase II (RPB1, RPB2) (Supplementary Table S1). Where required (protein

coding genes), DNA was translated into amino acids and single gene alignments were

merged with MAFFT v6.71360. The combined exclusion sets of both alignments were used

to exclude variable regions. The resulting matrix consisted of 40 taxa with 2967 characters

of which 10% was coded as missing or undetermined. Full details on the GenBank

accessions used in this analysis are provided in Supplementary Table S1 and this

alignment was submitted to TreeBASE. Phylogenetic analyses were performed using

RAxML v. 7.0.444,61 applying unique model parameters for each gene and amino acid. The

dataset was divided in 5 partitions as previously described43. For the DNA sequences a

general time reversible model was applied with a proportion of invariant sites and discrete

gamma distribution for four rate classes following procedures laid out previously43. The

three protein sequences were individually subjected to model testing with ProtTest

v.1.2.662 under the same criteria resulting in a choice of models for the following partitions:

RPB1 WAG+I+G and RPB2 and TEF1 RTREV+I+G+F. A combined bootstrap and

maximum likelihood (ML) tree search was performed in RAxML with 500 pseudo

replicates. The resulting trees were exported and manipulated (e.g., collapsing of

nontarget clades such as Eurotiomycetes) in TreeDyn63.

In order to produce temporal estimates of the major phylogenetic divergences of the

Dothideomycetes, the best scoring ML tree obtained from RAxML was analysed in the

program r8sv1.745 (Figure 1b). Following dates suggested in more comprehensive

analyses64 the root of the tree was set to an age of 500 million years ago (MYA). Analyses

were further constrained with minimum and maximum age constrictions based on dates

presented in Lücking et al.64 and Sung et al.65, with the following ranges for a number of

major nodes (crown Pezizomycotina, minimum age – 320 MYA, maximum age 400 MYA;

base Pezizomycotina minimum age –  400 MYA, maximum age 520 MYA; base

Sordariomycetes minimum age – 290 MYA, maximum age 380 MYA; base Eurotiomycetes
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minimum age –  280 MYA, maximum age 330 MYA; crown Hypocreales minimum age –

155 MYA, maximum age 232 MYA). The Langley-Fitch method and a truncated Newton

method with bound constraints were applied following Taylor and Berbee66. A second

analysis was performed under the same conditions with the root fixed to 650 MYA

following the range in Lücking et al.64. 

Sequencing and assembly

For whole-genome shotgun sequencing, DNA of isolate v23.1.3 was provided as plugs

containing partly digested conidia21 (Supplementary Figure S1b). Conidia were collected

from highly sporulating 12-day-old cultures67 in water containing 0.05% Tween 80 and

gently centrifuged at 5000 g for 20 min. The pellet was rinsed by suspension in water and

centrifuged gently again, followed by recovery of the pellet in Tris/sorbitol/EDTA (TSE)

buffer. The conidia suspension was adjusted to 6x109 conidia ml-1 and maintained at 37°C

before being mixed with an equal volume of 2.5% low melting point agarose (SeaPlaque

GTG, FMC) in TSE, also maintained at 37°C. The resultant plugs were then equilibrated in

EDTA (0.5M, pH 8.0) for 1 h at room temperature, then incubated for 20 h with pronase E

(5.5 units ml-1; Sigma) in SDS/EDTA at 50°C. Plugs were rinsed four times in EDTA (0.5M,

pH 8.0) at 50°C and then stored in EDTA (0.5M, pH 8.0) at 4°C until used.

In addition to genomic DNA, 1215 cDNA sequences available from public

databases (Supplementary Table S14), cDNA libraries sequenced by Genoscope were

made from mRNA from two isolates, v23.1.3 and an Australian isolate, IBCN18, grown

under a range of conditions (Supplementary Table S14): 

(i) Mycelium submitted to starvation. Isolate IBCN18 was grown in still culture in 10%

Campbell’s V8 juice for five days at 22oC then transferred to minimal medium68 lacking

carbon or nitrogen sources, and grown for an additional 8 h at 22oC.

(ii) Mycelium grown in plant-derived culture medium. Isolate IBCN18 was grown in still

culture in B. napus leaf extract (soluble extract after boiling 200 g of chopped B. napus

leaves in water; pH 6.0) for 128 h at 22°C. 

(iii) Germinating conidia in complete medium. Isolate v23.1.3 was grown in Fries liquid

medium for two days at 25° in flasks with shaking at 100 rpm. 

(v) Ungerminated conidia of isolate v23.1.3 were frozen in liquid nitrogen. 

(vi) Cotyledons of B. napus were infected with conidia of isolate v23.1.3 as previously

described67. Infected plant tissue was harvested 14 days post inoculation.
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For libraries i and ii, total RNA was extracted using TRIzol reagent (Invitrogen) and mRNA

was purified using the PolyA Tract® mRNA Isolation System (Promega). cDNA was then

prepared and cloned into pDONR 222 using the CloneMiner cDNA library construction kit

(Invitrogen). For libraries iii-vi, total RNA was extracted using TRIzol reagent (Invitrogen)

according to Fudal et al.13 and cDNA libraries were constructed in plasmid pDNR-LIB using

the Creator SMART cDNA Library Construction kit (Takara Bio Europe/Clontech, France).

42,222 ESTs sequences were obtained, resulting into 6190 unisequences mapped on the

genome.

In case of genomic DNA, the sequencing reads were assembled using Arachne47

resulting in an assembly of total size of 45.12 Mb organized into 76 SuperContigs (SCs)

with a N50 of 1.77 Mb. There were 1743 contigs constituting these 76 SCs (Table 1). Of

the 76 SCs, eight sized from 3.6 kb to 236.1 kb contained only unassembled rDNA repeats

and 28 sized from 3.6 to 35.4 kb were only made of mosaics of repeated elements, with no

predicted coding sequences (total size = 244 kb) (Supplementary Table S2). The

mitochondrial genome was represented as a 154.7 kb single SC, and four small SCs

containing RNA or DNA polymerases which corresponded to linear plasmids such as the

previously identified pLm9 and pLm1069 (Supplementary Table S2). Excluding these, the

final nuclear genome thus comprised 30 SC > 143 kb. Eight additional small SCs (less

than 23 kb) corresponded to unassembled putative telomere portions, and another eight

SCs corresponded to unassembled rDNA repeats (Supplementary Table S2).

The assembly was validated and improved by joining SCs to make up whole

chromosomes using a range of approaches:

(i) exploitation of sequence data to generate single-copy genetic markers (minisatellites

and microsatellites) to co-linearize the available genetic maps to the actual genome

sequence70 (Figure 2d). Using Tandem Repeat Finder71 and the “FONZIE” pipeline72, 248

new microsatellites and 216 new polymorphic minisatellites were designed and mapped in

reference genetic maps. A total of 234 micro- and minisatellites were mapped in the

genetic map derived from a cross between isolates a.2 and H570. Linkage between

markers was analysed using Mapmaker/Exp 3.0 software73 whereby data were analysed

as a F2 backcross segregating population. Markers with log of the likelihood ratio (LOD)

values of > 3.0, and maximum distances of 20 cM apart were defined as linked. Similarly,

using the web-based program, WebSat74 248 microsatellites were mapped from crosses

between Australian isolates IBCN18 and 691, and isolates 535 and 691. Linkage between

markers was analysed using MapManager QTX software whereby data were analysed as
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a backcross segregating population. Markers with LOD scores of > 3.0 and maximum

distance of 30 cM were defined as linked. Apart from joining previously unassembled SCs

(e.g., linkage of SCs 20, 21 and 23; Supplementary Table S2), this strategy also confirmed

the assembly within SCs, and generally showed conservation of the order of markers

between the physical map (i.e., the SC sequence) and the genetic map (Figure 2d);

(ii) hybridisation of probes for single-copy genes or non-coding sequences specific to 24

individual SCs to chromosomal DNA separated by pulsed-field gel electrophoresis allowing

size comparison of SCs and the hybridized chromosome. Chromosomal DNA was

electrophoresed, transferred to nylon membranes and hybridised as previously

described75 (Supplementary Figure S1). To determine the organisation of ribosomal DNA

(chromosomal location and arrangement of blocks of repeats), chromosomal DNA was

digested with either Sal1 or Xho1 overnight, enzymes that cut outside the rDNA repeat,

and electrophoresed as described in Howlett et al.23. Blots were probed with a fragment of

18S rDNA, or specific sequences from SC2 or SC19 that were PCR-amplified using

primers, whose sequences are available upon request.

(iii) identification of telomere-specific repeats (see below), 

(iv) mesosynteny with genomes of closely related dothideomycete species (Supplementary

Figure S2). Since some SCs of L. maculans represent incompletely assembled sub-

regions of chromosomes, comparison with large scaffolds from a genome of a related

fungus was used to predict which scaffolds resided on the same chromosome. Matching

regions between the genomes of L. maculans and P. nodorum were identified via

MUMmer76, using the promer algorithm. L. maculans SCs were defined as mesosyntenic

(i.e., sharing the same chromosomal lineage) with P. nodorum scaffolds according to the

percent of their sequence covered by matching regions. A binomial test was employed to

determine if the level of percent coverage for a given pair of SC was significant:

PMesosyntenic=F ( x,p,n)=∑
i= 0

x

(ni )( p )
i
(1− p)

n−1

[S1]

Where x = percent coverage,

 n = 100,

 p = linkage probability

The linkage probability (p) represented the chance that any pair of chromosomes from L.

maculans and P. nodorum is mesosyntenic. This value was 1/(17x19) or 3.09 x 10-3.
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Chromosome numbers estimated in L. maculans (excluding the minichromosome; Table 3)

and P. nodorum77 were 17 and 19, respectively. Percent coverages were tested for SC

pairs relative to the L. maculans SC and again relative to the P. nodorum SC. Pairs of SCs

were predicted to be mesosyntenic when PMesosyntenic was ≥  0.99 for either test and both

sequences were greater than 5 kb in length.  

Using this suite of approaches, only two SCs, SC13 and SC17, remained

unassembled and could not be assigned to chromosomes. In addition, the assignment of a

few reassembled chromosomes was dubious (Supplementary Table S2). A maximum

number of 18 chromosomes was discriminated (Supplementary Figure S1); ten of these

corresponded to single SCs following the Arachne assembly, which can thus be

considered as a high-standard assembly.

Leptosphaeria maculans genome annotation

The EuGene prediction pipeline v. 3.5a48, which integrates several in silico (ab initio and

similarity) data was used. Ab initio (intrinsic methods) gene finding software used were

EuGene_IMM78, which exploits probabilistic models for discriminating coding from non-

coding sequences, SpliceMachine79, for predicting Start and splicing sites, and the ab initio

gene predictor Fgenesh 2.6 (www.softberry.com). Similarity methods such as BLASTn or

GenomeThreader were used to compare genome data with ESTs of L. maculans, or of

other fungi such as Botrytis cinerea and Sclerotinia sclerotiorum. BLASTx was performed

against Uniprot and fungal protein databases. Information on location of transposable

elements (TEs) was also provided to EuGene to avoid including TEs in coding exon

prediction. The TE databank was provided by the REPET TE de novo pipeline (see below)

and compared to predicted genes by RepeatMasker. All results were then gathered and

integrated by EuGene to predict gene models. 

The three ab initio gene finders were firstly trained using a set of manually

annotated genes: FgeneSH was trained by Softberry Cie, EuGene-IMM and

SpliceMachine were trained at URGI using a set of 290 pairs of L. maculans full-coding

cDNAs and their genome counterparts. One third of the set was used to train ab initio

methods, one third for optimization of weighting parameters and the last set was used to

evaluate the accuracy of EuGene to generate adequate gene models. The final sensitivity

of the integrator prediction was 93.4% and 83.5% (true positive / (true positive + false

negative)) in the case of exons and genes, respectively. The specificity of the gene model
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generated was 93.8% and 83.5% (true negative / (true negative / false positive)) for exons

and genes, respectively.

The functional annotation pipeline was run using InterProScan49 version 4.4. It

includes a set of different methods for pattern matching, motif and domain recognition

against well known databases (i.e. SuperFamily, PFAM, Panther, SMART, PIR, Tigr,

Prosite, PRODOM, Gene3D); it also runs automated assignation of Interpro entries and

associated GO terms. The pipeline operates with its own version of databases, which can

slightly differ from public releases. Interproscan has been used with default parameters for

each program (Superfamily: evalue=1e-5; HMMPfam: evalue=1000; HMMPanther:

evalue=1e-3; HMMSmart: evalue=0.01; HMMTigr: evalue=20; fprintscan: evalue=0.0001;

Gene3D: evalue=59.5). Targeting detection and cellular localization (SignalP, TMHMM)

were also launched through InterProScan.

The genomic annotation system relies on the international open source project

Generic Model Organism Database (GMOD; http://www.gmod.org/wiki) project: database

(chado model), Gbrowse (visualization interface)80 and Apollo (editing interface)81 setup for

the L. maculans genome project. The structural annotation database includes L. maculans

genome sequences (SuperContigs and contigs) and features mapped on SC and contigs:

gene predictions, proteins from Uniprot and local fungal protein databases, ESTs from L.

maculans cDNA libraries (6190 mapped unisequences), predicted genes from P. nodorum,

and repeats (TEs, SSRs, low-complexity regions). In addition, 94 transfer RNA genes were

predicted by tRNAscan-SE82 and are included in the Gbrowser.

EuGene has generated 12,469 gene models > 100 bases (Supplementary Table

S3). The gene models were separated into two subsets: one main set comprising 11,561

genes with coding sequence > 300 bases, or < 300 bases but with at least one EST

evidence or domain/motif evidence (as provided by the InterProScan analysis); and a

second subset of 908 more dubious genes with a coding sequence smaller than 300

bases and without any EST or domain/motif support. Genes in the second category such

as those encoding small-secreted proteins (SSPs), often were inadequately predicted by

EuGene, and necessitated an additional round of manual annotation. The InterProScan

pipeline was launched on the 12,469 genes predicted by EuGene and showed domains

and/or motifs for 84.73% of genes; 52.75% of them have an InterProEntry with ontology

associated (Supplementary Table S4). 

Orthologs of Neurospora crassa genes postulated to be involved in gene silencing

were sought in the genome of L. maculans by the Best Reciprocal Hits (BRH) method and
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showed all but one of the orthologs involved in RIP, vegetative quelling (a post

transcriptional gene silencing mechanism analogous to RNA interference) and Meiotic

Silencing of unpaired DNA (MSUD) were present83,84 (Supplementary Table S6). The only

exception was the SAD-2 ortholog, essential for meiotic MSUD. The presence of these

orthologs supports the idea that RIP and quelling are active in L. maculans. Quelling was

previously described to be particularly efficient in L. maculans as a tool to silence

endogenous genes13. The DIM-2 DNA methyltransferase85, the RID DNA

methyltransferase-related protein86 and the HP1 homolog necessary for DNA methylation87

are present in L. maculans and are likely to be functional, since their catalytic domains are

conserved. 

Repeat-induced point mutation analysis

Repeat-induced point mutation (RIP) is a fungal-specific genome defence mechanism that

alters the sequences of repetitive DNA. Repeated DNA sequences align between mating

and meiosis and both sequences undergo C:G to T:A transitions. In most fungi these

transitions preferentially affect CpA di-nucleotides thus altering the frequency of certain di-

nucleotides in the affected sequences, and generally resulting in the generation of STOP

codons, thereby inactivating duplicated coding genes. An easy way to identify RIP is to

compare the ratios of pre- and post-RIP di-nucleotides in putatively RIP-affected

sequences using a series of RIP indices, initially identified in the model fungus N. crassa88.

TpA/ApT is the simplest index and measures the frequency of TpA RIP products with

correction for false positives due to AT-rich regions. Higher values of TpA/ApT indicate a

higher degree of RIP. According to Galagan et al.88, TpA/ApT > 2.0 indicates sequences

that are strongly degenerated and inactivated following RIP. The index (CpA+TpG)/

(ApC+GpT) is similar in principle to TpA/ApT but measures the depletion of the RIP targets

CpA and TpG. In this case lower values of (CpA+TpG)/(ApC+GpT) are indicative of a

higher degree of RIP88. Such RIP indices were used to evaluate the RIP effect on genes or

genome regions for which multiple alignments could not be generated. For example, in the

case of RIP gradients at the borders between AT-rich and GC-equilibrated blocks (see

below), the borders were extracted manually following masking of TEs and a Python script

which calculates  %GC and length along with the two above-mentioned RIP indices in

sliding windows was exploited (Supplementary Figure S4). The results were then

displayed as graphics created by an R script. Otherwise, automated analysis of RIP in L.
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maculans genomic DNA repeats was performed using RIPCAL

(http://www.sourceforge.net/projects/ripcal), a software tool that performs both RIP index

and alignment-based analyses19 (Figure 3; Supplementary Figures S5, S10). 

Annotation and analysis of repeated elements

Transposable Elements (TEs) consensuses were predicted ab initio in three consecutive

steps: first, repeats were searched with BLASTER for an all-by-all BLASTn89 genome

comparison. Second, the results were clustered by the three methods GROUPER90,

RECON91, and PILER92 with default parameters. Third, one consensus per group was built

with the MAP multiple sequence alignment program93 and each consensus classified with

(i) BLASTER matches, using TBLASTx and BLASTx89 against the entire Repbase Update

databank50 and (ii) structural features such as terminal repeats (TIR, LTR, and polyA or

SSR tails). For example, a consensus is classified as MITE if: (i) it carries TIRs; (ii) doesn't

match via TBLASTx or BLASTx with known TEs; (iii) and the length without TIRs is less

than 500 bp. Then the set of consensus TE sequences was analyzed by an all-by-all

BLASTER procedure (parameters set at 95% identity threshold and 98% length threshold)

to remove redundancies, i.e., when a consensus sequence is included into another.

A total of 1850 consensus sequences representing ancestral copies of TE families

was obtained. Of these, all SSR (single-sequence repeats) and unclassified TEs

containing fewer than 10 sequences were removed, ending up with 472 consensus

families. These sequences were clustered into groups for identification of TE families using

the GROUPER clustering method, resulting in 15 groups. Each family was identified

assuming that the most populated, well characterized TE category in a group of consensus

sequences can define the order of the TE family to whom it belongs. Forty-three families

containing at least two TE consensus sequences were then manually curated using

multiple sequence alignments and phylogenies. This close examination allowed

confirmation of groupings and deciphering of specific features like chimeric TE families or

sub-families. A final consensus was derived from each curated multiple alignment. Seventy

four TE consensuses representing TE families showing less than 90% identity at the

nucleotide level with other families were generated. The set of sequences from the original

“confused”  category was then clustered with the 74 TE families to eliminate “confused”

sequences sharing more than 90% identity with one of the 74 families. A total of 199

“confused”  TE families could not be removed in this way; thus a set of 134 TE
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consensuses had matches on the genome that were the input of the REPET annotation

pipeline part. This pipeline is composed of the TE detection software BLASTER90,

RepeatMasker94 and Censor95 and the satellite detection softwares RepeatMasker, TRF71

and Mreps96. The genome was segmented into 200 kb fragments overlapping by 10 kb,

which were independently analyzed by the different programs. Simple repeats were used

to filter out spurious hits. TE or repeat copies fewer than 20 bp after removing simple

repeat regions were discarded.

Since TEs often insert into other TEs causing fragmentation, a “long join” annotation

procedure was performed, using age estimates of repeat fragments based on number of

mutations not attributable to RIP to correctly identify fragments from the same repeat. The

percent identity between a fragment and its reference TE/repeat consensus can be used

to estimate the age of TE fragments. Consecutive fragments on both the genome and the

same reference repeat consensus were automatically joined (i) if the difference between

their percent identities was less than 2% (the two fragments had approximately the same

age) and (ii) if they were separated by a gap of less than 5000 bp and/or by a mismatch

region of less than 500 nucleotides, or (iii) if there were nested repeats: the fragments

were separated by a sequence of which more than 95% consisted of other repeat

insertions, all inserts having a higher identity compared to their respective consensus.

Fragments separated by more than 100 kb were not joined. Finally nested repeats were

split if inner repeat fragments were longer than outer joined fragments. 

The set of 134 TE consensuses was inspected visually for redundancy, taking into

account the high level of nucleotide divergence introduced by RIP mutation and, whenever

possible, “type”  TE reconstructed by identification of bordering LTRs (including the

canonical TGT-ATA/ACA borders of LTRs) and TIRs. 

All these steps led to the identification of only 21 TE families in the genome

encompassing 9 LTR retrotransposons, 10 TIR DNA transposons (Table 5), one rDNA-

specific LINE (Supplementary Figure S10) and one Penelope-like non-LTR

retrotransposon, RPP_Circe (SuperFamily: Athena; Supplementary Figure S8)22. In

addition, 11 “confused” and uncategorized repeats could not be related to any of the type

TEs and only covered 160 kb. As is often the case in fungi, LTR retrotransposons largely

predominated among TEs, representing 27.3% of the genome. However, this large

prevalence was mostly due to only four TEs, three Gypsy retroelements, RLG_Olly,

RLG_Polly and RLG_Rolly, each covering 2.24-3.06 Mb of the genome, and one Copia

retrotransposon, RLC_Pholy, covering 3.10 Mb of the genome (Table 5). All the nine LTR
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elements, along with the DNA transposons DTM_Sahana and DTx_Gimli, were subdivided

into numerous subfamilies by REPET, corresponding to sequence variants of the type

element, truncated copies, mosaics composed of only one TE or, more rarely, mosaics

comprising parts of more than one element. Some of the components of these mosaics of

TEs, such as one of the most common of the TE in the genome, RLG_Olly, had a

predicted chromodomain97, which can be indicative of a genome invasion specifically

targeted at TEs or TE-rich regions of the genome behaving as heterochromatin. 

All TEs, as well as telomeric repeats and part of the rDNA, were severely mutated

by RIP with nucleotidic identity between members of a super-family as low as 60% (Figure

3, Supplementary Figure S5). This contributed to the artificial splitting of type families into

sub-families showing intense nucleotidic polymorphism due to RIP. RIP degeneracy

regarded not only mosaics of TEs in large AT-blocks but also AT-blocks corresponding to

single TEs and even small-sized elements (e.g., DTx_Gimli) and remnants of TEs

occurring within GC-blocks. Very few TEs showed evidence of being still transcribed into

mRNA and thus being still potentially active transposable elements: of 42,222 EST

sequences, 19 had significant hits with only 6 families of repeated elements, including the

uncategorized telomeric repeats LmTelo1 and LmTelo2, encompassing helicase domains.

However, none of these showed evidence of expression in mycelium or during plant

infection.

As a final step, type repeats were deRIPped using the RIPCAL pipeline (see above)

to facilitate the annotation and categorization of TEs. For “deRIP”  of TE families, an

updated version of RIPCAL19 was used, including the Perl script “deripcal” (which predicts

ancient pre-RIP sequences) and ripcal_summarise (which provides summary RIP statistics

over a whole alignment). DeRIP was performed as follows: repeat families were aligned

with ClustalW298 (window=50, ktuple=6, quicktree) and analysed for RIP with RIPCAL. The

alignments were then compared to three model sequences: (i) highest total G+C count

(RIP depletes G and C nucleotides, therefore highest G + C count should indicate the least

RIP-mutated sequence). However, G+C count models may not represent the least RIP-

affected sequence if there is a particularly long sequence among several short ones, and

may not cover the total alignment length, rendering the deRIP uneven along the whole of

the sequence; (ii) alignment consensus (most common base at alignment position, using

degenerate nucleotide code for ambiguous base counts). Consensus models will not

detect RIP mutation if RIP has saturated the alignment, i. e., all CpNs have been

converted to TpNs at a particular alignment position. However consensus models will
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usually span the total alignment length, except where there is only 1 sequence; (iii) deRIP

consensus (similar to consensus, however where CpN-->TpN mutations are detected

within the alignment the consensus sequence is automatically set to CpN; this includes the

reverse complement of CpN->TpN mutations) using “deripcal”. This is similar to the

consensus method, however, where more than one type of CpN-->TpN mutation occurred

at a particular alignment position, the most frequent type was used to generate the deRIP

consensus. As with consensus models, this model also relies on RIP not having saturated

the alignment. 

The TEannot consensus families and the deRIP consensus sequences generated

were compared via BLAST to the NCBI NR protein database. However, since deRIP

consensus sequences may contain some degenerate code, these could not be processed

by BLASTn/BLASTx, thus were translated in six frames via virtual ribosome (reading

through stops) and then compared via BLASTp. Both deRIP consensus and TEannot

consensus sequences were compared to the REPBASE database (version 13.12) via both

BLASTn and tBLASTx. The 'strength' of BLAST hits to NR/REPBASE was compared by

cross-referencing both datasets for both repeat class and hit name. All of these processes

generated new, rebuilt consensus TEs for each family, usually these better matched

functional protein sequences than the original consensus sequences did, and facilitated

assignment to referenced families whenever RIP degeneracy was too intense for their

identification. This was the case in particular for a LINE-1-like insertion in some copies of

the rDNA units (Supplementary Figure S10).

Dynamics and demography of TEs in the genome

Analysis of dynamics of genome invasion by TEs was firstly based on phylogenetic

analysis of each family of repeats, retracing the evolutionary history of each family

regardless of truncation, insertion in other TEs and deletion events51. In such an approach,

terminal fork branch length of one copy corresponds to an evolutionary distance used to

estimate the age of the last transposition activity, assuming that each transposition event

will generate copies independently submitted to mutation. The terminal branch distance

corresponds to the number of substitutions per mutable positions and, assuming a suitable

molecular clock is available, the tree of TE families can be used to date the dynamics and

demography of TE invasion in the genome. The sequences were firstly aligned using

REFALIGN from the REPET package, by doing a master-slave multiple alignment, using
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the consensus sequence as master to align TE copies. However, this approach was

complicated by the high rate of mutation due to RIP, which was likely to lead to major

biases in time estimates. To address this point, a Perl script was developed and used to

eliminate all possible RIPed dinucleotides in the alignments by replacing TA by NN. The

resulting alignments were then used as an input in the PhyML program99, allowing

phylogenies to be built from DNA sequences using maximum likelihood. A BIONJ distance-

based tree is used as starting tree100. Topology, branch lengths, and rate parameters were

optimised. The transition/transversion ratio default value was 4.0. The gamma distribution

parameter is estimated by maximizing the likelihood of the phylogeny. Data sets were

analyzed under the HKY85 evolution model101. Terminal forks branch lengths were

extracted from these Newick files to calculate the age of the last transposition events of

the copies in the genome sequences using a script called lTermForks51. This was done

both with trees obtained from the complete alignment containing NN columns and in trees

from alignments in which all columns containing Ns were deleted. However, in this latter

case, only those alignments in which a minimum size of 200 resolved aligned nucleotides

were analysed. Seventy or more sequences could be aligned for the following TEs:

RLG_Dolly (148 sequences), DTx_Gimli (70 sequences), RLG_Polly (422 sequences),

DTF_Elwe (70 sequences), RLG_Olly (488 sequences), RLC_Pholy (462 sequences),

RLG_Rolly (288 sequences), RLx_Ayoly (76 sequences) and DTM_Sahana (106

sequences). For final graphical visualisation an R statistical package script with a

kernel_density procedure was used. An R script was written to plot a histogram of the

terminal fork branch length with kernel density estimate for each family (Figure 4b). Lastly

the divergence values were converted in estimated divergence time using the 1.05 x 10-9

nucleotide per site and per year substitution rate currently estimated for protein-encoding

genes in fungi53,102. The distribution of the values was displayed as a boxplot graph (Figure

4b). Using these approaches very low divergence rates for L. maculans TEs, typically

ranging between an average of 0.007 and 0.017 substitution per site per year were found

(Figure 4).

Dynamics of TE aggregation over time was also analysed by a visual and graphical

analysis of nesting relationships between TEs. Following the long join annotation, mosaics

of TEs were visualized using Artemis v. 12.0 (http://www.sanger.ac.uk/Software/Artemis/)

in SC0-22. To avoid erroneous interpretations due to errors in assembly, TEs were

considered nested if (i) an uninterrupted mosaic was present (i.e., those mosaics in which

gaps in the sequences are present were excluded from the analysis), (ii) a continuous
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element could be rebuilt once invaders were omitted (i.e., the integration within another TE

was not accompanied by deletions or sequence inversion of the invaded TE). Also (iii)

portion of TEs (e.g., solo-LTRs) that could not be joined to form a complete element were

not classified as invaders or invaded. Five hundred and seventeen mosaics were identified

and a data matrix recording the number of integrations of one given TE family into another

one (invader) and the number of cases where one given TE was recipient of an insertion

from one or multiple other TEs (invaded TE) was generated (Supplementary Table S8). To

evaluate whether the observed values differ from those expected in case of random

integration, data were submitted to a Chi-squared test for given probabilities with

simulated P values (based on 20,000 replicates) as implemented in R. 

This analysis indicated that a major burst of transposition involving all major families

of retrotransposons occurred simultaneously, and that only few waves of transposition

occurred for these, as shown by the divergence time estimates (Figure 4), the significant

under-representation of self-nests (TEs invading a TE from the same family) for

RLC_Pholy, RLG_Polly, RLG_Rolly and RLx_Jolly (Supplementary Table S8) and the over

representation of primary nesting relationships compared to more complex secondary or

tertiary invasions. The scarcity of invaded DTM_Sahana, its low sequence divergence and

its common occurrence as a single TE in the middle of GC-blocks indicates that

DTM_Sahana expanded more recently than other TEs. Interestingly, these analyses show

a large disequilibrium in source/sink relationships between retrotransposons and DNA-

transposons. Whereas all retrotransposons are invaders or have been invaded to a similar

extent, and DNA transposons such as DTF_Elwe, DTM_Sahana, DTx_Gimli, DTM_Ingwe

are mostly invaded and rarely invaders (Supplementary Table S8).

Identification of telomeres

In most organisms, telomeres consist of short repeated motifs, and the sequences

adjacent to the telomere repeats are often duplicated at multiple chromosome ends, thus

defining a specific subtelomeric region30. The mining of the genome of L. maculans for

annotated telomere-linked helicase, TTAGGGn telomeric repeats and the examination of

extremities of SCs for the occurrence of TEs identified by REPET showed that telomeres

are characterized by the alternation of three repeated elements specific to chromosome

extremities; (i) RPP_Circe, a non-LTR retrotransposon, separated by TTAGGGn and other

SSRs, (ii) LmTelo1 and (ii) LmTelo2. Even though it was degenerated by RIP, RPP_Circe
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had a match to a reverse transcriptase, but not of the GIY-YIG endonuclease typical of

Penelope elements. It thus was extremely similar to the Athena telomere-associated

retroelements described in a series of Eukaryotes, including Basidiomycetes, but not

Ascomycetes22. As described for other Athena elements, the 5’  part of RPP_Circe was

telomere-oriented and capped with typical TTAGGG repeats, whereas its 3’  ends

contained more complex tandem repeats of which some were modified TTAGGG repeats

(Supplementary Figure S8). LmTelo1 and LmTelo2 contained a predicted RecQ helicase

(Supplementary Figure S8 for an analysis of type telomeres in L. maculans). The distal

portion of telomeres is highly prone to truncation and probably poorly assembled and,

whereas LmTelo1 and/or LmTelo2 are always present in the telomeric AT-rich region, the

presence of the most distal element, RPP_Circe was much more variable. These three

repeated elements were the core part of telomeres but they also occurred as truncated

copies intermingled with various other TEs (Supplementary Figure S8). 

Chromosomal location and organization of ribosomal DNA 

We firstly reconstructed the complete sequence of the rDNA unit by identifying the SC

containing rDNA repeats. Of these, the extremity of SC19 showed perfect matches (99.6%

identity or more) with available Small Subunit (SSU), internal transcribed spacer 1 (ITS1),

5.8S, ITS2 and partial Large Subunit (LSU) sequences of L. maculans. The genomic

region separating two repeats was postulated to be the missing LSU (as validated by

BLAST against the nt database) and Intergenic Spacer (IGS) sequences. The final

canonical rDNA copy was 7.8 kb in length with 45% GC content and encompassed the

following: the SSU, sized 1798 bp, ITS1 sized 111 bp, the 5.8S sized 211 bp, ITS2 sized

148 bp, the LSU sized 3327 bp and the IGS sized approximately 2 kb (Figure 3). However,

a standard sequence for the IGS was difficult to define due to the presence of variable-

length short tandem repeats flanking almost every rDNA repeat, missing parts in most of

the assembly and probable size/sequence variations from one repeat to the other. Using

REPET, the rDNA repeats were identified mostly as “confused”  TEs corresponding to

fragments of the rDNA unit. Both the canonical rDNA copy and the REPET outputs were

used to mine the genome and indicated that nine other SCs contained parts of the rDNA.

One hundred and seven complete and incomplete copies of 18S rDNA were present in the

assembly which is within the range of the 56-225 copy number estimated previously23 but

may be an underestimate, due to loss of perfectly matching copies in the course of the
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assembly. In addition, 50 complete copies of the transcription unit were identified in the

whole assembly, with up to 16 tandem copies assembled in SCs only consisting of rDNA

tandem repeats. In contrast to those in SC19, the matches showed between 85% and 88%

sequence identity with the canonical unit. 

Southern hybridization of CHEF chromosomal blots with 18S rDNA and ORFs from

SC2 and SC19 showed binding to a large unresolved chromosomal DNA band (>3.43 Mb).

This suggested that rDNA is on a single or on two large chromosomes. To determine

whether rDNA was in a single tandem array, chromosomal DNA was digested with either

SalI or XhoI, enzymes that cut outside the rDNA repeat unit. Two large bands 1.05 and

0.61 Mb hybridized to an rDNA probe. The 1.05-Mb band hybridized to a single-copy

sequence between the Xho1 site and the first rDNA unit on SC19, whilst the 0.61 band

hybridized to a single copy sequence between the Xho1 site and the first rDNA unit on

SC2. This shows that rDNA is arranged in two blocks of tandem repeats. Enzymes that cut

once within the rDNA repeat unit, BamHI and HindIII, produced several bands, thus

confirming size variation of the IGS as shown in Supplementary Figure S10. Sequence

analysis of BAC ends showed that 1.3% of the clones contained only rDNA repeats and

0.3% (ca. 3-x genome coverage) contained rDNA on one extremity, whereas the other

consisted of diverse TEs. Interestingly, one third of the clones containing only rDNA

showed sequence polymorphism indicative of RIP whereas a few BAC clones

(corresponding to a 1.5-x genome coverage) contained rDNA copies showing RIP

degeneracy on one extremity but not the other. All of these data strongly suggest that the

rDNA in v23.1.3 is organized as two arrays of tandem repeats located on either one or two

large chromosomes. These arrays are flanked by mosaics of TEs, and one part of the

array is protected from RIP whilst another part is affected by RIP mutations. Finally, some

copies showed an additional level of degeneracy with the insertion of a 7-kb RIPped LINE

element in the 3’  part of the 28S rDNA gene (Supplementary Figure S10). This feature,

reminiscent of what has been observed in some rDNA units of arthropods103 has to our

knowledge never been described in fungal rDNA.

Analysis of AT-rich genomic regions

A sharp contrast between GC-equilibrated regions (henceforward GC-blocks) and AT-rich

regions (henceforward AT-blocks) was evident using genome viewer tools such as Artemis

(Figure 2c; Supplementary Figure S12). Sharp transitions between the blocks resulted in
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small-sized transition regions. AT-rich and GC-equilibrated regions were manually

extracted from each SC using Artemis. Two sets of location data were generated for each

AT-block: one exclusively encompassing the AT-block stopping at the GC-content rise, and

the second including the transitional regions between the AT-blocks and the GC-blocks

(hereafter called “borders”). 

The sequences of the AT-blocks were then extracted using a Python script to

generate a file containing (i) the name/number of the AT-block, (ii) the SC number in which

it had been identified, (iii) the start and (iv) end positions on the SC. AT-blocks could be

discriminated into three categories (i) telomeres, which are up to 93 kb (Supplementary

Figure S8); (ii) large AT-blocks (216 sized 13-325 kb) (Supplementary Figure S9), usually

composed of mosaics of more or less truncated TEs. Previous sequencing and finishing of

a large genomic region showed larger AT-blocks (up to 450 kb)13, thus suggesting that very

large AT-blocks may be poorly assembled, resulting in many unassembled smaller AT-rich

SCs comprising only one AT-block (Supplementary Table S2); (iii) mid-sized AT-blocks

(197 sized 1-13 kb) (Supplementary Figure S9), corresponding mostly to a single TE

family member. Single-TE AT-blocks were mostly due to only two DNA transposons,

DTM_Sahana (62.4% of the repeats occurring as single TE within GC-blocks) and

DTF_Elwe (19.3% of the repeats occurring as a single TE within GC-blocks). TE content of

AT- and GC-blocks was analyzed using the REPET pipeline (see above). Size distribution

of AT-blocks, occurrence of AT-blocks on chromosomes and relationship between AT-

block, TE content and chromosome length were calculated (Supplementary Figure S3).

The number of AT-blocks was linearly correlated to the size of the SC (R2 = 0.87), as was

the total size of the AT- blocks within a SC (R2 = 0.77) (Supplementary Figure S3). In all

cases, the transition between AT- and GC-blocks was extremely abrupt (859 ± 385 bp)

(Supplementary Table S7). 

Analysis of the distribution along the SC/chromosomes indicated clustering of

99.8% of the annotated repeat families within AT-blocks. TEs identified in GC-blocks only

were small-sized portions of TEs (287 bp on average) or the small-sized DTx_Gimli. The

total of 461 small TEs within GC-blocks comprised only 131.8 kb (0.2% of the genome).

These portions of TEs showed a GC bias similar to that of larger TEs lying within AT-blocks

(average GC% = 40%). 

Micro and minisatellites were systematically searched for along selected SCs (SC0,

SC1, SC4, SC7, SCs14-16), mostly corresponding to complete chromosomes

(Supplementary Figure S1). These markers were exclusively found in GC-blocks and their
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position along each SC recorded. Ninety-four micro- and minisatellite polymorphic markers

between two parental isolates (a.2 and H5) of a cross described by Kuhn et al.70 were

mapped in the random progeny. For each progeny the number of cross-over (CO) between

two consecutive markers was calculated along each SC. The recombination frequency

between two successive markers (number of progeny with one recombination event

between the two markers/nb of isolates in the progeny) was calculated and plotted against

the physical distance between the two markers. 

Two sets of data were compared: a set encompassing recombination frequencies

between successive markers located within the same GC-block, and a set comprising the

frequencies between two markers located on both sides of a single AT-block. When more

than one AT-block or GC-block separated two successive markers, the recombination

frequencies between them were excluded from the statistical analysis. Forty-one pairs of

markers belonged to the same GC-block, and 21 pairs corresponded to markers spanning

one single AT-block. These datasets were subjected to an ANOVA and a non-parametric

test (Mann-Whitney test) using XLStat, to compare recombination frequencies between

and within GC-blocks. The recombination frequency differed significantly between these

two groups of marker pairs (Supplementary Figure S7a), with a higher recombination

frequency within GC-blocks (F Fisher = 5.873, P=0.19). Within GC-blocks, the

recombination frequency correlated significantly with the distance between the markers

(Pearson’s correlation coefficient r=0.721, P<0.001), whereas the correlation was lower

when the markers were located on both sides of an AT-block (r =0.574, P=0.007)

(Supplementary Figure S7b).

The databank of TEs provided by the REPET pipeline (see above) was used to

mask the TE content of AT-blocks using RepeatMasker, and thus specifically identify non-

repeated genomic regions within AT-blocks. Gene prediction in masked AT-blocks firstly

relied on FgeneSH and final EuGene prediction. However, these predictions were

sometimes inaccurate, and in a number of cases, small putative ORFs were not predicted.

For example, in the final set of 122 Small Secreted Protein (SSP)-encoding genes, 63

were not predicted by either EuGene, or FgeneSH alone. For a better identification of

putative SSP-encoding genes, the EMBOSS:GETORF program was used with a size limit

set at 600 amino acids (lower limit : 60 amino acids). In a second step, outputs of each

predictor were compared to avoid redundancy. If a GETORF prediction was included or

partly redundant with a EuGene/FgeneSH prediction, the former was discarded. 

The Gene Ontology (GO) project standardizes representation of gene and gene
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product attributes across species and databases. The project provides a controlled

vocabulary of terms for describing gene product characteristics and gene product

annotation data (http://www.geneontology.org/). The software Blast2GO104 was chosen to

annotate all predicted L. maculans ORFs with GO. The first step of the process was a

BLAST against a chosen databank to get similarity with other known sequences. BLAST v.

2.2.21 has been performed on URGI cluster Sauron with all L. maculans predicted proteins

(12,469) and the 498 non-SSP proteins present in AT-blocks (including border sequences)

against "nr" version 16th october 2009. SSPs occurring in AT-blocks were excluded from

the analysis due to the low number of BLAST hits and association to GO terms. The

second step was the mapping by querying a database with Gene Ontology, geneinfo,

gene2accesion and PIR data. GO terms associated with a particular hit were transferred to

the sequence. Blast2GO mapped 12,455 resources for L. maculans proteins. When

blast2GO performs mapping, it keeps the source of annotations and their associated

Evidence Code (EC). Blast2GO implements an Annotation Rule (AR), which takes into

account the source of the GO (Electronic or Manual Inference) for each GO mapped and

modulates it with Blast Hit e-values. Annotation was firstly performed with BLAST, using

default parameters provided by Blast2GO (Blast Threshold evalue=1.e-6,

annotation.goweigth=5, annotation.cutoff=55 and default weights for each evidence code

(IDA=1, IPI=1, IMP=1, IGI=1, IEP=1, EXP=1, ISS=0.8, ISO=0.8, ISA=0.8, ISM=0.8,

IGC=0.7, RCA=0.9, TAS=0.9, NAS=0.8, IC=0.9, ND=0.8, IEA=0.7, NR=0)). Then

annotation was expanded with “Annex”, which increased by 13.5% the number of

annotations so that the mean of GO-level gains 0.05, and lastly with InterProScan v. 4.4

(runs performed on Sauron cluster). Interpro entries are often linked with one or several

GO terms. According to Gotz et al.104, InterProScan results significantly increase

annotations, especially in a de novo analysis. Here, this third annotation increased the

number of annotations by 33.7% as compared to the BLAST + Annex annotation. In total,

5528 proteins (44.3% of the sequences) of the whole-genome set and 177 (35.5% of the

sequences) of the AT-block set were annotated and compared for GO term occurrence

(Supplementary Figure S11).

Identification and characterization of clusters of genes encoding secondary

metabolites

The complete sequence, as well as adenylation domains of non-ribosomal peptide
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synthetase (NPS) genes from other filamentous fungi were blasted against the L.

maculans genome and homologs were identified. Regions of the genome (minimum of 50

kb) with a NPS homolog were analysed by FgeneSH (Softberry.com) and neighbouring

genes were identified. Also entire SCs were analyzed using FgeneSH/Softberry. NPS and

polyketide synthases (PKS) genes also were identified using domain searches in NCBI

and the PKS/NRPS Analysis website (http://www.tigr.org/jravel/nrps/). Using these

approaches 13 NPS genes were identified, including the previously identified ones SirP,

involved in sirodesmin biosynthesis105, maa1, and NPS9, a gene with high sequence

similarity to Lys2 of Saccharomyces cerevisiae106 (Supplementary Table S9). Twelve PKS

genes were identified, including PKS1, which is located close to the sirodesmin gene

cluster and PKS12, the ortholog of Aspergillus clavatus Ace1 (Supplementary Table S10).

This latter PKS, unlike that in Magnaporthe grisea and P. nodorum, lacks a NPS module.

Seven of the 12 PKSs had close matches to PKSs in P. nodorum. Only five of the NPS

genes had multiple modules while the remaining eight were monomodular. Four of the

monomodular proteins had a condensation domain as the last predicted domain, while

reductase and thioesterase domains were predicted for two each of the other NPS genes.

Domains were also analysed in the PKS genes.

NCBI BLAST searches identified orthologs of the NRPS and PKS genes. The

percentage of similarity between ortholog pairs was determined via NEEDLE107

(Supplementary Table S9). These results were then used to suggest putative functions for

the individual L. maculans genes (Supplementary Tables S9, S10). NPS2 and NPS6 had

close matches to siderophore genes108-110. Based on the expected number of domains and

predicted matches of adenylation domains, NPS8 may be involved in biosynthesis of the

depsipeptide, phomalide, postulated to be a host-selective toxin111. Functions for the other

NPS genes could not be proposed.

Sequence (~50 kb) surrounding each NPS gene was analyzed for gene content

using FgeneSH. The function of predicted proteins was determined by blasting them

against the NCBI database. Classes of proteins with roles in the biosynthesis of secondary

metabolites (cytochrome P450 monooxygenases, methyltransferases, prenyl transferases,

transmembrane transporters and transcription factors) were sought. On this basis, eight of

the 13 NPS genes were predicted to be part of gene clusters (Supplementary Table S9),

including SirP, part of the sirodesmin biosynthetic cluster. The best matches of genes

flanking NPS2 and NPS6 supported the hypothesis that these were part of siderophore

gene clusters108-110. Similarly, best matches of genes flanking NPS8 (an
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aldoketoreductase), suggested its product may be phomalide. NPS3 and NPS7 were in

clusters, but their products cannot be predicted. The NRPS4 gene had ATP Binding

Cassette (ABC) transporter and Multi Facilitator Superfamily (MFS) transporter genes

nearby but best matches of the remaining genes have no predicted roles in secondary

metabolism. Likewise, NPS1 has an MFS transporter gene immediately upstream;

however, surrounding genes have no known roles in secondary metabolism. While NPS5

is surrounded by genes of unknown function, about 15 kb downstream from it is a

predicted PKS gene (PKS2) whose end product cannot be predicted. The NPS9 and maa1

genes are surrounded by genes, but not of the classes described above.

Of the 13 L. maculans NPSs, ten are located in or close to AT-blocks, whilst three

(including lys2 involved in lysine biosynthesis) are in GC-blocks (Figure 2b;

Supplementary Tables S9, S10; Supplementary Figure S12). Some of these NPSs in AT-

rich regions are sub-telomeric (NPS7, NPS10, NPS11), as are secondary metabolite gene

clusters in other ascomycetes112,113. In contrast, the nine NPSs of P. nodorum are not

located in AT-rich regions; for instance, NPS7 is in an AT-repetitive rich, sub-telomeric

region in L. maculans, but is not associated with any repetitive elements in P. nodorum. An

exception is NPS5, which is flanked by repetitive elements in both species. All L. maculans

NPSs had either EST support or were transcribed in complete media, as shown by RT-

PCR. Monomodular NRPSs including lys2 have more ancient origins and more conserved

domain architectures than most multimodular NPSs. They also are predicted to play more

pivotal roles in cellular metabolism than products of multimodular NPSs. In contrast,

multimodular subfamilies of NPSs are of more recent origin, are restricted to fungi, are

more variable, and biosynthesise metabolites that perform more niche-specific functions

than monomodular NPS products114. Whereas the location of the monomodular lys2 or

maa1 within a GC-block is consistent with their being protected from hypermutation due to

RIP, this is not the case for the conserved monomodular NPS7 (Supplementary Table S9)

and poses questions about the influence of genome environment on evolution of NPS

genes in L. maculans. 

L. maculans has fewer PKSs (12) than P. nodorum (19) or C. heterostrophus (24)55.

Several PKS are organized into gene clusters (Supplementary Table S10), but few

polyketide-derived molecules have been described in L. maculans so little is known about

their products. Like the NPS, several of the PKS are located in or close to AT-rich regions,

some of which are sub-telomeric (e. g., PKS4, PKS6, PKS7, PKS10).
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Synteny between L. maculans and related Dothideomycetes in the AT-block

surroundings 

Predicted proteins of L. maculans were reciprocally blasted against the predicted proteins

of P. nodorum. Best reciprocal hits (BRH) genes flanking an AT-block (one in 5', one in 3')

in L. maculans were extracted and the two closest BRH in P. nodorum were identified. The

distance between each pair of genes and the ratio of the lengths were calculated in both

organisms (Figure 1b). Two hundred and fifteen pairs of genes separated by an AT-block

were identified in L. maculans with an orthologous pair of genes in P. nodorum. In 29% of

the cases, the pair of genes of P. nodorum was located on different SuperContigs and

could not be analysed. In 48% of the remaining cases, the intergenic distance between the

pair of orthologs in P. nodorum was less than 10 kb (average 4 kb) and contained 0 to 3

genes (average = 0.9). The corresponding pair of genes in L. maculans was separated by

AT-blocks sized 4.4-213 kb (average 30 kb) and contained 0-6 genes (average 2) (Figure

1b). In addition, in 31 cases, consecutive genes in P. nodorum were separated by an AT-

block in L. maculans with an average enrichment of 2 genes in L. maculans compared to

P. nodorum. In contrast, the 80 cases where the pair of P. nodorum orthologs was

separated by more than 10 kb usually represented large breaks in synteny, with an

average of 189 genes present in the interval. To validate the lack of large TE-rich regions

in related species, the pair of orthologs was then investigated in two other species of the

suborder Pleosporineae, C. heterostrophus and P. tritici-repentis.

Identification and features of Small Secreted Proteins (SSPs)

To define whether a protein can be considered as a putative SSP, a pipeline using different

prediction programs was written in Python. The predicted protein was firstly screened

according to its size with a length limit set at 330 amino acids (lower limit: 30 amino acids).

Each putative protein was then submitted to a signal peptide prediction program, SignalP

3.0 (http://www.cbs.dtu.dk/services/SignalP/; set for eukaryotes), a target location

prediction program, TargetP (using non-plant networks, including cleavage site prediction),

and a transmembrane domain prediction program, TMHMM. A predicted protein was

considered as a putative SSP if both methods of SignalP (Neural Networks and Hidden

Markov Model) were consistent, if TargetTP located it in the secretory pathway, and if

TMHMM predicted 0 or 1 transmembrane domains. In this latter case, the transmembrane

domain had to be included in the signal peptide.
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For structural comparison purposes, the following sets of genes encoding SSPs

were constructed: (i) SSPs in GC-blocks containing 529 genes; (ii) SSPs in AT-blocks

containing 122 predicted genes and further sub-divided in SSPs located at the borders (65

predicted genes) and SSPs within AT-blocks (57 predicted genes); (iii) genes encoding

other proteins (non-SSPs) in AT-blocks (498 predicted genes) and further sub-divided in

non-SSPs located at the borders (91 predicted genes) and non-SSPs within AT-blocks

(407 predicted genes); (iv) genes encoding other proteins (non-SSPs) in GC-blocks

(11,394 predicted genes) and (v) all 12,469 genes predicted by EuGene in the genome

(Table 4). 

Base composition of the genes encoding SSPs (percent of each base in the sequence,

GC content and GC3 content) and amino acid count of the SSPs (as% of each amino acid

in the protein) were calculated by custom Python scripts. Statistical bias in amino acid

occurrence was evaluated by an F-test to determine if the variances were equal in both

sets, followed by a Student t test (95% confidence level) to compare the mean use of each

amino acid in each set of predicted proteins (Supplementary Table S12). 

RIP indices were calculated for each set of genes, compared using the non

parametric Mann-Whitney test as implemented in ExcelStat v.2010.3.02, and the

distribution of the values was displayed as a boxplot graph (Supplementary Figure S15).

TpA/ApT indices were significantly higher (P < 0.0001) for all genes located within AT-

blocks as compared to those located within GC-blocks (Table 4; Supplementary Figure

S15). Similarly, TpA/ApT indices were significantly higher (P < 0.0001) for SSP-encoding

genes located within AT-blocks as compared to SSP-encoding genes located in GC-blocks

(Table 4; Supplementary Figure S15). In contrast SSP and other genes in AT-blocks did

not show significantly different TpA/ApT indices (P = 0.704, Table 4; Supplementary Figure

S15).

Biases in codon usage were evaluated using EMBOSS:CHIPS. The proportion of

usage of a given codon among the set of codons that code for this codon’s amino acid was

calculated for each set of predicted proteins. The Relative Synonymous Codon Usage

(RSCU) was then calculated by dividing the fraction of a codon corresponding to an amino

acid by the number of synonymous codons. For a given amino acid, the codon with the

highest RSCU value was determined as being the preferential codon (Supplementary

Table S11). Whereas biases in codon usage were observed, this only had limited

consequences on amino acid usage with only four amino acids showing significant

differences when comparing the set of SSPs in AT-blocks with other predicted proteins or
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SSPs in GC-blocks: two, C and F were more common, and two, D and E, were less

commonly used. In addition, all SSPs, whatever the genome location of their encoding

gene, were depleted in K and R as compared to other predicted proteins in the genome

(Supplementary Table S12).

Presence and identity of TEs in the vicinity of SSPs (up to 5000 bp) was sought

using a Python script, and validated by visual inspection. A Chi-squared test for given

probabilities with simulated values (20,000 replicates) as implemented in R was performed

to test random association of SSPs in AT-blocks with specific TEs. The analysis revealed

that this null hypothesis should be rejected (Chi-squared = 232.1, P < 0.0001). One of the

most common retrotransposon in the genome, RLG_Polly, was significantly under-

represented in the vicinity of SSPs (Supplementary Figure S13). In contrast, three TEs

were significantly over-represented in the proximity of SSPs: an uncharacterized minor

retrotransposon, RLx_Ayoly, and two DNA transposons, DTF_Elwe and DTx_Gimli

(Supplementary Figure S13). 

Multigene families of SSPs were sought within the predicted proteins of the genome

by PSI-BLAST with variable E-value cut-off and iteration numbers. Output was analysed

by a Python script and families built with the following criteria: coverage > 75% of the

query's length, and percentage of similarity > 20%. Putative functions were investigated by

additional BLAST searches against the NR database. 

Oomycete phytopathogens produce a wide variety of effectors that are delivered

within the plant cell using translocation signals composed of an RXLR motif and a nearby

acidic motif, dEER9. The fungal effectors known to date contain no obvious RXLR or dEER

motifs, but an experimental analysis of the range of residues within the RXLR motif

revealed that lysine (K) or histidine (H) but not glutamine (Q) could replace the arginine at

position 1 in the motif, that any large hydrophobic residue (isoleucine, I; methionine, M;

phenylalanine, F; tyrosine, Y) could replace the leucine (L) at position 3, albeit with varying

efficiencies, but valine (V) and alanine (A) could not. At position 4, K, Q and G allowed

function. Furthermore, the presence of either an L or M residue at position 2 could

substitute for a large hydrophobic residue at position 3115. Interestingly, L. maculans

AvrLm6 possesses two such putative translocation motifs in its N terminus (RTLK and

RYWT), of which the RYWT, but not the RTLK was found to be functional26. A Python script

to identify putative translocation motifs in L. maculans SSPs was deployed. The pipeline

encompassed six steps, and its final output is a 0-5 score; the lower the score, the higher

the probability of an RxLR-like motif. Step 1 is harmonisation of the cleavage position of
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the signal peptide when SignalP3.0 and TMHMM did not agree on its location (in this case

a + 0.5 penalty was applied), step 2 is the search for motifs using EMBOSS:Fuzzpro

(<[RKH] X [LMIFYW] X> or <[RKH] [LMIFYW] X [RKH]>). This created a set of protein

sequences including the motifs and their location from the start of the sequence, of which

motifs identified in the signal peptide were excluded. Score increases were + 4.0 (with

exclusion from subsequent steps) if no motif was found, and + 2.0 if one or more motifs

were found. The third step analysed the location of the motif within the protein with a + 2.0

penalty if (i) motifs were located within the first 10 amino acids or (ii) if they were farther

away than the first 100 amino acids, or (iii) they are located within the last 20% of the

amino acids of the protein. The fourth step analysed the composition of the motifs with

scores decreased by 0.5 if there was a [LMIFYW] motif at positions 2 or 3 of the four-

amino acid motif, and also decreased by 0.5 if there was a [RKH] motif at positions 2 or 4.

The fifth step evaluated the distance between motifs when more than one was present: a

decreased score of 0.2 was applied if the two motifs were separated by 1-10 amino acids.

The sixth step evaluated the distance of the motif from the C-terminus. A +0.5 penalty was

applied if the motif was within the 20 last amino acids of the protein (which was redundant

with step 3 for proteins smaller than 100 AA).

Since avirulence genes of L. maculans evolve mainly via deletion when submitted

to selection pressure by extensive sowing of Brassica cultivars with particular resistance

genes39,41, presence/absence PCR-based assays were used to determine the

dispensability of SSP-encoding genes in a wide sample of 1043 isolates collected world-

wide116. Of 36 predicted SSP-encoding genes analysed (all located within AT-blocks),

44.5% showed a presence/absence polymorphism with wide variation in the number of

polymorphic SSPs from one population to the other (A. Dilmaghani, unpublished data).

Primers for these SSP-encoding genes are available on request.

Whole-genome oligoarray and QRT-PCR analyses of expression of genes encoding

SSPs

The L. maculans whole-genome expression array was manufactured by NimbleGen

Systems Limited (Madison, WI). It contains fourteen independent, non-identical, 60-mer

probes per gene model, each being duplicated on the array. The considered gene models

were 12,396 EuGene-predicted gene models, 63 SSP-encoding genes not included in the

EuGene gene models, 1316 clustered ESTs that did not match the gene models, 8651
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random 60-mer control probes and labelling controls. Total RNA was extracted from

mycelia grown during one week in Fries liquid medium and from oilseed rape-infected

leaves (7 and 14 days post inoculation), using TRIzol reagent (Invitrogen) according to the

manufacturer’s protocol. Total RNA was treated with DNase I RNase-Free (New England

Biolabs). Total RNA preparations (three biological replicates for each sample) were

amplified by NimbleGen using the SMART PCR cDNA Synthesis Kit (Invitrogen) according

to the manufacturer’s instructions. Single dye labeling of samples, hybridization

procedures, data acquisition, background correction and normalization were performed at

the NimbleGen facilities (NimbleGen Systems, Reykjavik, Iceland) following their standard

protocol117,118. Average expression levels were calculated for each gene from the

independent probes on the array and were further analysed. 

Gene-normalized data were subjected to Analysis of NimbleGen Array Interface

Suite119 (ANAIS; http://anais.versailles.inra.fr). ANAIS performs an ANOVA test on log-10

transformed data to identify statistically differentially expressed genes. This test uses the

observed variance of gene measurements across the three replicated experiments. To

deal with multiple testings, the ANOVA P-values are further subjected to the Bonferroni

correction. Transcripts with a P-value lower than 0.05 and more than 1.5 change in

transcript level were considered as significantly differentially expressed during infection

compared to mycelial growth.

To estimate the signal-to-noise threshold (signal background), ANAIS calculates the

median of the intensity of all of the random probes present on the microarray, and provides

adjustable cut-off levels relative to that value. Gene models with an expression higher than

three-times the median of random probe intensities in at least two of three biological

replicates were considered as transcribed. Among the 13,779 gene models and ESTs

included in the oligoarray, 11,687 (84.8%, corresponding to 84.4% of the EuGene-

predicted gene models, 51.0% of the additional SSP-encoding genes and to 90.8% of the

clustered ESTs not matching with the gene models) were expressed above background

level in at least one of the analysed conditions. Taking into account transcriptomic,

proteomic and EST support, the existence of 84.8% of the gene models was validated

(Table 2). It suggests other gene models will be validated when analysing other biological

conditions and developmental stages, such as dormant conidia (with a few cases of EST

evidence for SSPs in the absence of transcriptomic evidence), development of fruiting

bodies, late stages of plant infection or saprophytic life. From the 643 SSP-encoding

genes represented in the oligoarray, 464 (70.2%) were expressed above background level
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in at least one of the conditions. SSP-encoding genes located within AT-blocks were

specifically or highly expressed during the primary plant infection, as already found for

AvrLm1, AvrLm4-7 or AvrLm615, and could play the role of effectors at this stage of

infection. Whether their expression is controlled by a common transcription factor or by

their particular genomic location is an intriguing question.

Primers for qRT-PCR experiments were designed for 22 of the genes encoding for

SSPs, previously shown as being expressed in at least one of the conditions tested and

located either in GC-blocks (4 genes), AT-blocks (13 genes) or in the bordering zones

between the two (5 genes). Total RNA prepared for oligoarray experiments was used and

extraction of total RNA from infected leaves 3 days post inoculation was also performed.

All samples, either mycelia or infected plant tissues, were adjusted to 4 µg of RNA and

single-strand cDNA was generated using oligo-dT-primed reverse transcription (RT) with

PrimeScript Reverse Transcriptase (Clontech, CA) according to the manufacturer’s

protocol. For each condition tested, three RNA extractions from different biological

samples were performed and two technical repeats were analyzed. Water was used as a

negative control. qRT-PCR was performed using 7700 real-time PCR equipment (Applied

Biosystems) and ABsolute SYBR Green ROX dUTP Mix (ABgene, Courtaboeuf, France),

as previously described13. Ct values were analyzed as described by Muller et al.120 for

expression kinetic analysis. β-tubulin was used as a constitutive reference gene

(Supplementar Figure S14). Primers used for qRT-PCR experiments are available upon

request.

Proteomics and secretomics

To validate predicted secretion signals, mycelia and filtrates of seven-day old cultures of

isolate v23.1.3 grown in liquid V-8 medium were subjected to proteomic analyses, using

liquid-phase isoelectric focusing prior to high-resolution 2-D electrophoresis and shotgun

proteomics (1-DE followed by liquid chromatography-mass spectrometry (LC-MS/MS))121.

Up to approximately 2000 2-D spots were resolved in the culture filtrate (secretome) and

MS identified major secretome markers such as endopolygalacturonases, β-

glucanosyltransferases, pectate lyases and endoglucanases. Shotgun proteomic

experiments showed the enrichment of secreted proteins within the culture filtrate with

83% of the proteins containing a predicted signal peptide, as expected121. These data were

reanalysed to identify SSPs that could be identified in the L. maculans secretome. Thirty-
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nine SSP were found in the secretome of which only two were from AT-blocks borders and

none from within AT-blocks. The scarcity of SSP from AT-blocks in the secretome of in vitro

grown mycelia is consistent with transcriptomics and qRT-PCR data indicating

overexpression in planta but low or no expression in axenic culture.
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CHAPITRE 2

Évolution et adaptation
dans le complexe

d’espèces Leptosphaeria
maculans-Leptosphaeria

biglobosa
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La  première  partie  de  ce  chapitre  est  composée de  l’article  «Transposable  Element-

assisted  evolution  and  adaptation  within  the  Leptosphaeria  maculans-Leptosphaeria

biglobosa species complex of fungal plant pathogens» prévu d’être soumis dans la revue

scientifique Genome Research. Il décrit une étude de génomique comparative et évolutive

au sein du complexe d’espèces L. maculans-L. biglobosa en se focalisant sur les relations

entre les différents niveaux d'adaptation au colza de chacun de ses membres et l’invasion

des génomes par des éléments transposables.

Suite à l'analyse du génome de  L. maculans 'brassicae' (Lmb) (Chapitre 1), dans le but

d'obtenir des informations supplémentaires sur l'invasion du génome par des ET et son

incidence au niveau structural et fonctionnel, nous avons initié une étude de génomique

comparative  entre  Lmb  et  les  espèces  les  plus  proches  phylogénétiquement  :  les

membres du complexe d'espèces L. maculans-L. biglobosa. Ce complexe, plus ou moins

bien  défini,  est  composé  de  deux  espèces  et  plusieurs  « sous-espèces »  dont  les

membres sont des agents pathogènes des crucifères. Deux données importantes nous ont

poussé à réaliser cette étude : (i) des analyses préliminaires effectuées sur les autres

membres du complexe (électrocaryotypes et hybridation avec des ET connus) suggéraient

qu'ils possédaient un génome de plus petite taille et pauvre en ET, (ii) les membres du

complexe ne possèdent pas les même capacités infectieuses vis-à-vis du colza. 

Nous  avons  donc,  grâce  aux  technologies  NGS  (Next  Generation  Sequencing),

séquencés cinq autres membres du complexe d'espèces. Le séquençage et l'annotation

des génomes ont permis de confirmer que seul le génome de Lmb a été envahi par des

ET, les autres membres ayant un génome de taille comparable à celle de la plupart des

autres  champignons  ascomycètes  filamenteux.  Dans  cet  article,  une  analyse

phylogénétique des différentes souches séquencées du complexe permet de mettre en

évidence des temps de divergence entre les différents membres suggérant  l'existence

d'espèces  distinctes  dans  les  clades  L. maculans et  L.  biglobosa,  et  d'affiner  la  date

d'invasion du génome de Lmb par des ET. Cet article présente également une histoire

évolutive des ET dans la lignée des Dothidéomycètes et l'incidence qu'ils ont pu avoir à

l'intérieur du complexe d'espèces (i) sur l'évolution de la structure du génome en générant

de la mésosynténie, (ii) sur la génération de gènes spécifiques ou (iii) sur le déplacement

de gènes jouant un rôle important lors de la pathogenèse.
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Pour cet article, j'ai contribué (i) à l'annotation automatique des gènes et de leur fonction

pour chaque génome nouvellement séquencé, (ii) à la construction de la phylogénie des

membres du complexe, (iii) à l'annotation automatique et manuelle des familles d'éléments

répétés et l'étude de leur distribution dans le complexe et les espèces Dothidéomycètes

proches,  (iv)  aux  analyses  de  synténie  et  à  la  caractérisation  des  inversions  intra-

chromosomiques,  (v)  à  la  comparaison  des  protéomes  et  la  mise  en  évidence  des

séquences spécifiques, (vi) à l'étude du comportement des gènes présents au sein des

isochores AT conservés dans les autres génomes.

La deuxième partie de ce chapitre présente une étude de génomique comparative au sein

de l'espèce L. maculans 'brassicae'. Deux nouvelles souches potentiellement divergentes

des deux souches précédemment séquencées (v23.1.3 et WA74),  ont été séquencées

dans le but d'évaluer le polymorphisme des gènes codant des effecteurs ou impliqués

dans la pathogenèse. Cette étude montre une divergence génomique très limitée entre les

souches analysées. La principale différence entre ces souches est leur contenu en gènes,

et en particulier en gènes codant pour des effecteurs, qui peuvent représenter jusqu’à

45 % des gènes souche-spécifiques. Cela a permis d’obtenir un répertoire exhaustif des

PPS de l’espèce L. maculans ‘brassicae’ contenant 1177 séquences.
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Abstract
Transposable Elements (TEs) are often considered as genome shapers, and whole 

genome sequencing sometimes shows that fungal phytopathogens develop “two-speed” 

genomes in which TE-enriched regions also are enriched in genes involved in niche 

adaptation. We have investigated when and how TE-mediated genome expansion took 

place in the Leptosphaeria maculans-L. biglobosa species complex, and the 

consequences it had on genome structure, adaptability and pathogenicity. The genomes of 

five members of this species complex, which have different host ranges and abilities to 

infect cruciferous plants, were sequenced. Compared to the 45-Mb Leptosphaeria 

maculans ‘brassicae’ reference genome, which has an unusual bipartite structure, in which 

large AT-isochores are made of degenerated and truncated TEs and are enriched in 

effector genes, all the other genomes were compact (30-32-Mb), with very few TEs (<4%). 

Forty five TE families, all affected by Repeat Induced Point mutations (RIP) were 

identified. Some TE families were lineage-specific, while others had been present in 

dothideomycete fungi, to which Leptosphaeria belongs, for more than 90 MYA. Phylogeny 

analyses indicate that L. maculans ‘brassicae’ and L. maculans ‘lepidii’ diverged 5.1 MYA, 

which coincided  with a major burst of TE transposition in the genome of L. maculans 

‘brassicae’. A nearly perfect synteny was observed at the chomosomal level between L. 

maculans ‘brassicae’ and L. maculans ‘lepidii’, but 30 intrachromosomal inversions were 

present and usually bordered by TEs. A similar gene number was predicted in each 

genome (~11,000), but 5-11% of the genes were species-specific. Effector genes and 

genes encoding secondary metabolites essentially showed either species-specific 

occurrence or inconsistent phylogenetic distribution. For these, examples of translocations 

or duplications were described in L. maculans ‘brassicae’ genome. In addition, presence of 

repeated element adjacent to the promoter of genes correlated with increased expression 

of these genes during plant colonisation.
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Introduction
Fungi (and fungal-like oomycetes) are an incredibly diverse and adaptable group of 

organisms which colonise all habitats on Earth. Some are plant and animal pathogens of 

major economic importance and as stressed by Kupferschmidt (2012) “Fungi have now 

become a greater global threat to crops, forests, and wild animals than ever before. They 

have killed countless amphibians, pushing some species to extinction, and they are 

threatening the food supply for billions of people.” The sequencing of fungal genomes (the 

yeast Saccharomyces cerevisiae, followed by filamentous ascomycetes such as 

Neurospora crassa, and later plant pathogenic fungi such as Ustilago maydis, 

Magnaporthe oryzae, Fusarium graminearum and Phaeosphaeria nodorum (Galagan et 

al., 2003; Dean et al., 2005; Kämper et al., 2006; Cuomo et al., 2007; Hane et al., 2007) 

initially indicated that genomes of filamentous ascomycetes are relatively small (21-39 

Mb), with few repetitive elements (typically less than 10%) and they contain 10,000-15,000 

protein-encoding genes. Unlike symbiotic and parasitic bacteria, which usually have 

smaller genomes than their free-living relatives (Raffaele & Kamoun, 2012), the first 

genome data from filamentous fungi did not indicate differences between genome size of 

fungal pathogens and that of saprophytes. However, contrasting to what is observed in 

bacteria, recent sequence data indicate that some phytopathogens have drastically 

expanded genomes, mostly due to massive invasion by Transposable Elements (TEs). 

The 45-Mb genome of Leptosphaeria maculans, the ascomycete that causes stem canker 

of crucifers contains 33% TEs, the 120-Mb genome of cereal downy mildew, Blumeria 

graminis, contains 64% TEs (while other closely related downy mildew pathogens have 

even larger genomes), and that of the 240-Mb oomycete Phytophthora infestans contains 

74% TEs (Raffaele & Kamoun, 2012). These data, suggesting convergent evolution 

towards bigger genomes in widely divergent fungal and oomycete species, are intriguing 

and the counterbalance between selective advantage conferred to the pathogen and the 

cost of maintaining this amount of “parasitic” TE DNA is unknown. 

Analysis of L. maculans ‘brassicae’ (Lmb) genome (Rouxel et al., 2011) revealed a 

genomic structure at this time only observed in mammals and other vertebrates: the base 

composition (GC-content) varied widely along the chromosomes, but locally, was relatively 

homogeneous. Such structural features of chromosomes are termed “isochores”  (Eyre-

Walker & Hurst, 2001). In Lmb, the high TE proportion in conjunction with the RIP (Repeat-

Induced Point mutation) mechanism (Galagan & Selker, 2004) are responsible for the 

generation of large AT-rich regions (33.9% GC-content), called AT-isochores. These AT-
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isochores are scattered along the genome alternating with large GC-equilibrated regions 

(51% GC-content), GC-isochores, containing 95% of the predicted genes and mostly 

devoid of TEs. AT-isochores cover 36% of L. maculans genome, are mainly composed of 

mosaics of truncated and RIP-degenerated TEs and only contain 5% of the predicted 

genes, but 20% of those genes encode small secreted proteins (SSPs) considered as 

putative effectors of pathogenicity (Rouxel et al., 2011). As only 4% of the genes located in 

GC-isochores encode SSPs, we hypothesized that AT-isochores were niches for effectors. 

This was corroborated by the presence genes encoding effectors in L. maculans, including 

four avirulence genes (i.e. encoding proteins recognised by plant resistance genes), 

AvrLm1 (Gout et al., 2006), AvrLm6 (Fudal et al., 2007), AvrLm4-7 (Parlange et al., 2009) 

and AvrLm11 (Balesdent et al., 2013) within these AT-isochores. Moreover, genes within 

AT-isochores are affected by RIP, which can occasionally overrun the repeated region into 

adjacent single-copy genes, resulting in extensive mutation of the affected genes. While 

selection pressure to maintain genes beneficial to the fungus would prevent their extinction 

due to an extensive degree of RIP (Fudal et al., 2009; Van de Wouw et al., 2010; Daverdin 

et al., 2012). This genome environment allows a rapid response to selection pressure, for 

instance effector genes acting as avirulence genes can be inactivated in a single sexual 

cycle due to RIP and large-scale genome rearrangements in AT-isochores (Gout et al., 

2007; Fudal et al., 2009; Daverdin et al., 2012). In addition to genes encoding effectors 

and genes with no predicted function, AT-isochores are also enriched in gene clusters 

responsible for the biosynthesis of secondary metabolites (Rouxel et  al., 2011). Both 

effector genes and secondary metabolite gene clusters are distributed discontinuously 

among ascomycetes and/or show species-specific repartition (Patron et al., 2007; Rouxel 

et  al., 2011). We have postulated that genome invasion by TEs, followed by their 

degeneracy by RIP shaping large AT-isochores, is a recent evolutionary event that has 

contributed to the rise of a better-adapted new species, and that maintaining large TE-rich 

regions hosting pathogenicity determinants has favoured adaptation to new host plants 

along with generation of new virulence specificities (Rouxel et al., 2011).

This hypothesis can be now tested by exploiting comparative genomics between 

Lmb and other members of the Leptosphaeria species complex, for which preliminary 

electrokaryotype and Southern blot analyses suggested only limited invasion of the 

genome by TEs (M.R. Eckert, unpublished data; Supplementary Figure S1). L. maculans 

and L. biglobosa are dothideomycete phytopathogens specialized on crucifers and 

encompassing a series of ill-defined entities more or less adapted to oilseed rape/canola 
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(Brassica napus). Some of the species of the complex can attack oilseed rape and are 

responsible for the major disease (blackleg or Phoma stem canker) of oilseed rape 

(Mendes-Pereira et  al., 2003; Voigt et al., 2005; Fitt et al., 2006b). The complex also 

encompasses related lineages only found on cruciferous weeds. These include L. 

maculans ‘lepidii’ (Lml) isolated from Lepidium spp. and L. biglobosa ‘thlaspii’ (Lbt) isolated 

from Thlaspi arvense, but also found occasionally on Brassica species in Canada 

(Mendes-Pereira et  al., 2003; Voigt et  al., 2005). The L. maculans and L. biglobosa 

lineages infecting B. napus (Lmb, L. biglobosa ‘brassicae’  (Lbb) and L. biglobosa 

‘canadensis’  (Lbc)) share morphological traits, epidemiology, infection strategies, 

ecological niches and regardless of geographic distribution, are often found together in 

tissues of individual infected plants (West et al., 2002). 

In this paper we investigate when and how genome expansion took place in the L. 

maculans-L. biglobosa species complex, and the consequences it had on genome 

structure, adaptability and pathogenicity. The genomes of five members of the species 

complex were sequenced: (i) an isolate of Lmb obtained from B. napus in Australia (the 

reference v23.1.3 was from Europe (Rouxel et al., 2011), (ii) an isolate of Lml isolated from 

Lepidium spp. in Canada, (iii) an isolate of Lbb isolated from Brassica juncea in Europe, 

(iv) an isolate of Lbt isolated from T. arvense in Canada and (v) an isolate of Lbc isolated 

from B. juncea in Australia. The genomic data were analysed and compared to those from 

other dothideomycete species to address the following questions: (i) How divergent are 

the different isolates, when did they emerge and do they constitute separate biological 

species? This question also aims at knowing whether Lmb actually is a recently emerged 

species; (ii) when did TEs invade the genome(s) in the L. maculans-L. biglobosa lineage 

and is genome expansion a recent trait or an ancestral one lost in recently differentiated 

species?; (iii) did TE invasion (and how did it) contribute to the rise of a better adapted and 

more adaptable species: what was the incidence of TE invasion on the generation of novel 

pathogenicity determinants (including secondary metabolite gene clusters), the rise of a 

species better adapted to oilseed rape and adaptability in terms of co-evolution (constant 

production of new virulent phenotypes and occasional host-jumps)?
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Results
Phylogeny and divergence time estimates

Dothideomycetes is the largest and the most phylogenetically diverse class within the 

largest fungal subphylum, the Pezizomycotina (filamentous ascomycetes), and 

encompasses numerous plant pathogens causing serious crop losses such as species in 

the genera Cochliobolus, Phaeosphaeria, Pyrenophora, Mycosphaerella, Zymoseptoria 

and Venturia (Schoch et al., 2009a; Ohm et al., 2012) (Figure 1). L. maculans and L. 

biglobosa belong to order Pleosporales, in class Dothideomycetes.

Alignments of 19 proteins were used for phylogeny analyses and divergence time 

estimates. The chronogram presented in Figure 1 (for a more detailed analysis see 

Supplementary Figure S2) has representatives from three of the four main classes in the 

filamentous Ascomycota, but the main focus is on Dothideomycetes. All nodes had 

bootstrap values above 70% in a separate RAxML analysis with only the placement of 

Alternaria brassicicola poorly resolved. The phylogeny is congruent to other more 

complete analyses (Schoch et al., 2009a, 2009b) and indicates that the Leptosphaeria 

species analysed diverged from the sampled plant pathogens of Pleosporaceae 

(Cochliobolus, Pyrenophora and Alternaria) at approximately 73 MYA. These analyses 

relied on previously published data incorporating numerous fossil calibrations, but the 

divergence dates agree with placements of the most detailed Ascomycota fossils (Berbee 

& Taylor, 2010). The mean divergence date of the two Pyrenophora species analysed (7 

MYA) also compares well with a recent estimate of 8 MYA for these species (Ellwood et 

al., 2012). This latter study used a different approach: non coding DNA regions of the 

genome were analysed and divergence was determined based on a commonly used 

average substitution rate of 8.8 x 10-9 per site per year (Kasuga et al., 2002). Based on 

morphological features, L. maculans and L. biglobosa were considered as two pathotypes 

of the same species for more than 70 years (Cunningham, 1927; Pound, 1947) until formal 

renaming in 2001 (Shoemaker & Brun, 2001). Our data estimate divergence time of 22 

MYA between L. maculans and L. biglobosa (Figure 1).
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Figure  1.  Chronogram of  major  classes  in  Ascomycota,  with  a  focus  on  Dothideomycetes. The 
chronogram produced with BEAST from a data set of 19 truncated proteins. Branches with terminal grey 
triangles were collapsed and their number of leaves indicated in brackets after taxon labels. Numbers at 
nodes indicate mean node ages in millions of years and green bars indicate their 95% highest posterior 
density intervals.
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Within the two separate branches, noticeable divergence times were also identified 

for the L. maculans and L. biglobosa lineages. Using three protein-encoding genes, Voigt 

et al. (2005), suggested that Lbt was intermediate between L. maculans and L. biglobosa. 

However our current data clearly support Lbt belonging to the L. biglobosa clade but being 

divergent by  ca. 11 MYA from the terminal Lbb or Lbc (Figure 1; Supplementary Figure 

S2). The divergence time between Lmb and Lml (5.1 MYA) is in the same range (3.6 MYA) 

as that of Lbb and Lbc (Figure 1).

Genome statistics

The reference genome of Lmb (of strain v23.1.3), was sequenced in 2007 using a whole 

genome shotgun strategy and Sanger technology, assembled using an improved version 

of Arachne (Jaffe et al., 2003) and described in Rouxel et al. (2011). In this study, we used 

Next Generation Sequencing (NGS) technologies (454 and/or Illumina) to sequence the 

genomes of five members of the species complex, including another isolate of Lmb. The 

sequences were assembled using Newbler (Margulies et al., 2005), except for the Lbc 

isolate (J154) whose assembly was obtained using Velvet. 

Despite different sequencing and assembly strategies, the resequenced isolate of 

Lmb (WA74) had a similar genome size and proportion of TEs (25.8%) compared to 

v23.1.3 (32.5% of TEs) (Table 1). However, the 454/Illumina assembly resulted in a more 

fragmented genome with a high number of scaffolds and a low N50 value (Table 1). Not 

unexpectedly, the Lbc isolate showed an even more fragmented genome (Table 1), 

preventing comparison at the chromosomal scale or detailed analysis of TE content. The 

Lml and to a lesser extent the Lbt isolates had a high-quality assembly with number of 

scaffolds and N50 data similar to those obtained for the reference genome (Table 1; Figure 

2; Supplementary Figure S3).

Compared to the Lmb isolates, all the other isolates of the species complex had 

smaller genomes, ranging from 30.2 to 32.1 Mb and only comprising from 2.7% to 4.0% of 

TEs. These sequencing data corroborate previous electrokaryotypes done using Pulsed 

Field Gel Electrophoresis (PFGE) and results of DNA hybridization with known TEs 

(Supplementary Figures S1, S4). 
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Table 1. Sequencing statistics and genome facts for six members of the Leptosphaeria maculans-L.  
biglobosa species complex.
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v23.1.3 WA74 IBCN84 B3.5 J154 IBCN65

45,1 44,2 31,5 31,8 30,2 32,1

1743 3765 2802 2533 7124 3506

76 986 123 606 6748 237

1770 263 1356 779 245 715

Gaps (%) 2,5 9,6 7,1 7,4 0,1 8,7

35,5 27,5 4,0 4,4 3,9 5,1

32,5 25,8 2,7 3,2 2,9 4,0

29,3 28,5 28,4 28,4 29,3 28,0

45,2 46,5 50,9 51,4 51,1 51,4

51,6 51,6 51,6 52,0 51,6 52,1

34,3 34,5 32,3 36,6 34,7 36,6

12543 10624 11272 11390 11068 11691

L. maculans
'brassicae'

L. maculans
'lepidii'

L. biglobosa
'brassicae'

L. biglobosa
'canadensis'

L. biglobosa
'thlaspii'

Genome size (Mb)

Contig number

Scaffold number

Scaffold N50 (kb)

Repeats (%)

TEs (%)

'No repeats' genome size (Mb)

GC genome (%)

GC 'no repeats' genome (%)

GC TEs (%)

Predicted gene number



The overall GC-content of the Lmb reference genome was similar to that of Lmb 

isolate WA74 (Table 1). In contrast, all other isolates of the species complex had genome 

GC-contents (around 51%) that related more to those of other Dothideomycetes (50-52%, 

Supplementary Table S1) (De Wit et al., 2012; Ohm et al., 2012; Manning et al., 2013) 

than to that of Lmb (Table 1) (Rouxel et al., 2011). As previously observed in Lmb, all TEs 

were affected by RIP (data not shown), explaining their similarly low GC-content in all 

isolates of the species complex. This was further substantiated by the finding that all the 

genomes contain orthologs of the Neurospora crassa genes currently postulated to be 

necessary for RIP (Espagne et al., 2008) (Supplementary Table S2). Since the GC-content 

of nonrepetitive sequences (51.6-52.1%) and that of TEs that had been mutated by RIP 

(32.3-36.6%) were equivalent in all isolates sequenced here (Table 1), the overall TE-

content of each genome directly influenced the overall GC-content of the genomes. These 

data again indicate that Lmb is an exception in terms of TE-content compared to related 

Dothideomycetes but also to even more closely related species of the species complex, 

some of which diverged from Lmb only 5.1 MYA (Figure 1). Actually, only very distant 

dothideomycete species of order Capnodiales such as Pseudocercospora fijiensis and 

Cladosporium fulvum (Figure 1; Supplementary Table S1) have genomes enriched in TEs, 

resulting in low overall GC-content of the genome (de Wit et al., 2012; Ohm et al., 2012) 

(Supplementary Table S1).

In all genomes, the size of the core genome, excluding repeated elements was very 

similar at 28-29 Mb (Table 1). This may indicate that the size differences between 

genomes of the members of the species complex are essentially due to a difference in TE 

amount and not due to expansion or loss of gene families as found in other fungi (Spanu 

et al., 2010; Duplessis et al., 2011). Gene annotation predicted a comparable number 

(10624 to 11691) of protein-encoding genes in all genomes (Table 1). For each genome, 

the gene features were also very similar in terms of mean gene length, mean coding 

sequence length or proportion of genes with introns (Supplementary Table S3).
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Figure 2. Comparative chromosome structure in L. maculans ‘brassicae’ (Lmb), L. maculans ‘lepidii’ 
(Lml) and L. biglobosa ‘thlaspii’  (Lbt): the example of chromosome 2. (a) Circos representation of 
synteny between the homologous chromosomes. The black parts represent the TE-rich,  AT-rich 
chromosomal regions; (b) GC content changes along the chromosomes showing the typical isochore 
structure of the L. maculans ‘brassicae’ chromosomes, absent form the other species.
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Chromosomal organisation and synteny

Lmb was estimated to have 17-18 chromosomes by combination of analysis of 

electrokaryotypes developed by PFGE (Supplementary Figure S1) and sequencing of the 

reference genome (Rouxel et al., 2011). The new genomic data described here, especially 

those of the well-assembled genome of Lml (123 scaffolds, N50=1.35 Mb) (Supplementary 

Figure S3), allowed this estimate to be refined by considering scaffolding errors on the 

reference assembly. With the support of genetic mapping, the chromosome count was 

updated to 19 chromosomes (Supplementary Table S4), including one dispensable 

chromosome (Balesdent et al., 2013) only present in the two Lmb isolates.

In addition to a direct consequence on the overall GC-content of the genomes, the 

limited amount of TEs in Lml, Lbb and Lbt resulted in a major difference in terms of 

chromosomal structure: the AT-rich landscapes were mostly restricted to chromosome 

ends in Lml, Lbb or Lbt (Figure 2). Thus, within the species complex, only the Lmb 

genome had an isochore structure alternating large AT-rich and GC-equilibrated regions.

Repeat-masked nucleotide sequences of each genome were aligned with the 

others using MUMmer (Kurtz et al., 2004) and dot plots based on alignment data were 

used to compare genome organisation. The alignments between the two Lmb isolates 

showed a perfect conservation of macrosynteny (Supplementary Figure S3a), as also 

observed by Ohm et al. (2012) for isolates of Cochliobolus heterostrophus. At the largest 

divergence time included in our study, comparisons between Lmb and Lbb genomes, or 

between Lmb and Lbt showed a globally well-conserved synteny with many 

intrachromosomal inversions (Supplementary Figures S3c-d). Of particular interest, the 

alignment of the most closely related species Lmb and Lml showed a highly conserved 

macrosynteny pattern with only few major genomic rearrangements (Figure 3a; 

Supplementary Figures S3b, S5). The excellent quality of the assembly for v23.1.3 (Lmb) 

and IBCN84 (Lml) allowed more precise alignment at the chromosomal level. While large 

scale translocations were not seen, 30 intrachromosomal sequence inversions sized from 

1.3 kb to 355 kb were identified (median size: 9.5 kb). These inversions were scattered 

along all the chromosomes and encompassed one to more than a hundred genes (Figure 

3). The inversions within the chromosomes of the two isolates of Lmb analysed were 

bordered by TEs in 70% of the cases with TEs located at 82 bp on average (1-555 bp) 

from the inversion borders (Figure 3b; Supplementary Table S5).
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Figure 3. Genome alignment and synteny analyses between  L. maculans ‘brassicae’ (Lmb) and  L. 
maculans ‘lepidii’ (Lml). (a) Whole genome dotplot showing intrachromosomal inversions occurring in the 
genome of L. maculans ‘brassicae’ (horizontal axis) compared to that of L. maculans ‘lepidii’ (vertical axis). 
Inverted regions are circled in black and the number of inversions is mentioned close to the circle. Regions 
that  are boxed and linked with another regions correspond to assembly errors  in the Lmb genome. (b) 
Schematic zoomed representation of one SuperContig_2 region (in Lmb) and its syntenic region in Lml. The 
region contains three inversions (in blue, red and green) and the location of bordering transposable elements 
in Lmb are indicated as black boxes.  The arrows represent  genes and their  orientation.  Genes with no 
orthologs are colored in grey.
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The two Lmb genomes were almost identical  since 99.5% (27.9 Mb) of the non 

repetitive sequences were included in the alignment. A total of 20,404 SNPs was identified 

from aligned regions, corresponding to a frequency of 1 SNP every 1367 bases (Table 2). 

While there was a very high alignment coverage between recently diverged species of L. 

maculans and L. biglobosa, i.e. 86.4% (24.2 Mb) between Lmb and Lml and 92.5% of their 

nonrepetitive sequences between Lbb and Lbc, the divergence between the isolates was 

evident at the SNP count and density levels, i.e. 1,598,215 SNPs (1 SNP every 15 bases) 

between Lmb and Lml, and 1,459,160 SNPs (1 SNP every 18 bases) between Lbb and 

Lbc (Table 2). Comparison of more distant species, revealed differences not in the SNP 

density but in the total length of the aligned sequences: Lbt only shared 57% sequence 

coverage with Lbb and Lbc (15.6-16.3 Mb) with an average of 1 SNP every 9 bases of the 

aligned sequences and alignments between sequences of the two clades were very poorly 

aligned  with  a  coverage  length  of  8.4  Mb  (29.9%)  with  1  SNP every  8  bases  when 

comparing  all  L.  maculans and  L.  biglobosa sequences.  Alignments  of  translated 

sequences  increased  the  coverage  length  to  16  Mb  (57%).  When  sequences  of  the 

Leptosphaeria species complex were aligned to those of Pyrenophora tritici-repentis and 

Phaeosphaeria  nodorum,  coverage  lengths  only  represented  2%  of  the  nonrepetitive 

sequences, but 43% of the protein-encoding sequences (data not shown).

Table 2.  Alignment length and SNP counts between the different genomes of members of  the L.  
maculans-L. biglobosa species complex.
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20404 24.2 8.1 8.4 8.6

1598215 - 8.2 8.6 8.7

1095420 1104219 - 25.9 15.6

1134785 1153336 1459160 - 16.3

1147859 1163826 1739473 1794939 -

L. maculans
'brassicae'

L. maculans
'lepidii'

L. biglobosa
'brassicae'

L. biglobosa
'canadensis'

L. biglobosa
'thlaspii'

Genome alignment length (Mb)

L. maculans
'brassicae'

No. 
of SNP

L. maculans
'lepidii'

L. biglobosa
'brassicae'

L. biglobosa
'canadensis'
L. biglobosa

'thlaspii'



Table 3. Transposable element content in genomes of isolates of the L. maculans-L. biglobosa species complex.
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Ty1-Copia LTR 3372500 22,11 77794 7,60 166805 14,89 34236 3,81 141432 9,95

8749750 57,35 426573 41,69 368819 32,91 399244 44,39 365617 25,72

LINE 6996 0,05 6523 0,64 15680 1,40 4535 0,50 54520 3,84

586134 3,84 1552 0,15 0 0,00 0 0,00 0 0,00

12715380 83,34 512442 50,08 551304 49,20 438015 48,70 561569 39,51

Tc1-Mariner 36075 0,24 193492 18,91 157676 14,07 76864 8,55 136579 9,61

79154 0,52 1845 0,18 71796 6,41 21781 2,42 16950 1,19

890076 5,83 22524 2,20 42470 3,79 1344 0,15 3957 0,28

MITE 0 0,00 11065 1,08 462 0,04 0 0,00 0 0,00

336819 2,21 19579 1,91 81576 7,28 30251 3,36 8034 0,57

1342124 8,80 248505 24,29 353980 31,59 130240 14,48 165520 11,64

1199008 7,86 262241 25,63 215260 19,21 331133 36,82 694332 48,85

15256512 1023188 1120544 899388 1421421

L. maculans 'brassicae' L. maculans 'lepidii' L. biglobosa 'brassicae' L. biglobosa 'canadensis' L. biglobosa 'thlaspii'

TE class TE order Bases covered % of repetitive 
fraction Bases covered % of repetitive 

fraction Bases covered % of repetitive 
fraction Bases covered % of repetitive 

fraction Bases covered % of repetitive 
fraction

Class I

Ty3-Gypsy LTR

Misc.

Sub-total :

Class II

hAT

Mutator

Misc.

Sub-total :

Non-categorized Non-categorized

Total :



Transposable Elements and their evolutionary dynamics

Even though TEs are highly degenerated by RIP, the use of the REPET pipeline followed 

by extensive manual annotation allowed identification and classification of a large 

proportion of the TEs present in the genomes of Lmb, Lml, Lbb and Lbt (Supplementary 

Tables S6, S7; Supplementary Data 1).

Many types of TEs are represented within the genomes of the Leptosphaeria 

species including long interspersed elements (LINEs), non-long-terminal repeats (non-

LTRs), Penelope-like elements (PLEs) and long-terminal repeats (LTRs) retrotransposons, 

terminal-inverted repeats (TIRs) and minitransposable elements (MITEs) DNA transposons 

(Table 3). However, LTR retrotransposons and TIR DNA transposons were largely 

prevalent.

TEs represented ca. 30% of the Lmb genome but only 4% and less in the other 

genomes (Table 1). Class I elements were more abundant in all genomes (39.5 to 50.1% 

of the repeated fraction in Lml, Lbb, Lbc and Lbt genomes) and up to 83% of the repetitive 

fraction in the genome of Lmb isolates. In contrast Class II elements were relatively more 

represented in genomes of Lml, Lbb, Lbc and Lbt (11.6 to 36.8% of the repetitive fraction) 

compared to those of Lmb isolates (8.8%) (Table 3). In spite of this relative difference, the 

total coverage of DNA transposons in the assemblies was higher in Lmb (3% of the 

genome) compared to that observed in the other isolates (0.8 to 1.1% in the assembly of 

Lml, Lbb or Lbt). These data also have to take into account the high proportion of non-

categorized repeats in the genomes of Lml, Lbb, Lbc and Lbt (19.2-48.8%) and higher 

proportion of unresolved nucleotides in the assemblies compared to the reference Lmb 

v23.1.3 (Table 1) which probably result from difficulties in assembly of repeated reads from 

NGS technologies. Regardless of these uncertainties, and consistent with the lower GC-

content of Lmb compared to that of other isolates, these data support the fact that Lmb is 

an exception in terms of TEs and further indicate that expansion of Class I TEs and mainly 

LTR retrotransposons is remarkable in this species compared to related ones (27.3% of 

the genome vs. only 1.6% for Lml; Table 3).

The repertoire of TEs in all the Leptosphaeria isolates sequenced here comprised 

121 consensus sequences of which 57% were classified as Class I or Class II elements 

(Supplementary Tables S6, S7). Of these, 40 represented copy variants of a same TE 

family identified in several genomes and were grouped into 16 larger families, while the 29 

remaining families were invariant between species (regardless of presence of RIP 
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mutations). Importantly, despite the major differences in genome coverage between Lmb 

and related species, a similar number of TE families (~30) were identified in each of the 

annotated genomes (Supplementary Tables S6, S7).

Previously, using an alignment-based phylogenetic approach with TE sequences 

deprived of the RIP-affected sites, we postulated that TE expansion in Lmb genome took 

place between 4 and 20 MYA for TEs such as DTM_Sahana, RLG_Rolly, RLG_Olly, 

RLG_Rolly and RLC_Pholy while others such as RLG_Dolly had been resident and 

maintained in the genomes for very long times (> 100 MYA) (Rouxel et al., 2011). With the 

newly acquired data on the repertoire of TE families in the Leptosphaeria species complex 

along with a more accurate estimate of divergence time between its members and other 

dothideomycete species, we sought presence or absence of these TE families in the entire 

Ascomycota phylum to infer dates of invasion and patterns of gain or loss during evolution. 

For this purpose, the most GC-rich copies (i.e. one with the least degrees of RIP mutation) 

of the different TE families were used to search for homologous sequences in the 

Ascomycota (Supplementary Tables S6, S7). However, homologous sequences were only 

found in class Dothideomycetes and were restricted to the order Pleosporales, with two 

exceptions, RLG_Dolly and DTT_Krilin, found in Pseudocercospora fijiensis (syn. 

Mycosphaerella fijiensis) a member of order Capnodiales (Figure 4; Supplementary Data 

2).

These two might have been present in the dothideomycete lineage for at least 300 

MYA. This assumption is consistent with previous data that suggested RLG_Dolly as the 

most ancient TE present in the Lmb genome (Rouxel et al., 2011). Element DTT_Krilin 

was conserved in most Pleosporales while RLG_Dolly had a more sporadic distribution in 

the Pleosporales, a trait that seems to be common to many retrotransposons. However it 

remains uncertain whether these two TE families invaded the fungal genomes before the 

Capnodiales-Pleosporales separation and then were widely lost in the Capnodiales or if 

their presence in P. fijiensis is incongruent with vertical inheritance and due to other 

phenomena such as horizontal transfer (HT). It should be noted that genome sampling still 

only covers a small number of the order level variation (comparable to divergences more 

than 100 MYA) within Dothideomycetes. The remaining TE families are likely to represent 

surges of genome invasion at different times before and after the divergence of the 

Pleosporales: (i) eighteen families were present in early diverging lineages of the analysed 

Pleosporales indicating a probable invasion date of the lineage before 90 MYA; (ii) thirteen 

families were present in the common ancestor of Pleosporaceae and Leptosphaeriaceae 
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indicating a probable invasion date of the lineage before 73 MYA; (iii) six families 

(including three unclassified repeats) were specific to the L. maculans-L. biglobosa 

species complex indicating an invasion date of the lineage before 22 MYA; (iv) fourteen 

families (including three unclassified repeats) were specific to either L. maculans or L. 

biglobosa isolates indicating an invasion date of the lineages before 11-5 MYA; (v) lastly, 

the remaining families, including forty unclassified repeats were specific to one or the other 

of the members of the L. maculans-L. biglobosa species complex (Figure 4; 

Supplementary Data 2). The Class II elements usually were better conserved amongst the 

Pleosporales than the Class I elements, which more often showed a patchy distribution 

and presence/absence patterns in terminal nodes or terminal branches of the phylogeny. 

In addition complete copies of DNA transposons were often maintained in all species in 

which they were present whilst only truncated copies or small-sized remnants were 

present for many Class I elements (Supplementary Data 2). For example, DTT_Bulma was 

present in all species of the Pleosporales investigated, but absent from Lbt and Lmb 

(Supplementary Data 2). Similarly, DTT_Molly (previously identified in Phaeosphaeria 

nodorum (Hane & Oliver, 2010)) was present in all species of Pleosporales except the L. 

maculans lineage (Figure 4). In many cases, two closely related species were missing one 

well-conserved TE family, further exemplifying the highly dynamic gain and loss patterns of 

TEs. This was the case for the DTT_Finwe super-family, absent from Lbt, but present in 

other members of the species complex, or DTA_Kami absent from C. sativus, but present 

in C. heterostrophus (Supplementary Data 2). Lastly, some TE families (e.g. DTT_Yamcha 

in Lml and C. heterostrophus, DTF_Elwe in Lmb and P. tritici-repentis, RLG_Piccolo in Lbb 

and A. brassicicola or RLG_Shu in Lml and S. turcica) were only found in distantly related 

species of the Leptosphaeriaceae and Pleosporaceae. This indicates multiple losses, 

independent invasion of the genomes or horizontal gene transfer events (Supplementary 

Data 2). In the cases of DTT_Yamcha and DTF_Elwe, the existence of truncated copies in 

other Pleosporales would suggest secondary losses.
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Figure 4. Distribution of selected Transposable Elements (TEs) within the dothideomycete phylogeny. 
The phylogeny is a simplified version of that in Figure 1. TE families are classified according to Wicker et al. 
(2007) with Rxx corresponding to retrotransposons and Dxx corresponding to DNA transposons. The species 
in which the family has been identified are highlighted along with the corresponding branches. The red stars 
indicate these branches of the phylogeny in which the TE family is postulated to have been lost.
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In Rouxel et al. (2011), we postulated that massive invasion of the genome of Lmb 

was recent (4-20 MYA), after divergence from P. nodorum and could account for genome 

size expansion in this species. Fifty one families, mainly corresponding to non-categorized 

repeats, but also encompassing RLC_Gohan in Lbb and DTM_Ingwe in Lmb were specific 

to the species complex. Interestingly the number of these families varied from ca. 10 for 

the TE-poor genomes to 18 for the TE-rich Lmb genome, thus substantiating recent 

invasion of the Lmb genome by families of TE absent from other members of the species 

complex. DTM_Sahana, present only in Lmb and Lml had 195 copies covering 783 kb in 

the reference Lmb isolate vs. 17 incomplete copies covering 21 kb in Lml. Similarly, and 

consistent with our postulate, the Lmb-specific TE families DTx_Gimli (279 copies covering 

113 kb), RLx_Ayoly (164 copies covering 400kb) and RLG_Rolly (594 copies covering 2.2 

Mb of the genome of Lmb v23.1.3) (Rouxel et al., 2011) (Figure 4; Supplementary Figures 

S1, S4) clearly indicate novel, recent and massive invasion of the Lmb genome. However, 

when comparing the insertion sites between the two Lmb isolates, 61.5% of the TE 

families or mosaics of TEs showed a conserved insertion pattern between v23.1.3 and 

WA74 indicating transposition events before or at the onset of intraspecies divergence. In 

contrast, DTM_Sahana showed highly diverse insertion sites with only 12% of identical 

locations in the two Lmb genomes (Supplementary Table S8). This strongly suggests, as 

previously postulated from phylogenetic analysis (Rouxel et al., 2011) that DTM_Sahana is 

one of the most recent genome invaders and that waves of transposition activity took 

place after the separation between Lmb and Lml. 

This simple picture indicating coincidence between genome invasion by new TE 

families and speciation becomes less straightforward when considering the three other 

retrotransposons that account for most of the v23.1.3 genome expansion along with 

RLG_Rolly: RLC_Pholy (1020 copies covering 3.1 Mb), RLG_Polly (1014 copies covering 

3 Mb) and RLG_Olly (1085 copies covering over 3Mb) (Rouxel et  al., 2011). These 

retrotransposons are occasionally found outside of the Leptosphaeriaceae. RLG_Polly and 

RLC_Pholy were present in the distantly related P. nodorum but showed an extremely 

patchy distribution within the Pleosporales, with RLG_Polly being completely absent from 

the Pleosporaceae and RLC_Pholy only present in C. sativus (Figure 4; Supplementary 

Data 2).
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Figure  5.  Conservation  of  protein-encoding  genes  in  the Leptosphaeria  maculans-L.  biglobosa 
species complex. Lmb,  L. maculans  ‘brassicae’; Lml,  L. maculans  ‘lepidii’; Lbb,  L. biglobosa  ‘brassicae’; 
Lbt,  L. biglobosa ‘thlaspii’; Lbc,  L. biglobosa ‘canadensis’.
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RLG_Olly was present in all species of the L. maculans-L. biglobosa species complex and 

all Pleosporaceae which may indicate a more recent invasion than by RLC_Pholy and 

RLG_Polly but still well before differentiation of the L. maculans-L. biglobosa species 

complex. However, as in the previous case, RLG_Olly was only present in species of the 

Cochliobolus/Setosphaeria clade (Figure 4; Supplementary Data 2). This low conservation 

during evolution may indicate common elimination from most lineages as it may also 

represent series of invasions of the lineages at different times. Again a species-specific 

expansion of these three TEs was evident in Lmb compared to the other members of the 

species complex. For example, 70 incomplete copies of RLG_Olly covered only 43 kb in 

Lml, only nine incomplete copies of RLC_Pholy covered 11 kb in Lml while it was 

completely absent from L. biglobosa isolates. For all these three families, the homologies 

and/or coverage of homologous sequences were low in other species. Alternatively, as 

exemplified by RLG_Olly, variants of the family were in other members of the species 

complex which had much higher homologies to the corresponding family in other 

dothideomycete species that the Lmb variant had (Supplementary Data 2).

Chromosomal inversions between Lmb and Lml were bordered by TEs in 70% of 

cases (Supplementary Table S5). Classification of the TEs in families and phylogenetic 

analyses further indicated that these TEs were mainly (67%) L. maculans- and even Lmb-

specific TEs, such as DTM_Sahana, DTM_Ingwe, DTx_Gimli, or RLx_Ayoly 

(Supplementary Table S5).

Gene conservation

Of the 57,964 proteins predicted in the Leptosphaeria species complex, 48,013 of them 

were grouped into 10,916 families using orthoMCL (Li et al., 2003). For the initial global 

comparison of gene conservation between species, protein families containing paralogs 

present in only one species and families containing more sequences than species (protein 

showing expansions in one or more species of the species complex) were excluded. A 

total of 10,131 families was obtained encompassing 75% of the repertoire of predicted 

proteins. Of these, 6735 families with one highly conserved single-copy gene per genome 

were established as the core proteome of the species complex (Figure 5). Consistent with 

phylogeny, the core proteome was similar between the different L. biglobosa isolates 

(7962 to 8068 common families) and between Lmb and Lml (8096 proteins) and higher 

than between L. biglobosa and L. maculans isolates (7435-7639 families) (Figure 5).
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Table  4.  Predicted  genes  conservation  between  the  genomes  of  isolates  of  the  L.  maculans-L.  
biglobosa species complex.

a Refers to sequence which appear at least once as pseudogenes in other species.
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6735 6735 6735 6735 6735

1734 1801 2142 2265 1820

8469 8536 8877 9000 8555

1337 734 595 536 1199

2123 1724 1738 1372 1601

614 278 180 160 336

4074 2736 2513 2068 3136

12543 11272 11390 11068 11691

1171 734 858 581 813

L. maculans
‘brassicae’

L. maculans
‘lepidii’

L. biglobosa
‘brassicae’

L. biglobosa
‘canadensis’

L. biglobosa
‘thlaspii’

Sequences 
clusterised

using 
orthoMCL

No. of orthologs 
in all species 
(Core genome)

No. of orthologs 
in at least one 
other species

sub-total : 

Unclusterised
sequences

No. of 
sequences
absent in all 
other species

No. of 
sequences in at
least one other 
species

No. of 
sequences with
unresolved 
absence or 
presence in 
other species

sub-total : 

Total : 

No. of 
pseudogenes in 
unclusterised 
sequences a



The greater divergence time between Lbt and the other L. biglobosa isolates than between 

Lbb and Lbc was not evident at this scale with a comparable core proteome when 

comparing pairwise L. biglobosa isolates (Figure 5). 

To identify species-specific proteins, all the proteins that were not grouped into the 

10,131 families were compared by BLAST at the nucleotide (BLASTn) and protein level 

(tBLASTn) against the other genomes and at the protein level (BLASTp) against the set of 

ungrouped proteins of the other species. The analysis allowed us to discriminate three 

classes of protein sequences: (i) species-specific sequences, (ii) sequences present in at 

least one other species and (iii) sequences for which presence or absence remained 

unresolved with our criteria (Table 4). In addition, the occurrence of pseudogenes was 

investigated when lack of matching predicted protein sequence was associated with 

BLASTn or tBLASTn hits (Table 4).

In average, each genome shared 10,400 proteins with (at least one of) the other 

ones, which represents 84.4-93.7% of the predicted proteins depending on the species. 

Usually, these sequences were conserved in organisms outside of the species complex 

since 74.3-85.5% of them have homologies in the NR database or harbour known protein 

domains. 

The remaining species-specific proteins which represent 4.8-10.7% of the genomes 

(Table 4) had very few putative functions since 93.6-97.8% of them had no automated 

functional annotations or known protein domain. As a consequence, the predictive value of 

species-specific genes to explain species-specific biological or pathogenicity traits was not 

straightforward and now requires gene-by-gene annotation to uncover biological function. 

However, two categories of species-specific genes could be identified and are analysed in 

more details below: genes encoding putative effectors and cluster of genes encoding 

secondary metabolites. 

Interestingly, the Lmb genome was more enriched in orphan sequences than all 

other members of the species complex, including both sequences absent in other species 

and sequences corresponding to pseudogenes in at least one of the other species (Table 

4). Species-specific genes in the Lmb genomes were located in AT-isochores: 25.6% of 

the 620 genes of Lmb located in AT-isochores are species-specific, whereas only 9.8% of 

the genes located in GC-isochores were (data not shown).
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Pathogenicity gene analysis

Candidate effectors

The number of Small Secreted Proteins (SSPs) amongst the whole predicted proteome of 

each genome was similar in all the sequenced Leptosphaeria genomes, ranging from 621 

in Lbc to 737 in Lml. They represented ca. 6% of the predicted proteins and 60% of the 

predicted secretome of each genome. Their features (153 amino acids on average; 2.8 

times as rich in cysteine residues as other proteins in the genomes) were very similar in all 

Leptosphaeria isolates (Table 5). Their encoding genes were scattered along the 

chromosomes and had a similar GC-content (~52%) not different from the other predicted 

genes of the genomes (Table 5). In contrast to what is observed for secondary metabolite 

biosynthetic genes and what is described in fungi such as Ustilago maydis (Kämper et al., 

2006), SSP-encoding genes were not organized in dedicated clusters in any member of 

the species complex investigated.

Table 5. Characteristics of SSP genes and proteins between isolates of the L. maculans-L. biglobosa 
species complex.

a RIP index=TpA/ApT
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651 737 665 621 676

155.9 144.8 153.8 157.4 152.9

416.5 427.4 434.6 464.2 421.0

3.1 2.7 2.6 2.9 2.8

1.7 1.5 1.4 1.4 1.5

53 51 53 52 53

53 53 54 53 54

1.22 1.23 1.15 1.04 1.16

1.04 1.02 1.01 0.89 1.01

L. maculans 
'brassicae'

L. maculans 
'lepidii'

L. biglobosa 
'brassicae'

L. biglobosa 
'canadensis'

L. biglobosa 
'thlaspii'

No. of SSPs

SSPs mean size (aa)

All predicted proteins
mean size (aa)

%Cys in SSPs

%Cys in all 
predicted proteins

%GC in SSP genes

%GC in all 
predicted genes

RIP index in SSP genes a

RIP index in all 
predicted genes



The repertoire of SSP-encoding genes appeared to be in part extremely plastic and 

its conservation was consistent with phylogenetic distance with 73.8% of the SSP-

encoding genes of v23.1.3 conserved in the other Lmb isolate, WA74, 54.2% conserved in 

Lml, and 42.5 to 44.0% conserved in L. biglobosa isolates (data not shown). For each 

genome, the conservation of SSP-encoding genes was similar with around 30% of these 

in the core proteome, 40-50% present in at least one other member of the species 

complex and 10-25% of species-specific sequences (Supplementary Table S9). The 

finding that 40-50% of SSP-encoding genes were present in at least one other species 

was mostly consistent with the phylogeny since more than 42% of this category of SSP 

gene in Lmb are only present in Lml (data not shown). However, the remaining cases 

corresponded to all possible presence/absence patterns within the species complex with, 

for example, 34.7% of the cases in which the v23.1.3 orthologs were missing in only one 

other member of the species complex (data not shown), possibly indicating secondary loss 

of an anciently present gene. In the core proteome, 20% of SSPs have a predicted 

function, and this may relate to factors linked with pathogenicity such as carbohydrate-

degrading enzymes (CAZymes). However, the greater the specificity, the lesser obvious 

was the potential function of SSP-encoding genes: only ca. 5% of SSP sequences present 

in at least two members of the complex had a predicted function vs. none in the species-

specific SSP sets. 

Species-specific orphan SSP sequences were twice as numerous in Lml, Lbt and, 

to a lesser extent Lmb than they were in Lbc or Lbt (Supplementary Table 9). The most 

likely explanation for that would reside in the greatest proximity between Lbc and Lbb 

while other members of the complex would be more divergent (Figure 1). While a similar 

number of species-specific SSP-encoding genes was found in Lmb, Lml and Lbt, Lmb 

showed a specific pattern of genome location for these genes since 41% of the SSP-

encoding genes in AT-isochores were specific to Lmb against 14% for the SSP-encoding 

genes in GC-isochores. Such a genome location was only occasionally found for other 

members of the species complex.

SSP-encoding genes did not generally occur as multigene families in the L. 

maculans-L. biglobosa complex, but few of them (less than ten) had paralogs, usually 

conserved in all genomes. They correspond to proteins usually belonging to multigenic 

families such as CAZymes and are mainly located in GC-isochores in the Lmb genome. 

Only one effector gene with avirulence activity had a paralog in the Lmb genome: the 

AvrLm4-7 SSP-encoding gene located within an AT-isochore had a paralog located 30 kb 
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upstream on the same chromosome.

Avirulence effectors

Six SSP genes conferring an avirulence phenotype on a series of genotypes of Brassica 

spp., i.e. interacting in a gene-for-gene fashion with the plant surveillance machinery, have 

been cloned in Lmb. All are located in AT-isochores and BLAST hits usually show a high 

level of diversification compared to their closest relatives (rarely above 30% sequence 

identity at the amino acid level), while usually maintaining a specific pattern of cysteine 

spacing (Supplementary Figure S6). They mostly show a patchy distribution along the 

phylogenies or are specific of a few members of the species complex. 

AvrLmMex (A. Degrave, unpublished data) and AvrLm11 (Balesdent et al., 2013) were 

specific to the Leptosphaeriacae, with AvrLmMex having homologs in every member of the 

species complex except Lml. In all cases the identity at the protein level was ca. 35% over 

98% of the protein length (Supplementary Table S10). The AvrLm11 encoding gene is 

located on a conditionally dispensable chromosome (CDC) present in some isolates of 

Lmb and absent from other isolates of the species complex (Balesdent et al., 2013). This 

CDC contains 35 additional genes with no predicted and with no orthologs in Lml or Lbc. 

AvrLm11, however, showed homologies with a SSP predicted in the Lbt genome 

(Lb_ibcn65_P001030, Supplementary Table S10) while three additional genes of the CDC 

also had orthologs in the genome of Lbt (Lb_ibcn65_P009771, Lb_ibcn65_P009770, and 

Lb_ibcn65_P009768). These three genes were grouped in the Lbt genome at a different 

location to that of gene Lb_ibcn65_P001030. 

Sequences related to AvrLm1 (Gout et al., 2006) and AvrLm4-7 (Parlange et al., 

2009) were in a few species of class Dothideomycetes only. An AvrLm1 homolog was 

found in the set of predicted proteins of Lbt but not in other members of the species 

complex (Lb_ibcn65_P011530, Supplementary Table S10). Interestingly, the orthologous 

gene was also located in a large but poorly assembled AT-rich region, devoid of other 

predicted genes. Both AvrLm1 and Lb_ibcn65_P011530 showed homology with two SSPs, 

with unknown function from the Pleosporales species Pyrenophora teres f. teres 

(Supplementary Table S10). 

As described above, AvrLm4-7 had a paralog in the Lmb genomes (LmCDS2, 

65.5% of identity at the nucleotide level) that was located 30 kb away at the border 

between an AT- and a GC-isochore (F. Parlange, unpublished data). While AvrLm4-7 or 

LmCDS2 had SSP homologs in all members of the species complex (Supplementary Table 
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S10) none were duplicated in Lml or L. biglobosa meaning the orthology relationships are 

difficult to sort out. Outside of the species complex, AvrLm4-7 or LmCDS2 had homologies 

with two SSPs with no function of the botryosphaeriales species Macrophomina 

phaseolina (Supplementary Table S10).

In contrast to the previous examples, AvrLm6 (Fudal et  al., 2007) and 

Lema_P086540.1 (conferring avirulence towards a mustard species; A. Degrave, 

unpublished data) had homologs outside of the Dothideomycetes, but only in a few 

species of class Sordariomycetes. Both AvrLm6 and Lema_P086540.1 were homologous 

to SSPs produced by Lml and Lbt (Supplementary Table S10). While it did not match to 

other proteins of the Dothideomycetes, AvrLm6 also matched two SSPs in the 

Glomerellales species Colletotrichum gloeosporioides and Colletotrichum higginsianum 

(Supplementary Table S10). Lema_P086540.1 had homologs in other dothideomycete 

species, with one SSP of C. heterostrophus, but it also had homologs in two 

sordariomycetes species C. gloeosporioides and Fusarium oxysporum in which it matched 

with two proteins (Supplementary Table S10). One of them is not secreted and the other 

one correspond to the SSP SIX5, which play an important role during infection of tomato 

by F. oxysporum f. sp. lycopersici (Lievens et  al., 2009). All these proteins and their 

homologs display a good conservation of the cysteine spacing (Supplementary Figure S6).

Another candidate effector had a similarly patchy phylogenetic distribution: 

Lema_uP022890.1 is homologous to SSPs in every member of the species complex and 

homologies were found with one SSP of the dothideomycete M. phaseolina and three 

SSPs of the sordariomycete C. gloeosporioides.

Secondary metabolite gene clusters

Similar to genes encoding effectors, secondary metabolite biosynthetic genes such as 

Non-ribosomal Peptide Synthase (NPS) and Polyketide Synthase (PKS) genes showed 

examples of extreme specificity of occurrence and complete conservation within the 

species complex. Seventeen NPS genes were identified across the five species (Figure 

6a; Supplementary Table S11) and most (10) were shared by all five species, but some 

were unique to particular species or found only in the L. biglobosa or the L. maculans 

clade. Three genes, NPS13, NPS14, NPS15 were absent from the L. maculans clade. 

NPS14 and NPS15 were identified only in Lbt, while NPS13 was present in Lbc and Lbb. 

NPS8 was only identified in Lmb.
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Figure 6.  Conservation of  secondary metabolite  gene clusters  in  the Leptosphaeria  maculans-L.  
biglobosa evolutionary series. (a) Non-ribosomal peptide synthases (NPS); (b) Polyketide synthase (PKS) 
genes.  The  colour  of  shading  indicates  those  genes  present  (dark  shading)  or  absent  (white)  in  the 
corresponding species. The phylogenetic tree on the left is a simplified version of that in Figure 1, and the 
calculated divergence times (in MYA) are indicated.
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SirP, the NPS involved in the production of the epipolythiodioxopiperazine toxin, 

sirodesmin PL (Gardiner et al., 2004), was only present in Lmb and Lml as was NPS5. 

This latter gene had 37% sequence similarity to a putative aminoadipate semialdehyde 

dehydrogenase from the sordariomycete insect pathogen Metarhizium acridum. 

In summary L. maculans species shared all but one NPS. Lbb and Lbc had similar 

homologs, and Lbt had an intermediate pattern of NPS homologs. Thus the sequence 

similarity of NPS genes was generally consistent with the phylogeny of the ‘species’  as 

described by Mendes-Pereira et al. (2003) and Voigt et al. (2005). A few of these genes 

only were species-specific (NPS14 and NPS15 in Lbt, NPS13 in Lbb and Lbc, SirP and 

NPS5 in Lmb and Lml, NPS8 in Lmb) and may represent specific adaptation or newborn 

pathogenicity determinant as illustrated by NPS8. NPS15 had close relatives in the 

distantly related Dothideomycetes P. nodorum and M. populorum, NPS13 in C. sativus 

(syn. Bipolaris sorokiniana), and NPS5 in P. teres f. teres and P. nodorum (Supplementary 

Data 3). In contrast, SirP, NPS8 and NPS14 did not have any close relatives in other 

Dothideomycetes, and all other closely related sequences of NPS15, NPS13 and NPS5 

were in distantly related fungal species outside of the Dothideomycetes (Supplementary 

Data 3). In the opposite, some NPS conserved in all species of the species complex had 

no close relatives in other dothideomycete fungi (examples of NPS1 and NPS11), or even 

were not found at all in other fungal species (example of NPS3) (Supplementary Data 3).

Unlike the NPS genes, there was a high degree of diversity in number and types of 

PKS genes identified across the five members of the species complex (Figure 6b; 

Supplementary Table S12) and the complements of PKS genes did not follow the expected 

phylogeny of the species. In addition, and except for the four cases mentioned below, 

homologs of PKSs in the species complex were rare or absent in other Dothideomycetes 

and often had closest relatives in Sordariomycetes such as Fusarium spp. or 

Colletotrichum spp., or in Aspergilli (Supplementary Data 3). A total of 31 PKS genes were 

identified; of which only six were found in all species. Four of these six are largely 

conserved in the dothideomycete phylogeny, while the two others, PKS3 and PKS8 are 

essentially found in sordariomycetes species.
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Figure 7.  Organisation of the genes surrounding the polyketide synthase, PKS21, of  L. biglobosa 
‘brassicae’. The PKS and upstream genes show > 88% identity with genes from Anthroderma otae. Each 
square represents a single gene (not to scale). Lmb, L. maculans ‘brassicae’; Lml, L. maculans ‘lepidii’; Lbb, 
L. biglobosa ‘brassicae’; Lbt,  L. biglobosa ‘thlaspii’; Lbc,  L. biglobosa ‘canadensis’. Genes that are present 
in different species are highlighted in the same colour. Ends of contigs are represented with a circle whilst 
arrows indicate  that  the  contig  continues  in  that  species.  Genes common to  Lbb and  A.otae have  the 
following predicted functions; gene 2 has a retinol dehydrogenase (short chain dehydrogenase) motif; genes 
3 and 5 have a methyltransferase motif, gene 4 has no conserved domains and gene 6 is a dimethyl allyl 
transferase.
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Lmb and Lml had a very similar complement of PKS genes with 15 PKS in Lmb and only 

two missing in Lml: In Lml PKS1 was truncated and PKS5 was absent.  Twenty-three 

different PKSs were found in L. biglobosa species and many of these were species-

specific, with three only found in Lbb, one only found in Lbc and six only found in Lbt, 

clearly diverging from all other members of the species complex in terms of PKS 

complement (Figure 6b). Excluding these six PKS genes common to all members of the 

species complex, Lbc and Lbb only had five PKS genes in common while Lbt had only 

three in common with Lbc and two in common with Lbb. Intriguingly, two genes were 

common to one L. biglobosa (but absent from the other L. biglobosa species) and one (of 

the two) L. maculans species. For example, PKS1 was present between Lbb and Lmb, 

and PKS9 was in Lmb, Lml and Lbt (Figure 6). In both cases, most if not all homologous 

genes were found in fungal species outside of the Dothideomycetes (Supplementary Data 

3). 

The PKS-NPS gene clusters conserved between Lmb-Lml and between Lbb-Lbc 

displayed a high level of synteny: of the 16 clusters conserved in all the sequenced 

members of the species complex, eight were embedded in highly syntenic regions. This 

included genes widely conserved in the Dothideomycetes (PKS4, PKS7, PKS10, NPS4, 

NPS6, and Lys2), but also NPS1 and NPS11 conserved in the species complex but absent 

from other dothideomycete species. In eight additional cases, secondary metabolite 

clusters showed microsynteny in the L. maculans isolates while the cluster was 

reorganised in Lbb and Lbc. Interestingly, for these cases, Lbt showed an intermediate 

genomic pattern with PKS3, PKS15, NPS2 and NPS3 clusters being syntenic with those in 

Lmb and Lml, and PKS8, PKS9, NPS7 and Maa12 clusters showing microsynteny with 

Lbb and Lbc (data not shown).

PKS21 was only present in Lbb. Furthermore it it had > 90% identity at both the 

nucleotide and protein level with a PKS from the eurotiomycete, Arthroderma otae, which 

is a dermatophyte (Figure 7). This PKS is a hybrid with an incomplete NPS module that 

had a single adenylation and thiolation domains, but lacked a condensation domain. The 

five upstream genes showed high sequence similarity (> 88% amino acid identity and 83% 

nucleotide identity) to genes upstream of the A. otae PKS, although this microsynteny was 

interrupted by the presence of three genes in A. otae. Several of the homologous genes 

had predicted functions consistent with biosynthesis of a secondary metabolite.
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Table 6. The PKS21 gene cluster of Leptosphaeria biglobosa ‘brassicae’ and homologs in Arthroderma otae.

180

Location Location Location

Sc44 MYCG_01736 Sc2 42 93 42

Sc44 MYCG_04899 Sc4 88 51 47

Sc44 MYCG_04900 Sc4 93 38 29

Sc44 MYCG_04901 Sc4 97 No match 47

Sc44 MYCG_04902 Sc4 91 No match No match

No match MYCG_04903 Sc4 No match 84

No match MYCG_04904 Sc4 No match

No match MYCG_04905 Sc4 No match

Sc44 DMAT MYCG_04906 Sc4 89 No match 36

Sc44 MYCG_04907 Sc4 94 36 29

Sc44 MYCG_07786 Sc7 34 79 34

Sc44 MYCG_02371 Sc2 42 87 44

Sc44 MYCG_03969 Sc3 51 90 39

Sc44 MYCG_03971 Sc3 56 97 56

L. biglobosa
‘brassicae’ Domains/Motif A. otae gene Identity (%) L. biglobosa

‘canadensis’ Identity (%) Other Dermatophyte 
matches Identity (%)

Lbb_b35_P010265 FtsJ-like methyltransferase Lb_j154_P004832 Node_3525 M. gypseum

Lbb_b35_P010266 Retinol dehydrogenase Lb_j154_P005074 Node_3836 T. tonsurans

Lbb_b35_P010267 Methyltransferase Lb_j154_P005876 Node_5114 M. gypseum

Lbb_b35_P010268 No conserved domains     M. gypseum

Lbb_b35_P010269 Methyltransferase       

  
C4-methylsterol;
Fatty acid hydroxylase 
superfamily/sterol desaturase

      M. gypseum

  No conserved domains       No other matches   

  No conserved domains       No other matches   

Lbb_b35_P010270     M. gypseum

Lbb_b35_P010271 +
Lbb_b35_P010272 Polyketide synthase Lb_j154_P007539 Node_10192 T. tonsurans

Lbb_b35_P010273 Enoyl reductase of polyketide
synthase Lb_j154_P003162 Node_1929 M. gypseum

Lbb_b35_P010275 +
Lbb_b35_P010276 CypX superfamily Lb_j154_P003162 Node_1929 A. benhamiae 

Lbb_b35_P010277 CypX superfamily Lb_j154_P003173 Node_1929 T. equinum

Lbb_b35_P010278 MFS superfamily Lb_j154_P003172 Node_1929 T. rubrum



This gene cluster is lacking in six other dermatophytes sequenced by the Broad Institute 

(Dermatophyte comparative sequencing project, Broad Institute, 

http://www.broadinsitute.org) (Table 6). Genes downstream of PKS21 in Lbb were also 

present in genomes of some of the other Leptosphaeria species (Figure 7). These data 

strongly suggest that Lbb has gained this gene cluster through horizontal gene transfer 

(HGT). 

Dimethyl allyl transferases (DMATS) add prenyl groups to aromatic moieties such 

as tryptophan or tyrosine. A DMATS gene, SirD, is located in the sirodesmin gene cluster 

of L. maculans species, and prenylates a tyrosine in the first step in sirodesmin 

biosynthesis (Kremer & Li, 2010). No other DMATS were present in the two L. maculans 

genomes, but one was present in Lbb in the PKS21 gene cluster described above. This 

gene has 35% amino acid identity with the homolog in the sirodesmin gene cluster, and 

>90% amino acid identity with the homolog in the PKS cluster of A. otae.

TEs and pathogenicity genes

Of the 620 genes located in AT-isochores in the Lmb genome, 148 genes (24%) were 

surrounded by TEs (presence of TEs on both 5' and 3' side of the genes), whereas the 

others were located at the transitional regions between AT- and GC-isochores (presence of 

TEs either on 5' or 3' side of the genes). A large proportion of the former (64 genes) were 

specific to Lmb, with no homolog in other genome either as a complete sequence or as a 

pseudogene. In these cases and that of genes that have probable orthologs that were not 

predicted in the other species (39 genes), the incidence of TEs on translocation or HGT 

could not be deduced. The remaining 45 genes were firstly mined to exclude those for 

which the assembly in one or the other genome did not allow to conclude on conservation 

of microsynteny (6 cases). We then investigated whether the gene of interest and its 

closest flanking genes were syntenic in the other genomes, or if orthologs of the flanking 

genes were syntenic in the other genomes but the ortholog of the gene of interest is not 

(located in another genomic region or elsewhere in the same genomic region). Among the 

remaining 39 genes, 26 did not encode SSPs. Most of them (80.8%) showed a conserved 

microsynteny in the other genomes of the species complex suggesting the TE expansion 

did not influence gene order or orientation in these cases.
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Figure  8.  Effect  of  presence  of  repetitive  element  adjacent  to  promoter  of  orthologs  on  gene 
expression in planta compared to in axenic culture. In planta upregulation ratio (Log2(in planta FPKM/in  
vitro FPKM) calculated from RNA-seq data for orthologs in L. maculans ‘brassicae’ (Lmb) and L. biglobosa 
‘canadensis’ (Lbc) during growth  in planta and  in vitro. Orthologs pairs were categorised according to the 
presence or absence of repeat elements adjacent to the promoter region of both genes. The distance to the 
repeat  was  not  included  in  this  analysis.  Positive  up-regulation ratios  indicate  higher  expression  during 
growth in planta. The categories were: no Lmb no Lbc (n=6959), no Lmb yes Lbc (n=60), yes Lmb no Lbc 
(n=382), yes Lmb yes Lbc (n=14).
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The five remaining genes, including one phospholipase and two non-annotated genes, 

showed a break in microsynteny and were not colocalized with their flanking genes, 

suggesting they were translocated in other places of the genomes. Thirteen of the 39 

genes were encoding SSPs. Of these, seven showed a conserved microsynteny pattern 

while six were translocated within the genome. Interestingly, five of the characterized 

avirulence genes (AvrLm6, AvrLm4-7, AvrLm11, AvrLmMex and Lema_P086540.1) were 

subjected to translocation, whereas the sixth one, AvrLm1 could not be studied due to poor 

assembly of this region in Lbt where it is also likely to be hosted in an AT-rich genome 

environment. 

In GC-isochores, there was no preferential association between TEs and secondary 

metabolite gene clusters: 11% had TEs in their vicinity (i.e. in a 2 kb maximum distance) 

which was not different what is observed for other genes in GC-isochores (average of 13% 

of genes with TEs in their immediate vicinity). Of the 35 genes encoding PKSs and NPSs 

in the Lmb genome, seven were located in AT-isochores. Globally, the high level of 

synteny of these gene clusters between Lmb and Lml showed that the TE invasion did not 

incidence the organisation of these regions. Interestingly, PKS5 and NPS8 were located 

within AT-isochores and surrounded by TEs. 

The effect of proximity of repeat elements on gene expression was determined. The 

RNA-seq gene expression values for Lmb and Lbc orthologs were coupled with locations 

of  repeat  sequences.  Excluding genes that  had low levels of  expression  in  vitro  or  in  

planta,  7415  ortholog  pairs  were  identified.  Orthologs  pairs  were  grouped  into  four 

categories,  on  the  basis  of  repeat  presence  in  their  promoter  regions  (Figure  8).  An 

expression ratio was calculated from the log2 (in planta expression/in vitro expression) for 

each gene. Repetitive elements located adjacent to a gene promoter in both Lmb and Lbc 

caused general up-regulation during in planta growth compared to in vitro growth (Figure 

8). This differential effect was more obvious when Lbc orthologs had a repeat element 

nearby and the Lmb ortholog did not:  only the Lbc orthologs showed an  in planta up-

regulation  pattern  (Figure  8).  The  opposite  situation,  where  repetitive  elements  were 

adjacent to Lmb orthologs but not to Lbc promoter orthologs, showed both genes were 

upregulated in planta (Figure 8). In this case, the extremely fragmented assembly of Lbc 

may have prevented accurate identification of repetitive elements.
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Discussion
Divergence and speciation

Fungi are estimated to be represented by over 1.5 millions species. Their description and 

classification have been long based on macro- or microscopic criteria that were 

considered to be informative, such as morphology or reproduction style. The availability of 

genomic data for a large number of fungal species allowed the inference of new 

phylogenetic relationships between close or even unrelated taxa previously aggregated in 

the same genera, which can be exemplified by the Mycosphaerella genera and its new 

classification (Crous et  al., 2009; Quaedvlieg et  al., 2011). In this paper, we firstly 

reinvestigated speciation issues in the L. maculans-L. biglobosa species complex based 

on sequence data analyses. The estimated divergence times between the terminal clades 

(Lmb-Lml: 5.1 MYA and Lbb-Lbc: 3.6 MYA) are consistent with speciation dates between 

closely related species in other genera (Cochliobolus sativus / C. heterostrophus: 4.3 

MYA, Pyrenophora tritici-repentis / P. teres: 7.5 MYA, Mycosphaerella populicola / M. 

populorum: 4.7 MYA, Coccidioides posadasii / C. immitis 5.1 MYA (Sharpton et al., 2009)) 

(Supplementary Fig S2) and strongly indicate all Leptosphaeria isolates analysed here 

belong to different species. This is further substantiated by analysis of genome alignment, 

SNP density, and chromosomal organization. Pairwise genome alignments at the 

nucleotide level allowed the identification of SNPs between the members of the species 

complex. The amount of SNPs between each lineage of the species complex is around 1.5 

millions. These figures are in the same order of magnitude than those observed between 

different species of a genus closely related to Leptosphaeria, Cochliobolus (Condon et al., 

2013). Analysis of chromosomal organization between the different isolates supports the 

mesosynteny postulate and illustrates the first steps toward speciation. Mesosynteny, i.e., 

the conservation within chromosomes of gene content but not order or orientation, was 

recently postulated to be a mode of chromosomal evolution specific to fungi, and more 

specifically of Dothideomycetes (Hane et  al., 2011). Comparative analyses of 18 

dothideomycete species, and a simulation-based approach indicated that serial random 

inversions within the chromosome lead with time to intense reshuffling of gene order within 

homologous chromosomes from one species to a distantly related one (Ohm et al., 2012). 

Focusing on relatively short divergence times, our analyses are in perfect accordance with 

this modelling-based hypothesis. The most illuminating data comes from the comparison 

of chromosome organization between Lmb and Lml, showing that the number of genome 
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rearrangements is much fewer than what has been reported by Ohm et al. (2012), e.g. 30 

inversions in a single scaffold between C. sativus and C. heterostrophus, and indeed may 

represent a first step towards mesosynteny. Of special interest, both divergence time 

estimates (ca. 22 MYA) and the intensity of intrachromosomal inversion between L. 

maculans and L. biglobosa relate to those observed between C. heterostrophus and 

Setosphaeria turcica, belonging to different genera (Ohm et al., 2012). This may indicate 

that not only the different Leptosphaeria isolates belong to different species, but that L. 

maculans and L. biglobosa may indeed belong to two different genera.

Using population studies and phylogeography analyses, we recently postulated that 

L. maculans is a recently emerged species. The data obtained here both comfort and 

contradict this postulate. On the one hand the divergence time estimates between Lmb 

and Lml, and the postulated times of genome invasions by TEs indicate that the rise of the 

Lmb species occurred ca. 5.1 MYA. On the other hand the perfect genome alignment and 

low density of SNP between one Lmb isolate from Europe and one from Australia, lower 

from what is known for Z. tritici, suggested to have emerged 10,000 years ago 

(Stukenbrock  et  al.  2007)  is in favor of a recently emerged species as proposed by 

Dilmaghani et  al. (2012). One explanation would be that Lmb was submitted to a 

bottleneck, during speciation or more recently, due to adaptation to oilseed rape and that 

only a sub-population  of a more ancient species was selected, leading to a rapid world-

wide expansion of a species with a low level of polymorphism. By comparison, the Z. tritici 

species  has  been  suggested  to  arise  without  being  submitted  to  a  bottleneck,  thus 

maintaining a large part of its previous biodiversity (Stukenbrock et al., 2010).

TE invasion in Dothideomycetes:  how  fungal  genomes  control  them  and  their 
incidence on speciation events

For the first time, a species complex of ascomycete phytopathogens has been used for 

evolutionary studies combining phylogenetic analyses of divergence time and analysis of 

TE occurrences in their genomes, and relating these data with previously established 

dating of transposition events (Rouxel et  al., 2011). The identification of the repeated 

elements in the genomes of the L. maculans-L. biglobosa species complex followed by the 

annotation of many TE families and the analysis of their distribution allowed us to get 

insights into the relationships between TEs and speciation events.
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Consistently with preliminary data, the sequencing of several members of the 

species complex allowed us to confirm that the genome of Lmb contains a larger 

proportion of TEs than those of the other members of the species complex, but also those 

of other Pleosporales species. Such a massive invasion by TEs, along with the  recent 

expansion of four families of LTR retrotransposons and the patterns of insertion of the DNA 

transposon DTM_Sahana, suggest that this is more likely the result of a recent TE 

expansion in the Lmb genome than the result of a loss of TEs in all other genomes.

In ascomycetes such as Blumeria spp., or in oomycetes (Raffaele & Kamoun, 2012; 

Wicker et  al., 2013), heavily TE-invaded genomes suggest the  absence  of  defense 

systems able to regulate the TE activity and that only the fitness cost linked with genome 

obesity will eventually counter-select species for which the fitness deficit is higher than the 

selective advantage conferred by enhanced genome plasticity. Amongst these examples, 

many related species show a heavily TE-invaded genome (Raffaele & Kamoun, 2012; 

Wicker et al., 2013). In Pleosporales, we observe a different trend since TE expansion was 

not observed in species (that we currently are aware of) other than Lmb. An intermediate 

situation is found in other fungi (e.g. Cladosporium fulvum, Pseudocercospora fijiensis) 

(De Wit et al., 2012; Ohm et al., 2012) that have close relatives species with TE-poor 

genomes  while  TE-invaded  genomes  are  less  uncommon  than  in  the  Pleosporales. 

Compared to the Blumeria or Phytophthora examples above, we can also notice that the 

expansion of TEs in the genome of Lmb remains limited (one third of the genome for Lmb 

vs. 64% of the genome for  B. graminis  and 74% for  P. infestans  (Raffaele & Kamoun, 

2012)). 

The analysis of TE distribution within the genomes of the sequenced members of 

the L. maculans-L. biglobosa species complex but also within the available genomes of 

the phylum Ascomycota showed that 34% of TE families identified in the genomes of the 

L.maculans-L.  biglobosa species complex were also present outside of this complex, 

mainly in Pleosporales species. In the Lmb genome, the TE expansion that occurred ca. 4-

5 MYA is mainly due to a burst of transposition of four LTR retrotransposon families 

(Rouxel et al., 2011) of which three have been present in the dothideomycete lineage for 

more than 90 million years. These data question about how TEs were controlled through 

time by Lmb and, in general, by ascomycete species.

RIP is likely the most efficient genome defense mechanism against TEs. Its current 

activity has been experimentally demonstrated in L. maculans (Idnurm & Howlett, 2003), 

and evidences of RIP have been reported in most ascomycete species (Clutterbuck, 
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2011). These observations are consistent with the postulate that RIP is an ancestral 

mechanism common to (at least) ascomycete fungi (Clutterbuck, 2011), with occasional 

patterns of secondary losses like observed in Blumeria spp. (Spanu et al., 2010). The 

common incidence of RIP and its current activity in Lmb is consistent with a limited 

invasion of Pleosporales genomes by TEs, but it does not allow us to understand how 

massive transposition activity could have taken place in Lmb for four LTR retrotransposon 

families, since RIP induces irreversible changes making TE reactivation impossible.

Actually our data indicate a “recent” transposition activity for TE families potentially 

present in the Pleosporales lineage for several tens of millions of years, suggesting that 

they were not inactivated by RIP or that they were reactivated. Three main hypotheses 

could explain these data: (i) loss and regain of RIP activity, but involvement of another 

epigenetic mechanism to control TE transposition events, (ii) biological traits preventing 

the set up of RIP, i.e. absence of sexual reproduction and (iii) recent events of HT.

(i) Bursts of transposition have been observed in many species and thought to be 

the result of a breakdown of the genome defenses (Rebollo et al. 2010). Thus, we can 

hypothesize that ca. 4-5 MYA a stress-inducing event was responsible for the breakdown 

of the control of TEs in the Lmb genome, resulting in the unleashing of transposition 

activity of these elements. However, inactivation by RIP should prevent the reviving of 

heavily mutated TEs. Other inactivation mechanisms have been described in fungi such as 

methylation induced premeiotically (MIP) in the ascomycete Ascobolus immersus (Goyon 

et al., 1996) and in a basidiomycete Coprinus cinereus (Irelan & Selker, 1996). MIP is an 

epigenetic mechanism which methylates but does not irreversibly mutate duplicated 

sequences. The fact that it is conserved between ascomycetes and basidiomycetes, raises 

the possibility that RIP evolved from MIP or from a similar silencing process (Galagan & 

Selker, 2004). One can then hypothesize that MIP was previously active and relieved 

under a stress-inducing event at the time of speciation, and then replaced by RIP as an 

irreversible control mechanism.

(ii) RIP is only active during meiosis, therefore prolonged growth in absence of sex 

would prevent RIP inactivation of TEs. Lmb is currently known to have an obligate sexual 

reproduction during its life cycle (Gout et  al., 2006). However, some recent findings 

indicate that fully asexual populations exist either adapted to other crucifers such as 

cabbage or present in environments where short growth season of the host plant prevent 

the fungus from completing its sexual cycle. (Dilmaghani et  al., 2012,  2013). Asexual 

growth could also be imposed within a founder population with only one mating type. One 
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can thus hypothesize that the rise of the Lmb species was followed by a long phase of 

asexual behaviour in order to propagate rapidly the newly-born species, without preventing 

expansion of TEs until sexual reproduction became prevalent with the need to diversify 

genotypes to adapt changing environmental conditions. 

(iii) TEs are known to be transmitted by HT (Silva et al., 2004; Walsh et al., 2013) 

and vectors like arthropods are likely to be main actors allowing HT between animals 

species (Walsh et  al., 2013). Our phylogenetic analyses did not allow us to establish 

whether such HT events occurred in the dothideomycete phylogeny, but multiple cases of 

patchy distribution do not contradict this hypothesis. In addition, even with RIP being active 

and sexual reproduction used in the fungal life cycle, one can imagine constant donation 

of TEs from a donor that was present over an extended period of many million years, such 

as a virus or an intracellular symbiotic bacteria (Loreto et al., 2008). The donor TEs would 

not be affected by RIP, as it is protected in the vector, but each new introduction would be 

RIPed and inactivated as it arrived. Long term addition could result in the establishment 

and the  expansion of TE-rich regions. This hypothesis is extremely far-fetched  as we 

currently cannot distinguish introduction and expansion of TEs from multiple introductions, 

due to extensive sequence degeneracy following RIP.

Evolutionary incidence of TEs is now established in many lineages and links 

between transposition bursts and speciation are observed without possibility to determine 

whether the burst was responsible for speciation or if it was a consequence of it (Rebollo 

et al., 2010). In this study, we observed two events that are estimated to have taken place 

during the same period of time than the burst of transposition: (i) the speciation event 

separating Lmb from Lml and (ii) the introduction in the Lmb genome of new TE families 

that took place after the divergence from Lml. The effects of invasion by species-specific 

TEs on speciation events are difficult to sort out since we observed introduction of new TE 

families several times during evolution within the dothideomycete lineage while bursts of 

transposition did not occur in any other Pleosporales species. However, the analysis of TE 

distribution was based only on TE identified in Leptosphaeria spp. which did not allow us 

to infer relationships between TEs and speciation in the other species that were not 

investigated for species-specific TEs. Moreover, as underlined before, the patchy 

distribution of some TE families, especially LTR retrotransposons, could be interpreted as 

an evidence of HT of TE between species (Daboussi & Capy, 2003) and thus interfere with 

the evolutionary history of these elements. Of special relevance for this question, we 

observed that in Lmb 70% of the intrachromosomal inversions were bordered by TEs 
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specific to the L. maculans clade. In the Ohm et al. (2012) paper, inversion breakpoints in 

Dothideomycetes genomes were suggested to be associated with Simple Sequence 

Repeats (SSR), a feature that was not apparent when comparing the Lmb and Lml 

genomes. These data may indicate a major role for TEs rather than SSRs in genome 

reshaping and reshuffling at the chromosomal level, and thus generating mesosynteny in 

chromosomes of Dothideomycetes. This first step towards mesosynteny clearly ascribes a 

role to species-specific TEs in this evolutionary mechanism that will eventually generate 

non-homologous chromosome sections and isolate part of the genome from meiotic 

recombination.

Can genome data explain biological and phytopathological specificities?

The L. maculans-L. biglobosa species complex provided us a biologically relevant model 

to  investigate  the  evolution  of  pathogenicity  and  adaptation  to  host.  While  being 

morphologically very similar in all aspects (Petrie, 1969) and adapted to crucifers, all the 

species  show very  divergent  host  range,  pathogenic  abilities  and  infection  strategies. 

Interestingly,  two of the most closely related species, Lmb and Lml drastically differ  in 

pathogenic abilities whereas more  divergent  species like Lmb and Lbb-Lbc have very 

similar host range and pathogenic behaviour.

Our knowledge regarding Lml and Lbt pathogenicity is limited since their natural 

hosts are crucifer weeds (Lepidium sp. and T. arvense, respectively) which are difficult to 

get, to grow or to infect in controlled conditions. However, recent data concur to indicate 

that Lml is nonpathogenic to Brassica spp. while Lbt is likely to have a broader host range, 

substantiated by the fact that it can be isolated from Brassica plants grown in the field such 

as Brassica juncea (Mendes-Pereira et al., 2003). In contrast, data on Lmb, Lbb and Lbc 

are more frequent and consistent since they infect B. napus, a major oilseed crop. On B. 

napus, Lmb, Lbb and Lbc have a very similar pathogenic behaviour with similar ability to 

develop a lengthy endophytic life in the tissues following the initial penetration step (Fitt et 

al., 2006a). The main difference consists in the ability to cause a stem basis canker which 

is  a  specificity  of  Lmb,  while  Lbc  or  Lbb  cause  upper  stem lesions.  In  summary the 

different species differ by (i) their main host, (ii) their host range, broad for Lbt vs. narrow 

for all the others, and their ability or not (Lml) to infect B. napus (Lmb, Lbb, Lbc and Lbt), 

(iii) their ability to colonise the stem basis of B. napus plants and develop the late stem 

canker (Lmb vs. Lbb-Lbc), and (iv) their ability to develop very specific gene-for-gene type 
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interactions with B. napus (Lmb only).

Our initial postulate that the genome of Lmb drastically differed from that of other 

members of the species complex, in terms of size, TE content and chromosomal structure, 

was fully established in this paper. These data provided possible genomic bases to explain 

mechanisms leading to the rise and the evolution of new pathogenicity determinants and 

infection strategies. On these bases, our objective was to try to relate biology to genome 

data and infer evolutionary traits explaining differences in pathogenic abilities. This was 

investigated with two options: (i)  the incidence of gene contents on adaptation to host 

and/or development of new pathogenic abilities and (ii) the incidence of genome structure 

and TEs. 

Gene content data were very frustrating since most of  genes which are species-

specific,  and  thus  putatively  involved  in  species-specific  life  traits,  did  not  have  any 

attributed function. In contrast, genes with possible function in pathogenicity (CAZymes, 

MAP kinases,  proteases,  etc..)  were conserved between the different  members of  the 

species complex. The study of secondary metabolites showed that PKS gene profiles were 

too divergent from one species to another to easily relate any of these with pathogenic 

abilities. Though, the possibility that the expanded PKS content in Lbt genome might be 

linked with its broad host range would deserve to be investigated. Regarding the content of 

putative  effector-encoding  genes,  the  number  of  those that  were  species-specific  was 

comparable between members of the species complex.

Interestingly, Lml was the only species with a notably higher number of SSPs than 

the others. In M. oryzae, the importance of the effector repertoire in host range expansion 

has been established (Kang  et al., 1995; Couch  et al., 2005). For example, host range 

expansion from foxtail millet to rice is assumed to be due to the loss of the single effector 

AVR-Co39 which allowed the fungus to colonize rice (Couch et al., 2005). On this basis, 

one can question whether this expanded repertoire of effectors in Lml may contribute to its 

narrower host range compared to other members of the species complex.

While the amount of effector genes is comparable between genomes, their patterns 

of  expression seems to differ  between Lmb and Lbb-Lbc. Amongst the top 100 genes 

expressed at  seven dpi,  45% encode SSPs in  Lmb genome,  whereas this  proportion 

decreases to 21% for Lbb and 13% for Lbc. Of these expressed SSP-encoding genes, 

30% represent  species-specific  genes  in  Lmb  genome,  when  very  few (or  none)  are 

species-specific genes in Lbb and Lbc. These figures suggest that species-specific SSPs 

in Lmb play a major role at the onset of the plant colonization and may contribute to the 
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development of the typical grayish-green tissue collapse on leaves, during which the plant 

machinery is not alerted. This contrasts with the dark symptoms expressed by Lbb or Lbc 

(Vincenot et al., 2008), suggesting that the plant is alerted but cannot efficiently cope with 

the fungal expansion and tissue colonization. In addition, this larger amount of species-

specific SSP-encoding genes is consistent with the existence of gene-for-gene interactions 

with  B. napus described only for Lmb and with the need for a more plastic repertoire of 

effectors produced in planta to counteract plant major resistance genes.

NPS secondary metabolite cluster occurrence data were also difficult  to exploit  in 

terms  of  biological  relevance.  For  example,  the  best  known  cluster  in  Lmb  is  the 

sirodesmin cluster,  which produces a toxin acting as a virulence factor in stems of  B. 

napus during colonization (Elliott et al. 2007). This cluster is absent from the L. biglobosa 

isolates, consistently with their inability to cause severe cankers in stems. In contrast, it is 

present in Lml which cannot colonize B. napus, suggesting the cluster was acquired before 

Lml or Lmb became strictly adapted to their host. The only difference between Lmb and 

Lml in NPS clusters regarded NPS8. This five-module NPS is thought to be involved in the 

production of the transiently produced depsipeptide, phomalide, which has been 

postulated to be a host-selective toxin (HST) since it elicits a hypersensitive response on 

leaves of Brassica juncea, but not on those of B. napus (Pedras et al., 1993). These data 

are currently debated, and the biological role of phomalide has not been substantiated on 

other Brassica species or genotypes, but it would make sense that the only divergent NPS 

between Lmb and Lml is produced at the onset of tissue penetration and is postulated to 

be a HST. 

Apart from being genome shapers, TEs are shown to be associated with effectors 

genes of fungal phytopathogens, and also known to be involved in inactivation of fungal 

avirulence  genes  of  importance  when  the  fungus  is  faced  to  the  corresponding  plant 

resistance (Fudal  et al., 2005; Daverdin  et al.,  2012) and in deletion leading to loss of 

entire  genomic  regions  encompassing  avirulence  genes.  In  Lmb,  TE-rich  isochores 

promote accelerated mutations for the (effector) genes included in these regions through 

RIP (Fudal  et al.,  2009; Daverdin  et al.,  2012) and create heterochromatic landscapes 

responsible for an epigenetic control of the effector gene expression (Soyer et al., under 

review). TEs are shown to be involved in adaptation of phytopathogens to new hosts by 

promoting gene duplication and translocation (e.g. Chuma  et  al.,  2011).  TEs can also 

directly contribute to the “birth” of new genes through mechanisms such as retroposition 

(also known as retroduplication) (Kaessman et al., 2009). Such processes appear to have 
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occurred  frequently  in  the  genome  of  B.  graminis.  This  genome  has  experienced  a 

massive proliferation of retrotransposons associated with loss of RIP, which has probably 

contributed to  the extensive  gene losses,  expansions and reshuffles of  effector  genes 

(Raffaele & Kamoun, 2012). In previous studies we suggested that effector genes in  L. 

maculans do not belong to multigene families and we postulated that duplications were 

followed  by a  rapid  sequence diversification  preventing  us  to  recognize  gene families 

(Rouxel et al., 2011). While this postulate still holds true, we found here one case where a 

paralog of  AvrLm4-7 could be identified (with 65.5% identity at the nucleotide level).  In 

addition, we found that five effector genes of Lmb were translocated to TE-rich regions 

compared to the other members of the species complex. This is reminiscent at a smaller 

scale of what is observed for the Avr-Pita effector gene in M. oryzae (Chuma et al., 2011). 

In  this  species  a  paralog  of  Avr-Pita (termed  Avr-Pita3,  with  71%  identity  with  the 

reference) is found at an invariant genome location, while Avr-Pita and other variants may 

be fully absent  from the genome or present  at  different  chromosomal locations,  or  on 

different chromosomes, depending on the isolate (Chuma  et al.,  2011). In this species, 

both patterns of complete loss of the gene and patterns of multiple translocations were 

ascribed to the close association of Avr-Pita with a retrotransposon (Chuma et al., 2011). 

Lastly, the authors postulated that other avirulence genes of M. oryzae may have the same 

behaviour  and  also  submitted  to  multiple  translocations  in  the  genomes.  Having  only 

compared two Lmb isolates in the present study, we have not such evidence of possible 

multiple translocations in different isolates of Lmb. However, translocations are found in 

Lmb compared to other members of the species complex, suggesting that at least at the 

time of speciation, effector genes were submitted to TE-mediated translocations in the 

Lmb genome, resulting in many cases in their isolation within large AT-rich isochores. The 

adaptive  advantage  of  these  multiple  translocations  was  considered  by  Chuma  et  al. 

(2011) to maintain a pool of isolates with the avirulence gene when selection is exerted so 

that it can be easily disseminated in populations when the selection is no more present. In 

Lmb,  one additional  adaptive  advantage could be to  move effector  genes to  genomic 

regions submitted to an epigenetic control so that these genes are only expressed during 

infection (Soyer et al., under review). 

Fungal genomes can also be “invaded” through HGT, and TEs are key drivers to 

HGT in  a series of  species.  For  example,  Richards  et  al. (2011)  suggested that  HGT 

played an important part in the evolution of plant parasitism in the oomycetes. Also, the 

HST ToxA has been demonstrated to have been transmitted from P. nodorum to P. tritici-
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repentis in the 1940’s while the proximity of the ToxA gene to a hAT family TE is suggested 

to have contributed to the transfer and integration of this gene into the  P. tritici-repentis 

genome  (Friesen  et  al.,  2006).  Clusters  of  genes  encoding  enzymes  responsible  for 

biosynthesis of secondary metabolites, molecules with a diverse range of structure and 

metabolic activities are known to be readily transmitted by HGT. Many biosynthetic gene 

clusters including those for the class of secondary metabolites that includes sirodesmin, 

are distributed discontinuously among ascomycetes and appear to have a single origin 

and  to  have  been  inherited  relatively  intact  rather  than  independently  in  the  different 

ascomycete lineages (Patron et al., 2007). However, gene clusters for polyketides such as 

dothistromin are often fragmented in ascomycetes and their evolution is more complicated 

(Bradshaw et al., 2013). Another example of HGT, that we present here, regards PKS21 in 

Lbb genome which appears to have been obtained via HGT from a dermatophyte species, 

Arthroderma otae. PKS5 and NPS8, that are specific to Lmb genome within the species 

complex, might also be the result of HGT since they are located within AT-isochores and 

surrounded by TEs in Lmb genome and rarely present in other dothideomycete species. 

Effector genes hosted in AT-isochores that are conserved in several species often display 

a patchy distribution along the phylogeny.  Because of  the low identity of  sequence,  it 

remains difficult to ascribe this to accelerated sequence evolution, regular gain and loss 

patterns  or  TE-mediated  HGT as  shown  for  ToxA.  Intriguingly,  both  in  the  cases  of 

secondary metabolite genes and effector genes, the relatives, if HGT are postulated, were 

often Sordariomycetes (and mostly Fusarium or Colletotrichum species) or Aspergilli. It is 

not clear whether these data have an ecological or evolutionary relevance or if this is the 

result of a bias due to currently available whole genome sequences in databases. 

All these data indicate a hypothetical evolutionary scenario: (i) Invasion by new TE 

families, eventually generating mesosyteny and reproductive isolation, followed by (ii) a 

massive accumulation of TE-rich regions rapidly inactivated by RIP along with 

transposition of new invaders generating isolate-specific chromosomal landscapes and (iii) 

the generation of new genes, new specificities and new regulation in these TE-rich 

landscapes contributing to a better adapted species towards crucifers.
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Materials & Methods
Biological material

Isolates IBCN84 (L. maculans ‘lepidii’) and IBCN65 (L. biglobosa ‘thlaspii’) are part of the 

International Blackleg of Crucifer Network collection maintained at INRA-Grignon and AAF 

Saskatoon. Both isolates were obtained as hyphal tip-purified isolates in Saskatchewan 

either from stinkweed (Thlaspi arvense) (IBCN65) or from peppergrass (Lepidium sp.) 

(IBCN84) (Mendes-Pereira et al., 2003). Isolate B3.5 (L. biglobosa ‘brassicae’) is one of 

two isolates that were used to formally establish the new L. biglobosa species name 

(Shoemaker & Brun, 2001). It was obtained as a single-ascospore isolate ejected from a 

pseudothecia formed on Brassica juncea cv. Picra in an experimental field at INRA-Le 

Rheu (Shoemaker & Brun, 2001).

The L. biglobosa ‘canadensis’  isolate 06VTJ154 (hereafter named J154) was 

cultured from ascospores released from sexual fruiting bodies on B. juncea stubble 

collected from Burren Junction, New South Wales, Australia as described by Van de Wouw 

et al. (2008). 

The  L. maculans isolate WA74 was originally purified from infected stubble of 

oilseed rape collected from Western Australia as described by Mengistu et al. (1993). It is 

included in the IBCN collection under ref IBCN76 (Mendes-Pereira et al., 2003).

Sequencing and assembly

For isolates IBCN84 (L. maculans ‘lepidii’), IBCN65 (L. biglobosa ‘thlaspii’) and B3.5 (L. 

biglobosa ‘brassicae’), a Paired-End 8 Kb library was constructed according to the protocol 

454. A run and a half was done on the Titanium version, generating respectively 580 Mb, 

511 Mb and 614Mb of raw data. An additional Paired-End 20-kb library was built for B3.5. 

An additional run was done on the Titanium version, generating 380 Mb of raw data. 

Additional libraries were constructed according to the Illumina protocol with an average 

size of 250 bp inserts for IBCN84 and IBCN65 and 350 bp for B3.5. Libraries were 

sequenced on three lanes (for IBCN84 and B3.5) and 2 lanes for IBCN65 on a GAIIx, 76 

bp in single sequencing, generating 7.8 Gb of raw data for IBCN84, 6.08 Gb for B3.5 and 

4.9 Gb for IBCN65. The Titanium sequences were assembled by Newbler and the 

sequences of the scaffolds were corrected using the Illumina sequences. 

L. biglobosa ‘canadensis’  isolate J154 was grown in 10% Campbell’s V8 juice for 

five days and genomic DNA was extracted from mycelia as described previously (Sexton & 
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Howlett, 2000). Genomic DNA was sequenced by the Australian Genome Research 

Facility, Melbourne, Australia using Illumina HiSeq2000. Libraries were constructed with a 

250 bp insert size. A single lane of 100 bp pair-end sequencing was used to generate 32 

Gb of raw data. Reads were trimmed to a minimum quality of phred 28 using FastX-toolkit 

software, producing 310 million trimmed reads. Trimmed reads were assembled de novo 

using the Velvet short read assembler v1.1.06 (Zerbino & Birney, 2008) with the Velvet 

Optimiser Perl script to select the k-mer (49), expected coverage (402) and coverage 

cutoff (43) values. The final L. biglobosa ‘canadensis’ J154 assembly produced 29.48 Mb 

of scaffolds > 200 bp. WA74 DNA was extracted (CTAB extraction protocol) from mycelia 

grown on V8 agar plates. Sequencing was done using Roche 454 Titanium platform both 

for shotgun sequencing (1 plate) and sequencing of an 8 kb mate-paired library (half 

plate).

Bioinformatics 

Gene annotation.

The automated gene annotation was carried out using a combination of two ab initio gene 

predictors, Fgenesh (Salamov & Solovyev, 2000) and Genemark (Lomsadze et al., 2005). 

Fgenesh has been previously used as a part of the EuGene pipeline (Foissac et al., 2008) 

for gene annotation of the L. maculans 'brassicae' v23.1.3 genome (Rouxel et al., 2011). 

Genemark, a free and easy-to-use software, was trained on the twenty largest 

SuperContigs of L. maculans 'brassicae' v23.1.3 with the repeated sequences masked 

using RepeatMasker (Smit, 1996) in order to avoid the RIP bias in basis usage on the 

repeated elements. Both Fgenesh and Genemark were firstly benchmarked on one SC of 

v23.1.3 and showed that Genemark gene models were better defined than Fgenesh and 

EuGene gene models. As a consequence, Genemark predictions were always prioritized 

over Fgenesh prediction in case of inconsistent annotation between the two predictors. 

Both Fgenesh and Genemark were run on repeat-masked genomic sequences and the 

results from the two gene callers were combined. Gene models encoding proteins greater 

than 30 amino acids were compared and a decision made as follows: (i) if a similar gene 

model was predicted at the same locus, or if it was predicted by one or the other of the 

predictors, this gene model was kept; (ii) if two different gene models were predicted at the 

same locus, we chose to prioritize the Genemark prediction; (iii) if a predicted gene model 

corresponded to two or more gene models from the other predictor, the latter was kept. All 
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validated genes were then translated into proteins and their features were written in a 

GFF3 formatted file which was used for visualisation (e.g. with Artemis (Berriman & 

Rutherford, 2003)).

Functional annotation.

Automated functional annotation of the predicted proteins was performed by using a 

combination of BLAST (Altschul et al., 1990) and InterProScan (Quevillon et al., 2005). 

First, each protein was compared by BLASTp to the NR database, and only the hit results 

matching the following criteria were kept for further analysis: (i) the e-value should less 

than 1e-06, (ii) the similarity percentage should be over 30%, (iii) at least 70% of the query 

sequence should be covered by the alignment length, (iv) the subject (hit) sequence length 

should represent between 75% and 125% of the query sequence length. Then, all 

validated results were pooled and average values were calculated for each of the above-

mentioned criteria. A consensus description was then obtained by text-mining. According 

to these different features, proteins were divided into three classes: (i) proteins with no 

BLAST hit result or BLAST hit results with a mean percentage of similarity lesser than 

40%, a mean percentage of coverage of the query sequence length by the alignment 

length lesser than 80% and a mean percentage of coverage of the query sequence length 

by the subjects length lesser than 85% or greater than 115%, and (ii) proteins with no 

protein domain identified by InterProScan. This class is classified as « predicted protein », 

i.e., predictions with no functional support. It usually contained species-specific sequence 

with no known domains. The second class, termed « hypothetical proteins », included 

predictions that (i) had at least one domain identified by InterProScan in the InterPro 

database (Hunter et al., 2011) and fulfill the above-mentioned BLAST result criteria but for 

which text mining indicated « hypothetical protein » in more than 90% of the hits, or (ii) 

fulfill the BLAST results conditions with a consensus description corresponding to a 

function but with no protein domain identified, or (iii) with no BLAST results but with at 

least one domain identified from the InterPro database. Globally, this class contained 

predictions with slight functional support that might correspond to conserved proteins 

among several organisms but with no defined functions, or to splitted/merged predictions. 

The third class included predictions that fulfill the BLAST result conditions, with at least 

one domain from the InterPro database and with consensus hit description corroborated 

by the protein domains identified with InterProScan. This class was termed the « similar to 

function » protein and included well conserved proteins with defined functions among 
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several organisms. All parameter values used in this section were optimized values based 

on comparison between results of automated in silico and « manual » in silico functional 

annotation.

Identification and annotation of genes encoding SSPs and secondary metabolite clusters

A protein was classified as a SSP (i) if a signal peptide was predicted by both Neural-

Network and Hidden Markov Model methods of SignalP 3.0 (Bendtsen et al., 2004), (ii) if 

TargetP 1.1 (Emmanuelson et  al., 2000) predicted the protein being in the secretion 

pathway, (iii) if TMHMM 2.0 (Krogh et al., 2001) detected none or one transmembrane 

domain if this latter is at least at 30% included in the signal peptide, (iv) and if its length 

was lower than or equal to 300 amino acids. SSP identification resulted from the merging 

of two sets of predicted proteins. The first one resulted from a step of gene annotation as 

described above. After this step, the validated gene models were masked on the genomic 

sequences and another round of gene annotation was carried out. From this second gene 

model set, we exclusively kept the ones encoding SSPs.

Genes encoding key enzymes in fungal secondary metabolism were sought. Non-

ribosomal peptide synthases (NRPS), polyketide synthase (PKS) and dimethyl tryptophan 

synthases (DMATS) were identified by searching both the predicted proteins and genome 

assemblies of each species with previously characterised NPS, PKS and DMATS proteins 

from L. maculans ‘brassicae’  isolate v23.1.3 (Rouxel et  al., 2011). Both BLASTp and 

tBLASTn algorithms were used. Any match with greater than 35% sequence similarity to 

the previously identified proteins was compared by BLAST against the NCBI database to 

detect indicative domains, as well as best matches in other species. Genes encoding 

geranyl geranyl diphosphate (GGPP) synthases and terpene cyclases (TC) were identified 

by tBLASTn and BLASTp searches of Leptosphaeria genomes and predicted protein sets 

using verified references sequences as the query. GGPP synthase reference sequences 

were Penicillium paxilli GGS1 (AAK11525) and PAXG (AAK11531). Terpene cyclase 

reference sequences were Saccharomyces cerevisiae ERG7 (P38604), and Fusarium 

graminearum TRI5 (XP_383713). 

Analysis of gene conservation

The 57,964 proteins predicted in the Leptosphaeria species complex were grouped using 

orthoMCL (with default parameters). OrthoMCL created 10,916 families that contained 

48,013 sequences. In order to obtain 1:1 orthologous relationships between the 
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sequences, families made  of proteins from only one taxon or containing a number of 

protein larger than that of taxa, were excluded. After this screening step, 10,131 families 

containing 43,437 sequences (74.9% of the species complex proteome) remained. These 

data were used to draw a Venn diagram (Figure 5).

The presence of  proteins that were not included within the 10,131 families, was 

investigated in  genomes of  the other members of  the species complex  using different 

programs of BLAST with an e-value cut-off of 1e-5 and a request for Best Hits only: (i) 

BLASTn; (ii) tBLASTn on the 6 frame-translated genome sequences; (iii) BLASTp on the 

ungrouped proteins of the other members. All BLAST hits with coverage lower than 50% of 

the query sequence were considered as negative. According to the different combination 

of results, each protein was classified as: (i) species-specific, i.e. sequences that were not 

detected at the nucleotide level in the other assemblies or were pseudogenized; (ii) 

specific of a few members of the species complex, i.e. present in at least another member 

of the species complex, which can or not correspond to non-predicted genes in the other 

assemblies; (iii) unresolved, corresponding to sequences for we could not decide presence 

or absence status. Pseudogenes were hypothetized to occur when BLASTn and tBLASTn, 

but not BLASTp, provided significant results on other predicted proteins. To ascertain the 

reality of pseudogenes, the tBLASTn alignment was analyzed and the subject sequence 

was investigated for occurrence of stop codons or mutations in the start codon.

Structural and synteny analysis of chromosomes

Chromosomes of L. maculans 'brassicae' v23.1.3 were defined in Rouxel et al. (2011) by a 

combination of CHEF analysis, identification of telomeres and genetic mapping. The 

chromosome number was estimated to be  17-18. Here, the assemblies of L. maculans 

'brassicae' WA74 and L. maculans ‘lepidii’  IBCN84 were aligned to that of Lmb v23.1.3 

using the program nucmer of the MUMmer package. Alignments were then visualized 

using mummerplot of the MUMmer package which allowed to confirm postulated assembly 

errors in Lmb v23.1.3 using other approaches and to highlight a few previously unidentified 

assembly errors. These computational data coupled with biological data allowed us to infer 

a new number of chromosomes, now estimated to 19 (Supplementary Table S4). SNPs 

between aligned nonrepetitive sequences were identified using the program show-snps of 

the MUMmer package.
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Transposable Elements annotation

Transposable Elements were identified and annotated using the REPET pipeline (Flutre et 

al., 2011) (http://urgi.versailles.inra.fr/Tools/REPET). The TEdenovo pipeline detects repeat 

copies, clusters them into families and generates a consensus sequence for each family. 

Then these sequences are classified (TEclassifier.py) using tBLASTx and BLASTx against 

the Repbase Update database (Jurka et  al., 2005) and by identification of structural 

features such as long terminal repeats (LTRs) or terminal inverted repeats (TIRs), but due 

to the difficulties for Newbler to assemble correctly repeated regions, the majority of the 

consensus were not categorized into known TE families (Wicker et al., 2007; Kapitonov & 

Jurka, 2008). Thus, manual annotation was necessary. Consensus sequences were 

clustered based on homologies research by BLAST, then aligned with ClustalX2 (Larkin et 

al., 2007) and a new consensus was created. These steps were repeated until there were 

no more alignments by BLAST between the sequences, then consensuses were submitted 

to TEclassifier.py from the TEdenovo pipeline. The sequences were also translated into 

the six frames using Transeq from the EMBOSS package (Rice et al., 2000) in order to 

carry out a protein domain research on the Conserved Domain Database (CDD) 

(Marchler-Bauer et  al., 2011) using RPS-BLAST. TE families of each strains were 

classified and named according to Wicker et al. (2007). These families constitute the TE 

repertoire of the L. maculans – L. biglobosa species complex which was used afterwards 

to reannotate each genome of the complex and to retrieve similar sequences among 

genomes of other Ascomycete species, mined on the JGI MycoCosm portal 

(http://genome.jgi.doe.gov/programs/fungi/index.jsf). RIP analysis was performed 

automatically on multiple alignment of sequences of each TE family using the RIPCAL 

software (Hane et al., 2008).

Setting up of the synteny browser

A GBrowse-based synteny browser, GBrowse-syn (McKay et al., 2010), was set up to 

display the synteny between genomes of the Leptosphaeria complex. Genome assemblies 

were aligned with Mercator and MAVID softwares (Dewey, 2007). Using Blat, Mercator 

aligned the CDS of all assemblies, providing constraints for genomic alignments with 

MAVID. For the L. maculans isolates, Mercator identified at least 94% of CDS as anchors 

for alignments (Lmb v23.1.3: 95%, Lmb WA74: 95%, Lml IBCN84: 94.3%), while it was 

lowered to 88% for L. biglobosa isolates (Lbt IBCN65: 89.5%, Lbb b3.5: 87.3%). The Lbc 

isolate was not included due to important genome fragmentation. Where the number of 
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aligned CDS was consistent for L. maculans isolates, the orthology map inferred from 

anchors revealed that the orthologous segments covered 64% and 66% of WA74 and 

v23.1.3 genomes, respectively. This seemingly low coverage is due to the importance of 

repeated region in the genomes of Lmb isolates. The other genomes were covered at 

86.5%, 89.5% and 87.3% for IBCN84, IBCN65 and b3.5, respectively. Genomic 

alignments were performed with MAVID and loaded with genome annotations in MySQL 

databases. GBrowse-syn was configured to display the blocks of synteny 

(http://urgi.versailles.inra.fr/gb2/gbrowse_syn/leptosphaeria_synteny/).

Phylogeny and divergence time estimates

Cluster analyses. 

An aggregative hierarchical clustering procedure, similar to the procedure used to 

generate protein clusters in the protein cluster database at NCBI (ProtClustDB; was used 

to identify orthologs. All versus all BLASTp results from protein sequences of 80 annotated 

genomes at NCBI. This represented a broad sampling of Ascomycota, Basidiomycota and 

Chytridiomycota. The following filters were applied: cluster members were required to have 

compositional BLAST hits covering at least 70% of each protein length and a pairwise 

score between cluster members was required to be at least 20% of the largest of the self-

scores. Clusters were selected that contained one protein per taxon with at least 75 taxa 

present. Protein sequences from these clusters were subsequently used as queries in 

BLASTp searches in order to extract orthologs from annotated dothideomycetes genomes 

at JGI (http://genome.jgi.doe.gov/programs/fungi/index.jsf) and those generated for this 

study. Individual protein alignments were used to generate phylogenetic trees in FastTree 

(Price et  al., 2010). The phylogenies were then manually inspected for contradictory 

placement of taxa resulting from paralogs, or poor annotations. Taxa were judged to be 

contradictory when their placement above order level, in 70% bootstrap resamplings, 

contradicted accepted phylogenetic placements from recent broad analyses (Schoch et al., 

2009a, 2009b). Finally, 19 selected protein alignments were edited with Gblocks v.0.91b 

(Talavera and Castresana 2007) with the following parameters b3=8 b4=5 b5=h. The final 

concatenated alignment consisted of the following 19 proteins: Cct3p, Chc1p, Frs2p, 

Hsp60p, Imp3p, Kre33p, Lys1p, Pol3p, Pro2p, Pup1p, Ret1p, Rpo21p, Rpt2p, Rpt5p, 

Rrb1p, Rvb1p, Rvb2p, Sec26p and Tcp1p (following Saccharomyces cerevisiae 

nomenclature). The fungal taxa were trimmed to 51 in order to allow a relatively small and 
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focused data set for analysis. This resulted in a data matrix of 11694 amino acids (aa) with 

3.31% consisting of gaps and completely undetermined characters.

Divergence time estimates. 

The data set was analysed using Bayesian relaxed molecular clock approaches in BEAST 

v1.7.3. An xml file was prepared with the aid of BEAUTi v.1.7.3 (Drummond et al., 2012). 

This included a starting tree generated in RAxML and calibrated with r8s (Sanderson, 

2003). The same phylogeny was also used to determine which nodes could be 

constrained. Bayesian relaxed uncorrelated lognormal clock analyses with a birth-death 

tree prior were specified under the WAG substitution model (Gamma+invariant sites). 

Secondary time calibrations were used from recent publications: A normal distributed prior 

of 662 MYA was set for the root of the tree with uniform prior minimums of 417 MYA and 

402 MYA for Ascomycota and Basidiomycota respectively following Floudas et al. (2012). 

Maximum dates were set to 644 and 664. Similar restrictions were placed on 

Dothideomycetes with a minimum age of 284 and a maximum of 394 following Gueidan et 

al. (2011). Five independent BEAST MCMC chains were run for 15 million generations 

sampling data every 1000th generation using the XSEDE computing infrastructure through 

the CIPRES Science Gateway webportal (Miller et al., 2010). The resulting log files were 

combined using LogCombiner v1.7.3 and inspected with Tracer v1.5 to confirm the 

estimated sample sizes (ESS).The ESS values from six combined Bayesian relaxed clock 

uncorrelated lognormal clock analyses are indicated in Supplementary Table S13. The 

runs converged to stable likelihood values independently and the first 1 500 trees were 

discarded. The remaining 13 500 ultrametric trees from each run were combined and 

analyzed using TreeAnnotator v1.7.3 to estimate the 95% highest posterior densities 

(HPD). The consensus chronogram including the 95% HPD and the mean age estimates 

were visualised in Figtree v1.3.1 and certain clades were collapsed for clarity in Figure 1. 

The full figure is available as Supplementary Figure S2.

RNA-seq data collection and processing

Mycelia of L.maculans brassicae IBCN18 and of L.biglobosa canadensis J154 were 

harvested on Miracloth after 7 days growth in oilseed rape liquid medium. Infected 

cotyledonary tissue (0.5 mm diameter) was harvested from 32 B. napus cv. Westar 

seedlings 7 days post inoculation (dpi) (Van de Wouw et al. 2009). RNA was extracted 
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using Trizol reagent (Life technologies) and subsequently DNaseI-treated (Promega). Two 

biological replicates of RNA, with an RNA integrity number (RIN) > 6, were sequenced with 

Illumina TruSeq version 3 chemistry on an Illumina HiSeq2000 sequencer at the Australian 

Genome Research Facility (AGRF). In vitro derived RNA was sequenced with 100 bp 

paired-end reads in order to aid gene annotation, while in planta derived RNA was 

sequenced with 100 bp single-end reads. A total of 15.5 Gb sequence was generated from 

two in vitro libraries (7.75 Gb per sample), and 72 Gb sequence was generated from 12 in 

planta libraries (6 Gb per sample). Reads were trimmed to a minimum phred score of 20 

using Nesoni sequence software and remaining Illumina Tru-seq adaptor sequences were 

removed. Trimmed reads were aligned to reference genome sequences with Tophat v1.4.1 

splice-junction mapper (Trapnell et  al., 2009). Reference genomes were L. maculans 

‘brassicae’ v23.1.3 (Rouxel et al., 2011) L. biglobosa ‘canadensis’ isolate J154 (this study). 

Aligned reads were quantified using Cufflinks v1.0.3 transcript assembly and quantification 

software (Trapnell et al., 2010).

Gene models for Lbc isolate J154 were validated with the RNA-seq sequence data. 

Of the 11068 gene models, 8521 had >10 x coverage, 9979 had >1x coverage and 530 

did not have a detectable transcript. Of the 11068 gene models, 8948 had a FPKM 

(fragments per kb of exon per million mapped reads) value >1; this value is an indication of 

significant expression.

Incidence of repeats in the in planta expression of orthologs.

We firstly established the 7561 orthologous pairs between Lmb M1 and Lbc J154 and 

recorded RNA-seq gene expression values (FPKM) for each gene in two conditions,  in  

planta (infected B. napus cv Westar at 7dpi), and in vitro (oilseed rape medium at 7 dpi). 

Genes  without  sufficient  expression  data  were  excluded,  leaving  7415  ortholog  pairs. 

Quantile Normalisation was applied on the four gene expression datasets so that they 

could be directly compared. The repeat category for each ortholog pair was determined: 

the  RepeatMasker  output  based  on  TE  families  described  above  defined  the  repeat 

content of each genome, and all  repeats were included in the analysis. Either another 

gene or a repeat is directly adjacent to each gene considered; if a gene was adjacent to 

the end of a scaffold it was categorised as “no repeat adjacent”. Sixteen repeat categories 

are possible based on the promoter and terminator repeat status for  both orthologous 

genes.  The  four  categories  based  on  only  the  promoter  region  were  analysed.  An 

expression ratio was calculated from the log2 (in planta expression /in vitro expression) for 
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each gene. A positive value means the gene is more highly expressed in planta; a negative 

value means the gene is more highly expressed in vitro culture.
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Supplementary figures

Supplementary Figure S1. Representative electrokaryotypes and presence of transposable elements 
in the genomes of isolates of the L. maculans-L. biglobosa species complex. (a) Electrokaryotypes 
were separated by Contour-clamped Homogeneous Electric Field (CHEF) electrophoresis according to 
protocols by Morales et al. (1993). (b) Southern blotting using one probe derived from the retrotransposon 
RLG_Rolly. Identity of the isolates is as follows L. maculans ‘brassicae’: lane 1, v23.1.3; lane 2, v29; lane 3, 
IBCN18; L. maculans ‘lepidii’: lane 4, IBCN84; lane 5, Lepi-1; lane 6, Lepi-2; L. biglobosa ‘brassicae’: lane 7, 
IBCN10; lane 8, IBCN93; L. biglobosa ‘canadensis’:  lane 9, IBCN62; lane 10, IBCN82; L. biglobosa 
‘australensis’: lane 12, IBCN30; lane 13, IBCN91; L. biglobosa ‘thlaspii’: lane 13, IBCN65; lane 14, IBCN64; 
lane 15, molecular weight marker H. wingei chromosomes. Names of isolates in bold are those sequenced 
here or the reference isolate previously sequenced (Rouxel et al., 2011).

213



Supplementary Figure S2. Expanded chronogram of major classes in Ascomycota, with a focus on 
Dothideomycetes,  produced with  BEAST from a data  set  of  19 truncated proteins.  Numbers at  nodes 
indicate mean node ages in millions of years and light green bars indicate their 95% highest posterior density 
intervals.
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Supplementary Figure S3. Whole genome DNA comparison of Leptosphaeria maculans ‘brassicae’ 
v23.1.3  to progressively more  distantly related members of the species complex. (a) comparison 
between two Leptosphaeria maculans ‘brassicae’  isolates  v23.1.3 and WA74  showing lack of detectable 
chromosomal reorganisations; (b) comparison with L.  maculans ‘lepidii’  showing extensive macrosynteny 
with only limited number of intrachromosomal inversions; (c) comparison to Leptosphaeria biglobosa 
‘brassicae’  and (d) comparison to Leptosphaeria biglobosa ‘thlaspii’  showing many intrachromosomal 
inversions but no detectable large scale translocations.
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Supplementary  Figure  S4.  Genomic  DNA  of  isolates  of  Leptosphaeria species  digested  with 
restriction  enzymes  BamHI  (RLC_Pholy)  or  HindIII  (RLG_Rolly)  and  hybridised  with  probes  of 
transposable elements abundant in L. maculans ‘brassicae’. (a, b) Probed with RLG_Rolly; RLC_Pholy, 
respectively. (c,  d) Ethidium bromide stained gel of (a,  b), respectively. None of the probes hybridised to 
DNA of L. biglobosa ‘canadensis’ or with another Australian member of the species complex (not included in 
the present study), L. biglobosa ‘occiaustraliensis’.
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Supplementary  Figure S5. Circos representation of chromosome-by-chromosome genome 
conservation between L. maculans ‘brassicae’ (right part of the diagramme) and L. maculans ‘lepidii’ 
(left part). For L. maculans ‘brassicae’, each chromosome is represented in a different colour and black 
blocks within coloured bars represent AT-rich genome blocks enriched in transposable elements.
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Supplementary Figure S6. Conservation of cysteine spacing in a series of orthologs of avirulence 
proteins of L. maculans ‘brassicae’. (a) multiple alignment of orthologs of AvrLm4-7, (b) multiple alignment 
of orthologs of AvrLm6.
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Supplementary tables

Supplementary Table S1. Characteristics of selected genomes of Dothideomycetes.

a data from Ohm et al., 2012
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ATCC 96836 C5 ND90Pr 0-1 Et28A SN15 IPO323 CIRAD86

32,0 36,5 34,4 37,8 33,6 43,0 37,2 39,7 74,1

838 68 157 47 6412 407 108 21 56

2486 1842 1789 1986 36 2141 1045 2675 5902

Gaps (%) 5,3 0,4 3,5 1,7 0,0 11,1 0,4 0,0 0,6

6,15 8,64 6,14 12,24 3,08 12,96 2,88 12,26 39,50

28,3 33,2 31,1 32,6 32,5 32,7 36,0 34,8 44,4

50,5 49,8 49,8 51,0 50,9 51,4 50,4 52,1 45,2

10688 13336 12250 12141 17799 11702 12380 10933 13107

A. brassicicola C. heterostrophus C. sativus P. tritici-repentis P. teres f. teres S. turcica P. nodorum Z. tritici P. fijiensis

Pt-1C-BFP

Genome size (Mb)

Scaffold number

Scaffold N50 (kb)

Repeat content (%) a

'Core' genome size (Mb)

GC genome (%)

Predicted gene number a



Supplementary Table  S2.  Orthologues of  the Neurospora  crassa factors  necessary for  gene silencing identified  in  the  genome of  isolates  of  the 
Leptosphaeria maculans-L. biglobosa species complex.

a  Abbreviations:  MIP,  Methylation  Induced  Premeiotically;  RIP,  Repeat  Induced  Point  mutation;  MSUD,  Meiotic  Silencing  of  Unpaired  DNA;  DMT:  DNA 
Methyltransferase, HMT: Histone Methyltransferase, RdRP: RNA dependent RNA polymerase, TGS: transcriptional gene silencing.
b GenBank accession number of Neurospora crassa genes.
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RIP
RID NCU02034.5
DIM-5 NCU04402.5

QDE-1 NCU07534.5
QDE-2 NCU04730.5
QDE-3 NCU08598.5
DCL1 NCU08270.5
DCL2 NCU06766.5
QIP NCU00076.5

MSUD
SAD-1 NCU02178.5
SAD-2 NCU04294.5 None None None None None

DIM-2 NCU02247.5
HP1 NCU04017.5

HDA6 NCU00824.5
SIR2 NCU04737.5
DDM1 NCU03875.5

Function a N. crassa b L. maculans
'brassicae'

L. maculans
'lepidii'

L. biglobosa
'brassicae'

L. biglobosa
'canadensis'

L. biglobosa
'thlaspii'

Putative DMT, essential for RIP and MIP Lema_P040230.1 Lm_ibcn84_P006192 Lb_b35_P003215 Lb_j154_P009468 Lb_ibcn65_P004900
H3 3mK9 HMT, essential for RIP Lema_P050470.1 Lm_ibcn84_P004260 Lb_b35_P009656 Lb_j154_P005795 Lb_ibcn65_P008497

Quelling
RdRP, essential for quelling Lema_P088990.1 Lm_ibcn84_P007103 Lb_b35_P005332 Lb_j154_P009184 Lb_ibcn65_P002629
Argonaute-like protein, essential for quelling Lema_P015760.1 Lm_ibcn84_P000699 Lb_b35_P006441 Lb_j154_P010439 Lb_ibcn65_P005933
RecQ helicase, essential for quelling Lema_P098920.1 Lm_ibcn84_P009839 Lb_b35_P005693 Lb_j154_P005459 Lb_ibcn65_P001448
Dicer-like protein, involved in quelling Lema_P036310.1 Lm_ibcn84_P009183 Lb_b35_P003932 Lb_j154_P003181 Lb_ibcn65_P007287
Dicer-like protein, involved in quelling Lema_P041660.1 Lm_ibcn84_P006320 Lb_b35_P003086 Lb_j154_P008465 Lb_ibcn65_P005049
Putative exonuclease protein, involved in quelling Lema_P099110.1 Lm_ibcn84_P003525 Lb_b35_P003275 Lb_j154_P004774 Lb_ibcn65_P007705

RdRP essential for MSUD Lema_P117350.1 Lm_ibcn84_P004184 Lb_b35_P007773 Lb_j154_P010097 Lb_ibcn65_P009184
Essential for MSUD

DNA methylation
De novo CpN DMT / maintenance CpG DMT Lema_P122420.1 Lm_ibcn84_P001650 Lb_b35_P009122 Lb_j154_P002406 Lb_ibcn65_P000313
Heterochromatin factor, essential for CpN methylation Lema_P110410.1 Lm_ibcn84_P010723 Lb_b35_P006752 Lb_j154_P002792 Lb_ibcn65_P006432

Chromatin remodelling factors
Histone deacetylase, involved in CpG methylation Lema_P067960.1 Lm_ibcn84_P006089 Lb_b35_P008368 Lb_j154_P007151 Lb_ibcn65_P009022
NAD-dependant histone, deacetylase involved in TGS Lema_P055610.1 Lm_ibcn84_P004704 Lb_b35_P004176 Lb_j154_P010415 Lb_ibcn65_P001415
SW12 / SNF2-like protein, involved in CpN methylation Lema_P071270.1 Lm_ibcn84_P005837 Lb_b35_P006329 Lb_j154_P004702 Lb_ibcn65_P006051



Supplementary Table S3. Gene model statistics for the Leptosphaeria spp. genomes.
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v23.1.3 WA74 IBCN84 B3.5 J154 IBCN65

12543 10624 11272 11390 11068 11691

1446.2 1595.6 1480.6 1500.8 1612 1445.5

1162 1301 1189 1217 1319 1176

18.0 17.0 16.7 17.1 17.8 16.9

1258.3 1370.2 1285.5 1307.1 1395.6 1266.5

1002 1125 1035 1065 1146 1026

15.7 14.6 14.5 14.9 15.4 14.8

35201 29500 29869 30388 30995 30533

445.7 493.5 485.1 489.9 498.4 485

214 261 258 267 264 265

9453 8437 8586 8664 8766 8714

75.4 79.4 76.2 76.1 79.2 74.5

22732 18876 18597 18998 19927 18842

103.1 126.9 118.3 116.1 120.2 111

63 59 59 57 57 56

2.34 2.39 2.20 2.20 2.39 2.10

1911.8 1512.9 1276.7 1220.8 1031.2 1092.7

639 906 878 831 817 812

23.8 15.4 14.1 13.3 10.7 12.5

L. maculans 
'brassicae'

L. maculans
'lepidii'

L. biglobosa
'brassicae'

L. biglobosa
'canadensis'

L. biglobosa
'thlaspii'

No. of predicted genes

Average gene length (bp)

Median gene length (bp)

Total gene length (Mb)

Average coding gene length (bp)

Median coding gene length (bp)

Total coding gene length (Mb)

No. of exons

Average exon length (bp)

Median exon length (bp)

No. of genes with introns

Genes with introns (%)

No. of introns

Average intron length (bp)

Median intron length (bp)

Total intron length (Mb)

Average intergenic region length (bp)

Median intergenic region length (bp)

Total intergenic region length (Mb)



Supplementary  Table  S4.  Chromosomal  assignment  and  correspondance  between  L.  maculans 
'brassicae' and L. maculans 'lepidii'.
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Chromosome ID

Chr01 4258568 3378240

Chr02 3567966 2650413

Chr03 3378610 scaffold00001 2643178

Chr04 3192339 2353333

Chr05 3080273 2409061

Chr06 2939989 2356794

Chr07 2629879 1802772

Chr08 2491514 1408145

Chr09 1918205 1466034

Chr10 1888674 1218863

Chr11 1869450 scaffold00007 1533342

Chr12 1851700 1110430

Chr13 1772623 1358910

Chr14 1769547 1363430

Chr15 1533332 1343880

Chr16 1397653 854532

Chr17 1351976 scaffold00014 907115

Chr18 1186800 846552

Chr19 819122 - -

L. maculans ‘brassicae’ L. maculans ‘lepidii’

Sequence ID Length (bp) Sequence ID Length (bp)

SuperContig_0 scaffold00002 ;scaffold00008

SuperContig_8
SuperContig_10

scaffold00004 ;scaffold00016
scaffold00036 ; scaffold00060

SuperContig_1

SuperContig_15
SuperContig_12

scaffold00003 ;scaffold00031
scaffold00041 ;scaffold00046
scaffold00067 ;scaffold00070

SuperContig_13
SuperContig_17

scaffold00005 ;scaffold00017
scaffold00051 ;scaffold00064 

SuperContig_2

scaffold00012 ;scaffold00018
scaffold00026 ;scaffold00038
scaffold00044 ;scaffold00050
scaffold00063 ;scaffold00078
scaffold00088 ;scaffold00094

SuperContig_20
SuperContig_23
SuperContig_21

scaffold00006 ;scaffold00033
scaffold00055 ;scaffold00056

scaffold00058

SuperContig_31
SuperContig_3

scaffold00020 ;scaffold00024
scaffold00032 ;scaffold00034
scaffold00042 ;scaffold00069
scaffold00074 ;scaffold00075

SuperContig_4 scaffold00011 ;scaffold00025

SuperContig_6
scaffold00022 ;scaffold00029
scaffold00030 ;scaffold00039
scaffold00053 ;scaffold00059

SuperContig_5

SuperContig_11
SuperContig_26

scaffold00013 ;scaffold00040
scaffold00079

SuperContig_9 scaffold00009 ;scaffold00099

SuperContig_7 scaffold00010 ;scaffold00035
scaffold00037

SuperContig_14 scaffold00015 ;scaffold00023

SuperContig_16 scaffold00021 ;scaffold00028

SuperContig_18

SuperContig_19 scaffold00019 ;scaffold00031
scaffold00085

SuperContig_32
SuperContig_22



Supplementary Table S5. Location and distance from TEs of the 30 intrachromosomal inversions in the chromosomes of L. maculans ‘brassicae’.
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625568 627770 2203 1 scaffold00008 507793 506474 1320 No - -

1738229 1740435 2207 201 scaffold00008 1105390 1103183 2208 No - -

1779322 1783761 4440 54 scaffold00008 1110039 1105602 4438 No - -

660640 674747 14108 No - - scaffold00001 2143507 2157635 14129 No - -

1484140 1493271 9132 No (but gap) - - scaffold00026 251075 260378 9304 No - -

2202727 2204123 1397 555 scaffold00018 414199 415240 1042 No - -

2219863 2233167 13305 1 scaffold00018 416169 429356 13188 No - -

2238979 2257503 18525 1 scaffold00018 429348 447892 18545 No - -

1086298 1117472 31175 65 scaffold00024 368267 352536 15732 No - -

293086 298393 5308 No - - scaffold00025 192294 183986 8309 No - -

320973 348004 27032 320 scaffold00007 222047 194749 27299 59

1011828 1073156 61329 9 scaffold00022 557314 495566 61749 No - -

1090646 1140639 49994 102 scaffold00022 495489 446386 49104 No - -

1026871 1034040 7170 12 scaffold00010 242217 249452 7236 No - -

357739 359460 1722 No - - scaffold00016 285866 284146 1721 No - -

611417 623309 11893 No - - scaffold00009 904844 916714 11871 No - -

1704866 1714625 9760 155 scaffold00009 10690 20630 9941 451

98932 103662 4731 8 scaffold00036 16945 12142 4804 No - -

2257 5754 3498 3 scaffold00031 20291 16839 3453 No - -

7101 9515 2415 18 scaffold00031 16625 14207 2419 327 IBCN65-B-R84-Map5

1292059 1296156 4098 No - - scaffold00003 69027 72623 3597 No - -

43755 70780 27026 25 scaffold00015 47586 19880 27707 No - -

1338993 1342781 3789 No - - scaffold00023 242015 238094 3922 No - -

431557 441932 10376 No - - scaffold00003 1634669 1644142 9474 No - -

329025 337618 8594 13 scaffold00028 197212 207221 10010 32

163074 249435 86362 79 scaffold00005 1294385 1380920 86536 No - -

674495 697280 22786 1 scaffold00005 584507 601801 17295 No - -

708567 1063786 355220 1 scaffold00005 601793 928931 327139 No - -

722405 743522 21118 No - - scaffold00014 391380 413537 22158 No - -

228029 231090 3062 94 scaffold00006 17451 14377 3075 No - -

L. maculans 'brassicae' L. maculans 'lepidii'

Sequence ID Start End Length (bp)
Presence of 

repeats in the 
environment

Minimal
distance from
repeats (bp)

Repeats Family Sequence ID Start End Length (bp)
Presence of 

repeats in the 
environment

Minimal
distance from
repeats (bp)

Repeats Family

SuperContig_0 Yes DTX_Gimli

SuperContig_0 Yes RLG_Olly

SuperContig_0 Yes Lmac_Grouper_2395_3

SuperContig_1

SuperContig_2

SuperContig_2 Yes RLX_Ayoly

SuperContig_2 Yes RLX_Ayoly

SuperContig_2 Yes DTM_Sahana

SuperContig_3 Yes DTX_Gimli

SuperContig_4

SuperContig_5 Yes DTT_Goku Yes DTT_Goku

SuperContig_6 Yes RLX_Ayoly

SuperContig_6 Yes RLX_Ayoly

SuperContig_7 Yes DTX_Suno

SuperContig_8

SuperContig_9

SuperContig_9 Yes Lmac_Recon_56_3 Yes DTX_Upa

SuperContig_10 Yes DTM_Ingwe

SuperContig_12 Yes RLG_Olly

SuperContig_12 Yes DTX_Suno Yes

SuperContig_12

SuperContig_14 Yes DTX_Valwe

SuperContig_14

SuperContig_15

SuperContig_16 Yes Lmac_Grouper_284_9 Yes DTX_Suno

SuperContig_17 Yes RLG_Olly

SuperContig_17 Yes DTM_Sahana

SuperContig_17 Yes DTM_Sahana

SuperContig_18

SuperContig_20 Yes RLG_Olly



Supplementary  Table  S6.  Characteristics  of  Class  I  (Retrotransposons)  Transposable  Elements 
identified in the Leptosphaeria maculans-L. biglobosa species complex.
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LTR Ty1-Copia 3685 -

LTR Ty1-Copia 2574 -

LTR Ty1-Copia 6295 -

LTR Ty1-Copia 5258 214

LTR Ty1-Copia 2457 -

LTR Ty1-Copia 4525 -

LTR Ty1-Copia 5306 177

LTR Ty1-Copia 5306 177

LTR Ty1-Copia 7820 180

LTR Ty1-Copia 3955 -

LTR Ty1-Copia 4888 -

LTR Ty1-Copia 6981 281

LTR 4815 -

LTR 6407 231

LTR 6620 228

LTR 7313 279

LTR 7375 260

LTR 6035 -

LTR 7239 250

LTR 7035 187

LTR 6928 179

LTR 6906 -

LTR 7239 113

LTR 12438 150

LTR 7289 -

LTR 7058 168

LTR 12145 170

LTR 2561 -

LTR 6731 271

LTR 6786 -

LTR 8224 174

LTR 11894 235

LINE I 2054 20

LINE I 6610 31

LTR 10397 217

LTR 796 259

PLE 7219 -

Order Superfamily Name Size
(bp)

LTR size
(bp) Identified in Specificity

RLC_Chaozu-1_Lbb L. biglobosa 'brassicae'

Leptosphaeriaceae / PleosporaceaeRLC_Chaozu-2_Lbb L. biglobosa 'brassicae'

RLC_Chaozu_Lbt L. biglobosa 'thlaspii'

RLC_Tenshin_Lbb L. biglobosa 'brassicae'
Pleosporales

RLC_Tenshin_Lbt L. biglobosa 'brassicae'

RLC_Zolly_Lml L. maculans 'lepidii'

PleosporalesRLC_Zolly-1_Lmb L. maculans 'brassicae'

RLC_Zolly-2_Lmb L. maculans 'brassicae'

RLC_Gohan_Lbb L. biglobosa 'brassicae' L. biglobosa 'brassicae'

RLC_Lunch_Lbt L. biglobosa 'thlaspii' Pleosporales

RLC_Chichi_Lml L. maculans 'lepidii' Pleosporales

RLC_Pholy_Lmb L. maculans 'brassicae' Pleosporales

Ty3-Gypsy RLG_Dolly_Lbb L. biglobosa 'brassicae'

DothideomycetesTy3-Gypsy RLG_Dolly_Lml L. maculans 'lepidii'

Ty3-Gypsy RLG_Dolly_Lmb L. maculans 'brassicae'

Ty3-Gypsy RLG_Olly_Lbb L. biglobosa 'brassicae'

Leptosphaeriaceae / Pleosporaceae
Ty3-Gypsy RLG_Olly_Lbt L. biglobosa 'thlaspii'

Ty3-Gypsy RLG_Olly_Lml L. maculans 'lepidii'

Ty3-Gypsy RLG_Olly_Lmb L. maculans 'brassicae'

Ty3-Gypsy RLG_Polly_Lbt L. biglobosa 'thlaspii'
Pleosporales

Ty3-Gypsy RLG_Polly_Lmb L. maculans 'brassicae'

Ty3-Gypsy RLG_Pilaf_Lbt L. biglobosa 'thlaspii'
Pleosporales

Ty3-Gypsy RLG_Pilaf_Lml L. maculans 'lepidii'

Ty3-Gypsy RLG_Brawly_Lml L. maculans 'lepidii'
L. maculans

Ty3-Gypsy RLG_Brawly_Lmb L. maculans 'brassicae'

Ty3-Gypsy RLG_Drum_Lbb L. biglobosa 'brassicae' L. biglobosa 'brassicae'

Ty3-Gypsy RLG_Piccolo_Lbb L. biglobosa 'brassicae' Leptosphaeriaceae / Pleosporaceae

Ty3-Gypsy RLG_Piano_Lbb L. biglobosa 'brassicae' Pleosporales

Ty3-Gypsy RLG_Oolong_Lbt L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

Ty3-Gypsy RLG_Mai_Lml L. maculans 'lepidii' Leptosphaeriaceae / Pleosporaceae

Ty3-Gypsy RLG_Shu_Lml L. maculans 'lepidii' Leptosphaeriaceae / Pleosporaceae

Ty3-Gypsy RLG_Rolly_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

RII_Yajirobe_Lbt L. biglobosa 'thlaspii' Leptosphaeriaceae / Pleosporaceae

RII_Karin_Lbt L. biglobosa 'thlaspii' Leptosphaeria species complex

Unknown Rlx_Ayoly_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

Unknown RLx_Jolly_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

Penelope RPP_Circe_Lmb L. maculans 'brassicae' L. maculans 'brassicae'



Supplementary  Table  S7.  Characteristics  of  Class  II  (DNA transposons)  Transposable  Elements 
identified in the Leptosphaeria maculans-L. biglobosa species complex.
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TIR 1806 -

TIR 6099 -

TIR 5810 -

TIR 5870 -

TIR 6574 52

TIR 3274 -

TIR 3489 49

TIR 3582 37

TIR Tc1-Mariner 1926 82

TIR Tc1-Mariner 1865 74

TIR Tc1-Mariner 1861 71

TIR Tc1-Mariner 2141 49

TIR Tc1-Mariner 2135 55

TIR Tc1-Mariner 1112 -

TIR Tc1-Mariner 1422 -

TIR Tc1-Mariner 1889 75

TIR Tc1-Mariner 1889 67

TIR Tc1-Mariner 803 -

TIR Tc1-Mariner 806 29

TIR Tc1-Mariner 523 29

TIR Tc1-Mariner 707 -

TIR Tc1-Mariner 529 29

TIR Tc1-Mariner 1859 68

TIR Tc1-Mariner 1854 77

TIR 2105 54

TIR 5446 24

TIR 1792 37

TIR 866 49

TIR 603 -

TIR 2173 57

MITE 441 127

MITE 403 83

Order Superfamily Name Size
(bp)

TIR size
(bp) Identified in Specificity

hAT DTA_Kami_Lbt L. biglobosa 'thlaspii'
Pleosporales

hAT DTA_Kami_Lbb L. biglobosa 'brassicae'

Mutator DTM_Sahana_Lml L. maculans 'lepidii'
L. maculans

Mutator DTM_Sahana_Lmb L. maculans 'brassicae'

Mutator DTM_Roshi_Lbb L. biglobosa 'brassicae' Leptosphaeria species complex

Mutator DTM_Mutaito_Lbb L. biglobosa 'brassicae' L. biglobosa

Mutator DTM_Lenwe_Lmb L. maculans 'brassicae' Pleosporales

Mutator DTM_Ingwe_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

DTT_Yamcha_Lml L. maculans 'lepidii' Leptosphaeriaceae / Pleosporaceae

DTT_Molly_Lbt L. biglobosa 'thlaspii'
Pleosporales

DTT_Molly_Lbb L. biglobosa 'brassicae'

DTT_Krilin_Lbt L. biglobosa 'thlaspii'
Dothideomycetes

DTT_Krilin_Lbb L. biglobosa 'brassicae'

DTT_Goku-2_Lbt L. biglobosa 'thlaspii'

Pleosporales
DTT_Goku-1_Lbt L. biglobosa 'thlaspii'

DTT_Goku_Lml L. maculans 'lepidii'

DTT_Goku_Lbb L. biglobosa 'brassicae'

DTT_Finwe-3_Lml L. maculans 'lepidii'
Leptosphaeriaceae / Pleosporaceae

DTT_Finwe-3_Lmb L. maculans 'brassicae'

DTT_Finwe-2_Lmb L. maculans 'brassicae'

Leptosphaeriaceae / PleosporaceaeDTT_Finwe-1-2_Lml L. maculans 'lepidii'

DTT_Finwe-1_Lmb L. maculans 'brassicae'

DTT_Bulma_Lml L. maculans 'lepidii'
Pleosporales

DTT_Bulma_Lbb L. biglobosa 'brassicae'

Unknown DTX_Suno_Lml L. maculans 'lepidii' Leptosphaeriaceae / Pleosporaceae

Unknown DTX_Kinto_Lbb L. biglobosa 'brassicae' L. biglobosa 'brassicae'

Unknown DTX_Valwe_Lmb L. maculans 'brassicae' Leptosphaeria species complex

Unknown DTX_Olwe_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

Unknown DTX_Gimli_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

Unknown DTF_Elwe_Lmb L. maculans 'brassicae' Leptosphaeriaceae / Pleosporaceae

Unknown DTX_Upa_Lml L. maculans 'lepidii' Pleosporales

Unknown DTX_Arale_Lbb L. biglobosa 'brassicae' L. biglobosa



Supplementary  Table  S8.  Insertion  polymorphism  of  Transposable  Elements  between  the  two 
isolates of L. maculans ‘brassicae’.

226

195 167 20 12,0 147 88,0

279 114 98 86,0 16 14,0

158 41 31 75,6 10 24,4

73 28 24 85,7 4 14,3

115 27 16 59,3 11 40,7

22 16 16 100,0 0 0,0

164 14 9 64,3 5 35,7

15 8 5 62,5 3 37,5

48 7 7 100,0 0 0,0

36 6 5 83,3 1 16,7

53 5 4 80,0 1 20,0

1020 5 1 20,0 4 80,0

1085 2 2 100,0 0 0,0

1014 2 1 50,0 1 50,0

594 1 0 0,0 1 100,0

- 1 1 100,0 0 0,0

- 1 1 100,0 0 0,0

57 1 1 100,0 0 0,0

- 1 1 100,0 0 0,0

Family

No. of
occurrences

 in Lmb 
v23.1.3 genome

No. of 
occurrences

analyzed

No. of
non polymorphic

insertions

% of 
non polymorphic

insertions

No. of
polymorphic

insertions

% of
polymorphic

insertions

DTM_Sahana

DTx_Gimli

DTF_Elwe

DTx_Valwe

RLC_Zolly

RLG_Brawly

RLx_Ayoly

DTx_Olwe

DTM_Ingwe

DTM_Lenwe

DTT_Finwe

RLC_Pholy

RLG_Olly

RLG_Polly

RLG_Rolly

DTx_Kinto

RII_Karin

RLx_Jolly

RLG_Drum



Supplementary  Table  S9.  Predicted  SSP-encoding  genes  conservation  between  the  genomes  of 
isolates of the L. maculans-L. biglobosa species complex.
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219 212 220 211 220

138 172 185 182 147

357 384 405 393 367

125 142 75 75 163

117 135 146 114 101

52 76 39 39 45

294 353 260 228 309

651 737 665 621 676

L. maculans
‘brassicae’

L. maculans
‘lepidii’

L. biglobosa
‘brassicae’

L. biglobosa
‘canadensis’

L. biglobosa
‘thlaspii’

Sequences 
clusterised

using 
orthoMCL

No. of 
orthologs in 
all species 
(Core 
genome)

No. of 
orthologs in 
at least one 
other species

sub-total : 

Unclusterised
sequences

No. of 
sequences
absent in all 
other species

No. of 
sequences in 
at
least one 
other species

No. of 
sequences 
with
unresolved 
absence or 
presence in 
other species

sub-total : 

Total : 



Supplementary Table S10. Conservation of genes encoding avirulence effector in members of the L. maculans-L. biglobosa species complex and other 
fungal species.
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ID SSP Description

AvrLm11 35 100

33 97
36 97
38 98

AvrLm1
33 85

PTT_01492 36 93
PTT_15034 30 93

AvrLm4-7

32 100
40 97
41 100
28 71

MPH_11524 32 73
MPH_00189 29 69

AvrLm6

41 91
66 99

CGGC5_9879 38 83
CGGC5_5005 35 73

CH_063_00307 37 84
FOXB_15741 No 33 90

52 99
63 51

COCHEDRAFT_1148544 40 95
FOXB_07083 No 41 83

Six5 Six5 37 91
CGGC5_11832 Six5 39 98

Specificity Presence in Homologs IDs % of
identity

% of
coverage

Leptosphaeriaceae L. b iglobosa 'thlaspii' Lb_ibcn65_P001030 Yes Hypothetical protein

AvrLmMex Leptosphaeriaceae
L. b iglobosa 'brassicae' Lb_b35_P010091 Yes Hypothetical protein

L. b iglobosa 'canadensis' Lb_j154_P003932 Yes Predicted protein
L. b iglobosa 'thlaspii' Lb_ibcn65_P010997 Yes Hypothetical protein

Dothideomycetes
L. b iglobosa 'thlaspii' Lb_ibcn65_P011530 Yes Hypothetical protein

P. teres f. teres Yes Hypothetical protein
P. teres f. teres Yes Hypothetical protein

Dothideomycetes

L. maculans 'lepidii' Lm_ibcn84_P010674 Yes Hypothetical protein
L. b iglobosa 'brassicae' Lb_b35_P004432 Yes Predicted protein

L. b iglobosa 'canadensis' Lb_j154_P004573 Yes Predicted protein
L. b iglobosa 'thlaspii' Lb_ibcn65_P005148 Yes Predicted protein

M. phaseolina Yes Hypothetical protein
M. phaseolina Yes Hypothetical protein

Leotiomycetes

L. maculans 'lepidii' Lm_ibcn84_P001696 Yes Hypothetical protein
L. b iglobosa 'thlaspii' Lb_ibcn65_P009986 Yes Hypothetical protein
C. gloeosporioides Yes AvrLm6 protein
C. gloeosporioides Yes AvrLm6 protein
C. higginsianum Yes Hypothetical protein

F. oxysporum Hypothetical protein

Lema_P086540.1 Leotiomycetes

L. maculans 'lepidii' Lm_ibcn84_P000531 Yes Hypothetical protein
L. b iglobosa 'thlaspii' Lb_ibcn65_P011645 Yes Predicted protein

C. heterostrophus Yes Hypothetical protein
F. oxysporum Hypothetical protein

F. oxysporum f. sp. lycopersici Yes
C. gloeosporioides Yes



Supplementary Table S11. Non-Ribosomal Peptide Synthases (NPS) genes of the L. maculans-L. biglobosa species complex.
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NPS

P081810 P008587 No match n/a No match No match

Maa12 P051070 P004314 P008462 P008547 P009624

NPS1 P084060 P001896 P005290 P006181 P008091

NPS2 P073200 P011015 P011354 P005017 P002833

NPS3 P063290 P005646 P004377 P001028 P010129

NPS4 P009040 P001325 P007470 P006735 P001549

NPS5 P002700 P004994 No match No match No match

NPS6 P070690 P005868 P006085 P009888 P006298

NPS7 P067200 P005267 P006945 P007696 P010331

NPS8 P072890 No match n/a No match No match No match

Lys2 P039690 P010114 P004848 P004295 P008702 Lysine

NPS10 P126000 P011137 No match P003164 P010286

NPS11 P012390 P001023 P009645 P004216 P001255

NPS12 P065030 P005485 P004207 P011023 P004357

NPS13 No match n/a No match n/a No match P002577 P006247

NPS14 No match n/a No match n/a P001625 No match n/a No match n/a

NPS15 No match n/a No match n/a P000090 No match n/a No match n/a

L. maculans ‘brassicae’ L. maculans ‘lepidii’ L. biglobosa ‘thlaspii’ L. biglobosa ‘canadensis’ L. biglobosa ‘brassicae’

Gene Identity 
(spp. c.f.) Gene Identity 

(spp. c.f.) Gene Identity 
(spp. c.f.) Gene Identity (spp. 

c.f.) Gene Identity 
(spp. c.f.)

Predicted 
end product

SirP 100% (Lmb) 90% (Lmb)  n/a  n/a Sirodesmin 

100% (Lmb) 98% (Lmb) 94% (Lmb) 94% (Lmb) 94% (Lmb)

100% (Lmb) 99% (Lmb) 90% (Lmb) 93% (Lmb) 93% (Lmb)

100% (Lmb) 90% (Lmb) 70% (Lmb) 72% (Lmb) 72% (Lmb) siderophore

100% (Lmb) 91% (Lmb) 75% (Lmb) 74% (Lmb) 74% (Lmb)

100% (Lmb) 94% (Lmb) 61% (Lmb) 55% (Lmb) 83% (Lmb)

100% (Lmb) 64% (Lmb)  n/a  n/a  n/a

100% (Lmb) 92% (Lmb) 87% (Lmb) 86% (Lmb) 96% (Lmb) siderophore

100% (Lmb) 92% (Lmb) 82% (Lmb) 80% (Lmb) 92% (Lmb)

100% (Lmb)  n/a  n/a  n/a Phomalide

100% (Lmb) 95% (Lmb) 95% (Lmb) 92% (Lmb) 92% (Lmb)

100% (Lmb) 93% (Lmb) 91% (Lmb) 91% (Lmb)

100% (Lmb) 94% (Lmb) 84% (Lmb) 84% (Lmb) 84% (Lmb)

100% (Lmb) 94% (Lmb) 79% (Lmb) 75% (Lmb) 78% (Lmb)

100% (Lbc) 92% (Lbc)

100% (Lbt)

100% (Lbt)



Supplementary Table S12. Polyketide Synthases (PKS) genes of the L. maculans-L. biglobosa species complex (1/2).
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PKS

PKS1 P081920 No match n/a No match n/a No match n/a P007270

PKS2 P002660 P004990 No match n/a No match n/a No match

PKS3 P006610 P001547 P000212 P001840 P001772 

PKS4 P017310 P000558 P000902 P000246 P000540

PKS5 P087730 No match No match No match No match

PKS6 P086720 P010582 No match No match No match

PKS7 P082310 P010688 P010608 P001714 P010565

PKS8 P098040 P009766 P008727 P007276 P006101

PKS9 P098070 P009768 P008724 No match No match

PKS10 P098490 P009804 P001467 P009788 P005709

PKS11 P117970 P004141 No match No match No match

PKS12 P000820 P004838 No match No match No match

PKS13 P057720 P008173 No match No match No match

PKS14 P057650 P008166 No match No match No match

PKS15 P030270 P008813 P009926 P007952 P007989

L. maculans ‘brassicae’ L. maculans ‘lepidii’ L. biglobosa ‘thlaspii’ L. biglobosa ‘canadensis’ L. biglobosa ‘brassicae’

Gene Identity (spp 
c.f.) Gene Identity 

(spp. c.f.) Gene Identity 
(spp. c.f.) Gene Identity 

(spp. c.f.) Gene Identity 
(spp. c.f.)

Predicted 
end product

100 % (Lmb) 89% (Lmb)

100 % (Lmb) 96% (Lmb)  n/a Phomenoic 
acid

100 % (Lmb) 85% (Lmb) 62% (Lmb) 60% (Lmb) 60% (Lmb)

100 % (Lmb) 91% (Lmb) 75% (Lmb) 74% (Lmb) 73% (Lmb)

100 % (Lmb)  n/a  n/a  n/a  n/a

100 % (Lmb) 87% (Lmb)  n/a  n/a  n/a

100 % (Lmb) 91% (Lmb) 79% (Lmb) 80% (Lmb) 81% (Lmb)

100 % (Lmb) 67% (Lmb) 56% (Lmb) 52% (Lmb) 55% (Lmb)

100 % (Lmb) 48% (Lmb) 34% (Lmb)  n/a  n/a

100 % (Lmb) 98% (Lmb) 91% (Lmb) 93% (Lmb) 93% (Lmb) Melanin

100 % (Lmb) 96% (Lmb)  n/a  n/a  n/a

100 % (Lmb) 92% (Lmb)  n/a  n/a  n/a

100 % (Lmb) 91% (Lmb)  n/a  n/a  n/a

100 % (Lmb) 96 % (Lmb)  n/a  n/a  n/a

100 % (Lmb) 93 % (Lmb) 65% (Lmb) 62% (Lmb) 67% (Lmb) Chalcone-
synthase-like



Supplementary Table S12. Polyketide Synthases (PKS) genes of the L. maculans-L. biglobosa species complex (2/2).
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PKS

PKS16 No match P005350 No match P005809 No match

PKS17 No match No match P007094 P004061 P004717

PKS18 No match No match P006653 P008796 P006589

PKS19 No match No match P006652 P008795 No match

PKS20 No match No match No match P002736 P010023

PKS21 No match No match No match No match P010271 

PKS22 No match No match No match No match P010859 

PKS23 No match No match No match P007539 P010864

PKS24 No match No match No match No match P010890

PKS25 No match No match No match P003162 No match

PKS26 No match No match P001622 No match No match

PKS27 No match No match P010112 No match No match

PKS28 No match No match P011164 No match No match

PKS29 No match No match P011526 No match No match

PKS30 No match No match P011544 No match No match

PKS31 No match No match P000089 No match No match

L. maculans ‘brassicae’ L. maculans ‘lepidii’ L. biglobosa ‘thlaspii’ L. biglobosa ‘canadensis’ L. biglobosa ‘brassicae’

Gene Identity (spp 
c.f.) Gene Identity 

(spp. c.f.) Gene Identity 
(spp. c.f.) Gene Identity 

(spp. c.f.) Gene Identity 
(spp. c.f.)

Predicted 
end product

 n/a 100 % (Lml)  n/a 88% (Lml)  n/a

 n/a  n/a 93% (Lbb) 93% (Lbb) 100% (Lbb)

 n/a  n/a 85% (Lbb) 94% (Lbb) 100% (Lbb)

 n/a  n/a 86% (Lbc) 100% (Lbc)  n/a

 n/a  n/a  n/a 94% (Lbb) 100% (Lbb)

 n/a  n/a  n/a  n/a 100% (Lbb)

98% identity 
with 

Arthroderma 
otae PKS

 n/a  n/a  n/a  n/a 100% (Lbb)

 n/a  n/a  n/a 92% (Lbb) 100% (Lbb)

 n/a  n/a  n/a  n/a 100% (Lbb)

 n/a  n/a  n/a 100% (Lbc)  n/a

 n/a  n/a 100% (Lbt)  n/a  n/a

 n/a  n/a 100% (Lbt)  n/a  n/a

 n/a  n/a 100% (Lbt)  n/a  n/a

 n/a  n/a 100% (Lbt)  n/a  n/a

 n/a  n/a 100% (Lbt)  n/a  n/a

 n/a  n/a 100% (Lbt)  n/a  n/a



Supplementary data

Supplementary Data 1. Unclassified repeated elements in species of the  L. maculans-L. biglobosa 
species complex (1/2).
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B35_element11 3139

B35_element17 7681

B35_element21 6382

B35_element22 647

B35-B-R50-Map3 1989

B35-B-R56-Map3 1560

B35-B-R59-Map7 3462

B35-B-R6-Map8 764

B35-B-R61-Map12 5044

B35-B-R67-Map6 3538

B35-B-R89-Map3 1320

IBCN65_element10 4378

IBCN65_element13 6963

IBCN65_element19 7538

IBCN65_element21 1702

IBCN65_element29 10009

IBCN65_element33 8012

IBCN65-B-G206-Map3 2010

IBCN65-B-R33-Map5 821

IBCN65-B-R38-Map14 2304

IBCN65-B-R48-Map5 2909

IBCN65-B-R52-Map5 2427

IBCN65-B-R59-Map5 2203

IBCN65-B-R80-Map4 1053

IBCN65-B-R84-Map5 1158

Name Size (bp) Identified in Specificity

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' Leptosphaeriaceae / Pleosporaceae

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' Leptosphaeriaceae / Pleosporaceae

L. biglobosa 'brassicae' Pleosporales

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' L. biglobosa 'brassicae'

L. biglobosa 'brassicae' Pleosporales

L. biglobosa 'thlaspii' L. biglobosa

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' Leptosphaeria species complex

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' Leptosphaeria species complex

L. biglobosa 'thlaspii' Pleosporales

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'



Supplementary Data 1. Unclassified repeated elements in species of the  L. maculans-L. biglobosa 
species complex (2/2).
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IBCN65-B-R94-Map4 1281

IBCN65-B-R98-Map3 571

IBCN84_element16 2263

IBCN84_element17 3539

IBCN84-B-R30-Map5 1737

IBCN84-B-R37-Map3 1049

IBCN84-B-R41-Map20 7089

IBCN84-B-R52-Map5 1022

IBCN84-B-R58-Map4 1772

IBCN84-B-R59-Map10 2738

IBCN84-B-R8-Map4 2035

IBCN84-B-R84-Map7 3595

IBCN84-B-R87-Map7 3592

IBCN84-B-R9-Map7 3027

917

967

1088

1425

674

743

776

616

10880

10940

6256

18114

15981

Name Size (bp) Identified in Specificity

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. biglobosa 'thlaspii' L. biglobosa 'thlaspii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' Pleosporales

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

L. maculans 'lepidii' L. maculans 'lepidii'

Lmac_Grouper_1227_4 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Grouper_1517_5 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Grouper_1829_15 L. maculans 'brassicae' Leptosphaeria species complex

Lmac_Grouper_2395_3 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Grouper_284_9 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Grouper_498_20 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Grouper_595_20 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Grouper_69_20 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Recon_56_3 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Recon_83_20 L. maculans 'brassicae' L. maculans 'brassicae'

Lmac_Recon_92_20 L. maculans 'brassicae' L. maculans 'brassicae'

LmTelo1_Lmb L. maculans 'brassicae' L. maculans 'brassicae'

LmTelo2_Lmb L. maculans 'brassicae' L. maculans



Supplementary Data 2. Presence of the repeat families in dothideomycete genomes (1/4).  The values represent the percentage of coverage of the longest 
copy of a repeat family annotated by RepeatMasker in the genome. Cells colored in orange indicate that this percentage is >= 30% and < 50%. Cells colored in 
green indicate that this percentage is >= 50%.
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ID

0,68 1,25 12,88 75,33 71,98 97,82 0,81 1,57
4,97 7,09 2,4 11,1 49,27 50,06 24,27 8,43 100 4,74

IBCN65-B-R33-Map5 7,43 9,38 99,27 100
IBCN65-B-R48-Map5 6,33 29,32 3,16 5,26 54,42 1,89 100

23,25 14,34 71,51 64,15 14,89 69,58
48,94 39,67 17,94 2,53 40,77 21,07 31,91 0,86 60,89 80,32 3,25 79,27 4,93 99,52

B35_element22 48,53 62,44 44,2 24,57 39,1 56,11 13,6 63,21 61,82 57,96 100 99,85 56,11
B35-B-R56-Map3 80,45 5,13 3,59 5,13 4,74 5,13 2,95 100 100

14,04 1,89 41,19 23,38 100 16,89 48,27 4,6 100 100 3,27
33,08 36,86 58,22 67,11 40,83 58,03 22,12 99,81 99,81 43,67 32,89 58,22
100 99,58 99,72 5,23 100 98,16 100 99,86 99,86 100 81,47 99,86

99,81 8,99 26,96 51,43 51,82 47,42 100 100 25,05
100 99,75 97,27 99,88 98,51 99,5 100 100 30,15 86,48 86,48 9,06

21,42 85,31 96,26 9,22 96,26 96,89 100 14,32 72,73 72,73 100 85,06
15,73 64,43 33,64 30,06 16,41 20,46 69 1,92 1,71
80,24 2,8 18,43 4,09 100 81,33 25,32 13,59 51,83 48,08 100 4,13 37,81 4,99

55,99 64,95 14,07 48,69 17,14 95,23 99,85 100
1,45 2,07 46,08 32,88 1,46 1,3 92,55 1,48 87,72

2,74 10,23 16,23 87,73 8,17 19,86
2,95 89,16 32,32 100

3,72 87,64 10,19 97,65 29,94 94,24 85,18 1,62 2,5 100
64,74 59,99 46,7 41,08 47,26 18,66 50,34 41,39 2,61 2,62 94,52 50,49 8,56 3,43
2,78 5,19 18,3 15,38 4,88 8,81 9,74 2,06 100 100 6,29 2,36 3,94 7,68
2,73 6,03 76,9 17,42 10,12 5,73 76,47 2,09 72,38 54,7 4,68 87,27 25,91 11,8
9,48 75,93 75,72 14,96 7,29 4,85 45,32 8,14 76,05 5,68 41,4 21,03 10,89 100

18,59 81,87 79,72 20,25 3,74 4,46 17,18 11,07 49,53 63,02 27,19 2,57
52,24 4,24 0,98 8,42 5,18 9,85 20,96 19,79 1,74 1,74 1,44 49,31 13,22 26,33

6,2 4,84 9,2 16,52 7,22 8,12 51,96 6,61 1,41 0,67 100 1,82 0,67
B35-B-R59-Map7 37,81 4,02 19,44 5,81 10,72 74,52 55,78 52,69 78,54 21,14 5,52
B35-B-R89-Map3 88,94 92,5 88,86 15,45 46,97 13,33 85,91 69,39 19,55 19,55 9,09 100 39,47 17,35

35,69 36,87 31,12 5,07 37,74 20,04 39,78 40,92 89,1 89,15 8,46 89,21 85,72 38,24
99,56 99,94 7,64 45,29 70,27 96,73 100 82,39 8,25 5,76 100

1,09 5,79 1,83 59,3 66,98 99,97 95,84 4,87 1,69 1,46 15,79
100 94,55 100 3,18 100 27,24 99,95 99,95 32,2 100 33,93

99,62 99,95 99,89 10,06 99,68 99,62 99,95 99,78 5,49 99,95 48,52 27,33

A. brassicicola C. heterostrophus C. sativus P. fi j iensis P. tritici-repentis P. teres S. turcica P. nodorum Lmb JN3 Lmb WA74 Lml IBCN84 Lbb B3.5 Lbc J154 Lbt IBCN65

DTM_Roshi_Lbb
DTx_Valw e

Lmac_Grouper_1829_15
RII_Karin_Lbt

DTF_Elw e
DTT_Finw e-1
DTT_Finw e-1-2_Lml
DTT_Finw e-2
DTT_Finw e-3
DTT_Finw e-3_Lml
DTT_Yamcha_Lml
DTX_Suno_Lml
RII_Yajirobe_Lbt
RLC_Chaozu_Lbt
RLC_Chaozu-1_Lbb
RLC_Chaozu-2_Lbb
RLC_Lunch_Lbt
RLG_Mai_Lml
RLG_Olly
RLG_Olly_Lbb
RLG_Olly_Lbt
RLG_Olly_Lml
RLG_Piccolo_Lbb
RLG_Shu_Lml

DTA_Kami_Lbb
DTA_Kami_Lbt
DTM_Lenw e
DTT_Bulma_Lbb
DTT_Bulma_Lml



Supplementary Data 2. Presence of the repeat families in dothideomycete genomes (2/4).
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ID

91 99,84 95,08 23,82 99,79 99,79 99,95 99,95 60,93 60,93 61,73 99,95 27,63 99,79
93,49 68,5 99,74 4,92 99,95 74,11 97,51 68,34 35,42 98,57 99,95 36,32 32,5 91,11
99,09 85,86 99,02 13,64 89,17 90,3 99,02 81,86 15,05 21,52 84,53 96,62 42,69 100

19,24 29,5 29,5 29,14 26,08 28,87 9,62 9,53 23,92 60,79 21,49 57,82
78,99 60,67 77,11 31 58,41 85,38 77,38 100 4,62 100 9,56 99,79
85,47 19,41 100 6,22 98,39 56,51 100 99,79 2,95 99,73 99,68

12,93 13,15 99,32 22,9 100 100 11,56 11,11 12,93
IBCN65-B-R52-Map5 2,88 2,93 72,35 70,91 2,68 100
IBCN84-B-R30-Map5 7,08 11,11 3,45 25,22 94,42 78,01 95,51 100

3,64 1,51 29,3 8,9 54,99 9,14 38,32 55,59 2,09 2,09 57,18 31,91
5,56 56,74 9,27 20,87 7,71 20,04 56,2 100 100 56,45 13,41 44,81 26,9
6,94 74,02 7,4 83,02 54,47 46,23 82,22 9,38 100 5,61 47,85
4,19 48,76 3,5 54,78 23,48 67,93 10,18 7,61 99,96

4,22 2,87 94,5 13,79 16,88 100
1,49 1,47 27,76 100 100 99,77
0,92 2,04 2,98 6,03 100 100 22,75 11,65

85,71 69,27 68,88 44,05 74,42 31,2 74,85 67,67 5,31 100 27,45 16,52
17,71 9,09 7,04 11,18 4,85 8,24 42,48 64,28 5,37 5,37 2,2 2,48 60,67 94,85
15,07 8,63 7,83 14,96 6,48 1,27 45,67 56,13 4,61 4,27 91,77 0,94
42,36 32,98 16,53 18,24 15,82 7,66 18,78 62,75 100 100 17,35 4,13 8,93
49,27 8,4 17,97 14,94 14,39 20,14 41,15 64,52 3,41 3,41 2,03 2,83 2,57 95,21
99,63 46,42 32,51 50,68 100 70,68 78,59 100 35,88 100 100 89,32
100 54,46 46,15 38,49 95,66 55,96 92,76 95,61 3,22 3,22 9,34 99,95 99,95 100

42,85 4,37 2,31 45,02 3,02 2,42 4,43 17,33 99,95 99,94 37,85 7,52 0,68
50,24 12,86 6,5 60,93 19,81 7,83 11,86 22,41 93,81 23,26 1,16 57,74 7,68 2,87
87,5 4,1 20,06 47,25 16,48 8,44 6,04 1,59 1,79 1,55 69,81 2,23 1,67 2,06
2,5 4,12 15,64 39,86 33,14 3,21 9,07 9,59 100 6,44 53,27

100 99,26 38,46
IBCN65_element10 2,49 1,85 1,62 2,44 89,49 100
B35_element11 1,94 2,61 6,05 8,19 100 11,76 29,72
B35_element17 1,31 2,07 14,27 7,79 0,94 0,94 78,7 1,65 7,72
B35_element21 1,18 4 1,55 2,21 1,79 0,69 37,32 90,03 19,77 0,71
B35-B-R50-Map3 26,29 26,14 26,09 2,87 26,09 25,34 25,34 28,56 17,85 100 10,76 21,87
B35-B-R6-Map8 7,46 100 25,65
B35-B-R61-Map12 1,33 1,84 1,53 98,65 19,55

A. brassicicola C. heterostrophus C. sativus P. fi j iensis P. tritici-repentis P. teres S. turcica P. nodorum Lmb JN3 Lmb WA74 Lml IBCN84 Lbb B3.5 Lbc J154 Lbt IBCN65

DTT_Goku_Lbb
DTT_Goku_Lml
DTT_Goku-1_Lbt
DTT_Goku-2_Lbt
DTT_Molly_Lbb
DTT_Molly_Lbt
DTX_Upa_Lml

RLC_Chichi_Lml
RLC_Pholy
RLC_Tenshin_Lbb
RLC_Tenshin_Lbt
RLC_Zolly_Lml
RLC_Zolly-1
RLC_Zolly-2
RLG_Piano_Lbb
RLG_Pilaf_Lbt
RLG_Pilaf_Lml
RLG_Polly
RLG_Polly_Lbt
DTT_Krilin_Lbb
DTT_Krilin_Lbt
RLG_Dolly
RLG_Dolly_Lbb
RLG_Dolly_Lml
DTM_Mutaito_Lbb
DTX_Arale_Lbb



Supplementary Data 2. Presence of the repeat families in dothideomycete genomes (3/4).
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ID

B35-B-R67-Map6 10,83 10,6 10,6 5,68 10,6 11,33 5,12 7,41 15,52 15,52 15,52 87,82 14,92 15,52
32,06 8,94 4,11 5,51 33,6 23,91 13,22 33,22 3,32 3,32 1,95 87,62 29,69 40,18

7,57 4,78 3,71 2,21 11,82 8,16 2,17 2,17 10,36 100 13,87 2,44
6,67 9,42 5,71 19,04 9,86 5,04 9,55 13,09 19,79 12,67 3,54 100 18,42 41,19

IBCN65_element19 1,43 3,46 0,77 4,39 3,13 3,13 3,05 34,98 92,7
IBCN65_element21 20,09 14,22 15,75 18,39 18,16 5,29 9,05 7,52 17,74 15,45 100
IBCN65_element29 0,69 1,07 3,52 1,3 1,53 0,96 2,11 2,38 0,56 0,57 34,6 99,05
IBCN65_element33 2,25 0,45 1,76 3,46 4,39 3,32 62,34
IBCN65-B-G206-Map3 2,99 1,74 3,18 6,67 6,62 100
IBCN65-B-R38-Map14 3,56 91,54
IBCN65-B-R59-Map5 6,54 12,12 9,94 13,03 100
IBCN65-B-R80-Map4 3,51 12,82 100
IBCN65-B-R84-Map5 28,24 42,14 28,84 47,15 49,05 49,05 100
IBCN65-B-R94-Map4 3,43 27,24 100
IBCN65-B-R98-Map3 46,23 100

35,08 14,81 18,79 14,26 22,4 14,32 31,33 1,25 1,19 1,46 10,38 1,69 7,06 54,4
1,02 2,47 1,75 2,3 100 100 50,72 2,44 2,56
2,75 1,94 3,41 100 100 86,49 27,66 1,48

IBCN65_element13 2,59 4,21 4,19 0,59 0,59 21,04 0,67 5,17 63,59
IBCN84-B-R41-Map20 1,34 1,23 2,29 0,78 5,54 1,4 99,44 74,14 1,51 4,15 38,5
LmTelo2 0,57 1,36 0,88 0,73 2,93 0,96 9,54 91,51 85,92 82,62 0,36 2,97 17,73

2,13 2,44 18,05 2,5 99,99 94,62 1,22 5,39 2,57
4,47 2,27 0,55 5,56 0,87 81,08 40,54 99,98 7,07 3,17

2,15 2,99 4,41 7,82 3,63 2,71 20,35 6,7 99,97 99,97 2,54 4,13 5
12,44 14,1 100 100 44,94

100 100 10,51

A. brassicicola C. heterostrophus C. sativus P. fi j iensis P. tritici-repentis P. teres S. turcica P. nodorum Lmb JN3 Lmb WA74 Lml IBCN84 Lbb B3.5 Lbc J154 Lbt IBCN65

DTX_Kinto_Lbb
RLC_Gohan_Lbb
RLG_Drum_Lbb

RLG_Oolong_Lbt
DTM_Sahana
DTM_Sahana_Lml

RLG_Braw ly
RLG_Braw ly_Lml
DTM_Ingw e
DTx_Gimli
DTx_Olw e



Supplementary Data 2. Presence of the repeat families in dothideomycete genomes (4/4).
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ID

19,19 26,5 7,09 100 100 7,42 18,43
11,79 11,48 73,22 100 12,2

2,81 14,88 100 100 2,95
11,42 99,41 99,55 13,5 11,57

44,15 45,22
90,34 97,94

9,25 100 99,19 12,01 11,36
9,76 5,97 10,27 1,67 10,6 10,6 8,44 7,7 88,9 70,59 25,48 44,82 23,05 43,53

29,25 1,64 0,95 1,93 1,67 0,85 53,94 51,78 2,29 4,52 1,18 2,01
17,23 2,13 2,41 3,58 2,3 2,65 2,48 4,01 60,73 63,51 2,22 2,37 2,88 2,3

LmTelo1 0,86 0,52 0,97 0,47 17,81 99,66 92,74 1,66 0,72 1,11
0,92 16,1 9,12 9,29 8,91 26,64 13,69 100 100 14,07 1,16 21,36

1,64 0,87 1,77 99,97 99,96 2,25
7,41 17,84 12,94 16,96 100 100 34,67

30,9 57,31 28,4 1,04
IBCN84_element16 23,6 10,56 10,3 25,01 31,24 7,95 8,09 97,08 3,45
IBCN84_element17 3,16 2,71 60,05 2,32
IBCN84-B-R37-Map3 100 2,67
IBCN84-B-R52-Map5 14,68 11,84 14,09 18 100
IBCN84-B-R58-Map4 6,43 27,54 37,87 100 5,19
IBCN84-B-R59-Map10 3,87 16,36 95,14 6,39 42
IBCN84-B-R8-Map4 3,78 4,23 6,83 2,51 100
IBCN84-B-R84-Map7 8,4 4,37 1,92 100 1,5
IBCN84-B-R87-Map7 1,75 1,61 100
IBCN84-B-R9-Map7 4,76 6,21 1,88 100

A. brassicicola C. heterostrophus C. sativus P. fi j iensis P. tritici-repentis P. teres S. turcica P. nodorum Lmb JN3 Lmb WA74 Lml IBCN84 Lbb B3.5 Lbc J154 Lbt IBCN65

Lmac_Grouper_1227_4
Lmac_Grouper_1517_5
Lmac_Grouper_2395_3
Lmac_Grouper_284_9
Lmac_Grouper_498_20
Lmac_Grouper_595_20
Lmac_Grouper_69_20
Lmac_Recon_56_3
Lmac_Recon_83_20
Lmac_Recon_92_20

RLG_Rolly
RLx_Ayoly
RLx_Jolly
RPP_Circe



Supplementary Data 3. Examples of Top 10 BLAST hit organisms for the secondary metabolite genes 
(PKS and NPS) identified in members of the L. maculans-L. biglobosa species complex (1/3).
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ID

PKS1

PKS3

PKS8

PKS21

BLASTP (10-6) Top 10 Organisms Class Order

Aspergillus flavus Eurotiomycetes Eurotiales
Aspergillus oryzae Eurotiomycetes Eurotiales

Aspergillus parasiticus Eurotiomycetes Eurotiales
Aspergillus nomius Eurotiomycetes Eurotiales

Dothistroma septosporum Dothideomycetes Capnodiales
Passalora arachidicola Dothideomycetes Capnodiales

Podospora anserina Sordariomycetes Sordariales
Aspergillus nidulans Eurotiomycetes Eurotiales

Aspergillus ochraceoroseus Eurotiomycetes Eurotiales
Aspergillus sojae Eurotiomycetes Eurotiales
Glarea lozoyensis Leotiomycetes Helotiales

Colletotrichum orbiculare Sordariomycetes Glomerellales
Ophiostoma piceae Sordariomycetes Ophiostomatales

Glomerella graminicola Sordariomycetes Glomerellales
Gaeumannomyces graminis Sordariomycetes Magnaporthales

Botryotinia fuckeliana Leotiomycetes Helotiales
Sordaria macrospora Sordariomycetes Sordariales

Colletotrichum gloeosporioides Sordariomycetes Glomerellales
Neurospora tetrasperma Sordariomycetes Sordariales

Thielavia terrestris Sordariomycetes Sordariales
Setosphaeria turcica Dothideomycetes Pleosporales

Colletotrichum higginsianum Sordariomycetes Glomerellales
Colletotrichum orbiculare Sordariomycetes Glomerellales
Fusarium graminearum Sordariomycetes Hypocreales

Fusarium pseudograminearum Sordariomycetes Hypocreales
Aspergillus terreus Eurotiomycetes Eurotiales

Hypomyces subiculosus Sordariomycetes Hypocreales
Pyrenophora tritici-repentis Dothideomycetes Pleosporales

Glarea lozoyensis Leotiomycetes Helotiales
Metacordyceps chlamydosporia Sordariomycetes Hypocreales

Arthroderma otae Eurotiomycetes Onygenales
Mycosphaerella populorum Dothideomycetes Capnodiales

Talaromyces stipitatus Eurotiomycetes Eurotiales
Metarhizium anisopliae Sordariomycetes Hypocreales

Beauveria bassiana Sordariomycetes Hypocreales
Metarhizium acridum Sordariomycetes Hypocreales
Metarhizium acridum Sordariomycetes Hypocreales
Claviceps purpurea Sordariomycetes Hypocreales
Podospora anserina Sordariomycetes Sordariales

Colletotrichum gloeosporioides Sordariomycetes Glomerellales



Supplementary Data 3. Examples of Top 10 BLAST hit organisms for the secondary metabolite genes 
(PKS and NPS) identified in members of the L. maculans-L. biglobosa species complex (2/3).

239

ID

NPS5

NPS8

NPS11

BLASTP (10-6) Top 10 Organisms Class Order

SirP

Neosartorya fischeri Eurotiomycetes Eurotiales
Aspergillus fumigatus Eurotiomycetes Eurotiales
Arthroderma gypseum Eurotiomycetes Onygenales

Arthroderma otae Eurotiomycetes Onygenales
Talaromyces stipitatus Eurotiomycetes Eurotiales

Trichoderma virens Sordariomycetes Hypocreales
Aspergillus terreus Eurotiomycetes Eurotiales

Trichoderma atroviride Sordariomycetes Hypocreales
Trichoderma reesei Sordariomycetes Hypocreales

Trichophyton equinum Eurotiomycetes Onygenales
Pyrenophora teres f. teres Dothideomycetes Pleosporales
Phaeosphaeria nodorum Dothideomycetes Pleosporales

Metarhizium acridum Sordariomycetes Hypocreales
Talaromyces stipitatus Eurotiomycetes Eurotiales

Eutypa lata Sordariomycetes Xylariales
Metarhizium anisopliae Sordariomycetes Hypocreales

Mycosphaerella populorum Dothideomycetes Capnodiales
Phaeosphaeria nodorum Dothideomycetes Pleosporales

Aspergillus terreus Eurotiomycetes Eurotiales
Colletotrichum gloeosporioides Sordariomycetes Glomerellales

Neofusicoccum parvum Dothideomycetes Botryosphaeriales
Fusarium graminearum Sordariomycetes Hypocreales

Macrophomina phaseolina Dothideomycetes Botryosphaeriales
Penicillium oxalicum Eurotiomycetes Eurotiales
Trichoderma virens Sordariomycetes Hypocreales

Exophiala dermatitidis Eurotiomycetes Chaetothyriales
Trichoderma reesei Sordariomycetes Hypocreales
Cordyceps militaris Sordariomycetes Hypocreales

Metarhizium acridum Sordariomycetes Hypocreales
Metarhizium anisopliae Sordariomycetes Hypocreales
Metarhizium anisopliae Sordariomycetes Hypocreales
Metarhizium acridum Sordariomycetes Hypocreales

Talaromyces stipitatus Eurotiomycetes Eurotiales
Glarea lozoyensis Leotiomycetes Helotiales

Talaromyces marneffei Eurotiomycetes Eurotiales
Trichophyton verrucosum Eurotiomycetes Onygenales
Arthroderma benhamiae Eurotiomycetes Onygenales

Penicillium oxalicum Eurotiomycetes Eurotiales
Fusarium fujikuroi Sordariomycetes Hypocreales

Fusarium oxysporum Sordariomycetes Hypocreales



Supplementary Data 3. Examples of Top 10 BLAST hit organisms for the secondary metabolite genes 
(PKS and NPS) identified in members of the L. maculans-L. biglobosa species complex (3/3).
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ID

Lys2

NPS13

NPS14

NPS15

BLASTP (10-6) Top 10 Organisms Class Order

Pyrenophora teres f. teres Dothideomycetes Pleosporales
Pyrenophora tritici-repentis Dothideomycetes Pleosporales

Bipolaris sorokiniana Dothideomycetes Pleosporales
Setosphaeria turcica Dothideomycetes Pleosporales

Phaeosphaeria nodorum Dothideomycetes Pleosporales
Bipolaris maydis Dothideomycetes Pleosporales

Neofusicoccum parvum Dothideomycetes Botryosphaeriales
Aspergillus nidulans Eurotiomycetes Eurotiales

Coniosporium apollinis Eurotiomycetes Chaetothyriales
Neosartorya fischeri Eurotiomycetes Eurotiales
Bipolaris sorokiniana Dothideomycetes Pleosporales
Aspergillus fumigatus Eurotiomycetes Eurotiales
Neosartorya fischeri Eurotiomycetes Eurotiales
Trichoderma virens Sordariomycetes Hypocreales

Botryotinia fuckeliana Leotiomycetes Helotiales
Sclerotinia sclerotiorum Leotiomycetes Helotiales

Aspergillus oryzae Eurotiomycetes Eurotiales
Aspergillus flavus Eurotiomycetes Eurotiales

Trichophyton equinum Eurotiomycetes Onygenales
Arthroderma gypseum Eurotiomycetes Onygenales
Coccidioides posadasii Eurotiomycetes Onygenales
Coccidioides immitis Eurotiomycetes Onygenales
Uncinocarpus reesii Eurotiomycetes Onygenales
Trichoderma virens Sordariomycetes Hypocreales
Aspergillus clavatus Eurotiomycetes Eurotiales
Aspergillus flavus Eurotiomycetes Eurotiales
Aspergillus oryzae Eurotiomycetes Eurotiales
Arthroderma otae Eurotiomycetes Onygenales

Penicillium chrysogenum Eurotiomycetes Eurotiales
Talaromyces stipitatus Eurotiomycetes Eurotiales

Phaeosphaeria nodorum Dothideomycetes Pleosporales
Mycosphaerella populorum Dothideomycetes Capnodiales

Aspergillus oryzae Eurotiomycetes Eurotiales
Aspergillus flavus Eurotiomycetes Eurotiales

Metarhizium acridum Sordariomycetes Hypocreales
Metarhizium anisopliae Sordariomycetes Hypocreales

Claviceps purpurea Sordariomycetes Hypocreales
Trichoderma virens Sordariomycetes Hypocreales

Metarhizium robertsii Sordariomycetes Hypocreales
Neosartorya fischeri Eurotiomycetes Eurotiales
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Tableau 1. Données de séquençage et d'annotation des génomes des 4 souches de  L. maculans
'brassicae'.
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v23.1.3 WA74 OMR19 Nz-T4

Taille de l'assemblage (Mb) 45.12 44.16 29.72 29.24

Nombre de scaffold 76 986 265 224

Nombre de contig 1743 3765 1391 1613

Scaffold N50 (Mb) 1769.6 263.0 244.5 316.9

Gaps (%) 2.5 9.6 3.4 3.4

Contenu en base GC (%) 45.2 46.5 51.7 51.7

Éléments transposables (%) 32.7 26.1 ? ?

Nombre de gènes prédits 12543 10624 10559 10631

Nombre d'effecteurs prédits 651 632 634 637



Dynamique  évolutive  du  génome  et  des  effecteurs  chez
L. maculans ‘brassicae’

Introduction

Afin  d'évaluer  le  polymorphisme  des  gènes  codant  des  effecteurs  ou  potentiellement

impliqués dans la pathogenèse, les génomes de deux souches de L. maculans 'brassicae'

(Lmb) ont été reséquencés puis comparés à celui de la souche européenne de référence,

v23.1.3 (JN3) précédemment séquencée par le Genoscope (Rouxel et al., 2011), et à celui

d’une  souche  australienne,  WA74  (collaboration  AAF  Saskatoon,  Canada).  Les  deux

nouvelles souches qui ont été choisies sont potentiellement très divergentes des souches

déjà séquencées et inféodées au colza (Brassica napus var. oleifera) :

• Nz-T4,  une  souche  néo-zélandaise  isolée  de  rutabaga  (Brassica  napus var.

rapifera) et qui montre une faible agressivité sur colza.

• OMR19, une souche mexicaine adaptée au chou (Brassica oleracea) et avirulente

sur la plupart des cultivars de colza utilisés en Europe.

Ces deux souches ont été séquencées (454 et Illumina) et assemblées (Newbler) par le

Genoscope.

Statistiques de séquençage

Les génomes des isolats Nz-T4 et OMR19 de Lmb semblent avoir une taille inférieure

(29,2-29,7 Mb) à ceux des souches précédemment séquencées, 45,1 Mb pour v23.1.3 et

44,2 pour WA74 (Tableau 1). Cette différence de taille est due au fait que les assemblages

finaux de Nz-T4 et OMR19 ne contiennent pas les séquences répétées correspondant

principalement aux ET,  qui  chez v23.1.3 et  WA74 sont  regroupés en grandes régions

génomiques (isochores AT) et représentent près d'un tiers du génome. Les ET dans les

génomes de v23.1.3 et WA74 sont dégénérés par le RIP, qui en mutant les bases G en A

et les bases C en T, est responsable d'un taux global en bases GC de 45 %. Pour Nz-T4

et OMR19, l’absence d’assemblage des ET et autres éléments répétés conduit à un taux

de GC des deux génomes artificiellement plus élevé, de l’ordre de 52 % (Tableau 1, Figure

1).
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Figure 1. Distribution du contenu en bases GC dans les génomes de quatre souches de L. maculans
'brassicae'. Le contenu en bases GC a été calculé le long des chromosomes dans des fenêtres glissantes
de 1 kb. La distribution bimodale observée chez v23.1.3 (JN3) et WA74 reflète la structure compartimentée
de leur  génome avec des  régions  génomiques pauvres  en GC correspondant  aux isochores AT.  Cette
bimodalité n'est pas observée dans les génomes de OMR19 et Nz-T4 car les éléments répétés n'ont pas été
assemblés.
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Cependant, nous pouvons affirmer qu’il ne s’agit là que d’un biais lié aux stratégies NGS,

car  un séquençage de quelques clones BAC de la  souche Nz-T4 par  la  méthode de

Sanger avait précédemment montré la présence d’isochores AT totalement absents dans

le nouvel assemblage. On peut donc supposer que Nz-T4 et OMR19 ont un génome de

taille  similaire  à  celle  des autres  souches de Lmb et  structuré  de la  même façon en

isochores. La conservation des isochores AT, riches en ET et en gènes codant pour des

effecteurs,  ne  peut  donc  pas  être  étudiée  entre  les  différentes  souches  avec  ces

assemblages.

Alignements des génomes et identification des SNPs

Des alignements nucléotidiques ont été réalisés entre les séquences non répétées des

différents génomes de Lmb en utilisant le programme nucmer issu du package MUMmer

(Figure  2). Ces  alignements  couvrent  en  moyenne  97 %  des  génomes  avec  un

pourcentage  d'identité  de  98 %,  ce  que  l'on  peut  considérer  comme  étant  une

macrosynténie quasi parfaite. En se basant sur ces alignements, le nombre de SNP entre

chaque paire de génome a été calculé en utilisant le programme show-snps du package

MUMmer. Cela a permis d'identifier environ 20000 SNPs entre chaque paire de génome,

soit une moyenne de 1 SNP toutes les 1400 bases (Tableau 2). Ces chiffres sont très

proches de ceux obtenus par Zander et al. (2013) qui identifient 21000 SNPs entre deux

souches australiennes de L. maculans dans une étude similaire à celle-ci. Nos données

sont aussi du même ordre de grandeur que le nombre de SNPs identifiés entre différents

isolats de  Cochliobolus heterostrophus, soit 30000 à 50000 (Condon et  al., 2013).  Il est

intéressant de noter que l'alignement entre les génomes de WA74 et Nz-T4,  souches

géographiquement proches, montre un nombre de SNP plus faible (14000).

Tableau 2. Nombre de SNPs détectés entre chaque paire de génomes alignés.
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WA74 OMR19 Nz-T4

v23.1.3 19396 23953 20307

WA74 - 18712 13790

OMR19 - - 20330



Figure 2. Alignements du génome de v23.1.3 avec ceux des autres souches. Les génomes masqués de
leur éléments repétés ont été alignés au niveau nucléotidique les uns avec les autres grâce au programme
nucmer de MUMmer.  En rouge apparaissent les portions de séquence orientées similairement dans les
génomes, en bleu apparaissent celles qui sont inversées. (A) Alignement du génome de v23.1.3 avec celui
de WA74. (B)  Alignement du génome de v23.1.3 avec celui  de OMR19. (C)  Alignement du génome de
v23.1.3 avec celui de Nz-T4.
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Localisation des SNPs

Pour chaque souche, le positionnement des SNPs sur le génome de référence (v23.1.3)

permet de montrer une présence préférentielle de ces mutations dans les isochores GC

puisque près de 90 % des SNPs sont localisés dans ces compartiments. Cependant, une

analyse de la fréquence de ces mutations, dans des fenêtres glissantes de 10 kb, permet

de mettre en évidence une répartition non-homogène le long des chromosomes. En effet,

il  semble que certaines régions génomiques soient plus affectées que d'autres par les

mutations (Figure 3). En regardant la localisation de ces mutations par rapport aux régions

codantes, on s'aperçoit que 34 % d'entre elles sont situées dans des régions exoniques,

10 % en régions introniques et le reste, 56 %, dans des régions intergéniques. Ce sont

plus de 5500 gènes qui sont touchés par ces mutations, et bien que ces dernières soient

retrouvées principalement en isochores GC, la proportion de gènes touchés dans chaque

compartiment est similaire (40-45 %). Concernant les fonctions des gènes mutés, il n'y a

aucun enrichissement observé d'une fonction donnée que ce soit au niveau des gènes de

« ménage » ou des gènes codant des effecteurs. La proportion de gènes mutés ayant une

fonction prédite in silico est identique à celle de l'ensemble des gènes (30 %).

Conservation et spécificité des gènes

L'annotation automatique des génomes identifie 10631 gènes chez Nz-T4 et 10559 gènes

chez OMR19, un nombre très similaire aux 10624 gènes prédits chez WA74 avec le même

pipeline d’annotation automatique (Tableau 1). La comparaison des séquences protéiques

par  BLASTP  réciproques  nous  indique  qu’environ  9000  gènes  composent  le  core

protéome des 4 souches de L. maculans. Cent soixante-douze gènes sont apparemment

spécifiques de la souche OMR19 et 280 de Nz-T4.

Le nombre de gènes codant pour des effecteurs potentiels est très proche entre les

deux isolats, 634 chez OMR19 et 637 chez Nz-T4, et très similaire au nombre identifié

dans les autres génomes, 651 chez v23.1.3 et 632 chez WA74 (Tableau 1). Les protéines

codées ont une taille moyenne proche (153 aa) et une proportion en cystéines 2,5 fois

plus  élevée  que  dans  l'ensemble  des  protéines  des  génomes.  Une  comparaison  des

séquences au niveau protéique permet de définir un set commun de 290 séquences et

des sets spécifiques à chaque isolat (77 séquences pour OMR19, 100 pour Nz-T4, 95

pour WA74 et 263 pour v23.1.3) (Figure 4).
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Figure 3. Distribution des SNPs détectés entre v23.1.3 et les trois autres souches.  La fréquence des
SNPs identifiés entre v23.1.3 et les 3 autres souches a été calculée dans des fenêtres glissantes de 10 kb
(décalage de 50 bp) le long des SuperContig (SC) de v23.1.3. En bleu est indiquée la fréquence de toutes
les mutations détectées, en rouge est indiquée la fréquence des mutations synonymes et en vert celle des
mutations non synonymes. (A) Sur le SC1 du génome de v23.1.3, qui correspond à un chromosome entier,
la moitié en 5' (correspondant peut être à un bras du chromosome) semble plus affectée par les mutations.
(B) Sur le SC3, une région de 30 kb  contenant 11 gènes semble être préférentiellement soumise à mutation.
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Les séquences correspondantes ne sont généralement pas absentes des autres génomes

et,  au  niveau  nucléique,  95 %  de  ces  séquences  « spécifiques »  d’une  souche  sont

présentes  dans  au  moins  un  des  autres  génomes.  Dans  certains  cas,  l’absence  de

prédiction  est  liée à  une  modification  de  la  séquence  (apparition  de  codons  stop

prématurés, mutation du codon start) conduisant à une inactivation du gène et donc à une

pseudogénisation (Figure 5).  Dans d’autres cas, dont l’importance est difficile à évaluer

dans l’état actuel de l’assemblage (de nombreux gènes codant pour des effecteurs putatifs

sont  localisés  au  sein  des  isochores  AT  peu  ou  très  mal  assemblés),  la  protéine

correspondante n’a pas été prédite. Cette étude permet tout de même de définir un set

d'effecteurs potentiels propre à Lmb comprenant 1177 PPS différentes.

Discussion

Le reséquençage de deux souches de  L. maculans 'brassicae' présentant une diversité

potentiellement  importante  avec  les  souches  déjà  séquencées,  due  à  un  isolement

géographique ou à une spécialisation d'hôte, avait pour objectif d’évaluer les divergences

générées à l’échelle du génome par ces isolements. Il s’agissait, en particulier, d’établir

leurs conséquences sur  les gènes impliqués dans la  pathogenèse fongique avec une

focalisation sur le répertoire d’effecteurs que contenait chacun des génomes.

Outre les problèmes d’assemblage de régions riches en ET dont les conséquences

en terme de prédiction de gènes pertinents pour la pathogenèse restent à évaluer, ce

reséquençage  montre  une  divergence  génomique  très  limitée  entre  les  souches

analysées. En particulier, la conservation de séquence entre régions codantes est très

importante  et  compatible  avec  une  spéciation  récente  de  L.  maculans,  suivie  d’une

dissémination  à  l’échelle  mondiale  dans les  150  dernières  années (Dilmaghani  et  al.,

2012). Quoique la quantité de gènes codant pour des protéines de fonction caractérisée

reste  limitée  chez  les  champignons,  les  quelques  1700  gènes  polymorphes  entre  les

différentes souches, ainsi que les régions génomiques plus spécifiquement affectées par

des SNPs, méritent une investigation plus poussée de par leur implication potentielle dans

la pathogenèse.  Les régions génomiques dans lesquelles la densité des SNPs est réduite

sont  tout  aussi  intéressantes,  puisqu'elles peuvent  indiquer la présence de séquences

fonctionnellement conservées pouvant contenir par exemple des régions codantes ou des

régions régulatrices.
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Figure 4. Répartition des PPS dans les génomes des 4 souches de L. maculans 'brassicae'. Les PPS
de ces 4 souches forment un répertoire de 1177 PPS non redondantes.
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Par  la  suite,  il  serait  intéressant  d'effectuer  des  analyses  évolutives  en  calculant  les

rapports entre le nombre de mutations non synonymes et synonymes (dN/dS) présent

dans les alignements de chromosomes afin de visualiser si certaines régions du génome

sont soumises à des pressions de sélection.

Plus que le polymorphisme nucléotidique, ce qui semble différencier les souches

est le contenu en gènes, et en particulier en gènes codant pour des effecteurs. En effet,

35 % et 45 % des gènes spécifiques de Nz-T4 et OMR19 respectivement codent pour des

PPS. Sur l'ensemble des souches, entre 12 % et 40 % des gènes codant des PPS sont

souche-spécifiques. La mise en évidence de pseudogénisation pour certains de ces gènes

suggère qu’ils sont soumis à l’évolution accélérée typique de ce type de gènes chez  L.

maculans,  lié en particulier à leur environnement génomique. Ce travail a donc permis

d’enrichir de façon substantielle le catalogue d’effecteurs produit par  L. maculans et de

confirmer la plasticité de ce répertoire favorisant une adaptation rapide à des conditions

environnementales changeantes. Il reste maintenant, sur la base de ces données à affiner

ou  développer  des  analyses  évolutives,  génétiques  et  fonctionnelles  pour  analyser

l’implication de tels gènes dans l’adaptation à des hôtes spécifiques (par exemple chou

vs. colza).

 Score =  211 bits (537), Expect = 1e-55,   Method: Compositional matrix adjust.

 Identities = 108/136 (79%), Positives = 119/136 (87%)
 Frame = +2

Query: 1    MPLSLEIILTLLALSIPTITACREASISGEIRYPQGTCPTKTEALNDCNKVTKGLIDFSQ 60
            MPLSL+IIL LLALSIPTI ACREA IS EIRYP GTCPTKT+ALN+CNKVTKGLI+FS 
Sbjct: 1190 MPLSLKIILRLLALSIPTIIACREALISREIRYP*GTCPTKTKALNNCNKVTKGLINFS* 1369

Query: 61   SHQRAWGIDMTAKVQCAPCITTDPWDVVLCTCKITAHRYREFVPKIPYSSFSSAPGVIFG 120
            SH RA GID+TAKV CAPCITT+P DVVLCTCKITAHRY EFVPKIPYSSFS AP VIF 
Sbjct: 1370 SH*RA*GIDITAKV*CAPCITTNP*DVVLCTCKITAHRY*EFVPKIPYSSFSLAPRVIFS 1549

Query: 121  QETGLDHDPEWVVNMK 136
             ET LD++P+ VVN++
Sbjct: 1550 *ETSLDYNPK*VVNVR 1597

Figure 5. Pseudogénisation d'AvrLm4-7 dans la souche Nz-T4. La séquence correspondant au gène
AvrLm4-7 est présente dans le génome de Nz-T4 mais des mutations ont engendré l'apparition de codons
stop prématurément.
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Résumé : Les  champignons  phytopathogènes,  menace  majeure  pour  la  sécurité

alimentaire  mondiale,  présentent  une  plasticité  de  modes  de  vie  remarquable  et  une

extrême capacité à s’adapter aux méthodes de luttes qui leur sont opposées par l’homme

dans les agro-systèmes. La génomique et la génomique comparative sont utilisées ici pour

évaluer  le  lien  entre  plasticité  génomique  et  potentiel  évolutif  et  adaptatif.  Une  série

évolutive  de  champignons  phytopathogènes  inféodés  aux  crucifères,  le  complexe

d’espèce  Leptosphaeria  maculans-Leptosphaeria  biglobosa  a  été  choisie  ici  comme

modèle puisqu’elle regroupe cinq entités dont le statut con- ou hétérospécifique est peu

clair  mais présentant  des différences de gamme d’hôte  ou de pouvoir  pathogène.  En

particulier,  l’espèce  la  mieux  adaptée  sur  le  colza  (et  la  plus  dommageable  pour

l’agriculture),  L.  maculans ‘brassicae’,  présente,  par  rapport  aux  autres  membres  du

complexe d’espèces, un génome caractérisé par l’expansion récente, mais massive, de

quelques familles d’éléments transposables (ET). Celle-ci a sans doute eu un effet encore

peu clair sur la spéciation, mais a surtout contribué à la diversification de molécules de

type  « effecteurs »,  donc  à  l’acquisition  de  nouvelles  spécificités  parasitaires.  La

localisation des gènes codant pour des effecteurs dans des régions génomiques enrichies

en ET a par ailleurs un effet direct sur l’adaptation aux résistances variétales en favorisant

une  diversité  d’événements  mutationnels.  Ces  données  sont  confrontées  à  d’autres

exemples  de  la  littérature  qui  tendent  à  généraliser  l’idée  que  les  champignons

phytopathogènes ont, au cours de l’évolution, développé des « génomes à deux vitesses »

incluant un compartiment plastique enrichi en ET et en gènes impliqués dans le pouvoir

pathogène et l’adaptation à l’hôte.

Mots-clés : Génome fongique, éléments transposables, spéciation, effecteurs, adaptation
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Abstract: Phytopathogenic fungi are a major threat for global food security and show an

extreme plasticity in pathogenicity behaviours. They often have a high adaptive potential

allowing them to rapidly counteract the control method used by men in agrosystems. In

this paper, we evaluate the link between genome plasticity and adaptive potential using

genomics and comparative genomics approaches. Our model is the evolutionary series

Leptosphaeria  maculans-Leptosphaeria  biglobosa,  encompassing  five  distinct  entities,

whose conspecificity or heretrospecificity status is unclear, and which all are pathogens of

cruciferous plants. They however differ by their host range and pathogenicity. Compared

to other species of the species complex, the species best adapted to oilseed rape,  L.

maculans ‘brassicae’,  causing  important  losses  in  the  crop,  has  a  genome  that  was

submitted to a recent and massive burst of transposition by a few families of transposable

elements (TEs). Whether the genome invasion contributed to speciation is still unclear to-

date but there is a coincidence between this burst of TEs and divergence between two

species.  This  TE  burst  contributed  to  diversification  of  effector  proteins  and  thus  to

generation  of  novel  pathogenic specificities.  In  addition,  the location  of  effector  genes

within genome regions enriched in TEs has direct consequences on adaptation to plant

resistance  and  favours  a  multiplicity  of  mutation  events  allowing  « breakdown »  of

resistance. These data are substantiated by other examples in the literature showing that

fungi tend to have a « two-speed » genome, in which a plastic compartment enriched in

TEs hosts genes involved in pathogenicity and adaptation to host. 

Keywords: fungal genome, transposable elements, speciation, effector, adaptation to host
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Introduction

Avec un nombre (sous-)estimé à 1,5 millions d’espèces, les champignons représentent

une partie extrêmement importante de la biodiversité globale ; leur biomasse est

considérable au sein des écosystèmes dans lesquels ils  jouent des  rôles fondamentaux

(Silar, 2013). Avec  une  majorité  d’espèces  saprophytes,  les  champignons  sont

responsables de la dégradation de la matière organique permettant ainsi le recyclage de

composés tels que la lignine qu’ils sont les seuls à pouvoir dégrader efficacement (Silar,

2013). Les champignons sont les organismes interagissant le plus souvent avec les

plantes, en particulier les plantes cultivées, et leurs  impacts sur  l'environnement,

l'économie et la santé humaine sont conséquents. Au cours de l’évolution, de nombreuses

espèces ont développé des interactions très spécialisées avec les plantes, et des lignages

endophytes, mutualistes ou phytopathogènes ont émergé à de multiples reprises et

indépendamment au sein de clades de saprophytes. Les champignons phytopathogènes

ont un impact tout particulier en termes de pertes de rendement, d’altération de la qualité

des produits et de coûts économiques et environnementaux engendrés par des méthodes

de lutte souvent basées sur la chimie de synthèse. Ils peuvent aussi avoir un impact plus

direct sur la santé humaine via la production de mycotoxines. De plus,  la lutte chimique

dirigée  contre ces organismes  contribue fortement à des effets adverses sur la santé

humaine et sur l’environnement, notamment à cause de la persistance et de la toxicité des

biocides utilisés. 

Les champignons, de par leur petit génome particulièrement plastique, leur cycle de

vie  court,  la  taille  de  leur  population  et  leurs  nombreuses  formes  de  multiplication,

montrent  d’extrêmes  capacités  évolutives  et  adaptatives.  Ainsi de nouvelles maladies

fongiques des plantes, mais aussi des animaux et des hommes émergent constamment

(Olsen et al., 2011). Toutefois,  il ne s’agit pas là d’une menace nouvelle puisque des

épidémies dues à des champignons ou à des organismes  présentant une convergence

évolutive avec les champignons, les oomycètes, ont influé sur  l’histoire humaine.

L’exemple le plus célèbre  est la Grande Famine due aux épidémies de mildiou de la

pomme de terre (Phytophthora infestans) survenues en Irlande au milieu du 19e siècle et

qui a causé la mort d’un million de personnes et entraîné l’émigration de deux millions de

personnes principalement vers les États-Unis,  la  Grande-Bretagne,  le  Canada  et

l'Australie. Au cours du 20e siècle, et en particulier durant les deux dernières décennies, la

fréquence et la vitesse d’apparition de nouvelles maladies semblent s’accroître, comme le
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démontrent  des rapports alarmistes récemment publiés dans des revues prestigieuses

telles que Nature ou Science (Fisher et al., 2012 ; Kupferschmidt et al., 2012) et de

nombreux articles dans les médias ou sur internet (p. ex. concernant l’encre du châtaigner

-Cryphonectria parasitica- [1]  ; la maladie du flétrissement des frênes -Chalara fraxinea-

[2] ; la graphiose de l’orme -Ophiostoma novo-ulmi- [3] ; ou la rouille du caféier -Hemileia

vastatrix- [4]). De plus en plus d’études insistent sur l’émergence de nouvelles maladies

fongiques chez  de nombreux organismes (chauves-souris, batraciens, tortues marines,

poissons, coraux) qui  peuvent  être  dues soit  à l’apparition de nouvelles espèces

fongiques, soit  à l’adaptation d’une espèce préexistante à un nouvel hôte  (Fisher et al.,

2012). A ce jour, les plantes restent les organismes les plus attaqués par les champignons

et ces derniers sont considérés comme une menace majeure pour la sécurité alimentaire

mondiale puisqu’on estime qu’environ 10 % de la production agricole mondiale est perdue

à cause de maladies fongiques (Strange & Scott, 2005 ; Pennisi, 2010;  Fisher et al., 2012

; Silar, 2013). Plus de 125 millions de tonnes des produits des cinq plantes de grandes

cultures les plus utilisées pour l’alimentation humaine (incluant le blé et le riz) sont ainsi

détruites chaque année par des maladies fongiques (Anderson et al., 2004 ; Olsen et al.,

2011).

Dans le contexte du changement global, les champignons phytopathogènes agissent

comme des espèces invasives, ce qui est favorisé par leurs caractéristiques biologiques mais

aussi par la mondialisation des échanges commerciaux (Stukenbrock & McDonald, 2008 ;

Stukenbrock  &  Bataillon,  2012).  Les  champignons  ont  souvent  de  fortes  capacités  de

dispersion (principalement pour  les parasites aériens) mais profitent  aussi  des échanges

intercontinentaux  des  plantes  qu’ils  infectent.  Ils  possèdent  aussi  de  grandes  tailles  de

population efficace, des régimes reproductifs mixtes (une reproduction sexuée permettant la

recombinaison  des  caractères  et  une  multiplication  asexuée  favorisant  une  expansion

massive des génotypes les mieux adaptés), et des capacités de survie à long terme en

dehors de leur hôte (tant en initiant un mode de vie saprophyte que sous forme de spores

dormantes).  Toutes  ces  caractéristiques  biologiques  couplées  à  certaines  particularités

génomiques indiquent que les champignons sont des organismes aux mécanismes adaptatifs

spécifiques particulièrement efficaces, comme nous le montrerons dans cet article à l’aide du

modèle Leptosphaeria maculans, leur permettant de s’adapter rapidement aux méthodes de

lutte (résistance variétale ou lutte chimique) utilisées par l’homme pour les contrôler (Giraud

et al., 2010). 
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Depuis les origines de l'agriculture, l'homme a utilisé, intentionnellement ou non, des

résistances variétales basées sur des gènes majeurs de résistance montrant un déterminisme

mendélien simple (Biffen, 1905) et définissant la relation « gène-pour-gène » dans laquelle la

résistance est mise en place lorsque le gène de résistance de la plante « reconnaît » la

présence d’un gène correspondant chez l’agent pathogène (appelé « gène d’avirulence »).

Depuis l’identification de ce déterminisme simple (Biffen, 1905), les phytopathologistes ont

observé dans les agro-écosystèmes, des centaines de cas dans lesquelles des populations

pathogènes  devenaient  capables  de  contourner  une  résistance  variétale  qui  leur  était

opposée. De tels effondrements de l’efficacité d’une résistance ont par exemple été décrits

pour des maladies aériennes des céréales (rouilles ou oïdiums) (McDonald & Linde, 2002) et

pour la nécrose du collet du colza causée par Leptosphaeria maculans (Rouxel et al., 2003).

Typiquement, un gène majeur montrant une efficacité extrême est utilisé de plus en plus

massivement par les agriculteurs et sur de grandes superficies, ce qui permet, les premières

années une absence visible de la maladie puisque la résistance éradique effectivement la

partie  « avirulente »,  majoritaire  de  la  population  pathogène.  En  général,  la  population

pathogène  s’adapte  à  la  pression  de  sélection  en  quelques  années  seulement  et  la

composante  « avirulente »  devient  peu  à  peu  minoritaire  dans  la  population,  rendant  la

résistance inefficace,  et  réduisant à  néant  des efforts  de sélection variétale  de plusieurs

années (Rouxel et al., 2003 ; Daverdin et al., 2012). Les caractéristiques biologiques citées

précédemment  sont  importantes  pour  de  tels  contournements,  mais  la  structure  et  le

dynamisme du génome des champignons sont essentiels pour une adaptation optimale à ce

type de pression de sélection.

L’obtention des séquences génomiques de la levure, puis des premiers champignons

filamenteux  (Galagan  et  al.,  2003 ;  Machida  et  al.,  2005)  a  permis  d'esquisser  les

caractéristiques génomiques des champignons : génome de petite taille présentant une forte

densité génique et comportant peu de séquences répétées. Les premiers séquençages de

champignons  phytopathogènes,  montrant  des  génomes  de  20-40  Mb  (Ustilago  maydis,

Magnaporthe oryzae,  Fusarium graminearum,  Phaeosphaeria nodorum (Dean et al., 2005 ;

Kämper  et al ., 2006 ; Cuomo et al., 2007 ; Hane et al., 2007) ne dérogeaient pas à cette

règle. En ce sens le génome était peu explicatif des capacités évolutives et adaptatives de

ces  organismes.  Ce  point  de  vue  a  drastiquement  changé  à  partir  de  2009,  chez  les

oomycètes (Haas et al., 2009 ; Raffaele et al., 2010), puis chez les ascomycètes (Spanu et

al.,  2010 ; Rouxel  et al.,  2011) et les basidiomycètes (Duplessis  et al.,  2011), lors de la
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caractérisation  du  génome  d’agents  pathogènes  montrant  une  diversité  de  taille  et

d’architecture inattendue et contradictoire avec les données issues des premiers génomes

séquencés. En particulier, on observe une tendance à une augmentation de la taille des

génomes due à l’invasion de ces derniers par des éléments transposables (ET), qui sculptent

un génome « à deux vitesses » favorisant l’adaptabilité des organismes. C’est ce que nous

allons  illustrer  dans la  suite  de cet  article,  principalement  avec l’analyse  du génome de

Leptosphaeria maculans et de plusieurs espèces proches.

Montagnes russes dans le génome de Leptosphaeria maculans

Leptosphaeria maculans est un champignon phytopathogène inféodé aux crucifères,

responsable de l’une des principales maladies du colza (Brassica napus), la nécrose du

collet (blackleg des anglo-saxons) (Rouxel & Balesdent, 2005). Durant les années 1990 et

2000, L. maculans est devenu un modèle d’étude important grâce  aux  ressources

accumulées telles que des grandes collections de souches et de grandes collections de

mutants d’insertion (Blaise  et  al.,  2007) et à  sa plasticité au laboratoire (incluant la

possibilité d’obtenir la reproduction sexuée au laboratoire et donc d’initier des analyses de

génétique formelle, chose rare pour un champignon phytopathogène). Ainsi, L. maculans

est à ce jour l’un des modèles fongiques chez lesquels le plus de gènes d’avirulence ont

été clonés et caractérisés, favorisant ainsi la connaissance des gènes de résistance

majeurs correspondants (gènes Rlm) chez le colza ou les espèces de Brassica

apparentées. Au milieu des années 2000, une initiative conjointe de l’INRA et de

l’Université de Melbourne (Australie) a conduit au séquençage du génome d’une souche

européenne de L. maculans ‘brassicae’ (v23.1.3) par le Genoscope (Rouxel et al., 2011).

La séquence du génome, obtenue à l’aide d’une technologie de séquençage de type

Sanger a été fournie en 2007 sous la forme d’un assemblage de très bonne qualité et a

révélé plusieurs traits caractéristiques. Avec une taille de plus de 45 Mb il constitue en

2007 l’un des  plus grands  génomes séquencé jusqu’alors chez  les champignons

filamenteux (Rouxel et al., 2011). De plus, le génome présente une composition en bases

GC (44 %) globalement inférieure à celles des espèces fongiques proches

taxinomiquement (50-55 %) (Rouxel et al., 2011). Mais  la  particularité  inédite  de  ce

génome réside dans sa structuration en isochores, c'est à dire une alternance le long des

chromosomes de deux  compartiments  génomiques,  l'un  équilibré en bases GC (ou

isochores GC) et l'autre pauvre en bases GC (ou isochores AT), qui jusqu’ici n’avait été
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observée que chez des Eucaryotes plus complexes tels que les Mammifères (Rouxel et

al., 2011 ; Raffaele & Kamoun, 2012). L'analyse du génome a montré que les isochores

GC comprennent la majorité des gènes (95 %), avec une forte densité génique, alors que

les isochores AT sont  surtout composés de mosaïques plus ou moins complexes

d’éléments transposables inactivés par un phénomène préméiotique d’inactivation des

éléments répétés spécifique des champignons, le RIP (Repeat-Induced Point mutations).

Ces isochores AT, correspondant à 36 % du génome, contiennent certes peu de gènes,

mais ils sont enrichis en gènes codant des petites protéines sécrétées, collectivement

appelées effecteurs, potentiellement impliquées dans les interactions entre L. maculans et

son hôte lors de la mise en place de la pathogenèse (Rouxel et al., 2011). 

Les questions posées par la structure du génome

Une telle structure de génome pose  des questions évolutives, notamment sur la

contribution des ET dans  l’émergence d’une nouvelle espèce et des différents

mécanismes mis  en  œuvre  lors  de  la  spéciation. Elle nous  questionne  aussi sur

l’incidence de cette structure sur les capacités parasitaires et adaptatives et l’on peut se

demander quels sont les avantages/désavantages du maintien de cette  structure pour

l'organisme.

Plus spécifiquement, les questions que l’on peut envisager de traiter sur la base

d’une telle structure de génome sont les suivantes : (i) Peut-on déterminer quand les ET

ont envahi les génomes fongiques au cours de l’évolution et en déduire des mécanismes

de spéciation ? (ii) Dans le cas de L. maculans, les ET ont-ils contribué à générer de

nouveaux gènes ou à créer des duplications à l’origine de nouvelles fonctions ? En quoi

une telle innovation génique a-t-elle favorisé l’adaptation à la plante hôte, le colza ? (iii)

Quel est le lien entre la structure du génome et l’adaptation aux résistances variétales

utilisées en agriculture pour contrôler la maladie ?
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Figure 1.  Relations phylogénétiques et estimation des temps de divergence au sein des classes
majeures des Ascomycètes. Les chiffres indiqués dans des carrés noir représentent le nombre de familles
d'éléments transposables qui ont envahi les différentes branches de l'arbre.
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Un modèle pour la génomique évolutive et adaptative : le complexe d’espèces 

Leptosphaeria maculans-Leptosphaeria biglobosa

Pour traiter ces différentes questions, nous avons initié une approche de génomique

comparative prenant avantage de l’existence d’un complexe d’espèces plus ou moins bien

définies,  proches de L. maculans et parasitant les crucifères adventices ou cultivées.

Ainsi,  si  depuis  le  début  du  20e  siècle,  les  mycologues  estimaient  que  l’espèce  « L.

maculans »  était  extrêmement  polymorphe  et  reconnaissaient  deux  formes  distinctes

principalement selon leur agressivité et les dégâts causés sur colza, ça n’est qu’en 2001

que les deux « formes » ont été formellement reconnues comme deux espèces distinctes

dont l’une était alors renommée Leptosphaeria biglobosa (Shoemaker & Brun, 2001). Très

proches morphologiquement, les deux espèces partagent la même niche écologique et le

même  style  de  vie  et,  à  l’exception  de  quelques  régions  du  globe,  se  retrouvent

généralement ensemble dans les parcelles de colza et même dans les plantes infectées

chez lesquelles elles peuvent toutes deux développer une longue colonisation systémique

et endophyte sans expression de symptôme (West et al., 2002). Cette séparation en deux

espèces n’était que le premier pas vers une plus grande complexité puisque des collectes

effectuées sur crucifères adventices dans les années 1960 par un mycologue canadien,

J.A. Petrie, identifiaient plusieurs sous-groupes de souches inféodées à diverses espèces

de crucifères tant chez L. maculans (appelées L. maculans ‘lepidii’, par contraste avec la

souche de référence isolée de colza ou L. maculans ‘brassicae’) que chez L. biglobosa (L.

biglobosa ‘brassicae’ et L. biglobosa ‘thlaspii’) et de sous-groupes géographiques au sein

des  L.  biglobosa infectant  le  colza  (L.  biglobosa ‘canadensis’,  L.  biglobosa

‘occiaustralensis’) (Mendes-Pereira  et al., 2003 ; Vincenot  et al., 2008) (Figure 1). Pour

ces  différents  sous-groupes  des  données  préliminaires  montraient  par  ailleurs  des

structures chromosomiques et des tailles de génome différentes de celles de la souche de

référence. Il  s’agissait donc tout d’abord de mieux définir les relations phylogénétiques

entre ces différentes entités, puis de comparer leurs structures de génome et l’incidence

des ET dans la structure du génome de chacune d’entre elles. 
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Tableau  1.  Données  de  séquençage  et  d'annotation  des  génomes  du  complexe  d'espèces
L. maculans-L. biglobosa.

A l’aide de stratégies NGS (Next Generation Sequencing : 454 Roche et HiSeq Illumina)

nous avons ainsi séquencé plusieurs autres souches incluant trois autres souches de L.

maculans ‘brassicae’ (Lmb), une souche de L. maculans ‘lepidii’ (Lml), une souche de L.

biglobosa  ‘brassicae’ (Lbb) et une souche de  L. biglobosa ‘thlaspii’ (Lbt). Nos collègues

australiens de l’Université de Melbourne ont, quant à eux séquencé une souche de  L.

biglobosa ‘canadensis’ (Lbc) à l’aide de la technologie HiSeq Illumina uniquement. 

Ces données nous ont permis de préciser la phylogénie des différentes souches

séquencées. Elles ont ainsi indiqué que les temps de divergence entre Lmb et Lml ou

entre Lbb et Lbc sont de l’ordre de 4 à 5 millions d’années (Figure 1), suggérant dans les

deux cas une divergence compatible  avec l’existence d’espèces distinctes qu’il  faudra

formellement renommer dans le futur. L’analyse des données de séquence (Tableau 1)

nous a ensuite montré que les génomes des membres du complexe d’espèce, hormis la

référence Lmb, ont une taille similaire à celle du génome de la plupart des ascomycètes

filamenteux (entre  30  et  32  Mb)  ce  qui  est  cohérent  avec  nos données préliminaires

basées sur l’analyse des électrocaryotypes de ces espèces. Les données obtenues sont

compatibles  avec  une  très  faible  quantité  de  régions  répétées  chez  les  membres  du

complexe d’espèce autres que Lmb. Ainsi le génome de Lml ne contient que 2,7 % d’ET

(Tableau 1, Figure 2). L’ensemble de ces données suggère fortement que le génome de
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Taille du génome (Mb) 45,1 31,5 31,8 30,2 32,1

Nombre de contig 1743 2802 2533 7124 3506

76 123 606 6748 237

1770 1356 779 245 715

Gaps (%) 2,5 7,12 7,37 0,11 8,69

Éléments répétés (%) 35,5 3,99 4,44 3,88 5,11

Éléments transposables (%) 32,5 2,7 3,2 2,9 4,0

Contenu en GC (%) 45,2 50,9 51,4 51,1 51,4

Nombre de gènes prédits 12543 11272 11390 11068 11691

Nombre d'effecteurs prédits 651 737 665 621 676

L. maculans
'brassicae'

L. maculans
'lepidii'

L. biglobosa
'brassicae'

L. biglobosa
'canadensis'

L. biglobosa
'thlaspii'

Nombre de scaffold

Scaffold N50 (kb)



Lmb a été envahi par des ET il y a moins de 5 millions d’années, concomitamment ou

après l’émergence de Lmb en tant qu’espèce nouvelle. 

Récemment, les analyses de génomique comparative entre espèces fongiques ou

oomycètes plus ou moins proches se sont multipliées (Schirawski et al., 2010 ; De Wit et

al., 2012 ; Ohm et al., 2012 ;  Gan et al., 2013 ; Hacquard et al., 2013 ; Manning et al.,

2013 ; Schardl et al., 2013 ; Syme et al., 2013). Généralement, la structure des génomes

est comparable entre espèces proches, que celles-ci montrent toutes un génome riche en

ET, comme pour les comparaisons entre espèces de Colletotrichum ou entre Blumeria

spp. (Spanu, 2012 ; Gan et al., 2013 ), ou au contraire un faible taux d’ET chez toutes les

espèces proches, comme lors de comparaisons entre différentes espèces de

Cochliobolus (Ohm et al., 2012 ; Condon et al., 2013). Les rares cas où des comparaisons

sont réalisées entre espèces différant radicalement dans leur contenu en ET concernent

surtout à ce jour des entités phylogénétiquement relativement éloignées telles que

Cladosporium fulvum et Dothistroma septosporum (De Wit et al., 2012). La série évolutive

L. maculans-L. biglobosa est donc un modèle tout à fait original pour étudier le

déterminisme d’une invasion récente de génome par des ET et les conséquences que

cela peut avoir sur la structure et le fonctionnement d’un génome fongique. 
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Figure 2. Synténie entre les génomes de L. maculans 'brassicae' et L. maculans 'lepidii', exemple du
Chromosome 3. Le chromosome 3 de  L.  maculans est  ici  schématisé par  une ligne sur  laquelle  sont
représentés les ET (traits noir verticaux). Ce schéma permet de voir que les séquences se trouvant de part
et d'autres de grandes régions riches en ET, les isochores AT, sont très conservées. Lorsqu'un trait rouge
relie des régions synténiques entre les deux séquences cela signifie qu'elles sont orientées de la même
façon, dans le cas contraire le trait est bleu. Ce schéma permet donc de visualiser deux inversions intra-
chromosomiques, qui dans ce cas là ne présentent pas d'ET à leurs points de cassure ou à proximité.
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Éléments transposables et spéciation

L’annotation des éléments répétés dans l’ensemble des génomes du complexe d’espèces

a permis d’identifier 121 séquences réparties par la suite en 3 catégories  : (i) les ET de

classe I  ou  rétrotransposons,  représentés  par  24  familles,  (ii)  les  ET de classe II  ou

transposons à ADN,  représentés par  21 familles,  et  (iii)  les éléments non catégorisés

comprenant 52 séquences. Une étude de la proportion de ces familles dans les génomes

du complexe d’espèces a mis en évidence une très forte expansion de rétrotransposons à

LTR chez Lmb, comme cela est généralement le cas pour les génomes fongiques riches

en ET (p. ex. Gan et al., 2013). Dans l’ensemble des génomes du complexe, toutes les

copies  d’ET  sont  généralement  tronquées  et  dégénérées  par  le  RIP,  qui  introduit  de

multiples codons stop le long de la séquence codante ; il n’y a donc actuellement plus

d’activité de transposition possible pour ces éléments.

Afin d’établir la distribution de ces familles d’ET dans les génomes du complexe

d’espèces et de savoir, par la même occasion, si ces éléments sont spécifiques au

complexe d’espèces, leur présence a été analysée dans l’ensemble des génomes de

champignons Ascomycètes disponibles dans la base de données Mycocosm du JGI  [5].

En couplant ces données avec les temps de divergence calculés entre ces espèces, il est

possible d'estimer la date d'invasion par les familles d'ET. Plusieurs points importants

ressortent de cette étude : (i) les ET présents chez les membres du complexe d’espèce L.

maculans-L.  biglobosa sont retrouvés uniquement dans des génomes de

Dothidéomycètes, et  majoritairement des Pléosporales ; (ii) 66 % des familles ne  sont

présentes  que  dans  le  complexe  L.  maculans-L.  biglobosa et  sont  réparties  selon

plusieurs niveaux de spécificité (genre, espèces, « sous-espèces ») ; (iii) trois des quatre

familles d'ET les plus abondantes (rétrotransposons à LTR) chez Lmb sont présentes

dans les phylogénies depuis 70 à 90 millions d'années, mais elles sont généralement très

minoritaires chez les autres espèces fongiques ou chez les autres membres du complexe

d’espèces  (Figure  1). Des  analyses phylogénétiques basées  sur  la  divergence

nucléotidique (hors nucléotides mutés par le RIP) entre les copies d’ET de chaque famille

indiquent ainsi un « burst » de transposition pour les familles les plus représentées dans le

génome de Lmb, il y a environ 5 millions d’années (Rouxel et al., 2011). 

Les ET sont connus pour induire des réarrangements chromosomiques tels que

des translocations, des inversions ou des délétions (Zolan, 1995 ; Rebollo et al., 2010).

Afin de savoir si cette expansion soudaine d’ET a eu des effets sur la structure du génome
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de Lmb, nous avons comparé ce dernier avec le génome de Lml, pauvre en ET et

phylogénétiquement proche. L’alignement obtenu présente une très grande conservation

des chromosomes et de l’ordre des gènes au sein des chromosomes (macrosynténie) et

l’on dénombre seulement  30 inversions intra-chromosomiques et aucune translocation

entre ces deux espèces (Figure 2). Cela correspond à une image des toutes premières

étapes  conduisant à  ce que Hane et al. (2011) ont appelé mésosynténie, c'est-à-dire,

entre deux espèces, la conservation des chromosomes et de leur contenu en gène sans

conservation de l’ordre ou de l’orientation de ces gènes au sein de ces chromosomes. Ce

phénomène évolutif semble restreint aux champignons filamenteux ascomycètes et plus

particulièrement aux Dothidéomycètes (Hane et al., 2011 ; Ohm et al., 2012). En 2012,

Ohm et al. ont montré, à travers une simulation, que l’accumulation de séries d’inversions

intra-chromosomiques génère la mésosynténie au cours de l’évolution. La comparaison de

18 génomes de Dothidéomycètes a par ailleurs mis en évidence la présence de

répétitions simples (de  type  microsatellite)  aux points de cassure des inversions et

suggéré un lien mécanistique entre les remaniement intra-chromosomiques et la présence

de telles répétitions (Ohm et al., 2012). Chez Lmb, toutefois, de telles répétitions simples

ne sont pas retrouvées et les bordures des inversions intra-chromosomiques sont, pour

les deux-tiers d’entre-elles, colocalisées avec des ET ayant envahi les génomes durant ou

après la spéciation Lmb-Lml. 

L’importance évolutive des ET est aujourd'hui démontrée dans tous les règnes du

vivant.  Ils  peuvent  contribuer  à  l’innovation  génique,  à  la  perte  de  gènes  ou  à  une

instabilité génomique en tant que substrat pour la recombinaison méiotique conduisant à

des  réarrangements  chromosomiques  (Rebollo et  al.,  2010).  Les  « bursts »  de

transposition d’éléments qui sont souvent lignée ou espèce-spécifiques sont reliés à des

événement de spéciation sans qu’il  soit possible de savoir s’ils en sont la cause ou la

conséquence  (Rebollo et  al.,  2010).  Une  telle  importance  évolutive  des  ET  est  ainsi

illustrée par nos analyses chez les Dothidéomycètes. En prenant comme référence les ET

présents au sein du complexe d’espèces L. maculans-L. biglobosa, nous observons des

« bursts » de transposition et des ET spécifiques d’un lignage à différents niveau de la

phylogénie des Dothidéomycètes.  Ainsi  18 familles sont  spécifiques des Pléosporales,

ayant potentiellement envahi les génomes 89 millions d’années auparavant, 13 familles

sont  spécifiques  d’une  branche  postérieure  au  sein  des  Pléosporales  ayant

potentiellement envahi  les génomes 72 millions d’années auparavant,  16 familles sont
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concomitantes ou postérieures à la séparation entre  L. maculans et  L. biglobosa ayant

potentiellement envahi les génomes 22 millions d’années auparavant (Figure 1). A chaque

branche majeure de la phylogénie on note donc l’invasion par des ET spécifiques qui ont

potentiellement contribué aux événements de spéciation. L’exemple le plus frappant, et

sans équivalent dans la phylogénie des Dothidéomycètes concerne la séparation entre

Lml et Lmb. Les deux génomes montrent une forte conservation de synténie mais diffèrent

par leur contenu en ET puisque seul le génome de Lmb a subi une expansion massive

d'ET il y a environ 5 millions d'années ce qui coïncide avec la date de séparation entre

Lmb et Lml. Ces données sont cohérentes avec une relation causale entre « bursts » de

transposition et spéciation. Cependant, corréler les ET et la spéciation est assez

compliqué au vu des imprécisions de datation, mais aussi de l’isolement reproductif des

deux nouvelles espèces permettant alors une dynamique indépendante d’invasion du

génome par les ET (Rebollo et al., 2010). A contrario, il semble établi dans ce système

que  les  ET bordent,  et  sont  sans doute  la  cause,  de  la  plupart  des  inversions  intra-

chromosomiques  entre les génomes de Lmb et Lml. Ces événements créent ainsi

plusieurs régions génomiques (dont certaines de très grande taille contiennent plus d’une

centaines de gènes) inaccessibles à la recombinaison méiotique entre les ancêtres de

Lmb et Lml. 

Cependant, une donnée reste obscure suite à cette étude : la transposition massive

des ET dans le génome de Lmb concerne des familles ayant nouvellement envahi les

génomes, comme l’on pouvait s’y attendre, mais aussi trois familles de rétrotransposons à

LTR présents dans la phylogénie des Pléosporales depuis au moins 90 millions d’années,

et qui sont, dans toutes les espèces, fortement dégénérées par troncatures et par RIP. Le

mécanisme  ayant  permis  une  réactivation  de  ces  familles  pour  leur  permettre,  il  y  a

environ  5  million  d’années,  un  « burst »  de  transposition  dans  le  génome  de  Lmb

seulement reste à élucider.

Naissance et mort des effecteurs

Lors d’une analyse de génomique comparative, on attend de la comparaison des

protéomes la mise en évidence de différences fonctionnelles que l’on pourra ensuite relier

aux différentes stratégies ou capacités parasitaires ou biologiques. Les génomes des

espèces du complexe sont très proches en termes d’organisation et de séquence, il est

donc normal de penser qu’une grande partie des protéines produites dans ces génomes
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sera conservée au sein du complexe et c'est effectivement le cas, puisque les membres

du complexe partagent près de 90 % de leurs protéines prédites entre eux. Les 10 % de

séquences spécifiques de l’un ou l’autre génome représentent des pistes potentiellement

explicatives de la spécialisation d’hôte ou des différentes symptomatologies sur un hôte

donné.  Malheureusement, comme pour beaucoup d’autres cas d’analyse de génomique

comparative, ces espoirs sont en grande partie déçus puisque plus de 95 % des gènes

spécifiques de l’un ou l’autre membre du complexe n’ont pas de fonctions attribuées

informatiquement. Il y a donc besoin d’un énorme travail expérimental pour l’annotation

fonctionnelle de ces séquences, la bioinformatique permettant uniquement de pointer du

doigt les séquences à étudier.

Si la majeure partie des gènes spécifiques d’une espèce n’a pas d’annotation, deux

catégories fonctionnelles semblent toutefois ressortir dans toutes les études de

génomique comparative, les effecteurs peptidiques et les métabolites secondaires

(Condon et al., 2013 ; Manning et al., 2013 ; Syme et al., 2013 ; Schardl et al., 2013).

Depuis quelques années maintenant, l’étude de la pathogenèse fongique s’est focalisée

sur un groupe de gènes spécifiques : les gènes codant pour des effecteurs. Les effecteurs

sont des molécules produites par le champignon lors de l’interaction avec son hôte et

jouant un rôle souvent encore obscur lors de la mise en place de la pathogénie. Le plus

souvent ils correspondent à des petites protéines sécrétées (PPS). Aujourd’hui, tout

champignon phytopathogène séquencé qui se respecte a son répertoire de PPS

caractérisé. Ainsi, pour chaque membre du complexe L. maculans-L. biglobosa, le

répertoire des PPS a été défini. Ces protéines varient très peu en nombre entre les

génomes (650-700), elles représentent une grande partie (60 %) du sécrétome de chaque

génome et leurs caractéristiques structurales sont très similaires. Pour chaque génome,

30 % de ces séquences sont conservés chez tous les membres du complexe, 40-50 %

sont présents chez au moins un autre membre et 10-25 % sont spécifiques. Bien entendu

plus la spécificité augmente, moins les séquences ont des fonctions associées.

Chez Lmb, les isochores AT sont enrichis en gènes codant pour  des effecteurs

(20 % contre 4 % dans les isochores GC). D’ailleurs, c’est dans ces compartiments qu’a

été identifié l’ensemble des gènes d’avirulence de L. maculans. La présence de

séquences codantes au sein de régions riches en ET peut être en effet bénéfique pour

l’organisme, puisque des analyses ont montré que les mutations RIP pouvait « déborder »

des ET vers les séquences adjacentes, leur fournissant ainsi une nouvelle source de
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diversification (Rouxel et al, 2011). Cette association entre régions riches en ET (ou ET

isolé) et effecteurs est retrouvée chez la plupart des espèces de champignons filamenteux

ou d’oomycètes phytopathogènes (Orbach et al, 2000 ; Haas et al, 2009 ; Ma et al, 2010 ;

De Wit et al., 2012 ; Hacquard et al., 2013).

Des analyses de synténie effectuées entre les génomes de Lmb et d’autres

Pléosporales telles que Phaeosphaeria nodorum ou Pyrenophora tritici-repentis ont

montré que les gènes directement séparés par des isochores AT (jusqu’à plusieurs

centaines de kilobases) chez Lmb sont conservés et consécutifs dans les autres

génomes. Par contre, certains gènes présents au sein des isochores AT, plus

particulièrement codant pour  des PPS, n’ont pas d’homologues dans les génomes des

autres organismes. Il semblerait donc que la formation des isochores dans le génome de

Lmb soit liée à la génération de nouveaux gènes. Cette hypothèse a été renforcée lors de

l’étude comparative entre les génomes des membres du complexe, car chez Lmb 25 %

des gènes localisés dans les isochores AT sont spécifiques, contre 10 % en isochores

GC. Si l’on considère uniquement les gènes codant des effecteurs en isochores AT, cette

spécificité atteint 41 %. Cette étude nous a aussi permis d’observer des « mouvements »

de gènes qui pourraient être liés au « burst » de transposition : les orthologues des gènes

d’avirulence de Lmb, lorsqu’ils existent chez  un  ou  plusieurs  membres  du  complexe

d’espèces,  sont systématiquement  localisés dans des régions différentes, ou sur des

chromosomes différents, alors que les gènes environnants conservent leur synténie avec

leurs orthologues chez Lmb. Cette  information  rappelle,  à  une  échelle  moindre,  la

localisation  chromosomique  extrêmement  variable  dans  le  génome  du  champignon

Magnaporthe oryzae du gène d’avirulence AVR-Pita, lui aussi flanqué de rétrotransposons

(Chuma et al., 2011). Chez d’autres espèces fongiques ou d’oomycètes, on postule que

les  événements  de  transposition  favorisent  la  duplication  des gènes codant  pour  des

effecteurs,  conduisant  finalement  à  des  diversifications  géniques  (et  à  des

néofonctionalisations ?) (Raffaele & Kamoun, 2012), et il est tentant de penser qu’au cours

de l’évolution le déplacement de ces gènes dans des régions très dynamiques a mené à

l'apparition ou l'acquisition de nouvelles capacités parasitaires chez Lmb. Les ET peuvent

aussi avoir, et c’est bien connu, un rôle négatif quand ils viennent s’insérer dans une

séquence codante. Ce cas permet de créer de la diversité entre deux espèces, mais aussi

entre deux isolats d’une même espèce. En comparant les génomes de deux isolats de

Lmb, on note du polymorphisme d’insertion d’ET relativement jeunes, c'est-à-dire
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spécifiques de l’espèce L. maculans, pouvant engendrer de la spécificité génique.

Structure du génome et adaptation aux pressions de sélection

L’utilisation massive de résistances variétales de type « gène majeur » conduit à une forte

pression de sélection contre un gène unique du champignon et à des cycles récurrents de

« boom-and-bust » dans lesquels l’utilisation d’une nouvelle résistance variétale conduit à

une valeur ajoutée pour la culture et donc à un succès massif des variétés possédant

cette nouvelle résistance, suivi très rapidement par une perte d’efficacité de la résistance

suite à l’apparition et à la dissémination de souches mutantes devenues virulentes

(McDonald & Linde, 2002). Si ce phénomène est décrit depuis longtemps, la vitesse

d’apparition et de dissémination des souches virulentes (souvent 2 à 3 ans suffisent pour

qu’une résistance variétale soit contournée) et les mécanismes moléculaires permettant

ce contournement étaient restés obscurs jusqu’à très récemment. En effet, si diverses

études analysant (souvent rétrospectivement) des souches ou des populations fongiques

devenues virulentes vis-à-vis d’une résistance décrivent de nombreux événements

moléculaires conduisant généralement à l’inactivation totale de celui-ci (mutations

ponctuelles du gène d’avirulence, délétion totale ou partielle, insertion d’ET, mutations

dues au RIP (Kang et al., 2001 ; Rep et al., 2004 ; Fudal et al., 2005, 2009 ; Farman,

2007 ; Gout et al., 2007 ; Stergiopoulos et al., 2007 ; Zhou et al., 2007), les tous premiers

événements moléculaires permettant le contournement et leur dissémination dans les

populations restaient inconnus. Pour clarifier ce point nous avons mis en place un essai

pluri-annuel dans lequel des populations avirulentes de Lmb étaient confrontées pour la

première fois à une nouvelle résistance, Rlm7 (Daverdin et al., 2012). Le gène fongique

soumis à sélection, AvrLm7, étant localisé en isochore AT (Parlange et al., 2009), comme

tous les autres gènes d’avirulence connus chez Lmb, cette expérience avait ainsi pour

objet d’élucider le lien entre dynamique évolutive et structure du génome. Dans le cadre

de cette expérience, nous avons effectivement observé un contournement de la

résistance, avec des populations qui, de totalement avirulentes sont devenues virulentes

pour 40 % des souches échantillonnées, et ce en trois ans seulement (Daverdin et al.,

2012). De façon surprenante, nous avons observé, dans une petite parcelle de 0,25 ha,

tous les événements moléculaires décrits dans la littérature, voire d’autres non encore

décrits, pour l’inactivation ou la mutation de gènes d’avirulence, avec une sur-

représentation des mutations dues au RIP lors des premières années d’expérience, et une
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prévalence globale des événements de délétion partielle ou totale (Daverdin et al., 2012).

Cette étude confirme l’importance de l’environnement génomique des gènes d’avirulence

sur la capacité que montre l’agent pathogène à s’adapter à une pression ciblée  en

particulier lors des cycles de reproduction sexuée. Une étude récente montre toutefois que

de tels événements liés à un environnement génomique riche en ET est aussi retrouvé

chez des espèces majoritairement asexuées, telles que Verticillium dahliae (De Jonge et

al., 2013). L’environnement génomique couplé avec un mode de vie dans lequel la

reproduction sexuée est obligatoire favorise des phénomènes d’hypermutabilité tels que le

RIP, dont on a vu qu’il peut déborder des régions riches en ET vers des gènes copie-

unique inclus dans de grandes régions riches en ET, ou des délétions induites par des

mésappariements chromosomiques entre ET lors de la méiose. Dans le cas de Lmb, mais

aussi probablement dans de nombreux autres cas de champignons phytopathogènes pour

lesquels les gènes codant des effecteurs et/ou des gènes d’avirulence sont localisés dans

des régions génomiques riches en ET il apparaît donc qu’une telle localisation présente un

double avantage adaptatif en permettant une diversification génique et pouvant générer

de nouvelles fonctionnalités, mais aussi en favorisant des phénomènes d’hypermutabilité

explicatifs de la rapidité avec laquelle on observe des contournements de résistance

variétale au champ. 

Conclusion

L’ensemble des travaux exposés ici indique la valeur d’exemple générique du complexe

d’espèces L. maculans-L. biglobosa. Ils suggèrent ainsi fortement que, dans les

phylogénies fongiques, les événements d’invasion/expansion par des ET touchent

majoritairement  des  branches  terminales  et  donc  sont « récents », même si leur

déterminisme reste peu clair en particulier pour les cas observés chez L. maculans de

« réactivation » d’ET inactivés par des mutations massives de type RIP. Ces phénomènes

d’invasion/expansion, concourent comme chez de nombreux autres organismes à des

remaniements chromosomiques et potentiellement à la génération de nouvelles espèces.

Dans de nombreux cas d’espèces ascomycètes, des mécanismes de protection du

génome tel que le RIP permettent de limiter l’expansion des ET et d’aboutir à un équilibre

entre inflation de taille de génome et maintien de régions dispensables présentant un

avantage évolutif ou sélectif. Toutefois, dans certains cas extrêmes chez lesquels le RIP

ou autres mécanismes de protection du génome sont inactifs (cas par exemple des
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oïdiums et dans une moindre mesure des rouilles et des mildious) on assiste à une

inflation de taille de génome (parfois largement supérieure à 100 Mb) liée à un

envahissement massif du génome par les ET et résultant en une perte massive de gènes

et un mode de vie strictement biotrophe, l’agent pathogène devenant incapable de vivre

en dehors de son hôte en tant que saprophyte comme le font la plupart des champignons

phytopathogènes. De façon moins drastique, l’ensemble de ces études montre que les

champignons ont quasi-systématiquement généré et utilisent des génomes à deux

vitesses, dont le compartiment « plastique » enrichi en ET peut prendre des formes

diverses (chromosomes dispensables, amplification des régions sub-télomèriques,

isochores AT). On observe une sélection pour la localisation de gènes importants pour la

pathogenèse et l’adaptation dans de telles régions plastiques du génome avec des

conséquences sur la diversification/expansion du répertoire d’effecteurs, des

conséquences sur l’adaptation aux pressions dues à l’hôte, des capacités accrues de

transfert horizontaux entre espèces partageant la même niche écologique et sans doute

des conséquences sur la régulation de l’expression des gènes inclus dans de telle régions

génomiques.
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Depuis mon arrivée dans l’équipe d’accueil lors mon stage de M2 jusqu’à la fin de cette

thèse, l’exploitation du génome de L. maculans, et également des autres membres du

complexe d’espèces L. maculans-L. biglobosa, a permis d’apporter de nouveaux indices

sur la caractérisation de nouveaux déterminants du pouvoir pathogène nécessaires à une

meilleure compréhension des organismes fongiques phytopathogènes et au

développement de stratégies de lutte efficaces et durables, mais aussi, de façon plus

générale, sur l’évolution des génomes et son incidence sur la biologie des organismes.

Ces travaux se sont déroulés lors d’une période faste en ce qui concerne les analyses de

génomique, de génomique comparative et de génomique évolutive chez les champignons,

et ont permis à L. maculans de se maintenir comme un organisme modèle pour l’étude

des champignons phytopathogènes et de devenir, qui sait, un organisme modèle pour

l’étude de l’évolution des génomes chez les eucaryotes.

Le point de départ de mon travail était simple : localiser des gènes codant des PPS

dans des régions riches en AT. Grâce à ce postulat de départ, j’ai développé une analyse

structurelle du génome de L. maculans ‘brassicae’ mettant à jour l’existence systématique

de nombreuses grandes régions riches en AT le long de tous les chromosomes et une

structure en isochore du génome considérée alors comme inédite chez les champignons

et jusque récemment, comme spécifique de cette espèce fongique. L’annotation des

gènes situés dans ces isochores AT et dans le reste du génome a permis d’établir le

répertoire, le plus exhaustif possible, des effecteurs putatifs de Lmb grâce à un pipeline

informatique dédié, qui depuis a été réutilisé pour identifier les PPS chez les autres

membres du complexe d’espèces, mais aussi dans d’autres espèces fongiques comme

Venturia inaequalis (ANR FungIsochores). L’analyse comparative des différents génomes

a permis d’inférer le nombre de chromosomes présents chez les espèces Leptosphaeria

étudiées ainsi que la spécificité du chromosome dispensable à Lmb. L’identification de ces

isochores AT nous a ensuite amené à étudier leur composition, ce qui s’est traduit par une

annotation et une classification des ET chez Lmb puis dans l’ensemble des génomes

séquencés du complexe d’espèces. Grâce à deux méthodes différentes, nous avons pu (i)

dater l’apparition de ces ET dans les génomes du complexe d’espèces mais aussi dans la

lignée des Dothidéomycètes et (ii) approximer la date d’expansion massive des ET dans le

génome de Lmb, ce qui nous a permis de construire des hypothèses évolutives au sein

des Dothidéomycètes et du complexe d’espèces. Mon travail a aussi contribué, comme

d’autres (Fudal et al., 2009 ; Daverdin et al., 2012) à démontrer l’importance du RIP dans

l’évolution des gènes codant des effecteurs et j’ai ainsi participé à la généralisation du
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concept selon lequel un lien fort existe chez les champignons filamenteux

phytopathogènes entre ET et gènes impliqués dans la pathogenèse ou l’adaptation à

l’hôte, et de façon plus générique à l’existence chez les champignons de génome à « deux

vitesses ».

Durant ma thèse, j’ai pu utiliser librement de nombreux outils informatiques qui

étaient nécessaires au bon déroulement de mon travail, comme par exemple pour les

alignements de génomes, l’identification des éléments répétés ou le clustering des

séquences, mais j’ai surtout eu la chance de pouvoir développer mes propres outils qui

m’ont permis de répondre plus précisément aux différentes attentes, notamment en ce qui

concerne l’identification des isochores AT, l’annotation des gènes et de leur fonction,

l’identification des effecteurs, la recherche de motifs de translocation ou l’analyse de la

composition des séquences (indices de RIP, usage des codons). J’ai aussi pu mettre à

contribution mes connaissances en informatique dans d’autres projets : (i) j'ai réalisé un

pipeline permettant une génération automatique et systématique des marqueurs

génétiques dans une séquence génomique, ce qui permet d'obtenir la saturation de la

carte génétique et ainsi améliorer les études populationnelles et la découverte de

nouveaux gènes du pouvoir pathogène. Ce travail est décrit dans l'article « FONZIE: an

optimized pipeline for minisatellite markers discovery and primer design from large

sequence data sets » publié dans la revue scientifique en ligne BMC Research Notes en

novembre 2010 (Annexe 1, article 1) et (ii) j’ai participé à l’étude de l’incidence de la

structure du génome sur la génération de mutants via l’intégration d’ADN-T dont les

résultats ont été décrits dans l'article « The incidence of genome structure, DNA

asymmetry and cell physiology on T-DNA integration in chromosomes of the

phytopathogenic fungus Leptosphaeria maculans » publié dans la revue scientifique G3

en août 2012 (Annexe 1, article 2).

Sur les bases de mon travail, diverses perspectives sont maintenant ouvertes,

certaines concernant plus spécifiquement L. maculans, comme la caractérisation de

nouveaux gènes d’avirulence, alors que d’autres ont une portée plus générique et peuvent

être effectivement appliqués à d’autres modèles, comme la régulation de l’expression des

gènes impliqués dans l’interaction ou l’évolution des génomes et de leur architecture.
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Caractérisation de nouveaux gènes d’avirulence chez L. maculans.

Les répertoires d’effecteurs potentiels prédits au sein des génomes de L. maculans

‘brassicae’  que j’ai généré au cours de cette thèse mais aussi des autres membres du

complexe d’espèces représentent une bonne base de départ pour caractériser de

nouveaux gènes impliqués dans le pouvoir pathogène et en particulier de nouveaux gènes

d’avirulence. En se basant sur les données de séquence, les répertoires d’effecteurs

générés, la localisation génomique et les caractéristiques d’expression, il est donc

possible d’obtenir rapidement les meilleurs candidats. Nous avons ainsi appliqué cette

stratégie pour l’identification de plusieurs nouveaux gènes d’avirulence. Ainsi, un nouveau

gène d’avirulence localisé sur le chromosome dispensable de L. maculans ‘brassicae’ a pu

être caractérisé au cours de ma thèse. Cette étude est décrite dans l'article « The

dispensable chromosome of Leptosphaeria maculans shelters an effector gene conferring

avirulence towards Brassica rapa » publié dans la revue scientifique The New Phytologist

en février 2013 (Annexe 1, article 3). De même, mes travaux sont à la base de

l’identification de candidats pour deux nouveaux gènes d’avirulence effectuée dans le

cadre du post-doctorat d’Alexandre Degrave (ANR Génoplante AvirLep), dont la

caractérisation fonctionnelle est toujours en cours au laboratoire. Récemment, l’apport de

données transcriptomiques de type RNAseq a permis de valider l’existence de gènes

codant pour des PPS non prédits par le pipeline d’annotation automatique des gènes mais

que j’avais réussi à prédire grâce à une approche plus « manuelle » et centrée sur les

isochores AT. De façon tout à fait originale, la convergence récente des répertoires

d’effecteurs et des approches RNAseq, réalisées dans les phases tardives de l’interaction

entre L. maculans et le colza, donne accès à de nouveaux effecteurs fongiques, dont les

gènes sont généralement localisés en isochores GC et qui semblent spécifiquement

exprimés à ces stades tardifs. Cette donnée d’importance fondamentale et

(potentiellement) agronomique, donne actuellement lieu à un projet de transcriptomique et

de métagénomique, récemment proposé aux appels d’offre « France Génomique » par

l’équipe d’accueil, visant à disséquer finement le dialogue moléculaire champignon-plante-

micro-organismes associés.
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Structure du génome et régulation des gènes codant des effecteurs chez

L. maculans ‘brassicae’.

L. maculans ‘brassicae’ présente un cycle de vie très complexe au cours duquel il alterne

différents modes de vie et différentes stratégies nutritionnelles. Ces changements de

comportements traduisent l’existence de mécanismes de régulation complexes de

l’expression des gènes, qui permettraient à l'organisme de s’adapter rapidement aux

nouvelles conditions auxquelles il doit faire face. Nos travaux ont montré l’importance de la

localisation génomique des effecteurs dans leur évolution et leur diversification. De plus,

les gènes codant des effecteurs localisés en isochores AT présentent un comportement

transcriptionnel différent de celui des ces gènes localisés en isochores GC. En effet, les

gènes codant des effecteurs localisés en isochores AT sont peu ou pas exprimés pendant

la croissance mycélienne alors que 55 % de ces gènes localisés en isochores GC

présentent un support transcriptomique dans les mêmes conditions. Et au contraire,

pendant l’infection, 72 % des gènes codant des effecteurs situés en isochores AT sont sur-

exprimés à 7 jours après l’infection du colza par rapport à la croissance mycélienne,

contre seulement 19 % de ces gènes en isochores GC. De même, les travaux réalisés en

collaboration avec l’équipe de Barbara Howlett (Université de Melbourne, Australie) ont

montré un lien entre proximité d’ET en 5’  des gènes et leur sur-expression in planta.

Durant ma thèse, un projet parallèle auquel j’ai participé avait pour objectif de caractériser

le déterminisme de la co-expression des gènes codant des effecteurs chez Lmb (Annexe

1, Article 4 : Soyer et al., en cours de révision). Puisque les gènes codant des effecteurs

chez Lmb sont localisés dans un environnement génomique particulier et qu’ils présentent

tous la même cinétique d’expression pendant l’infection, souvent différente de celle des

effecteurs localisés en isochore GC, il s’agissait d’évaluer si : (i) la structure des isochores

AT permet une régulation des gènes codant des effecteurs faisant intervenir un

mécanisme épigénétique reposant sur la structure de la chromatine au niveau de ces

isochores ? et/ou si (ii) un, ou plusieurs, régulateur(s) commun(s) sont impliqués dans la

régulation de l’expression de ces gènes qui expliquerait leur co-expression pendant

l’infection ?

Pour répondre à ces questions, plusieurs stratégies ont été adoptées :

 Tout d’abord, afin de déterminer si la structuration de la chromatine est impliquée

dans la régulation de l’expression des gènes codant des effecteurs, l’analyse

fonctionnelle de deux acteurs clés impliqués dans le remodelage de la chromatine
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a été réalisée. Cette analyse a permis l’écriture d’un article « Epigenetic control of

effector gene expression in the plant pathogenic fungus Leptosphaeria maculans. »

(Annexe 1, article 4).

 Afin d’identifier le(s) différent(s) régulateur(s) commun(s) qui pourrai(en)t être

impliqué(s) dans la régulation des gènes codant des effecteurs, une analyse

globale des gènes codant des facteurs de transcription chez L. maculans a été

réalisée et fait l'objet d’un article « Deciphering the regulome of the causal agent of

the stem canker agent of oilseed rape, Leptosphaeria maculans ‘brassicae’ to

select putative regulators of pathogenicity. » (Annexe 1, article 5).

Ces travaux ont permis l’émergence de nouveaux questionnements (i) fondamentaux

quant à la structure de la chromatine chez L. maculans et d’autres champignons

phytopathogènes mais aussi (ii) évolutifs au sein du complexe d’espèces Leptosphaeria,

visant à comprendre les différences de structure de génome observées au sein de ce

complexe ainsi que l’influence de cette structure sur la chromatine et sur le comportement

des différentes espèces au cours de l’infection du colza. Ces travaux très originaux en ce

qui concerne les aspects épigénétiques nécessitent maintenant d’être amplifiés au sein du

complexe L. maculans-L. biglobosa, qui à ce jour est le modèle le plus avancé sur cette

problématique. Ces travaux méritent aussi d’être étendus à d’autres modèles en intégrant

des aspect évolutifs. Par exemple, il pourrait être intéressant d’évaluer le lien entre

épigénétique et expression pour des modèles dans lesquels les ET sont encore

fonctionnels et actifs. Au final, de tels travaux pourraient avoir des applications

agronomiques s’ils débouchent sur l’identification de facteurs issus de la plante hôte

responsables d’une signalisation induisant un changement d’état de la chromatine dans

les génomes fongiques. Une manipulation de ces signaux fournirait des perspectives pour

de nouvelles méthodes de lutte générique contre de nombreux filamenteux

phytopathogènes.
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Architecture des génomes et évolution des champignons phytopathogènes.

Mes travaux ont  permis,  grâce  à  une  approche  originale  couplant  une  comparaison

structurelle et fonctionnelle des génomes à une étude précise des ET (annotation, datation

et distribution), d'apporter des éléments de réponses (ainsi que de nouvelles questions)

sur les mécanismes évolutifs chez les champignons phytopathogènes. Ce type d’approche

peut maintenant être appliquée à d’autres modèles fongiques, en tenant compte bien sûr

des  différents  points  qui  peuvent  être  améliorés  et  ainsi  permettre  une  meilleure

valorisation de cette approche. Pour ma part, l'expérience tirée de mes recherches sur

L. maculans me permet de citer trois points importants à prendre en considération avant

de se lancer dans ce type d'analyse :

 Le modèle d'étude : le complexe d'espèces L. maculans-L.biglobosa était un très

bon  modèle  car  ses  membres  étaient  très  diversifiés  en  terme  de  pouvoir

pathogène vis-à-vis du colza et montraient des différences structurelles de génome

d'après des études préliminaires telles que des électrocaryotypes. Cependant, le

nombre de représentants de chaque espèce était sans doute trop faible et ne nous

a pas permis de fournir une certaine significativité à nos résultats. Dans notre cas,

nous étions  limité  par  le  peu de ressources biologiques disponibles  concernant

L. maculans 'lepidii'.  C'est  pourquoi  je  préconise  l'utilisation  de  complexes

d'espèces dont la diversité est bien connue, mais aussi bien échantillonnée, pour

réaliser ce type d'étude.

 L'assemblage des génomes : c'est une partie que je n'ai suivi que passivement au

cours de mes recherches, n'ayant jamais pris part à l'assemblage d'un génome.

Cependant,  je  me  suis  vite  rendu  compte  que  les  logiciels  d’assemblage

rencontraient  des  difficultés  quand  il  s’agissait  d’assembler  des  reads issus  de

séquences  répétées,  ce  que  l’on  a  facilement  pu  observer  quand  nous  avons

reséquencé deux nouveaux isolats de L. maculans ‘brassicae’ (Chapitre 2). Le fait

d'avoir des régions répétées suffisamment bien assemblées est primordial si l'on

veut identifier correctement les éléments qui les composent. Cela permettrait aussi

de réduire le nombre d'éléments répétés non catégorisés. Il  faut donc optimiser

cette étape d'assemblage pour obtenir une meilleure représentation des régions

répétées dans les génomes.

 L'étude  des  différentes  sources  évolutives :  dans  le  complexe  d'espèces

L. maculans-L. biglobosa, nous avons montré que les ET et le RIP jouaient un rôle
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important dans l'évolution des génomes du point de vue structural et fonctionnel,

sans toutefois être capable de conclure quant à leur incidence dans la spéciation,

indépendamment des pressions de sélection (cause ou conséquence ?) De plus,

nous  n'avons  aucune  information  concernant  l’origine  et  la  dynamique  des

mutations  identifiées  dans  les  régions  non  répétitives  des  génomes de  chaque

espèce.  Il  serait  très  intéressant  de  connaître  leur  rôle  dans  la  spéciation  des

membres d’un complexe et d’être capable de discerner les événements drastiques

(remaniements  chromosomiques)  des  mutations  adaptatives  dans  la  spéciation.

C'est pourquoi je pense que l'approche que j'ai utilisée au cours de cette thèse doit

être complétée par une analyse de génomique évolutive basée sur la composition

des séquences et l'identification de signatures de pressions de sélection.

Pour mon post-doctorat, j’ai décidé d'utiliser un autre modèle fongique permettant

une meilleure application de l’ensemble de ces approches. Ce projet se déroulera sur une

période de deux ans et sera effectué dans l’équipe d’Eva Stukenbrock au Max Planck

Institute de Marburg (Allemagne), dont la thématique de recherche est l’évolution et les

processus de spéciation chez les membres du complexe d’espèces Zymoseptoria, qui

sont des agents pathogènes d’espèces de graminées cultivées (p. ex. blé et orge) et

sauvages. Mon projet s’intègre dans cette thématique puisqu’il consiste à analyser la

relation entre évolution et l’architecture des génomes chez Zymoseptoria spp. par une

approche de génomique comparative des populations. Pour cela je dispose d’un

ensemble de 52 génomes représentant quatre espèces diversifiées de Zymoseptoria

infectant des espèces cultivées et des espèces sauvages. Ce sera la première fois qu’un

aussi grand nombre de génomes séquencés appartenant à un complexe d’espèces est

utilisé pour des études évolutives chez les champignons phytopathogènes. Cela permettra

d’observer les différents mécanismes responsables de l’évolution des génomes au sein de

ces espèces dans une période de temps postulée comme beaucoup plus courte que lors

de l’étude chez Leptosphaeria spp. De plus, grâce à leur diversité, nous pourrons étudier

les impacts évolutifs apportés par l’environnement puisque certaines espèces sont issues

d’un agro-écosystème contrôlé alors que d’autres proviennent d’un écosystème naturel.

Pour le moment, les 52 génomes séquencés par NGS ont été assemblés avec

SOAPdenovo (Li et al., 2010), mais cet assembleur n’a pas été optimisé pour

l’assemblage des répétitions. La première étape de mon projet consiste donc à améliorer

l’assemblage de novo des génomes des quatre espèces dans le but d’obtenir une
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meilleure couverture des régions répétées dans les génomes. Pour cela une étape de

filtration des reads sera nécessaire afin d’exclure des artefacts de séquençage. Puis,

différents assembleurs seront configurés et comparés afin de produire le meilleur

assemblage.

En se basant sur les nouveaux assemblages, la deuxième étape du projet consiste

à identifier et à annoter les éléments répétés présents dans les génomes, dans le but

d’étudier leur implication dans l’architecture des génomes des membres du complexe

d’espèces Zymoseptoria. Chez Z. tritici, on sait peu de chose sur la nature des éléments

répétés présents dans les chromosomes. Je me servirai donc de mon expérience dans ce

domaine afin d’identifier de quels types d’éléments il s’agit et dans quelle proportion ils

sont présents dans les différents génomes. Puis l’étude de leur distribution dans les 52

membres séquencés du complexe d’espèces Zymoseptoria devrait permettre de définir

leur rôle dans l’adaptation et la spéciation. Le grand nombre de séquences par espèces

devrait permettre d’améliorer la robustesse et la significativité des résultats en ce qui

concerne le rôle des ET dans l’évolution des génomes de ce complexe d’espèces.

La troisième étape consiste à comparer la structure des différents génomes en

effectuant des alignements inter- et intra-espèces qui permettront de mettre en évidence

(i) des régions très conservées et synténiques sûrement très importante pour la vie de

l’organisme, (ii) des régions ayant subi des réorganisations structurales telles des

inversions ou des translocations et (iii) des régions uniques ou spécifiques susceptibles de

jouer un rôle potentiel dans le pouvoir adaptatif de ces organismes. Le petit nombre de

membres séquencés dans le complexe d’espèces L. maculans-L. biglobosa permettait

d’effectuer des alignements de génomes par paire, ce qui dans le cas de ce projet ne sera

pas possible au vu du grand nombre de séquences et des temps de calcul et d’analyses

que cela engendrerait. Je vais donc devoir utiliser de nouveaux outils comme MultiZ

(Blanchette et al., 2004) permettant de réaliser des alignements multiples de génomes.

Les alignements multiples générés vont permettre de comparer la composition des

séquences des génomes au niveau nucléotidique afin d’identifier des régions soumises à

pression de sélection. Nous nous intéresserons particulièrement à deux mécanismes

évolutifs, le RIP et le gBGC (GC-biased gene conversion), tous les deux responsables de

l’évolution du contenu en GC des génomes (Chapitre 1 ; Duret & Galtier, 2009). Il a été

montré chez plusieurs organismes, et notamment chez L. maculans, que le mécanisme du

RIP pouvaient continuer son action mutagène sur des séquences non dupliquées se

trouvant à proximité de séquences répétées, créant ainsi une diversification accélérée
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dans ces régions et leur conférant ainsi des avantages évolutifs (Fudal et al., 2009 ;

Daverdin et al., 2012). Chez L. maculans ‘brassicae’, nous avons vu que l’action du RIP

sur les régions riches en ET était responsable de la structure en isochores du génome, ce

qui est aussi postulé chez diverses espèces relativement proches de Z. tritici, telles que

Cladosporium fulvum et Pseudocercospora fijiensis. Une telle structure en isochores avait

déjà été observée dans les génomes de mammifères, mais elle était le résultat d’un autre

mécanisme, le gBGC. Contrairement au RIP qui induit une diminution du contenu GC, le

gBGC est responsable d’une augmentation de celui-ci. C’est un processus associé à la

recombinaison qui a pour conséquence une fixation préférentielle d’allèles GC sur des

allèles AT et qui est retrouvé dans plusieurs organismes eucaryotes y compris des

champignons (Pessia et al., 2012). Ce mécanisme qui affecte l’évolution des séquences

codantes peut être interprété à tort comme une marque de sélection positive (Ratnakumar

et al., 2010). Une fois les signatures de ces deux mécanismes identifiés, des indicateurs

de pression de sélection seront calculés le long des séquences alignées en se basant sur

le rapport de mutations non-synonymes et synonymes (dN/dS). Ces analyses vont

permettre d’identifier des régions soumises à différentes pressions de sélection et qui

peuvent contenir des éléments, tels des gènes ou des séquences régulatrices, jouant un

rôle important dans l’adaptation de l’organisme à son environnement.

Ce projet est la continuation directe de ma thèse et permettra d’appuyer certaines

hypothèses évolutives formulées au cours de mes travaux de recherches sur L. maculans

ou dans le cas contraire, d’en apporter des nouvelles. Tout mon travail s’inscrit dans une

suite logique d’études liée à l’évolution de la génomique fongique au cours de ces

dernières années et permet, je  l’espère, d’apporter certains éléments de réponse aux

différentes questions posées par l’évolution des champignons.
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Article 1. FONZIE : An optimized pipeline for minisatellite marker discovery and
primer design for large sequence data sets.

P Bally, J     Grandaubert  ,T Rouxel & MH Balesdent.

Publié le 29 novembre 2010 dans BMC Research Notes 3:322.
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Article 2. Incidence of genome structure, DNA asymmetry and cell physiology on T-
DNA integration in chromosomes of the phytopathogenic fungus Leptosphaeria
maculans.

S Bourras, M Meyer, J     Grandaubert  , N Lapalu, I Fudal, J Linglin, B Ollivier, F Blaise, MH
Balesdent & T Rouxel.

Publié le 1 août 2012 dans G3 (Bethesda) 2:891.
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Article 3. The  dispensable  chromosome of  Leptosphaeria  maculans shelters  an
effector gene conferring avirulence towards Brassica rapa.

MH Balesdent, I Fudal, B Ollivier, P Bally, J     Grandaubert  , F Eber, AM Chèvre, M Leflon & T
Rouxel.

Publié le 13 février 2013 dans New Phytologist 198:887-898.
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Article 4. Epigenetic control  of effector  gene expression in the plant  pathogenic
fungus Leptosphaeria maculans.

JL Soyer, M El Ghalid, N Glaser, B Ollivier, J Linglin,  J Grandaubert, MH Balesdent, LR
Connolly, M Freitag, T Rouxel & I Fudal.

Soumis le 30 janvier 2013 dans PloS Pathogens (en révision)

Plant pathogens secrete an arsenal of small secreted proteins (SSPs) acting as effectors

that modulate host immunity to facilitate infection. SSP-encoding genes are often located

in particular genomic environments and show waves of concerted expression at diverse

stages of plant infection. To date, little is known about the regulation of their expression.

The genome of the Ascomycete Leptosphaeria maculans comprises alternating gene-rich

GC-isochores  and  gene-poor  AT-isochores.  The  AT-isochores  harbor  mosaics  of

transposable  elements,  encompassing  one-third  of  the  genome,  and  are  enriched  in

putative effector genes that present similar expression patterns, namely no expression or

low-level expression during axenic cultures compared to strong induction of expression

during  primary  infection  of  oilseed  rape  (Brassica  napus).  Here,  we  investigated  the

involvement  of  one  specific  histone  modification,  histone  H3  lysine  9  methylation

(H3K9me3), in epigenetic regulation of concerted effector gene expression in L. maculans.

For  this  purpose,  we  silenced  the  expression  of  two  key  players  in  heterochromatin

assembly  and  maintenance,  HP1 and  DIM-5  by  RNAi.  By  using  HP1-GFP  as  a

heterochromatin marker, we observed that almost no chromatin condensation is visible in

strains  in  which  LmDIM5 was  silenced  by  RNAi.  By  whole  genome  oligoarrays  we

observed overexpression of 369 or 390 genes, respectively, in the silenced-LmHP1 and

-LmDIM5 transformants during growth in axenic culture, clearly favouring expression of

SSP-encoding genes within AT-isochores. The ectopic integration of four effector genes in

GC-isochores led  to  their  overexpression  during  growth  in  axenic  culture.  These data

strongly  suggest  that  epigenetic  control,  mediated  by  HP1  and  DIM-5,  represses  the

expression of at least some effector genes located in AT-isochores during growth in axenic

culture. Our hypothesis is that changes of lifestyle and a switch toward pathogenesis lift

chromatin-mediated  repression,  rendering  promoters  of  effector  genes  accessible  to

specific transcription factors. 
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Article 5. Deciphering the regulome of the causal agent of the stem canker agent of
oilseed rape,  Leptosphaeria maculans  ‘brassicae’ to select putative regulators of
pathogenicity.

JL Soyer, J Grandaubert, J Linglin, B Ollivier, A Hamiot, RG Lowe, T Rouxel & I Fudal.

En préparation

L. maculans ‘brassicae’ is an hemibiotrophic fungus, pathogen of crucifers that presents a

very complicated life cycle during which it alternates different nutritional strategies. The

switch between its different life styles during the primary infection of oilseed rape (Brassica

napus),  notably  from  the  asymptomatic  phase  that  last  about  12  days  to  its  first

necrotrophic stage reflects  its  huge adaptability and underlines vast  reprogramming of

gene expression along with complex regulatory network to allow the switches between its

different  behaviors.  In  a  study  aiming  at  identifying  major  pathogenicity  regulator  of

Leptosphaeria maculans ‘brassicae’, we identified its repertoire of transcription factors and

processed oligoarray data to select putative regulators to set up their functional analysis

with a particular focus on their involvement in the pathogenicity of L. maculans ‘brassicae’.

This fungus is part of a complex species whose members present a different pathogenicity

towards oilseed rape.  We investigated the repertoire  of  transcription factors within  the

Leptosphaeria species complex to point out specific L. maculans ‘brassicae’ regulators or

those  that  are  found  in  all  the  sequenced  members  of  the  L.  maculans-L.  biglobosa

species complex. Several TFs have been identified as possibly required for pathogenicity

of L. maculans ‘brassicae’ toward B. napus that will be further characterized. This study is

a valuable insight to decipher the regulatory pathways of gene expression that underline

the infection of oilseed rape by L. maculans ‘brassicae’.
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Présentation orale

Are transposable elements drivers of effector birth and diversification in Leptosphaeria species ?
J     Grandaubert  , MH Balesdent, M Links, H Borhan, T Rouxel.
26th Fungal Genetics Conference, Dothideomycetes Workshop, March 15-20 2011, Pacific Grove USA.

Are transposable elements drivers of effector birth and diversification in Leptosphaeria species ?
J     Grandaubert  , MH Balesdent, M Links, H Borhan, T Rouxel.
Séminaire d'unité, 25 mars 2011, BIOGER.

Comparative and evolutionary genomics within the L. maculans – L. biglobosa species complex.
Comité de Thèse 1. Invités : EH Stukenbrock (MPI, Marburg) et E Lerat (CNRS, Lyon), 1 avril 2011,
BIOGER.

Génomique évolutive de Leptosphaeria.
M2 Module Pathogénie-Symbiose/Défense des plantes, 16 novembre 2011, BIOGER.

Quel rôle jouent les éléments transposables dans la genèse et la diversification des effecteurs chez
les espèces du complexe Leptosphaeria ?
J     Grandaubert  , MH Balesdent, M Links, H Borhan, T Rouxel.
9ème Rencontres de Phytopathologie-Mycologie de la SFP, 16 au 20 janvier 2012, Aussois – France.

Comparative and evolutionary genomics within the L. maculans – L. biglobosa species complex.
Comité de Thèse 2. Invités : EH Stukenbrock (MPI, Marburg), E Lerat (CNRS, Lyon) et A Hua-Van (CNRS,
Gif), 22 octobre 2012, BIOGER.

Leptosphaeria maculans 'brassicae' : « Transposable Elements changed my life, I feel different now.
J     Grandaubert  , CL Schoch, H Borhan, BJ Howlett, T Rouxel.
27th Fungal Genetics Conference, Phylogenomics session, March 12-17 2013, Pacific Grove USA.

Leptosphaeria maculans 'brassicae' : « Transposable Elements changed my life, I feel different now.
J     Grandaubert  , CL Schoch, H Borhan, BJ Howlett, T Rouxel.
June 18  2013, Max Planck Institute Marburg, Germany.

Présentation orale (co-auteur)

The genome of Leptosphaeria maculans : when structure meets function.
T Rouxel, MH Balesdent, J Amselem, H Quesneville, J     Grandaubert  , V Dominguez, I Fudal, F Parlange, G
Daverdin, L Gout.
EMBL-EBI Industry workshop: Integration of Genomic Information Related to Crop Diseases and Pests, 20 -
21 October 2008, Hinxton, UK.

A systematic analysis of T-DNA insertion pattern in the genome of Leptosphaeria maculans.
S Bourras, M Meyer, E Mendes-Pereira, J     Grandaubert  , MH Balesdent, T Rouxel.
25th Fungal Genetics Conference, March 17-22 2009, Pacific Grove USA.

AT-rich isochores as ecological niches for effectors in the genome of Leptosphaeria maculans.
I Fudal, J     Grandaubert  , A Dilmaghani, N Glaser, P Bally, P Wincker, A Couloux, BJ Howlett, B Profotova, MH
Balesdent, T Rouxel.
25th Fungal Genetics Conference, March 17-22 2009, Pacific Grove USA.
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AT-rich isochores as ecological niches for effectors in the genome of Leptosphaeria maculans.
I Fudal, J     Grandaubert  , A Dilmaghani, N Glaser, P Wincker, A Couloux, BJ Howlett, MH Balesdent, T Rouxel.
IS-MPMI 2009 XIV International Congress on Molecular Plant-Microbe Interactions, July 19-23,2009,
Quebec City, Canada.

Leptosphaeria maculans AVRs and SSPs.
I Fudal, J     Grandaubert  , A Dilmaghani, N Glaser, P Bally, P Wincker, A Couloux, BJ Howlett, MH Balesdent, T
Rouxel.
22nd New Phytologist Symposium, 13–16 September 2009, INRA Versailles Research Centre, Paris,
France.

Effectors identification and characterisation in the patchwork genome of Leptosphaeria maculans.
I Fudal, J     Grandaubert  , A Dilmaghani, J Linglin, B Ollivier, B Profotova, N Glaser, P Bally, P Wincker, A
Couloux, JK Hane, B Tyler, RP Oliver, BJ Howlett, MH Balesdent, T Rouxel.
Dothideomycete comparative genomics jamboree, March 29, 2010, Noordwijkerhout, Holland.

Présentation Poster (voir Annexe 3)

Are transposable elements drivers of effector birth and diversification in Leptosphaeria species ?
J     Grandaubert  , MH Balesdent, M Links, H Borhan, T Rouxel.
26th Fungal Genetics Conference, March 15-19 2011, Pacific Grove USA.

Are transposable elements drivers of effector birth and diversification in Leptosphaeria species ?
J     Grandaubert  , MH Balesdent, M Links, H Borhan, T Rouxel.
Comparative Genomics of Eukaryotic Microorganisms, October 15-20 2011, San Feliu de Guixols, Spain.

FungIsochores - Isochores and effectors : genome reshaping and the birth of highly pathogenic
species in fungal phytopathogens.
J     Grandaubert  , MH Balesdent, I Fudal, J Amselem, J Kreplak, N Lapalu, B Le Cam, C Lemaire, T
Guillemette, T Rouxel.
2012 Plant Genomics seminar, 3-5 avril 2012, Pont-Royal en Provence, France.

Leptosphaeria maculans 'brassicae' : « Transposable Elements changed my life, I feel different now.
J     Grandaubert  , CL Schoch, H Borhan, BJ Howlett, T Rouxel.
27th Fungal Genetics Conference, March 12-17 2013, Pacific Grove USA.

Présentation Poster (co-auteur)

The invaded genome of the Dothideomycete Leptosphaeria maculans.
T Rouxel, V Dominguez, S Torriani, J Hane, BJ Howlett, S Goodwin, RP Oliver, I Fudal, M Meyer, ML Kuhn, J
Grandaubert, B McDonald, J Amselem, H Quesneville, P Wincker, A Couloux, MH Balesdent.
9th European Conference on Fungal Genetics, 5th - 8th April 2008, Edinburgh, Scotland.

What Large-Scale T-DNA Insertional Mutagenesis Tells Us About Pathogenicity? A Functional
Genomics Analysis In The Dothideomycete Leptosphaeria maculans.
S Bourras, M Meyer, J     Grandaubert  , N Lapalu, I Fudal, J Linglin, B Ollivier, F Blaise, A Simon, J Amselem,
MH Balesdent, T Rouxel.
ECFG10 - 10th European Conference on Fungal Genetics, March 29-April 1st 2010, Noordwijkerhout,
Holland. 

The genome sequence of Leptosphaeria biglobosa 'canadensis', a pathogen of oilseed Brassicas.
AP Van de Wouw, MH Balesdent, J     Grandaubert  , T Rouxel, BJ Howlett
26th Fungal Genetics Conference, March 15-19 2011, Pacific Grove USA.
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Epigenetic control of effector genes in Leptosphaeria maculans.
JL Soyer, M El Ghalid, N Glaser, B Ollivier, J Linglin, J Grandaubert, MH Balesdent, T Rouxel, I Fudal.
27th Fungal Genetics Conference, March 12-17 2013, Pacific Grove USA.

Carbohydrate binding proteins of two Leptosphaeria pathogens of Brassica napus.
RGT Lowe, B Clark, AP Van de Wouw, A Cassin, J Grandaubert, T rouxel, BJ Howlett.
27th Fungal Genetics Conference, March 12-17 2013, Pacific Grove USA.
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Poster 1. Présenté lors du 26th Fungal Genetics Conference à Asilomar (USA) le 17
mars 2011.

A Chicken or Egg Dilemna: are Transposable Elements Drivers of Effector Birth and Diversification in
Leptosphaeria Species? 

J Grandaubert1, MH Balesdent1, H Borhan2 and T Rouxel1 

1 INRA-Bioger, Grignon, France ; 2 AAF Saskatoon, Canada

Leptosphaeria maculans and L. biglobosa are part of a species complex of fungal pathogens of crucifers.

The genomes of two L. maculans 'brassicae' (Lmb) isolates (45.12 Mb, assembled into 76 scaffolds and

44.16 Mb assembled into 986 scaffolds, respectively) have an unusual bipartite structure –  alternating

distinct GC-equilibrated and AT-rich blocks of homogenous nucleotide composition. The AT-rich blocks

comprise one third of the genome and contain effector genes and families of transposable elements (TEs),

postulated to have recently invaded the genome, both of which are affected by Repeat Induced Point

mutation. In silico comparison of the Lmb genomes with that of L. maculans 'lepidii' (31.53 Mb, assembled

into 123 scaffolds) and L. biglobosa 'thlaspii' (32.10 Mb, assembled into 237 scaffolds), shows these species

have a much more compact genome with a very low amount of TEs ( <1%). In addition some recently

expanded TE families are specific of L. maculans isolates. Compared to the Lmb genomes, less than 14% of

the effector genes and 33% of other genes in AT-blocks are present in the two other genomes, suggesting

TEs were key players in gene innovation and that the genome environment promoted rapid sequence

diversification and selection of genes involved in pathogenicity.
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Poster 2. Présenté lors du congrès Comparative Genomics of Eukaryotic
Microorganisms à San Feliu de Guixols (Espagne) le 18 octobre 2011.

Are Transposable Elements Drivers of Effector Birth and Diversification in Leptosphaeria Species? 

J Grandaubert1, MH Balesdent1, H Borhan2 and T Rouxel1 

1 INRA-Bioger, Grignon, France ; 2 AAF Saskatoon, Canada

Leptosphaeria maculans and L. biglobosa are part of a species complex of fungal pathogens of crucifers.

The genomes of two L. maculans 'brassicae' (Lmb) isolates (45.12 Mb, assembled into 76 scaffolds and

44.16 Mb assembled into 986 scaffolds, respectively) have an unusual bipartite structure –  alternating

distinct GC-equilibrated and AT-rich blocks of homogenous nucleotide composition. The AT-rich blocks

comprise one third of the genome and contain effector genes and families of transposable elements (TEs),

postulated to have recently invaded the genome, both of which are affected by Repeat Induced Point

mutation. In silico comparison of the Lmb genomes with that of L. maculans 'lepidii' (31.53 Mb, assembled

into 123 scaffolds) and L. biglobosa 'thlaspii' (32.10 Mb, assembled into 237 scaffolds), shows these species

have a much more compact genome with a very low amount of TEs ( <1%). In addition some recently

expanded TE families are specific of L. maculans isolates. Compared to the Lmb genomes, less than 14% of

the effector genes and 33% of other genes in AT-blocks are present in the two other genomes, suggesting

TEs were key players in gene innovation and that the genome environment promoted rapid sequence

diversification and selection of genes involved in pathogenicity.
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Poster 3. Présenté par Thierry Rouxel lors du 2012 Plant Genomics Seminar à Pont-
Royal en Provence (France) le 3-5 avril 2012.
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Poster 4. Présenté lors du 27th Fungal Genetics Conference à Asilomar (USA) le 14
mars 2013.

Leptosphaeria maculans 'brassicae' : « Transposable Elements changed my life, I feel different now »

J Grandaubert1, CL Schoch2, H Borhan3 , BJ Howlett4 and T Rouxel1 

1 INRA-Bioger, Grignon, France ; 2 NCBI-NIH, Bethesda, USA ;3 AAF Saskatoon, Canada ;  4 University of
Melbourne, Australia

The Dothideomycetes phytopathogens Leptosphaeria maculans and Leptosphaeria biglobosa form a

complex of 8 species and putative subspecies suggested to have diverged “recently”. In 2007, the

sequencing of an isolate of Leptosphaeria maculans 'brassicae' (Lmb) provided the first reference genome

for this fungus. The 45-Mb genome has an unusual bipartite structure, alternating large GC-equilibrated and

AT-rich regions. These AT-rich regions comprise one third of the genome and are mainly composed of

mosaics of truncated Transposable Elements (TEs) postulated to have “invaded”  the genome 5-10 MYA;

they also comprise 5% of the predicted genes of which 20% encode putative effectors. In these regions, both

genes and TEs are affected by Repeat Induced Point mutation (RIP). To investigate when and how genome

expansion took place in the evolutionary series, and the consequences it had on fungal adaptability and

pathogenicity, the genomes of five members of the species complex showing contrasted host range and

infection abilities were sequenced. In silico comparison of the reference genome with that of 30-32-Mb

genome of L. maculans 'lepidii' (Lml), L. biglobosa 'brassicae', L. biglobosa 'thlaspii' and L. biglobosa

'canadensis', showed these species have a much more compact genome with a very low amount of TEs

(<4%). The TE annotation allowed us to identify 121 TE families, all RIP-affected including the expected

presence of lineage-specific TEs. Unexpectedly, two of the most expanded TE families in Lmb have been

present in the Dothideomycete lineage for 100 million years. This questions how these families, while they

have been anciently RIPped, managed to expand recently in Lmb. Interestingly, the comparison between the

TE-rich genome of Lmb and the TE-poor genome of Lml, estimated to have diverged 5.5 MYA, indicated a

nearly perfect synteny at the chomosomal level, suggesting low incidence of TE expansion on genome

reorganisation. The gene annotation produced a similar gene number in each genome (~11000), but

compared to the reference genome, less than 20% of the effector genes and 50% of other genes in AT-rich

regions are present in the other genomes, suggesting that TEs were key players in gene innovation and that

the genome environment promoted rapid sequence diversification and selection of genes involved in

pathogenicity.
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Résumé : Leptosphaeria maculans ‘brassicae’ (Lmb) est  un champignon filamenteux de la
classe  des  Dothideomycètes faisant partie du complexe d’espèces  Leptosphaeria maculans-
Leptosphaeria  biglobosa  composé  d’agents  pathogènes  des  crucifères.  Lmb  est
particulièrement adapté au colza (Brassica napus) et provoque la maladie qui lui est la plus
dommageable :  la  nécrose du  collet.  Dans  le  but  de  mieux  comprendre  et  contrôler  cette
maladie,  l’équipe  d’accueil  a  initié  un  projet  de  génomique  visant  à  identifier  de  façon
systématique  les  gènes  impliqués  dans  le  pouvoir  pathogène.  Les  premières  données
génomiques montraient deux aspects très importants et potentiellement spécifiques de Lmb :
(i) tous les gènes  d'avirulence caractérisés  expérimentalement étaient localisés dans de
grandes régions riches en bases AT et composées d'éléments transposables (ET), (ii) ces
régions riches en AT préfiguraient une structure génomique particulière, qui, si elle se
généralisait à l'ensemble du génome, aurait été totalement inédite chez un micro-organisme
eucaryote. La première partie de cette thèse présente la description du génome de Lmb en se
focalisant sur sa structure en isochores, résultant d’une invasion du génome par des ET qui ont
ensuite été inactivés par un mécanisme de défense spécifique aux champignons ascomycètes,
le  RIP  (Repeat-Induced  Point  mutation).  Puis,  l’impact  potentiel  de  cette  structure  sur  la
diversification  et  l’évolution  des  protéines  jouant  un  rôle  clé  lors  de  l’interaction  agent
pathogène-plante  a  été  évalué,  mettant  ainsi  en  avant  l’existence  d’un  génome  à  « deux
vitesses ». Afin de mieux comprendre le rôle potentiel joué par les ET au niveau des capacités
d’adaptation de Lmb au colza,  une étude de génomique comparative  et  évolutive de cinq
membres  du complexe  d’espèces  a  été  réalisée.  Ce travail  montre  que Lmb est  la  seule
espèce  du  complexe  dont  le  génome a  été  envahi  par  les  ET,  et  que  ces  derniers  sont
impliqués  dans  (i)  des  réarrangements  intrachromosomiques  potentiellement  liés  à  la
spéciation entre Lmb et l’espèce la plus proche, (ii) la présence de gènes espèce-spécifiques
et (iii) des déplacements dans des régions génomiques très dynamiques de gènes codant des
effecteurs. Les travaux constituant cette thèse participent à la généralisation du concept selon
lequel un lien fort existe chez les champignons filamenteux phytopathogènes entre ET et gènes
impliqués dans la pathogenèse ou l’adaptation à l’hôte.

Abstract: Leptosphaeria maculans ‘brassicae’ (Lmb) is a filamentous  ascomycete from class
Dothideomycetes.  It belongs to the Leptosphaeria maculans-Leptosphaeria biglobosa species
complex which comprises pathogens of crucifers. Lmb is  specifically adapted to oilseed rape
(Brassica napus) and is responsible for the most damaging disease of this crop: “stem canker”.
In order to better understand and control the disease, the host team initiated a genomic project
aiming at systematically identify genes involved in pathogenicity, analyse genome plasticity and
evaluate their incidence on adaptability to host. Preliminary genome data firstly showed that all
characterized avirulence genes were localized in large AT-rich regions, mainly composed of
Transposable Elements (TEs).  In addition, these  AT-rich regions  were the first hints that the
Lmb genome may present a very unusual structure compared to other microorganisms.  The
first part of this thesis describes the Lmb genome with a special focus on its isochore structure,
which is the result of a massive TE invasion of the genome followed by an inactivation of TEs
by an ascomycete-specific defense mechanism called RIP (Repeat-Induced Point mutation).
The potential  impacts of  this  genome  structure  on diversification  and evolution  of  proteins
involved in the plant-pathogen interaction were assessed  and highlighted the existence of a
“two speed” genome. To better understand how TEs are involved in adaptation of Lmb towards
oilseed rape, a comparative and evolutionary genomic analysis of five members of the species
complex  was conducted. This study shows that Lmb is the only species of the complex with
genome invaded by TEs at such an extent, and that TEs are involved in (i) intrachromosomal
rearrangements putatively related to the speciation event between Lmb and its closest relative
species, (ii) the presence of species-specific genes, (iii) translocations of  effector  genes into
highly dynamic genomic regions.  Our data contribute to the generalization of the “two speed”
genome  concept  in filamentous phytopathogens  postulating that highly plastic regions of the
genome  are  enriched  in  genes  involved  in  niche  adaptation  and  that a  strong  link  exists
between TEs and genes involved in pathogenesis or host adaptation.
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