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INTRODUCTION

Les champignons des organismes plastiques et trés adaptables

Les Mycetes, organismes filamenteux (ou levures), se nourrissent par absorption de sources carbonées,
possedent une paroi chitineuse et sont présents dans la plupart des milieux terrestre. Du fait de leur hétérotrophie
pour le carbone, les champignons ont di dés leur apparition interagir avec les autres organismes terrestres (Taylor et
Osborn, 1994). IIs sont dits thallophytes et cryptogames, possédant un appareil végétatif non différencié et se
reproduisant par la production de spores (Silar et Malagnac, 2013). Les champignons produisent une grande variété
de métabolites primaires et secondaires permettant une meilleure adaptation a leur milieu de vie et ces métabolites
sont exploités par les hommes pour diverses activités (chimie, médecine, industrie ; Lindequist et al., 2005 ; Gerke et
Braus, 2014 ; Carhart-Harris et al., 2017). lls peuvent adopter plusieurs styles de vie afin d’assurer leur survie (Figurel).
Les champignons saprophytes se nourrissent de la matiére organique en décomposition et participent ainsi
notamment au renouvellement du sol des foréts (Kubartova et al., 2009) (Figure 1A). Les champignons peuvent
également interagir de facon symbiotique avec d’autres organismes. Ainsi on distingue deux grands types de
symbioses : (i) les lichens qui sont des organismes composés par un mycobionte représentant 90 % des cellules totales
et un phytobionte ou organisme photosynthétique (algue ou cyanobactérie) représentant les 10 % de cellules
restantes (Muggia et Grube, 2018) et (ii) les mycorhizes qui sont formées de champignons entrant en contact avec les
racines des plantes; 80 % des plantes sont mycorhizées. La plante apporte une source de carbone au champignon
tandis que ce dernier apporte une source minérale telle que le phosphore et I'azote (Harrison, 2012). Enfin les
champignons peuvent étre pathogenes de plantes ou d’autres types d’organismes. La plupart des champignons
pathogénes identifiés se trouvent étres pathogénes de plantes, résultat de leur longue histoire co-évolutive avec les
végétaux (Brundrett, 2002). Depuis 10 000 ans, les hommes utilisent les plantes a des fins multiples, que ce soit pour
I'alimentation humaine et animale ou bien plus récemment pour I'industrie (Wolter et al., 2019). L'avénement de I'ére
industrielle et de la monoculture a rendu les parcelles cultivées de plus en plus vulnérables face aux menaces
environnementales. Cette vulnérabilité accrue est le fruit de la faible diversité génétique de la plupart des surfaces
cultivées alourdissant la pression de sélection pesant sur les agents pathogénes (Stukenbrock et McDonald, 2007). A
cette faible diversité génétique des plantes cultivées s’ajoute la pression de sélection représentée par la forte dose
d’intrants utilisés en agriculture (engrais et produits phytosanitaires). La plus grande des menaces rencontrées au

champ est constituée des champignons phytopathogénes (Fisher et al., 2012).
1. Différents styles de vie et déterminants de la pathogénie chez les champignons
phytopathogénes
1.1 Stratégies infectieuses développées par les champignons phytopathogénes

Les champignons phytopathogenes établissent l'infection de leur plante hote en suivant des étapes
communes : adhésion d’'une spore (sexuée ou asexuée) a la surface de la plante, germination de cette spore et

pénétration dans les tissus végétaux, parfois a I'aide de structures spécialisées appelées appressoria (Deising et al.,
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2000). Ces champignons développent ensuite différentes stratégies pour poursuivre leur cycle infectieux et sont
distingués selon leur capacité a se développer sur des tissus végétaux vivants ou morts. En effet, certains champignons
pénetrent la cuticule de leur plante héte en échappant a sa reconnaissance alors que d’autres vont provoquer des
nécroses directement apres I'adhésion a la surface de la plante. On distingue donc plusieurs types de Mycetes en

fonction de leur stratégie infectieuse.
1.2 Les champignons biotrophes

Les champignons biotrophes vivent en association avec leur plante hote sans causer de symptomes jusqu’a la
phase finale de leur cycle infectieux ou a lieu la production de spores sexuées ou asexuées (Figure 1B ; Figure 2F ; Wipf
et al., 2019). On trouve des traces de leur présence sur terre au Dévonien (-400 millions d’années). lls seraient
potentiellement apparus au moment de la colonisation terrestre par les plantes (Remy et al., 1994) et leur capacité a
s’associer a d’autres especes est apparue chez différents taxa: Ascomycota, Basidiomycota, Zygomycota,
Chytridiomycota, Plasmodiophoromycota (O’Connell et Panstruga, 2006). Aprés adhésion a la surface de la plante,
germination et pénétration dans la plante, les champignons phytopathogenes biotrophes forment généralement des
structures spécialisées permettant leur nutrition (haustoria, arbuscules; Zuccaro et al., 2014). Ces structures
spécialisées d’échange entre I'hOte et I'agent pathogéne peuvent prendre différentes formes et localisations mais ne
sont pas forcément néfastes pour I’h6te et ne menent donc pas forcément a sa mort (cf. Ustilago maydis ; Blumeria

graminis f. sp hordei ; Figure 2B ; Horbach et al., 2011 ; Hassing et al., 2019).
1.3 Les champignons nécrotrophes

Les champignons nécrotrophes, aprés avoir pénétré dans leur plante hote, sécrétent un arsenal de molécules
permettant la lyse cellulaire. lls sont ensuite capables de se nourrir des cellules mortes de leur héte (Figure 1C ; Figure
2C; van Kan, 2006). Bien que n’ayant pas de phase asymptomatique sur plante identifiée a ce jour, les champignons
nécrotrophes possédent tout de méme un arsenal de génes codant des molécules de pathogénie trés diversifié (Figure

3; Lo Presti et al., 2015).
1.4 Les champignons hémibiotrophes

Les champignons hémibiotrophes ont un cycle de vie complexe, alternant plusieurs modes de nutrition durant
ce cycle (Figure 1D ; Figure 2A, B et D ; O’Connell et al., 2012). lls initient souvent la colonisation de leur héte de fagon
biotrophe puis basculent vers un mode de vie nécrotrophe, causant I'apparition de symptémes sur leur hote, pouvant
mener a la mort de ce dernier (Jupe et al., 2013). Cette capacité des agents hémibiotrophes a changer drastiquement
de mode de vie durant leur cycle infectieux est en partie due a une capacité de régulation génique tres fine. Ces
champignons expriment spécifiquement des génes permettant d’échapper a la reconnaissance par leur hote et de
s’établir dans les tissus végétaux durant leur phase biotrophe. lls vont par la suite exprimer un set de génes codant
des protéases, des protéines permettant la production de ROS (espéces activées d’oxygene), et d’autres protéines
impliquées dans la dégradation de la biomasse ligno-cellulosique menant a la lyse cellulaire de la plante (Rohe et al.,

1995 ; De Wit et al., 2009). Le champignon peut ensuite se nourrir de facon saprophyte sur la matiere végétale morte.
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Le mode de vie hémibiotrophe est sans doute le plus complexe parmi les modes d’infection possibles car il nécessite
un répertoire de génes codant des effecteurs plus large que les deux autres types (Lo Presti et al., 2015). Il est
également tres efficace car il permet au champignon de se développer au sein de son hote sans causer de symptome
ce qui lui permet d’atteindre de nombreuses parties de la plante avant de passer a un mode de vie nécrotrophe qui

endommagera grandement voire tuera la plante hoéte (Fitt et al., 2006).
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Figure 1 : Mode d’infection en fonction du type de nutrition des champignons
phytopathogénes. A : Les saprophytes avec a gauche la colonisation du milieu et a droite la
sporulation (ex. d’Aspergillus sp.). B : les champignons biotrophes, avec de gauche a droite
Uromyces vicia-fabae, Blumeria graminis f. sp. hordei, Ustilago maydis et Cladosporium
fulvum. C: les champignons nécrotrophes avec a gauche Botrytis cinerea et a droite
Sclerotinia sclerotiorum aux stades précoces et tardifs d’infection. D : les champignons
hémibiotrophes, a gauche Colletotrichum higginsianum et a droite Magnaporthe oryzae.
D’aprés Lo presti et al., 2015.
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Figure 2 : Exemple de symptomes causés par différents
champignons phytopathogénes. A : Symptomes de Leptosphaeria
maculans sur tige de colza. B : Symptomes causés par L. maculans
sur feuille de colza (macule). C : Symptomes causés par Botrytis
cinerea sur framboise, a gauche une framboise infectée et a droite
une framboise saine. D : SymptOmes causés par Zymoseptoria tritici
sur feuille de blé tendre. E : Symptomes causés par Colletotrichum
gloeosporioides sur mangue (antrachnose). F : Symptomes causés
par Ustilago maydis sur épi de mais. Photos issues de la banque
d’images de I'INRA.
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2. Déterminants de la pathogénie

Les champignons phytopathogénes ont, a I'exception des champignons biotrophes strictes, tous une partie
saprophyte dans leur cycle de vie. Cette conservation du mode de vie saprophyte au sein du regne fongique indique
un mode de vie ancestral de ce régne. Le dogme est qu’a l'origine les champignons étaient tous saprophytes mais
certains ont acquis peu a peu un répertoire de genes leur permettant de se nourrir de végétaux vivants (Cooke et

Whipps, 1980).
2.1 Effecteurs fongiques et pathogénie

Pour infecter un hote vivant, I'agent pathogéne produit des effecteurs, définis comme I'ensemble des
molécules sécrétées au moment de I'infection modulant I'immunité végétale et favorisant I'infection (Sanchez-Vallet
et al., 2018). Ces effecteurs correspondent principalement a des protéines sécrétées, mais peuvent également étre
des métabolites secondaires (Collemare et Seidl, 2019) ou des petits ARNs (siRNA) qui permettent a I'agent pathogéne
de moduler 'immunité végétale (Wang et al., 2015). Chez les champignons nécrotrophes, on retrouve essentiellement
des répertoires de genes codant des cellulases et autres enzymes lytiques ainsi que des génes impliqués dans la
biosynthese de métabolites secondaires alors que, chez les champignons biotrophes stricts, on retrouve
essentiellement des génes codant des protéines sécrétées de fonction inconnue. Enfin chez les champignons
hémibiotrophes, on retrouve a la fois des génes codant des enzymes lytiques, des génes codant des protéines
sécrétées sans fonction connue et des génes impliqués dans la biosynthése de métabolites secondaires (Figure 3 ; Lo
Presti et al., 2015). Les effecteurs les plus étudiés chez les champignons phytopathogénes sont les petites protéines
sécrétées (PPS). Celles-ci sont de petite taille (moins de 300 AA), souvent riches en cystéines permettant la formation
de ponts disulfure qui améliorent la stabilité de la protéine dans I'apoplasme, et n’ont souvent pas de fonction prédite

(Lo Presti et Kahmann, 2017).
2.2 Localisation des genes codant des effecteurs dans les génomes fongiques

Le séquencgage des génomes de champignons a révélé que les especes associées aux plantes présentent
souvent des régions génomiques contrastées : des régions évoluant rapidement comportant une grande proportion
d’éléments transposables (ET) et des régions riches en génes plus conservées. Cette observation a mené a la notion
de génomes « a deux vitesses » dans lesquels la partie « plastique » des génomes contient des génes impliqués dans
I'adaptation a de nouvelles plantes hotes ou de nouveaux génotypes. La partie moins plastique du génome étant
composée des régions riches en génes. Cette partie de génome est trés conservée du fait de I'importance des genes
qui s’y trouvent. Les régions malléables permettent d’une part, une évolution plus rapide et spécifique des génes dans
ces régions et d’autre part une régulation spécifique de ces génes (Raffaele et Kamoun, 2012). Les génomes des
champignons phytopathogenes peuvent présenter une proportion globalement importante d’ET (45 a 75 % du
génome, par ex. chez Blumeria graminis ou Melampsora larici-populina ; Spanu et al., 2010 ; Duplessis et al., 2011) et
une distribution uniforme des ET dans I'ensemble du génome. Ils peuvent présenter une plus faible proportion d’ET
regroupés dans des régions génomiques spécifiques telles que de longs blocs de séquences répétées (par ex. dans les

génomes de Leptosphaeria maculans ou Epichloe festucae ; Rouxel et al., 2011 ; Schardl et al., 2013). On peut
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retrouver ces régions dans des chromosomes accessoires ou dispensables comme chez Fusarium oxysporum ou
Nectria haematococca, ou ces chromosomes peuvent étre gagnés ou perdus facilement ce qui permet a leur porteur
d’acquérir un nouveau spectre d’h6te ou une capacité accrue a infecter I’'h6te (Coleman et al., 2009 ; Ma et al., 2010 ;
pour revue voire Soyer et al., 2015,A) ou a des extrémités chromosomiques, appelées régions sub-télomériques. Les
genes codant des effecteurs putatifs sont sur-représentés dans ces régions dynamiques, enrichies en ET. Par exemple,

chez L. maculans, les genes codant des effecteurs exprimés au moment de l'infection des feuilles de colza sont
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Figure 3 : Répertoire de génes codant des protéines sécrétées en fonction du mode de nutrition de I’espece
fongique. En bleu foncé, les protéines ayant une fonction enzymatique de dégradation de la paroi végétale, en
bleu plus clair, les protéines ayant une autre fonction prédite et en bleu pale les protéines n’ayant pas de
fonction prédite. D’aprés Lo Presti et al., 2015.
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majoritairement localisés dans des régions riches en ET et chez F. oxysporum, presque tous les génes codant des
effecteurs sont localisés dans les chromosomes accessoires (Ma et al., 2010 ; Rouxel et al., 2011). Les génes impliqués
dans la biosynthése de métabolites secondaires sont, eux, souvent localisés a proximité de régions riches en ET,
notamment dans les régions sub-télomériques des génomes (Ohm et al., 2012). Ces régions riches en ET sont parfois
inactivées via un mécanisme pré-méiotique spécifique des ascomycéetes appelé RIP (Repeat-Induced Point mutation)

qui induit la mutation des cytosines en thymines et entraine |'apparition de codons Stop (Galagan et Selker, 2004).
2.3 Régulation de 'expression des génes codant des effecteurs

Les génes codant des effecteurs protéiques sont souvent peu exprimés en culture axénique et spécifiquement
exprimés pendant l'infection de la plante héte par vagues successives a des étapes stratégiques du cycle infectieux
(e.g. pendant la phase de colonisation asymptomatique des feuilles, tiges ou racines ou lors du passage a un mode de
vie nécrotrophe). Ceci suggere qu’une régulation fine de I'expression des effecteurs est un élément crucial du succes
de l'infection / de la colonisation. Néanmoins, peu de choses sont connues concernant les bases de la régulation de
I'expression des effecteurs. L’expression des génes codant des effecteurs protéiques, tout comme celle des genes
impliqués dans la biosynthése des métabolites secondaires, est régulée par des facteurs de transcription (TFs)
spécifiques et / ou généraux (Cho et al., 2013 ; Rybak et al., 2017 ; Tan et Oliver, 2017). Des études récentes mettent
également en évidence I'implication de facteurs physiques tels que I'encombrement stérique de la chromatine, que
ce soit pour la régulation de I'expression de clusters de métabolisme secondaire ou des effecteurs protéiques (Strauss
et Reyes-Dominguez, 2011 ; Connolly et al., 2013 ; Soyer et al., 2014 ; Chujo et Scott, 2014 ; Gacek-Matthews et al.,
2016 ; Soyer et al., 2019). Enfin il a récemment été montré, notamment chez les mammiféres et la drosophile, que
I'organisation des chromosomes au sein des noyaux intervient également dans cette régulation génique et que
certaines régions chromosomiques interagissent physiquement via des complexes protéiques permettant I'expression
simultanée de ces régions (Cremer et Cremer, 2001 ; Hou et al., 2012 ; Winter et al., 2018). Il convient d’explorer
I'implication de ces différents niveaux de régulation de I'expression des genes codant des effecteurs dans la mise en

place de lI'infection et le déroulement du cycle infectieux.
3. Régulation chromatinienne et expression génique

Au sein des cellules Eucaryotes, I’ADN présente différents niveaux de compaction et I'un des premiers niveaux
est la chromatine, qui est I'association entre la molécule d’ADN, des ARN et des protéines, notamment les histones
(Figure 4). L’état de compaction de cette chromatine n’est pas figé et il peut varier pour une méme région génomique
pendant le cycle cellulaire. Au-dela de son importance dans la compaction de I'information génétique, c’est aussi a ce
niveau que sont régulés les processus cellulaires fondamentaux tels que la réplication, la réparation de I’ADN et elle
constitue le premier niveau de régulation de I'expression des génes. La chromatine peut étre dans un état dit « ouvert
» qui va favoriser I'expression génique ou au contraire « fermé » qui va réprimer I'expression génique. Ces états de
condensation sont contrélés par la modification chimique de la molécule d’ADN directement ou par des protéines qui

constituent la chromatine (Jenuwein et Allis, 2001 ; Bird, 2002).
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3.1. Composants fondamentaux de la chromatine

La chromatine se compose du double brin d’ADN associé a des protéines, les histones, constituant le
composant principal du « collier de perle », le nucléosome (Figure 4). Environ 150 paires de bases d’ADN sont
enroulées autour du nucléosome coeur constitué d’un octameére d’histones (dimére d’histones H3-H4 et H2A-H2B ;
Smith, 1991 ; Luger et al., 1997). Chaque nucléosome est relié par la région inter-nucléosomale formée de I’ADN de
liaison qui interagit avec I'histone H1. Il existe plusieurs types de protéines histone. Ainsi, on retrouve les histones H1,
H2A, H2B, H3, H4 et H5. Les genes codant les core-histones sont co-régulés avec un pic d’expression durant la phase
S du cycle cellulaire (phase durant laquelle I'organisme va doubler son matériel génétique afin de réaliser une mitose ;
Marino-Ramirez et al., 2011). Chaque core-histone est composé de deux structures protéiques distinctes, une partie
flexible représentant 20 a 30 % de la protéine appelée « queue » et pouvant étre modifiée chimiquement, et une

partie globulaire autour de laquelle se structure ’ADN (Figure 4).
3.2. Etats de la chromatine : euchromatine et hétérochromatine

La chromatine peut se trouver dans deux états de condensation : on nommera euchromatine la chromatine
ayant une structure décondensée et, au contraire, hétérochromatine la chromatine présentant un état de
condensation élevé. Ces domaines, présentant des caractéristiques fonctionnelles et biochimiques distinctes (Grewal
et Jia, 2007), avaient été identifiés initialement sur la base de critéres cytologiques (Heitz, 1928). Fonctionnellement,
I’hétérochromatine reste hautement condensée tout au long du cycle cellulaire, se réplique plus tardivement dans la
phase S, est pauvre en génes, comporte une grande proportion de séquences répétées et présente un faible taux de
recombinaison (Richards et Elgin, 2002 ; Huisinga et al., 2006, Grewal et Jia, 2007). En assurant un niveau de
compaction élevé, I’'hétérochromatine est garante de l'intégrité des génomes, soit structuralement, puisqu’on la
retrouve au niveau des centromeres et télomeres, soit parce qu’elle contribue a empécher la propagation anarchique
des éléments répétés (Papamichos-Chronakis et Peterson, 2013). L’hétérochromatine, parce qu’elle est tres

condensée, participe également aux mécanismes d’inhibition de I'expression des génes. Au contraire, I'euchromatine,
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Figure 4 : Schéma représentant les différents niveaux de compaction de la molécule d’ADN dans un noyau
Eucaryote. A : Modification de la molécule d’ADN (e.g méthylation des cytosines). B : Protéine chaperonne
d’histone. C : Facteur de remodelage. D : Protéine modificatrice d’histone. E : Protéine ‘histone reader’, capable
de reconnaitre les modifications de queue d’histone. Issu de Yadav et al., 2018.
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décondensée, est plutét « permissive » pour I'expression des génes. Ces deux territoires sont aussi caractérisés par
des modifications biochimiques de I’ADN et / ou des histones, discutées ci-aprés. On distingue hétérochromatine
constitutive, la forme stable et trés condensée de la chromatine, que I'on retrouve le plus souvent dans les régions
inactives transcriptionnellement des génomes (e.g. ETs, téloméres et centroméres; Saksouk et al., 2015) de
I’hétérochromatine facultative que I'on retrouve dans les régions plutot actives transcriptionnellement et qui sont

régulées finement (e.g. clusters de métabolisme secondaire ; Trojer et Reinberg, 2007).
3.3 Régulation nucléosomique

La position des nucléosomes dans la séquence génique peut également influencer I'expression des génes en
modifiant I'accessibilité des promoteurs ou des séquences régulatrices aux facteurs de transcription (FTs) ou aux
protéines modificatrices d’histone (HMEs ; Radman-Livaja et Rando, 2010 ; Struhl et Segal, 2013). Leur positionnement
est défini par la séquence génique. Des cartes nucléosomiques ont été réalisées chez des levures et chez le champignon
saprophyte Aspergillus fumigatus (Tsankov et al., 2010 ; Nishida et al., 2009). Ces résultats ont montré que les
nucléosomes sont généralement déplétés dans les promoteurs, enhancers et terminateurs des genes actifs
transcriptionnellement ce qui indique un contréle nucléosomique de I'expression des genes. Cependant, aucune étude
de positionnement des nucléosomes n’a été réalisée chez des champignons phytopathogenes et donc aucune relation
entre positionnement des nucléosomes et régulation de I'expression des génes et de la pathogenése n’a pu étre mise
en évidence. Seules des études menées chez Plasmodium falciparum, agent pathogene de I’homme, ont permis
d’identifier une régulation via la localisation des nucléosomes de gene de pathogénie (Ponts et al., 2010 ; Bunnik et

al., 2014).
3.4 Modifications chimiques de I’ADN

Chez les champignons filamenteux, le génome est globalement peu méthylé (environ 1,5 % chez N. crassa ;

Selker et al., 1993). De plus, contrairement aux mammiféres (Li et al., 1993), la méthylation de I’ADN est dispensable
a la vie des champignons (Foss et al.,, 1993 ; Kouzminova et Selker, 2001). C'est ’ADN méthyltransférase DIM-2
(defective in DNA methylation-2) qui catalyse la méthylation de 'ADN (Kouzminova et Selker, 2001), presque
exclusivement au niveau des régions riches en transposons affectés par le mécanisme de RIP (Selker, 2002 ; Selker et
al., 2003). La méthylation de I'ADN au sein du régne des Mycétes n’a été mise en évidence que chez trés peu
d’organismes (i.e. N. crassa ; Selker et Stevens, 1985 ; Foss et al., 1993) ; Mycosphaerella fijiensis (Dhillon et al., 2010)
; Ascobolus immersus (Goyon et al., 1996) ; Coprinus cinereus (Zolan et Pukkila, 1985) ; M. oryzae (Jeon et al., 2015) ;
Aspergillus flavus (Gowher et al., 2001) et il a été au contraire mis en évidence chez d’autres filamenteux que I’ADN
n’était pas méthylé (i.e. Z. tritici (Dhillon et al., 2010), S. pombe (Antequera et al., 1984), ou encore L. maculans (Bewick
et al., 2019). Une étude récente de la méthylation de I’ADN chez de nombreux Mycétes a mis en évidence que chez ce
régne le mécanisme canonique de méthylation dans le corps des genes est absent ce qui les distinguent de certains
insectes et des plantes. Mais il arrive que certains champignons possedent des clusters de méthylation d’ADN mis en
place par des mécanismes indépendants de ceux précédemment décrits, mécanismes communs aux autres especes
de champignon (Bewick et al., 2019).
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3.5 Modifications chimiques des queues d’histones et protéines impliquées dans ces modifications

Chaque core-histone est composée de deux structures protéiques distinctes : une partie flexible représentant
20 a 30 % de la protéine appelée « queue » et pouvant étre modifiée chimiquement et une partie globulaire autour
de laquelle se structure ’ADN. Les queues d’histones peuvent subir une large variété de modifications chimiques
(acétylations, méthylation, sumoylation, ubiquitination etc...), qui, en fonction de I'acide aminé modifié, changera le
niveau de compaction de la chromatine et ainsi I'accessibilité de I’ADN et, du méme coup, son niveau de transcription
(Luger et Richmond, 1998 ; Bannister et Kouzarides, 2005). Ainsi, chez de nombreux champignons, on retrouve dans
les régions hétérochromatiniennes des modifications de type tri-méthylation de la lysine 9 de la queue de I'histone H3
(H3K9me3) et tri-méthylation de la lysine 27 de la queue de I'histone H3 (H3K27me3 ; Freitag, 2017). Chez les plantes
et les animaux on retrouve souvent des méthylations des cytosines ou des adénines associées aux histones portant
des marques répressives (Jackson et al., 2002 ; Law et Jacobsen, 2010). Au contraire les régions euchromatiniennes
sont plutét marquées par des modifications de type di- ou trimethylation de la lysine 4 de I’histone H3 (H3K4me2/3)
ou acétylation de la lysine 9 de I’histone H3 (H3K9ac ; Figure 5 ; Kouzarides, 2007). De nombreuses protéines sont
capables de reconnaitre, d’ajouter ou de retirer des groupements chimiques aux queues d’histones, ou aux nucléotides
directement, modifiant ainsi I'accessibilité de I’ADN de la région génomique concernée (Kim et al., 2019). On appelle
ces protéines des « histones modifying proteins (HMEs) ». Beaucoup de ces protéines possedent des domaines de
lecture des modifications de ’ADN ou des histones et permettent ainsi le recrutement d’'une machinerie complexe
(Kim et al., 2019). Il est méme souvent question d’une lecture des modifications chimiques par plusieurs protéines ce
qui renforce encore la spécificité et I'efficacité de ce mécanisme (Ruthenburg et al., 2007 ; Savitsky et al., 2016). Des
études récentes ont prouvé que les HMEs sont affectées par des composants particuliers des histones comme les
modifications d’ADN/d’histone ou la longueur du linker (brin d’ADN reliant deux nucléosomes). Ces observations
pourraient indiquer que ces protéines agissent comme des senseurs allostériques (Tableau 1 ; Motlagh et al., 2014). Il
a par exemple été montré chez N. crassa que la méthylation d’ADN est induite par deux HMEs : la premiere, KMT1
(DIM-5), capable de déposer la marque H3K9me3 sur les queues d’histones et la deuxieme, DIM-2, capable de
reconnaitre ces méthylations et de méthyler les cytosines associées (Figure 5 ; Tamaru et Selker, 2001). Une autre
méthyltransférase d’histone trés étudiée, KMT6, responsable de la méthylation H3K27me3, est impliquée chez F.
graminearum et E. festucae dans la régulation du métabolisme secondaire (Figure 5 ; Connolly et al., 2013 ; Chujo et
Scott, 2014). Les méthylations répressives déposées sur les queues d’histones peuvent ensuite étre retirées par des
protéines appelées déméthylases. Les marques d’histones modifiant I'accessibilité de la chromatine aux facteurs de
transcription et autres protéines servant a la transcription peuvent étre retirées, modifiées ou remplacées ce qui
permet un controle trés fin de I'expression des génes dans ces régions (Jamieson et al., 2013). Au méme titre que les
méthylations déposées et retirées par les méthylases et déméthylases, on retrouve des acétylases et déacétylases,
des phosphorylases et phosphatases (etc..) qui équilibrent les acétylations, les phosphorylations d’histones (etc.. ;
Eberharter, 2002 ; Rossetto et al, 2012). C'est cet équilibre tres fin entre les différents acteurs réalisant les
modifications chimiques qui permet une régulation dynamique et complexe de I'expression des génes (Cedar et

Bergman, 2009 ; Kim et al., 2019). Il a également été montré chez ’'homme que certaines histones peuvent porter
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plusieurs types de modifications (une activatrice et une répressive) permettant de contréler encore plus finement

I’expression des genes dans ces régions (Mauser et al., 2017).

Méthylations d’ADN

Formation de
I’hétérochromatine
constitutive

H3K9me3

Formation de
I’hétérochromatine
Facultative H3K27me3

Figure 5 : Régulation allostérique des deux modifications répressives d’histone les plus étudiées
(H3K9me3 et H3K27me3). A : Le complexe KMT1/Dim-2 responsable de la méthylation de type
H3K9me3 et de la méthylation d’ADN associée. KMT1 est responsable du dépot de H3K9me3 puis
HP1 est capable de reconnaitre ces modifications et de recruter Dim-2 qui va méthyler les cytosine
associées (issu de Honda et al., 2010). B: Le complexe PRC2 responsable de la méthylation
H3K27me3, KMT6 étant responsable du dépot des modifications chimiques (issu de Kim et al.,
2019). Image de nucléosome issu de Yadav et al., 2018.
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3.6 Controle chromatinien de I’expression génique chez les champignons

Du fait de leur possible modification chimique, les histones ainsi que la molécule d’ADN elle-méme peuvent
étre utilisées a des fins de régulation génique (Kouzminova et Selker, 2001 ; Jamieson et al., 2013). Ces modifications
vont entrainer des changements d’encombrements stériques, modifiant I'accessibilité de la molécule d’ADN aux
facteurs pouvant réguler I'expression des genes. Chez certains champignons tels que M. oryzae, la méthylation de la
molécule d’ADN est capable de réguler de nombreux processus tels que la reproduction sexuée ou la pathogénie (Jeon
et al., 2015). Chez d’autres champignons tels que L. maculans, la méthylation de la molécule d’ADN n’est pas un
processus conservé et actif (Bewick et al., 2019), le champignon ne peut donc utiliser que les modifications d’histone
et la régulation tridimensionnelle du génome (influencée par les modifications d’histone) pour réguler I'accessibilité
de ses génes. Les marques activatrices d’histone les plus étudiées chez les champignons filamenteux sont H3K4me2,
H3K36me3 et H3K9ac (di-méthylation de la lysine 4 de I’histone H3, tri-méthylation de la lysine 36 de I'histone H3 et
acétylation de la lysine 9 de I'histone H3; Gacek et Strauss, 2012 ; Smith et al., 2012 ; Janevska et al., 2018). Au
contraire les marques chromatiniennes répressives les plus étudiées chez les Mycétes sont H3K9me3 et H3K27me3
respectivement marqueurs de la chromatine constitutive et facultative. Chez N. crassa, on retrouve les marques
H3K9me3 dans les régions trés peu exprimées tels que les centromeres ou les télomeres mais ces marques ne
participent pas a la conformation 3D du génome (Klocko et al., 2016). Chez Fusarium graminearum au contraire on
retrouve des modifications de type H3K27me3 dans les centroméres et télomeéres (Connolly et al., 2013). Chez Z. tritici,
qui possede plusieurs chromosomes dispensables fortement enrichis en ETs, on retrouve la marques H3K27me3 dans
ces régions fortement réprimées ainsi que dans les télomeéres alors que la marque H3K9me3 est spécifiquement
retrouvée sur les ETs (Schotanus et al., 2015). Des études récentes tendent a prouver que les modifications d’histones

sont capables de réguler de nombreux processus chez les champignons ayant des styles de vie bien différents. On peut

Tableau 1: Protéines modificatrices d’histones, domaines actifs, fonction et effecteur
allostérique associé.

Allosteric Effectors Chromatin Modifiers Effector Sensing Domains/Subunits Functions
DMNMT3A ADD domain of DNMT3A DA methylation
HiK4me0

KDM5A PHD1 domain of KDM5A H3K4 demethylation

H3K27me3 PRC2 EED H3K2Z7 methylation
H3K36me3 Rpd3s Eaf3 Histone deacetylation
Rpd3s Not determined Histone deacetylation

: Length of ISWI HSS and NegC domains of ISWI Nucleosome spacin
Activators | inker DNA a pacing
ACF ACF1 Nucleosome spacing
ISWI AutoMN domain of 1ISWI Nucleosome spacing

N-terminal
tail of Hd ACF ACF1 Nucleosome spacing
Chd1 Chromodomains of Chd1 Mucleosome remodeling
Mucl
ucieasome PRC2 sUZ12 H3K27 methylation
density
H3K4me3 PRC2 RbAp48& H3KZT methylation
Inhibitors
H3K36me2/3 PRC2 RbAp48 H3KZT methylation

Ces protéines sont retrouvées chez la plupart des organismes. Un effecteur allostérique est une molécule se fixant
a un site particulier d’'une enzyme (appelé site allostérique et impactant positivement ou négativement I’activité de
I'enzyme. Issu de Kim et al., 2019.
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ici prendre I'exemple de N. crassa pour lequel la modification H3K36me3 contrdle la tolérance au stress thermique et
au pH (Kronholm et al., 2016). Il a également été montré que les deux marques répressives H3K9me3 et H3K27me3
sont capables de contréler la biosynthése d’alcaloides et I'expression de génes du métabolisme secondaire chez E.
festucae, A. nidulans et F. graminearum (Gacek et Strauss, 2012 ; Connolly et al., 2013 ; Chujo et Scott, 2014). De plus
I'inactivation d’un des acteurs responsables du dépot de H3K9me3, KMT1, peut mener a des relocalisations de
H3K27me3 chez N. crassa ce qui induit un stress génotoxique, un défaut de croissance ainsi qu’une instabilité
chromosomique (Basenko et al., 2015) .Chez Z. tritici, I'inactivation de KMT1 induit une instabilité chromosomique
résultant de la perte de H3K9me3 et de la relocalisation des marques H3K27me3 a I'endroit de ces derniéres et du
méme coup de la déplétion de celles si sur les chromosomes accessoires. Au contraire I'inactivation de KMT6 chez Z
tritici induit une plus grande stabilité chromosomique (Moller et al., 2019). Enfin les déméthylases peuvent également
agir sur les queues d’histones et ainsi jouer un réle de répression ou d’activation de I'expression. Chez A. nidulans,
deux déméthylases d’histones, KdmA et KdmB sont responsables de I'enlévement respectif de la marque répressive
H3K9me3 et de la marque activatrice H3K4me3 et ainsi de la régulation du métabolisme primaire et secondaire (Gacek-
Matthews et al,, 2015 ; Gacek-Matthews et al., 2016). Il a également récemment été montré que les effecteurs
protéiques pouvaient étre régulés par la structure de la chromatine. Ainsi, lors d’une précédente thése dans notre
équipe, un controle de I'expression des effecteurs de L. maculans via la marque répressive H3K9me3 mise en place
par KMT1 avait été mis en évidence (Soyer et al., 2014) ; nous reviendrons sur ces travaux dans la partie Objectifs de

la these.
4. Conformation tridimensionnelle de la chromatine et co-régulation génique

Le génome nucléaire des Eucaryotes est I'élément central de la cellule. C’'est la qu’est gardée et condensée
toute I'information nécessaire a la vie de I'organisme. Afin que la régulation génique soit correctement réalisée et
permette a l'organisme de vivre, il faut organiser I'immense quantité d’information que représentent les
chromosomes. De nombreuses protéines nucléaires sont utilisées par les organismes pour structurer les génomes au
sein des noyaux (e.g. condensines, cohésines, nucleoporines etc...; Casolari et al.,, 2004 ; Skibbens, 2019). Les
modifications chimiques de I’ADN, des queues d’histones et les séquences répétées servent également de base a la

structuration tridimensionnelle (3D) du génome (Bonev et Cavalli, 2016).
4.1 Interaction physique des régions chromosomiques

Pour permettre I'expression correcte des genes a tous les moments de la vie de la cellule, le génome des
Eucaryotes est organisé spatialement en domaines 3D appelés Territoires Chromosomiques (CTs) ainsi qu’en
compartiments interchromatiniens (ICs) qui contiennent des complexes macromoléculaires nécessaires a la
réplication, la transcription, I'épissage et a la réparation de I’ADN (Figure 9 ; Cremer et Cremer, 2001). Les domaines
chromosomiques interagissant physiquement sont appelés TADs pour ‘Topologically Associated Domains’. Chez la
levure, pendant la mitose, de larges domaines de 300 kb a 1 Mb sont formés grace aux condensines. Ces domaines

disparaissent ensuite peu a peu jusqu’a la prochaine mitose. Au contraire, de petits domaines de 30 a 40 kb formés
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par les cohésines sont tres stables tout au long du cycle cellulaire. Ces deux types de domaines sont régulés de fagon

inverse au cours du cycle cellulaire et sont mis en place indépendamment (Figure 6 ; Tanizawa et al., 2017).
4.2 Organisation 3D des génomes

Chez la drosophile il a été montré que les chromosomes sont organisés en domaines ou la transcription est
active et ou on retrouve de nombreux genes, des FTs et des protéines ‘insulatrices’ (protéines servant a protéger un
promoteur ou une région régulatrice de I’action d’'une protéine régulatrice agissant sur la région régulatrice voisine)
et en domaines ou la transcription est faible et ol on ne retrouve pas de machinerie d’expression. Ces domaines
different par leurs modifications épigénétiques et la présence de protéines spécifiques. La chromatine inactive est
plutot retrouvée dans les bordures alors que la chromatine active est plutot retrouvée au milieu du noyau chez les
mammiféres a l'inverse des levures et des insectes (Lanctot et al., 2007). Des réarrangements chromosomiques
peuvent avoir lieu durant le cycle cellulaire, mais ces derniers sont rares car la chromatine est trés contrainte
physiqguement et ces réarrangements n’ont lieux que pendant de trés courtes périodes de temps durant la phase G1.
Une fois cette fenétre temporelle passée, les mouvements chromatiniens sont réduits a des petits domaines
subnucléaires (Lanctoét et al., 2007). Chez la levure, les pores nucléaires sont d’importantes zones de transcription et

Nuclear Interchromatin
speckle compartment

Nuclear

1 7 Nuclear
envelope
5 <

Chromosome
territories

Nuclear!

lamina
Cajal
body

Chromosome
territories

Figure 6 : Organisation du noyau de mammifére. Il se caractérise par une compartimentation des composants
fonctionnels. L’enveloppe nucléaire qui contient des pores et repose sur un réseau de filaments intermédiaires appelés
lamina nucléaire, les territoires chromosomiques et les compartiments interchromatiniens (CT-IT). La chromatine est
organisée en différents CTs aussi appelés ‘nuclear speckles’. (Issu de Lanctot et al., 2007).
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des protéines appelées ‘nuclear-pore-associated proteins’ intéragissent spécifiquement avec les genes actifs. Les
mammiféres, au contraire, du fait de la grande taille de leur génome, empéchent la liaison des génes actifs aux pores
nucléaires par contrainte physique. Mais ces observations sont nuancées par I'existence chez la levure (Saccharomyces
cerevisiae) de régions nucléaires périphériques transcriptionnellement inactives (Andrulis et al., 1998). Les cellules de
mammiféres sont, elles, suspectées de subir d’autres formes de contraintes structurales du fait de la tres grande

quantité d’hétérochromatine qui les constituent (Casolari et al., 2004; Schmid et al., 2006; Lanctot et al., 2007).
4.3 Co-régulation des régions chromosomiques

Le cas le plus frappant de co-régulation de régions chromosomiques différentes est constitués des ‘kissing-
genes’. |l a été observé chez la Drosophile que deux versions du méme gene étaient capables d’interagir physiquement
notamment pour maintenir le silencing de certains genes apres la division cellulaire (Francis et Kingston, 2001). Chez
Drosophila melanogaster, il a été montré que I'intégration ectopique de la méme version d’un gene suffit a entrainer
I'interaction physique entre les deux copies (Bantignies et al., 2003). De plus il est connu que certains genes
interagissent avec des éléments régulateurs parfois situés trés loin et méme sur d’autres chromosomes (Lomvardas et
al., 2006). Il a été montré récemment que les génes nécessitent d’étre associés a des ‘transcription factories’,
complexes protéiques enrichis en Polll, pour étre exprimés. De plus le nombres de ces ‘factories’ étant limités, les
génes sont parfois contraints de partager ces complexes (Figure 7 ; Osborne et al., 2004). Chez les champignons
filamenteux, ces mécanismes ne sont pas encore trés documentés. Le developpement de nouvelles techniques
permettant d’analyser les régions interagissant physiqguement permette d’accroitre la compréhension de
I’organisation des chromosomes au sein des noyaux et de leur impact sur I’expression des génes. On peut ici prendre

I’exemple du Hi-C sequencing, technique qui se base sur le crosslinking du génome puis sur une étape de ligation, de

~1 Mb domain
Active chromatin

Figure 7 : Interactions physiques successives de plusieurs régions chromosomiques
avec la fraction active de la chromatine. En vert, rouge et bleu, trois chromosomes
différents. En gris est représentée la fraction active de la chromatine. On voit ici que
la fraction active de la chromatine a une taille réduite et que pour pouvoir étre
exprimés correctement, les régions chromosomiques doivent interagir tour a tour
avec la fraction active de la chromatine (Issu de Lanct6t et al., 2007).
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dé-crosslinking puis d’amplification et de séquencage. Mais alors que le 3C sequencing permet d’identifier des
séquences cibles, le Hi-C permet de réaliser la carte des interactions a I'échelle du génome (Figure 8 ; Lieberman-
Aiden et al., 2009). Chez N.crassa, il a été montré que les régions hétérochromatiniennes (surtout les régions
d’hétérochromatine constitutive enrichies en H3K9me3) développent des liaisons physiques entres elles mais que
I'inactivation de KMT1 n’entraine pas de modification de |'organisation 3D du noyau. Au contraire, les régions
d’hétérochromatine facultative, enrichies en H3K27me3, sont essentielles au maintient de |'organisation 3D des
génomes car elles se lient a la membrane nucléaire (Klocko et al., 2016). Chez N. crassa, I'inactivation de KMT1 et la
perte des marques H3K9me3 entraine une relocalisation des marques H3K27me3, qui, une fois relocalisées a
I'emplacement des marques H3K9me3, ne participent pas a I'organisation 3D du génome. Ces résultats indiquent une
robustesse de la structure 3D des génomes qui n’est pas mise a mal par I'inactivation de facteurs clefs impliqués dans
|’établissement de la structure chromatinienne (Basenko et al., 2015; Galazka et al., 2016; Klocko et al., 2016).
L’organisation 3D du génome d’E. festucae, un champignon endophyte ayant une structure genomique en isochores,
a été décrite récemment (Winter et al., 2018). Les ETs ayant envahi le génome d’E. festucae ont été dégénérés par le
RIP conduisant a la formation de régions riches en ETs enrichies en bases A et T (isochores AT) et de régions riches en
génes et enrichies en bases G et C (isochores GC ; Winter et al., 2018). Winter et al. (2018) ont mis en évidence des
contacts physiques entre les isochores AT et entre les isochores GC mais trés peu d’interactions entre les deux types
de domaines. De plus, les contacts entre régions AT sont trés majoritaires (50 % de tous les contacts
interchromosomiques), ce qui indique une structuration par les isochores AT dans ce type de génome. De fagon
intéressante, les isochores AT contiennent la plupart du temps un unique TAD alors que les isochores GC en
contiennent plusieurs, ces TADs étant connus pour permettre une co-régulation génique (Ulianov et al., 2016). Les
isochores AT sont trés enrichis en genes fortement exprimés in planta et peu en condition de culture axénique, ce qui
pourrait suggérer une régulation via les TADs des génes impliqués dans la mise en place de I'infection (Winter et al.,

2018).
5. Facteurs de transcription et expression génique

Les facteurs de transcription (FTs) sont des protéines capables de se lier a I’ADN pour effectuer de nombreuses
fonctions de régulation telles que le contréle de I'expression génique, la réplication ou encore la réparation de ’ADN
(Latchman, 1997). Les FTs, par ces mécanismes de liaison a I’ADN, permettent d’effectuer des fonctions essentielles a
la vie de la cellule, régulant le développement, la croissance et la différentiation cellulaire (Pabo et Sauer, 1992). Les
facteurs de transcription possedent souvent plusieurs domaines dont un permettant la fixation a I’ADN et d’autres
permettant de se lier a d’autres protéines ou cofacteurs. Les domaines de fixation a I’ADN (DNA-Binding Domain, DBD)
sont des domaines conservés qui permettent de classer les FTs en différentes familles (Pabo et Sauer, 1992). Les
facteurs de transcription agissent en amont des génes. lls peuvent avoir une fonction activatrice ou répressive sur le
niveau de transcription du géne associé. Les FTs agissent en se fixant sur les sites de régulation de la transcription dans
les promoteurs et recrutent ou empéchent la fixation des protéines de la machinerie de la transcription (Figure 9;

Thomas et Chiang, 2006).
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5.1 Transcription et facteurs de transcription chez les Eucaryotes

Chez les Eucaryotes, il existe un grand nombre de polymérases capables de transcrire I’ADN en ARN. Le nombre
de polymérases par génome est variable en fonction des organismes. On retrouve par exemple huit polymérases chez
Escherichia coli, douze chez Arabidopsis thaliana et quinze chez ’homme (Garcia-Diaz et Bebenek, 2007). Toutes les
fonctions des polymérases ne sont pas connues. Il y a trois polymérases majoritairement étudiées dont les fonctions
sont bien décryptées, la Pol |, la Pol Il et la Pol lll. La Pol | est surtout impliquée dans la réparation de I’ADN et la
production de ribosomes (Khatter et al., 2017). La Pol Il est responsable de la transcription des ARNm et de certains
SRNA. La Pol lll est responsable de la production de petits ARN comme le ribosome 5S ou les ARN de transferts (Garcia-
Diaz et Bebenek, 2007). Les ARN polymérases ne sont pas capables d’initier la transcription seule. Elles ont besoin de
cofacteurs, de co-activateurs et de FTs pour reconnaitre le site d’initiation de la transcription, s’y fixer et initier la
transcription (Patikoglou et Burley, 1997). Les Eucaryotes unicellulaires tels que les levures possedent des régions
régulatrices trés courtes (quelques paires de bases a quelques centaines de paires de bases) positionnées juste a c6té
du promoteur (Figure 10 ; Levine et Tjian, 2003). Chez les animaux, on retrouve des régions régulatrices plus complexes
avec des éléments régulateurs en amont, en aval et dans les introns, et parfois méme tres éloignés de la séquence
codante (jusqu’a 100 kb). Les génes d’animaux possedent la plupart du temps plusieurs enhancers avec un enhancer
classique mesurant environ 500 pb. Ces régions régulatrices nécessitent |’action simultanée de complexes protéiques
contenant de nombreux type de protéiques (facteurs de transcription, ARN polymérases, protéines de remodellage
de la chromatine etc...; Levine et Tjian, 2003). Chez les Eucaryotes, les FTs reconnaissent de courtes séquences
dégénérées contrairement aux FTs des prokaryotes qui reconnaissent de larges motifs conservés (Wunderlich et
Mirny, 2009). La reconnaissance de la région régulatrice par les FTs se fait via leur DBD. Il existe de nombreuses familles
de FTs chez les Eucaryotes, une partie étant conservée entre les espéces, d’autres étant spécifiques de certains regnes

(Shelest, 2008). Les génes codant des FTs représentent 0.5 a 8 % du génome des Eucaryotes selon la complexité de
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Figure 8 : Schéma explicatif de la technique de séquengage Hi-C. Les cellules sont d’abord
traitées au formaldéhyde pour fixer les interactions physiques entre protéines puis ’ADN est
extrait. Les fragments d’ADN interagissant physiquement sont maintenus ensembles par les
protéines servant a la co-régulation de ces régions. L’ADN est ensuite digéré avec des enzymes
de restriction et des adaptateurs de séquencage sont ajoutés par ligation. Pour finir les
fragments d’ADN interagissant physiquement sont ligués, purifiés et séquencés en utilisant la
technique lllumina paired-end (Adapté de Lieberman-Aiden et al., 2009 ; Belaghzal et al., 2016)
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I’organisme observé. Les familles les plus retrouvées chez les Eucaryotes sont les FTs a doigt de Zinc et les Zinc cluster
(C2H2 et C4 zinc fingers ; ZnCys6/C6 zinc cluster), les helice-tour-helice (HTH), les basic leucine zipper (bZip) et les basic
helice-tour-helice (bHLH ; Wunderlich et Mirny, 2009). Chez les plantes, on retrouve également les familles AP2, MADS
box, WRKY et B3 (Figure 10 ; Weirauch et Hughes, 2011).

5.2 Les facteurs de transcription spécifiques du régne des Fungi

Les Fungi comme les autres Eucaryotes possédent un arsenal de FTs permettant la régulation de I'expression
génique. Park et al. (2008) ont ainsi identifié 31 832 FTs putatifs a partir de 62 espéeces de champignons. Chez les
champignons, on retrouve 37 superfamilles de domaines de liaison a ’ADN et parmi celles-ci 12 sont spécifiques des
champignons (Figure 11 ; Shelest, 2008). On y retrouve des FTs a poing de cuivre ‘copper fist domains’ stabilisés par
de multiples ions Cuivre et des FTs APSES qui pourraient avoir été acquis par transfert horizontal d’'un KilA-N-like
précurseur viral au début de I’évolution du regne des Fungi (Weirauch et Hughes, 2011). Chez N. crassa, un projet
visant a inactiver les 10 000 genes de son génome avait été initié : parmi les 312 genes codant des FTs identifiés chez
ce champignon, 242 ont été inactivés et 43 % des mutants obtenus avait un phénotype défectif pour au moins une
fonction développementale (défauts de croissance mycélienne et/ou de conidiation), la majorité d’entre eux étant
affectés dans plusieurs processus développementaux (morphologie, développement asexué, croissance, et
développement sexué ; Colot et al., 2006 ; Dunlap et al., 2007 ; Carrillo et al., 2017). On retrouve chez N. crassa 130
génes codant des ‘C6 binuclear cluster’ qui constituent la plus grande famille de FTs chez ce champignon. La deuxieme
famille la plus représentée est constituée des C2H2 a doigt de Zinc avec 54 genes. Ensuite, les familles les plus
présentes chez N. crassa sont les bZIP (23 génes), les MYB (16 genes) et les bHLH (13 génes). Une étude récente montre

que chez six espéces pathogénes de 'homme seuls deux facteurs de réponse au stress oxydatif sont conservés, Yapl

3‘:,3,2,(,? @ Figure 9 : Schéma représentant l'action d’un facteur de
_é_-_;TATA () transcription général (GTF). Les facteurs de transcription
Core promoter généraux (ovales verts) se fixent au site de régulation du géne,

une TATA box ou un initiateur (INR) par exemple. Mais la fixation

l‘ o seule de ce type de facteur de transcription n’ induit pas une trés

forte augmentation de la transcription. Il permet le recrutement

. et I'action de FTs spécifiques (trapéze rouge ; étape 1) ce qui

TATA |NRV7 augmente fortement le niveau de transcription (+). La

Proximal promoter transcription peut étre encore améliorée en recrutant un

~ enhancer (octogone orange ; étape 2) qui stabilisera I'interaction

lz avec le complexe d’initiation de la transcription. Enfin le GFT peut

également permettre le recrutement de protéines modificatrices

g d’histones qui modifieront la structure de la chromatine la

TATA_INR rendant plus accessible a la machinerie de transcription. (D’apres
Farnham, 2009).
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et Skn7. Il semble donc que les FTs soient tres especes spécifiques en ce qui concerne le controle des facteurs de

virulence fongiques (Pais et al., 2016).
5.3 Controéle transcriptionnel et pathogénie chez les champignons filamenteux

Les FTs fongiques peuvent avoir de multiples fonctions. Certains ont des roles pléiotropes alors que d’autres
ont des fonctions tres ciblées et uniques. Ainsi chez N. crassa ou encore la levure (S. cerevisiae), le facteur de
transcription StuA, FT général de la famille des APSES, est capable de réguler la reproduction ou encore le dimorphisme
(ici, passage d’un état levure a un état filamenteux ; Gimeno et Fink, 1994 ; Aramayo et al., 1996). Chez
Parastagonospora nodorum, un champignon pathogene du blé de la famille des Dothidéomycetes, SnStuA a été
identifié comme régulateur du métabolisme carboné et de la production de toxines. Ce facteur de transcription de la
famille des APSES a été I'objet d’un transfert horizontal d’un virus vers le régne des champignons au début de leur
histoire évolutive (Weirauch et Hughes, 2011 ; IpCho et al., 2010). Le géne orthologue codant ce FT a été inactivé chez
plusieurs autres ascomycetes (Fusarium oxysporum, Glomerella cingulata, A. fumigatus), entrainant une altération de
la conidiation, de la croissance et méme de la pathogénie (Ohara et Tsuge, 2004 ; Tong et al., 2007 ; Sheppard et al.,
2005). Si certains facteurs de transcription comme StuA régulent de nombreuses étapes du développement fongique,
d’autres tels que Ros1, un facteur de transcription de la famille des WOPR, régulent spécifiquement I'expression de
génes codant des effecteurs. Cette famille de FTs spécifique du régne des Fungi a été découverte chez Fusarium
oxysporum f. sp. lycopersici, ou ce FT avait été nommé Sgel. L'inactivation de Sgel chez ce champignon méne a un
défaut de pathogénie. Les spores du mutant Sgel sont toujours capable de germer et de permettre la pénétration
dans la tomate mais un défaut d’expression des génes codant des effecteurs a été observé (Michielse et al., 2009).
Chez le basidiomycéte U. maydis, Ros1 régule la conidiation et I'expression des effecteurs tardifs (Tollot et al., 2016).
Deux autres FTs regroupés au sein de la famille FTF (Fusarium Transcription Factors) ont été décrits chez F. oxysporum :

FTF2 qui est présent chez tous les ascomycetes filamenteux et FTF1 qui est spécifiquement retrouvé, en plusieurs
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Figure 10 : Figure comparant des zones régulatrices chez un Eucaryotes unicellulaire par rapport a un
Eucaryote complexe. A : unité transcriptionnelle chez un Eucaryote simple. Un core promoteur simple
(TATA), un activateur amont (UAS), une séquence initiatrice (INR), un élément promoteur aval (DPE), des
éléments promoteurs amonts (RE) et un silenceur, le tout entre 100 et 200 pb de la TATA box. B : Unité
transcriptionnelle chez un Eucaryote complexe. Arrangement complexe de plusieurs enhancers clusterisés
avec des silenceurs et insulateurs qui peuvent étre situés en amont ou en aval a des distances allant de 10
kb a 50 kb de la TATA box (Issu de Levine et Tjian, 2003).
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copies, chez F. oxysporum. L'inactivation de ces genes induit un défaut de pathogénie ainsi qu’une diminution du

niveau d’expression de genes codant des effecteurs (effecteurs SIX, Secreted In Xylem) et de SGE1 qui régule lui-méme
I’expression des genes SIX (Nifio-Sanchez et al., 2016). Une étude récente confirme ce résultat chez F. oxysporum. En
effet ce champignon possede un chromosome accessoire de pathogénie sur lequel sont localisés 13 FTs ainsi que de
nombreux genes codant des effecteurs. L'expression constitutive de FTF1 ou FTF2 induit I’expression de presque tous
les génes codant des effecteurs portés par le chromosome accessoire indiquant I'autonomie transcriptionnelle de ce
chromosome qui peut étre transféré horizontalement (van der Does et al., 2016). Enfin un autre FT de la famille des

Zn2Cys6 binuclear cluster, AbPf2, a été décrit comme impliqué dans le contréle de I'expression de genes codant des
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Figure 11 : Nombre de facteurs de transcription par régne et par espéce en fonction
du type de FT. Heatmap réalisée a partir des domaines protéiques issus de Pfam.
(D’apres Weirauch et Hughes, 2011).
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effecteurs chez Alternaria brassicicola. AbPf2 serait impliqué dans le contréle de I'expression de 106 genes dont 33
codent des SSPs (Cho et al., 2013). Ce FT possede des homologues chez les Dothideomycetes et son inactivation chez
deux especes de Pleosporales pathogénes du blé (P. nodorum et Pyrenophora tritici-repentis) induit une diminution
d’expression de genes codant des toxines hote-spécifique (SnToxA et PtrToxA) présentes chez les deux especes et
ayant été acquis par transfert horizontal de P. nodorum vers P. tritici-repentis (Rybak et al., 2017). Cette inactivation
n’entraine ni défaut de croissance ni défaut de conidiation chez A. brassicicola et quelques défaut développementaux
chez P. nodorum et P. tritici-repentis mais abolie totalement la capacité a infecter son hote chez les trois especes, ce
qui indique la capacité de certains FTs a réguler uniquement la pathogénese chez les ascomycétes phytopathogeénes

(Cho et al., 2013 ; Rybak et al., 2017).

6. Leptosphaeria maculans, champignon pathogéne du colza : un bon modeéle pour

étudier les mécanismes contrélant I’expression des genes codant des effecteurs

6.1 Le colza, une brassicacée tres cultivée mais ciblée par des agents pathogénes

Le colza, Brassica napus, appartient a la famille des Brassicaceae et est issu d'un croisement inter-spécifique
entre deux espéces diploides : le chou, Brassica oleracea (2n = CC), et la navette, Brassica rapa (2n = AA), ayant eu lieu
ilya7000a12500ans(Chalhoub etal., 2014). Le colza est donc un allotétraploide (AACC). La culture du colza remonte
a I'Antiquité, notamment en Chine. Elle aurait été introduite en Europe vers le Xllleme siecle (Hebinger, 2013). Son
huile servait a la fois a I'alimentation et a d’autres usages comme |'éclairage ou la savonnerie. On utilise actuellement
non seulement le colza pour son huile mais également pour la production de tourteaux, galettes protéinées co-
produits de I'extraction d’huile utilisés pour I'alimentation animale. Des programmes de sélection variétale ont permis
au colza de perdre ses fortes teneurs en acide érucique et en glucosinolates qui provoquaient des baisses d'appétence,
particulierement chez les bovins, et induisaient des troubles thyroidiens chez les animaux monogastriques (Bonneuil
et Thomas, 2012). Suite a ce programme d’amélioration du colza, la culture du colza a connu un fort essor des 1980.
On cultive aujourd’hui en France 1,48 MHa de colza d’hiver (http://agreste.agriculture.gouv.fr). Le colza d'hiver est
une plante annuelle. Semé de la mi-ao(t a la fin septembre en Europe de I'Ouest, le colza connait d'abord une premiére
phase de levée puis reste végétatif jusqu'a fin novembre/décembre ou il rentre dans une phase vernalisante. La
croissance reprend a la sortie de I'hiver (février a mars), quand les températures augmentent. La tige s’allonge
rapidement et de nouvelles feuilles se mettent en place ainsi que de nouvelles racines. La maturation des graines se
termine en juillet (Hebinger, 2013). Les pertes de rendement dues a des bioagresseurs sont généralement causées par
des champignons et des insectes ravageurs. Parmi les principaux agents pathogénes fongiques, on retrouve Sclerotinia
sclerotiorum et L. maculans (agent causal de la nécrose du collet, ou phoma). D'autres champignons comme
Cylindrosporium concentricum (agent responsable de la cylindrosporiose), Erysiphe cruciferarum (agent responsable
de I'oidium), Plasmodiophora brassicae (responsable de la hernie des cruciféres) ou Alternaria brassicae (responsable
de I'alternatiose) causent également des symptomes sur colza mais avec une incidence moindre ou une répartition

locale (Source : www.terresinovia.fr/colza/cultiver-du-colza/maladies). Le sclérotinia est une maladie relativement
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bien controlée par les fongicides a I'inverse de la nécrose du collet qui nécessite I'utilisation de variétés génétiquement

résistantes pour éviter des pertes pouvant aller jusqu'a 20% de la récolte (Fitt et al., 2006).
6.2 Le champignon pathogéne responsable de la nécrose du collet (ou «blackleg disease»)

Leptosphaeria maculans ‘brassicae’ (L. maculans dans la suite de l'introduction) est un champignon
Ascomycete, appartenant a la classe des Dothidéomyceétes et a I'ordre des Pléosporales. Ce champignon est
responsable de la nécrose du collet du colza et d’autres cruciféres, pouvant occasionner des pertes de rendement
allant jusqu’a 20 % de la récolte (Fitt et al., 2006). En Europe, L. maculans effectue sa reproduction sexuée a I'automne
sur les résidus de culture de I'année précédente puis les ascospores, dispersées par le vent, peuvent coloniser les
premieres feuilles au champ. Aprés germination des ascospores, I’hyphe mycélien pénétre dans les feuilles via les
stomates ou des blessures. Aprés une phase de développement asymptomatique, des nécroses foliaires apparaissent.
Ces macules foliaires, caractérisées par la présence de conidies (inoculum secondaire), produits de la reproduction
asexuée, vont permettre de propager I'agent pathogéne a courte distance. A partir de ces nécroses, le mycélium
colonise de facon systémique et endophyte les espaces intercellulaires des tissus des feuilles, du pétiole et de la tige,
sans provoquer de symptémes. Apres cette phase endophyte de plusieurs mois, L. maculans devient nécrotrophe et
provoque alors une nécrose de la base de la tige, qui peut conduire a la verse parasitaire des plantes (Figure 12 ;
Williams et Fitt, 1999 ; West et al., 2002 ; Rouxel et al., 2004). L. maculans possede un génome riche en ETs (33 % du
génome) qui se caractérise par la présence de deux types de compartiments : des isochores GC représentant deux
tiers du génome pauvres en ETs et riches en genes (contenant 95 % des génes) et des isochores AT, représentant un
tiers du génome, pauvres en genes et riches en ETs (Rouxel et al., 2011). Une premiére prédiction du répertoire
d’effecteurs de L. maculans (correspondant a des PPS de moins de 300 aa) avait permis d’identifier 651 effecteurs
putatifs : 122 codés par des genes localisés en isochores AT et 529 par des génes localisés en isochores GC. Les génes
codant des effecteurs situés en isochores AT représentent donc 20 % des génes prédits dans ces régions contre
seulement 4 % dans le cas des isochores GC, suggérant que les isochores AT sont enrichis en genes codant des
effecteurs (Rouxel et al., 2011). Plus récemment, un nouvel assemblage, une nouvelle annotation du génome de L.
maculans et une nouvelle prédiction du répertoire de génes codant des effecteurs ont été réalisés et utilisés pour une

partie des analyses réalisées au cours de la thése (Dutreux et al., 2018 ; EJ. Gay thése en cours).
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6.3 Expression synchronisée des effecteurs chez L. maculans

Une premiére vague d’expression d’effecteurs (incluant les geénes d’avirulence clonés chez L. maculans) a été
identifiée durant les étapes précoces de I'infection (effecteurs ‘précoces’ ; Rouxel et al., 2011 ; Gervais et al., 2017).
Les genes codant des effecteurs situés en isochores AT présentent une faible expression pendant la croissance
mycélienne et une forte induction de leur expression pendant la phase de colonisation asymptomatique des
cotylédons et des feuilles de colza, avec un pic d’expression 7 jours post infection (jpi). Les génes codant pour des
effecteurs précoces sont majoritairement localisés dans les isochores AT puisqu’a 7 jpi, 73 % des genes codant des
effecteurs en isochore AT sont sur-exprimés contre 19 % des mémes geénes en isochore GC (Rouxel et al., 2011). Par
ailleurs, 8 % des genes codant des effecteurs localisés en isochore AT sont exprimés in vitro contre 55 % de ceux
localisés en isochore GC. Une deuxieme vague d’effecteurs spécifiqguement exprimés pendant les phases de
colonisation systémique et de nécrose de la tige (effecteurs ‘tardifs’) a récemment été identifiée grace a des analyses

RNA-Seq. Les genes codant ces effecteurs sont, eux, localisés majoritairement dans les isochores GC. 307 genes (ont

été identifiés comme spécifiguement sur-exprimés en condition tardive d’infection (Gervais et al., 2017). Enfin, une
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Figure 12 : Cycle de vie de Leptosphaeria maculans en Europe. 1 : phase saprophyte sur résidus de culture ; 2 :
reproduction sexuée produisant des ascoscpores constituant l'inoculum primaire ; 3, 4 : courte phase
nécrotrophe suivant l'infection primaire caractérisée par I'apparition de macules foliaires et multiplication
asexuée produisant des conidies ; 5 : longue phase endophyte avec colonisation systémique de la tige et du collet
; 6 : phase nécrotrophe a l'origine de la verse de la plante. Adapté de CETIOM (1996).
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analyse RNA-Seq est actuellement menée sur I'ensemble du cycle de vie de L. maculans (incluant infection en
conditions contrblées et infection au champ ; EJ. Gay, thése en cours) et permet d’identifier de nouveaux profils
d’expression de genes codant des effecteurs. La localisation distincte des genes codant des effecteurs ‘précoces’ ou
‘tardif’ au sein du génome de L. maculans ‘brassicae’ a des conséquences sur leur évolution dans les populations de L.
maculans (les genes codant des effecteurs ‘tardifs’ étant mieux conservés dans les populations de L. maculans que
ceux codant des effecteurs précoces ; Rouxel et al., 2011 ; Gervais et al., 2017) et sur le contréle de leur expression

(cf. partie 6.5).
6.4 Le complexe d’espéces L. maculans / L. biglobosa

L. maculans fait partie d'un complexe comprenant au moins deux groupes génétiquement distincts
initialement décrits comme respectivement « virulent » et « avirulent » (McGee et Petrie, 1978). Grace a I'avénement
des outils moléculaires, ces deux groupes ont été reconnus comme étant deux especes différentes : L. maculans et
Leptosphaeria biglobosa (Shoemaker et Brun, 2001). Sur colza, ces deux espéces se développent sur les mémes hotes
et peuvent étre retrouvées simultanément sur la méme plante. Elles sont toutes les deux capables de provoquer des
|ésions nécrotiques et de coloniser les tissus des plantes hotes mais leur impact sur les cultures ne sont pas similaires
: seule L. maculans est susceptible de provoquer la verse parasitaire et donc d’étre dommageable pour les cultures
(Williams et Fitt, 1999 ; West et al., 2002 ; Rouxel et al., 2004), Contrairement a L. maculans, L. biglobosa cause des
Iésions de la tige ne conduisant qu'a des dégats mineurs. Chez L. maculans, de nombreuses interactions spécifiques
(interactions géne-pour-géne) ont été montrées avec ses différents hotes alors que pour le moment aucune
interaction de ce type n'a été décrite chez L. biglobosa (Dilmaghani et al., 2009). Des relations phylogénétiques entre
les membres du complexe d'espéces ont été établies sur la base d'analyses de plusieurs séquences nucléiques (/TS,
actine, B-tubuline), révélant un niveau de complexité inattendu en comparaison a la simple séparation en deux espéces
(Mendes-Pereira et al., 2003 ; Voigt et al., 2005 ; Vincenot et al., 2008). En effet, ces résultats montrent que L. maculans
est une espéce tres monomorphe avec uniquement une séparation en deux sous-clades dont I'un, L. maculans 'lepidii’
(Lml), est tres rare et représenté seulement par quelques individus isolés sur Lepidium sp., une crucifére adventice. L.
biglobosa est une espece tres polymorphe avec une séparation en six sous-clades correspondant a différentes
spécificités d'hotes ou origines géographiques : L. biglobosa 'brassicae’ présent sur plusieurs espéces de Brassicaceae
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 Thlaspii arvense au Canada et le tres rare L.
biglobosa 'erysimii' isolé sur Erysimum spp. au Canada (Mendes-Pereira et al., 2003 ; Voigt et al., 2005 ; Vincenot et
al., 2008 ; Van de Wouw et al., 2009 ; Dilmaghani et al., 2009, 2012). Etonnamment les autres espéces du complexe
possédent des répertoires d’effecteurs de tailles similaire a celui de Lmb malgré leur taille de génome plus réduite
avec 875 genes codant des effecteurs prédits chez L. biglobosa dont 75 d’entre eux localisés dans les isochores AT de
son génome (Dutreux et al., 2018). Les génomes de L. biglobosa ‘thlaspii’, L. biglobosa ‘brassicae’, L. biglobosa
‘canadensis’ et L. maculans 'lepidii’, contiennent respectivement, 4 %, 3,2 %, 2,9 % et 2,7 % d’ETs (Grandaubert et al.,

2014). Mais une étude récente a permis d’identifier que le génome de L. biglobosa ‘brassicae’ pouvait contenir jusqu’a
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15 % d’ETs (Dutreux et al., 2018). De fagon surprenante, L. maculans ‘lepidii’ posseéde un génome quasi identique a
celui de L. maculans ‘brassicae’ avec une structuration en isochores moins marquée que celle de L. maculans
‘brassicae’ mais un répertoire d’effecteurs similaire en nombre. En revanche, malgré le nombre similaire d’effecteurs,
41 % des génes codant des effecteurs localisés en isochore AT chez L. maculans ‘brassicae’ lui sont spécifiques, ce qui
pourrait indiquer que I'invasion du génome de L. maculans ‘brassicae’ par des ETs est un mécanisme permettant de
diversifier le répertoire d’effecteurs. L. maculans ‘lepidii’ posséde, lui aussi, un répertoire d’effecteurs spécifique par

rapport aux autres especes du complexe (Grandaubert et al., 2014).
6.5 Controle chromatinien de I’expression des génes codant des effecteurs chez L. maculans

Il 'y a une dizaine d’années, un projet visant a déterminer I'impact de la structure de la chromatine sur la
régulation de I'expression des génes, en particulier des genes impliqués dans la pathogénie, chez L. maculans a été
initié. Il était alors établi que i) L. maculans possédait une structuration complexe de son génome, avec une alternance
de régions riches en ETs et de régions riches en génes ; ii) que les régions riches en ETs, bien que pauvres en genes,
étaient enrichies en génes codant des protéines d’avirulence et d’autres effecteurs putatifs, et iii) que ces génes
étaient spécifiguement exprimés in planta. Dans ce contexte, I'hypothése établie était que les isochores AT pouvaient
correspondre a des régions hétérochromatiniennes et que la condensation de la chromatine de ces régions pouvait
étre a la base d’un processus efficace de régulation de I'expression de génes codant des effecteurs permettant leur
expression concertée in planta, et leur répression in vitro. Pendant la thése de J. Soyer, une caractérisation
fonctionnelle de deux protéines, HP1 et KMT1, a été menée. Ces deux protéines sont indispensables a la formation de
I'nétérochromatine via la tri-méthylation H3K9me3. Le silencing par ARNi de HP1 et KMT1 a conduit a une
augmentation d’expression in vitro de 41 % des genes codant des effecteurs localisés en isochores AT, ce qui suggére
que la structure de la chromatine dans ces régions contribue a une répression de I'expression de ces génes lors des
phases de croissance végétative. Cette augmentation d’expression s’"accompagne pour au moins deux genes codant
des effecteurs (AvrLlm4-7 et AvrLm1) d’une diminution de la marque H3K9me3. Cependant, I'augmentation
d’expression n’atteint pas le niveau d’expression observé lors de I'infection primaire du colza par une souche sauvage
(Soyer et al., 2014). U'ensemble de ces résultats suggére que la structuration de la chromatine et la régulation
dynamique de cette structure ne serait pas le seul acteur impliqué dans la régulation de I'expression des genes codant
des effecteurs et qu’un, ou plusieurs, FT(s) spécifique(s) seraient également impliqués dans le contrdle de I'expression
des effecteurs. Suite a cette étude, le modele suivant a été proposé (Figure 13) : pendant la croissance axénique, les
régions génomiques contenant les genes codant des effecteurs situés en isochores AT sont condensées, ce qui induit
une répression de I'expression génique. Au moment de l'infection, le changement de mode de vie et le shift vers la
pathogenese se traduirait par une décondensation de la chromatine (via I’élimination des marques H3K9me3), dont
le déterminisme est inconnu, rendant les promoteurs géniques accessibles aux FTs. Une action de FTs spécifiques
permettrait ensuite d’exprimer de fagon concertée les génes codant des effecteurs. Ce mécanisme permettrait une
adaptation rapide aux nouvelles conditions d’infection en permettant une régulation similaire de I'expression de
nombreux genes, ayant pour fonction de faciliter d’infection, et localisés dans un environnement génomique similaire

(Soyer et al., 2015. A).
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6.6 Controle transcriptionnel de I’expression des génes codant des effecteurs chez L. maculans

L'étude du contréle transcriptionnel de I'expression des génes codant des effecteurs chez L. maculans a
également été initiée lors de la these de J. Soyer. Afin d’identifier un ou des FTs controlant I'expression des génes
codant des effecteurs de L. maculans, deux approches avaient été choisies : (i) une approche avec a priori consistant
a identifier les genes orthologues de FTs décrits chez les champignons comme impliqués dans le controle de
I’expression des effecteurs (e.g. Sgel, StuA, cf. partie 5.3) et (ii) une approche sans a priori consistant a prédire le
répertoire de FTs de L. maculans et a rechercher les FTs surexprimés pendant I'infection ou spécifiques de L. maculans.
En recherchant des domaines caractéristiques des FTs comme décrit par Park et al. (2008), J. Soyer a pu identifier un
répertoire de 682 FTs putatifs. Aprés avoir éliminé les FTs ayant un domaine de fixation a I’ADN mais sans prédiction
d’initiation de transcription, une liste de 355 TFs putatifs a été obtenue. Aprés comparaison des séquences de ces FTs
avec les génomes du complexe d’espéces, une liste de 44 FTs spécifiques de L. maculans a pu étre obtenue. Par ailleurs,
une analyse transcriptomique a 3, 7 et 14 jpi de cotylédons de colza a permis d’identifier 38 FTs surexprimés pendant
I'infection dont deux FTs surexprimés a 3 jpi, 14 a 7 jpi et 21 a 14 jpi. Le silencing des 14 génes codant des FTs exprimés
spécifiqguement a 7 jpi et de StuA et Sgel a été entrepris mais, en dehors de StuA et de deux FTs surexprimés pendant
I'infection (génes ID : Lema_P013470.1 et Lema_P074920.1), le silencing n’avait pas été efficace (pas de diminution
d’expression génique). L'inactivation de LmStuA entrainait des défauts de sporulation, de croissance et de pathogénie

et une diminution d’expression d'au moins deux génes codant des effecteurs ‘précoces’ (Soyer et al., 2015. B).
6.7 Objectifs de la these

Actuellement, la fagon dont I'expression concertée des genes codant des effecteurs fongiques est régulée est
mal comprise. L. maculans est un bon modéle pour I'étude du contréle de I'expression des effecteurs : (i) il posséde
un cycle de vie complexe, alternant les modes de vie et les stratégies nutritionnelles au cours de son cycle. Ces
capacités d’alternance entre modes de vie indiquent un systeme de régulation sophistiqué de ses genes ; (ii) le génome
de L. maculans présente une structure en isochores, alternant régions riche en genes et régions riches en ETs enrichies
en génes codant des effecteurs ‘précoces’ ; (iii) au moins deux vagues de génes codant des effecteurs sont exprimées
au cours de l'infection (effecteurs ‘précoces’ produits pendant l'infection primaire et effecteurs ‘tardifs’ produits
pendant la colonisation des tiges) ; (iv) L. maculans ‘brassicae’ appartient a un complexe d’espéces dont la sous-espéce
la plus proche, L. maculans ‘lepidii’, ne présente pas de structure de génome en isochores, et un contenu faible en

éléments répétés, et n’est pas pathogene du colza.
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Le travail réalisé par J. Soyer durant sa these a permis d’initier une étude de l'influence de la structure de la
chromatine et de FTs spécifique sur le controle de I'expression des effecteurs chez L. maculans ‘brassicae’. Il a été ainsi
mis en évidence un réle de KMT1 et HP1 dans la mise en place de la marque H3K9me3 et le contrble de I'expression
d’effecteurs localisés dans les régions riches en ETs. L'inactivation par ARNi de KMT1 et HP1 a permis d’obtenir une
diminution de la modification H3K9me3 dans le promoteur d’au moins deux genes codant des effecteurs situés dans
des régions riches en ETs, accompagnée d’'une augmentation de I'expression de ces genes in vitro. Néanmoins, le
niveau d’expression de ces genes in vitro chez les transformants n’atteignant pas le niveau d’expression observée
pendant l'infection, chez la souche sauvage, ceci suggére l'intervention supplémentaire de FTs spécifiques au moment
de l'infection. Ces FTs se fixeraient sur les promoteurs des genes codant des effecteurs aprés décondensation de la

chromatine (Figure 13).

A B

Croissance mycélienne Infection primaire

[ ] [ | :

Signal
o

environnemental ? I I I I I I
Figure 13 : Modeéle de contréle de I'expression des génes codant des effecteurs situés en isochores AT chez Leptosphaeria
maculans. A : Pendant la croissance mycélienne, un mécanisme épigénétique reposant sur une modification des histones associée
a I'hétérochromatine, H3K9me3, via I'action de LmHP1 et LmDIMS5 (i.e. KMT1), entraine une condensation de la chromatine dans
I’environnement génomique des génes et ainsi une répression globale de leur expression. B : Pendant I'infection primaire, un signal
de I’environnement ou endogéne, de nature inconnue, est reconnu par le champignon, permettant de lever la répression, via la
disparition de la marque H3K9me3, et un espacement des nucléosomes, autorisant I’accés des promoteurs a un, ou plusieurs, FT(s)
spécifique(s) permettant une expression concertée pendant I'infection. Boules rouges, modification des histones associée a
I’'hétérochromatine (ici H3K9me3) ; boules bleues, modification des histones associée a I'’euchromatine.

L'objectif de ma thése est donc de comprendre le role de la structure de la chromatine (a plusieurs échelles :
position des nucléosomes, modification des histones et organisation intra-nucléaire des chromosomes) et de FTs dans
le contrGle de I'expression concertée des génes codant des effecteurs de Lmb, et plus globalement dans le contréle
de I'expression génique et la pathogénie. Dans ce but, deux thématiques de recherche sont développées en parallele
: (i) 'étude de Iinfluence de la structure de la chromatine sur la régulation de I'expression génique et de la pathogénie
et (ii) la recherche de facteurs de transcription impliqués dans la régulation des effecteurs au cours de I'infection. Cet
objectif nécessite la mise en place d’approches complémentaires : des analyses bio-informatiques et des analyses

fonctionnelles.

Afin de réaliser des analyses fonctionnelles de FTs candidats ou de protéines impliquées dans le remodelage
de la chromatine, j'ai utilisé une technique de mutagenése permettant de s’affranchir des limites de la technique
d’ARNi utilisée précédemment dans I'équipe. En effet, ['analyse fonctionnelle par ARNi nécessite le criblage d'un grand
nombre de transformants car le niveau de diminution d’expression est tres variable. Les transformants silencés
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générés par Soyer et al. (2014) permettaient encore une expression résiduelle de ~20 % de KMT1, ce qui ne permettait
pas de déterminer les effets d'une absence totale de H3K9me3 sur la structure chromatinienne et I'expression
génétique. La technologie CRISPR-Cas9 a récemment été mise au point pour L. maculans afin de générer des mutants
knock-out (Figure 14 ; Idnurm et al., 2017). J’ai pu transférer avec succes la méthode CRISPR-Cas9 au laboratoire et

inactiver plusieurs génes codant des histones méthyltransférases, des déméthylases d’histone et des FTs.

1. Etude de l'influence de la structure de la chromatine sur la régulation de I'expression génique et de la
pathogénie

Les études réalisées précédemment dans I'équipe concernant I'organisation de la structure de la chromatine
étaient menées par des approches ciblées (ChIP-gPCR) et concernaient I'effet des modifications biochimiques des
histones sur I'expression des genes. Au cours de cette thése, grace notamment au développement de nouvelles
technologies et a la diminution des colts de séquencage, nous avons pu aller plus loin et développer des analyses
«genome-wide» et, autant que possible, comparatives, de i) la position des nucléosomes chez quatre espéeces de
champignons phytopathogénes présentant des modes de vie distincts (en développant des approches de MAINE-Seq
et RNA-Seq), (Chapitre 1.1) ; ii) la localisation des modifications des histones H3K4me2, H3K9me3 et H3K27me3 chez
deux espéces du complexe d’especes ayant des structures de génome différentes, Lmb et Lml (par des approches de
ChiP-Seq et RNA-Seq), (Figure 13 ; Chapitre 1.2). La combinaison de ces approches permet d’obtenir une vue compléete
du paysage épigénomique de L. maculans ‘brassicae’ et de son influence sur I'expression des genes, en particulier des
génes codant des effecteurs. La comparaison de |'organisation épigénomique du génome de L. maculans ‘brassicae’
avec d’autres especes a pour objectif d’identifier des particularités d’organisation de ce génome, ou, au contraire, ce
qui est conservé, et de déterminer dans quelle mesure la structure du génome et de la chromatine influent sur
I'adaptation et la spécialisation a [I’'h6te. Par ailleurs, afin de décrypter linfluence des modifications
hétérochromatiniennes H3K9me3 et H3K27me3 sur I'expression génique, des analyses fonctionnelles de trois genes
responsables de modifications chimiques de queues d’histone, KMT1, KMT6 (responsable respectivement de la mise
en place de la marque répressive H3K9me3 et H3K27me3) et Kdm8 (responsable de I'enlevement de la marque
H3K36me2) ont été réalisées (Chapitre 2.1 et 2.2). iii) I'organisation intra-nucléaire des chromosomes (par une
approche de HiC-Seq). L’étude de I'organisation intranucléaire des chromosomes, par Hi-C sequencing (Figure 8), a été

initiée. Les données relatives a cette approche seront présentées dans le chapitre 2.1.
2. Recherche de facteurs de transcription impliqués dans la régulation des effecteurs au cours de I'infection

L'approche d’identification de FTs sans a priori avait permis pendant la thése de J. Soyer I'identification et
I'annotation de 355 FTs chez Lmb, dont 38 sont sur-exprimés pendant l'infection primaire du colza et huit sont
spécifiques de Lmb. Parmi ces FTs, nous avons choisi de focaliser notre analyse fonctionnelle sur des FTs sur-exprimés
pendant l'infection primaire, en particulier deux FTs spécifiques de Lmb et un portant des signatures de sélection
positive au sein du complexe d’espéces L. maculans / L. biglobosa. )’ ai réalisé I'analyse fonctionnelle de ces trois FTs
en les inactivant grace a la technologie CRISPR-Cas9 et en les sur-exprimant sous le contréle d’un promoteur EFla:
parmi les trois FTs étudiés, I'un, LmPf2, s’est avéré impliqué dans la pathogenése et le contréle de I'expression des
effecteurs précoces. En effet, I'inactivation par CRISPR-Cas9 de LmPf2, qui a un profil d’expression suivant celui
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des effecteurs précoces, déja décrit chez trois Dothidéomycetes (P. tritici ‘repentis’, A. brassicicola et P. nodorum)
comme impliqué dans la pathogénie a été réalisée ainsi qu’une sur-expression de ce méme gene dans deux fonds
génétiques différents (WT et Akmt1). L'expression génique chez les transformants ainsi obtenus a été étudiée par RNA-
Seq, ce qui m’a permis de déterminer que ce FT ainsi que de I'état de compaction de la chromatine étaient impliqués
dans le controle de I'expression des génes codant des effecteurs (Chapitre 3.1). L'inactivation de deux autres FTs

présentant des patterns d’expression correspondant a celui des effecteurs ‘précoces’ n’a pas permis de mettre en

évidence une implication dans la pathogénese du colza (Chapitre 3.2).

A gRNA coding CAS9 coding
/ sequence sequence
Constitutive
promotor
Plau2
Génomycine HygR gene
R gene

PAM Guide RNA
B sequence
Cas9

Genomic DNA

Repair

T e

Figure 14: Méthode de mutagénese dirigée CRISPR-Cas9. A: Constructions
utilisées pour mettre en place la mutagénése dirigée. A gauche le plasmide
portant la séquence de I’ARN guide ciblant le gene d’intérét et a gauche le
vecteur contenant la séquence de la Cas9 reconnaissant I’ARN guide. B:
Schéma de I'action combinée de I’ARN guide reconnaissant sa séquence
cible et de la Cas9 reconnaissant le gRNA et coupant ’ADNg en amont de la
séguence PAM. L’ADNg sera ensuite réparé ce qui menera dans certains cas
a des mutations déléteres pour le géne cible.
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RESULTATS

CHAPITRE |

Etude genome-wide du paysage chromatinien et nucleosomal
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INTRODUCTION

Dans le chapitre | nous nous intéresserons au contréle chromatinien de I'expression des genes, en particulier

des génes codant des effecteurs.

Dans la premiere partie de ce chapitre, nous avons étudié, chez différentes espéces de champignons
phytopathogénes, I'organisation du paysage nucléosomique ainsi que I'impact des positions des nucléosomes sur
I’expression génique. La position des nucléosomes, en condition de vie axénique, a été analysée chez quatre especes
(L. maculans ‘brassicae’, L. maculans ‘lepidii’, Fusarium graminearum et Botrytis cinerea) via une expérience de MAINE-
Seq consistant a digérer la chromatine ne formant pas de nucléosomes a I'aide d’une enzyme, la miccrococale
nucléase. L'ADN enroulé autour des octameres d’histones est ensuite extrait, séquencé et aligné sur le génome de
chacune des espéces pour identifier les portions d’ADN au niveau desquelles sont positionnés des nucléosomes. En
paralléle, une analyse transcriptomique a été réalisée dans les mémes conditions par RNA-Seq. Nous avons pu ensuite
relier paysage nucléosomique et expression chez les différents champignons étudiés et comparer ceci entre les
différentes espéces. A mon arrivée au laboratoire, les expériences de MAINE avaient déja été réalisées et les données
de séquencage venaient d’étre obtenues. L’analyse bio-informatique des données n’avait pas été réalisée. J'ai réalisé
I'analyse des données de L. maculans ‘brassicae’ et L. maculans ‘lepidii’, participé aux réflexions sur le choix et la mise
en place des outils a utiliser pour I'analyse et j’ai participé a la rédaction de I'article. Il s’agit a notre connaissance de

la premiére analyse comparative chez des champignons filamenteux.

Dans la deuxiéme partie de ce chapitre nous avons mené, en phase de croissance axénique, des expériences
de ChIP-Seq qui consistent, apres une étape de digestion de la chromatine, a immunoprécipiter les nucléosomes avec
des anticorps spécifiques des modifications des histones de type H3K9me3, H3K4me2 et H3K27me3. Ces expériences
ont été réalisées chez L. maculans ‘brassicae’ et L. maculans ‘lepidii’, deux espéces ayant un contenu en ETs différent
ainsi qu’une différence dans leur spectre d’h6te connu. Une analyse transcriptomique par RNA-Seq a été menée dans
les mémes conditions pour relier modifications chromatiniennes et expression génique chez ces deux espéces. A mon
arrivée au laboratoire, les expériences de ChIP avaient déja été réalisées et les données de séquencage venaient d’étre
obtenues. J’ai participé a I'analyse des données, aux réflexions sur le choix et la mise en place des outils a utiliser pour

I"analyse et j’ai participé a la rédaction de I'article.
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ARTICLE 1

Nucleosome patterns in four plant pathogenic fungi with different genome structures
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11 INTRODUCTION
12 Fungi account for a huge part of the Earth biodiversity; they rank second in terms of species number, behind
13 theinsects, with a current estimate of 2.2 to 3.8 million species (Hawksworth and Licking, 2018). Fungi are organisms
14  of major environmental importance as they develop beneficial symbiotic associations with plants and are able to decay
15 dead organic matter (Taylor and Osborn, 1994). Unfortunately, fungi are also very efficient pathogens causing
16 important damages in agriculture, human health, and environment (Fisher et al., 2012). Control of fungal diseases on
17 crops necessitates a global understanding of fungal pathogenicity determinants. Among these pathogenicity
18 determinants, fungi secrete an arsenal of molecules known as effectors, key elements of pathogenesis which modulate
19 innate immunity of the plant and facilitate infection, corresponding to small proteins, secondary metabolites and small
20 RNAs (Fox and Howlett., 2008; Md&bius and Hertweck, 2009; Weiberg et al., 2013; Lo Presti et al., 2015; Wang et al.,
21 2016). Upon plant infection, fungi undergo a tightly controlled transcriptional reprogramming, and different sets of
22 effectors are expressed at specific stages of pathogen development and host colonization. It follows that fine-tuned
23 regulation of effector-encoding genes is important for the successful outcome of plant infection. However, so far, very
24 little is known about the regulation of effector gene expression. Effector gene expression can be regulated by several
25 mechanisms including specific transcription factors (reviewed in Tan and Oliver, 2017) and the structure of the
26 genomic regions in which effector genes are located. Plant-associated fungi generally show contrasted genomic
27 landscapes including ‘plastic’ regions with a high prevalence of transposable elements (TEs). These genomes either
28 show an overall large proportion of TEs evenly distributed throughout the genome, or TEs clustered in specific regions
29 suchaslongrepeat-rich blocks, accessory chromosomes or subtelomeric areas (Soyer et al., 2015,b). Effector-encoding
30 genes are overrepresented in these TE-rich regions. TE-rich compartments have heterochromatin properties contrary
31 to TE-poor regions which have euchromatin properties. The location of effector genes in regions enriched in repeats
32 has been shown to provide a tight control of effector gene expression through chromatin remodeling. Indeed, several
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33 recent studies pointed out the potential role of chromatin remodeling in the regulation of pathogenicity and the
34  control of secondary metabolism (reviewed in Strauss and Reyes-Dominguez, 2011; and in Soyer et al., 2015,b).

35 Eukaryotic chromatin is packaged into nucleosomes, each composed of DNA wrapped around a histone
36 octamer associated with various other proteins, and separated by linker DNA (Richmond and Davey, 2003). These
37 histone proteins are composed of histone core where the DNA is wrapped and histone tails which can be chemically
38 modified by specific enzymes changing the chromatin 3D structure and DNA accessibility to polymerases and
39 transcription factors (TFs). Positioning of nucleosomes throughout the genome and post-translational modifications
40 of histones have a significant regulatory function by modifying availability of binding sites to transcription factors (TFs)
41 and to polymerases, affecting DNA-dependent processes such as transcription, DNA repair, replication and
42 recombination (Radman-Livaja and Rando, 2010; Struhl and Segal, 2013). Nucleosome positioning and occupancy are
43  determined by a combination of DNA sequence features, TFs, chromatin remodelers and histones modifiers. Genome-
44  wide maps of nucleosome occupancy and positioning are still sparse in fungi and have only been developed in
45 Hemiascomycota (Saccharomyces cerevisiae (Yuan et al., 2005) and other Hemiascomycota yeast species (Tsankov et
46 al., 2010), in the ascomycete Aspergillus fumigatus (Nishida et al., 2009) and the basidiomycete Mixia osmundae
47  (Nishida et al., 2012). The studies revealed that nucleosomes are depleted at promoter, enhancer and terminator
48 regions, allowing access to TFs, and that the nucleosomal DNA length distribution was similar in M. osmundae and A.
49  fumigatus but differed from that of hemiascomycetous yeasts. In contrast, no comparative genome-wide analyses of
50 nucleosome positioning have been performed in ascomycetes and notably not in plant pathogenic fungi.

51 In the present study, we investigated genome-wide nucleosome localization and its impact on gene
52 expression, particularly on (putative) effector gene expression, in four different plant pathogenic fungi showing
53 different host ranges, lifestyles and genomic organizations: i) Leptosphaeria maculans ‘brassicae’ (Lmb), a
54  hemibiotrophic pathogen of oilseed rape; ii) the most closely related species of Lmb, Leptosphaeria maculans ‘lepidii’
55 (Lml), a pathogen of Lepidium spp.; iii) Fusarium graminearum, a hemibiotrophic pathogen of cereals and iv) Botrytis
56 cinerea, a polyphagous necrotrophic pathogen causing grey mould on more than 1400 plant species. The genome of
57 Lmb has been invaded by TEs (which represent more than 39% of its genome) and is composed of alternating
58 compartments: gene-rich GC-isochores and TE-rich AT-isochores (Rouxel et al.,, 2011; Dutreux et al., 2018). On the
59 contrary, genomes of Lml, F. graminearum and B. cinerea have a low TE-content with TE-rich regions mainly restricted
60 to sub-telomeric domains (Grandaubert et al., 2014; Amselem et al., 2011; Cuomo et al. 2007; King et al 2015). The
61 genome of the reference strain of B. cinerea B05.10 contains 4% of TE which are localized essentially in the telomeric
62 and centromeric regions of the core chromosomes, or on the two dispensable chromosomes (Porquier et al., 2016).
63 The genome of F. graminearum contains very little repeated sequences and TE, 1% and 0.3 % respectively (King et al.,
64 2018).

65 The aim of this study is to describe nucleosome repartition patterns on whole genome depending on the
66 lifestyle of the fungus. To gain insight into the role of nucleosome positioning and occupancy in regulating fungal
67 pathogen transcription, we applied micrococcal nuclease digestion of mono-nucleosomes (MNase-assisted isolation
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68 of nucleosomes or MAINE) with regards to mRNA abundance to concomitantly map nucleosome-rich regions and
69 transcriptionally active regions during fungal growth in contrasted media.
70 MATERIAL AND METHODS
71 Strains and culture conditions
72 Leptosphaeria maculans ‘brassicae’ v23.1.3 and Leptosphaeria maculans ‘lepidii’ IBCN84 mycelia were
73 inoculated into 100 mL of Fries liquid medium (1 g/L NH4NOs, 5 g/L C4H12N,0¢, 1 g/L KH2PO4, 0.5 mg/L MgSO4 7H,0,
74 130 mg/L CaCl,, 100 mg/L NaCl, 30 g/L C12H,201; and 5 g/L Yeast extract). Tissues were harvested after growing for
75 seven daysin the dark at 27°C. Botrytis cinerea strain B05.10 (108 spores/mL) was grown for two days on two different
76  solid media: Malt Medium (MM, 20 g/L malt extract, 5 g/L yeast extract and 15 g/L agar), and Grape Juice (GJ, pH
77 adjusted to 4; 15 g/L agar) media, both covered with a cellophane layer (Simon et al., 2013; Kelloniemi et al., 2015).
78 The plates were incubated in a growth chamber (Sanyo MLR-350H) at 23°C with an alternation of 14 h of white light
79 and 10 h of darkness. After two days of culture, mycelia were ground in liquid nitrogen and stored to -80°C until further
80 processing. Fusarium graminearum strain CBS185.32 (Centraal Bureau voor Schimmelcultures, Utrecht, the
81 Netherlands) was grown for three days in modified liquid MS (glucose was substituted with sucrose) as previously
82 described (Boutigny et al., 2009). All cultures were done in three biological replicates.
83 Preparation of nucleosomal DNA
84 Fungal material was harvested and immediately treated with microccocal nuclease (MNase, cat. #MS0247S,
85 New England Biolabs). For L. maculans ‘brassicae’ and ‘lepidii’, 100 mg of mycelium were digested with 5 pL of MNase
86 for 10 min at 37 °C, directly followed by DNA purification (Soyer et al., 2015a). For F. graminearum, mycelia were
87 harvested by filtering and immediately ground for 1 min at 30 Hz using a TissuelLyzer (Qiagen). Then, 100 mg of ground
88 mycelium was digested for 10 min at 37°C with 15 L of MNase in 600 pL of digestion buffer (0.6% v/v IGEPAL, 50 mM
89 NaCl, 2 mM Pefabloc, 50 mM Tris-HCI pH8, 10 mM CaCl,). The reactions were stopped with EDTA and the samples
90 treated with RNAse followed by proteinase K prior DNA purification with phenol/chloroform and ethanol precipitation.
91 For B. cinerea, we digested 100-200 mg of mycelium per sample with 1 uL MNase at 37°C (Soyer et al., 2015,a), for 10
92 min (MM cultures) or 30 min (GJ cultures). The reactions were stopped with EDTA and samples treated with RNAse A
93 followed by proteinase K. DNA purification was realized with the “Nucleospin Gel and PCR clean up kit” (Macherey
94  Nagel, cat #740609.250). For all samples, nucleic acid quantification was performed by UV spectrometry using a
95 Nanodrop-ND 1000 apparatus, and digestion profiles were checked by 2% agarose gel electrophoresis. Nucleosomal
96 DNA for stored at -20°C waiting for DNA library preparation.
97 Extraction of total RNA
98 For L. maculans ‘brassicae’ and L. maculans ‘lepidii’, total RNA was extracted from mycelium grown for one
99 week in Fries liquid medium as previously described (Fudal et al., 2007). For F. graminearum, mycelia were harvested
100 by filtering, rinsed twice with sterile deionized water, and flash frozen in liquid nitrogen. One milliliter of TRIzol™
101 Reagent (Thermo Fischer Scientific) was added to 200 mg of mycelium before grinding for 1.5 min at 30 Hz using
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102 a Tissuelyzer (Qiagen). Total RNA was then extracted using a previously published protocol (Hallen et al., 2007). For
103  B. cinerea, total RNA was extracted from frozen ground mycelium using a previously published protocol (Kelloniemi et
104 al., 2015). All total RNA samples were stored at -80°C until sequencing RNA library preparation.
105 Preparation of sequencing libraries, high-throughput sequencing, and read pre-processing
106 MNase-seq libraries were prepared from purified nucleosomal DNA using the kit NEBNext Ultra DNA Library
107 Prep Kit for lllumina (cat. # E7370L New England BiolLabs) following the manufacturer’s instructions. The NEBNext Ultra
108 Directional RNA Library Prep Kit for lllumina (cat. # E7420L New England BiolLabs) was used to prepare all RNA-seq
109 libraries, following the manufacturer’s instructions. Sequencing was performed by the GenomEast platform, a member
110 of the ‘France Génomique’ consortium (ANR-10-INBS-0009). Samples were run in 9-plex on an Illumina HiSeq 4000 in
111 paired mode, 2x50 bp. Initial read quality check was performed using FastQC
112 (https://www.bioinformatics.babraham.ac.uk/projects/fastgc/). Raw reads were then pre-processed with
113 Trimmomatic v0.32 (Bolger et al., 2014) to clip out any remaining sequencing adapter sequence and crop low quality
114 nucleotides (minimum accepted Phred score of 30). Reads in pairs of 40 bp or more in length were used in the present
115 analysis.
116 Transcriptome analyses
117 RNA-seq reads were mapped against their respective reference genomes (see Table 1) using STAR v2.5.1
118 (Dobin et al., 2013). For F. graminearum, genome sequence and annotation files were downloaded from FungiDB v44
119 (Stajich et al., 2012; Basenko et al., 2018). TPM counts (Transcripts Per Million reads; Li et al., 2010) were computed
120  using the count TPM tool provided with the MAINE-Seq Tool Suite (MSTS) (https://github.com/nlapalu/MSTS). For B.
121 cinerea, differential expression analysis was performed using SARTools commands (Varet et al., 2016) with DESeq2
122  settings (Love et al., 2014).
123 MAINE analyses
124 MNase-seq paired-end reads were mapped using Bowtie2 software ran in very-sensitive mode (Langmead and
125 Salzberg, 2012). MSTS (https://github.com/nlapalu/MSTS) was used to compute all phasograms, dinucleotide
126  composition, as well as nucleosome density profiles of genomic compartments and/or gene lists. Lists of near-universal
127  single copy orthologs were obtained by running BUSCO3 for Fungi (Simdo et al., 2015; Waterhouse et al., 2017) on
128 each reference genome studied. Graphical visualisations were computed with MSTS and Matlab R2019a (MathWorks)
129
130
131
132
133
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134 Table 1: Characteristics of reference genomes for the four fungal species studied.

Leptosphaeria
Leptosphaeria Fusarium
Species maculans Botrytis cinerea
maculans ‘lepidii’ graminearum
‘brassicae’
Strain v23.1.3 IBCN84 B05.10 CBS85.32
IBCN84 PH-1 vRR5 (Cuomo
v23.1.3 (Rouxel B05.10 (Amselem
Reference genome (Grandaubert et al., et al. 2007; King et
etal., 2011) etal., 2011)
2014) al 2015 and 2018)
Avaibility EnsemblFungi v1 FungiDB v44
Genome size (Mb) 45.1 31.5 42 38.1
Number of protein-
12,468 11,272 11,701 14,164
coding genes
GC content (%)* 44.1 50.9 42 48.2
Transposable
34.2 4.0 4.0 0.29
elements content (%)

135  *excluding N’s and mitochondrial genomes; **also excluding the largely repetitive 3’ end of chromosome 4

136 RESULTS

137 Establishing nucleosome landscapes of the Pezizomycotina L. maculans ‘brassicae’, L. maculans ‘lepidii’, B. cinerea,

138 and F. graminearum

139 We investigated the nucleosome landscapes of four fungal species of the Ascomycota subdivision

140 Pezizomycotina (L. maculans ‘brassicae’, L. maculans ‘lepidii’, B. cinerea, and F. graminearum) by MAINE coupled to

141 deep sequencing (see Table S1 for descriptive sequencing metrics). Each sample was analysed in triplicate at more

142  than 80-fold coverage depths and nearly 70X genome coverage by 147 bp-long nucleosome footprints (defined as the

143  core coverage by Valouev et al. (2011), depths of sequence sufficient for in-depth characterization of nucleosome

144  positioning (Valouev et al., 2011).

145 Genome-wide nucleosome spacing

146  We first explored nucleosome landscapes in our four fungal genomes by measuring the average distance between

147 nucleosomes genome-wide; we computed phasograms, i.e., frequency distributions of read coverage per base

148 genome-wide for all four species (Figure 1). Phasograms obtained in nucleosome mapping resemble oscillating sine

149 wave signals which period is the length of DNA bound to the histone octamer plus the length of the DNA stretch to

150 the next nucleosome, averaged genome wide (Valouev et al., 2011). Phasing signals were observed genome-wide over
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151 1,200 bp sliding windows revealing six to seven nucleosome peaks in a wave signal decaying in intensity with increasing
152 distance and significant linear regression on peak apex positions (Figure 1A-E). We found that, in the fungi studied,
153 nucleosomes are 161 to 173 bp distant from each other (centre to centre), also called nucleosome repeat length or
154 NRL (i.e., the length of DNA wrapped around the histone octamer plus linker DNA), depending on the considered
155 species and culture condition. In L. maculans ‘brassicae’ and L. maculans ‘lepidii’ (Figures 1A and 1B), NRL is 163 bp
156 and 161 bp, respectively. In Botrytis cinerea, NRL is 173 bp when grown in malt-based medium (MM, Figure 1C), and
157 169 bp when a nutrient-rich grape juice-based medium (GlJ) is used (Figure 1D). In F. graminearum, this distance
158 reaches 172 bp (Figure 1E). Considering these values and the canonical length of nucleosomal DNA (147 bp), linker
159 DNA length can be estimated to stand, in average, between 14 to 16 bp for L. maculans ‘lepidii’ and ‘brassicae’, 25-26
160 bp for F. graminearum and B. cinerea in malt medium, and 22 bp for B. cinerea grown in grape juice medium.
161 Nucleosome phasing genome-wide seems to be particularly tight in F. graminearum, with very little deviation in the
162 measured phases (Figure 1E and 1F). Similar tight phasing can also be observed in B. cinerea grown in grape juice-
163 based medium (Figure 1C and 1F) whereas higher deviations are observed in malt-based cultures (Figure 1D and 1F).
164  Similarly, phasing in grape juice-based medium is smaller (168-169 bp) than the one measured in malt medium (173-
165 174 bp). Examining TPM expression counts in both conditions (see Materials and Methods) for the gene coding the
166 unique H1 histone of the fungus (BcH1), we observed a diminution from 11,183 (sd = 202) in malt medium to 8,597
167 (sd =422)in grape juice medium (data not shown), consistently with previous reports of decreased contents in linker
168 histones leading to shorter NRLs (Nucleosome repeat length) (Valouev et al., 2011; Luque et al., 2016).

169
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Figure 1: Nucleosome phasing in the four fungi studied. A-E: Main graphs display normalized
(z-score) phase frequencies (y-axis) as a function of position (in base pair; x-axis). Graphs in
inserts show peak positions (in base pairs; y-axis) as a function of peak order (x-axis). Phases
2 - - .
+/- standard errors, R" (coefficient of determination), and p-values (F-test) are determined
after linear regression fitting to peak positions in all replicates. Repl = replicate. A:
Leptosphaeria maculans ‘brassicae’; B: Leptosphaeria maculans ‘lepidii’; here, phase value was
measured excluding replicate #2 for which a peak apex was not clearly visible at the beginning
of the profile; C: Botrytis cinerea grown in malt-based medium; D. Botrytis cinerea grown in
grape juice-based medium; E: Fusarium graminearum; F: Genome-wide nucleosome phasing
measured per individual replicate for each considered species/culture condition after fitting a
linear regression model to the positions of six to seven successive peaks. Error bars are
. . -6
standard errors; nd = not determined. For each replicate: R2 > 0.99 and p-value <10 .
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171  Nucleosome distribution profiles
172 Read density was plotted genome-wide in one kb-long sliding non-overlapping windows along chromosomes
173  for all four fungi (Figure 2 and 3, and Figures S1 and S2). The density profiles obtained for B. cinerea grown in malt or
174 grape juice media both show remarkable regularity of nucleosome density genome-wide (Figure S1) whereas, in F.
175 graminearum, regions equally packed with nucleosomes are interspaced with area with lower density (Figure 2A and
176  Figure 2). Strikingly, this profile mirrors the previously described SNP density profiles in F. graminearum (Laurent et
177 al, 2017). We investigated whether or not this profile was the result of increased spacing between nucleosomes in
178 regions found denser in SNPs. Phasograms were plotted as described above restricting our analysis to the SNP-
179 enriched polymorphic islands or the rest of the genome, as defined by Laurent et al. (2017). Wave signals similar to
180 the ones observed genome-wide were obtained, with phases of 172.4 bp in polymorphic islands (Figure 2B) and 171.7
181 bp outside these regions (Figure 2C). These results indicate that nucleosomes appear well-arrayed genome-wide, with
182 phases only slightly longer within polymorphic islands. Thus, the observed read density profile may be more the result
183 of reduced nucleosome occupancy, i.e., a measure of the stability of a nucleosome at a given position in a multiple cell
184 sample, than a depletion in nucleosomes. This observation suggests increased frequencies of transient nucleosome
185 positioning events in F. graminearum polymorphic islands and thus more relaxed chromatin structures.
| |
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Figure 2: Nucleosome density profiles in F. graminearum. A: Coverage density profiles were computed for non-
overlapping 1 kb-long bins along the four chromosomes of F. graminearum. In green are plotted SNP density
profiles as previously described (15). “nd” indicates the highly variable 3’ end of chromosome 4 for which SNP
were not called. In blue are plotted the z-scored average nucleosome density profile (see supplementary figure
1 for individual replicate plots). The red arrows indicate centromeres (31); B and C: Nucleosome phasing in the
polymorphic islands (B) or outside the polymorphic islands (C) as previously defined (15). Main graphs display
phase frequencies (y-axis) as a function of position (in base pair; x-axis). Graphs in inserts show peak positions
(in base pairs; y-axis) as a function of peak order (x-axis); Phases +/- standard errors, R2 (coefficient of
determination), and p-values (F-test) are determined after linear regression fitting to peak positions in all
replicates. Repl = replicate.
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In L. maculans ‘brassicae’, numerous “islands” of nucleosome-dense regions can be observed at various

186
187 locations of the genome (Figure 3A and Figure S3). Beside few contigs displaying higher nucleosome density, such
188 characteristics were not observed for the closely related L. maculans ‘lepidii’ (Figure S4). The locations of these
189 nucleosome-dense islands in L. maculans ‘brassicae’ parallel those of AT-rich regions of the genome (Figure 3A),
190 features not visible in the genome of L. maculans ‘lepidii’ (Figure S4), suggesting that AT-rich regions are particularly
191 dense in nucleosomes. Considering the remarkable GC- vs. AT-isochore organization of the genome of L. maculans
192  ‘brassicae’ (Rouxel et al., 2011), absent from L. maculans ‘lepidii’, differences of nucleosome phasing and occupancy
193 in AT-rich vs. GC-rich regions were investigated. A region was considered AT-rich if it contains less than 40 % of GC. As
194 described earlier, AT isochores represent one third of the L. maculans ‘brassicae’ genome divided in 419 of 1 to 320
195 kb-long regions. Examination of unprocessed mapping outputs reveals that the number of fragments (read pairs)
196 mapped in AT- and GC- regions are very similar with 23.8 million and 24.8 million fragments, respectively, which is far
197 fromthe 1/3 vs. 2/3 ratio expected. In terms of depth of coverage, mean coverage is 207 vs. 135 fragments for AT-rich
198 and GC-rich regions, respectively, which could suggest higher nucleosome occupancy in the former. We explored this
199 hypothesis and compared phasograms for AT-rich vs. GC-rich regions (Figure 3B and 3C). NRLs were found larger in
200 AT-rich than GC-rich compartments, measured at 168.5 bp and 163.3 bp respectively, suggesting lower nucleosome
201 frequencies in AT-rich regions. Nonetheless, coverage density is higher in AT-rich regions, as seen on Figure 3A and
202  Figure S3, consistently with our hypothesis of stronger nucleosome occupancy in these regions and thus less accessible

A

B Phase =168.5 bp +/-04 c Phase =163.3 bp +/-0.3

s R2 =1 ; p-val =7.46e-23 Repl.1 - R2 =1; p-val =1.76¢-23
— Repl1 e v Repl.2 E:

) Repl.2 5‘0“ . 2 Repl.3 gcu:w

:'7? Repl.3 % «00 g T 400

gls g $ 15 A . 3

v ! - 200 ‘,; ~,I :?l)w

51 A & ® f \ Al &

A 0\ g 1 2 3 4 & [ A’ I~ 1 2 3 3

b _/ \ Peak rank o 05 / \ / \ f '\. \ Peak rank

o T\ DAY AWAWAW.

= W \ f \ p 3 i/

&0 / 7N 2 \'V:

- v \ ’ \. T .45 W

€1 N/ |

< 100 200 300 400 500 600 700 800 =T 100 200 300 400 500 600 700 800

range (bp) range (bp)

Figure 3: Nucleosome density profiles in L. maculans ‘brassicae’. A: Coverage density profiles were computed for

non-overlapping 1 kb-long bins along all supercontigs, separated by black lines. AT-rich regions are plotted in

green. In blue are plotted the z-scored average nucleosome density profile (see supplementary figure 3 for

individual replicate plots). B and C: Nucleosome phasing in AT-isochores (B) and GC-isochores (C). Main graphs

display phase frequencies (y-axis) as a function of position (in base pair; x-axis). Graphs in inserts show peak

positions (in base pairs; y-axis) as a function of peak order (x-axis).

Université Paris-Saclay 57

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France



universite

PARIS-SACLAY

203 genome compartment in heterochromatic state. Finally, signal intensity in phasograms appear more stable on the long
204 nucleotide range in GC- than in AT-rich regions, an observation in line with the well-known destabilizing effect of AT
205 stretches on nucleosome positioning leading to fuzzier signals (Kaplan et al., 2009; (Ponts et al., 2010; Tillo et al., 2010;
206 Bunnik et al., 2014; Russell et al., 2014; Jin et al., 2018). All together, these data support a heterochromatic state of L.
207 maculans ‘brassicae’ AT-rich regions mediated by strong nucleosome occupancy.
208 Sequence composition and nucleosome positioning
209 Literature data report abundantly that distribution of bases in nucleosome core DNA is non-random and
210 exhibits a ~10 bp AA/TT/AT/TA offset with GG/CC/GC/CG dinucleotide frequency (Satchwell et al., 1986; Segal et al.,
211  2006; Segal and Widom, 2009). Here, we investigated di-nucleotide frequencies in nucleosomal DNA segments in all
212 four fungi. Averaged di-nucleotide contents centred around all fragment (read pairs) were plotted (Figure 4 and Figure
213  S5). Normalized frequency graphs display the previously described ~10 bp periodicity of A+T dinucleotides oscillating
214  out of phase with a ~10 bp G+C periodicity, the oscillation patterns being nonetheless very different between the four
215 studied fungi. This periodicity is not constant along the entire nucleosomal DNA segment, shorter periodicities
216 alternating with longer ones. In particular, the nucleosome dyad axis appears marked by longer periods flanked with
217 short alternating AT and GC dinucleotide motifs. Specificities between the considered fungi can further be observed.
218 In L. maculans ‘lepidii’, the average period along nucleosomal fragments is 10.1 bp for both AT and GC dinucleotide
219 motifs. In F. graminearum, this period is shorter (8.8 bp), mostly due to very marked drops in period length around
220 nucleosome dyads. Autocorrelation analyses of these dinucleotide frequency profiles highlight these 10 bp-
221 periodicities in all fungi while revealing important differences in the absolute variations if the instant autocorrelation
222  coefficients Rh (Figure S5). Signal is indeed very regular in F. graminearum and, to a lesser extent, L. maculans
223  ‘brassicae’ whereas L. maculans ‘brassicae’ and B. cinerea (grown in Malt medium) show more irregular
224  autocorrelation profiles. These results are consistent with our previous observation that nucleosomes are tightly
225 phased in F. graminearum whereas somehow fuzzier (higher deviation) in B. cinerea grown in malt medium (Figure
226 1C). Di-nucleotide frequencies of L. maculans ‘brassicae’ AT- and GC-isochores were also inspected (Figure S6). As one
227 would expect, the A+T periodicity is more pronounced in AT-isochores, but interestingly GC periodicity remains
228 conserved.
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Figure 4: Repeated di-nucleotide patterns in nucleosomal DNA. Normalised di-nucleotides frequency
plots (average of three biological replicates) for L. maculans ‘brassicae’ (A), L. maculans ‘lepidii’ (B), F.
graminearum (C), and B. cinerea grown in malt medium (D).

229 Nucleosome landscapes of fungal gene units

230 Nucleosome occupancy profiles of gene units were investigated in all fungi (Figure 5). As previously reported
231 in other eukaryotes, translation start sites (the ATG codon) are preceded by a nucleosome-depleted region (NDR) and
232  immediately followed by a well-positioned +1 nucleosome (Figure 5A). Variations of the exact position of these
233  features relative to the ATG start codon, as well as the intensity of the NDR valley, are nonetheless observed when
234  fungal species are compared, For example, the NDR and the centre of the +1 nucleosome (or +1Nucl) are found at -
235 155 bp and +14 bp, respectively, in F. graminearum whereas they are located at -99 bp and + 26 bp, respectively, in B.
236 cinerea grown in malt medium. B. cinerea grown in malt medium shows the deepest NDR valley among all observed
237 profiles. Differences can further be observed in B. cinerea grown in grape juice-based medium, with NDR and +1Nucl
238 found at -136 bp and +31 bp, respectively. In L. maculans ‘brassicae’ and ‘lepidii’, NDRs are found at -129 and 144 bp
239 from ATG, respectively, and +1Nucl at +19 bp and +55 bp. Finally, nucleosome profiles upstream of NDRs appear fuzzy
240 for all fungi but L. maculans ‘brassicae’, with varying degrees of fuzziness. This fuzziness is no longer visible when
241 nucleosome profiles are centred on TSS for F. graminearum (Nrss = 6,212, Figure 5C and Table S2). The NDR is more
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242 defined, and located immediately upstream of the TSS, with a minimum detected at -58 bp and +1Nucl found 110 bp
243  downstream of F. graminearum TSS. These values are consistent with our previous measure of the average absolute
244  distance NDR-+1Nucl. Considering nucleosome environments at stop codons (Figure 5B), strongly arrayed
245 nucleosomes are particularly found upstream the stop codon, fewer signal variations being observed downstream.
246 Here, the stop codon is a clear boundary for nucleosome arraying and occupancy in all fungi and all conditions
247 investigated. A nucleosome seems remarkably well positioned exactly on stop codons in F. graminearum. Repeating
248 the analysis on TTS in F. graminearum (Ntrs = 5,292), strong positioning of nucleosomes -2 and -1 (-178 bp and -16 bp
249 relative to TTS, respectively) followed by a deep 3’ end NDR (+100 bp downstream of TTS) can be observed (Figure
250 5D).
251 For comparison purposes, nucleosome profiling was repeated restricting our analysis to genes identified as
252  BUSCO lineage-specific single-copy evolutionary conserved orthologs in Fungi (Simao et al., 2015; Waterhouse et al.,
253  2018). Overall broad patterns remain similar to those obtained while investigating whole genomes (Figure 6).
254  Nonetheless, in F. graminearum, whilst the distance NDR-to-TSS (- 60 bp) remains very similar to the one measured
255  earlier genome-wide (Figure 6C), distance NDR-to-ATG increases by 28 bp (Figure 6A). In B. cinerea, such an increase
256 s also observed when grown in grape juice medium (+ 32 bp) but not in malt medium (+ 3 bp). Towards the 3’ end of
257 the gene unit, nucleosome signals around stop codons are similar to those obtained genome-wide for all fungi (Figure
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Figure 5: Nucleosome organization of fungal gene units. A-D: Normalised averages (three biological
replicates for each fungus/condition) of nucleosome signals as a function of position (in base pairs) relative
to the start codon ATG (A), the stop codon (B), TSS (C), and TTS (D). Fg = F. graminearum; Lmb = L. maculans
‘brassicae’; Lml = L. maculans ‘lepidii = BcinMM = B. cinerea grown in malt medium; BcinGJ = B. cinerea grown
in grape juice medium; NFR = nucleosome-free region.
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258 6B). However, the deep NDR found downstream of TTS of F. graminearum genome-wide can no longer be observed
259 at “Fungi” TTS loci (Figure 6D). Similar to genome-wide profile, strongly positioned -1Nucl and -2Nucl are still visible
260 at-5bp and-209 bp, respectively, the latter being more intense and defined.
261 Nucleosome landscapes of gene units and gene expression
262 Same analyses were repeated for genes categorized according to their expression levels (expressed in TPM
263  counts, see Materials and Methods). The general variations in nucleosome profiles around translation start sites are
264  similar for all expression categories in all considered fungi and culture conditions: ATG codons are immediately
265 followed by a well-positioned +1 nucleosome and preceded by a dip in nucleosome density (Figure 7). Remarkable
266 variations are nonetheless observed with regard to positions of +1 nucleosomes and NDRs, as well as the amplitude
267 of the nucleosome signal difference between them (here defined as Anucl = (signaliinud - signalnpr), depending on gene
268 expression. ATG-centred nucleosome profiles for genes not expressed in our conditions (TPM = 0) show remarkably
269 reduced Anucl when compared to those measured for genes more expressed (Figure 7 and Table S2). Conversely,
270 highly expressed genes display the deepest NDRs located at the furthest upstream the ATG. Similar trends are
271 observed when profiles are centred on F. graminearum TSS (Figure 7F). Remarkably, in B. cinerea these differences
272  are exacerbated when grown in grape juice medium (Figure 7D) compared to malt medium (Figure 7C). In summary,
273  our results indicate that, in the four Ascomycota investigated here, genes highly expressed are characterised by high
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Figure 6: Nucleosome organization of fungal near-universal single copy orthologous gene units (BUSCO3).
A-D. Normalised averages (three biological replicates for each fungus/condition) of nucleosome signals as
a function of position (in base pairs) relative to the start codon ATG (A), the stop codon (B), TSS (C), and TTS
(D). Fg = F. graminearum; Lmb = L. maculans ‘brassicae’; Lml = L. maculans ‘lepidii = BcinMM = B. cinerea
grown in malt medium; BcinGJ = B. cinerea grown in grape juice medium; NFR = nucleosome-free region.
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274  amplitudes of nucleosome signal between the NDR valley upstream the ATG codon and the +1 nucleosome peak. In
275 addition, these NDRs are usually found further from the ATG site than those in genes expressed at lower levels or not
276  expressed. Finally, the nucleosome wave signal decay phenomenon is observed at distances from the ATG codons
277 shorter in poorly expressed genes than in highly expressed genes, although the +1 nucleosome remains fairly well
278 conserved. At the end of gene units, wave signal decay was also observed downstream of stop codons in all studied
279 fungi (Figure S7). In F. graminearum, signal remained nonetheless stronger in genes lowly/not expressed than in those
280 with higher expression levels (Figure S7E) although with species-specific features. In L. maculans ‘brassicae’ and
281 ‘lepidii’, strong nucleosome positioning can be found upstream the stop codon, immediately followed by a strong
282 nucleosome valley in the case of L. maculans ‘lepidii’. Finally, F. graminearum TTS are characterized by a fuzzy
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Figure 7: Nucleosome organization at start codons/TSS vs. gene expression. Average (three biological
replicates for each fungus/condition) nucleosome signal as a function of position (in base pairs)
relative to the start codon ATG (and TSS for F. graminearum). TPM = Transcripts Per Million. A:
Leptosphaeria maculans ‘brassicae’; B: Leptosphaeria maculans ‘lepidii’; C: Botrytis cinerea grown in
malt-based medium; D: Botrytis cinerea grown in grape juice-based medium; E: Fusarium
graminearum, ATG-centred; F: Fusarium graminearum, TSS-centred.
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283 nucleosome wave signal expect for genes not expressed that display well-arrayed nucleosomes (Figure S7F).
284  Altogether, our results show strong association of nucleosome landscapes at gene unit boundaries with expression
285 levels in the four studied ascomycetes.
286 DISCUSSION
287 Nucleosome landscapes are increasingly documented in a large array of organisms, tissues, and cell types in order to
288 understand the impact of their dynamics in gene expression. The present study explores nucleosome positioning
289 characteristics in four different filamentous fungi, L. maculans ‘brassicae’, L. maculans ‘lepidii’, B. cinerea, and F.
290 graminearum, with the initial ambition to unravel features of a fungal meta-nucleosome landscape. Here, we found
291 features shared by all four investigated fungal genomes, as well as more specific ones.
292 Nucleosome spacing influences the formation of the higher order chromatin fibre, often referred to as the 30-nm
293 chromatin fibre (Szerlong and Hansen, 2011). Several structural models of the chromatin fibre have been proposed,
294  all underlining nucleosome-nucleosome interactions including the length of linker DNA fragments as major driving
295 factors (see Zhu and Li, 2016). Notably, the chromatin fibre was found to be narrower (21-nm in diameter) for a short
296 NRL of 167 bp (Robinson et al., 2006). Similarly, increasing NRLs lead to increasingly wider fibres, reaching a highly
297 compact 30-nm solenoid structure for an NRL of 197 bp (Robinson et al., 2006; Song et al., 2014). Typically, NRLs are
298 ~175-200 bp in plants and other higher eukaryotes (Valouev et al., 2008; Valouev et al., 2011; Nishida et al., 2012;
299 Locke et al., 2013; Zhang et al., 2015), and ~165 bp and 154 bp in the yeasts S. cerevisiae and S. pombe, respectively
300 (Yuan et al., 2005; Lantermann et al., 2010). In the present study, we found NRLs ranging from 161 to 173 bp in our
301 fungal pathogens. These values are remarkably constant between biological replicates of a given fungus, a
302 phenomenon sometimes referred to as clamping that involves ATP-dependent chromatin remodelers in purified
303 experimental systems (Lieleg et al., 2015). F. graminearum and B. cinerea show similar NRLs in the middle range (169
304 bpto 173 bp), possibly indicating intermediate levels of compaction of the higher order chromatin fibre. These values
305 are similar to those obtained for Aspergillus fumigatus, i.e., linker length ranging from 21 to 27 bp, using a MNase
306 treatment similar to the one used in the present study (Nishida et al., 2012). L. maculans ‘brassicae’ and ‘lepidii’
307 distinguish themselves with shorter NRLs of only 161-163 bp, suggesting a narrower chromatin fibre structure. In B.
308 cinerea, our data reveal a shorter NRL when grown in grape juice-based medium than when grown in malt-based
309 medium correlating with increased histone H1 transcript levels, as previously reported in other eukaryotes (Valouev
310 etal, 2011; Luque et al.,, 2016). Roles of histone H1 in fungi are diverse and remain largely unknown (Brosch et al.,
311 2008). Here, the changes observed in B. cinerea grown in two different media may suggest that, beyond its structural
312 role, H1 participates to reorganizing gene expression networks in response to environmental parameters.
313 Nucleosome positioning is believed to be particularly hard-wired to DNA sequence and especially the largely
314 documented anti-nucleosome effect of Poly(dA:dT) tracts (Segal and Widom, 2009; Struhl and Segal, 2013). In the
315 present study, whilst nucleosome phase was indeed found 5 bp longer in L. maculans ‘brassicae’ AT-isochores than
316 GC-isochores, occupancy was nonetheless higher in the former leading to the formation of the previously suggested
317 heterochromatic state of these regions (Rouxel et al., 2011; Soyer et al., 2014). These observations indicate the
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318 mobilisation of trans-acting chromatin remodelling factors to maintain heterochromatin structures on such
319 disfavouring sequences. Importantly, we found that GC periodicity at nucleosome dyads is preserved even within AT-
320 isochores, suggesting such pattern in an AT-rich environment is sufficient to permit efficient wrapping of DNA around
321 nucleosomes and strong occupancy. Conversely, our results reveal lower nucleosome occupancy in the previously
322 described F. graminearum fast evolving polymorphic islands (Laurent et al., 2017). Here, nucleosome dynamics may
323 enable fast evolution of particular genome segments while regions defined by higher occupancies may secure
324 sequence conservation.
325 The general profile of a fungal gene unit shares similarities with those previously described in various eukaryotes:
326 the ATG codon is decorated by a well-positioned +1 nucleosome and preceded by an NDR. The NDR observed for B.
327 cinerea grown in malt medium was remarkable in its intensity, deeper than all others. When we restricted our analysis
328 to conserved orthologous fungal genes, the overall profiles and the intensities of NDRs were more homogenous
329 between fungi and culture conditions. These observations suggest that NDRs positions and intensities are subjected
330 to evolution. Similarly, whilst an NDR can be observed downstream of F. graminearum TTS, it is no longer visible when
331 the analysis is restricted to fungal genes indicating again an evolutionary component.
332 From the gene expression perspective, nucleosome depletion can be the side-effect of active transcription with the
333  binding of pre-initiation complex resulting in nucleosome eviction as previously shown in yeast (Venters and Pugh,
334 2009). Indeed, we evidenced valleys of nucleosome signals upstream of ATG codons found deeper in highly expressed
335 genes. On the contrary, genes not expressed show little or no NDR, depending on the considered species or culture
336 condition. In our conditions, the amplitude between the NDR and the +1 nucleosome seems to be an informative
337 measure of gene expression level: the more this value is high, the more genes are expressed. Strikingly, this feature is
338 less strict when TSS are considered raising the question of different mechanisms of transcription regulation depending
339 ongene unit structures.
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Figure S1: Nucleosome density profiles in B. cinerea. A. Coverage density profiles were computed for non-
overlapping 1 kb-long bins along all chromosomes of B. cinerea grown in malt medium (A) or grape juice medium

(B).

Université Paris-Saclay

Espace Technologique / Immeuble Discovery

Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France

70



ECOLE DOCTORALE

e .
UnlveI’SIte Sciences du végétal :

PARIS-SACLAY i dugéne a I'écosystéme

534

535

536

537

Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4

L 4

Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4

¥

Chromosome 1 Chromosome 2 Chromosome 3 Chromosome 4

Figure S2: Nucleosome vs. SNP density profiles in individual biological replicates of F. graminearum. Coverage
density profiles were computed for non-overlapping 1 kb-long bins along the four chromosomes of F.
graminearum. In green are plotted SNP density profiles as previously described (1). “nd” indicates the highly
variable 3’ end of chromosome 4 for which SNP were not called. In blue are plotted the z-scored nucleosome
density profiles. The red arrows indicate centromeres (2); A: Biological replicate #1; B: Biological Replicate #2; C:
Biological replicate #3.
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Figure S3: Nucleosome density profiles vs. AT-rich regions in individual biological replicates of L. maculans
‘brassicae’. Coverage density profiles were computed for non-overlapping 1 kb-long bins along all supercontigs,
separated by black lines. AT-rich 1 kb-long bins are plotted in green, isochores showing as dense regions. In blue
are plotted the z-scored average nucleosome density profile A: Biological replicate #1; B: Biological Replicate #2;
C: Biological replicate #3.
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Figure S4: Nucleosome density profiles vs. AT content in individual biological replicates of L. maculans ‘lepidii’.
Coverage density profiles were computed for non-overlapping 1 kb-long bins along all supercontigs, separated by
black lines. AT-rich 1 kb-long bins are plotted in green, with no isochore visible. In blue are plotted the z-scored
average nucleosome density profile A: Biological replicate #1; B: Biological Replicate #2; C: Biological replicate #3.
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Figure S5: Pearson autocorrelation coefficients of di-nucleotides frequencies (average of three
biological replicates) for L. maculans ‘brassicae’ (A), L. maculans ‘lepidii’ (B), F. graminearum (C), and
B. cinerea grown in malt medium (D).
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Figure S6: Repeated di-nucleotide patterns in nucleosomal DNA located in AT and GC isochores of L.
maculans ‘brassicae’. A and B: Normalized di-nucleotides frequency plots (average of three biological
replicates) for nucleosomal DNA in AT-isochores (A) and GC-isochores (B): C and D: Pearson autocorrelation
coefficients of di-nucleotides frequencies (average of three biological replicates) for nucleosomal DNA in AT-
isochores (C) and GC-isochores (D).
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Figure S7: Nucleosome organization at stop codons/TTS vs. gene expression. Average (three biological replicates
for each fungus/condition) nucleosome signal as a function of position (in base pairs) relative to the stop codon (and
TTS for F. graminearum). TPM = Transcripts Per Million. A: Leptosphaeria maculans ‘brassicae’; B: Leptosphaeria
maculans ‘lepidii’; C: Botrytis cinerea grown in malt-based medium; D: Botrytis cinerea grown in grape juice-based
medium; E: Fusarium graminearum, ATG-centred; F. Fusarium graminearum, TSS-centred.
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552  Table S1: Summary of sequencing and mapping metrics

Percentage
Number of of read
SRA Number of
Culture Analysis Biological high-quality pairs
Species accession raw read
condition type replicate reads aligned to
number pairs
pairs* reference
genome**
Fg#l 38,25,6895 36,297,487 88.1
MNase-seq Fg#2 38,122,290 36,271,479 86.6
Fg#3 37,122,439 35,234,660 88.7
Fusarium Liquid MS,
graminearum 3 days
Fg#l 34,215,941 31,728,079 98.3
mRNA-seq Fg#2 37,209,377 34,506,796 98.3
Fg#3 34,108,125 31,674,167 92.7
NDPS40 54,617,195 | 52,061,453 83.33
MNase--
NDPS41 60,172,292 57,137,679 83.80
seq
Leptosphaeria NDPS42 52,577,396 49,579,029 84.65
maculans Fries 7 days
‘brassicae’ NDPS13 47,088,366 43,637,526 95.49
mMRNA-seq NDPs14 46,486,817 | 43,749,842 95.66
NDPS15 51,131,206 | 48,088,521 95.75
NDPS37 41,026,352 39,044,192 92.93
MNase--
NDPS38 54,531,542 51,203,357 90.55
seq
Leptosphaeria NDPS39 55,487,109 52,896,833 91.59
maculans Fries 7 days
‘lepidii’ NDPS10 52,095,284 | 43,637,526 96.58
MRNA-seq NDPS11 50,886,249 | 49,097,848 96.79
NDPS12 50,800,169 | 49,014,722 96.73
MNAse-seq Bc#1 36,861,968 | 34,606,209 94.8
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Bc#2 38,675,606 | 36,199,325 92.2
Solid MM, 2
days 95.0
Bc#3 36,684,375 | 34,437,003 :
Bcitl 68,917,035 | 66,005,200 95.6
Solid GJ, 2 96.0
Bc#2 38,025,909 | 36,154,916 :
days
Bc#3 37,107,636 | 34,557,519 95.0
Botrytis 97.4
Bcitl 31,479,569 | 29,140,587 :
cinerea
solid MM, 2
Bc#2 38,826,778 | 35,931,380 97.6
days
Bc#3 35,761,014 | 33,138,116 973
mRNA-seq
Bc#l 37,895,154 | 35,310,616 1.0
solid GJ, 2
Bc#2 36,522,014 | 33,981,149 4.1
days
Bc#3 37,506,128 | 34,587,157 4.3

553  *post quality trimming (see Materials and methods); **concordantly exactly one time

554
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555 Table S2: Nucleosome landscapes as a function of gene expression defining metrics

category!

ATG)

from ATG)

. Position of +1 . Relative
Species Gen:a(;.\é(pcr)(res;s.lon nucleosome (bp lj(?)S'glrcz)nmo/];?g)R nucleosome signal
gory from ATG) P amplitude?
Not expressed 25 -83 2.0
Weakly expressed 21 -86 3.7
Leptosphaeri
a maculans
‘brassicae’ Moderately 18 4139 6.9
expressed '
Highly expressed 18 -131 8.7
Not expressed 75 -88 134
Weakly expressed 58 -130 11.9
Leptosphaeri
a maculans
‘lepidii’ Moderately 53 -146 18.8
expressed '
Highly expressed 44 -183 23.3
Not expressed 1 -130 4.3
Weakly expressed 18 -171 6.7
Fusarium
graminearum Moderately 17 -179 7.2
expressed
Highly expressed 12 -163 10.1
Not expressed 75 -90 3.7
) Weakly expressed 20 -99 4.0
B. cinerea
grown in malt
medium Moderately 25 -104 4.4
expressed
Highly expressed 18 -104 6.1
Not expressed 147 (with shoulder -108 9.6
P at 67)
B. cinerea Weakly expressed 34 -118 9.5
grown in
grape juice
medium Moderately 29 -159 12.3
expressed
Highly expressed 21 -153 154
Position of +1
Gene expression Position of NDR (bp | Relative nucleosome
Species nucleosome (bp from

signal amplitude?
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556
557

558

559

560

Not expressed 25 -83 2.0

Leptosphaeria Weakly expressed 21 -86 3.7
maculans

‘brassicae’ Moderately expressed 18 -139 6.9

Highly expressed 18 -131 8.7

Not expressed 75 -88 13.4

Leptosphaeria Weakly expressed 58 -130 11.9
maculans

‘lepidii’ Moderately expressed 53 -146 18.8

Highly expressed 44 -183 23.3

Not expressed 1 -130 43

. Weakly expressed 18 -171 6.7
Fusarium

graminearum
Moderately expressed 17 -179 7.2
Highly expressed 12 -163 10.1

1According to the average of TPM values for three biological replicates; not expressed: TPM = 0; weakly expressed: 0 < TPM < 5; moderately

expressed 5 < TPM <50; 50 < TPM

2Anucl = |signaliinud - signalnor
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ARTICLE 2

A comparative analysis of the genome-wide histone modification maps in two
subspecies of Leptosphaeria maculans showing contrasted genomic
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12 INTRODUCTION
13 Each year, hundreds of millions of tons of agricultural crops are devastated by plant pathogenic fungi or made
14  unfit for consumption due to contamination by mycotoxins. Management strategies to control fungal infection mainly
15 involve chemical control using fungicides or breeding for naturally resistant crop cultivars. Fungal plant pathogens
16 have however proven capable of rapidly evolving resistance against implemented fungicides (Fisher et al., 2018) and
17 to be able to overcome specific plant resistance genes within a few years (for instance in Leptosphaeria maculans;
18 Rouxel & Balesdent, 2017) stimulating the need for the constant development of new control methods.
19 Comprehending the determinants of their extreme adaptive abilities is a critical issue for the development of effective
20 and sustainable control methods. In that respect, comparative and population genomic analyses have provided new
21 insights into the evolutionary dynamics of fungal plant pathogens (e.g. Stukenbrock et al., 2011; Grandaubert et al.,
22 2014; Sanchez-Vallet et al., 2018). Notably, transposable elements (TE) have been shown to play a crucial role in
23 organizing the genome of plant-pathogenic fungi. TEs are often found to be organized in clusters, compartmentalizing
24  the genome into gene-rich regions and TE-rich regions (e.g. in L. maculans or in Mycosphaerella fijiensis; Rouxel et al.,
25 2011; Ohm et al., 2012; Grandaubert et al., 2014). While the gene density in TE-rich regions is low, genes located in
26 these regions have been shown to evolve faster than genes located in TE-poor regions (Croll & McDonald, 2012; de
27 Jonge et al.,, 2013). Interestingly, rapidly evolving genes in TE-rich regions have in many cases been identified as
28 effector genes. Effectors are considered to be key elements of pathogenesis, allowing pathogens to circumvent host
29 recognition, impede defence reactions and facilitate host invasion (Sanchez-Vallet A et al., 2018). Plants have evolved
30 strategies to recognize and counteract effectors, exposing them to a strong selection pressure by the host immune
31 system (Stergiopoulos et al., 2007; Chuma et al., 2011; Daverdin et al., 2012; Rouxel and Balesdent, 2017). Indeed, in
32 the course of the co-evolution between a pathogen and its host, the host has set up an active defence system allowing
33 thedirect or indirect recognition of some effector molecules, which activate the host immune system triggering
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34 alocal cell death, called hypersensitive reaction. Effectors that can be recognized by the host are called Avirulence
35 proteins (Lo Presti et al., 2015). Leptosphaeria maculans ‘brassicae’ (hereinafter referred to as Lmb) belongs to the
36 Dothideomycete class of Ascomycete fungi and is responsible for the stem canker of oilseed rape (Brassica napus).
37 The life cycle of Lmb is complex and tightly associated to that of its host plant. Lmb displays a complex, hemibiotrophic
38 life cycle, during which it alternates between different nutrition modes. It causes necrosis on different plant organs:
39 leaves, more rarely on seedpods, and at the basis of the stem, causing lodging of the plant and yield losses (Rouxel
40 and Balesdent, 2005). The most efficient method of disease control relies on the use of major resistance gene present
41 in oilseed rape and other Brassica species. Although efficient, this control method is not sustainable, as Lmb is able to
42  “break down” novel sources of genetic resistance rapidly (for review, Rouxel and Balesdent, 2017). So far, all described
43 effector genes, encoding avirulence proteins, are highly expressed in the first seven days of leaf and cotyledon
44  infection and are located in the middle of TE-rich regions (Gout et al., 2006; Fudal et al., 2007; Parlange et al., 2009;
45 Balesdent et al., 2013; van de Wouw et al., 2014; Ghanbarnia et al., 2016; 2018; Plissonneau et al., 2018; Petit-
46 Houdenot et al.,, 2019). Another set of putative effector genes are specifically expressed during stem infection and
47 located in gene-rich regions (Gervais et al., 2017). Lmb belongs to the L. maculans / Leptosphaeria biglobosa species
48 complex, gathering species with different host specialization and genome organizations. Within the species complex,
49 the L. maculans species infecting oilseed rape, Lmb, is the only one having large regions of its genome enriched in TEs
50 while other genomes have a low TE-content (~3% while the genome of Lmb has more than 30% of TEs; Rouxel et al.,
51 2011; Grandaubert et al., 2014). In particular, the most closely related species to Lmb, Leptosphaeria maculans ‘lepidii’
52 (hereinafter referred to as Lml) is not pathogenic to oilseed rape but infects cruciferous weeds of the Lepidium genus
53 (Mendes-Pereira et al., 2003). Interestingly, their genomes show a high level of macrosynteny, with only a few intra-
54  chromosomal inversions, but differ in their TE content with Lmb having undergone a massive TE expansion 5 million
55 years ago corresponding to the speciation date (Grandaubert et al., 2014). Invasion of TE in the genome of Lmb has
56 shaped its genome, alternating TE-rich regions and gene-rich regions. On the contrary, the Lml genome has a low TE-
57 content (~3%), with a homogeneous distribution along the chromosomes. There are increasing insights regarding how
58 dynamic changes of DNA accessibility play fundamental role in adaptation of different individuals to abiotic and biotic
59 stresses for instance (Gomes and Pelosi, 2013; Zogli and Libault, 2017). Importantly, evidence is accumulating that
60 transcriptional reprogramming of effector genes or secondary metabolite gene clusters is tightly controlled by
61 chromatin-based regulatory mechanisms as shown in Lmb, but also in distantly related fungi with different infection
62 strategies (e.g. in Fusarium graminearum, Epichloe festucae, L. maculans; Connolly et al., 2013; Chujo and Scott, 2014;
63 Soyer et al., 2014; Soyer et al., 2015a; Soyer et al., 2019). In Lmb, location of effector genes in TE-rich regions has an
64 influence on their evolution under selection pressure and on regulation of their expression via deposition of a histone
65 modification typical for constitutive heterochromatin, the tri-methylation of the lysine 9 of histone H3 (H3K9me3), as
66 shown locally for two avirulence genes (AvrLm1 and AvrLm4-7; Soyer et al., 2014). Lmb has a complex organization of
67 its genome and involvement of the histone modification H3K9me3 has been demonstrated in the regulation of two
68 avirulence genes. The most closely related species of Lmb, Lml, displays a well-conserved macrosynteny at the
69 chromosomal level but devoid of the contrasted chromosomal landscapes typical of Lmb (Grandaubert et al., 2014).
70 Comparative epigenomic analyses, at the intra- or inter-species levels, are very sparse and remain an
Université Paris-Saclay 84

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France



universite

PARIS-SACLAY

71 underexplored field of study, at least in fungi. In that context, the subspecies Lmb and Lml represent a promising model
72 for the comparison of chromatin organization. We present here the first comparative epigenomic analysis in two
73  closely related phytopathogenic fungi, in Lmb and Lml. We have performed ChlIP-seq, during axenic culture, aiming at
74  deciphering and comparing the distribution of three histone modifications, i.e. the di-methylation of the lysine 4 of
75 histone H3, typical for euchromatin, and two histone modifications typical for heterochromatin, H3K9me3 and the tri-
76 methylation of the lysine 27 of histone H3 (H3K27me3). We have investigated whether chromatin organization is
77 conserved between Lmb and Lml notably by investigating whether orthologue genes are located in similar chromatin
78 domains. The genome-wide histone modifications map generated in vitro also allowed investigating whether all known
79 avirulence genes of Lmb are all located in heterochromatin domains and whether this pattern is conserved for all
80 putative effector genes of Lmb and Lml.
81 MATERIAL AND METHODS
82 Fungal isolates
83 Theisolate v23.1.3 of L. maculans 'brassicae' (hereinafter referred to as Lmb) and isolate IBCN84 of L. maculans
84 'lepidii' (hereinafter referred to as Lml) were used throughout the analyses (Rouxel et al., 2011; Grandaubert et al.,
85 2014). Fungal cultures were maintained as described previously (Ansan-Melayah et al., 1995). For chromatin
86 immunoprecipitation and transcriptomic analyses performed during in vitro growth, mycelium of Lmb and Lml were
87 grownon V8 agar medium at 25°C for seven days then 10 plugs of mycelium were inoculated into 100 ml of Fries liquid
88 maedium in Roux bottle. Tissue was harvested after growing for 7 days at 25°C, immediately placed in liquid nitrogen
89  until further used.
90 Chromatin immunoprecipitation and high-throughput sequencing
91 ChIP was performed on mycelium grown in Fries liquid culture after seven days, as described in Soyer et al.
92 (2015b), with minor modifications. ChIP was performed on native material (without crosslinking) using antibodies
93 targeting histone modifications H3K4me2 (Merck ref. 07-030), H3K9me3 (Active Motif, Carlsbad, CA, USA; ref. 39161),
94  H3K27me3 (Active Motif, Carlsbad, CA, USA; ref. 39155). Three different ChIP (i.e. three biological replicates) were
95 performed for each of the histone modifications. Libraries were prepared from all biological replicates, individually,
96 according to the Illumina TruSeq protocol “Ultra Low Input DNA library”. Libraries were sequenced on an lllumina
97 HiSeq 2000 genome analyzer at the Max Planck Genome centre Cologne (Germany). Sequencing data are available
98 under the SRA accession number xxxx.
99 Read mapping and identification of significantly enriched domains
100 Analysis of ChIP-seq datasets was performed as described in Schotanus et al. (2015). Quality of lllumina reads
101 was analysed using FastQC (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Based on results of this
102 analysis, ten bp were trimmed from the 5’ end. Processed reads were mapped on the reference genome of Lmb
103  (Dutreux et al., 2018) or Lml (Grandaubert et al., 2014) using Bowtie2 (Langmead and Salzberg, 2012) with default
104 parameters. Peak calling analysis was performed on each ChIP sequencing dataset, to identify significantly
Université Paris-Saclay 85

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France



universite

PARIS-SACLAY

105 enriched domains for either H3K4me2, H3K9me3 or H3K27me3, using RSEG (Song and Smith, 2011). A significant
106 domain for any of the histone modification was considered only when the domain was identified in at least two out of
107 the three biological replicates. The Integrative Genome Viewer (Thorvaldsdottir et al., 2013) was used to visualize
108 location of each domains along genomes of Lmb and Lml according to other genome features (gene annotation, TE-
109 annotation, GC content). Coverage of any of the histone modifications was assessed in 10 kb non-overlapping sliding
110 windows along the supercontigs and correlation analyses, using Kendall’s T correlation coefficient, was performed
111 between biological replicates to check for reproducibility of the biological replicates. In order to assess whether
112 H3K4me2-, H3K9me3- or H3K27me3-domains are significantly enriched in certain categories of genes (such as effector
113 genes, secondary metabolite encoding genes), a Chi? test was applied to compare the expected proportion of a given
114 category of genes across the entire genome to the observed distribution of the gene category in the H3K4me2-,
115 H3K9me3- or H3K27me3-domains (Soyer et al., 2019). Enrichment was considered significant with a P value < 0.01;
116 analyses were done in R (www.r-project.org).
117 RNA extraction, RNA-sequencing and expression analysis
118 Total RNA was extracted from mycelium grown for one week in Fries liquid medium as previously described
119 (Fudaletal., 2007). For Lmb, RNA-seq libraries were prepared with the TruSeq Stranded mRNA kit (lllumina, San Diego,
120 CA, USA) and was sequenced using 101 bp paired end reads on a HiSeq2000 lllumina sequencer. For Lml, the NEBNext
121  Ultra Directional RNA Library Prep Kit for lllumina (cat. # E7420L New England BiolLabs) was used to prepare RNA-seq
122 libraries and sequencing was performed on an HiSeq 4000 lllumina using 50 paired end reads. Raw reads were then
123  pre-processed with Trimmomatic (Bolger et al., 2014) to remove short reads (<30 bp) and eliminate sequencing
124 adaptors. Cleaned reads were then mapped against each genome using STAR default parameters (Dobin and Gingeras,
125 2015). Sequencing data are available under the SRA accession number xxxx.
126 Identification of orthologues and annotation of genes encoding SSP in Lmb and Lml
127 Based on the new assembly and annotation available for the genome of Lmb (Dutreux et al., 2018), an updated
128 repertoire of putative effector genes has been predicted. Therefore, to compare effector repertoires of Lmb and Lml,
129 the same pipeline for the prediction of putative effector-encoding genes was applied to both species. Signal peptide
130 and subcellular localization were predicted by SignalP version 4.1 and TargetP version 1.1 respectively.
131 Transmembrane domains were predicted by TMHMM version 2.0. The predicted secretome contains all proteins which
132  have at most one transmembrane domain and either a predicted signal peptide or an extracellular localization. The
133 final effector repertoires were created by applying a size cut-off of 300 amino acid on the predicted secretome. In
134  parallel, EffectorP version 1.0 was used on the predicted secretome and, for Lml, four proteins were predicted as
135 effector with a size superior to 300 amino-acid, these four proteins were added to the SSP set. This predicted a
136 repertoire of 1,080 and 892 SSP-encoding genes respectively for Lmb and for Lml.
137 The genome of Lmb encodes 13,126 proteins and that of Lml encodes 11,272 proteins (Dutreux et al., 2018;
138 Grandaubert et al., 2014). In order to find orthologues between Lmb and Lml, proteins of these two species were
139  groups using OrthoFinder with default parameters (Emms and Kelly, 2015).
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140 GO analysis and enrichment analysis
141 GO annotation of the Lmb and Lml encoding genes were retrieved from Dutreux et al. (2018) and Grandaubert
142  etal. (2014) respectively. Gene Ontology (GO) term enrichment analysis of the H3K4me2-, H3K9me3- and H3K27me3-
143  associated genes was performed with the plug-in Biological networks Gene ontology (BinGo; v3.0.3) of the cytoscape
144  software (Shannon et al., 2003). List of genes submitted to BINGO were considered as significantly enriched for a given
145 GO term with an associated a False Discovery Rate < 0.01 for the biological processes.
146 A Chi? test, or a Fisher’s exact test for small sized-population, were applied to identify significant enrichment
147  of H3K4me2-, H3K9me3- or H3K27me3-domains for certain categories of genes: the expected proportion of a given
148 category of genes across the entire genomes of Lmb or Lml was compared to the observed distribution of the gene
149 category in the H3K4me2-, H3K9me3- or H3K27me3-domains. Enrichment was considered significant with a P value <
150 0.01. All analyses were done in R (www.r-project.org).
151 RESULTS
152 Identification of H3K4me2-, H3K9me3- and H3K27me3-enriched domains in the genomes of Lmb and Lml during
153 axenic growth
154 In order to get a genome-wide view of the epigenomic landscapes in the genomes of Lmb and Lml during
155 axenic growth, we have performed a ChIP-seq experiment using antibodies against histone modifications H3K4me2,
156 H3K9me3 and H3K27me3 (Table S1). Mapping of the sequencing data was followed by identification of the significantly
157 enriched domains, for any of the histone modifications targeted, in the genomes of Lmb and Lml (see Materials and
158 Methods). Three different precipitation experiments were done for each histone modification to assess the robustness
159 of the domains identified with RSEG (Song and Smith, 2011). Domains identified for one of the H3K9me3 replicate
160 performed for Lml were inconsistent with domains identified for this modification with the two other replicates (Table
161 S2) and was therefore not considered for subsequent analyses. For all other biological replicates aiming at identifying
162 H3K4me2-, H3K9me3- and H3K27me3-domains in the genomes of Lmb and Lml, location of domains was consistent
163 (Table S2, S3; Kendall’s T >0.74, P <2.2.10%). Hence, for subsequent analyses, domains were considered as being
164 significantly enriched when identified with at least two out of the three replicates, except for H3K9me3-domains of
165 Lmlfor which domains were considered enriched when identified with both replicates kept for analysis. Based on the
166 coordinates of the location of H3K4me2-, H3K9me3- or H3K27me3-domains, the number of bases associated with any
167 of the three histone modifications was assessed, for each genome, in 1 kb sliding-windows. In the genomes of Lmb
168 and Lml, the proportion of H3K4me2 and H3K27me3 was similar in both species while proportion of H3K9me3 in the
169 genome of Lmb was higher compared to that of Lml (33% and 4% respectively for Lmb and Lml); (Tables S4, S5).
170 TE-rich domains are associated with H3K9me3 while gene-rich regions are enriched in H3K4me2
171 In the genomes of Lmb and Lml, H3K4me2 and H3K9me3 domains are exclusive and not associated with the
172 same genomic regions (Kendall’s T: -0.57 and -0.16, P < 2.2.10%¢ for respectively Lmb and Lml; Figure S1; Tables S6
173 and S7). A positive correlation was measured between TEs and H3K9me3-domains (Kendall’s T: 0.87 and 0.68, P
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174 < 2.2.10'° for respectively Lmb and Lml; Figure 1A, 1C; Figure S1; Table S6 and S7) and between CDS and H3K4me2
175 (Kendall’s T: 0.55 and 0.25, P < 2.2.107% for respectively Lmb and Lml; Figure 1A, 1C; Figure S1; Tables S6 and S7) in
176 both genomes. In the genome of Lmb, a weak correlation was measured between CDS and H3K27me3 domains
177 (Kendall’s T: 0.12, P < 2.2.10%) while no clear pattern regarding location of H3K27me3 was identified, on the genome-
178 wide scale, in the genome of Lml (Figure S1; Tables S6, S7). In accordance with the association of H3K9me3 with TE,
179 the proportion of H3K9me3 is consistent with the TE-content of both genomes (36% and 2.8% TE in the genomes of
180 Lmb and Lml, respectively). The high TE-content in the Lmb genome has an impact at the structural level, as large AT-
181 isochores corresponding to stretches of TE-rich regions and GC-isochores alternate along the genome while it is not
182 thecaseinthe Lml genome, with a homogeneous repartition of the TEs (example in Figure 2). Hence, while the median
183 size of the domains were similar in both genomes, Lmb genome displays extremely large H3K9me3-domains, with a
184  size up to 230 kb, while the maximum size for the H3K9me3-domains is 12 Kb in the genome of Lml (Figure 3).

185
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Figure 3: Size of the H3K4me2-, H3K9me3-, H3K27me3-domains in the genomes of Leptosphaeria maculans
‘brassicae’ (Lmb) and L. maculans ‘lepidii’ (Lml). Log2 of the Size of the domains was estimated based on the
coordinates of the location of the domains, identified using RSEG (Song and Smith, 2011). Blue: H3K4me2; Purple:
H3K9me3; Orange: H3K27me3. Lmb, L. maculans ‘brassicae’; Lml, L. maculans ‘lepidii’.

190 In the genome of Lmb, a dispensable chromosome, carrying the avirulence gene AvrLm11, has been identified
191 (Leclair et al., 1996; Balesdent et al., 2013; Grandaubert et al., 2014), while no such accessory chromosomes was
192 identified in the genome of Lml. The dispensable chromosome is enriched in TEs compared to the rest of the genome
193 (35% of TEs in the core genome and 93% of TEs in the dispensable chromosome). Consistently, a strong enrichment in
194 H3K9me3 is observed on the dispensable chromosome (32% in the core genome and 90% on the dispensable
195 chromosome), with only a few H3K4me2- and H3K27me3-domains (Figure 1A and 1B; Figure 2). Contrary to the
196 genome of Lml which is not fully assembled with large gaps remaining in its genome sequence (Grandaubert et al.,
197 2014), the complete assembly of the Lmb genome allows analysis of the sub-telomeric regions (Dutreux et al., 2018).
198 Sub-telomeric regions of the Lmb genome, corresponding to large repeat sequences, are highly associated with
199 H3K9me3 and H3K27me3 overlap with H3K9me3 in the telomeric regions, while they do not on chromosome arms
200 (Figure 1A and Figure 2).

201
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202 H3K4me2- and H3K27me3-domains shelter genes involved in distinct activities
203 Based on the location of H3K4me2-, H3K9me3- and H3K27me3-domains in the genomes of Lmb and Lml during
204  axenic cultures, genes associated with any of these modifications were identified. Overall, the number of genes
205 associated with any of the histone post-translational modification is similar in both species with more than 50% of the
206 predicted genes associated with H3K4me2, ~14% of the genes associated with H3K27me3 and only a few genes
207  associated with H3K9me3 (Figure 4).
A. Lmb B. Lml
7,373 2,044 2,020 6,065 361 1,501
98 ' 101 33 ' 58
H3K4me2
104 s H3K9me3 70
H3K27me3

Figure 4: Number of genes associated with H3K4me2, H3K9me3 or H3K27me3 during axenic growth in A.

Leptosphaeria maculans ‘brassicae’ (Lmb) and B. L. maculans ‘lepidii’. Location of histone modifications in the

genome of Lmb and Lml were identified using RSEG (Song and Smith, 2011). Blue: H3K4me2; Purple: H3K9me3;

Orange: H3K27me3. Genes were considered as associated with any of the histone modifications when at least one

pb of the gene was found within the borders of the domain. Lmb, L. maculans ‘brassicae’; Lml, L. maculans ‘lepidii’.
208 In the genome of Lmb, a GO annotation was assigned to 5,076 genes (i.e. 39% of the predicted genes). 3,276
209 genes located within a H3K4me2-domain had a GO annotation (i.e. 44% of the genes located in a H3K4me2-domain)
210 while 572 genes located in a H3K27me3-domain (i.e. 28% of the genes associated with H3K27me3) and none of the
211 genes located in a H3K9me3-domain had an annotation. This shows that genes located in heterochromatin are
212  enriched in genes with no functional annotation (X? test, P < 2.2.10%). H3K27me3-associated genes mainly encode
213  proteins of unknown function and only a few GO terms were identified among genes associated with this fraction of
214 the genome. Nevertheless, these genes are significantly enriched in GO terms involved in carbohydrate metabolic
215 process (GO:0005975; 82 genes associated with H3K27me), oxydo-reduction process (G0:0055114; 149 genes) and
216 transmembrane transport (GO:0055085; 104 genes), (P < 0.01); (Table S8). This suggests that genes associated with
217 H3K27me3 in vitro might encode proteins involved in pathogenesis-related function such as secretion of molecules,
218 degradation of organic compounds, and defence against oxydo-reductant stress. On the contrary, genes associated
219 with H3K4me2 display a wide variety of annotated function involved in primary metabolism (Table S9).
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220 In the genome of Lml, 3,725 genes had a GO annotation (i.e. 33% of the annotated genes). As for Lmb, genes
221 associated with heterochromatin in vitro were enriched in genes with no GO annotation as only 19% of the genes
222  associated with H3K27me3 and none of the genes associated with H3K9me3 had a GO annotation (X? test, P < 2.2.10°
223 %), On the contrary, H3K4me2-domains were enriched in genes having a GO annotation (42% of these genes). As it is
224  the case for genes associated with H3K4me2 in Lmb, genes associated with H3K4me2 are also enriched in genes having
225 a GO annotation involved in primary metabolism and basic cellular functions, such as translation (GO:0006412; 206
226  genes) or cellular protein metabolic process (GO: 44267; 477 genes); (Table $10). As for Lmb, only a few GO annotation
227 enrichments was detected for genes associated with H3K27me3-domains in vitro. Only one GO enrichment was found
228 in common with Lmb, i.e. carbohydrate metabolic process (GO:0005975; 41 genes). Apart from that, all other
229 enrichments were redundant in terms of definition: response to chemical (GO: 42221; 20 genes), response to nitrogen
230 compound (G0:1901698; 10 genes), response to organophosphorus (GO: 46683, 10 genes) and others. All these GO
231 terms indicate an enrichment in genes involved in a change of state or activity of an organism (in terms of movement,
232 secretion, enzyme production, gene expression, etc.) as a result of different chemical stimuli. For instance,
233 organophosphorus compounds are toxic cholinesterase inhibitors. Although most GO enrichments found among sets
234  of genes associated with H3K27me3 in Lmb and Lml do not overlap, both types of enrichments suggest that
235 H3K27me3-associated genes might be involved in a stress response mechanism, whether it might be an infection-
236 related process or a defence against toxic compounds, or both. On the contrary, in both organisms, proteins encoded
237 by the genes sheltered in H3K4me2-domains in Lmb and Lml are involved in similar biological processes involved in
238 maintenance of basic cellular functions.
239 Heterochromatin domains are enriched in effector genes and secondary metabolite-encoding genes
240 In Lmb, so far, all cloned avirulence genes, which are highly expressed during asymptomatic infection of oilseed
241 rape (at seven days post infection), are located within TE-rich regions of the genome. We assessed whether the
242 particular location of known avirulence genes within TE-rich regions is also associated with a location in domains
243  enriched for histone modifications typical for heterochromatin and whether this is a conserved feature for different
244  sets of genes encoding pathogenicity-related proteins. In the genome of Lmb, 1,080 genes encoding effectors
245  (including known avirulence genes; i.e. 8.2% of the genes predicted in the genome) were predicted (Dutreux et al.,
246  2018; Gayetal., in prep.). In the genome of Lmb, 2,478 genes (i.e. 12% of the genes) are associated with TE-rich regions
247  (located within a 2 kb distance of a TE sequence), including 289 genes encoding effectors. Hence, while a new
248 prediction of the effector repertoire was performed based on the new assembly of the Lmb genome, TE-rich regions
249 are significantly enriched in effector genes, as already shown by Rouxel et al. (2011; X? test, P= 9.6.10%). Similarly,
250 H3K9me3- and H3K27me3-associated genes are significantly enriched in genes encoding effectors, as effector genes
251 represent respectively 36% and 14% of the genes associated with these histone modifications in vitro (X? test, P=
252  9.6.10%; Table 1).
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253 On the contrary, H3K4me2-associated genes contain significantly less effector genes than the rest of the
254  genome (i.e. 6% of the genes located in H3K4me2-domains encode putative effectors; Table 1). In the genome of Lml,
255 the proportion of effector genes is similar to that of Lmb (892 of the genes encode for putative effectors, i.e. 7.9% of
256 the genome). Likewise, TE-rich regions, H3K9me3- and H3K27me3-domains are significantly enriched in putative
257  effector genes while H3K4me2-domains are significantly deprived in such genes compared to the rest of the genome
258 (Table 1).
Table 1. Number of effector genes located in different genomic compartments in L. maculans 'brassicae’
and L. maculans 'lepidii'
TE- H3K4me2- H3K9me3- H3K27me3- H3K9+H3K27me3
genome  associated . p S b . b
a domains domains domains -domains
genes
numberof 5 7 2,478 7,373 104 2,020 101
genes
number of
Lmb effectors 1,080 289 433 38 286 24
proportion  8.2.102 1.2.10" 58107  3.6.10" 1.4.10" 2.4.10™
P value® - 9.6.10"° 6.7.10" 2210% 2210 1.6.10°®
numberof 4, 573 641 6,065 70 1,501 58
genes
number of
Lml effectors 892 79 266 14 217 18
proportion  7.9.102 1.2.107  4.4.107 2.10" 1.45.10" 3.1.10"
P value® - 3.5.10° 2.2.10%  1.810% 2210 6.9.10™
aGenes located up to 2 kb upstream or downstream of a transposable element sequence;
bGenes located in a H3K4me2-, H3K9me3-, H3K27me3- or H3K9me3/H3K27me3-domain in vitro;
cA X2 test was applied to compare proportion of effector genes in the genome and in the genomic
compartment analysed (Materials and Methods).
259 The genome also encodes secondary metabolites, synthesised by clusters encoding PKS/NRPS (Polyketide
260 Synthases and Non-Ribosomal Peptide Synthases). Twenty-nine such genes have been predicted in Lmb (Rouxel et al.,
261 2011; Elliott et al., 2013; Grandaubert et al., 2014). Among them, only one has been detected so far to be highly up-
262 regulated at 7 days post-infection, and located within AT-isochores of the genome of Lmb, i.e. pks5 involved in the
263  synthesis of the abscisic-acid, along with the other genes of this cluster (Darma et al., 2019). Regarding the twenty-
264 nine genes encoding PKS/NRPS. For Lmb, H3K27me3-domains are enriched in such genes as 68% are located in such
265 domains (20 PKS/NRPS; Fisher’s exact test, P= 1.3.107). This included the cluster encoding abscisic acid, embedded in
266 the middle of TEs, and for which five genes of the cluster are located in a H3K27me3-domain, including the
267 transcription factor regulating the cluster and the PKS, while three other genes of the cluster are associated with both
268 H3K9me3 and H3K27me3 (our results; Darma et al., 2019). The gene encoding the sirodesmin, having antibacterial
269 and antifungal properties (SirP; Gardiner et al., 2004; Elliott et al., 2007) is also located in a H3K27me3 domain, while
270 not located in the middle of an AT-isochore; this gene is expressed during the infection of oilseed rape stem (Elliott et
271 al., 2007). The PKS gene encoding phomenoic acid, PKS7, highly expressed during axenic culture (Elliott et al., 2013),
272 s located in a GC-isochore and associated with H3K27me3. In the genome of Lml, 25 genes are predicted as PKS/NRPS
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273 (Grandaubert et al., 2014). Similarly to Lmb, H3K27me3-domains of the genome of Lml are enriched in PKS/NRPS
274  encoding genes (11 PKS/NRPS; Fisher’s exact test, P= 1.7.10%).
275 Heterochromatin domains of the L. maculans ‘brassicae’ and L. maculans ‘lepidii’ genomes shelter subspecies-
276  specific genes
277 Comparative genomic analyses of the Lmb and Lml genes identified that 7,393 genes were conserved between
278 both species using Orthofinder (Emms and Kelly, 2015). We assessed location of these conserved genes and identified
279 that H3K4me2-domains are enriched in genes conserved between Lmb and Lml (66 and 64% of the conserved genes
280 respectively in Lmb and Lml; X2 test, P < 2.2.10-16). On the contrary, H3K27me3- and H3K9me3-domains are
281 significantly enriched in genes which are not conserved between Lmb and Lml (genes conserved between both species
282 represent less than 1% of the genes located in these domains; X? test, P < 2.2.10°%).
283 Regarding effectors, 1,080 and 892 genes in the genome of respectively Lmb and Lml encode putative
284  effectors, among which 274 were conserved between both sub-species (i.e. genes having an orthologue in the sister
285 species and being predicted as a putative effector). Hence, more than two third of their effector repertoire is specific,
286 as already described (Grandaubert et al., 2014) but confirmed here with a new prediction of this repertoire. Effector
287 genes of both species are less conserved than the rest of the predicted genes (X? test, P < 2.2.10%) and H3K9me3- and
288 H3K27me3-domains are enriched in sub-species-specific effector genes. Five genes encoding avirulence proteins
289 located in the middle of a large TE-rich region of Lmb are also conserved in Lml. Four out of these five genes are located
290 in asub-telomeric region, including three neighbour genes (ID Lmb_jn3 05822, Lmb_jn3 05823, Lmb_jn3_05824) and
291 consistently associated either with H3K9me3, H3K27me3 or with both histone modifications. These three putative
292 effectors are conserved, although inverted, in Lml and are also in located a sub-telomeric region, and associated with
293 H3K27me3. One avirulence gene of Lmb, AvrLm10A, is conserved in Lml. In Lmb, this gene is located in a sub-telomeric
294  region and associated with a H3K9me3-domain. In Lml, the AvrLm10A orthologue is not located in a sub-telomeric
295 region but is associated with H3K27me3.
296 All cloned Avirulence genes of L. maculans ‘brassicae’ are located in H3K9me3-domains in vitro
297 H3K4me2 is typically considered as permissive for gene expression while H3K9me3 and H3K27me3 are
298 considered as inducing gene silencing. We performed a genome-wide transcriptomic analysis in vitro, in parallel to the
299 analysis of histone modifications, in order to determine the role of histone modifications on the control of gene
300 expression and whether that role was conserved between Lmb and Lml. In Lmb, 11,525 genes (i.e. 88% of the predicted
301 genes) are expressed during in vitro growth (i.e. FPKM > 2). Considering the 100 most expressed genes during axenic
302 culture, 91% of them are associated with H3K4me2 while five are located within a H3K27me3-domain and none in a
303 H3K9me3-domain. This observation was confirmed on the genome-wide scale as H3K4me2-domains are enriched in
304 gene expressed (7,191 of the genes associated with H3K4me2 are expressed; P < 2.2.107%) during axenic culture while
305 H3K9me3- and H3K27me3-domains are enriched in genes silenced in vitro (56 and 1290 of the genes located
306 respectively in a H3K9me3- or a H3K27me3-domain are expressed, P < 2.2.10°); (Figure 5). The influence of the
307 histone modifications on gene expression is similar in Lml as, among the 100 most expressed genes during axenic
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308 culture, 71 are located within a H3K4me2-domain while five are located in a H3K27me3-domain. This pattern is
309 confirmed on the genome-wide scale, as among the 7,735 genes expressed in vitro by Lml (i.e. 69% of the predicted
310 genes), H3K4me2-domains are enriched in genes expressed (5,472 of the genes expressed during axenic culture are
311 located in a H3K4me2-domain; P < 2.2.10%). On the contrary, H3K9me3- and H3K27me3-domains are enriched in
312 genes which are silenced during axenic culture (17 and 403 genes expressed in vitro are located respectively in a
313 H3K9me3- or a H3K27me3-domain in vitro; P < 2.2.101%). This transcriptomic analysis confirmed, in both species, that
314 genes located in a H3K4me2-domain were more likely to be expressed while H3K9me3- and H3K27me27-domains are
315 enriched in silent genes.
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Figure 5: Genes associated with heterochromatin are less expressed than genes associated with euchromatin in the
genomes of L. maculans ‘brassicae’ and L. maculans ‘lepidii’. Location of histone modifications in the genome of Lmb
and Lml were identified using RSEG (Song and Smith, 2011), during axenic culture. RNA-seq was performed from Lmb or
Lml grown one week in FRIES media (see Materials and methods). Blue: H3K4me2; Purple: H3K9me3; Orange:
H3K27me3; White: genes located within a 2 kb distance of a transposable element. Lmb, L. maculans ‘brassicae’; Lml, L.
maculans ‘lepidii’.
316 So far, pathogenicity assays are not feasible with Lml, hence transcriptomic data in planta are not available.
317 Considering Lmb, expression profile of avirulence genes is well documented during infection of oilseed rape
318 cotyledons, showing that these genes are not, or lowly, expressed in vitro and highly expressed during infection of
319 oilseed rape cotyledons, with a peak of expression seven days post-infection (Rouxel et al., 2011). All the avirulence
320 genes cloned so far in Lmb are located in a H3K9me3-domain in vitro consistently with the fact that these genes are
321 located in TE-rich compartments of the genome in Lmb. Besides these avirulence genes expressed during the early
322 stages of oilseed rape infection, 307 putative effector genes expressed during stem infection were recently described
323 (Gervais et al., 2017). A new version of the Lmb genome is now available, with a new annotation and a new effector
324 gene prediction (Dutreux et al., 2018; Gay et al., in prep.), downsizing this repertoire of putative ‘late’ effectors to 86
325 candidates. In contrast to avirulence genes, most of these ‘late’ effector genes are located in GC-isochores, as already
326 observed by Gervais et al. (2017). Only 19 of these genes are located in H3K4me2-domains while 49 are located in a
327 H3K9me3- or H3K27me3-domain (P < 2.107). Altogether, these data show that, independently of the infection stage,
328 putative effector genes are enriched in either H3K9me3 or H3K27me3 in vitro.
329
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330 DISCUSSION
331 We present here the first comparative analysis of the location of three different histone modifications,
332 typically associated with either euchromatin or heterochromatin, at the genome-wide scale, in two closely related
333 phytopathogenic fungi displaying considerable differences in terms of genomic organisation as well as host range. Aim
334 of this analysis was to question whether different genome organisations would shape the underlying associated
335 epigenomic landscape and to identify conserved, or unique, features.
336 As for other fungi, domains enriched in H3K4me2, indicative of euchromatin regions, and domains enriched in
337 H3K9me3, indicative of a heterochromatin region, are mutually exclusive in the genomes of Lmb and Lml. This was
338 also shown for instance in Neurospora crassa, Fusarium fujikuroi, and Zymoseptoria tritici (Smith et al., 2008; Jamieson
339 etal., 2013; Wiemann et al., 2013; Schotanus et al., 2015). Regarding other features, such as association of repeats
340 with H3K9me3 or H3K27me3 or organization of the accessory chromosomes, there appears to be more and more
341 exceptions as data are gathered. So far, H3K9me3 has always been found associated with transposable elements,
342 whether or not sequences of transposable element span very large domains, as it is the case in Lmb (e.g. in Z. tritici;
343  Schizosaccharomyces pombe, F. fujikuroi; Cam et al., 2005; Schotanus et al., 2015; Wiemann et al., 2013). In sub-
344  telomeric regions of Lmb, H3K9me3 and H3K27me3-domains overlap over repetitive sequences, which is a classic
345 feature observed also in N. crassa or Z. tritici (Smith et al., 2008; Connolly et al., 2013; Jamieson et al., 2013; Schotanus
346 etal., 2015). Only H3K27me3 has been shown to locate in sub-telomeric areas in F. graminearum although a genome-
347  wide analysis of the location of H3K9me3 (although present in its genome) has not been performed yet for this fungus
348 (Connolly et al., 2013). In the genomes of Lmb and Lml, TEs consist in heterochromatin regions enriched in H3K9me3
349 and contrary to sub-telomeric regions, no enrichment of H3K27me3 was detected associated with TEs on
350 chromosomal arms. This is dissimilar to the organization of TE-rich regions in Z tritici, enriched in both
351 heterochromatin modifications (Schotanus et al., 2015). The situation is also different for Fusarium oxysporum, in
352 which most TE sequences are embedded in a H3K27me3-domain. It is worth noting that location of H3K9me3 in the
353 genome of this fungus has not been investigated yet (Fokkens et al., 2018). One can envision that, once investigated,
354 thesituation of the transposons of F. oxysporum might be identical to those of Z. tritici. In Z. tritici, the overlap between
355 H3K9me3 and H3K27me3 in TE-rich regions was postulated to be a consequence of the lack of cytosine DNA
356 methylation (Schotanus et al., 2015), as the dim-2 encoding gene is inactivated due to mutations caused by the RIP
357 mechanisms (Dhillon et al., 2010). In the genome of Lmb, almost no cytosine DNA methylation was detected as well
358 (Bewicketal., 2019), nevertheless the two heterochromatin modifications do not overlap in TE-rich regions. Therefore,
359 overlapping of H3K9me3 and H3K27me3 observed in TE-rich regions of Z tritici cannot be explained by a genome-
360 wide lack of DNA methylation. In other fungi, such as Aspergillus nidulans, no H3K27me3 has been detected while
361 H3K4me3 is associated with gene-rich regions and H3K9me3 flanks sub-telomeric regions (Gacek-Matthews et al.,
362 2016; Freitag, 2017). For some other phytopathogenic fungi, such as Botrytis cinerea, epigenomic analysis have been
363 set up and data from western blot analysis have helped detect H3K9me3 and H3K27me3 but a precise location is
364 lacking so far (Schumacher et al., 2019). All these data tend to indicate that epigenomic analyses are of a major interest
365 for the scientific community interested in plant-pathogenic fungi.
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366 An extreme feature of fungi, although not limited to this kingdom, is the prevalence of accessory chromosomes
367 (also called B chromosomes or dispensable chromosomes) in their genome (Galazka and Freitag, 2014; Soyer et al.,
368 2018). So far, most studies regarding accessory chromosomes have pointed them out in plant-interacting Ascomycetes
369 although this might be a bias because their detection can be delicate. Some species harbor TE-rich accessory
370 chromosome(s) (e.g. in Lmb, Z. tritici, F. oxysporum; Ma et al., 2010; Rouxel et al., 2011; Balesdent et al., 2013; Dhillon
371 et al, 2014; Grandaubert et al., 2015). Their heterochromatin nature is uncovered through the advent of ChIP-seq
372 analyses. Accessory chromosomes of Z. tritici, F. oxysporum or F. fujikuroi, F. asiaticum are enriched in H3K27me3
373 (Wiemann et al., 2013; Galazka and Freitag, 2014; Schotanus et al., 2015; Studt et al., 2016; Fokkens et al., 2018) as
374 are those of F. graminearum while not enriched in TEs (Connolly et al., 2013). Interestingly, here we shown for Lmb
375 that its accessory chromosome is TE-rich and almost entirely associated with H3K9me3, which is different to other
376 fungi.

377 Dogmas regarding conventional definitions of facultative or constitutive heterochromatin seem not to be valid
378 in all plant pathogenic fungi. While histone modifications H3K9me3 and H3K27me3 are both a signature of
379 heterochromatin, H3K9me3 is considered to be typical for constitutive heterochromatin, as associated with repeats
380 and involved in genome stability (Moller et al., 2019), and H3K27me3 is considered to be associated with facultative
381 heterochromatin and considered to be easily reversed toward a euchromatin state under some stresses from the
382 environment. As H3K9me3 is found associated with TE-rich regions, the proportion of H3K9me3 in a genome strictly
383 reflects the TE content, as described in Z. tritici for instance (Schotanus et al., 2015). This is also the case for Lmb and
384 Lml. In Lmb, having >30% TE, 33% of the genome is associated with H3K9me3 while the genome of Lml, having a low
385 TE content, presents a low enrichment in H3K9me3 (4% of H3K9me3 in the Lml genome). The unique dispensable
386 chromosome of Lmb is mostly repetitive and 90% of this chromosome is associated with H3K9me3 (Rouxel et al., 2011;
387 Balesdent et al., 2013; Our study). Co-location of H3K9me3 and TEs is in favor of a “constitutive” nature of this
388 modification together with the fact that H3K9me3-domains encompass a small number of genes in Lmb and Lml
389 (respectively 70 and 104 genes), as in Z. tritici (86 genes; Schotanus et al., 2015; Soyer et al., 2019). Genes associated
390 with H3K9me3 are amost all located in the middle of repetitive elements, in sub-telomeric areas, or very close to the
391 edge of regions enriched in repeated elements. This is in accordance with the fact that TEs are targeted by H3K9me3
392 which might leak to neighbor genes. Nevertheless, some of these genes are heavily transcribed upon host infection
393 (Soyeretal., 2019; Chujo and Scott, 2014; Soyer et al., 2014; Our study). This does not match the “constitutive” nature
394  of this modification. Even though the largest proportion of genes is found associated with H3K4me2 from detailed
395 ChIP-seq analyses performed so far in vitro in plant-interacting fungi (i.e. F. graminearum, F. oxysporum, Z. tritici, Lmb
396 and Lml; Connolly et al., 2013; Schotanus et al., 2015; Fokkens et al., 2018; Soyer et al., 2019; Our study), a significant
397 proportion of the predicted genes are found associated with H3K27me3. This is in accordance with the “facultative”
398 nature of this histone modification. On the other side, some evidence is in favor of its important role in genome
399 organization and stability. For instance, dispensable chromosomes of Z. tritici are twice as rich in TEs as core
400 chromosomes, but although no significant enrichment of these chromosomes in H3K9me3 has been identified, they
401 are entirely covered by H3K27me3 (Schotanus et al., 2015). Besides, loss of H3K27me3 in Z. tritici increases stability of
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402 some accessory chromosomes (Moller et al., 2019). Altogether, these features seem to indicate that although
403 H3K27me3 is an important regulator of gene expression involved in development or response to various stresses, it
404 might also play a role in the maintenance of some parts of fungal genomes.

405 The comparative epigenomic analysis corroborates previous comparative genomic analysis and previous
406 epigenetic studies in this species complex (Grandaubert et al., 2014; Soyer et al., 2014). Difference in terms of genome
407 organization between Lmb and Lml (i.e. alternation of large stretches of TEs and large gene-rich compartments in Lmb
408 vs. little TE content, no bipartite organization of the genome of Lml) is consistent with the organization of the
409 epigenomic landscape between both species. In Lmb, very large H3K9me3-domains are present, spanning large TE-
410 rich regions (the largest one being found on the dispensable chromosome of Lmb), while such extremely large
411 H3K9me3-domains are not observed in the Lml genome. It is already known, for Lmb and other plant-interacting fungi,
412 that TE-rich compartments of fungal genomes are enriched in genes encoding putative effectors or secondary
413 metabolites (e.g. Ma et al., 2010; Rouxel et al., 2011; Grandaubert et al., 2014; Faino et al., 2016; Vlaardingerbroek et
414 al., 2016; Dallery et al., 2017). Here we show that all cloned avirulence genes of Lmb are associated with H3K9me3 in
415 vitro. Our finding regarding the genome-wide analysis of the epigenome of Lmb corroborates previous targeted
416 epigenetic analyses performed by Soyer et al. (2014), in which two avirulence genes were identified associated with
417 H3K9me3 in vitro, consistently with the fact that these genes are silent in vitro. Even outside of TE-rich regions,
418 heterochromatin is always found associated with pathogenicity-related genes, whether they are genes encoding
419 effectors or metabolites (Connolly et al., 2013; Wiemann et al., 2013; Chujo and Scott, 2014; Schotanus et al., 2015;
420 Fokkens et al., 2018; Soyer et al., 2019). Importantly, sets of genes up-regulated during host infection are found
421 associated with heterochromatin, in vitro (Fokkens et al., 2018; Soyer et al., 2019). This supports our previous
422 hypothesis that location of pathogenicity-related genes in flexible epigenomic compartments of the genome
423 represents an efficient way to regulated expression of sets of genes scattered throughout the genomes and involved
424  in similar biological processes (Soyer et al., 2015a).

425 While importance of histone modifications in the regulation of the expression of a few effector or secondary
426 metabolite gene clusters has already been demonstrated by ChIP-qPCR in planta (Chujo & Scott, 2014; Soyer et al.,
427 2019) a complete view of the in planta chromatin dynamics of a plant-associated fungus has not been generated yet.
428 Previous studies have assessed histone modifications at a few genomic loci of secondary metabolite gene clusters in
429 the symbiotic fungus, E. festucae (Chujo and Scott, 2014). We have also performed a ChIP-gPCR analysis of targeted
430 effector genes in Z tritici during infection of wheat leaves. The experiment performed on infected wheat leaves has
431 shown, for three putative effector genes, that their high expression at 13 dpi (corresponding to the switch from
432 asymptomatic growth to necrotrophy for Z. tritici) compared to axenic culture was associated with a modification of
433 the histone methylation patterns in their genomic environment. At 13 dpi, the level of H3K9me3 and/or H3K27me3
434  decreased (Soyer et al., 2019). Altogether, these analyses of distantly related fungi confirm that during host
435 interaction, the specific induction of secondary metabolites / effector genes, located within heterochromatin domains
436 in vitro, is associated with a dynamic re-organization of the histone modifications at their loci. So far, genome-wide
437 scale epigenomic analyses of plant-interacting fungi have only been performed during axenic growth (Connolly et al.,
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438 2013; Schotanus et al., 2015; Fokkens et al., 2018). This lack of a global comprehensive view of the chromatin dynamics
439 of the fungal genome during plant interaction is currently due to technical limitations as discussed by Winter et al.
440 (2018). Indeed, the success of performing such epigenomic analyses is jeopardized by the low amount of fungal
441 biomass during plant infection combined with the fact that fungal genomes are small compared to massive host
442 genomes. Our next challenge to be tackled now is to assess the chromatin dynamics in planta to decipher influence of
443  histone modifications in the regulation of (effector) gene expression.
444 CONCLUSION
445 To the best of our knowledge, comparative analysis of histone modifications has been performed in model organisms
446  such as mouse, in different cell types for instance (Mikkelsen et al., 2010). None has been set up in phytopathogenic
447  fungi, and nothing is known regarding how much differences in terms of location of these modifications in the genome
448 might influence gene expression or pathogenesis. Comparative genomics has allowed analyses regarding the evolution
449 of genes encoding effectors, their location in genomes, or secondary metabolites, of species according to their
450 lifestyles, or the diversity of the effector repertoires according to host specialisation. The role of the epigenome is
451 increasingly recognized in plant-pathogenic fungi, as an important regulator of the genome structure (Moller et al.,
452 2019) and the expression of genes encoding effectors (Soyer et al., 2014; Chujo and Scott, 2014; Soyer et al., 2019).
453  The next step forward is to set up comparative epigenomics to understand the impact of the epigenomic landscape
454  on adaptation toward environmental rapid changes, modulation of interactions with the holobiont, host adaptation
455 and specialization. This first comparative epigenomic analysis represent an important corpus of data to set the basis
456 for further work aiming at investigating, on the genome wide scale, influence of histone modifications on gene
457  evolution under selection pressure or host adaptation.
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Table S2: Correlation analysis between the different ChIP experiments generated with antibodies targeting
histone modifications H3K4me2, H3K9me3 and H3K27me3 in the L. maculans 'lepidii', during in vitro growth.
H3K4me2 H3K9me3 H3K27me3
1999 J 1999 M 1999 P 1999 K 1999 N 1999 Q 1999 L 1999 O 1999 R
1999 J 1.00
H3K4me2 1999 M 0.94 1.00
1999 P 0.89 0.90 1.00
1999 K -0.21 -0.21 -0.23 1.00
H3K9me3 1999 N 0.22 0.23 0.24 -0.88 1.00
1999 Q| -0.26 -0.26 -0.28 0.78 -0.77 1.00
1999 L -0.21 -0.21 -0.22 -0.05 0.08 0.07 1.00
H3K27me3 1999 O | -0.22 -0.22 -0.23 -0.06 0.09 0.05 0.89 1.00
1999 R -0.30 -0.30 -0.31 -0.05 0.07 0.05 0.74 0.80 1.00
Correlation analyses were performed to analyze location of the significantly enriched domains, identified using RSEG (Song and
Smith, 2011), from the three different biological replicates generated and analyzed separately. A Kendall's T correlation test was
performed using R.
655
Table S3: Correlation analysis between the different ChIP experiments generated with antibodies targeting
histone modifications H3K4me2, H3K9me3 and H3K27me3 in the L. maculans 'brassicae’, during in vitro growth.
H3K4me2 H3K9me3 H3K27me3
1999 A 1999 D 1999 G 1999 B 1999 E 1999 H 1999 C 1999 F 1999 |
1999 A 1
H3K4me2 1999 D 0.90 1.00
1999 G 0.87 0.91 1.00
1999 B -0.62 -0.58 -0.55 1.00
H3K9me3 1999 E -0.61 -0.58 -0.55 0.97 1.00
1999 H -0.62 -0.58 -0.56 0.98 0.97 1.00
1999 C -0.11 -0.13 -0.14 -0.23 -0.24 -0.24 1.00
H3K27me3 1999 F -0.11 -0.12 -0.14 -0.25 -0.25 -0.25 0.94 1.00
1999 | -0.10 -0.11 -0.13 -0.25 -0.26 -0.25 0.95 0.94 1.00
Correlation analyses were performed to analyze location of the significantly enriched domains, identified using RSEG (Song and
Smith, 2011), from the three different biological replicates generated and analyzed separately. A Kendall's T correlation test
was performed using R.
656
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Table S4: Coverage of histone modifications H3K4me2, H3K9me3 and H3K27me3 in the genome of
Leptosphaeria maculans 'brassicae’.

ID_SC*  SCsize (bp)® H3K4me2° H3K9me3" H3K27me3®
bp % bp % bp %
JN3_BACO1 21008 0 0.00 21000 99.96 1251 5.95
JN3.SCO0 3635781 1307171 35.95 1102622 30.33 762986 20.99
JN3_SCO1 3650661 1483193 40.63 1047969 28.71 687488 18.83
JN3_SC02 3465289 1568755 45.27 821441 23.70 640962 18.50
IN3_SC03 3116548 1193866 38.31 999254 32.06 574441 18.43
JN3_SCO4 3080038 1425610 46.29 665755 21.62 540171 17.54
JN3_SCO5 2723307 963377 35.38 963038 35.36 579405 21.28
JN3_SCO6 2669349 1086759 40.71 921773 34.53 488919 18.32
JN3_SCO7 2437616 1197276 49.12 522765 21.45 587443 24.10
JN3.SC08 2329530 727752 31.24 1123307 48.22 306359 13.15
JN3.SC09 2121901 748451 35.27 886766 41.79 379620 17.89
JN3_SC10 1953324 918611 47.03 482165 24.68 439910 22.52
IN3_SC11 1933728 1000894 51.76 400992 20.74 273848 14.16
IN3.SC12 1809099 748253 41.36 486740 26.91 486379 26.89
JN3_SC13 1787499 765814 42.84 565221 31.62 372365 20.83
IN3_SC14 1545248 808577 52.33 318036 20.58 342119 22.14
IN3_SC15 1485921 587315 39.53 451809 30.41 387118 26.05
IN3_SC16 1416674 556218 39.26 545236 38.49 243093 17.16
IN3_SC17 1391278 480336 34.52 588903 42.33 415859 29.89
JN3_SC18 1351186 562433 41.63 490141 36.27 258335 19.12
IN3_SC19 832888 44716 5.37 748487 89.87 56517 6.79
IN3_SC20 252801 0 0.00 197121 77.97 32524 12.87
IN3_SC21 237616 0 0.00 197118 82.96 18507 7.79
IN3_SC22 206368 0 0.00 178511 86.50 4003 1.94
IN3_SC23 157065 0 0.00 0 0.00 0 0.00
IN3_SC24 81359 0 0.00 54108 66.51 751 0.92
IN3_SC25 68927 0 0.00 65503 95.03 5502 7.98
IN3_SC26 58575 0 0.00 57354 97.92 3254 5.56
IN3_SC27 50646 0 0.00 26005 51.35 1502 2.97
IN3_SC28 36829 0 0.00 34500 93.68 6753 18.34
IN3_SC29 33591 0 0.00 22753 67.74 15503 46.15
IN3_SC30 23239 0 0.00 20901 89.94 0 0.00
IN3_SC31 21588 0 0.00 21001 97.28 0 0.00
genome 45986477 18175377 39.52 15028295 32.68 8912887 19.38

®Genome as published in Dutreux et al. (2018). ®Location of H3K4me2, H3K9me3 and H3K27me3 was determined through
ChlIP-seq analysis, in vitro, and regions significantly enriched for any of the modifications was identified using RSEG (Song and

Smith, 2011).
660
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Table S5: Coverage of histone modifications H3K4me2, H3K9me3 and H3K27me3 in the
genome of L. maculans 'lepidii'.
ID_SC? SC size® H3K4me2° H3K9me3® H3K27me3®
bp % bp % bp %
scaffold00001 2643178 888592 33.62 59684 2.26 313773  11.87
scaffold00002 1959821 699265 35.68 58666 2.99 233310 11.90
scaffold00003 1983546 608230 30.66 41111 2.07 242118 12.21
scaffold00004 1736283 575205 33.13 62432 3.60 172672 9.94
scaffold00005 1623222 501923 30.92 65093 4.01 189501 11.67
scaffold00006 1544579 536762 34.75 12113 0.78 153263 9.92
scaffold00007 1533342 565981 36.91 36346 2.37 120062 7.83
scaffold0O0008 1418419 388288 27.37 18392 1.30 190887 13.46
scaffold00009 1356343 424898 31.33 45357 3.34 231893 17.10
scaffold00010 1127952 315229 27.95 32413 2.87 165274  14.65
scaffold00011 1096957 373438 34.04 17581 1.60 137278 12.51
scaffold00012 1109454 444873 40.10 5018 0.45 87649 7.90
scaffold00013 1030750 285020 27.65 66076 6.41 138272 13.41
scaffold00014 907115 319426 35.21 33535 3.70 97454 10.74
scaffold00015 913738 323415 35.39 29781 3.26 74040 8.10
scaffold00016 782495 246356 31.48 46437 5.93 105244  13.45
scaffold00017 748245 222170 29.69 28898 3.86 92057 12.30
scaffold00018 696173 219971 31.60 5438 0.78 92845 13.34
scaffold00019 605627 248734 41.07 35469 5.86 219071  36.17
scaffold00020 573543 186512 32.52 28680 5.00 67433 11.76
scaffold00111 2197 0 0 2000 91.03 0 0
scaffold00112 2174 0 0 2000 92.00 0 0
scaffold00113 2174 0 0 2000 92.00 0 0
scaffold00114 2171 1001 46.11 0 0 0 0
scaffold00115 2150 0 0 2000 93.02 0 0
scaffold00116 2137 0 0 2000 93.59 800 37.44
scaffold00117 2134 0 0 1001 46.91 0 0
scaffold00118 2111 0 0 2000 94.74 0 0
scaffold00119 2093 0 0 2000 95.56 0 0
scaffold00120 2077 0 0 2000 96.29 0 0
scaffold00121 2060 0 0 2000 97.09 1000 48.54
scaffold00122 2041 801 39.25 951 46.59 0 0
scaffold00123 2008 0 0 951 47.36 0 0
genome 31530973 10147334 32.18 1232561 3.91 3989471 12.65
®Genome as published in Grandaubert et al. (2014). ®Location of H3K4me2, H3K9me3 and
H3K27me3 was determined through ChlIP-seq analysis, in vitro, and regions significantly enriched
for any of the modifications was identified using RSEG (Song and Smith, 2011).
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Table S6: Correlation analysis between the coverage of transposable elements
(TE) and coding sequences (CDS) location, H3K4me2-, H3K9me3- and
H3K27me3-domains in the L. maculans 'brassicae' genome.

CDs TE H3K4me2 H3KSme3 H3K27me3
cDs 1 -0.63 0.55 -0.60 0.12
TE -0.63 1 -0.58 0.87 -0.25
H3K4me2 0.55 -0.58 1 -0.57 -0.11
H3K9me3 -0.60 0.87 -0.57 1 -0.24
H3K27me3 012 -0.25 -0.11 -0.24 1

The coverage of transposable elements (TE), coding sequences (CDS) and histone
modifications (H3K9me3, H3K27me3, H3K4me2) along the genome of L. maculans
‘brassicae’ was analyzed in 1000 pb sliding windows. A Kendall's T correlation analysis
was done using R (Materials and Methods).

Table S7: Correlation analysis between the coverage of transposable elements
(TE) and coding sequences (CDS) location, H3K4me2-, H3K9me3- and
H3K27me3-domains in the L. maculans 'lepidii' genome.

CD5s TE H3kK4me2 H3KSme3 H3K27me3
CcDs 1.00 -0.22 0.25 -0.25 -0.05
TE -0.22 1.00 -0.16 0.68 0.00
H3iK4me2 0.25 -0.16 1.00 -0.16 -0.23
H3K9me3 -0.25 0.68 -0.16 1.00 0.01
H3K27me3 -0.05 0.00 -0.23 0.01 1.00

The coverage of transposable elements (TE), coding sequences (CDS) and histone
modifications (H3K9me3, H3K27me3, H3K4me2) along the genome of L. maculans ‘lepidii’
was analyzed in 1000 pb sliding windows. A Kendall’s T correlation analysis was done using
R (Materials and Methods).
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Table S9: GO categories enriched in genes associated with H3K4me2 during axenic culture of L. maculans 'brassicae’.
nb. of nb. of nb. of
. . genes )
nb. of genes genes with  proportion > genes with .
] . with the proportion
with the GO aGo in the . aGo . -
GO-ID FDR . X given . in the description
term within annotation  H3K4me2- . annotation
_ GOin . genome
H3K4me2 within genes the in the
H3K4me2 genome
genome
9987 3.60E-13 1976 3276 6.03E-01 2700 5076 5.32E-01 cellular_process
44237 6.85E-06 1585 3276 4.84E-01 2203 5076 4.34E-01  cellular_metabolic_process
71840 6.85E-06 540 3276 1.65E-01 661 5076 1.30E-01  cellular_component_organization_or_biogenesis
10467 1.10E-05 498 3276 1.52E-01 606 5076 1.19E-01  gene_expression
1901576  4.13E-05 698 3276 2.13E-01 899 5076 1.77E-01  organic_substance_biosynthetic
44249 4.13E-05 690 3276 2.11E-01 888 5076 1.75E-01  cellular_biosynthetic_process
44085 4.76E-05 336 3276 1.03E-01 392 5076 7.72E-02  cellular_component_biogenesis
6807 1.06E-04 1498 3276 4.57E-01 2102 5076 4.14E-01  nitrogen_compound_metabolic
9058 1.06E-04 727 3276 2.22E-01 950 5076 1.87E-01 biosynthetic_process
34645 2.43E-04 398 3276 1.21E-01 487 5076 9.59E-02  cellular_macromolecule_biosynthetic
9059 4.92E-04 402 3276 1.23E-01 497 5076 9.79E-02  macromolecule_biosynthetic_process
44271 4.92E-04 475 3276 1.45E-01 600 5076 1.18E-01  cellular_nitrogen_compound_biosynthetic_process
44267 6.15E-04 562 3276 1.72E-01 726 5076 1.43E-01  cellular_protein_metabolic_process
44260 1.37E-03 834 3276 2.55E-01 1129 5076 2.22E-01  cellular_macromolecule_metabolic
1901566  1.44E-03 445 3276 1.36E-01 565 5076 1.11E-01 nitrogen_compound_biosynthetic
GO annotation of the Lmb genes were retrieved from Dutreux et al. (2018). Analysis of GO enrichment among the genes associated with H3K27me3
during axenic culture of Lmb was performed using Cytoscape (Shannon et al., 2003).
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Table S11: GO categories enriched in genes associated with H3K27me3 during axenic culture of L. maculans

'lepidii'.
nb. of genes ns\;‘i;f agi;ng s
with the GO . ) nb. of nb. of genes
annotation proportion . . .
term among . genes with  with a GO proportion
among the in the i . . i
GO-ID FDR the genes the given annotation in the description
) genes H3K27me3- . .
associated ) GO inthe in the genome
- associated genes
with ; genome genome
H3K27me3 with
H3K27me3
5975 2.44E-03 41 288 1.42E-01 250 3725 6.71E-02 carbohydrate metabolic
process
42221 2.44E-03 20 288 6.94E-02 88 3725 2.36E-02 response to chemical
51591 2.44E-03 10 288 3.47E-02 25 3725 6.71E-03 response to cAMP
46683 2.44E-03 10 288 3.47E-02 25 3725 6.71E-03 response to
organophosphorus
10033 2.44E-03 11 288 3.82E-02 31 3725 8.32E-03 response to organic
substance
10243 2.44E-03 10 288 3.47E-02 26 3725 6.98E-03 response to
organonitrogen
compound
1901698 2.44E-03 10 288 3.47E-02 26 3725 6.98E-03 response to nitrogen
compound
14070 2.44E-03 10 288 3.47E-02 26 3725 6.98E-03 response to organic cyclic
compound
14074 2.44E-03 10 288 3.47E-02 26 3725 6.98E-03 response to purine-

containing compound

GO annotation of the Lmb genes were retrieved from Grandaubert et al. (2014). Analysis of GO enrichment among the genes
associated with H3K27me3 during axenic culture of Lml was performed using Cytoscape (Shannon et al., 2003).
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INTRODUCTION

Dans le chapitre Il, nous aborderons l'implication d’acteurs clefs de la régulation chromatinienne de
I’'expression des genes via une approche d’analyse fonctionnelle. Pour cela j'ai transféré la technique de mutagenése
CRISPR-Cas9, mise au point pour L. maculans par A. Idnurm (Idnurm et al., 2017), avec succes au laboratoire. Nous
avons choisi d’inactiver plusieurs HMEs et déméthylases d’histones et d’étudier I'impact de leur inactivation sur la
régulation génique et la structure du génome. Les protéines modificatrices d’histones sont de plus en plus étudiées et
il s"avere que leur capacité a réguler des mécanismes complexes ainsi que des pans entiers du métabolisme chez les
champignons filamenteux est de plus en plus documenté. L'objectif des analyses fonctionnelles menées chez L.
maculans est de valider de fagon expérimentale les conclusions que nous pouvons faire basées sur les analyses
« genome-wide » quant a I'importance de I'organisation du génome sur la régulation de la pathogénie. A mon arrivée
au laboratoire, les plasmides CRISPR-Cas9 n’étaient pas encore disponibles. J'ai donc initié des expériences de RNAI,
puis ai réalisé en deuxieme année de these l'inactivation des genes quand les vecteurs ont été disponibles. J'ai ainsi
mené les expériences d’inactivation génique, la caractérisation des transformants obtenus, et généré des échantillons
afin d’obtenir des données de ChIP-Seq, RNA-Seq et Hi-C-Seq pour aller plus loin dans la caractérisation des
transformants obtenus. Le séquencage des échantillons pour les analyses ChlIP-Seq, RNA-Seq et Hi-C-Seq est

actuellement en cours.

Dans une premiére partie, que j’ai rédigée sous forme d’article, je présenterai I’effet de I'inactivation de KMT1
et KMT6 responsables respectivement de la mise en place des marques répressives H3K9me3 et H3K27me3, sur la
croissance mycélienne, la sporulation, la capacité a infecter le colza et la régulation de I'expression des génes codant
des effecteurs. Ces résultats sont préliminaires et les expériences de séquengage en cours apporterons beaucoup a

I"avancée de ce projet.

Dans une deuxiéme partie, nous aborderons I'influence de Kdm8, une histone déméthylase dont le profil
d’expression correspond a celui des genes AVR clonés et dont la fonction est encore inconnue chez L. maculans. Le
géne codant Kdm8 a été inactivé et les mutants ainsi obtenus ont été testé pour leur capacité a infecter le colza, leur

croissance et la régulation de genes codant des effecteurs.
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7 INTRODUCTION

8 During infection, plant pathogenic fungi secrete a set of molecules, collectively known as effectors, targeting

9  the apoplast or the cytoplasm of the plant where they are mainly involved in overcoming the host immune defense
10 system, nutrient uptake and, eventually, symptom development (Lo Presti et al., 2015; Lo Presti and Kahmann, 2017).
11 In some cases, effectors are recognized by specific resistance genes from the plant, triggering plant defense reactions,
12 and are then called avirulence proteins. Proteinaceous effectors are referred to as Small Secreted Proteins (SSPs) as
13 they mainly correspond to small proteins, potentially secreted, often cysteine-rich, with no homology to other known
14 proteins in the databases (Stergiopoulos and de Wit, 2009). Effector genes of filamentous plant pathogens are often
15 located close to dispersed transposable elements (TEs) or in TE-rich regions of the genome, such as dispensable
16 chromosomes, subtelomeric regions or AT-isochores (Rouxel et al., 2011; Sadnchez-Vallet et al., 2018). Analyses of
17  transcriptomic data, generated at different stages of infection, over the course of infection in different pathosystems
18  highlighted concerted waves of effector gene expression (Sanchez-Vallet et al., 2018). The regulation of such sets of
19  genes expressed concertedly during infection remains poorly understood. In fungi, a few transcription factors (TFs)
20  have been identified as regulating expression of effector genes or secondary metabolites (for review, see Tan and
21  Oliver, 2017). As effector or secondary metabolite encoding genes are often found in TE-rich compartments of the
22 fungal genomes, histone modifying enzymes have recently been investigated for their role in effector gene regulation.
23 Two different histone methylations typical for heterochromatin formation have attracted attention in fungi, the tri-
24  methylation of the lysine 9 of histone H3 (H3K9me3) and the tri-methylation of the lysine 27 of histone H3
25 (H3K27me3), respectively deposited by KMT1 and KMT6. Recent studies tend to prove that these two histone
26  methylransferases are able to control effector gene and secondary metabolite gene cluster expression in several plant-
27  associated fungi (Connolly et al., 2013; Chujo and Scott, 2014; Soyer et al., 2014). Leptosphaeria maculans is an ideal
28  model to study involvement of these histone modifications in the control of effector gene expression: (i) L. maculans
29 is a hemibiotrophic fungus causing stem canker (blackleg disease) on oilseed rape. Its complex life cycle presents
30 alternating phases of saprophytism, biotrophy and necrotrophy. It first infects oilseed rape leaves and undergo an
31 asexual sporulation leading to leaf spots. Then, the fungus grows into the stem without visible symptom and finally
32 provokes stem canker at the end of the oilseed rape growing season (Rouxel and Balesdent, 2005). (ii) The L. maculans
33 genome displays a bipartite structure with gene-rich regions (GC-isochores) and transposable element (TE)-rich
34 regions (AT-isochores). One hundred and twenty-two putative effector-encoding genes were predicted in its
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35 genome, and regions enriched in histone modifications typical for heterochromatin are significantly found in such
36  genes (Dutreux et al., 2018; Gay et al., in prep.; Soyer et al., in prep., Article 2, Chapter 1). L. maculans expresses
37 several waves of effector genes during infection (Rouxel et al., 2011; Gervais et al., 2017; Gay et al., in prep.). Of
38 particular interest, all known avirulence genes are expressed concertedly during asymptomatic stage occurring on
39 both leaves and stems. Avirulence genes of L. maculans are specifically located in TE-rich regions, associated with
40 H3K9me3 (Rouxel and Balesdent, 2017; Soyer et al., in prep., Chapter 1; Article 2). In contrast, gene-rich regions
41 contain three hundred and seven ‘late’ effector candidates, enriched in H3K27me3-domains and under-expressed in
42  the early colonization stages and over-expressed in the infected stems (Gervais et al., 2017; Soyer et al., unpublished).
43 In L. maculans, RNAi-silencing of KMT1 led to an over-expression of more than 30% of the genes located in TE-rich
44  environments, normally silenced in vitro in the WT strain, notably effector genes. ChIP-qPCR analyses showed that
45  over-expression of at least two avirulence genes was associated with a decrease of the repressive histone modification
46 H3K9me3 in the genomic environment of these genes (Soyer et al., 2014). The silenced transformants used by Soyer
47  etal. (2014) still expressed ~20% of KMT1 which did not allow an in-depth investigation of a complete lack of H3K9me3
48 on the chromatin structure and gene expression. The CRISPR-Cas9 technology has recently been established for L.
49  maculans to generate knock-out mutants (Idnurm et al., 2017). We used that technology to inactivate KMT1, and also
50 KMTB6, responsible for H3K27me3 deposition, since H3K27me3 domains were enriched in ‘late’ effector genes in vitro.
51 We also generated KMT1/KMT6 double mutant. Mutants were characterized for their ability to grow in axenic culture
52 and in planta. Pathogenicity and effector gene expression was also assessed in the mutants and compared to the WT.
53 In this study we present preliminary results on chromatin-based regulation of effector genes by two histone methylase,
54  KMT1 and KMT®6. Part of the results about KMT1 regulation are presented in the chapter 3 (Article 4).
55 MATERIAL AND METHODS
56  Fungal culture
57 The reference isolate JN3 was used as host for genetic transformations (Balesdent et al., 2001). Fungal cultures
58 and conidia production were performed as previously described (Ansan-Melayah et al, 1995). For DNA/RNA
59  extractions, mycelium was grown on V8-juice agar medium at 25°C in the dark for seven days and then plugs were
60  transferred into 150 ml of Fries liquid medium in 500 ml Roux flasks. Tissues were harvested after growing for seven
61  daysat 25°C.
62 Pathogenicity and growth assays
63 Pathogenicity assays were performed on cotyledons of 15-day-old plantlets of a susceptible cultivar of B.
64  napus, Es-Astrid. Plants were incubated in a growth chamber at 16/24°C (night/day) with a 16h photoperiod.
65 Symptoms were scored on 10-12 plants, with two biological replicates, 13 days post inoculation (dpi) using the
66 IMASCORE rating scale comprising six infection classes (IC), where IC1 to IC3 correspond to various levels of resistance
67  of the plant and IC4 to IC6 to susceptibility (Balesdent et al., 2001). Pathogenicity on adult plants was tested by
68 infecting one-month old susceptible oilseed rape (Bristol) plants as described in Gervais et al. (2017). Growth assays
69  were performed by deposition of a 5 mm plug at the center of 90 mm Petri dish (containing 20 ml of V8-juice
Université Paris-Saclay 122

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France



universite

PARIS-SACLAY

70 agar medium or MMII medium) and radial growth was measured nine days after incubation in a growth chamber
71 (25°C) on four biological replicates. Statistical analyses were performed using Kruskal-Wallis test (Guo et al., 2013)
72 DNA and RNA manipulation
73 For PCR, genomic DNA was extracted from conidia or from mycelium grown in Fries liquid culture with the
74  DNAeasy 96 plant Kit (Qiagen S.A., Courtaboeuf, France). PCR amplifications were performed as previously described
75 (Fudal et al., 2007). To identify mutation arising in the sequence of the gene targeted by the CRISPR-Cas9 strategy,
76  sequencing was performed by Eurofins Genomics (Anzinger, Ebersberg, Germany). Total RNA was extracted from
77  mycelium grown for one week in Fries liquid medium, from cotyledons of Es-Astrid infected by L. maculans at seven
78 dpi and from stems infected by L. maculans at 14 dpi as previously described (Fudal et al., 2007). Total gDNA was
79  extracted for biomass quantification from 28 days infected oilseed rape stems as described in Fudal et al. (2007) using
80 alkaline phenol instead of acid phenol and treating with RNAse instead of DNAse.
81  Gene annotation and domain prediction
82 The KMT6 orthologue of L. maculans was identified by using the KMT6 protein from N. crassa (Jamieson et al.,
83 2013) and the NCBI BLAST program (Altschul et al., 1990). Functional domains were identified using Pfam as described
84  inFinn et al. (2014) (https://pfam.xfam.org/). Alignments were performed with COBALT (Papadopoulos and Agarwala,
85  2007).
86  Vector construction and fungal transformation
87 Vectors pLAU2 and pLAU53 conferring respectively hygromycin and geneticin resistance were used to perform
88  CRISPR-Cas9 gene inactivation, as described by Idnurm et al. (2017). DNA fragments coding for guide RNA which target
89 gene of interest were designed using the CRISPOR prediction tool and L. maculans as reference genome
90  (http://crispor.tefor.net/; Table S1; Dutreux et al., 2018). The guide RNA were chosen not to match on any other genes.
91  The DNA fragment coding for guide RNA was amplified using primers MAI0309 and MAI0310 and then inserted into
92  the Xhol site of plasmid pLAU53 using Gibson assembly (Table S1; Silayeva and Barnes, 2018). Hence, plasmid pLAU53-
93 KMT6 was generated to inactivate KMT6. pLAU2 containing Cas9 gene was used without modification.
94 Complementation plasmids were obtained using pBht2 vector conferring resistance to hygromycin (Mullins et
95 al., 2001). Native sequences of KMT1 and KMT6 were amplified with ComplKMT1_F, ComplKMT1_R, ComplKMT6_F,
96 ComplKMT6_R primers using genomic DNA of JN3 isolate and then inserted into Hindlll digested pBht2 using Gibson
97 assembly (New England Biolabs; Table S1) to obtain pBht2-complKMT1 or pBht2-complKMT6 vectors.
98 The constructs were introduced into the Agrobacterium tumefaciens strain C58-pGV2260 by electroporation
99 (1.5 kV, 200 ohms and 25 mF). A. tumefaciens mediated transformation (ATMT) of L. maculans was performed as
100 previously described (Gout et al., 2006). Transformants were plated on minimal medium complemented with geneticin
101 (50 mg/l) for pLAU53-gRNA or hygromycin (50 mg/l) for pLAU2-Cas9 and cefotaxime (250 mg/l). For the CRISPR-Cas9
102 gene inactivation, construct containing Cas9 (pLAU2-Cas9) was first introduced into a WT strain JN3 and transformants
103 were selected for hygromycin resistance. Transformants transformed with pLAU2-Cas9 construct were then
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104  transformed with pLAU53-gRNA directed against KMT6. Transformants were selected for geneticin, hygromycin and
105 cefotaxime resistance. Mutations in the targeted gene were checked in the transformations by PCR amplifying with
106  specific primers (Table $1) and sequencing.
107 Fungal crosses
108 Purifications in order to eliminate Cas9 gene and guide RNA coding gene from CRISPR-Cas9 mutants were
109  performed by crossing mutants with a WT isolate from the opposite mating type (Table S2). Crosses were performed
110  as described in Balesdent et al. (2002). Progeny was harvested and plated on V8-juice agar medium. Mycelium was
111 collected and DNA extracted. PCR and sequencing were performed to select progeny without Cas9 and guide RNA
112 which had integrated the CRISPR-Cas9 mutation.
113 Quantitative RT-PCR
114 Quantitative RT-PCR (qRT-PCR) were performed using a model CFX96 Real Time System (BIORAD; Hercules,
115  CA, USA) and Absolute SYBR Green ROX dUTP Mix (ABgene, Courtaboeuf, France) as previously described (Fudal et al.,
116  2007). For each condition tested, two different RNA extractions from two different biological samples and two reverse
117  transcriptions for each biological replicate were performed. Primers used for gRT-PCR are described in Table S1. Ct
118  values were analyzed as described by Muller et al. (2002) or using the 222t method (Livak and Schittgen, 2001). 6-
119  tubulin was used as a constitutively expressed reference gene. Biomass of L. maculans in infected plants was analyzed
120 by generating a standard curve with known concentrations of L. maculans and B. napus gDNA. Total gDNA was
121 extracted from adult plants 28 dpi and a 10! dilution was used for gPCR. The Ct values obtained were reported on the
122 standard curve in order to determine fungal and plant gDNA proportion.
123 Native Chromatin Immunoprecipitation (N-ChiP)
124 We subjected L. maculans to “native” ChIP (no crosslinking) and isolated mono- and dinucleosomes after
125  digesting 150 mg of mycelium per sample with microccocal nuclease (MNase) for 13 min at 37°C (Soyer et al., 2015).
126 For immunoprecipitation, three antibodies were used, against H3K9me3 and H3K27me3 (respectively Active Motif
127  #39161 and Active Motif #39155). The Input material, i.e. the DNA extracted directly after digestion, was used to
128  normalize data for qPCR, as described in Soyer et al. (2014).
129
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130 Western Blot
131 Total proteins were extracted from 10-100 mg lyophilized mycelium. Mycelium was ground using tungsten
132 beads and Mixer Mill MM 400 (Retsch, Eragny, France). Total proteins were treated as described in Petit-Houdenot et
133 al. (2019). Proteins were transferred on a PVDF membrane according to the manufacturer’s protocol (Trans-Blot®
134 Turbo™ Rapid Transfer System, BIORAD, Les-Ulis, France) using a small protein transfer program. The PVDF membrane
135  wasincubated in TBS 1X containing 5% milk, 0.05% tween 20 for one hour to saturate membrane. The membrane was
136  then incubated at 4°C over-night in TBS 1% containing 0.05% Tween 20, milk 1% and H3K9me3 antibody (1:5000;
137 39062 ActiveMotif, La Hulpe, Belgium Germany). PVDF membrane was washed as described in Petit-Houdenot et al.
138  (2019) and was then incubated in TBS 1X + 0.05% Tween 20 + milk 1% + antiRabbit 1gG II? (goat anti-rabbit, Santa Cruz
139 Biotechnology, Heidelberg, Allemagne) and washed as previously. Finally, membrane was incubated 1min in 1 mL
140  enzyme solution (Clarity™ Western ECL, BIORAD, Les-Ulis, France) and 1 mL Luminol/enhancer solution (Clarity™
141  Western ECL, BIORAD, Les-Ulis, France) and observed using ChemiDoc (ChemiDoc™ Imaging Systems, BIORAD, Les-
142 Ulis, France).
143
Table 1: Effect of Lmkmt1 inactivation and LmPf2 inactivation or over-expression on in vitro growth. conidia
production. pathogenicity and effector gene expression.
Isolates/ radial 144
growth . d
Effector gene expression
formants’ IDaysV8 - idiation
transfo (mm) 145
AvrLm6 AvrLma4-7 Lmb_jn3_11364 Lmb_jn3_00284
IJN3 46 (+0.9) normal 1 1 1 1
Akmt1_A 50.25(¢1.9) normal  9.70E-02 (£0.22) 2.37E+02 (£27) 4.78E-02 (+0.03) 9.16E-01(20.06)
Akmt6_A 495 (+1.8)  normal  1.01E+00 (+0.28) 6.87E-01 (¥0.13) 5.25E-01 (+0.01) 1.10E+00 (+0.08)
Akmt6_B 54.8(+0.6)  normal  4.78E-02 (+0.01) 1.79E-02 (+0.01) 1.15E+00 (+ 2.07E+00 (+0.018)
Akmtl_Akmt6 65 (£4.2) normal  1.60E-01(¢0.12) 2.55E+02 (+6.91) 1.23E-01 (0.01) 6.30E+00 (+0.05)
complKMT1 3 nd* normal nd* nd* nd* nd*
complKMT6 9 nd* normal  1.01E+00 (+0.32) 1.07E+00 (+0.25) 3.56E-01(+ 0.02) 9.07E-01 (0.05)
aJN3 corresponding to WT; Akmt1_A is KMT1 mutant; Akmt6_A and Akmt6_B are KMT6 mutants; Akmt1/Akmt6 is KMT1 KMT6
double mutant obtained by crossing; ComplKMT1 3 and ComplKMT6 9 are complemented mutants of respectively KMT1 and KMT6.
bMeasured in vitro by RNA-Seq using TMM normalisation method and represented as RPKM. nd*: not-tested.
146  RESULTS
147  Identification of the KMT6 orthologue in Leptosphaeria maculans
148 In order to analyze involvement of KMT6 in the regulation of gene expression, we first identified KMT6 in L.
149 maculans. The gene encoding KMT6 in N. crassa was identified by Jamieson et al. (2013) and phylogenetic analysis
150 showed that an orthologue of NcKMT6 (Genbank Accession XP_965043.2) was found in L. maculans (Genbank
151  Accession XP_003838658.1). This Genbank Accession corresponds to gene ID Lmb_jn3_06106 located on SuperContig
152 6 (Dutreux et al., 2018). A bidirectional Best Hit with BLASTp was performed to confirm orthology between NcKMT6
153  and LmKMT®6 (Figure 1A). The L. maculans LmKMT®6 gene (hereafter referred to as KMT6) encodes a 1,342 amino acids
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154 protein sharing 26.3% identity with NcKMT6. The two domain CXC and SET are conserved in both proteins (IPS51633;
155 IPS50280; Figure 1A).
156 We investigated the expression profile of KMT6 during axenic culture and at different stages of primary
157 infection of oilseed rape (Figure 1B). We observed that this gene is strongly expressed in vitro during mycelium growth
158  and poorly expressed during in planta infection. In our previous study, we identified that KMT1 is inversely regulated
159 compared to avirulence genes (Clairet et al., unpublished; Chapter Ill, Article 4).
160  KMT6, KMT1 and KMT1/KMT6 inactivations do not induce morphology or conidiation defect in L. maculans
161 In a previous study, we determined that KMT1 inactivation did not lead to growth or conidiation defect in L.
162  maculans (Clairet et al., in prep.; Chapter Ill; Article 4). Inactivation of KMT6 was performed using the CRISPR-Cas9
163  strategy as detailed in the Materials and Methods. Twenty transformants resistant to hygromycin and geneticin were
164  obtained and sequenced for the KMT6 gene. Out of the 20 transformants, 17 had no mutations in the coding sequence
165  of KMT6 compared to the WT, two had a 10-bp and one had a 2-bp deletion near the cleavage site (Figure S1). These
166 mutations resulted, at the protein level, in frame-shifts leading to two different truncated proteins: 372 amino-acids
167 and 401 amino-acids respectively for the 10-bp and the 2-bp deletions compared to the 1,342 amino-acids length of
168  the WT protein (Figure S1). The two mutants were crossed with JN2 in order to obtain purified Akmt6 mutants without
169 Cas9 and CRISPR guide RNA (Table S2). The two corresponding mutants are hereinafter referred to as Akmt6_A and
170  Akmt6_B (A corresponding to the 10-bp and B to the 2-bp deletion). The two Akmt6 mutants were able to produce as
171 conidia as the WT after 14 days of growth on V8-juice agar medium (Table 1). Akmt6_A was then crossed with JN2
B 2
15
1
05
0
-0,5
-1
Mycelium 12 15 17 19 112 J15
Figure 1: Identification of KMT6 in Leptosphaeria maculans. A: Alignment between KMT6 of L. maculans and
Neurospora crassa was performed using COBALT (Papadopoulos and Agarwala, 2007). The black bar corresponds
to the CXC domain and the grey bar corresponds to the SET domain, both identified using Pfam as described in
Finn et al., 2014 (https://pfam.xfam.org/). B: Mycelium was obtained by growing JN2 strain on V8 agar medium
for 7 days. Cotyledons of the susceptible cultivar Darmor were inoculated by JN2 and sampled at 7 different time
points (2, 5, 7, 9, 12 and 15 days post infection). Two biological replicates per condition were generated. Total
RNA was extracted and sequenced. The expression level of KMT6 in RNA-seq data is represented by the log2 of
RPKM (Reads Per Kilobase Per Million mapped reads) (Gay et al., in prep.).
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172 transformed with pLAU2-Cas9 and pLAUS3-KMT1. Progeny harboring the two mutations were used for subsequent
173 analyses. We also verified that our Akmt1_Akmt6 mutants were defective in H3K9me3 and H3K27me3 deposition
174  (Figure S1; Figure S2). After nine days of growth on V8-agar plate, no mutant showed growth defect indicating that
175 KMT6 and KMT1/KMT6 deletions do not lead to growth defect. To summarize, no major defect in conidia production
176 or growth rate was associated with the inactivation of KMT6 or KMT1/KMTE6.
177 H3K27me3 is not required for establishment of pathogenesis whereas H3K9me3 is crucial for infection
178  establishment
179 After studying impact of H3K27me3 on L. maculans growth we wanted to investigate the impact both
180 repressive mark H3K9me3 and H3K27me3 on pathogenicity. We previously identified that KMT1 via the deposition of
181 H3K9me3 is crucial for pathogenesis establishment (Soyer et al., 2014; Clairet et al., in prep.; Chapter Ill; Article 4). On
182 the contrary, the two Akmt6_A and Akmt6_B mutants do not harbor any pathogenicity defect on susceptible cultivar
183 Es-Astrid at 13 dpi (Figure 2A, B). The Akmt1_Akmt6 double mutant produces even less symptoms on oilseed rape
184  than Akmt1 (Figure 2C).
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Figure 2: Effect of Akmt1 and Akmt6 inactivations on pathogenicity of L. maculans. A: pathogenicity assays of the
selected mutants and complemented strains 14 days after inoculation on the susceptible cultivar Es-Astrid of B.
napus. Results are expressed as a mean disease scoring using the IMASCORE rating scale comprising six infection
classes (IC), where IC1 to IC3 correspond to various levels of resistance of the plant and I1C4 to IC6 to susceptibility
(Balesdent et al., 2001). Error bars indicate the standard deviation of two biological and technical replicates. B: Photos
of symptoms at 13 DPI on cotyledons infected by mutants, complemented mutants and WT strains. Each photo is
representative of at least 24 inoculated plants. C: pathogenicity assays of Akmt1_Akmt6 14 days after inoculation on
the susceptible cultivar Es-Astrid of B. napus. Results are expressed as the mean scoring using the IMASCORE rating
scale as described in Balesdent et al. (2001). Error bars indicate the standard deviation of two biological and technical
replicates.
185
186
Université Paris-Saclay 127

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France



universite

PARIS-SACLAY

187 We also infected adult plants with the mutants to study the relative impact of KMT1 and KMT6 on stem
188 colonization. After 28 days post inoculation, fungal biomass was assessed to evaluate whether the mutants were able
189  to colonize the stem. Plants infected with the Akmt1 strains contained from 5 to 10 times less fungal DNA than plants
190 infected with the WT. Interestingly, adults plants infected with the Akmt6 strains contained between 1/3 and 1/2 less
191  fungal gDNA than the plants infected with the WT. Plants infected with the Akmt1_Akmt6 mutants contained even
192 less L. maculans gDNA than plants infected with Akmt1 (Figure 3).‘
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Figure 3: Effect of KMT1 and KMT6 inactivation on L. maculans in planta growth. 28 days old adult plants were
inoculated with 10uL of a 107/mL conidia suspension as described in Gervais et al. (2017). Stems were then
harvested after 28 days of infection and total DNA was extracted. Fungal biomass was measured by gPCR.
193  Effector gene expression is modified in Akmt1, Akmt6 and Akmt1_Akmt6 double mutants
194 Avirulence genes are usually not expressed during axenic growth and highly expressed during infection of
195  cotyledons (Rouxel et al., 2011). Previous analyses showed these avirulence genes, located in the middle of large TE-
196  rich regions, are associated with H3K9me3 in vitro, consistently with their low expression under this growth condition
197  (Soyer et al., 2014; Soyer et al., in prep.). We measured expression of avirulence genes AvrLm6 and AvrLm4-7 and
198  tardive genes Lmb_jn3 11364 and Lmb_jn3 00284 in vitro in our different mutants during axenic culture. AvrLmé6
199  expression is not deregulated in any of the mutants (Table 1). Inactivation of KMT1 increased expression of AvrLm4-7
200  up to 200 times during in vitro growth as previously described in Clairet et al., in prep. The Akmtl_Akmt6 double
201 mutant harbored the same AvrLm4-7 up-regulation as in Akmt1 (Table 1). Lmb_jn3 11364 and Lmb_jn3_00284 was
202 reduced up to 20 time in Akmt1 and up-regulated up to 6 time in Akmt1_Akmt6 while not altered in Akmt6 mutants
203 (Table 1).
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204 We measured expression of selected effector genes during early infection of cotyledons, in our different
205 mutants, at 3, 7 and 13 dpi. We assessed expression of AvrLmé6 and AvrLm4-7, located in a H3K9me3-domain, and
206  expression of two putative effector genes located in a H3K27me3-domains (Lmb_jn3_00284 and Lmb_jn3_11364) and
207 expressed respectively at 3 dpi of oilseed rape cotyledons and during stem infection. Inactivation of KMT1 led to a 1.5-
208 fold over-expression of AvrLm4-7 and inactivation of KMT6 increased twice its expression indicating that H3K9me3 is
209  repressing AvrLm4-7 expression whereas H3K27me3 is involved in correct expression of AvrLm4-7, but only in planta.
210 The Akmtl _Akmt6 double mutant did not express AvrLmd4-7, indicating involvement of these two histone
211 modifications in AvrLm4-7 correct regulation (Figure 4). Interestingly AvrLm6 expression was not altered by KMT1 and
212  KMTE6 inactivation whereas KMT1/KMT6 double inactivation lead to four-time less expression of AvrLmé at 7 dpi
213  compared to the WT indicating the involvement of these two histone modifications in AvrLmé6 correct regulation
214  (Figure 5). The putative effector Lmb_jn3_11364 is usually expressed in stems, during late stages of infection (Gervais
215 et al., 2017). Although located in a H3K27me3-domain in vitro (Soyer et al., unpublished), inactivation of KMT1
216 increased expression of this gene 40 times at 7 dpi. On the contrary, inactivation of KMT6 did not modify expression
217  of Lmb_jn3 11364. Finally, Akmtl_Akmt6 double mutant was not able to express Lmb_jn3 11364 (Figure 6). The
218 Lmb_jn3_00284 gene is expressed at early stage of infection (3 dpi). Inactivation of KMT6 increased expression of
219 Lmb_jn3_00284 twice indicating that
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Figure 4: Effect of KMT1, KMT6 and KMT1-KMT6 deletions on AvrLm4-7 expression pattern during early cotyledon
colonization. Gene expression levels are relative to LmBtubulin and calculated as described by Muller et al. (2002). Each
value is the average of two biological replicates (two extractions from different biological replicates) and two technical
replicates (two RT-PCR). Expression was measured at 3, 7 and 13 DPI. DPI= Days Post Inoculation. Expression profile (A)
in the WT, (B)in the Akmt1 mutant, (C)in the Akmt6_A and B, (D) in the Akmt1_ Akmt6, (E)in the ComplKMT1_3 and (F)
in the ComplKMT6_9.
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Figure 5: Effect of KMT1, KMT6 and KMT1-KMT6 deletion on AvrLm6 expression pattern during early cotyledon
colonization. Gene expression levels are relative to LmBtubulin and calculated as described by Muller et al. (2002). Each
value is the average of two biological replicates (two extractions from different biological replicates) and two technical
replicates (two RT-PCR). Expression was measured at 3, 7 and 13 DPI. DPI= Days Post Inoculation. Expression profile (A) in
the WT, (B)in the Akmt1 mutant, (C)in the Akmt6_A and B, (D)in the Akmt1_ Akmt6, (E)in the ComplKMT1_3 and (F) in the
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Figure 6: Effect of KMT1, KMT6 and KMT1-KMT6 deletion on Lmb_jn3_11364 expression pattern during early cotyledon
colonization. Gene expression levels are relative to LmBtubulin and calculated as described by Muller et al. (2002). Each
value is the average of two biological replicates (two extractions from different biological replicates) and two technical
replicates (two RT-PCR). Expression was measured at 3, 7 and 13 DPI. DPI= Days Post Inoculation. Expression profile (A) in
the WT, (B)in the Akmt1 mutant, (C)in the Akmt6_A and B, (D)in the Akmt1_ Akmt6, (E)in the ComplKMT1_3 and (F) in the
ComplKMT6_9.
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221 H3K27me3 alone is able to repress Lmb_jn3 00284. Inactivation of KMT1 had no effect on Lmb_jn3 00284 expression
222 (Figure 7). We previously determined that H3K9me3 is repressing avirulence gene expression during in vitro growth
223 and that KMT1 is able to inhibit expression between 7 and 12 dpi of cotyledons (Clairet et al., in prep.). To get further
224 insight about role of KMT1 in the regulation of avirulence gene expression, we measured expression of four AvrLm
225 genes in adult plants at 14 dpi of stems. As already reported, the four genes were not expressed during infection of
226  the stem by the WT strain. Inactivation of KMT1 induced expression of the four avirulence genes with an increase
227  expression of up to 400 times in the mutants suggesting involvement of KMT1 in the repression of avirulence gene

228  expression during the late stages of infection (Figure 8).

B c 800
= 800 800
°
@
£ 600 600 600
=
g
400
CD
- 400 400
(7
] 200
@© 200 200
E
£ ¥ 0
2 o] ] 3DPI 7DPI 13DPI
3DPI 7DPI 13DPI 3DPI 7DP1 13DPI
D E e AKM6_A e AkMIT6_B
800 800 FSOO
c
2
o 600 600 600
Q
A
Q
x
o 400 400 400
T
(3]
n
o 200 200 200
£
=
=]
= 0 0 0
3DPI 7DP1 13DPI 3DPI 7DPI 13DPI 3DPI 7DPI 13DPI

Figure 7: Effect of KMT1, KMT6 and KMT1-KMT6 deletion on Lmb_jn3_00284 expression pattern during early cotyledon
colonization. Gene expression levels are relative to LmBtubulin and calculated as described by Muller et al. (2002). Each
value is the average of two biological replicates (two extractions from different biological replicates) and two technical
replicates (two RT-PCR). Expression was measured at 3, 7 and 13 DPI. DPI= Days Post Inoculation. Expression profile (A)
in the WT, (B)in the Akmt1 mutant, (C)in the Akmt6_A and B, (D)in the Akmt1_ Akmt6, (E)in the ComplKMT1_3 and (F)
in the ComplKMT6_9.
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Schittgen, 2001). Error bars indicate the standard deviation of technical replicates.
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229 Complementation of KMT1 and KMT6 restored the WT phenotype
230 Inactivated mutants were complemented using the WT genes inserted randomly in the purified mutants (Table
231  S1; Table S2). This restored the ability of each protein to deposit H3K9me3 or H3K27me3 (Figure S1; Figure S2). The
232 insertion of the WT version of the KMT1 gene led to a partial complementation of the pathogenicity abilities. We
233 selected two transformants, ComplKMT1_3 and ComplKMT6_9, which presented the closest pathogenicity and
234 histone modifications phenotype to the WT (Figure 2; Figure S1; Figure S2). The two complemented transformants
235 presented partially restored fungal biomasses during late infection on stem at 28 dpi (Figure 3). Interestingly, KMT1
236 complementation led to AvrLm4-7 and AvrLmé repression compared to the WT during cotyledon infection (Figure 4,
237 5). ComplKMT1_3 transformant also harbored altered Lmb_jn3 11364 expression indicating that KMT1 re-
238 introduction do not restore correct expression (Figure 6). Intriguingly, Compl KMT6_9 transformant presented
239 Lmb_jn3 00284 four times up-regulation indicating that KMT6 re-introduction alter normal Lmb jn3 00284
240  expression which could be explained by the higher H3K27me3 deposition on Lmb_jn3 00284 in ComplKMT6_9 than
241 in the WT (Figure 7; Figure S2). Finally, ComplKMT1_3 transformants did not present avirulence gene up-regulation in
242 stems at 14 dpi indicating that KMT1 re-introduction lead to correct repression of avirulence gene between 7 dpi and
243 14 dpi (Figure 8).
244  DISCUSSION
245 Here we demonstrated that KMT1, via the deposition of H3K9me3, and KMT®6, via the deposition of
246 H3K27me3, are involved in the regulation of the expression of at least some effector genes and are key regulators of
247  pathogenicity. On the contrary, no growth or conidiation defect were associated to loss of H3K9me3, H3K27me3 or
248  both histone modifications.
249  KMT1 and KMT6 are not required for correct growth of L. maculans
250 KMT1 and KMT6 are crucial proteins in many organisms. They guarantee genome stability and integrity in N.
251 crassa, Z. tritici and E. festucea (Connolly et al., 2013; Jamieson et al., 2013; Schotanus et al., 2015). Inactivation of
252 KMT1, responsible for H3K9me3 deposition, resulted in relocation of H3K27me3 in sites normally enriched with
253 H3K27me3 in Z trictici and N. crassa (Basenko et al., 2015; Moéller et al., 2019). In contrast, lack of H3K27me3 increased
254  stability of accessory chromosomes of Z. tritici (Moller et al., 2019). In this study, we inactivated KMT1, KMT6 and
255 constructed the double Akmt1_Akmt6 mutant. We did not identify any growth or conidiation defects in our mutants
256  indicating that KMT1 and KMT®6 are not crucial for correct growth of L. maculans during axenic culture.
257 KMT1 is essential for pathogenesis establishment whereas KMT6 inactivation does not alter L. maculans ability to
258 produce symptoms on B. napus
259 We determined in this study that KMT1 inactivation led to pathogenicity defects and deregulation of
260 avirulence genes whereas KMT6 inactivation had limited impact on pathogenicity and effector gene expression.
261 KMT1/KMT6 inactivation led to critical pathogenicity defects and effector gene deregulation indicating that H3K9me3
262  atleastis critical for correct effector gene regulation. KMT1 and KMT6 are known to be able to regulate effector
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263 genes and secondary metabolites gene clusters in several fungi (Gacek and Strauss, 2012; Connolly et al., 2013; Chujo
264  and Scott, 2014). Furthermore, previous studies on L. maculans determined that KMT1 was involved in the regulation
265 of at least two avirulence genes (Soyer et al., 2014; Clairet et al., in prep). In this study, we confirmed the involvement
266 of KMT1 is the control of L. maculans avirulence gene expression and determined that KMT6 is also involved in effector
267 gene regulation but no clear involvement in the repression of avirulence gene expression. In addition, we previously
268  determined that KMT1 is involved in the regulation of the switch between the asymptomatic colonization and the
269  necrotrophic growth on oilseed rape cotyledons (Clairet et al., in prep.; Chapter lll, Article 4). In this study, we
270  determined that in absence of H3K9me3, avirulence genes are not actively repressed during stem infection, and that
271  KMT1 complementation restored repression of these genes during stem infection.
272 Are H3K9me3 and H3K27me3 involved in the maintenance of genome stability in L. maculans?
273 H3K9me3- and H3K27me3-domains were recently reported for their ability to structure genome organization
274 (Klocko et al., 2016; Winter et al., 2018). Furthermore, KMT1 inactivation was associated to H3K27me3 re-localization
275 and to genome organization destabilization in N.crassa and Z. tritici (Basenko et al., 2015; Moller et al., 2019). But
276 impact of KMT1 and KMT6 on genome organization of filamentous fungi and especially on phytopathogenic fungi are
277  poorly documented. In this study we will get cutting edge results about ability of two histone modifications to structure
278 L. maculans genome and their impact on TADs (Transcriptionally Active Domains) regulation (Lanctét et al., 2007). In
279  N. crassa, constitutive heterochromatin domains were identified for their ability to interact together without the
280 involvement of H3K9me3 modifications. On the contrary H3K27me3 is essential for genome stability in N. crassa
281 (Klocko et al., 2016). In Z. tritici, H3K27me3 have been demonstrated to be enriched in sub-telomeric compartment
282  and to be essential to maintain interaction between telomeres and nuclear membrane. KMT1 inactivation in this
283  species lead to massive H3K27me3 relocalisation at H3K9me3 loci leading to massive genome reorganization. At the
284  contrary KMT6 inactivation induces limited chromosome rearrangement (Méller et al., 2019). However, H3K27me3 in
285  Fusarium oxysporum have been recently demonstrated to be chromatin niche for effector genes and to allow rapid
286  evolution of this set of genes. Chromosome rearrangements can occur between core chromosomes and accessory
287  chromosomes marked by H3K27me3 allowing rising and diversification of effector gene repertoire in two-speed
288  genomes (Fokkens et al., 2018).
289  ACCESSION NUMBERS
290  All sequenced reads have been deposited with the Short Read Archive under accession numbers XXXX.
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Figure S2: Trimethylation of lysine 27 of histone H3 (H3K27me3) is abolished in Akmt6 and
Akmt1_Akmt6 backgrounds and recovered in complemented 2, 7, 9 and 10 transformants. Chromatin
immunoprecipitation analysis was performed to assess changes in the heterochromatic H3K27me3 mark
in ‘late’ effector genes known to be in H3K27me3 environment in WT strain. We used avirulence genes
as a negative control of H3K27me3 enrichment. Data were normalized using the “percent of input”
method. Error bars indicate the standard deviation of two biological and technical replicates.
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Table S2: Strains used for mutant purification.

Purification (Crosses)

CRISPR-CAS9 s b . P
. JN2 JN2-GFP selected progeny Additional Transformation
mutation
Akmtl_A
Akmtl1 6-1 1 bp insertion yes yes complementation
Akmtl_A-GFP
Akmt6_A
Akmt6 2-14 10pb deletion yes yes complementation
Akmt6_A-GFP
Akmt6_B-GFP
Akmt6 8-6 2pb deletion no yes no
Akmt6_B-GFP

2pb deletion KMT1
Akmt1_Akmt6 60-1 no yes Akmt1/Akmt6 no
and 10pb del KMT6

a: Purification by crossing with an isolate of opposite mating type with or without GFP. b: Selected progenies purified (without Cas9
and gRNA). b: Second round of purification by crossing with JN2-GFP to obtain purified-GFP mutants. c: Names of the selected purified
(without Cas9 and gRNA) descendants. d: Transformation on purified transformants (after all purification rounds).
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422

RESULTATS COMPLEMENTAIRES

Analyse fonctionnelle de KDMS8, histone déméthylase putative spécifique de H3K36me2

Certaines protéines sont capables de retirer les modifications chimiques des queues d’histones et ainsi de
réguler I'expression génique (Kronholm et al., 2016), et certaines déméthylases ont été identifiées comme régulatrice
de processus infectieux. Il a notamment été montré que certaines déméthylases d’histones étaient impliquées dans
le contréle du métabolisme secondaire chez certains champignons filamenteux. C'est le cas de KdmA et KdmB,
responsables respectivement de I'enlevement d’une marques répressive, H3K9me3, et d’'une marque activatrice,
H3K4me3, jouent un role dans la régulation du switch entre métabolisme primaire et secondaire chez Aspergillus
nidulans (Gacek-Matthews et al., 2015 ; Gacek-Matthews et al., 2016). Parmi les sept déméthylases d’histones prédites
chez L. maculans (Pratx and Zurletto, Pers. Comm), Kmd8, est spécifiguement sur-exprimée pendant les étapes
précoces de I'infection de cotylédons de colza (Figure 1). Son homologue chez B. cinerea, BcKdm1 (42 % identité) a été
identifiée comme impliquée dans de nombreux processus physiologiques et notamment dans la pénétration de I’hote
(Schumacher et al., 2019). Pour étudier son implication dans la régulation des génes codant des effecteurs, j’ai réalisé
une mutagénese dirigée en utilisant la technique CRISPR-Cas9 contre le géne codant cette protéine. J'ai ainsi identifié
deux mutants indépendants, ayant respectivement 2 et 3 pb délétées dans la partie 5’ du gene. L'une des délétions
entraine au niveau protéique la perte du domaine fonctionnel Jumonji de la protéine, alors que la seconde délétion
n’entraine qu’une perte d’'un acide aminé et ne modifie que trés Iégérement la séquence protéique (Figure 2). J'ai
ensuite croisé les mutants ainsi obtenus avec une souche sauvage pour éliminer le géne codant la Cas9 et I’ARN guide.
Les mutants purifiés ont été respectivement nommés AKdm8_A et AKdm8_B. ) ai ensuite caractérisé les mutants pour
leur croissance et leur pathogénie sur cultivar sensible de colza (Figure 3). Aucun défaut de pathogénie ou croissance

2,5
- = Kdm8
Avrim3

Avrlm4-7

Avrlm6
1,5
e AvrLm2

s AvrLm10.A

=

— AvrLlm10.8B
s A VFIM5-9

e | M Cy52

Log2(FPKM)

e Avrim11

-0,5

-1,5
Mycelium 12 J5 17 J9 J12 J15

Figure 1: Expression profile of Leptosphaeria maculans avirulence genes and Kdm8 during axenic growth and
infection of oilseed rape cotyledons. Mycelium was obtained by growing JN2 strain on V8-agar medium for 7 days.
Cotyledons of the susceptible cultivar Darmor were inoculated by JN2 and sampled at seven different time points (2,
5, 7,9, 12 and 15 days post infection). Two biological replicates per condition were generated. Total RNA was
extracted and sequenced. The expression level of eight avirulence genes and Kdm8 is represented by the log2 of
FPKM (Fragments Per Kilobase per Million mapped reads) (Gay et al., ongoing thesis).
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n’a été observé. Nous avons ensuite cherché a savoir si le mutant AKdm8_6 ayant perdu le domaine fonctionnel de
Kdm8, était affecté pour I'expression de genes codant des effecteurs in vitro et in planta. J'ai donc testé par RT-gPCR

I'expression de différents genes codant effecteurs pendant la croissance axénique et pendant I'infection primaire. Je

n’ai mis en évidence aucune altération d’expression des effecteurs testés (Figures 4 et 5).
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Figure 2: Effect of the Kdm8 mutations on Kdm8 protein structure. A: Sequence alighment of the Kdm8 gene in the WT
isolate JN2 and in two mutants (AKdm8_A and (AKdm8_B showing respectively a 2-bp and 3-bp deletion). The PAM
(Protospacer Adjacent Motif) is highlighted in green and the region targeted by the guide RNA is highlighted in red. B:
Protein sequence of Kdm8 in the WT isolate JN2 and in the two mutants. The Jumanji domain is indicated by a black bar.
The red frame indicates the location of the stop codon in the mutant version of the protein. C: Kdm8 protein length and
domains identified with Pfam as described in Finn et al., 2014 (https://pfam.xfam.org/).
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Figure 3: Effect of kdm8 inactivation on mycelial growth and pathogenicity of
Leptosphaeria maculans. A: Growth assay on kdm8 mutants and WT strain JN3
with or without Cas9 gene. Mycelial growth was measured at 4 days and 8 days
post inoculation on two different agar media, V8 and MMII. B: Pathogenicity tests
were performed on the susceptible cultivar Es-Astrid at 13DPI. Disease rate is
expressed as the mean scoring using the IMASCORE rating scale comprising six
infection classes (IC), where IC1 to IC3 corresponded to resistance and I1C4 to IC6,
to susceptibility. DPI= Days Post Inoculation.
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Figure 4: Influence of Kdm8 inactivation on expression of several L. maculans ‘early’ and ‘late’ effector
genes in vitro. Mycelium was obtained by growing JN3-Cas9 strain and transformants in Fries liquid
medium for 7 days. Two biological replicates per condition were generated. Total RNA was extracted.
Expression of ‘early’ and ‘late’ effector genes was measured by qRT-PCR and expressed relatively to

-AACt
LmBTubulin expression and to expression of the same genes in JN3 using the 2 method.
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CHAPITRE IlI

Régulation transcriptionnelle
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INTRODUCTION

Dans le chapitre Ill sera abordée la question de la régulation transcriptionnelle de I'expression des génes
codant des effecteurs chez L. maculans. Pour cette étude, nous avons identifié un facteur de transcription (LmPf2)
impliqué dans le contréle des effecteurs fongiques et de la pathogénie chez plusieurs Dothideomycetes
phytopathogénes et conservé chez L. maculans. Grace a I'exploitation de données RNA-Seq générées dans le cadre
d’un autre projet et couvrant tout le cycle de vie de L. maculans au champ et en conditions contrélées, nous avons pu
observer que ce FT avait un profil d’expression similaire a celui des génes d’avirulence. J'ai réalisé I'inactivation de
LmPf2 par la technique CRISPR-Cas9. J'ai également réalisé des constructions permettant la sur-expression de LmPf2.
J'ai caractérisé les transformants ainsi obtenus pour leur croissance, leur sporulation et leur capacité a infecter le colza.
J'ai également mené des analyses RNA-Seq afin d’identifier les génes directement ou indirectement régulés par LmPf2.
L'inactivation de LmPf2 méne a une perte de pouvoir pathogéne ainsi qu’a une absence d’expression des effecteurs
exprimés durant les phases précoces de 'infection in planta. La sur-expression de LmPf2 dans deux fonds génétiques
distincts, un fond sauvage et un fond Akmt1 dans lequel la marque répressive H3K9me3 était absente, nous a permis
de montrer que la sur-expression de LmPf2 selon I'état de compaction de la chromatine va étre capable de réguler
différents sets de genes selon des vagues concertées. J'ai rédigé les résultats obtenus sous forme d’un article dont je
suis premier auteur (premiere partie du chapitre). Dans une deuxiéme partie, je présenterai les résultats obtenus lors
de I'inactivation de deux autres FTs spécifiques de L. maculans, également surexprimés pendant les étapes précoces

d’infection.
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RESULTATS

ARTICLE IV

Regulation of effector gene expression as concerted waves in Leptosphaeria
maculans: a two-players game
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1 Regulation of effector gene expression as concerted waves in Leptosphaeria maculans: a

2 two-players game

3 C.Clairet'? E.J. Gay*?, A. Simon?, N. Lapalu?, F. Blaise?, C.L. Marais?, J.L. Soyer** and I. Fudal**
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5 France

6 2 Université Paris-Sud, 91405, Orsay, France
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8 E-mail: jessica.soyer@inra.fr; isabelle.fudal@inra.fr

9 ABSTRACT
10 Phytopathogenic fungi secrete during infection a set of molecules collectively known as effectors, involved in
11  overcoming the host immune defense system and in disease establishment. In Leptosphaeria maculans, the causal
12  agent of oilseed rape stem canker, we established that the histone modification H3K9me3, deposited by Kmtl, was
13 involved in the regulation of expression of genes highly expressed during infection, including effectors expressed
14 during the early stages of infection. Effector genes are concertedly expressed as waves during infection. These
15 concerted patterns of effector gene expression suggest a tight regulation of their expression involving both chromatin
16 remodeling proteins and specific transcription factors (TFs). Pf2, a TF belonging to the Zn2Cys6 fungal specific TF family,
17  was described in several Dothideomycete species as essential for pathogenicity and effector gene expression. Here,
18  we identified the protein orthologous to Pf2 in L. maculans, LmPf2. To investigate the role of LmPf2 together with
19 Kmtl in L. maculans, we inactivated LmPf2 and over-expressed LmPf2 in a WT and a Akmt1 backgrounds. Functional
20  analyses of the corresponding transformants highlighted an essential role of LmPf2 in the establishment of
21 pathogenesis. It also showed that LmPf2 is involved in the control of effector gene expression, particularly in a Akmt1
22 background. Transcriptomic analyses, using RNA-seq, during axenic growth helped deciphering the complex regulatory
23 roles of LmPf2 and KMT1 on effector gene expression. Altogether, our findings allowed us to establish an effector gene
24 regulatory model both in planta and in vitro.
25 INTRODUCTION
26 During infection, plant pathogenic fungi secrete a set of molecules, collectively known as effectors, involved
27 in overcoming the host immune defense system, nutrient uptake and, eventually, symptom development (Lo Presti et
28 al., 2015). Effectors mainly correspond to small secreted proteins, generally cysteine-rich, with no homology to other
29  known proteins in the databases (SSPs; Stergiopoulos and de Wit, 2009). Effector genes of filamentous plant pathogens
30 are often located in transposable elements (TEs)-rich regions of the genomes, such as dispensable chromosomes or
31 telomeres (Sanchez-Vallet et al., 2018). Transcriptomic data generated during different stages of plant infection
32 highlighted concerted waves of effector gene expression over the course of infection, according to the infection
33 structure, to the host-plant infected or to the species or strain studied (Sanchez-Vallet et al., 2018). Little is
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34 known about how coordinated expression of effector genes is regulated. Based on observation that many effector
35 genes are located in TE-rich regions, and up-regulated during host penetration/infection, the role of chromatin
36 remodeling in the regulation of these genes was recently investigated. Many proteins were as involved in chromatin
37 remodeling, and analyses in plant pathogenic fungi have shed light on two histone methyltransferases, KMT1 and
38 KMT6. These two proteins are involved in the trimethylation of the lysine 9 of histone H3 (H3K9me3) and of the
39  trimethylation of the lysine 27 of histone H3 (H3K27me3), typical for the tightly packed portion of the chromatin, the
40  heterochromatin, and associated with gene repression. The role of KMT1 and KMT6 in the regulation of the expression
41  of genes encoding pathogenicity determinants (effector and secondary metabolite-encoding genes) has been
42  demonstrated in distantly related fungi, for instance in Leptosphaeria maculans and in Epichloe festucae (Chujo & Scott
43 2014; Soyer et al., 2014). In L. maculans, the causal agent of stem canker of oilseed rape (Brassica napus), inactivation
44  of KMT1, led to an over-expression of more than 30% of the genes located in TE-rich environments, normally silenced
45  invitroin the WT strain, specifically effector genes, compared to the wild type strain. ChIP-gPCR analyses showed that
46 over-expression of at least two effector genes was associated with a decrease of the repressive histone modification
47 H3K9me3 in the genomic environment of these genes (Soyer et al., 2014). In a recent study we constructed the map
48  of H3K4me2 activating modification, H3K9me3 and H3K27me3 repressive modification respective repartitions on L.
49  maculans genomes (Soyer et al., 2019). We used this map to get further insight in chromatin modifications
50 involvement in gene regulation and more specifically on effector gene regulation in L. maculans. Altogether, these
51 analyses revealed that chromatin structure, via the dynamic of chromatin remodeling, was an important regulatory
52 layer of effector genes up-regulated during host infection and located in TE-rich regions.

53 Leptosphaeria maculans is an ideal model to investigate the dual control of effector gene expression: (i) it
54  displays a complex life cycle with alternating phases of saprophytism, asymptomatic growth and necrotrophy that
55  suggest involvement of sophisticated regulation networks. It first infects oilseed rape leaves and undergoes asexual
56  sporulation leading to leaf spots. Then, the fungus grows into the stem without visible symptom and finally provokes
57  stem canker at the end of the oilseed rape growing season (Rouxel and Balesdent, 2005). (ii) The L. maculans genome
58 displays a bipartite structure with gene-rich regions and TE-rich regions. One thousand and eighty putative effector
59  genes are predicted in its genome, and regions enriched for histone modifications typical for heterochromatin are
60  significantly enriched in such genes (Dutreux et al., 2018; EJ. Gay, on-going PhD thesis; JL. Soyer, unpublished). During
61 infection of oilseed rape, several waves of effector genes are expressed (Rouxel et al., 2011; Gervais et al., 2017; E.J.
62  Gay, on-going PhD thesis). Of particular interest, during the asymptomatic stages occurring on both leaves and stems,
63  a specific set of effector genes is expressed, including all know avirulence genes (AvrLm) identified so far, and these
64  genes are specifically located in TE-rich regions. Avr protein coded by these genes directly or indirectly activates plant
65  defense upon recognition mediated by corresponding plant R proteins (Biezen and Jones, 1998). iii) Involvement of
66  the chromatin structure in the regulation of gene expression highlighted that the chromatin folding in TE-rich regions
67  wasinstrumental in the regulation of effector genes (and AvrLm genes) located in these regions. Nevertheless, at least
68 in L. maculans, inactivation of KMT1, while highly inducing expression of effector genes in vitro, did not induce
69 expression of these genes at the same level as during infection of oilseed rape. This suggests that, although chromatin
70  folding plays an important role in the regulatory mechanism, a second regulator, such as a transcription factor,
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71 might be involved. Based on the observation that loosening of the chromatin fiber alone does not result in the same

72 expression level as during in planta infection, Soyer et al. (2015. A) proposed a model of dual control of effector gene

73  expression: after chromatin loosening upon infection, one or several transcription factor(s) (TFs) could bind effector

74  gene promoters resulting in their concerted expression. Synergic involvement of chromatin modifications and TF(s)

75 remains poorly understood and an unexplored field of investigation.

76 In filamentous plant pathogens, only a few transcription factors influencing effector gene expression have

77 been identified so far (see for review Tan and Oliver, 2017). Among them, AbPf2, a Zn2Cys6 TF, was first described in

78  Alternaria brassicicola, in which it regulates, directly or indirectly, expression of 33 genes encoding secreted proteins

79  including eight putative effectors (Cho et al., 2013). In Parastagonospora nodorum, the AbPf2 orthologue PnPf2

80  positively regulates two necrotrophic effector genes, SnToxA and SnTox3 and the orthologue of SnToxA, ToxA, is

81 regulated by PtrPf2 in Pyrenophora tritici-repentis (Rybak et al., 2017).

82 Here, we investigated the involvement of the homolog of Pf2 in L. maculans, LmPf2, in the control of effector

83 gene expression. We inactivated LmPf2 using the CRISPR-Cas9 strategy and over-expressed LmPf2 in two different

84  genetic backgrounds: (i) a wild type strain; (ii) a strain in which the gene encoding KMT1 (responsible for the deposition

85 of H3K9me3) is inactivated. We characterized the corresponding transformants for their growth, sporulation and

86 pathogenicity. We performed a RNA-seq analysis in order to decipher the respective involvement of LmPf2 and KMT1

87 in gene regulation. We found out that KMT1 and LmPf2 are acting together to specifically control at least part of two

88 different sets of genes expressed as concerted waves at two infection time points.

89 MATERIAL AND METHODS

90  Fungal culture

91 The reference isolates JN2 and JN3 were used as hosts for genetic transformations (Balesdent et al., 2001).

92  We also used a JN2 strain constitutively expressing eGFP (Sasék et al., 2012) which was crossed with our mutants in

93  order to follow the colonization of oilseed rape by the mutants. Fungal cultures and conidia production were

94  performed as previously described (Ansan-Melayah et al., 1995). For DNA/RNA extractions, mycelium was grown on

95  V8-juice agar medium at 25°C in the dark for seven days and then plugs were transferred into 150 ml of Fries liquid

96  medium in 500 ml Roux flasks. Tissues were harvested after growing for seven days at 25°C.

97  Pathogenicity and growth assays

98 Pathogenicity assays were performed on cotyledons of 15-day-old plantlets of a susceptible cultivar of B.

99  napus, Es-Astrid. Plants were incubated in a growth chamber at 16/24°C (night/day) with a 16h photoperiod.
100 Symptoms were scored on 10-12 plants, with two biological replicates, 13 days post inoculation (dpi) using the
101 IMASCORE rating scale comprising six infection classes (IC), where IC1 to IC3 correspond to various levels of resistance
102  of the plant and IC4 to IC6 to susceptibility (Balesdent et al., 2001). Growth assays were performed by deposition of a
103 5 mm plug at the center of 90 mm Petri dishes (containing 20 ml of V8-juice agar medium or MMII medium). Radial
104  growth was measured at nine days after incubation in a growth chamber (25°C) on four biological replicates and
105  statistical analysis were performed using Kruskal-Wallis test (Guo et al., 2013).
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106 DNA and RNA manipulation
107 For PCR, genomic DNA was extracted from conidia or from mycelium grown in Fries liquid culture with the
108 DNAeasy 96 plant Kit (Qiagen S.A., Courtaboeuf, France). PCR amplifications were performed as previously described
109 (Fudal et al., 2007). To identify mutation arising in the sequence of the gene targeted by the CRISPR-Cas9 strategy,
110 sequencing was performed by Eurofins Genomics (Anzinger, Ebersberg, Germany). Total RNA was extracted from
111 mycelium grown for one week in Fries liquid medium, and from cotyledons of Es-Astrid infected by L. maculans seven
112  dpi as previously described (Fudal et al., 2007).
113 Vector construction and fungal transformation
114 Vectors pLAU2 and pLAU53 conferring respectively hygromycin and geneticin resistance were used to perform
115  CRISPR-Cas9 gene inactivation, as described by Idnurm et al. (2017). DNA fragments coding for gRNA which target
116  genes of interest were designed using the CRISPOR prediction tool and L. maculans as reference genome
117  (http://crispor.tefor.net/; Table S1; Dutreux et al., 2018). The gRNA were chosen not to match on any other genes.
118  The DNA fragment coding for gRNA was amplified using primers MAIO309 and MAI0310 and then inserted into the
119  Xhol site of plasmid pLAU53 using Gibson assembly (Table S1; Silayeva and Barnes, 2018). Hence, plasmids Plau2-Cas9
120 and Plau53-KMT1 and Plau53-LmPf2 were generated to inactivate KMT1 and LmPf2. PLAU2 containing Cas9 gene was
121 used without modification.
122 Over-expression plasmids were obtained using the pBht2 vector conferring resistance to hygromycin (Mullins
123 et al., 2001). EF1a promoter was amplified using EF1aProSac1F and EF1aProKpnIR primers and genomic DNA of JN3
124  isolate as template, and then inserted into Kpnl-Sacl digested pBht2 to obtain pBht2-promEF1a vector. LmPf2 gene
125 and his terminator were then amplified using surex_LmPf2_Gibs_F and surex_ LmPf2_Gibs_R primers and inserted in
126 3’ of the EF1a promoter in the Hindlll digested pBht2-promEFla vector using Gibson assembly to obtain pBht2-
127  surexLmPf2 (Table S1). N2 and Akmt1 were used for the transformation.
128 The constructs were introduced into the Agrobacterium tumefaciens strain C58-pGV2260 by electroporation
129 (1.5 kV, 200 ohms and 25 mF). A. tumefaciens mediated transformation (ATMT) of L. maculans was performed as
130 previously described (Gout et al., 2006). Transformants were plated on minimal medium complemented with geneticin
131 (50 mg/l) for pLAU53-gRNA or hygromycin (50 mg/l) for pBht2-surexLmPf2 and pLAU2-Cas9 and cefotaxime (250 mg/I).
132 For the CRISPR-Cas9 gene inactivation, construct containing Cas9 (pLAU2-Cas9) was first introduced into a JN3 strain
133 and transformants were selected for hygromycin resistance. Transformants transformed with pLAU2-Cas9 construct
134  were then transformed with pLAU53-gRNA directed against KMT1 or LmPf2. Transformants were selected for
135 geneticin, hygromycin and cefotaxime resistance. For the LmPf2 over-expression, pBht2-surexLmPf2 was introduced
136 into JN2 and Akmt1. Mutations in the targeted genes were checked in the transformants by PCR amplifying with
137  specific primers (Table S1) and sequencing. Correct insertions of surexLmPf2 construction were checked in
138  transformants by PCR amplification.
139 Fungal crosses

Université Paris-Saclay 152

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France


http://crispor.tefor.net/

universite

PARIS-SACLAY

140 Purification in order to eliminate Cas9 gene and gRNA coding gene from the CRISPR-Cas9 mutants were
141 performed by crossing mutants with a WT isolate (expressing or not GFP) from the opposite mating type (Table S2).
142 Crosses were performed as described by Balesdent et al. (2002). Progeny was harvested and plated on V8-juice agar
143 medium. Mycelium was collected and DNA extracted. PCR and sequencing were performed to select progeny without
144 Cas9 and gRNA which had integrated the CRISPR-Cas9 mutation.
145  Quantitative RT-PCR
146 Quantitative RT-PCR (qRT-PCR) was performed using a model CFX96 Real Time System (BIORAD; Hercules, CA,
147 USA) and Absolute SYBR Green ROX dUTP Mix (ABgene, Courtaboeuf, France) as previously described (Fudal et al.,
148 2007). For each condition tested, two different RNA extractions from two different biological samples and two reverse
149  transcriptions for each biological replicate were performed. Primers used for qRT-PCR are described in (Table S1). Ct
150  values were analyzed as described by Muller et al. (2002) or using the 222 method (Livak and Schittgen, 2001). 8-
151 tubulin was used as a constitutively expressed reference gene. Biomass of L. maculans in infected plants was analyzed
152 by generating a standard curve with known concentration of L. maculans and B. napus gDNA. Total gDNA was extracted
153 from adult 28 dpi infected plants and a 10 dilution was used for qPCR. The Ct values obtained were reported on the
154  standard curve in order to determine fugal and plant gDNA proportion.
155 Confocal microscopy and binocular observation
156 Cotyledons of a susceptible cultivar (Es-Astrid) infected by isolates expressing GFP were observed at two
157 different time points (5 and 7 dpi) using a DM5500B Leica TCS SPE laser scanning confocal microscope and a 20x HCX
158 Fluotar Leica objective lens. GFP was excited at 488 nm and emission was captured with a 505-530 nm broad-pass
159 filter. The detector gain was set-up between 700 and 900. Calibrations of gain settings were performed with multiple
160  control leaves and with a range of background fluorescence. All images represent at least 4 scans. Infected cotyledons
161  were also observed at 8 and 13 dpi using a Leica MZ16F fluorescent binocular coupled with a Leica DFC300FX camera.
162  Western Blot
163 Total proteins were extracted from 10-100 mg lyophilized mycelium. Mycelium was ground using beads and
164  Mixer Mill MM 400 (Retsch, Eragny, France). Total proteins were treated as described in Petit-Houdenot et al. (2019).
165 Proteins were transferred on a PVDF membrane according to the manufacturer’s protocol (Trans-Blot® Turbo™ Rapid
166  Transfer System, BIORAD, Les-Ulis, France) using a small protein transfer program. The PVDF membrane was incubated
167 in TBS 1X containing 5% milk, 0.05% tween 20 for one hour to saturate membrane. The membrane was then incubated
168 at 4°C over-night in TBS 1% containing 0.05% Tween 20, milk 1% and H3K9me3 antibody (1:5000; 39062 ActiveMotif,
169 La Hulpe, Belgium Germany). PVDF membrane was washed as described by Petit-Houdenot et al. (2019) and was then
170  incubated in TBS 1X + 0.05% Tween 20 + milk 1% + antiRabbit 1gG I} (goat anti-rabbit, Santa Cruz Biotechnology,
171 Heidelberg, Allemagne) and washed as previously. Finally, membrane was incubated 1min in 1 mL enzyme solution
172 (Clarity™ Western ECL, BIORAD, Les-Ulis, France) and 1 mL Luminol/enhancer solution (Clarity™ Western ECL, BIORAD,
173 Les-Ulis, France) and observed using ChemiDoc (ChemiDoc™ Imaging Systems, BIORAD, Les-Ulis, France).
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174 Gene annotation and domain prediction
175 The Pf2 orthologue of L. maculans had been previously identified by Rybak et al. (2017). As it was identified
176  ona previous version of the L. maculans genome, we have performed a new search, using the protein sequence of Pf2
177 of P. nodorum and the NCBI BLAST program (Altschul et al., 1990). Functional domains were identified using Pfam as
178 described in Finn et al., 2014 (https://pfam.xfam.org/). Alignments were performed with COBALT (Papadopoulos and
179  Agarwala, 2007).
180 RNA-Seq and statistical analysis
181 Eight different transformants (i.e., mutants inactivated for KMT1 or LmPf2 and transformants in which LmPf2
182 is over-expressed in a JN2 background (JN2_oPf2) or a Akmt1 background (Akmt1_oPf, Table 1) were grown in Fries
183 medium during 7 days and harvested for RNA extraction. Two RNA extraction corresponding to two biological
184  replicates were performed for each transformant. About 150 mg of mycelium was used per extraction. Libraries were
185 prepared from all biological replicates, individually, according to the lllumina TruSeq protocol (lllumina, San Diego, CA,
186 USA). Libraries including polyA enrichment were performed and sequenced using 150 pb paired-end strategy on an
187 HiSeq2000 Illumina sequencer at the Genewiz sequencing facility (Leipzig, Germany) with an input of 1ug total RNA.
188 Raw sequencing data are available under the SRA accession number xxxx. Quality of the reads was checked and
189  improved using Trimmomatic (Bolger et al., 2014). The resulting reads were treated to remove adaptors and reads
190 below 30 bp and filtered reads were mapped against the L. maculans genome using STAR (Dobin et al., 2013; Dutreux
191 et al.,, 2018) with default parameters. Read alighments were stored in SAM format, and indexing, sorting, and
192  conversion to BAM format were performed using SAMtoolsv0.1.19 (Li et al., 2009). Genes with a number of read > 15
193 in at least one condition were kept for statistical analysis. Differential expression analyses were made using R (R Core
194  Team, 2017) and the package EdgeR (Robinson et al., 2010): Genes with a log2 Fold Change < -1.5 or 2 1.5 and an
195  associated false discovery rate < 0.05 were considerated as differentially expressed (McCarthy et al., 2012).
196  Gene Ontology enrichment analysis
197 Gene Ontology (GO) annotation of L. maculans encoding genes were retrieved from Dutreux et al., (2018).
198  Gene ontology term enrichment analysis of the differentially expressed genes in our transformants was performed
199  with the plug-in Biological networks Gene ontology (BinGo; v3.0.3) of the cytoscape software (Shannon et al., 2003).
200 List of genes submitted to BINGO were considered as significantly enriched for a given GO term with an associated a
201 False Discovery Rate < 0.01 for the biological processes. All analyses were done in R (www.r-project.org).
202
203
204
205
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Table 1: Effect of kmt1 and LmPf2 inactivations and of LmPf2 over-expression on mycelial growth, conidia production,
pathogenicity and effector gene expression of Leptosphaeria maculans

Radial growth

Pathogenicity assay

Effector gene expression during

Isolate / . axenic growth®
Pathogenicity assay .
9 days post conidia/ml . o using
transformants® inoculation on using conidia
mycelium plugs® AvrLmé6 AvrLm4-7
V8 medium (mm)
JN2 60.5(+2.24)  4.50E+07 4.83 (£0.28) pathogenic 1 1
Akmt1 50.25 (+1.94)  4.00E+07 3.09 (+ 0.35) pathogenic 9.70E-02 (+ 0.22) 2.37E+02 (+27)
ALmPf2_A 56.13 (+ 0.9) 1.53E+08 1(x0) non pathogenic 4.60E-02 (£ 0) 0.00E+00 (£ 0)
ALmPf2_B 80 (£ 0.8)* 1.08E+08 1(x0) non pathogenic 6.30E-03 (+0)  4.10E-03 (+0)
JN2_oPf2_14 77.38 (£ 0.76) 0.00E+00 not enough conidia pathogenic 3.05E+00 (+ 0.14) 2.50E-01 (+ 0.20)
JN2_oPf2_24 73.5(£1.19) 0.00E+00 not enough conidia pathogenic 2.68E+00 (+ 0.19) 7.00E-02 (+ 0.02)
Akmtl_oPf2_8  68.38(+1.03)  2.00E+07 4 (+0) pathogenic 2.61E+01 (+ 3.4) 4.73E+02 (+ 8.6)
1.30E+04 (+ 2.31E+03 (¢
Akmtl_oPf2_22 53.75 (+1.06) 1.25E+06 not enough conidia non pathogenic
107.79) 24.64)

a: JN2 is the WT strain; ALmPf2_A and B are LmPf2 mutants; JN2_oPf2_14 and JN2_oPf2_24 correspond to LmPf2 over-expression transformants
(with respectively 600 fold and 150 fold expression of LmPf2 compared to JN2); Akmt1_oPf2_8 and Akmt1_oPf2_22 correspond to LmPf2 over-
expression transformants in a Akmt1 mutant background (with respectively 150 fold and 600 fold expression of LmPf2 compared to the Akmt1
mutant). b: Pathogenicity tests were performed on the susceptible cultivar Es-Astrid. Disease rate is expressed as the mean scoring using the
IMASCORE rating scale comprising six infection classes (IC), where IC1 to IC3 correspond to various levels of resistance of the plant and IC4 to IC6
to susceptibility (Balesdent et al., 2001).c: ability to provoke symptoms on cotyledons; d: Mycelium was obtained by growing JN2 strain and
transformants in Fries liquid medium for 7 days. Two biological replicates per condition were generated. Total RNA was extracted. Expression of
AvrLm6 and AvrLm4-7 was measured by qRT-PCR and expressed relatively to LmB8Tubulin expression and to expression of AvrLmé6 or AvrLm4-7 in

JN2 using the the 2% method (Livak and Schittgen, 2001). Asterisk corresponds to transformants statistically different from the WT, Kruskal
Wallis test Pvalue<0,05.
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213 RESULTS

214  Identification of a Pf2 orthologue and analysis of KMT1 and LmPf2 expression in Leptosphaeria maculans

215 In order to analyze involvement of Pf2 and KMT1 in the regulation of gene expression, notably on effector
216  genes located in TE-rich regions and highly expressed during the early stages of oilseed rape infection, we firstly
217  identified Pf2 in L. maculans. The gene encoding Pf2 in P. nodorum, PnPf2, was identified by Rybak et al. (2017) and
218  phylogenetic analysis showed that the closest orthologue of PnPf2 was found in L. maculans (Genbank Accession
219  XP_003838593.1). This Genbank Accession corresponded to gene ID Lmb_jn3 06039 of L. maculans, located on
220 SuperContig6 (Dutreux et al., 2018). A bidirectional Best Hit with BLASTp was performed to confirm orthology between
221  PnPf2 and LmPf2 (Figure 1). The Pf2 gene of L. maculans (hereinafter referred to as LmPf2) encodes a 658 amino acids
222 protein sharing 67% identity with PnPf2. A Zn2Cys6-type DNA-binding domain is predicted in both proteins
223 (IPRO01138; Figure 1).

LmPf2 MATNPTTTTPVKRACDSCHRE KCIGEGTAPCKNCVSAGLACTYNAVPQKKGPKGSRAKVLSELRENQRNAQLAAGYPS 80

PnPf2 MSSSSTTSAPVKRACD —RRKVKCIGEGTNPCKNCLSAGLACTYNATIPQKKGPKGSRAK E A \AGFPP 77

LmPf2 ELGFDGRALTASFARTPGLLAPGLVESCIEYFFAHVYPSEPLL} RZ TAMNMDRSTESYCVIVAI K. 160
PnPf2 DVGYDGRTLSTTFARAQGLLPNGLVDTCLDFFFAN! TPVLE K? LAVNME IEAYCLIVSLC 157
LmPf2 SPTMLPRPEMAQMSNVSFGHILLEESVRVRQGYDFRENPT / 3 YFYSGCYFGLGRENTAWAYLRDATTQAHILGM 240
PnPf2 PSNMFSRPEVAQMSNMTLGHALLEESVI 185
LmPf2 DEDTYKHDPMDISRKRVLYWLLFIAERNFALHKHRPISLYPTIHPPTLDEASSDROFASGLELMINMYKIIDDTFINLWN 320

PnPf2

LmPf2 RVHTHANPAWIAQLQTQLAEAVPAYLDCNEAQSVEIRVTQHW LRAQAWQLCVTQGLVSSVTSDSPLTFKYPIEIARDLLT 400

PnPf2 - - LSEAVPAYLECTEAQGVEIRITQQWLKAMAWQLCVCQGLVSSVTNDNCMTFKYPIEISRDLLT 248
LmPf2 ATHQFSQQSMEVHGAGLI E \Y LT 436
PnPf2 MTHQFSQQAMEVHGAELILRSRNPCHLDTEGPPSSVFSNFLARRILGNVLLILDHLLTWLQIEKLFDIACCLADVVAVTS 328
LmPf2 FSPDAFALGPRDYVSRFLTLISTLRGGQSRYLPLLLAKLSEVLPNLPLPRSLNLPQGVSTSSIGL VG 516
PnPf2 FSPDAFALGPRDYVSRFLTLISTLRGGHSRYLPLLLAKLSEVLPNLPLPRSLNLPQTLPASTISMS IT 406
LmPf2 FSAMGQGTSPSYPSNDLIRRLAAQTG AQLPFNPPQHSSYPAPTS HVEDLSLYDTSHSTTHSSGSVP 582
PnPf2 YSAMPATSSPSYPSSELIRRLAAQTGTFESRRRSVPVRYRTQPQRIAFFLICAKEQLHYTRTIRVYHVITELPNSLSPVR 486

LmPf2 RSTSATPG--PYEPSMSQSRTQIVGHSTMQIPTSHPQHNHMOSHHVEESAGTAVGAIGWVLHKGNGVEGCKLPDSPAQ 658
PnPf2 ADSNLTPATQPYAIAPHFSRPDCL-—————————=— == ——mmm e 510

Figure 1: Identification of a PnPf2 orthologue in Leptosphaeria maculans. Alignment between LmPf2
of L. maculans and Parastagonospora nodorum PnPf2 was performed using COBALT (Papadopoulos
and Agarwala, 2007). The black bar corresponds to the Zn2Cys6-type DNA binding domain identified
using Pfam as described in Finn et al., 2014 (https://pfam.xfam.org/). LmPf2 and PnPf2 share 67 %
identity.
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225 We then investigated the expression profile of LmPf2 and KMT1 during axenic growth and at different stages
226 of primary infection of oilseed rape and compared their expression profiles to that of the avirulence genes of L.
227 maculans (AvrLm2, AvrLm3, AvrLm4-7, AvrLm5-9, AvrLmé6, AvrLm10.A, AvrLm10.B and AvrLm11; Fudal et al., 2007;
228 Parlange et al., 2009; Balesdent et al., 2013; van de Wouw et al., 2014; Plissonneau et al., 2016; Ghanbarnia et al.,
229 2018; Petit-Houdenot et al., 2019) (Figure 2). As already described, expression of the avirulence genes of L. maculans
230  was repressed during axenic. Expression strongly increased during the asymptomatic infection of oilseed rape
231  cotyledons, between two and nine dpi, reaching a peak seven dpi and then, expression slowly decreased up to 12-15
232 dpi, when necrotic symptoms were visible (Figure 2). Likewise, LmPf2 was not expressed in vitro while its expression
233 increased between 5 and 7 dpi and decreased again until 15 dpi. KMT1 was inversely expressed with high expression
234 during axenic growth, no expression during early infection (J2 to J9), and was up-regulated at J12 when AvrLm gene
235  expression decreased. To summarize, LmPf2 showed a similar expression profile as AvrLm genes described so farin L.
236  maculans, and KMT1 was inversely correlated with AvrLm genes expression (Figure 2).
237
238
2,00E+00
1,50E+00 — Avrim3
Avrlm4-7
1,00E+00 Avrlmé
S 5,00E-01 Avrlm2
é — Avrim10.A
Eﬂ 0,00E+00 e Avrim10.B
,§ -5,00E-01 Avrlm5-9
@ e AvrIm11
S
2 -1,00E+00 LmPf2
— AT 1
-1,50E+00
-2,00E+00
-2,50E+00
Mycelium 12 15 17 19 112 115
Figure 2: Expression profile of Leptosphaeria maculans avirulence genes, LmPf2 transcription factor and
KMT1 during axenic growth and infection of oilseed rape cotyledons. Mycelium was obtained by growing JN2
strain on V8 agar medium for 7 days. Cotyledons of the susceptible cultivar Darmor-bzh were inoculated by
JN2 and sampled at 7 different time points (2, 5, 7, 9, 12 and 15 days post infection). Two biological replicates
per condition were generated. Total RNA was extracted and sequenced. The expression level of nine avirulence
genes, LmPf2 and Kmt1 in RNA-seq data is represented by the log2 of FPKM (Reads Per Kilobase Per Million
mapped reads) centered and reduced (Gay et al., in prep.).
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239  LmPf2 and KMT1 inactivations do not induce morphology, conidiation or pigmentation defects while LmPf2 over-
240  expression induces developmental defects in L. maculans
241 We inactivated LmPf2 in order to evaluate its involvement in the regulation of L. maculans avirulence genes.
242 Inactivation of LmPf2 was performed using the CRISPR-Cas9 strategy as detailed in the Materials and Methods section.
243 Seventeen transformants resistant to hygromycin and geneticin were obtained and sequenced for the LmPf2 gene. Of
244  the 17 transformants, 12 had no mutations in LmPf2 compared to the WT, three had a 1-bp and one had a 5-bp deletion
245 near the cleavage site (Figure 3A). These mutations resulted, at the protein level, in frame-shifts leading to two
246 different truncated proteins: 175 amino-acids and 238 amino-acids respectively for the 1-bp and the 5-bp deletions
247 compared to the 658 amino-acids length of the WT protein (Figure 3B). The two mutants were crossed with JN2-GFP
248 in order to obtain purified ALmPf2 and ALmPf2-GFP mutants without Cas9 and CRISPR guide RNA (Table S2). The four
249  corresponding mutants are hereinafter referred to as ALmPf2_A, ALmPf2_A-GFP, ALmPf2_B and ALmPf2_B-GFP (A
250  corresponding to the 1-bp and B to the 5-bp deletion). The four ALmPf2 mutants were able to produce conidia and
251  showed dark coloration of the hyphae, corresponding to melanin production, as the WT after 14 days of growth on
252 V8-juice agar medium (Figure S1; Table 1). After nine days of growth on V8-agar plate, only ALmPf2_B exhibited
253  statistically more growth than the WT indicating that LmPf2 deletion does not lead to growth defect. To summarize,
254  no major defect in conidia production, growth rate or morphology was associated with the inactivation of LmPf2.
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BT “agtastygtastepiegecctetgogetat g atgat anggoanacatpungae 160 Ao 8 O e e e oA
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Figure 3: Effect of the LmPf2 mutations on LmPf2 protein structure. A: Sequence alignment of the LmPf2 gene
in the WT isolates JN2 and in two mutants ALmPf2_A and B showing respectively a 1bp and 5bp deletion. The
PAM (Protospacer Adjacent Motif) is highlighted in green and the region targeted by the guide RNA is highlighted
in red. B: Protein sequence of LmPf2 in the WT isolate JN2 and in the two mutants. The DNA-binding Domain is
indicated by a black bar. The red frames indicate the location of the stop codons in the mutant versions of the
protein. C: LmPf2 protein length and domains identified with Pfam as described in Finn et al.
(2014)(https://pfam.xfam.org/).
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255 In a previous study, Soyer et al. (2014) silenced expression of KMT1 (with a residual expression of 16%
256 compared to the WT). Silencing of KMT1 led to an over-expression of effector genes located in TE-rich regions, notably
257 avirulence genes, during axenic growth. This over-expression was associated, at least for two avirulence genes, with a
258 decrease of H3K9me3 at their loci. Here, we took advantage of the availability of the CRISPR-Cas9 strategy to better
259 investigate involvement of KMT1 in the regulation of L. maculans gene expression. Twenty-five transformants resistant
260  to hygromycin and geneticin were obtained and sequenced for the KMT1 gene. Of the 25 transformants, 24 had no
261 mutations in KMT1 compared to the WT and one had a 1-bp insertion resulting, at the protein level, in a truncated
262 protein of 144 aa (while the WT protein had a length of 516 amino-acids; Figure 4A and B). Both functional domains
263 of KMT1 (Pre-SET and SET) are absent from the truncated protein (Pfam analysis; Finn et al., 2014,
264  https://pfam.xfam.org/; Figure 4C) and loss of H3K9me3 was confirmed in the Akmt1 mutant strain by Western blot
265  analysis (Figure 4D; Figure S2). The Akmtl mutant was crossed with JN2-GFP in order to obtain purified Akmt1 and
266  Akmt1-GFP mutants without Cas9 and CRISPR guide RNA (Table S2). The two corresponding mutants are hereinafter
267 referred to as Akmtl and Akmt1-GFP mutants. We tested the effect of KMT1 inactivation on growth and conidiation
268 of L. maculans. Akmtl was not significantly altered in its mycelial growth, conidia production and production of
269  melanin (Table 1; Figure S1).
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WT QEGCQQCSPQMGRSIGCEYTRKCECLEYAAVDESRITDPEMRAAYAEAMATGGSTMGFPK 300
Akmt1 144
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D N3
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Figure 4: Effect of the Akmtl mutation on the KMT1 protein structure and function. A: Nucleotide sequence
alignment of the KMT1 gene in the WT isolate and in the Akmtl mutant (showing a 1lbp insertion). The PAM
(Protospacer Adjacent Motif) is highlighted in green and the region targeted by the guide RNA is highlighted in red.
B: Protein sequence of KMT1 in the WT isolate JN2 and in the Akmt1 mutant. The red frame indicates the stop in the
mutant version of the protein. The black bar indicates the SET domain which has been lost in the truncated protein.
C: KMT1 protein length and domains identified with Pfam as described in Finn et al. (2014)(https://pfam.xfam.org/).
D: Western Blot analysis of H3K9 tri-methylation in JN3 (WT) and Akmt1. Nuclear proteins were extracted from
mycelium, separated by SDS-PAGE, blotted and probed with antibodies against H3K9me3. Akmt1 proteins replicates
have been used for this test.
270
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271 We then expressed LmPf2 under the control of the EF1«a promoter. The construct was introduced in two
272  different genetic backgrounds: the WT isolate JN2 and the Akmt1 mutant. Twenty-five transformants were recovered
273  foreach transformation and named respectively IN2_oPf2 and Akmt1_oPf2. We measured expression of LmPf2 during
274  axenic growth by RT-gPCR. The JN2_oPf2 transformants showed a 15 to 18,000-fold increase of expression of LmPf2
275  compared to the WT while LmPf2 expression increased 15 to 700-fold in the Akmt1_oPf2 transformants (Figure S3).
276 For further analyses, we selected two transformants from each genetic background with similar LmPf2 expression
277  levels (150 and 600 more expression than in the JN2 or the Akmt1 strains; Figure S3): IN2_oPf2_14, JN2_oPf2_24,
278  Akmtl_oPf2_8 and Akmt1_oPf2_22. Over-expression of the LmPf2 gene in the WT strain or the Akmt1 strains did not
279 induce any growth defect even though the thallus was denser and harbored a white coloration indicating that the
280 mutants were not able to produce melanin. In addition, over-expression of LmPf2 had critical impact on L. maculans
281 conidiation (Table 1; Figure S1).
282 LmPf2 and KMT1 are involved in the control of effector gene expression and pathogenicity of L. maculans
283 We inoculated ALmPf2, ALmPf2-GFP, Akmtl, Akmt1-GFP, LmPf2-overexpressing transformants and a WT
284  strain on cotyledons of the susceptible cultivar Es-Astrid. AKmt1 and AKmt1-GFP showed reduced symptoms compared
285 to the WT, indicating a decrease of pathogenicity (Figure 5A; Figure S4; Table 1). Cotyledons infected with AKmt1-GFP
286  were observed from 5 to 13 dpi, which allowed us to distinguish living plant cells and GFP fungal hyphae, and
287 production of pycnidia. The Akmt1-GFP transformant was able to colonize the plant and to produce pycnidia but
288 induced lesser symptoms than the WT (Figure 5C; Figure S4). The ALmPf2 mutants were not able to invade the
289  cotyledon further than the inoculation site, and consequently, did not induce any visible symptom (Figure 5; Figure
290  S4; Table 1). ALmPf2 mutants started producing pycnidia at 5 DPI at the inoculation site whereas the WT started
291 producing pycnidia at 7 DPI (Figure 5A, B). These results indicate that both KMT1 and LmPf2 are involved in infection
292  establishment. Finally, the transformants over-expressing LmPf2 were not able to produce enough conidia, which are
293 normally used to perform pathogenicity tests. We thus performed pathogenicity tests using plugs of mycelium and all
294  the transformants, excepted Akmtl _oPf2_22, were able to produce symptoms on oilseed rape cotyledons (Table 1).
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295 We investigated expression of two avirulence genes (AvrLm4-7 and AvrLm6) in the AKmt1 mutant, the ALmPf2
296 mutant, transformants over-expressing LmPf2 and the WT strain during axenic growth by qRT-PCR (Figure 6; Table 1).
297  While expression of Avrim6 was comparable to that of the WT, AvrLm4-7 was over-expressed in AKmt1 compared to
298 the WT strain (237 times more expressed; Table 1). AvrLm4-7 and AvrLmé6 expression was fully abolished in both
299  ALmPf2 mutant (Table 1). In both genetic backgrounds of LmPf2 over-expression, we observed an up-regulation of
300 these genes, with a higher level of up-regulation in the Akmt1 background. AvrLm4-7 expression level reach up to 172-
301 foldchange in JN2_oPf2 mutants while AvrLm6 expression level reach up to 1,000-fold change in the JN2_oPf2 mutants
302  andupto 20,000-fold change in the Akmt1_oPf2 mutants; Figure 6). To investigate whether a stronger over-expression
303  of LmPf2 in a WT background would result in a higher increase of expression of the two avirulence genes, we also
304 investigated expression of these avirulence genes in two JN2_oPf2 transformants in which LmPf2 was over-expressed
305 10,000 and 18,000 times compared to the WT strain (Figure S5). The strong LmPf2 over-expression induced an up-
306 regulation of AvrLm4-7 and AvrLm6 expression. Nevertheless, it did not reach the same level as in a Akmt1 background
307 (AvrLm4-7 was induced 50-1,100-fold and AvrLmé 700-4,700-fold compared to the WT). We then investigated
308 expression of four avirulence genes (AvrLm4-7, AvrLmé6, AvrLm10.A and AvrLm11) in the ALmPf2 and Akmt1 mutants
309 and the WT strain during infection of the susceptible cultivar Es-Astrid at 7 dpi (when expression of L. maculans
310 effectors reaches a peak in the WT strain). Expression of the four avirulence genes was very low in ALmPf2 compared
311  tothe WT (1000 to 2000-fold less expressed than in the WT) or even not detected (Table 2). In Akmt1, avirulence gene
312 expression was not altered in planta (Table 2). Altogether, our results suggest that KMT1 is able to repress avirulence
313  gene expression whereas LmPf2 induces their expression.
314
Table 2: Effect of LmPf2 and KMT1 inactivation on avirulence gene expression during primary
oilseed rape infection
Isolate/ expression in planta 7DPI°
transformants
AvrLm4-7 AvrLmé AvrLm10A Avrlm11
WT 3.25E+01 7.41E+01 2.92E+01 1.96E+02
ALmPf2_A ndb 4.58E-02 2.49E-02 7.64E-02
ALmPf2_B 4.08E-03 6.27E-03 3.25E-02 9.55E-02
Akmt1 1,03E+00 4,23E+00 1,93E+00 5,23E+00
Expression of AvrLm4-7, AvrLm6, AvrLm10.A and AvrLm11 at 7dpi on cotyledons of a susceptible cultivar (Es-
Astrid) in ALmPf2, Akmtl mutants and a WT isolate. Legends: “Gene expression levels are relative to
LmBtubulin and calculated as described by Muller et al. (2002). Each value is the average of two biological
replicates (two extractions from different biological replicates) and two technical replicates (two RT-PCR). "nd:
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315 KMT1 and LmPf2 differentially control effector genes expression

316

317  LmPf2 strongly induced expression of these genes in vitro, and the effect was stronger in a Akmt1 background than in
318 a WT background. Based on these observations, we generated RNA-seq data during axenic growth of all types of
319 transformants generated, and of the WT strain (i.e., IN2, Akmt1, ALmPf2_A, ALmPf2 B, IN2 oPf2 14, IN2 _oPf2 24,
320 Akmtl_oPf2_8 and Akmtl_oPf2_22; Table 1). Eighteen million reads were obtained, on average, for each sample, that
321 were filtered based on their quality using Trimmomatic and mapped on the L. maculans genome. According to the
322 sample considered, between 79.5% and 88% paired-end reads were uniquely mapped, except for one technical
323 replicate of the ALmPf2_A mutant for which only 39% of paired-end reads were mapped (Table S3). We then plotted
324  the log2(RPKM) of each sample and observed that biological replicates of the same condition were correlated, except
325  for Akmtl _oPf2 8 and Akmtl _oPf2 22 transformants (Figure 7; Figure S6). Based on that observation, data from

326  biological replicates were merged, except that of Akmt1_oPf2 8 and Akmt1l_oPf2 22 that were considered separately

Inactivation of LmPf2 abolished expression of the avirulence genes tested in planta while the up-regulation of

327  for subsequent statistical analyses.

328

329

ALmPf2_B

ALmPf2_A

AKmt1

Figure 5: Effect of LmPf2 and LmKmt1 inactivations on pathogenicity of L. maculans. The WT isolate JN3 and mutants
inactivated for LmPf2 or kmtl were inoculated on cotyledons of a susceptible cultivar of oilseed rape (Es-Astrid).
ALmPf2_A has a 1 bp deletion leading to a truncated protein of 175 aa. ALmPf2_B has a 5 bp deletion leading to a
truncated protein of 238 aa. AKmt1 has a 1 bp insertion leading to a truncated protein of 144 aa. A: Pictures of
symptoms at 13 DPI. B: Fluorescence images of cotyledons infected by GFP mutants and WT strains at 5 and 7 DPI
using a confocal microscope. C: Fluorescence images of cotyledons infected by GFP mutants and WT strains at 8 and
13 DPI using a fluorescence binocular. Infection site (needle hole) is indicated by a white asterisk. Scale bars represent
1 mm. DPI = Days Post Inoculation.
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Figure 6: Influence of LmPf2 overexpression and KMT1 inactivation on the expression of two L.
maculans avirulence genes during axenic growth. Mycelium was grown in Fries liquid medium during
seven days. Expression of LmPf2 (A), AvrLm4-7 (B) and AvrLmé6 (C) was measured by qRT-PCR level using

-AACt
LmBTubulin as a constitutive reporter gene and expression in JN2 or Akmt1 as reference (2 method).
Each value is the average of two biological replicates (two extractions from different biological
replicates) and two technical replicates (two RT-PCR).
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332 We identified respectively 272, 427, 524, 433 and 1792 genes differentially expressed in Akmt1, ALmPf2,
333 N2 _oPf2, Akmtl _oPf 8, Akmtl oPf 22. We observed respectively 129, 247, 275, 931 genes up-regulated in Akmt1,
334  JN2_oPf2, Akmtl _oPf 8, Akmtl oPf 22 and 129 genes down-regulated in ALmPf2. In IN2_oPf2 we observed 247 up-
335 regulated genes which were statistically enriched in H3K27me3 and H3K9me3/H3K27me3 genomic compartments,
336 and statistically involved in carbohydrate metabolic process (19 genes; Pvalue=4.94E*) and polysaccharide metabolic
337  process (6 genes; Pvalue=2.27E?%; Table S4). Interestingly down-regulated genes in ALmPf2 were statistically enriched
338  in H3K9me3, H3K9me3/H3K27me3 and SSP-encoding genes and GOs analysis revealed that 33 of them were involved
339  in oxidation-reduction process (Pvalue=8.86E-4). Finally, Akmt1, Akmtl_oPf 8 and Akmt1_oPf 22 up-regulated genes
340  were specifically located in H3K9me3, H3K27me3 and H3K9me3/H3K27me3 domains and were statistically enriched
341 in SSP-encoding genes indicating that H3K9me3 and LmPf2 are able to control expression of facultative and
342  constitutive heterochromatinian located genes and specifically SSP coding genes (Table S4). Up-regulated genes in
343  Akmtl oPf2_8 were involved in starch, sucrose, disaccharide, glucan, cellular glucan, cellular polysaccharide and
344  oligosacchide metabolic processes with 5 genes involved in each process. Finally, Up-regulated genes in Akmt1_oPf 22
345 were involved in carbohydrate metabolic processes nucleic acid phosphodiester bond hydrolysis, cell wall modification
346  and transmembrane transport. Altogether these results indicate that KMT1 inactivation and LmPf2 over-expression in
347  two different background lead to the same metabolic process enrichment and that the more LmPf2 is expressed the
348 more we get differentially regulated metabolic processes.
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Figure 7: Hierarchical clustering of the pairwise Pearson correlation between the 18 RNA-Seq
conditions. Heatmap of log2(RPKM) of each RNA-Seq biological and technical replicate plotted using
Pearson correlation. JN2 is the WT strain; ALmPf2_A and B are LmPf2 mutants; JN2_oPf2_14 and
IJN2_oPf2_24 correspond to LmPf2 over-expression transformants (with respectively 600 fold and
150 fold expression of LmPf2 compared to JN2); Akmtl_oPf2_8 and Akmt1l_oPf2_22 correspond to
LmPf2 over-expression transformants in a Akmt1 mutant background (with respectively 150 fold and
600 fold expression of LmPf2 compared to the Akmt1 mutant).
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349 Recent transcriptomic analyses throughout the life cycle of L. maculans have highlighted that synchronous
350 waves of genes, including effector genes, are expressed (Gay et al., in prep.). Among these waves, four were specifically
351 expressed during oilseed rape infection. Here, we investigated two of the four waves of genes concertedly expressed
352  during infection and determined whether they were up-regulated in Akmt1, Akmt1_oPf2_22 or JN2_oPf2 or down-
353 regulated in ALmPf2 to investigate the respective effect of H3K9me3 removal and LmPf2 involvement in gene
354  regulation. Respectively 4, 9 and 14 genes of wave 2 were differentially regulated in Akmt1, JN2_oPf2 and ALmPf2
355 indicating that H3K9me3 removal or LmPf2 over-expression alone lead to limited wave 2 effector genes up-regulation.
356 In contrast, sixty-six genes from wave 2 (71%) were specifically up-regulated in Akmt1_oPf2_22 on 931 genes up-
357  regulated in total representing a 9.94-time enrichment in wave 2 effector genes (Khi%; pValue=2.20E%). Interestingly,
358  half of these genes were located in H3K27me3 or in no particular compartment indicating that H3K9me3 removal and
359  LmPf2 over-expression do not only target H3K9me3 enriched genes. We did not identify any genes of wave 3 up-
360 regulated in Akmtl indicating that H3K9me3 do not actively repress these genes. Surprisingly, we identified 16, 19 and
361 20 of wave 3 genes respectively up-regulated in JN2_oPf2, ALmPf2 and Akmt1_oPf2_22 confirming the limited impact
362  of H3K9me3 removal on this set of genes. Furthermore, the 16 and 19 genes specifically up-regulated in JN2_oPf2 and
363  ALmPf2 transformants represented respectively an 11.6-time enrichment and an 15-time enrichment (Khi?;
364  pValue=2.20E'®) whereas the 20 genes of wave 3 up-regulated in Akmt1_oPf2_22 represented a 3.8-time enrichment
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Figure 8: Influence of KMT1 and LmPf2 on expression of genes specifically expressed during infection. RNA-Seq
analysis of differentially up-regulated genes in Akmtl, Akmtl_oPf2_22 and JN2_oPf2 transformants and down-
regulated in ALmPf2 depending on their chromatinian environnement and compared to genes concertedly expressed
as wave 2 and wave 3 during Leptosphaeria maculans life-cycle. Histograms representing % of genes belonging to each
wave of concertedly expressed genes in each transformant depending on their chromatin environment. On the left,
genes concertedly expressed at 7 DPI during early infection on cotyledons of susceptible cultivar Darmor (including
avirulence genes; wave 2). On the right, genes concertedly expressed between 9 and 12 DPI (wave 3) during early
infection on cotyledons of a susceptible cultivar Darmor-bzh. DPI = Days Post Inoculation.
Université Paris-Saclay 165

Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin,
France



universite

PARIS-SACLAY
365 (Khi?; pValue= 3,68E™° ; Figure 8). Altogether these results indicate that genes of wave 2 are under H3K9me3 and

366 LmPf2 double control whereas genes of wave 3 are under LmPf2 control only.

367 In order to get insight on how concerted effector gene expression could be controlled by H3K9me3 and LmPf2
368 in planta, we plotted the expression of KMT1 and LmPf2 during different stages of L. maculans life cycle. We observed
369 that at least at three time points (Cotyledons 9-12DPI; Petioles 7-14DPI; and Stems between May and October) KMT1
370  and LmPf2 are conversely expressed indicating an inverted control exerted by these two genes (Figure 9). Interestingly,
371  eachtime the LmPf2 and KMT1 expression was inverted, we observed a switch between sets of concertedly expressed

372 genes.

373 Finally, we investigated whether TF-encoding genes were up-regulated in case of LmPf2 over-expression.
374  Surprisingly, we identified 21 TF-encoding genes up-regulated in Akmt1_oPf2_22 and 6 in JN2_oPf2 with only 2 of
375 them in common (Table S5). We conclude that LmPf2 could act as a master regulator and activate different sets of TF

376 depending on the chromatin context.

35

gene name

2 3
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2 5 7 9 12 15 7 14 6 7 8 10

cotyledon petiole stem base

Figure 9: Inverted regulation of KMT1 and LmPf2 during Leptosphaeria maculans
life cycle. Expression obtained by RNA-Seq in different in planta conditions.
Expression corresponding to scalled log2(FPKM). The black line corresponds to
KMT1 expression and the blue line to LmPf2 expression. Numbers at the top
corresponding to concerted effector waves expressed depending on the infection
time. Green part of the graph corresponding to infection of Darmor-bzh cotyledons
between 2 and 15DPI. Grey part of the graph corresponding to petioles infected by
the JN2 in controlled conditions at two time points 7 and 14DPI. The purple part of
the graph corresponding to stem harvested in the field between June (6) and
October (10).
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378  DISCUSSION
379 Here we demonstrated that LmPf2, a Zn2Cys6 TF, is involved in the establishment of infection and in the
380 control of effector gene expression in L. maculans. We also determined that this TF is able to differentially regulate
381 two sets of effector genes, expressed at different time points, depending on the chromatinin condensation state
382 regulated by H3K9me3 deposition via KMT1. Furthermore, LmPf2 presents an inverted expression profile compared
383 to KMT1 which suggests an opposite role on effector gene expression. To our knowledge, this is the first evidence of
384  a double control involving both the chromatin structure and specific TF on expression of effector genes in a fungal
385  species. Altogether, these results allowed us to draw a model for the double control of effector gene expression
386  mediated by KMT1 and LmPf2 in L. maculans. The next step forward will be to investigate whether LmPf2 directly
387  binds on effector gene promoters.
388 LmPf2 and KMT1 inactivations lead to pathogenicity defects in L. maculans
389 In this study, we investigated function of LmPf2 and KMT1 in L. maculans. CRISPR-Cas9 inactivation of LmPf2
390 and KMT1 induced pathogenicity defects while the mutants were not altered in their growth or conidiation. We
391 conclude that, in L. maculans, LmPf2 and KMT1 are specifically involved in the establishment of oilseed rape infection
392 by L. maculans. This is in accordance with previous results obtained for three other Pleosporales species A. brassicicola,
393 P. tritici repentis and P. nodorum in which Pf2 is also essential for establishment of infection (Cho et al., 2013; Rybak
394 et al., 2017). Other fungal TF were also reported as involved in the establishment of infection (Michielse et al., 2009,
395 IpCho et al., 2010; Zahiri et al., 2010; Soyer et al., 2015. B). KMT1 was also demonstrated to be involved in several
396  cellular processes in fungi. Histone modifications enzymes are more and more documented for their ability to express
397  concertedly, large portion of genomic compartments (Gacek and Strauss, 2012). In a fungal endophyte, Epichloé
398 festucea, KMT1 is able to regulate symbiosis-specific alkaloids bioprotective metabolites synthesis and to be crucial
399 for mutualistic interaction establishment (Chujo and Scott, 2014). Despite the fact that KMT1 has been demonstrated
400 to be crucial for pathogenicity establishment and effector and pathogenicity gene regulation in B. cinerea and L.
401  maculans (Soyer et al., 2014; Zhang et al., 2016). The role of KMT1 in phytopathogenic fungi during infection remain
402 poorly understood. H3K9me3 has also been described to regulate secondary metabolism, via the inactivation of the
403 KdmA demethylase responsible for H3K9me3 removal in A. nidulans (Gacek-Matthews et al., 2015).
404  LmPf2 and KMT1 inactivations lead to changes in effector gene expression
405 Akmt1 mutant exhibited AvrLmé6 up-regulation in vitro. This is consistent with our previous finding that DIM5
406 (KMT1) partial inactivation via RNAi led to avirulence genes up-regulation and H3K9me3 depletion. H3K9me3 is known
407  toregulate secondary metabolism and alkaloid production in several fungi and even in a species related to L. maculans,
408 Epichloe festucae, harboring a bipartite genome structure as well (Gacek and Strauss, 2012; Chujo et Scott, 2014).
409  Soyer et al. (2014) determined that the silencing of KMT1 allowed up-regulation of 30% of the genes specifically
410 located in H3K9me3 whereas in this study we only identified five genes located in a H3K9me3 context specifically up-
411 regulated in the Akmt1 mutant. Soyer et al. (2014) were using DNA oligoarrays for their transcriptomic analysis and a
412 previous annotation of L. maculans genome. Furthermore, the complete inactivation of KMT1 could have led to
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413 H3K27me3 relocation at H3K9me3 previous emplacements, as previously reported for Neurospora crassa or
414  Zymoseptoria tritici, that phenomenon being less pronounced after silencing of KMT1 (Basenko et al., 2015; Moller et
415 al.,, 2019). The inactivation of KMT1 also induced expression of genes which were located in H3K4me2 and in no
416 particular environment indicating that H3K9me3 removal not only modify gene expression in its environment but also
417 in other compartments due to a structural role of H3K9me3 in genome organization as previously described in N.
418 crassa (Winter et al., 2018).
419 In this study, we also determined that LmPf2 inactivation led to effector gene expression defect in planta.
420 Furthermore, LmPf2 over-expression led to effector genes up-regulation. Altogether these results indicate that LmPf2
421 specifically regulates effector gene expression in L. maculans. Once again, these results are in accordance with
422 previous studies that described Pf2 as a regulator of effector gene expression in three Pleosporales species. Pf2, was
423 reported to regulates, expression of 33 genes encoding secreted proteins including eight putative effectors in
424  Alternaria brassicicola (Cho et al., 2013). In Parastagonospora nodorum, PnPf2 positively regulates two necrotrophic
425  effector genes, SnToxA and SnTox3 and the orthologue of SnToxA, ToxA, is regulated by PtrPf2 in Pyrenophora tritici-
426  repentis (Rybak et al., 2017). This can confirm the conserved function of Pf2 on effector gene regulation in several
427  phytopathogenic fungi.
428  LmPf2 over-expression leads to an up-regulation of effector-encoding genes and genes in an heterochromatin
429 context
430 In this study, we observed that up-regulated genes in JN2_oPf2 transformants were statistically enriched in
431  SSP-encoding genes, and genes located in a heterochromatin context (enriched in H3K9me3 or H3K27me3).
432 Furthermore, we determined that the inactivation of KMT1 combined with an over-expression of LmPf2 induced
433  expression of avirulence genes. We thus conclude that LmPf2 specifically regulate effector genes which are mostly
434  located in H3K9me3 and H3K27me3 environments. In addition, avirulence genes up-regulation was much higher in a
435  Akmt1 thanin a WT background. Finally, we observed that LmPf2 and KMT1 were inversely expressed during infection.
436  This indicate that AvrLm genes in L. maculans are under double control of both H3K9me3 and LmPf2. Histone
437  modifications H3K9me3 and H3K27me3 have been identified as important regulators of effector and secondary
438  metabolism gene expression in some fungi (Strauss and Reyes-Dominguez, 2011; Chujo and Scott, 2014; Connolly et
439  al.,, 2013; Soyer et al., 2015. A). But to our knowledge this is the first study focusing on both a transcription factor and
440  a chromatinin remodeler. We now need to determine if that model of double control of effector gene expression
441 involving a specific TF and a chromatin remodeler could be generalized to other pathogenic fungi with two speed
442 genome structures or if it remains very specific of L. maculans. In F. oxysporum, two specific transcription factors, FTF1
443 and FTF2, have been described for their ability to regulate all effector genes located on a particular pathogenicity
444  dispensable chromosome (van der Does et al., 2016). Such differences in effector genes regulation could indicate that
445 phytopathogenic fungi use their incredible genome plasticity in very different ways to regulates effector genes during
446  infection.
447
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448 LmPf2 controls different sets of genes according to their chromatin context
449 Effector genes are known to need a tight regulation to permit fungus escaping plant recognition and
450 manipulating host cell (Raffaele et Kamoun, 2012; Hacquard et al., 2012; O'Connell et al., 2012; Gervais et al., 2017,
451 Haueisen et al., 2018). In this study, we determined the respective impact of chromatin remodeling and LmPf2 on
452 effector gene expression. We determined that, in a WT background, LmPf2 over-expression leads to over-expression
453  of wave 3 effector genes. In contrast, in a Akmt1 background, LmPf2 over-expression leads to over-expression of wave
454 2 effector genes including six of the nine cloned avirulence genes. Since KMT1 is lowly expressed at the peak of
455  expression of wave 2 effector genes (7DPI), we can hypothesize that H3K9me3 is removed at these effector gene loci
456  during early infection and allow direct or indirect control by LmPf2. Furthermore, the inverted expression of KMT1 and
457  LmPf2 during L. maculans life cycle supports our model of the double regulation. Other specific TFs could act in addition
458  to LmPf2 to concertedly express all genes of wave 2. We propose the following regulation model: (i) in vitro, wave 2
459 and 3 genes are tightly repressed by H3K9me3 deposited by KMT1. (ii) at the onset of infection, H3K9me3 is removed
460 and LmPf2 is highly expressed, specifically activating wave 2 genes possibly because of a better direct or indirect
461 affinity for wave 2 promoters. (iii) At 9 DPI, KMT1 starts being re-expressed leading to a deposition of H3K9me3 on
462 wave 2 genes first, possibly because of their high level of H3K9me3 in vitro or their specific localization in TE-rich
463 compartments. At this stage, LmPf2 is not involved anymore on the control of wave 2 gene expression and starts
464 activating wave 3 genes (Figure 10). These different sets of genes could be differentially controlled by LmPf2 indirectly
465  taking into account the diversity of TF-encoding genes differentially expressed depending on the chromatinin
466  condensation state.
467
468
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638  Supplementary Data are available at NAR online.

639

640

641
A Akmt1 ALmPf2_A ALmPf2 B

642 S - , >

643

644

645

646 JN2_oPf2_14 IN2_oPf2_24 Akmtl_oPf2_8  Akmtl_oPf2_22

JN2 Akmt1 ALmPf2_A ALmPf2_B

647 - . e p R

648

649

650

IN2_oPf2_14 IJN2_oPf2_24 Akmt1_oPf2_8 Akmtl_oPf2_22
Figure S1: Morphological characterization of LmPf2 mutants and over-
expression transformants. The over-expression transformants have been
obtained in a WT background (JN2) and in a Akmtl background. A:
Transformant thallus morphology on V8 agar medium at 6 days after
inoculation. Scale bars corresponding to 50 mm. B: Transformant thallus
morphology during conidiation on V8 agar 14 days after inoculation. Scale
bars corresponding to 90 mm.
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Figure S2: Immunoblot analysis showing presence of
H3K9me3. Protein extracts were analysed by
immunoblotting with anti-H3K9me3 antibodies. Akmt1
have been tested using two replicates of total protein
extract.
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Figure S3: Level of LmPf2 expression in the L. maculans transformants over-expressing LmPf2 during axenic
growth. Mycelium was obtained by growing JN2 and JN3 strains and transformants in Fries liquid medium for 7
days. Two biological replicates per condition were generated. Total RNA was extracted. Expression of LmPf2 was
measured by qRT-PCR and expressed relatively to LmBTubulin expression and to expression of LmPf2 in the

strain before transformation using the 2_AACt method (Livak and Schittgen, 2001). Red bars correspond to

transformants which were selected for further characterization (JN2_oPf2_14,JN2_oPf2_24, Akmt1l_oPf2_8 and
Akmt1_oPf2_22).
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Figure S4: Pathogenicity assays on WT, Akmt1 and ALmPf2 transformants after crossing
with JN2-GFP. A: Photos of symptoms on Es-Astrid at 14 DPI. B: Pathogenicity test of three
different CRISPR-Cas9 mutants on oilseed rape cotyledons of a susceptible cultivar (Es-
Astrid) at 13 DPI. Disease rate is expressed as the mean scoring using the IMASCORE rating
scale comprising six infection classes (IC), where IC1 to IC3 correspond to various levels of
resistance of the plant and IC4 to IC6 to susceptibility (Balesdent et al., 2001).
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Figure S5: Influence of LmPf2 over-expression on the expression of two L. maculans avirulence genes
during axenic growth. Mycelium was grown in Fries liquid medium during seven days. Expression of
LmPf2 (A), AvrLm4-7 (B) and AvrLm6 (C) was measured by gRT-PCR level using LmBTubulin as a

-AACt
constitutive reporter gene and expression in JN2 as reference (2 method). Each value is the average
of two biological replicates (two extractions from different biological replicates) and two technical
replicates (two RT-PCR).
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Figure S6: Reproducibility of RNA-Seq replicates. A: log2(RPKM) PCA of all
samples. Legend labels: WT = JN2; Akmtl_X = Akmti_A and B; ALmPf2_X =
ALmPf2_A and B; JN2_oPf2_X = JN2_oPf2_14 and 24 ; and Akmt1_oPf2_X =
Akmt1_oPf_8 and 22. B: Scatterplot obtained with Log2(RPKM) of three
biological replicates. Left panel = ALmPf2_ A vs ALmPf2_B; middle panel =
IN2_oPf2_14 vs IJN2_oPf2 24; and right panel = Akmtl oPf2_8 wvs
Akmt1_oPf2_22.
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Table S2: Crosses performed for mutant purification
CRISPR-Cas9 Compatible isolate used Name of the Additional
mutation for crosses selected progenies® Transformation
JN2? AKMT1 LmPf2 over-expression
Akmtl 6-1 1 bp insertion
JN2-GFP AKMT1-GFP no
JN2-GFP ALmPf2_A no
ALmPf2 1-2 1 bp deletion
JN2-GFP ALmPf2_A-GFP no
IJN2-GFP ALmPf2_B no
ALmPf2 4-2 5 bp deletion
JN2-GFP ALmPf2_B-GFP no
®Purification by crossing with an isolate of opposite mating type with or without GFP. b: Selected progenies purified
(without Cas9 and gRNA).
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Table S3: RNA-Seq read information.

Total numbers

of paired reads

Paired reads after pre-

prossessing®

% paired kept reads

STAR mapping

Uniquely mapped reads®

IN2-1 1.49 E+07
IN2-2 2.35E+07
Akmt1-1 1.71E+07
Akmt1-2 1.72E+07
ALmPf2_A-1 1.66E+07
ALmPf2_A-2 1.59E+07
ALmPf2_B-1 1.59E+07
ALmPf2_B-2 1.62E+07
IN2_oPf_14-1 2.43E+07
IN2_oPf_14-2 2.32E+07
IN2_oPf_24-1 2.48E+07
IN2_oPf_24-1 2.42E+07
Akmt1_oPf 8-1 2.23E+07
Akmt1_oPf 8-2 2.23E+07
Akmtl_oPf 22-1 2.48E+07
Akmtl_oPf 22-2 2.11E+07

1.24E+07

1.95E+07

1.42E+07

1.43E+07

1.37E+07

1.31E+07

1.32E+07

1.33E+07

2.01E+07

1.92E+07

2.06E+07

2.01E+07

1.85E+07

1.85E+07

2.08E+07

1.75E+07

83,28%

83,14%

83,23%

83,06%

82,76%

82,51%

82,84%

82,17%

82,73%

82,86%

83,02%

83,17%

82,81%

83,04%

83,98%

83,00%

81.76%

83.75%

83.12%

85.79%

83.92%

38.76%

81.68%

81.20%

79.73%

79.11%

80.51%

82.96%

84.44%

82.61%

75.19%

71.57%

®Paired read was treated with Trimmomatic. Sequencing adaptors and too short reads (<30 bp) were removed. ® Reads were then mapped

against L. maculans genome using STAR (Dobin et al., 2013; Dutreux et al., 2018).
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Table S4: Differentially expressed genes encoding small secreted proteins or located in particular chromatin domains.

Total >3 H3K9me3 H3K27me3  H3K9me3/H3K27
encoding H3K4me2 genes
genes genes genes me3 genes
genes

Akmt1 129 22* 33# 5* 22* 2*
ALmPf2 202 19 85# 4 23 5*
Up-regulated IJN2_oPf2 247 45 77* 5 41%* 2*
Akmt1_oPf 8 275 54* 61" 16* 56* 10*
Akmt1_oPf_22 931 154* 218% 34* 152* 15*
Akmt1 143 25* 36* 13* 13 6*
ALmPf2 225 36* 75% 10* 26 4*
Down-regulated IJN2_oPf2 277 19 126* 3 26 0
Akmt1_oPf 8 158 23* 41* 9* 16 8*
Akmt1_oPf_22 861 83 399* 16 80 9*

Differential expression is obtained by comparing WT expression to each transformant. We studied genes specifically coding for Small Secreted Proteins
(SSPs) or specifically located in euchromatin environment marked by di-methylation of lysine 4 of histone H3 (H3K4me2) and heterochromatin
environment marked by tri-methylation of lysine 9 of histone H3 (H3K9me3), tri-methylation of lysine 27 of histone H3 (H3K27me3) and both
(H3K9me3/H3K27me3). # corresponds to statistically under-represented genes and * corresponds to statistically enriched genes. Statistical analysis
performed using Khi?, Pvalue < 0.05.
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Table S5: Differentially expressed transcription factor coding genes in LmPf2 over-expressor harbouring different chromatinian context.

Upregulated transcription factor genes

Akmtl_oPf_22

IN2_oPf2

ID

Fonction

ID

Fonction

Lmb_jn3_00338

Lmb_jn3_00666
Lmb_jn3_01078
Lmb_jn3_01759

Lmb_jn3_02114
Lmb_jn3_03373

Lmb_jn3_04191

Lmb_jn3_04849
Lmb_jn3_05461
Lmb_jn3_05737
Lmb_jn3_06942
Lmb_jn3_06984

Lmb_jn3_07222

Lmb_jn3_07297

Lmb_jn3_07916
Lmb_jn3_08804
Lmb_jn3_10400

Lmb_jn3_11010

Lmb_jn3_11399
Lmb_jn3_11428
Lmb_jn3_12660

zinc_finger-containing
AN1_zinc_finger
C2H2_type_zinc_finger_containing
zinc_knuckle
zinc_finger_ring-type
C6_transcription_factor
C2H2_conidiation_transcription_factor
C2H2_finger_domain-containing
zinc_ion_binding
Zn(2)-C6_fungal-type_D-binding_domain
C6_finger_domain
transcriptiol_co-activator
C2H2_finger_domain-containing

C2H2_type_zinc_finger_domain-containing
C6_Zinc_finger_domain_containing
zinc_ion_binding
zinc_metalloprotease

transcription_factor_tfiiic_complex_subunit_sfc4
zinc_ion_binding
C-x8-C-x5-C-x3-H_type_zinc_finger
C2H2_finger_domain

Lmb_jn3_00032
Lmb_jn3_04461
Lmb_jn3_04938

Lmb_jn3_05737
Lmb_jn3_07527
Lmb_jn3_11428

zinc_finger_740
C2H2_type_zinc_finger_domain_containing
translation_factor_mitochondrial

Zn(2)-C6_fungal-type_D-binding_domain
transcription_factor_jumonji_aspartyl_beta-
hydroxylase
C-x8-C-x5-C-x3-H_type_zinc_finger
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RESULTATS COMPLEMENTAIRES

Analyse fonctionnelle de facteurs de transcription putatifs pour leur implication dans la régulation de I'expression

des génes codant des effecteurs de Leptosphaeria maculans

Certains FTs sont capables de réguler la mise en place de différents processus cellulaires chez les champignons
filamenteux tels que le métabolisme primaire, secondaire, la reproduction sexuée ou encore I'expression des genes
codant des effecteurs (Cho et al., 2013 ; Soyer et al., 2015. B; Nifio-Sanchez et al., 2016; Rybak et al., 2017). Lors de
cette thése, j'ai pu mettre en évidence le réle majeur du FT LmPf2 dans le contrble de I'expression des génes codant
des effecteurs de L. maculans (Voire chapitre 3). Afin d’identifier un ou des FTs contrdlant I'expression des genes
codant des effecteurs de L. maculans, deux approches avaient été choisies : (i) une approche avec a priori consistant
a identifier les genes orthologues de FTs décrits chez les champignons comme impliqués dans le controle de
I’expression des effecteurs (e.g. Sgel, StuA, cf. partie 5.3) et (ii) une approche sans a priori consistant a prédire le
répertoire de FTs de L. maculans et a rechercher les FTs surexprimés pendant I'infection ou spécifiques de L. maculans
(J. Soyer, thése). Parmi eux, j’ai sélectionné deux FTs de L. maculans, codant des AT-Hook (ciblant spécifiquement les
régions riches en AT) et différentiellement exprimés in planta pour une étude fonctionnelle. Le premier géne codant
un FT est spécifique de L. maculans, Lmb_jn3_09123. Le second, Lmb_jn3_02170, est présent chez toutes les especes

du complexe d’espéce de L. maculans (Figure 1).

Jaiinactivé ces deux facteurs de transcription par la technique CRISPR-Cas9. Le premier gene, Lmb_jn3 09123,
est exprimé dés 2 jpi. J'ai obtenu 10 mutants indépendants présentant six types de mutations différentes menant pour
cing d’entre eux a la perte des domaines fonctionnels (Figure 2). Les mutants ont été caractérisés pour leur croissance
et leur capacité a infecter un cultivar sensible de colza. Aucun des mutants ne présentait d’altération de croissance ou
de pathogénie (Figure 3). Il reste cependant possible que ce FT soit impliqué dans la mise en place de I'infection étant
donné son profil d’expression et les domaines prédits (deux domaines de liaison a la chitine, un domaine de liaison a

I'ubiquitine et un domaine déacétylase de chitine ; Figures 1 et 2).
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Figure 1: Expression profile of cloned effector genes and three specific transcription factors during infection and
axenic growth obtained by RNA-seq. Mycelium were obtained by growing JN2 on V8 for 7 days. Cotyledons were
sampled at 7 different time points (2, 5, 7,9, 12, 15 days post infection). All samples were sequenced in two replicats.
Cloned effector genes (AvrLm4-7, AvrLme6, AvrLm2, AvrLm3, AvrLm10.1, AvrLm10.2, AvrLmCys2, AvrLm11, AvrLm5)
relative expression is plotted depending on the conditions. Transcription factors (LmPf2, Lmb_jn3 09123 and
Lmb_jn3_02170) relative expression is plotted depending on the same conditions (EJ. Gay, on-going PhD thesis, Data
extracted from Leptolife project).
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Figure 3: Effect of Lmb_jn3_09123 inactivation on mycelial growth and pathogenicity of
Leptosphaeria maculans. A: Growth assay on Lmb_jn3_09123 mutants and WT strain JN3
with or without Cas9 gene. Mycelial growth was measured at 4 days and 8 days post
inoculation on two different agar media, V8 and MMII. B: Pathogenicity tests were
performed on the susceptible cultivar Es-Astrid at 13 DPI. Disease rate is expressed as the
mean scoring using the IMASCORE rating scale comprising six infection classes (IC), where
IC1 to IC3 corresponded to resistance and IC4 to IC6, to susceptibility. DPI = Days Post
Inoculation.
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L'autre FT que j'ai étudié, Lmb_jn3 02170, posséde un profil d’expression corrélé avec celui des effecteurs
précoces (Figure 1). L'inactivation de Lmb_jn3_02170 par CRISPR-Cas9 a permis d’obtenir trois types de mutations
différentes et quatre mutants indépendants. Ces trois mutations menent a protéine tronquée de la moitié de sa taille.
Ce FT ne possede pas de domaine fonctionnel prédit et il est donc difficile d’identifier sa fonction (Figure 4).

L'inactivation de Lmb_jn3 02170 ne conduit a aucun défaut de croissance ou de pathogénie (Figure 5).

WT aaggctgatgtgctcaagaagaccgecagtttccaagaagtctgetggecgcaagecegga 660 AT 120
A 1-1 aaggctgatgtget gcagttt tctgetgg cgga 660 B 1-1 120
1-4 aaggctgatgtgctcaagaagaccgecagtttccaagaagtctgctggccgcaagecegga 660 1-4 120
1-2 aagtctgctggecgcaage 660 1-2 120
WT atcgtcatcgtcgagaaggctactaagtc-gccggtagtgaagcccggaaaagteggtge 719 WT TAPKPSRARAMS TSRLDPRIRSKL 180
1-1 atcgtcatcgtegagaaggctactaagtacgcoggtagtgaageccggaaaagteggtge 720 1-1 LNLVAGSPRVT! TAPKPSRARAMSTSRLDPRIRSKL 180
1-4 atcgtcatcgtcgagaaggctactaagtccgecggtagtgaageccggaaaagteggtge 720 1-4 LNLVAGSPRVTER' KTAPKPSRARAMSTSRLDPRIRSKL 180
1-2 atcgtcatcgtcgagaaggctac———---cgccggtagtgaagcccggaaaagtcggtge 714 1-2 LNLVAGSPRVTKRTSLRTRKKTAPKPSRAARAMSTSRLDPRIRSKLRTRLPASTRVAQEARA 180
wr tecacgeaaacgecgeggteteacaactetegagatteccgacaaattogecasageagt 779 W PRPTRRGRPRKVVAESSAFRKADVLRRTAVSRRKSAGRRPGIVIVERATRSPVVEPGRVG- 239
1-1 tecacgcaaacgcecgeggtotcacaactotcgagattocegacaaattcgocaaageagt 780 1-1 PQPTRRGRPRRVVAESSAPRRADVLRRTAVSRRSAGRRPGIVIVERATRYAGSEARKSRC 240
1-4 tecacg ggtctcacaactctcgagattccecgacaaattcgccaaagecagt 780 1-4 240
1-2 tccacgcaaacgccgeggtotcacaactctecgagattcccgacaaattocgecaaageagt 174 1-2 238
WT ccaggagttctacaagaatttgctagctgctgatgocgacaagtcactggctacacccct 839 WT ~—-APREKRRGLTTLETPDKFARKAVQEFY N_‘ \ADADKSLATPLENGEGSAADDELADEA 206
1-1 ccaggagttctacaagaatttgctagctgctgatgccgacaagtcactggctacaccect 840 1-1 STQTPRSHNSRDSRQIRQSSPGVLQEFA4C 270
1-4 ccaggagttctacaagaatttgctagctgctgatgeccgacaagtcactggctacaceect 840 1-4 STQTPRSHNSRDSRQIRQSSPGVLQEFAYC 270
1-2 ccaggagttctacaagaatttgctagetgctgatgecgacaagtcactggctacaccect 834 1-2 STQTPRSHNSRDSRQIRQSSPGVLQEFA4C 268
WT VEDAEEEEGHEGEAEGEEDVDLTSATAGARGDVNDVATSSGSESERDTDEQQGSSSEDEE 356
1-1 270
1-4 270
1-2 268
WD QGLNRAFQAPQEQVSASSSEQHVSMPGQSSLAPTQLESKQVVQREQTLEIDSAGNVMEEF 416
1-1 270
1-4 270
1-2 268

WI EEGVVVYEGTNEFTRSLPDFTAKSMFAARS 446

1-1 270

1-4 270

1-2 268

Figure 4: Effect of the Lmb_jn3_02170 mutations on Lmb_jn3_02170 protein structure. A: Sequence alignment of
the Lmb_jn3_02170 gene in the WT isolate JN2 and in three mutants. The PAM (Protospacer Adjacent Motif) is
highlighted in green and the region targeted by the guide RNA is highlighted in red. B: Protein sequence of
Lmb_jn3_02170 in the WT isolate JN2 and in the three mutants. The red frame indicates the stop in the mutant
versions of the protein. No domains have been predicted using Pfam (https://pfam.xfam.org/).
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Figure 5: Effect of Lmb_jn3_02170 inactivation on mycelial growth and
pathogenicity of Leptosphaeria maculans. A: Growth assay on Lmb_jn3_02170
mutants and WT strain JN3 with or without Cas9 gene. Mycelial growth was
measured at 4 days and 8 days post inoculation on two different agar media,
V8 and MMIII. B: Pathogenicity tests were performed on the susceptible cultivar
Es-Astrid at 13 DPI. Disease rate is expressed as the mean scoring using the
IMASCORE rating scale comprising six infection classes (IC), where IC1 to IC3
corresponded to resistance and 1C4 to IC6, to susceptibility. DPI = Days Post
Inoculation.
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DISCUSSION

Ce travail de thése a été réalisé en forte interaction avec d’autres membres de I'UMR Bioger, dont I'équipe de
bio-informatique de I'unité, le plateau de cytologie ainsi qu’avec Elise Gay qui réalise une these de bio-informatique

dans notre équipe.

L’étude de I'action de protéines effectrices dans la relation entre un organisme phytopathogene et sa plante
hote est un sujet brulant (Lo Presti et al., 2015 ; Lo Presti et Kahmann, 2017 ; Irieda et al., 2019). Les génes codant des
effecteurs sont souvent localisés dans des régions particulieres des génomes fongiques et sont souvent corégulés
(Schardl et al., 2013 ; Soyer et al., 2015,A ; van Dam et al., 2017 ; Sanchez-Vallet et al., 2018). Précédemment a ma
theése, I'étude de la régulation chromatinienne et transcriptionnelle de I'expression des effecteurs localisés dans les
régions riches en ETs chez L. maculans avait été initiée par |. Fudal et J. Soyer. Notre équipe avait pu identifier que les
régions riches en ETs étaient enrichies en effecteurs, notamment en genes d’avirulence, sur-exprimés pendant
I'infection primaire du colza. L'inactivation par ARNi de genes codant des protéines impliquées de la mise en place de
I’hétérochromatine (KMT1, HP1) avait permis de montrer un contréle chromatinien de I'expression d’au moins deux
génes codant des effecteurs, via I'implication de la modification H3K9me3 qui réprime I'expression de ces génes in
vitro (Soyer et al., 2014). L'analyse d’un contrdle transcriptionnel de I'expression des effecteurs précoces via des FTs
spécifiques avait également été initiée. Ainsi, I'analyse fonctionnelle de StuA, connu pour réguler de nombreuses
fonctions chez les champignons filamenteux (IpCho et al., 2010 ; Ohara and Tsuge, 2004 ; Tong et al., 2007), avait aussi
été menée par ARNi. Il avait été montré que ce FT régule, de facon directe ou indirecte, I'expression d’au moins trois
génes codant des effecteurs localisés en régions riches en ETs (Soyer et al., 2015. B). Depuis les premiéres analyses
transcriptomiques qui avaient permis de montrer une expression spécifique des génes codant des effecteurs pendant
I'infection des cotylédons de colza (Rouxel et al., 2011), d’autres analyses transcriptomiques ont été menées a d’autres
étapes du cycle infectieux, et ainsi, d’autres vagues d’expression d’effecteurs ont également été identifiées (Gervais

et al., 2017, Gay et al., en préparation).

L’objectif de ma these était de comprendre le réle de la structure de la chromatine (a plusieurs échelles :
position des nucléosomes, modification des histones et organisation intra-nucléaire des chromosomes) et de FTs dans
le controle de I'expression concertée des génes codant des effecteurs chez L. maculans, et plus globalement dans le

controle de I'expression génique et de la pathogénie.

Pour comprendre comment ces mécanismes intervenaient dans le contréle de I'expression génique,
différentes approches ont été choisies. Une étude « genome-wide » de trois modifications des histones, de la
localisation des nucléosomes, des interactions physiques du génome de L. maculans ont été entreprises. Une analyse
in vitro des modifications chimiques des histones et de la localisation des nucléosomes a aussi été menée chez une
espece proche de L. maculans ‘brassicae’, Leptosphaeria maculans ‘lepidii’ (Lml), ainsi que de I'expression des genes
associés. Une étude fonctionnelle de remodeleurs chromatiniens via une inactivation par CRISPR-Cas9 chez L.

maculans et enfin une étude fonctionnelle de FTs possiblement impliqués dans cette régulation encore une fois via
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une inactivation par CRISPR-Cas9 et une sur-expression dans différents fonds génétiques de L. maculans. Cette étude
m’a permis d’identifier un FT essentiel a la mise en place de la pathogénie chez L. maculans. De plus la surexpression
de ce FT dans différents contextes chromatiniens m’a permis de mettre en évidence un double contréle via la structure
chromatinienne et ce FT spécifique de I'expression de différents sets de genes codant notamment des effecteurs et

exprimés de facon concertée tout au long du cycle de vie de L. maculans.
Controle chromatinien de I’expression des génes codant des effecteurs

Le contréle chromatinien de I’expression des génes codant des effecteurs n’a commencé a étre investigué que
récemment. Ainsi, seuls, quelques cas de régulation des génes codant des effecteurs protéiques ou impliqués dans
des clusters de métabolisme secondaire ont été analysés jusqu’a présent. Ces études tendent a montrer que les génes
codant des effecteurs fongiques, souvent localisés dans des régions particulieres des génomes, sont souvent régulés
par des modifications chimiques des queues d’histones (Strauss et Reyes-Dominguez, 2011 ; Connolly et al., 2013 ;
Chujo and Scott, 2014 ; Soyer et al., 2015. A). La cartographie des territoires nucléosomiques est également un
domaine de recherche innovant pour essayer de comprendre les dynamiques régissant I’expression des génes (Ponts
et al.,, 2010 ; Locke et al., 2013 ; Chereji et al., 2016), qui n’avait encore pas été développé chez les champignons
phytopathogénes. L'étude réalisée dans le cadre de ma these est, a ce jour, le seul exemple d’analyse comparative de
distribution nucléosomique chez des champignons phytopathogenes a notre connaissance (Chapitre 1 ; Article 1).
L’étude, par ChIP-Seq, de marques chromatiniennes a I'échelles du génome de L. maculans a permis de mettre en
évidence la localisation des génes codant des effecteurs, exprimés pendant les phases biotrophes d’infection, en
environnement hétérochromatinien H3K9me3, H3K27me3 ou H3K9me3/H3K27me3. Ainsi nous avons pu déterminer
que les genes spécifiquement exprimés a 7 jpi sur cotylédons, notamment les genes d’avirulence, sont spécifiquement
localisés en environnement H3K9me3 et H3K27me3 alors que les autres genes codant des effecteurs et exprimés
durant la phase de colonisation systémique de la tige de colza sont plutot enrichis en domaines H3K27me3 (Chapitre
1; Article 2). De plus I'inactivation de KMT1, responsable du dépét de la marque H3K9me3, a permis de déterminer
que KMT1 est impliqué dans la mise en place de I'infection car le mutant Akmt1 induit des symptdmes plus réduits
que le WT. KMT1 est également impliqué dans I'expression des genes codant des effecteurs puisque son inactivation
induit I'expression de Lmb_jn3_11364 a 7 jpi alors qu’il est normalement exprimé pendant les phases de colonisation
tardives de la tige. KMT1 est également impliqué dans la répression de I'expression des génes d’avirulence AvrLm4-7,
AvrLmé6, AvrLm10.A et d’AvrLm11 pendant l'infection de la tige a 14 jpi. En résumé KMT1 est essentiel a I'expression
du set d’effecteurs adéquat a plusieurs étapes de I'infection. KMT6 via la mise en place de la marque H3K27me3, joue
un réle plus limité dans la mise en place de l'infection et dans le controle de I'expression des effecteurs. Son
inactivation ne meéne a aucun de défaut de pathogénie sur cotylédon mais le développement de la biomasse fongique
dans la tige (28 jpi) est altéré. Enfin I'inactivation de KMT6 n’a pas permis de détecter de défaut de régulation des
effecteurs testés. KMT6 est donc impliqué dans la réalisation totale du cycle infectieux mais n’influe pas directement
sur I'expression des effecteurs testés / a moins qu’en cas d’inactivation de KMT6, une autre histone methyltransferase
prenne le relai (Chapitre 2 ; Article 3). Ces résultats confirment ceux précédemment obtenus par I'équipe concernant

la régulation des génes d’avirulence par KMT1 et HP1 (Soyer et al., 2014). L'inactivation d’'une déméthylase d’histone,
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Kdm8, présentant un profil d’expression similaire a celui des genes d’avirulence n’a pas permis de mettre en évidence
son implication dans le contréle de I'expression de ces génes. Il demeure néanmoins possible qu’elle soit impliquée
dans le controle de I'expression de set de genes non indispensables a la mise en place de l'infection. En effet
I'implication de déméthylases d’histones dans la régulation de processus développementaux et dans la production de

métabolites secondaires a été décrite chez A. nidulans (Gacek-Matthews et al., 2015 ; Gacek-Matthews et al., 2016).

Le contrble de I'expression des genes codant des effecteurs exprimés spécifiquement dans les tiges de colza
semble plus complexe. En effet ces genes sont statistiquement plus présents dans les régions marquées par la marque
H3K27me3. Cependant, I'inactivation de KMT6 responsable du dépot de cette marque n’entraine pas de surexpression
spécifique de ces geénes. Il semble donc que des régulateurs agissent en plus ou méme sans qu’il n’y ait besoin
d’éliminer H3K27me3 pour activer I'expression concertée des génes codant les effecteurs exprimés pendant les phases
tardives de l'infection. Il est également possible que le retrait des marques H3K27me3 mene a la relocalisation de
modification H3K9me3 sur les sites normalement occupés par du H3K9me3 (Méoller et al., 2019). L'identification de
FTs présentant le méme profil d’expression que les effecteurs exprimés pendant les premiéeres étapes de I'infection a
permis d’identifier LmPf2 lors de la thése de J. Soyer puis de réaliser son analyse fonctionnelle durant ma these,
permettant de mettre en évidence sa capacité a réguler la pathogénie via le controle successif de I’'expression de sets
de génes exprimés sous forme de vagues concertées. |l serait donc intéressant de réaliser le méme type d’analyse pour

identifier des FTs co-régulés avec les génes codant des effecteurs exprimés pendant les phases tardives de I'infection.
Controle transcriptionnel de I’expression des génes codant des effecteurs

Les FTs, représentent de 0.5 a 8% du génome des Eucaryotes et sont indispensables a la régulation du cycle
de vie chez la plupart des organismes complexes (Weirauch et Hughes, 2011). Certains FTs sont généraux et régulent
plusieurs mécanismes cellulaires (Ohara et Tsuge, 2004 ; Tong et al., 2007 ; IpCho et al., 2010). D’autres ont été
identifiés comme directement impliqués dans la régulation de la pathogénie chez les Mycétes (Michielse et al., 2009 ;
Nifio-Sanchez et al., 2016). Chez les champignons phytopathogenes, la régulation du métabolisme secondaire ou de

I’expression des effecteurs via des FTs spécifiques a déja été relatée (Tollot et al., 2016 ; van der Does et al., 2016).

Pendant ma these j'ai menée l'inactivation par CRISPR-Cas9 et la surexpression de LmPf2 décrit comme
régulant la pathogénie et I'expression des effecteurs chez des Pleosporales proches de L. maculans (Cho et al., 2013 ;
Rybak et al., 2017). Cette étude a permis de déterminer que ce FT est également impliqué dans la pathogénie chez L.
maculans, son inactivation menant a une absence totale de développement de symptémes sur cotylédons de colza.
De plus, cette étude a également permis de déteminer que ce FT contrdle I'expression de plusieurs sets d’effecteurs
impliqués dans la phase de colonisation biotrophe du colza (Figure 1 ; Chapitre 3 ; Article 4). L'inactivation de deux
autres FTs ayant des profils d’expression similaires a ceux des génes d’avirulence de L. maculans n’a mené a aucun
défaut de pathogénie. Il reste néanmoins possible que ces FTs contrélent I'expression d’effecteurs non-essentiels a

I’établissement de la pathogénie.
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Double contrdle, chromatinien et transcriptionel, de I’expression des génes codant des effecteurs précoces

L'étude menée pendant ma thése est a notre connaissance la seule mettant en évidence l'implication de
protéines impliquées dans le remodelage de la chromatine et de FTs dans le controle de I'expression des genes codant
des effecteurs protéiques chez les champignons phytopathogénes. Nous avons déterminé que la surexpression de
LmPf2 chez une souche sauvage controle spécifiqguement les genes de la vague 3 exprimés spécifiqguement entre 9 et
12 jpi sur cotylédons alors que sa sur-expression dans un contexte Akmt1, présentant une structure chromatinienne
relachée, va spécifiguement activer I'expression des genes de la vague 2 composée de 91 génes comportant les huit
genes d’avirulence clonés et spécifiquement exprimés a 7 jpi. Nous avons a partir de ces résultats proposé un modele
de régulation de I'expression des effecteurs chez L. maculans dans lequel le champignon pénétre dans la plante hote
et pergoit un signal végétal ou environnemental (demeurant inconnu). Le champignon va alors retirer les marques
H3K9me3 au niveau des génes codant des effecteurs en particulier ceux localisés dans les régions riches en ET, rendant
les promoteurs de ces genes accessibles a des FTs spécifiques tels que LmPf2. LmPf2 est alors capable d’activer
successivement 71% des genes de la vague 2. Entre 9 et 12 jours apres infection, KMT1, codant la méthylase d’histone
responsable du dépoét des marques H3K9me3, est exprimée ce qui induirait une recondensation des régions
hétérochromatiniennes et bloquant ainsi I'accessibilité aux promoteurs des génes de la vague 2. LmPf2 activerait alors
22-26 % des genes de la vague 3. La production de ces effecteurs va permettre a L. maculans de coloniser les tissus de

la plante en échappant a sa reconnaissance (Figure 1 ; Chapitre 3 ; Article 4).
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PERSPECTIVES

Conformation 3D des génomes et contréle de I’expression des genes codant des effecteurs chez L. maculans

La compréhension de I'organisation 3D des génomes et le decryptage de la régulation genique par des
assemblages protéiques complexes sont en pleine expansion. Il a été décrit que des parties entiéres de chromosomes
peuvent étre co-régulées en intéragissant avec différents partenaires protéiques (Lanctét et al., 2007 ; Ulianov et al.,
2016). Chez les champignons phytopathogenes, une étude récente a permis de mettre en évidence une structuration
du génome d’Epichloé festucae (ayant, comme L. maculans, une structure de génome en isochores) par les éléments
répétés constituant les Isochores AT. On retrouve les genes différentiellement exprimés in planta prés des régions
riches en ETs, cette structuration 3D pourrait donc étre impliquée dans leur expression concertée in planta (Winter et
al., 2018). Ma these a permis d’initié I’étude de I'impact de la structure chromosomique sur la régulation génique a
travers la création de mutants HMEs et une expériences de Hi-C chez ces mutants et chez une souche sauvage
(échantillons sont en cours de séquencage) afin de définir les régions génomiques intéragissant physiquement. Chez
d’autres champignons filamenteux, les protéines KMT1 et KMT6 ont été montrées comme impliquées dans
I’organisation des génomes. En effet, chez N. crassa et E. festucea, les méthylations H3K9me3 et H3K27me3 jouent un
role crucial dans I'organisation du noyaux en permettant les interactions entre régions hétérochromatiniennes (Klocko
et al., 2016 ; Winter et al., 2018). Chez N. crassa, 'inactivation de KMT1 mene a la relocalisation des marques
H3K27me3 a I'emplacement des modifications H3K9me3 ce qui induit de larges réarangements chromosomiques.
L'inactivation de KMT6 qui dépose normalement la marque H3K27me3 sur les régions subtélomériques induit une
diminution des liaisons hétérochromatine-hétérochromatine, une augmentation des liaisons euchromatine-
hétérochormatine et une destabilisation des liaisons entre télomeres et enveloppe nucléaire (Klocko et al., 2016 ).
Chez Z. tritici également, on retrouve des modifications H3K27me3 sur les télomeres ce qui permet leur interaction
avec la membrane nucléaire. L'inactivation de KMT1 chez ce champignon induit de la méme facon une relocalisation
de H3K27me3 a I'emplacement des modifications H3K9me3 ce qui induit de larges réarangements chromosomiques
(Moller et al., 2019). Au contraire I'inactivation de KMT6 n’induit que des réarrangements chromosomiques mineurs
et en faible nombre. Chez Fusarium oxysporum, il existe des chromosomes dispensables, fortement enrichies en génes
différentiellement exprimés pendant I'infection et fortement enrichis en modifications H3K27me3 (Ma et al., 2010).
Les régions enrichies en H3K27me3 étant soumises a une évolution plus rapide (« fast » génome). Enfin, une étude
récente a permis d’identifier que le core génome de cette espece peut étre diviser en deux catégories, le vrai « core »
génome, enrichie en géne de ménages et en modification H3K4me2 et le « fast core » génome enrichie en génes
différentiellements exprimés pendant I'infection (transport et défense). Les chromosomes dispensables, au contraire,
sont spécifiquement enrichis en génes codant des SSPs différentiellement exprimés pendant I'infection. Le génome a
deux vitesse serait donc composé du vrai « core » génome et du « fast » génome constitué lui-méme de plusieurs
régions enrichies en H3K27me3 (chromosomes dispensables et « fast core » génome). Il serait également possible que
des réarrangements entre « fast core » génome et chromosomes dispensables se produisent augmentant grandement
la diversité génétique du pathogéne (Fokkens et al., 2018). Chez L. maculans qui possede aussi des chromosomes

dispensables (Balesdent et al., 2013). le « fast » genome pourrait étre composé du « fast core » genome
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composé des isochores AT enrichies en H3K9me3 et des régions GC-riche enrichies en H3K27me3 ce qui pourrait

constituer en plus du chromosome dispensable deux types distincts de « fast » génome.
Différents répertoires d’effecteurs pour différentes phases d’infection

Lors de ce travail de thése j’ai pu mettre en évidence que les genes codant des effecteurs exprimés pendant
les premieres étapes de l'infection du colza par L. maculans ‘brassicae’ (Lmb), étaient, au moins partiellement,
controlés par LmPf2. Les effecteurs exprimés précocement sont décrits comme impliqués dans le contournement des
réactions de défense de la plante et comme facilitant le développement fongique dans la plante héte. De plus, il a été
montré que la compartimentalisation des génomes d’organismes phytopathogénes filamenteux, avec des régions
génomiques enrichies en effecteurs et en TEs évoluant plus rapidement, apporte un avantage sélectif a ces derniers
(Raffaele and Kamoun, 2012 ; van Dam et al., 2017). Je fais donc I’hypothése que les effecteurs exprimés durant les
phases plus tardive de I'infection, localisés dans les régions riches en génes du génome de L. maculans ‘brassicae’,
constituent le répertoire d’origine de I'ancétre commun entre L. maculans ‘brassicae’, L. biglobosa et ‘lepidii’(Lml)
mais qu‘une invasion du génome de Lmb par des TEs lui a permis de diversifier son répertoire d’effecteurs et
d’acquérir, progressivement, une nouvelle phase d’infection, la phase biotrophe, permettant une colonisation
primaire de la plante plus efficace avant de passer a une phase nécrotrophe comme celle des autres especes du
complexe. Cette capacité aurait été obtenue en acquérant progressivement un (ou plusieurs) set d’effecteurs
permettant d’échapper a la reconnaissance de la plante héte. Cette hypothése est soutenue par I'existence d’especes
proches ayant la méme structure genomique et chromatinienne telles qu’Epichloé festucae qui présente un mode de
vie endophyte (Winter et al., 2018). Il semble donc que les Isochores AT enrichis en génes codant des effecteurs
servent au champignon a la colonisation biotrophe de leur plante hote. Cependant, I'utilisation du modéle Lmb/Lml
est limité pour comprendre ces mécanismes car nous ne possédons pas d’héte pour étudier I'infection de Lml et celui-
ci n’est pas capable d’infecter le colza. Il serait donc a I’avenir plus intéressant d’étudier la spécialisation a I’h6te et la
régulation du cycle infectieux en comparant L. maculans ‘brassicae’/Leptosphaeria biglobosa ‘brassicae’ qui est aussi
capable d’infecter le colza mais ne possede pas de grands isochores AT comme chez Lmb et n’initie pas son cycle
infectieux par une phase de colonisation biotrophe. Il serait donc intéressant de comprendre si ce sont bien les
isochores AT marqués par du H3K9me3 et enrichis en génes codant des effecteurs qui sont responsables de la

colonisation biotrophe initiale de I’'héte.
Applications liées a la compréhension des mécanismes épigénétiques et transcriptionnels

Bien que trés fondamental, le projet de thése que j'ai mené a tout de méme des applications concrétes. En
effet, la compréhension des mécanismes épigénétiques régissant I’expression des génes codant des effecteurs et ainsi
la colonisation de la plante hbte pourrait permettre de développer de nouveaux moyens de lutte contre les
champignons phytopathogenes. On peut par exemple penser a des traitement chimiques agissant sur les protéines
HMEs et ainsi empécher la décondensation de la chromatine et I'expression des effecteurs. La limitation de ce type de
traitements est que les HMEs sont trés conservées au sein des Eucaryote et qu’il sera difficile de cibler les HMEs de
I'agent pathogéne sans inactiver celles de I’h6te. Cependant, il a été prouvé récemment que les plantes et leurs agents
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pathogénes sont capables de manipuler le systeme de défense adverse a I'aide de siRNA (Weiberg et al., 2013 ; Wang
et al.,, 2016). Il est ainsi possible de créer des plantes OGM produisant des siRNA dirigés contre les domaines
fonctionnels trés conservés de protéines essentielles a la régulation des effecteurs (e.g. le site Zn2Cys6 de LmPf2 ou
les domaines catalytiques de KMT1). Du fait du fort niveau de conservation de ce type de domaine, la possibilité de
mutation et de conservation de fonction sera limitée et le contournement de la résistance sera, du méme coup,
difficile. Il serait également possible de traiter le champ directement avec des siRNA dirigés contre ce type de domaines

fonctionnels.
Valorisation du matériel produit pendant la thése

A mon arrivée au laboratoire, nous utilisions la technique RNAi pour étudier fonctionnellement un gene. Cette
technique a prouvé son efficacité, notamment pour I'identification de génes d’avirulence, mais également ses limites
quand il s’agit de I'étude de FTs ou de protéines modificatrices d’histones (HMEs) qui sont trés spécifiques, parfois
vitales pour la cellule, avec des régulations complexes et des fenétres d’expression limitées. J’ai donc au cours de ma
thése transféré I'outil de mutagénese dirigée, CRISPR-Cas9, au laboratoire, technique qui m’a permis d’inactiver les
génes codant les FTs et HMEs que nous voulions étudier sans rencontrer de soucis relatifs au niveau d’expression du
transgene. Cette technique a nécessité la transformation successive de L. maculans par la construction portant la Cas9
puis par la construction contenant I’ARN guide. Les transformants ont ensuite été cultivés jusqu’a ce qu’une mutation
apparaisse puis croisés avec une souche sauvage (GFP ou non) pour éliminer la Cas9 et I’ARN guide. Cette méthode
sera par la suite trés utile a I’équipe puisque I'inactivation des genes par recombinaison homologue au locus chez L.
maculans est trés difficile (de I'ordre de 1/300) comme chez beaucoup de champignons du fait de la présence de génes
KU70 et KU8O (Impliqués dans la recombinaison non-homologue ; Gardiner et Howlett, 2004). L'inactivation par
CRISPR-Cas9 de Ku70/Ku80 pourra méme par la suite permettre de réaliser des recombinaison homologues chez L.

maculans et faciliter grandement les études fonctionnelles.

Notre équipe a l'origine développait des approches de génétique formelle pour identifier des genes
d’avirulence de L. maculans et les génes de résistance associés chez le colza. Pendant ma these j'ai pu obtenir des
transformants surexprimant LmPf2 dans un contexte sauvage ou dans un mutant Akmt1. En fonction du contexte
chromatinien et du niveau d’expression de LmPf2, différents sets de génes codant des effecteurs sontsur-exprimés,
parfois a de trés haut niveaux (20 000 fois plus). On pourrait donc faire croitre ces souches en milieu liquide (Fries) et
utiliser le surnageant de cultures pour obtenir des mélanges protéiques pouvant permettre de cribler des génotypes
de colza pour la présence de geénes de résistance non encore identifiés. Nous pourrions également découvrir de
nouvelles molécules d’intérét, par ex. des métabolites secondaires, en inactivant et/ou surexprimant des HMEs/FTs
connus pour déréguler le metabolisme secondaire chez d’autres champignons et produire des molécules

habituellement non produites en condition de culture axénique.
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CONCLUSION

Lorsque j'ai commencé ma these, J. Soyer avait déja démontré I'implication de H3K9me3 déposée par KMT1
dans la répression de I'expression d’au moins deux genes codant des effecteurs. Mais leur surexpression in planta
n’était pas uniquement dd au retrait de modifications chromatiniennes, ce qui suggérait I'intervention de FTs
spécifiques. Au cours de cette thése, nous avons pu cartographier a I'échelle du génome : (i) trois modifications
chromatiniennes dans les génomes de L. maculans ‘brassicae’ et d’une espece proche L. maculans ‘lepidii’ et (ii) la
répartition nucléosomale chez quatre espéces de champignons phytopathogénes. J'ai également pu mettre en
évidence un double controle par KMT1 et LmPf2 de différents sets de génes tres enrichies en effecteurs et exprimés
de fagon concertée au cours de I'infection. C’est a ce jour la premiere étude mettant en lumiére une double régulation
génique par une HME et un FT spécifique. De plus nous avons pu déterminer I'implication de deux methylase d’histone,
KMT1 et KMT6 dans la mise en place de la pathogénése et le contréle des génes codant des effecteurs. Enfin nous
avons initié au cours de ma these des expériences de Hi-C Seq couplées a du Chlp-Seq et RNA-Seq in vitro qui nous
renseignerons grandement a la fois sur I'implication des modifications chromatiniennes sur la structure du génome et

sur I'expression des génes.
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Leptosphaeria maculans, a hemibiotrophic fungus responsible for stem canker, colonises oilseed rape in two stages:
an early stage of cotyledon or leaf colonisation, and a late colonisation stage during which the fungus colonises
systemically without visible symptom the plant before stem canker appears. L. maculans presents a bipartite genome
structure alternating gene-rich and transposable element (TE)-rich region. While TE-rich regions are enriched in
putative effector-encoding genes strongly over-expressed during early infection (‘early’ effectors), gene-rich regions
contain putative effector-encoding genes specifically expressed during late infection (‘late’ effectors). Here, we
analyzed nucleosome positioning, chromatin structure and gene expression at the genome scale combining MAINE-
seq, ChIP-seq and RNA-seq data during axenic growth and performed functional analysis of two players of
heterochromatin assembly (KMT1 and KMT6). We analyzed in vitro ChIP-seq data targeting two heterochromatin
modifications, H3K9me3 and H3K27me3, and a euchromatin modification, H3K4me2, and found that gene-rich regions
are associated with H3K4me2 and H3K27me3 while TE-rich regions are associated with H3K9me3. Analysis of in vitro
MAINE-seq data showed distinct nucleosome organization for genes located in TE-rich or gene-rich regions, and
according to gene expression level. CRISPR-Cas9 mutants of KMT1 and KMT6 have been generated and are currently
characterized for their ability to infect leaves and stems of oilseed rape, and to express effector genes.

Presented at:
40th Symposium of New phytologist (Vienne, Austria)

19th Fungal Genetics conference (Asilomar, Ca, USA)
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ll/Context: Leptosphaeria life cycle and control of effector gene expression
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Leptosphaeria maculans, a ophic fungus resp le for stem canker, colonizes oilseed rape
in two stages: an early stage of cotyledon or leaf and a late ¢ stage during
which the fungus colonizes, systemically, without visible symptom, the plant before stem canker
appears.

Rouxel, Grandaubert et al., 2011
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L. maculans presents a bipartite genome structure alternating gene-rich and transposable element
(TE)-rich regions. TE-rich regions are enriched in putative effector-encoding genes that are expressed
specifically in an early stage of infection (‘early effectors’). In contrast, gene-rich regions were recently
reported to contain putative effector-encoding genes specifically expressed during the late stages of

2/Strategy to decipher the role of chromatin structure on effector gene
expression in vitro

stem infection (‘late’ effectors).
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Gene-rich regions are enriched in an euchromatin mark, H3K4me2. Both TE-rich and gene-rich
regions are enriched in heterochromatin marks, but these marks are distinct. While TE-rich regions
are enriched in H3K9me3, gene-rich regions are enriched in H3K27me3.

l4/Chromatln marks at late and early effector loci
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Early effector genes are statistically associated to H3K9me3 compartments. Late effector genes on
the contrary are specifically associated to H3K27me3 compartments. The differential time of
expression of these genes sets can be led by these different type of marks.
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unlike nucleosomes on TE-rich regions. Nucleosomes have also better positioning on well expressed
genes than on poorly expressed genes. These observations are clearer on nucleosomes localized just
after the start which are crucial for transcription efficiency. With Exp corresponding to expression
level in TPM (transcript per million).
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Title: Chromatin and transcriptional-based control of the expression of effector-encoding genes in Leptosphaeria

maculans

Keywords: effectors, chromatin, transcription factors, histone modifying proteins

Summary: Leptosphaeria maculans is a pathogenic
fungus responsible for the stem canker of oilseed rape
(Brassica napus). L. maculans exhibits a complex life
cycle with successive biotrophic and necrotrophic
phases. In addition, it has a bipartite genome
alternating gene-rich regions (GC isochores) and
regions enriched in transposable elements and in
effector-encoding genes expressed during the early
stages of infection (AT isochores). Very little is known
on how the expression of effectors genes is controlled.
A previous study had established that the expression of
at least two effector-encoding genes was repressed by
a chromatin-based control involving the repressive
mark H3K9me3 deposited by the histone
methyltransferase KMT1, in vitro. During infection, this
control was postulated to be lifted allowing the action
of specific transcription factors (TFs).

The objective of my thesis was to study the influence of
chromatin and transcriptional control on gene
expression and to determine the role of histone
modifying proteins (HMEs) and TFs in the control of
effector-encoding gene expression. To this end, two
approaches have been developed: (i) a "genome-wide"
approach combining analysis of nucleosome
positioning (MAINE-Seq), distribution of
heterochromatin and euchromatinin modifications
(ChIP-Seq) and transcriptomic analyses (RNA-Seq) in L.
maculans and a closely related fungal species not
pathogenic of oilseed rape and (ii) a functional
approach based on the inactivation by CRISPR-Cas9 of
TFs-encoding genes and HMEs to study the impact of
these inactivations on growth, pathogenicity and gene
expression.

MAINE-Seq analysesallowed us establishing for the first
time a nucleosome positioning map in four
phytopathogenic species, including L. maculans. We

also determined a chromatin modification map along
the genome of two closely related species within the L.
maculans species complex. We established that the AT
isochores are largely enriched in the heterochromatin
mark H3K9me3 while the GC isochores are enriched in
the  Euchromatin  mark H3K4dme2 and the
heterochromatin mark H3K27me3.

The genes encoding the HME KMT1 and LmPf2, a TF
with an expression profile similar to that of effectors
genes and described in several Pleosporales species as
controlling the expression of toxins and effectors, have
been inactivated in L. maculans. We also
overexpressed LmPf2 in a Akmtl mutant in which the
chromatin is decondensed and in a wild type strain of
L. maculans. These experiments allowed us to
determine that LmPf2 controls the expression of
effector waves in a context where the chromatin is
open. This is the first example of a double control of
the expression of effector-encoding genes by an HME
and a specific TF.

Finally, | initiated a study of the involvement of KMT1
and KMT8, the protein responsible for the deposition
of the repressive modification H3K27me3, in the
control of effector-encoding gene expression. For this
purpose, | generated mutants Akmtl, Akmt6, and a
double mutant Akmtl_Akmté and initiated their
characterization. | also generated material for ChIP-
Seq, RNA-Seq and Hi-C-Seq analyses that will inform us
about the impact of the repressive marks H3K9me3
and H3K27me3 on genome structure, organization
within nuclei and gene expression.

In conclusion, the work carried out during this thesis
has allowed us to better understand the involvement
of chromatin structure and TFs in the control of
effector gene expression.
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Titre : Contréle chromatinien et transcriptionnel de I'expression des génes codant des effecteurs chez

Leptosphaeria maculans

Mots clés : effecteurs, chromatine, facteurs de transcription, protéines modificatrices d’histones

Résumé: Leptosphaeria maculans est un champignon
pathogéne, responsable de la nécrose du collet du
colza (Brassica napus). L. maculans présente un cycle
de vie complexe ou se succédent des phases
biotrophes et nécrotrophes. De plus il posséde un
génome bhipartite alternant régions riches en génes
(isochores GC) et régions riches en élément
transposable et en génes codant des effecteurs
exprimés pendant les étapes précoces de I'infection
(isochores AT). Trés peu de connaissances sont
disponibles concernant la fagon dont I'expression des
effecteurs est contrélée. Une précédente étude avait
établi que I'expression d’au moins deux génes codant
des effecteurs étaient sous contréle d'une modification
chromatinienne via la mise en place de la marque
répressive H3K9me3 par I'histone méthyltransférase
KMT1, in vitro. Au cours de l'infection, ce controle
serait levé permettant Faction de facteurs de
transcription (FTs) spécifiques.

L'objectif de ma thése était d’étudier I'influence d’un
controle chromatinien et transcriptionnel sur
I'expression génique et de déterminer le rdle de
protéines modificatrices d’histone (HMEs) ainsi que de
FTs dans le controle de I'expression des génes codant
des effecteurs. Pour cela, deux approches ont été
développées: (i) une approche «genome-wide»
combinant analyse du  positionnement  des
nucléosomes (MAINE-Seq), de la répartition de
marques hétérochromatiniennes et euchromatiniennes
le (ChIP-Seq) et analyses transcriptomiques (RNA-Seq)
chez L. maculans et une espéce fongique proche, non
pathogéne du colza et (ii) une approche fonctionnelle
basée sur linactivation par CRISPR-Cas9 de génes
codant des FTs et des HMEs afin d’étudier 'impact de
ces inactivations sur la croissance, la pathogénie et
I'expression génique.

Grace aux analyses de MAINE-Seq, nous avons pu
établir pour la premiére fois une carte de
positionnement des nucléosomes chez quatre espéces

phytopathogénes, dont L. maculans. Nous avons
également construit une carte de modifications
chromatiniennes le long du génome de deux espéces
trés proches au sein du complexe d'espéces de L.
maculans. Nous avons établi que les isochores AT sont
largement enrichis en marque hétérochromatinienne
H3K9me3 alors que les isochares GC sont enrichis en
margue euchromatinienne H3K4me2 et en marque
hétérochromatinienne H3K27me3.

La HME KMT1, et LmPf2, un FT ayant un profil
d’expression similaire 3 celui des effecteurs et décrit
chez plusieurs espéces de Pleosporales comme
contrélant I'expression de toxines et d’effecteurs, ont
été inactivés chez L. maculans. Nous avons également
réalisé une surexpression de LmPf2 dans une souche
Akmt1 dans laquelle la chromatine est décondensée et
dans une souche sauvage de L. maculans. Ces
expériences nous ont permis de déterminer que LmPf2
contréle I'expression des effecteurs AvrLm dans un
contexte ol la chromatine est ouverte (Akmt1). Il s’agit
du premier exemple d'un double contréle de
I'expression de génes codant des effecteurs par une
HME et un FT.

Enfin, j'ai pu initier I'étude de I'implication de KMT1 et
KMT6, la protéine responsable du dépot de la marque
répressive H3K27me3, dans I'expression des génes
codant des effecteurs. Pour cela j'ai généré les mutants
Akmtl, Akmt6, et double mutant Akmtl Akmt6 et
initié leur caractérisation. J'ai par ailleurs généré du
matériel pour des analyses de ChIP-Seq, RNA-Seq et Hi-
C-Seq qui nous renseigneront sur I'impact des marques
répressives H3K9me3 et H3K27me3 sur la structure du
génome, [|‘organisation au sein des noyaux et
I'expression génique.

En conclusion, le travail réalisé au cours de cette these
nous a permis de comprendre l'implication de la
structure de la chromatine et de FTs dans |'expression
des effecteurs précoces en condition de vie axénique.

These Colin Clairet




