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Présentation générale

L'unité BIOGER (Biologie et Gestion des Risquesagmiculture - Champignons Pathogenes
des Plantes) développe des programmes de rechsuchkes champignons parasites des
plantes a des échelles allant du géne au paysagell de ces recherches est de concevoir
des méthodes de gestion qui prennent en compte ldassles mécanismes des interactions

plante-pathogene que leur évolution dans difféereygsemes de culture.

L'équipe "Epidémiologie des maladies fongiquesbt®l s'intéresse aux principales
maladies foliaires de cette culture : la rouillaure Puccinia triticing, la rouille jaune
(Puccinia striiformi$ et la septorioseZfymoseptoria tritidi. Au travers de ces trois modéles
biologiques, elle aborde de maniere pluridisciptemamycologie, agronomie, génétique,
ecologie, biophysique et modélisation) les questisuvantes : Comment se développent les
maladies a differentes échelles de temps et d'espaguels facteurs biotiques et abiotiques
influencent leur dynamique ? Quels principes et @ngyde gestion peuvent étre mis en place

pour limiter leurs conséquences ?

L'équipe consacre une partie importante de segrammes a étudier le
commencement et la récurrence des épidémies derisspt et de rouille brune du blé, dont
les agents possédent des caractéristiques épiadgioés contrastées. Par exemple, entre
deux épidémies annuelles, le parasite hémibiotr@phatici survit sur les résidus de blé et le
parasite biotrophdP. triticina sur des repousses de blé. L'objectif est de cordpzele
fonctionnement pluriannuel de ces épidémies, emtiitent la nature et l'origine de
l'inoculum, en évaluant la capacité de survie dgeht pathogéne, et en caractérisant les
mécanismes impligués dans les contaminations les pfécoces. L'enjeu est a la fois
scientifique (résolution d'une "boite noire" épidéimgique) et pratique (modeles de

prévision, modeles de gestion).

La plateforme "BiogeR-Syst" est intégrée au résddbiRA (R-Syst) chargé
d'implémenter et maintenir une base de donnéesydinsatique. Elle développe des
approches d’identification moléculaire de diffégermhampignons phytopathogénes a partir

d'échantillons issus de diverses matrices (tissxats, résidus, sol, aérosols, etc.).

De nouvelles problématiques de biosécurité ontrgénen santé végétale, conduisant a
des besoins d'expertise sur les risques épidémiquesiuels sont exposés les agro-
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ecosystemes, qu'ils résultent de menaces natu(épeemies émergentes ; Desprez-Loustau
et al., 2007), accidentelles (justifiant les mesute quarantaine végétale ; Schrader & Unger,
2003), ou intentionnelles (actes de malveillancel'agroterrorisme ; Suffert, 2002 ; Madden
& Wheelis, 2003 ; Waage & Mumford, 2007). L'équippidémiologie s'est positionnée sur
cette thématique il y a quelques années, en ayamt gbjectif la caractérisation du risque
agroterroriste : typologie des menaces, hiérartibisale cibles, développement de modéles
d'analyse de risque (Latxague et al., 2007 ; Sudfeal., 2008). La relation entre |'évaluation
de ce type de risque (Suffert et al., 2009 ; Boun#@13) et les travaux de recherche ayant
pour finalité la conception de méthodes de gestienmaladies courantes, est loin d'étre
évidente. C'est pourtant au sein d'un seul et m@gmjet financé par I'Union européenne
(PLANTFOODSEC ; Gullino et al., 2011 ; Reynaud let2012) que les deux problématiques
se sont rejointes. Serait-on capable de difféerediaroduction naturelle ou accidentelle d'un
agent pathogéne d'une introduction intentionnellea?réponse est probablement "non",
puisqu'a la question "Comment commence une épidé@aterelle ?" il ne peut avoir de
réponse unique et définitive. Théoriguement, undeseontamination est suffisante pour
déclencher une épidémie. En pratiqgue, les chosed plus complexes puisque les
connaissances sur les mécanismes et les factepligués dans le déclenchement (ou non)
d'une épidémie sont encore insuffisantes. Quel typeuelle quantité dinoculum sont
nécessaires ? D'ou vient-il ? Comment est-il dsp@rComment entre-t-il en contact avec les
plantes hbtes ? Que se passe-t-il entre les presnieontaminations et la phase de
développement épidémique de la maladie ? Combiifiérehtes approches expérimentales
pour tenter de répondre a ces questions permetteitroitre la capacité de réaction des
acteurs concernés, dans une perspective ordirdiiren(ier l'impact d'épidémies récurrentes
sur les productions végétales) mais aussi moinvertionnelle (identifier les failles de

filieres agricoles exposées a des risques epid@migmergents).

La biologie |égale (en anglaisioforensiy appliquée aux agents phytopathogénes
prend une importance croissante dans le contexta dmsécurité des cultures, notamment
aux Etats-Unis (Fletcher et al., 2006). Cette gisue consiste a s'appuyer sur des méthodes
scientifiques pour mener des investigations visaitlentifier I'origine d'un foyer de maladie
et, le cas échéant, confondre les auteurs d'aétiesugls ou malveillants (Rasko et al., 2011).
La démarche se concentre sur l'identification dagine de souches pathogenes par des
méthodes moléculaires (par exemple analyse dendesaphylogénétiques), postulant que

toute interprétation épidémiologique n’est possiplie si I'on dispose d’un marquage précis
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et discriminant des souches. Si la démarche peutuiee a émettre des hypothéses probantes
sur I'émergence d'épidémies humaines et de zooraas®s leur divergence en fonction du
temps (Chan, 2002 ; Faria et al., 2014), elle ss|awbduvent moins concluante en santé
végeétale. Les souchotheques sont limitées. Ledsod# diagnostic moléculaire et les
marqueurs ne sont pas toujours disponibles ou éslajgt, surtout, les moyens alloués a ces
recherches sont corrélés aux enjeux, qui sontvad@ice plus forts en santé humaine et

animale.

"Tracer" un agent phytopathogene en conditionsireliés ou "remonter sa piste”
constitue un défi technologique. Il est généraldmeégessaire de s'appuyer sur des méthodes
indirectes, d'inférence statistique ou expérimentaé point fort de I'épidémiologie végétale
est certainement que, pour comprendre comment cagenene épidémie, il est possible
d'expérimenter "au champ" sans risque. Les malddgeplus courantes permettent cela, a
inverse des maladies exotiques (dites de quarm)taou des agents de la menace
agroterroriste dont I'étude en conditions natusedist exclue. Pour ces raisons, la septoriose et
la rouille brune du blé ont été retenues dans PLABIODSEC comme modéles d'étude
géneériques. Ma thése, consacrée a I'étude desnilégaerts des phases précoces des épidémies
de septoriose, a été realisée a BIOGER dans lee ad&rce projet. J'ai travaillé sous la
responsabilité directe de Frédéric Suffert (respbles de I'équipe "Epidémiologie des
maladies fongiques du blé") et de Valérie Lavasgunsable de la plateforme BiogeR-Syst),
en collaboration avec Anne-Sophie Walker (sciequié dans I'équipe "Antifongiques, mode
d'action et résistance"), et sous la directionadii$ache (Professeur de Pathologie Végétale et

Epidémiologie a AgroParisTech).
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Contexte, enjeux et objectifs de la these
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Chapitre | - Contexte, enjeux et objectifs de la thse
1. Pourquoi s'intéresser a l'inoculum primaire en gidémiologie végétale ?
1.1. Quelles sont les principales caractéristiquabune épidémie ?

L'épidémiologie végétale est la discipline quitgiasse a la dynamique des maladies des
plantes dans le temps et dans I'espace (Zadoksh&r§cl979 ; Jones, 1998) et les facteurs
biotiques et abiotiques qui les influencent. Undadlia résulte de l'interaction entre une
population pathogéne, un peuplement végétal etcdeditions environnementales (triangle
épidémique). Les épidémies doivent étre analyséas dun environnement fortement
influencé par les activités humaines, en particylag les pratiques culturales, qui constitue le

guatrieme somment du tétraedre épidémique (Figure 1

Dans le cas de maladies causées par des champjdestfiacteurs environnementaux
ayant la plus grande influence sont la températtildhumidité, mais on peut aussi citer le
vent (qui permet la dispersion des spores et peadifrar localement les conditions de
température et d’humidité), les radiations solaifgai peuvent inhiber ou stimuler la
germination de certaines spores) et les caradtgrest physico-chimiques du sol (pour ce qui
concerne les maladies telluriques). Le développéntime maladie est affecté par la
composante "humaine”, directement ou indirectemeart,exemple par les choix variétaux
(pour leur potentiel de rendement ou leur niveatedestance aux maladies), par la densité de
peuplement ou la modulation des dates de semisd®@005). Les pratiques culturales ainsi
que l'utilisation de substances chimiques ou diagele lutte biologique conditionnent

egalement le développement des populations patkesgén

Vanderplank (1963), un des fondateurs de [I'épidiemgie végétale moderne, a
proposé dans son ouvrage de référeiant diseases: epidemics and contrahe premiere
vision de I'étude d'une épidémie végétale en cénaid la dimension spatiale et la dimension
temporelle indépendamment. Zadoks (1979, 20013serablé ses deux dimensions (ordres 0,
1 et 2 d’'une épidémie, qui correspondent a diffiee@chelles) a la suite de ses travaux sur

les dynamiques focales de maladies a des écheiltgs,)Mméso et continentales (Figure 2).
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Figure 1- Le tétraedre épidémique (d'aprés Zadoks & Sc¢H&IR9).
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Il est important de déterminer la nature d’une dépiie, monocyclique ou
polycyclique, pour comprendre le développement e’'umaladie. Les épidémies
monocycliques résultent de I'action d'un seul ploculum au début, qui diminue ensuite
au cours d'une saison culturale (pas de renouvelitm les épidémies polycycliques
démarrent par I'action d'un pool d’'inoculum et sarguivent ensuite par plusieurs cycles de
multiplication emboités (Bousset & Chévre, 2012)n lwutre facteur déterminant la
dynamique temporelle d'une épidémie est la capaetéurvie de I'agent pathogene entre
deux épidémies. Ou se trouve-t-il et quelles camut environnementales influencent sa
survie ? Pour certains pathosystémes, l'existerfoéted secondaires ou alternants, sur
lesquels se déroule par exemple la reproductionésexpeut contribuer a augmenter la durée
d'une épidémie au-dela de la saison végétativihdie Iprincipal. Certains hoétes alternants ont
eté identifiés plus ou moins récemment, commen&pinette Berberis sp. pour la rouille
jaune aPuccinia striiformis(Jin et al., 2010) et la rouille noiréPaiccinia graminigDe Bary,
1865 ; Roelfs, 1982), le pigamomhalictrum sp) pour la rouille brune &uccinia triticina
(D'Oliveira, 1940 ; D'Oliveira & Samborski, 1966y te mélézel(arix sp) pour la rouille du
peuplier aVlelampsora larici-populingKlebahn, 1902).

Les composantes spatiales d'une épidémie se dosrwegeénéralement sur la capacité
de dispersion de l'agent pathogéne (Fitt et al8919%t ses conditions de survie, qui
déterminent I'échelle de l'unité expérimentale asw@rer pour I'étude de la maladie. Les
echelles spatiales nécessaires a I'étude d'unéréjgicdbu d'une population pathogene peuvent
aller de I'échelle foliaire a I'échelle continertdlinde et al., 2002 ; Brown & Hovmgller,
2002).

Ce qui précede conduit a s'interroger sur la ddhéee épidémie (une année culturale
ou plusieurs années consécutives) et de son étetahsel'espace (parcelle, bassin versant,
région, continent), et, de facon plus générale Jesiéchelles de temps et d'espace a prendre
en compte pour étudier ses phases précoces : ¢ diélte saison culturale, l'intersaison et/ou
la fin de la saison précédente ? Une parcelle dooalun ensemble de parcelles éloignées les
unes des autres ? Les réponses a ces questiomgldépdes caractéristiques biologiques de
l'agent pathogene considéré, et notamment desi@i@pde I'inoculum qui est responsable du
commencement d'une épidémie : [linoculum primaifEhéoriquement, une seule
contamination est suffisante pour déclencher undéégpe. En pratiqgue, le mécanisme est
plus complexe et les connaissances sur les mécamisinles facteurs impliqués dans le
déclenchement (ou non) d'une épidémie sont ennsudfisantes.
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2nd order

Figure 2 - Schéma de trois ordres de foyers épidémiquescefure, I'épidémie d'ordre O (niveau
micro) ou le foyer s'élargit et se développe swr saison et dont les lignes successives de la méme
séverité (isopathes) sont dessinées. La tailleedeyer est de un a quelques metres de diameétse. Le
carrés noirs au sein de la ligne large intérieunatnent les résultats de I'épidémie de premieregrek
développant sur une saison (niveau méso), avec depathes minces. Les carrés blancs entre les
deux dernieres lignes larges représentent les premésultats de I'épidémie de second ordre (niveau
continental), qui se développe au cours des amdEessives. La taille de ce foyer peut s'étendre

jusqu'a tout un continent (d'aprés Zadoks, 2001).

18



Comment entre-t-il en contact avec les plantesshdtQue se passe-t-il entre les premieres
contaminations et la phase de développement épigendie la maladie ? Autant de questions
auxquelles les épidémiologistes cherchent & appdeteréponses.

1.2. Comment débute une épidémie ?

La question "Comment débute une épidémie ?" estlage et n'a pas de réponse unique.
Pour répondre a cette question, il est d'abordssad®e de définir ce qu’est "le début" d'une
epidémie. Cela peut sembler trivial lorsque l'ont&tesse a des épidémies annuelles (7 a 10
mois de culture) causées par des agents pathogene'®nt qu'un seul héte durant leur cycle
de vie. Dans ce cas, le bon sens pousse a consifléuee épidémie débute deés la premiere
infection de tissus hotes (par exemple a la lewgééld), se traduisant quelques jours ou
semaines apres par I'apparition des premiers symgaoLa fin d'une épidémie annuelle peut
coincider avec la disparition des plantes hoétes,l@aa destruction par la maladie ou plus
simplement par leur récolte (la moisson dans ledcasié).

Il est possible d’aller encore plus loin dans digise de ce que représente le "début
d'épidémie” en essayant de le définir par rapport autres phases épidémiques, et
notamment "la fin". Le début et la fin d'une épidésont définis par ce qu'il a avant et apres :
'absence de maladie. En revanche, aucun criténplgine permet de définir le moment ou
s'acheve le début d'une épidémie, par exemple uersg développement maladie devient
exponentiel. Dans le cas d’'une maladie polycycliqgemoment ou la quantité dinoculum
primaire qui a provoqué les premieres infectiongietd inférieure a la quantité d'inoculum
secondaire peut étre retenu. Une dimension spgiieleé méme étre ajoutée a ce critere,
comme le moment ou la quantité d'inoculum primpneduit localement devient inférieure a
la quantité d'inoculum secondaire provenant dedieeur. Au final, il est nécessaire de tenir
compte de la nature des différents types d'inocuktnde leur capacité de dispersion
respective. Dans le cas de la septoriose du blén ldu début d'une épidémie a ainsi été
définie comme étant le moment ou la quantité dihoo secondaire (transporté a courte
distance) produit sur les plantes hotes d'une faree monoculture (précédent blé) dépasse
la quantité d'inoculum produit sur les résidus declilture précédente (Suffert & Sache,

2011).

19



1.3. La notion d'inoculum primaire

En épidémiologie végétale, I'inoculum primaire éamglaisprimary inoculum est un élément

clé puisqu'il est, par définition, responsable dmmencement des épidémies. L’inoculum
peut étre défini comme la ou les formes de I'agerthogéne qui arrivent au contact de leur
hote végétal et le contamine (Agrios, 2005). Cleszchampignons, l'inoculum fait référence
a une propagule (une spore ou un sclérote mulile@é) et, de fagon plus générale, a un
génotype unique (un seul individu ou plusieurs efonssus d’'un cycle de reproduction
asexuéee) ou a un ensemble de génotypes (par exeésspk d’'un cycle de reproduction

sexuée).

Les différentes dénominations utilisées dans ttaréiture pour qualifier l'inoculum
primaire, plus ou moins explicitement, se référ&rda natureagcosporegShaw & Royle,
1989 ; Trapero-Casas et al., 1996 ; Gutierrez &\5H®D98) conidia (Carisse et al., 2009,
2011 ; Luchi et al., 2013pasidiosporegBartz et al., 2010 ; Kaneko et al., 2014)), owa s
mode de disséminatioraifborne inoculum(Shaw & Royle, 1989 ; Calderon et al., 2002 ;
Rogers et al., 2009 ; Karolewski et al., 2012 ; Diev et al., 2013) seedborne inoculum
(Bennett et al., 2005, 2007 ; Fountaine et al.,020du soilborne inoculum(Suffert &
Montfort, 2008 ; Haegi et al., 2013)). Un nom gémée commenitial inoculum(Beest et al.,
2008 ; Zheng et al., 2013tarting inoculum(Gobbin et al., 2003) opropagule(Kaczmarek

et al., 2012) peut aussi étre employe.

L'inoculum primaire est souvent considéré paréjgisiémiologistes comme une boite
noire. En effet, malgré son impact avéré sur lzquigé, la sévérité et le développement des
épidémies, il est difficile a identifier et & caiéxiser. Il peut étre défini par son implication
dans certains des processus qui conditionnent lelaj@gement d’'une épidémie: "les
propagules ou les structures végeétatives d'un gmehbgene causant des foyers primaires de
maladie plutét que des foyers secondaires" (SHu&léverre, 1997), ou comme étant "les
formes pathogenes qui survivent a des conditioriggees (hiver ou été) ou ses spores
causant la premiere infection a l'automne ou antgmps" (Agrios, 2005). De sa quantité
initiale et de son état de conservation apres s@niabsence d'héte dépend, dans une certaine
mesure, l'intensité de la maladie. On considersi ajne plus les propagules infectieuses
seront nombreuses, plus I'épidémie sera précocdafd& Allen, 1984 ; Suffert & Sache,
2011) et sévere (Johnson, 1990 ; McMuk¢rml, 2008).
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La nature exacte de l'inoculum primaire, sorceffité vis-a-vis de la plante héte et sa
source (ou origine) ont fait I'objet de nombreusasies (Bretag et al., 2006; Zhan et al.,
2008; Sufferet al.,2011; Chen et al., 2014).

1.4. Inoculum primaire et échelles de temps : infectiongrimaires vs secondaires,

épidémies monocycliques vs polycycliques, récurrea@luriannuelle des épidémies

Dans le cas d'une maladie monocyclique, I'agettoggine ne se reproduit qu’'une seule fois
au cours d'une épidémie a partir de I'inoculum m@ii@ généralement issu de la culture
précédente (pas ou peu d'infections secondairésst @& cas de parasites de cultures
annuelles importantes comme le colza (phoma cawéL@ptosphaeria maculangt
pourriture blanche causée f&alerotiniasclerotiorun) ou le blé (fusariose de I'épi causée par
un complexeFusariumsp./ Microdochiumsp.), dont l'inoculum primaire est dispersé par
voie aérienne. Dans le cas d'une maladie polyayelidfagent pathogene réalise plusieurs
cycles de reproduction par saison aprés les premiafections par l'inoculum primaire. La
quantité d'inoculum secondaire augmente apres ehaggle infectieux (Agrios, 2005). Chez
la majorité des maladies polycycliques (par exenmaler les rouilles, oidium, septoriose et
helminthosporiose du blé), l'inoculum primaire esnstitué de spores (souvent sexuées)
transportées par le vent. Pour certaines maladiegst important de considérer le
développement d’une maladie sur plusieurs saiségsétatives, en particulier dans le cas de
monocultures de plantes annuelles (pas de rotabanyle cultures pérennes. L'inoculum
produit au cours d'une saison peut en effet étté @ cours de la suivante, conduisant
parfois a un accroissement de sa quantité au silasmées. Les épidémies qui découlent de
ces conditions sont qualifiées d'épidémies polyétig(Pfender & Alderman, 2003 ; Avelino
et al., 2004 ; Bousset & Chevre, 2012 ; Savary,420Elles ont un caractére récurrent et

pluriannuel puisque la survie de I'inoculum permeffaire la jonction entre deux épidémies.

1.5. Inoculum primaire et échelles d'espace : dispersioret structure de populations

résidentes vs immigrantes

Prendre en compte la composante spatiale de kkemament dans les interactions hote-
pathogenes est indispensable pour comprendre contt@bate une épidémie. Avoir comme
référentiel une seule parcelle sans considéreresgimonnement plus ou moins proche, sans

distinguer un compartiment “local” d’'un compartirh&distant”, serait une erreur. La notion

21



de distance et d'origine de l'inoculum sont intirraimliés a sa capacité de dispersion. Un
gradient de dispersion est caractérisé par la tdenoce de la quantité d’'inoculum qui arrive
sur un peuplement héte en fonction de la distaréeighement avec la source d'émission.
Cette décroissance s'explique par la dilution s@d¢ulum dans le volume d'air qui croit avec
la distance et par son dépot progressif sur lesalur les surfaces hétes (Rapilly, 1991). Il est
théoriguement possible de représenter des ligopsatises (Alderman et al., 1989 ; Fernando
et al., 1997) délimitant les zones ou les dépdtoclilum ont été comparables en densité
(Stedman, 1980).

Une population pathogéne présente sur une parcelhsidérée comme le référentiel,
sera dite locale (ou résidante), tandis qu'une lptipn n'‘ayant pas été produite sur cette
méme unité sera dite distante (ou immigrante). Btudier les caractéristiques de I'inoculum
primaire, on peut alors se baser sur ces termesdam” et "immigrant” qui, de facon
intrinséque, caractérisent son origine (Zhan et B998 ; Stukenbrock et al., 2006 ;
Sommerhalder et al., 2010 ; Gladieux et al., 2011).

2. Les caractéristiques de l'inoculum primaire

L'objectif de cette partie est d'illustrer la facatont les trois facteurs mis en évidence
précédemment - quantité, efficacité et origine uveat caractériser l'inoculum primaire. Les
exemples ont été choisis en priorité parmi les ghignons ascomycetes parasites de grandes
cultures présents dans les zones tempérées, cobmpmsphaeria maculangcolza),
Rhynchosporium secalis / Rhynchosporium commiange), Phaeosphaeria nodorum /
Stagonospora nodorunblé), Pyrenopeziza brassicaéolza) et Didymella rabiei (pois
chiche). Ces parasites aux cycles de vie variégténiargement étudiés et permettent d'avoir

un apercu de la facon dont I'inoculum primaire uefice le commencement d’'une épidémie.

2.1. Quantité d'inoculum

La quantité d'inoculum primaire, déterminant essémte la dynamique d’'une maladie, est
prise en compte dans les modeles de prévision eedeloppement des épidémies (Jones,
1998). Quantifier I'inoculum c'est lui attribuerudln moment donné une valeur numérique
(quantité) : il s'agit de quelque chose de mesardbEexiste deux approches pour quantifier

inoculum : a la "source", c’est-a-dire la ou 8teproduit (par exemple la quantité de spores
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produites dans une parcelle par des tissus végémutaminés), ou au niveau de la "cible”
c’est-a-dire la ou il se dépose (par exemple lantjigade spores présentes dans l'air au-dessus
d’'une culture hoéte). Le cas de résidus de cultor@amminés est un bon exemple ou il est
possible de quantifier a la source l'inoculum prmmdRossi et al., 2008 ; Lo-Pelzer et al.,
2009 ; Landschoot et al., 2011 ; Suffert & SacH#,13. La quantification au niveau de la
cible peut se faire par piégeage biologique (Trayigaisas et al., 1996 ; Chilvers et al., 2007 ;
Maumené et al., 2012 ; Zhan et al., 2013 ; Riewd.e2014) ou piégeage physique (Hunter et
al., 1999 ; Rogers et al., 2009 ; Duvivier et 2013) en utilisant par exemple des piéges a
spores volumétriques. Avec I'amélioration et lefgxtronnement des techniques de biologie
moléculaire, leur utilisation a été couplée aves ehniques de gPCR (Schweigkofler et al.,
2004 ; Fraaije et al., 2005 ; Carisse et al., 2008;zmarek et al.,, 2012 ; Duvivier et al.,
2013 ; Parker et al., 2014). Les dénombrementslgsigui ont été pendant de nombreuses
annees la seule facon de quantifier les sporeg@#(rapero-Casas et al., 1996 ; Hunter et
al., 1999 ; Bathgate & Loughman, 2001 ; Heard & We914), nécessitent beaucoup de
temps et d'expertise pour distinguer les différemgpéces. La corrélation entre les résultats
obtenus par les deux méthodes est parfois assde {&raaije et al., 2005 ; Kaczmarek et al.,
2009 ; Karolewski et al., 2012 ; Piliponyte-Dzikeert al., 2014) mais la qPCR apparait tout
de méme comme l'unigue solution permettant de dfiemde tres faibles quantités de spores,
puisqu'il s'agit d'une technique spécifique (d’espece), sensible (il est possible de quantifier
de faibles quantités d'’ADN) et rapide (lorsque IM\B été extrait, il est possible d’obtenir une

réponse en deux ou trois heures).

2.2. Nature et efficacité de I'inoculum

L’efficacité de l'inoculum (ou efficacité d'infectn), qui dépend de sa nature (type de
propagule infectieuse) mais aussi de sa capaditieéter une plante héte plutét qu’'une autre

(sensibilité variétale), est un autre déterminantaddynamique d’'une maladie.

La pathogénicité englobe a la fois les aspectatgatifs comme la quantité de
symptémes provoqués caractérisant I'agressivitdafiRhet al., 2009 ; Zhan & McDonald,
2013) et qualitatifs (par exemple par la mesurdadeirulence, c’est-a-dire la capacité de
agent pathogene a surmonter la résistance di l#t6a I'infecter) de la fitness de l'agent
pathogene (Tack et al., 2012). Des études récemteproposé des méthodes permettant de

caractériser finement difféerentes composantes a@bagité en conditions controlées sur
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différents parasites fongiques du blé : rouillenar{Pariaud et al, 2007, 2009), rouille jaune
(Milus et al., 2006) et septoriose (Suffert et 2013). La période de latence et la capacité de
sporulation constituent deux composantes d'agigsgiarticulierement importantes (Lannou,
2012). CheZ. tritici, la capacité de sporulation peut étre évaluédaparesure de la surface
maximale de Iésions sporulantes sur les feuillém(ttain et al., 2004 ; Arraiano et al., 2006),
la densité de pycnides (Eyal & Brown, 1976 ; Sinfo@ordo, 1997) et le nombre de spores
produites par une pycnide (Suffert et al., 2013y période de latence (ou temps de
génération) est généralement définie comme liatervde temps entre linfection et
I'apparition des premiéres fructifications (Pariaudl., 2009). Dans le cas de la septoriose, il
s’agit du temps écoulé entre l'infection et l'ajtpar de la premiere pycnide (Shearer &
Zadoks, 1972). Quand un ensemble de Iésions piuthe Iésion seule est considéré, ce qui
est courant dans les études expérimentales, ladgeéde latence peut aussi étre estimeée, a
I'échelle d'une feuille, par le temps écoulé ehitteculation et I'apparition de la majorité des
Iésions sporulantes (Shaw, 1990 ; Lovell et alQ420 Zearfoss et al., 2011), ou, a I'échelle
d'une lésion, par le temps écoulé entre l'inocutatt I'apparition des premieres pycnides
(Armour et al., 2004 ; Viljanen-Rollinson et alQd5 ; Suffert et al., 2013).

L'efficacité de linoculum dépend du type de prgpa infectieuse. Chez les
champignons ascomycetes, les spores sexuées (@&Ex)sgont produites dans des périthéces
et sont transportées par le vent sur de longudandiss, tandis que les spores asexuées
(conidies ou pycnidiospores) sont produites dasspgenides et sont souvent dispersées par
la pluie, sur de courtes distances. Les differendadficacité d’infection et/ou de
pathogénicité entre spores asexuées et sexuéégtamsez peu étudiées (Gilles et al., 2001 ;
Karolewski et al., 2002 ; Li et al., 2004 ; Trap&asas & Kaiser, 2007). |l a été montré que
le nombre minimum de spores d&renopeziza brassicaeagent pathogéne du colza,
nécessaires pour provoquer une Iésion sporulantengufeuille inoculée artificiellement était
d'environ 25 ascospores ou 700 pycnidiospores demsonditions optimales (Karolewski et
al.,, 2002). Ce résultat suggére que les ascospieeB. brassicaeont une efficacité
d’infection plus élevée que les conidies, confirtias résultats de Gilles et al. (2001). Chez
Didymella rabiej agent pathogene du pois chiche, linoculation pilentes avec des
ascospores a montré une sévérité de la maladidicgivement plus élevée que l'inoculation
par des conidies chez lesquelles le processusrdargion semble plus lent (Trapero-Casas
& Kaiser, 2007). Enfin, chekeptosphaeria maculansées ascospores provoquent davantage

de Iésions que les pycnidiospores (Li et al., 2004)
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2.3. Source et origine de l'inoculum

La détermination de la source principale d’'inoculprimaire se fait principalement
par des approches méthodologiques indirectes piliatpst pas possible de tracer toutes les
spores, ni d'identifier la totalité des sourcespie les hiérarchiser entre-elles. Deux notions
bien distinctes sont implicitement contenues daagdrmes "source" d’'inoculum et "origine".
Tout d’abord, l'origine d'un agent pathogéne peuté&érer autant a l'origine géographique
d'un inoculum (d'ou provient-il ?) qu'a son origisieucturale (a partir de quelle structure
fongique l'inoculum a-t-il été formé ? - mycéliustlérote, fructification sexuée ou asexueée,
etc.). L'origine peut ensuite faire référence alistance génétique entre le (ou les) isolat(s)
constituant I'inoculum primaire. Boeger et al. (B%e sont interrogés sur cette notion en
étudiant des populations detritici (septoriose du blé) collectées en Oregon ou eifioGak.
lIs ont analysé la corrélation entre la distanceétjgue et la distance géographique, qui
dépend de la capacité de dispersion de I'agenibgatte.La combinaison de I'étude de la
répartition spatiale et de la diversité génotypigisedes marqueurs microsatellites peut étre
utile pour déduire quel type d'inoculum est le plaportant lors d'une épidémie (Milgroom
& Peever, 2003 ; Peevet al., 2004). Zwankhuizen et al (1998) ont recherché msces
d'inoculum primaire dé€’hytophthora infestangesponsable des épidémies de mildiou dans
les champs de pommes de terre. lls ont combin@ppeche traditionnelle épidémiologique
en étudiant les gradients de maladie et les emplaces des foyers de maladie par rapport
aux sources d'inoculum potentielles (les tas datseltes parcelles biologiques, des repousses
en champ ou des jardins familiaux contaminés), awee approche de génétique des
populations mesurant pBINA fingerprintingla distribution spatiale des génotypes des agents
pathogenes d'un champ infecté avec ceux colleatéles sources d'inoculum suspectées. lls
ont établi que la principale source d'inoculum pima était les parcelles en agriculture bio,
qui contaminaient les champs de pommes de terreeatinnnels adjacents. Les travaux de
Shah et al. (2001) ont montré que l'inoculum primaie dePhaeosphaeria nodorumtait
présent sur les semences. Les marqueurs génétiqugses dlisolats inoculés sur des
semences ont été comparés avec ceux des isolats des lésions foliaires a la fin de
I'épidémie, puis sur les graines collectées l'arsndeante ; des profils similaires ont confirmé

le rOle de la transmission par la semence.
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3. Le systéme d'étude Zymoseptoria tritici-Triticum aestivum

3.1. La septoriose du blé et son contréle

Organisée autour de quatre grandes productionstéhlire, mais, orge, blé dur), la filiere
cérealiere francaise occupe 50 % des terres ardbdesrance, qui produit un quart des
céréales de I'Union européenne, est le quatriemeuateur mondial de blé tendre (36,8
millions de tonnes en 2013 ; source FranceAgriMeaa)septoriose (en anglgseptoria tritici
blotch) est I'une des principales maladies foliaire da @Fiticum aestivun Elle est causée
par le champignon ascomycé&gmoseptoria triticilQuaedvlieg et al., 2011), connu jusqu'a
récemment sous les deux noms binomisycosphaerella graminicold&uckel (J. Schrot.)
(téléomorphe - forme sexuée) ®eptoria tritici Berk. & M.A. Curtis (anamorphe - forme
asexuée). La maladie est largement répandue damgrlde, notamment en Europe de I'Ouest
ou les conditions climatiques tempérées sont fédlesaau développement du champignon ;
elle peut y provoquer jusqu'a 40% de pertes deerapdt (Eyal et al., 1987 ; HGCA, 2012).

En France, les méthodes de protection des culdgddé sont principalement basées
sur l'utilisation de fongicides et de variétés nwisensibles a la maladie (partiellement
résistantes ou tolérantes). Certains fongicidesnnee les benzimidazoles et les DMIs
(inhibiteurs de la 14a-déméthylation des stératent utilisés depuis les années 1970 ;
d'autres, comme les Qols (inhibiteurs externesadquinone, appartenant a la famille des
strobilurines) sont utilisés depuis la fin des @mél990 (Fraaije et al., 2005). Les
benzimidazoles et les Qols ont un seul site d'acted une résistance a ces groupes de
fongicides s'est développée dans les populationa. digtici, respectivement depuis 1984 et
2002. Les Qols sont actuellement appliqués en rgélavec des DMIs, a raison de deux
traitements en moyenne par saison culturale, afilinditer le développement des résistances
dans les populations pathogenes et d'assurer urdafficace de la maladie (Fraaije et al.,
2005 ; Clark, 2006 ; Jgrgensen & Thygesen, 2006).

Le contexte sociopolitique et législatif francdaend a favoriser une réduction de
I'emploi des pesticides, notamment dans le cadr&Pdojet Agro-écologie pour la France"
lancé en 2012 par le ministere de I'agriculturautilisation de variétés de blé résistantes
(Chartrain et al., 2004) pourrait étre une alteweaa l'utilisation de fongicides, considérée

comme une méthode couteuse, de moins en moinsaadfi@t peu respectueuse de
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I'environnement. Au cours de la derniere déceritBegénes de blé (Stbl a Stb18) conférant
une résistance Z. tritici ont été identifiés (Simon et al., 2012), mais acwariété
commerciale actuelle n'est totalement résistamdesaptoriose. L'utilisation de genes majeurs
de résistance n’est probablement pas une solutivabte a cause de la grande diversité
génetique des populations detritici (Zhan et al., 2003 ; ElI Chartouni et al., 2011), lgur
confére une capacité d'adaptation élevée (Ahmeatdl,e1995 ; Cowger et al., 2000 ; Zhan et
al., 2002, 2006).

Une gestion agronomique raisonnée des culturddédéotations, enfouissement des
résidus contaminés, semis tardifs, etc.) est stibbeploffrir des solutions pour diminuer

I'incidence et la sévérité des épidémies de s@s®iEyal et al., 1987 ; Suffert et al., 2011).

3.2. L'inoculum deZ. tritici, élément clé du développement d’une épidémie depsariose

Le cycle de vie asexué de tritici, champignon phytopathogene modele (O'Driscolllet a
2014), est bien connu (Figure 3). Ce parasite hiétnifphe infecte des tissus foliaires vivants
(feuilles vertes) en pénétrant par les stomategt survivre dans ces mémes tissus morts ou
en décomposition (chaumes et résidus). De petitésroses foliaires portant des
fructifications asexuées (pycnides) apparaissewniran trois semaines aprés contamination,
ce qui fait de la septoriose une maladie dont ldogé de latence est considérée comme
longue. Chaque pycnide est capable de produireephigssmilliers de pycnidiospores (Eyal,
1971 ; Suffert et al., 2013) entourées d'un gel ilagineux formant un cirrhe. Les
pycnidiospores ont une forme allongée Iégéremaqniéar, d'une longueur comprise entre 20
et 98um, et sont constituées de quatre a huit cellulegu(é 4 ; Sivanesan, 1990 ; Shaner,
2010). Pendant la saison culturale, la maladie repage de plante a plante (progression
horizontale) et feuille & feuille (progression veate) sur de courtes distances par dispersion
pluviale des pycnidiospores (Shaw, 1987). Lorsqi'gautte d'eau touche un cirrhe mature,
des pycnidiospores sont incorporées au sein dimndfeau s'étalant a la surface de la feuille ;
les éclaboussures issues de la fragmentation detsegancidentes incorporent alors des
pycnidiospores qui rejaillissent sur d'autres partdu couvert végétal et les contaminent
(Rapilly, 1991). Au printemps, le développement épgdémies d'intensifie ; la vitesse de
développement d'une épidémie est déterminée paorebre de cycles de multiplication
asexués emboités (entre quatre et six ; Agrios5)20qui dépend des conditions de

température (Bernard et al., 2013) et du nombiasiides pluvieux (Shaw & Royle,
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Figure 3 - La phase asexuée dgmoseptoria tritici Symptdomes de septoriose sur feuilles de blé sdees
différents : (A) lésion précoce sur premiere feuitaie (L1) observée au champ quatre semaines &plévée

(début décembre) ; (B, C) symptdmes sur feuilleehlcours de sénescence observés au champ pehdaart |
(fin janvier) ; (D) lésions partiellement coalestensur feuille antépénultieme (F2) observées dpoesilation

artificielle en serre ; (E) attaque sévére de sate sur une parcelle agricole illustrée par t'@tiellement
nécrosé des feuilles dans la partie basse du douvé¥) pycnides matures (fructifications noires)ea

exsudation de cirrhes (serpentins blancs) contedespycnidiospores ; (G) colonies Zetritici (forme levure)

obtenues apres six jours de culture sur milieu P pycnides et cirrhes situées sous I'épi aakseldu rachis
et (1) sur tige apres inoculation artificielle (ibs F. Suffert).
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1993). La progression de la maladie se faisantaduvers le haut du couvert, la capacité du
blé a émettre de nouvelles feuilles plus rapideragant que le parasite ne puisse les infecter
(phyllochrone vs. pathochrone,) détermine génératgrta capacité du couvert a "échapper"
naturellement a la maladie ; dans le cas contrdlirest nécessaire de procéder a des
traitements fongicides. Le pathochrone correspandanbre de phyllochrones (durée entre
I'apparition de deux feuilles successives) parogkride latence. Le nombre d'étages foliaires
qui émergent pendant une période de latence vartie €,7 et 2,9 en fonction de la

température moyenne (Lovell et al., 1997).

La forme sexuée du champignon (ascospores) alpquemiere fois été décrite en
Nouvelle-Zélande (Sanderson, 1972). Depuis, el¢éadentifiée sur tous les continents, en
Australie (Brown, 1975), aux Etats-Unis (Garcia Safghall, 1992), au Chili (Madariaga,
1986), au Royaume-Uni (Scott et al., 1988), auxsHzgs (Kema et al., 1996) et en France
(Halama, 1996 ; Suffert & Sache, 2011). Les ascesp@sues de la reproduction sexuée sont
considérées comme étant la principale forme d'ilmeyprimaire (Figure 5). Elles se forment
sur des débris de la culture de blé de la saisbifBrown et al., 1978 ; Shaw & Royle, 1989 ;
Suffert et al., 2011) et contaminent le blé dedia@n n des la levée (Suffert & Sache, 2011),
de la fin de l'automne a la fin de I'hiver. Dart®#hisphére nord, cette période correspond
généralement au pic de production des ascospodnesv(& Royle, 1989 ; Hunter et al., 1999).
Contrairement aux pycnidiospores, les ascosponesdispersées par le vent sur de longues
distances. Elles sont produites dans des frudiibies, les péritheces, qui résultent de la
rencontre de deux individus de type sexuel oppbtsl(-1 et Matl-2 ; Kema et al., 1996 ;
Waalwijk et al., 2002) et peuvent chacun libéresguia 200 ascospores (Eriksen & Munk,
2003). Les ascospores ont une forme ovoide etlsoeltulaires ; leur longueur est comprise
entre 10 et 1um et leur largeur entre 2,5 et 34 (Sivanesan 1990 ; Garcia & Marshall,
1992). SiZ. tritici peut étre cultiven vitro, par exemple sur milieu PDA (potato dextrose
agar) ou il revét une forme levure (bourgeonnemégétatif conidien), le croisement de deux

isolats reste difficile en conditions semi-contgslgKema et al., 1996 ; Suffert et al., non

pub.).
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Figure 4 - Les deux types de sporesfignoseptoria tritici (A) Section verticale d'un périthéce ; (B)
asque et ascospores ; (C) section verticale d'yoeige ; (D) pycnidiospores (d'aprés Sivanesan,

1990).
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On a longtemps pensé que les pycnidiospores (faseguée) constituaient la seule
source d'inoculum primaire d& tritici (Weber, 1922 ; Brokenshire, 1975). Il est désormais
acquis que les infections primaires sont provoquéss les ascospores, potentiellement
transportées sur de longues distances par le eemjue les infections secondaires sont
provoqueées par les pycnidiospores transportéetapaluie sur de courtes distances (Figure
6). Une revue de synthese consacrée aux phasexeséte la septoriose (Suffert et al., 2011)
précise toutefois que les mécanismes qui condiéonle développement d'une épidémie sont
plus nombreux et interagissent de facon complers. Hypothéses que plusieurs especes de
graminées sauvages, des semences de blé contanooedss repousses de blé malades

constituent une source d'inoculum primaire ne peuamsi étre totalement exclues.

Les pycnidiospores présentes sur résidus de biétiteent une source d'inoculum
potentielle non négligeable, qui ne concerne cepatnglue la succession de deux cultures de
blé in situ (monoculture), compte tenu de la trés courte degtale dissémination de ce type
de spores (Holmes & Colhoun, 1975 ; Shaw, 1987)p@ut ainsi faire I'hnypothése qu'une
parcelle en monoculture de blé depuis plusieur€eset semée en direct rend possible la
subsistance d’une quantité non négligeable de gpestdeZ. tritici se multipliant plusieurs
annees a la suite par cycles asexueés, en plugdasbinants issus de la reproduction sexuée
(Zhan et al., 1998 ; Zhan & McDonald, 2013).

Alors que les épidémies de septoriose s'intemsifiénéralement entre mars et juin par
multiplication asexuée (pycnidiospores), des coimations considérées comme des
infections secondaires peuvent étre provoquées fan ldu printemps par des ascospores
produites a partir des débris des cultures de tdéédentes (présents sur le sol de parcelles
distantes) ou sur des feuilles sénescentes ddtlaecde I'année en cours devenues le siege
d’une reproduction sexuée précoce (Hunter et 8891 Clinckemaillie et al., 2010 ; Duvivier
et al., 2013). Cette hypothese est cohérente &vexulrence de pics d'ascospores dans l'air
en fin de saison culturale (Hunter et al., 199%thgate & Loughman, 2001; Duvivier et al.,
2013). Des observations au champ réalisées débuatiestent de la présence de lésions sur
les feuilles supérieures F1 et F3-F4, mais de #asence sur F2 (C. Maumené, Arvalis-
Institut du Végétal, Boigneville, com. pers.), qugurraient illustrer les conséquences de ce

phénomene.
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Figure 5 - La phase sexuée d&moseptoria tritici (A) Résidus de blé présents sur le sol de lagiiarc
expérimentale suivie pendant la thése (siege deplamduction sexuée et source d'inoculum primai(B) paille
de blé contaminée observée a la loupe binoculairelagjuelle sont visibles des alignement de pérékée
(fructifications noires) implantés dans les espadogsr-nervaires ; (C) alignement de périthéceseplEs au
microscope optique ; (D) périthece (marron) et asquontenant des ascospores (bleu) présents suigidss
de blé observés au microscope optique ; (E) hypha=liens issus de la germination d'ascosporesnfligu
PDA ; (F) lésion sporulante sur feuille drapeau) (&iparue trois semaines environ aprés inoculartficielle
par des ascospores (photos F. Suffert).
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Compte tenu de ce qui précede, représenter udéra@ annuelle comme une série de
cycles de reproduction asexués succédant a uncyeld de reproduction sexuée serait
simpliste. Les contaminations par les ascosporearekes pycnidiospores peuvent intervenir
simultanément a différents stades de I'épidémien©peut leur assigner les roles exclusifs
d'inoculum primaire et d'inoculum secondaire, repement ; et chacun des deux types
d’'inoculum est mobilisé de facon différente selas léchelles de temps et d'espace
considérées. Les processus de contamination seiremlet varient en intensité selon les
annees, d'ou l'intérét, lorsque c’est possibleraionner sur une "succession d'épidémies” et

de prendre en considération ce qui se passe peladagriode inter-épidémique.

3.3. Quelques méthodes permettant d'étudier I'inodum primaire de Z. tritici : état de

I'art

3.3.1. Couplage entre piégeage de spores et gigatiiin d’ADN fongique

Des méthodes de couplage entre piégeage d’ascespere tritici dans I'air (Hunter et al.,
1999 ; Bathgate & Loughman 2001) et quantificatidADN fongique ont déja été réalisés
avec succes, soit pour suivre les quantités d’ilmewaérien au cours d’'une saison culturale
(Duvivier et al., 2013), soit pour suivre la préserle genes de résistance a des fongicides
dans les populations (Fraaije et, &005). Le dénombrement visuel au microscope oetiqu
des ascospores piégées ne semble pas adapté antdicption des ascospores detritici.
Celles-ci sont en effet de forme ovoide et ressembhux ascospores d’autres espéces
fongiques potentiellement présentes au-dessusatesligs de blé du Bassin Parisien : spores
de Didymella exitialis(sur blé) Pyrenophora tritici-repentigsur blé) Septoria passerinjsur
orge) Stagonospora nodorum ou Stagonospora avénge tritici (sur blé, orge et triticale)
Mycosphaerella pinodesur pois). La quantification de l'inoculum aérigar une technique
de quantification de I'ADN comme la PCR quantitatiigPCR), plus rapide, spécifique,
sensible et déja largement répandue, est préféfaldst et al., 2008).
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Figure 6 - Représentation schématique de la dynamique Hdendene épidémie de septoriose,
illustrant l'influence des principales sources atuum primaire et sa nature (spores asexuées et

sexuees).
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3.3.2. Expérimentations de type mark-release-ragapt

Les expérimentations de typeark-release-recapturent été développées assez récemment
sur des populations d& tritici (Zhan et al., 1998, 2001, 2002 ; Zhan & McDon&d13).
Elles permettent de suivre le développement d’ildiv "marqués” (dont on connait certaines
des caractéristiques génotypiques - marqueurs REER, ou SNPs rares - pour pouvoir les
identifier) et utilisés pour contaminer artificiethent une ou plusieurs parcelles de blé. Il est
ensuite possible de déterminer, au cours ou alddil’épidémie, la proportion d’individus
ayant été introduits artificiellement, celle d’imdlus recombinants et celle d’individus
immigrants. Ce type d'expérimentation convientipalierement bien a I'étude de maladies
causées par des champignons ayant un inoculum ipgimérien commé. tritici (Zhan &
McDonald, 2004 ; Zhan et al., 1998 ; 2013) 8u nodorum (Bennett et al., 2007 ;
Sommerhalder et al., 2010 ; 2011). L'inconvéniemjeur de cette approche est qu'il n'est
possible d'inoculer qu'un nombre réduit d'isolas, regard de la trés grande diversité des
populations naturelles.

3.3.3. Génétique des populations : marqueurs neué&ehelles larges

La génétique des populations permet de comprerdrprbcessus évolutifs impliqués dans la
création et le maintien de la variation génétiques@n et entre des populations, en analysant
les fréquences alléliques. Les dimensions spat&lémmporelles sont omniprésentes dans les
concepts de génétique des populations que sotrutzige de la population, les déterminants
des systémes de reproductiomafing-typepour la reproduction sexuée), la recombinaison et
la migration (ou flux de genes entre les populajoh'apport de la génétique des populations
a I'épidémiologie a été décrit par Milgroom & Pee(@003). Une comparaison plus étroite
des deux disciplines montre que de nombreux coscepnt effectivement partagés
(démogénétique, épidémiologie moléculaire), biem d@ vocabulaire soit différent. Par
exemple, les concepts épidémiologiques "dispersari'inoculum primaire" rejoignent les
concepts de "migration” (ou flux de génes) et "pgapon fondatrice" utilisés par les
géneéticiens des populations. Les deux discipliresept des questions similaires au sein de
cadres conceptuels différents. En employant diffisreutils il est possible d’'arriver a des
conclusions similaires et/ou complémentaires. D@axemple de la dispersion/migration, un
éepidémiologiste recueillera des données sur laitdeds spores, le gradient de maladie, sa

configuration spatiale, etc., tandis que le géretiiddes populations analysera la diversité
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géneétique, les fréquences alléliques de certainegy@’intérét, etc. L'utilisation de marqueurs
moléculaires neutres peut fournir une bonne évialuatle la structure des populations
constituant l'inoculum primaire, mais ne renseigras sur leur differences de profil de
virulence (pathotypes) ou d’agressivité. Idéalemant moins deux approches doivent étre

combinées (Milgroom & Peever, 2003).

L'analyse de la diversité génétique et de la giracdes populations dé. tritici a
majoritairement été réalisée a des dates unigues wate large échelle géographique sur
plusieurs continents (Zhan et al., 2002, 2003 ;aRia& Hughes, 2004 ; Abrinbana et al.,
2010 ; El Chartouni et al., 2011; Boukef et al.12)) moins a une échelle locale (champ ou
plante-feuille, McDonald & Martinez, 1990 ; Chen at, 1994 ; Linde et al., 2002 ; El
Chartouni et al., 2012). La grande majorité desufadpns collectées et étudiées a travers le
monde depuis deux décennies (par analyses AFLPPRELSSR) présentent une diversité
géneétique tres élevée et aucune structure a llécbahtinentale ou régionale (Schnieder et
al., 2001 ; Linde et al, 2002 ; Drabesova et @112}, a de rares exceptions prés (Abrinbana et
al., 2010 ; El Chartouni et al., 2011). Les popala deZ. tritici résultent d'une reproduction
sexuée tres intense (Chen & McDonald, 1996 ; Zhah 1998 ; 2002) favorisant les flux de
genes (Boeger et al., 1993 ; Zhan & McDonald, 2@4ppparition rapide de résistances aux
fongicides (Zhan et al., 2006 ; Leroex al., 2006 ; Drabesova et al., 2012 ; Boukef et al.,
2012). A titre de comparaison, chez des espécesgseétes ayant une biologie procheZzde
triticic commeAscochyta rabiebu Phaeosphaeria nodorunune forte diversité génétique a
éte retrouvée dans des populations géographiquenésntloignées mais présentent des taux
de différenciation parfois plus élevéss{proche de 0,2 chek. rabieiet inférieur a 0,05 chez
Z. tritici et P. nodorum Peever et al., 2004). La date d'échantillonnaggembpulations dE.
tritici a rarement été considérée comme un facteur qurgbbiaiser la caractérisation de
leur structure génétique, malgré des differenceguadatité ou de dispersion entre chaque type

d’'inoculum (sexué et asexué) selon la période épigige.

3.3.4. Travaux sur les fongicides et les résistan@@iétales : marqueurs de traits soumis a

sélection

Des marqueurs de traits soumis a pression de iséleabtamment ceux impliqués dans les
résistances aux fongicides et le contournementréldstances variétales, ont été largement

etudiés. Etudier la résistance aux fongicides tspopulations d&. tritici permet de mieux
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comprendre les processus de sélection impliqués leéain généralisation (Zhan et al., 2006 ;
Drabesova et al., 2012 ; Boukef et al., 2012). tvacturation des populations de tritici par

les variétés de blé a été mise en évidence a phssieprises, notamment sur deux aspects, le
niveau de résistance du cultivar a I'agent patheggna variété d'origine des isolats. Les
populations collectées sur des cultivars de blésiblas a la septoriose produisaient des
niveaux de maladie plus élevés que des populatsmhées a partir de cultivars résistants ou
moyennement résistants (Ahmetdal., 1996 ; Zhan & McDonald, 2013) ; les isolats étaie
globalement plus agressifs sur les cultivars démtétaient issus (sympatriques) que sur
d'autres cultivars (allopatriques). Le piégeage slesres, combiné avec la qPCR a été
employé pour quantifier dans l'inoculum aérien téspnce de genes d'avirulence (Van de
Wouw et al., 2010) ou suivre des geénes conféeramtrésistance aux fongicides (Fraaije et al.,
2005). Ce type d'approche a notamment permis ddraeraue dans une sporée aérienne, la
proportion d'individus résistant aux Qol augmendaihs des proportions significatives apres
un traitement fongicide en cours de culture (3®% &prés une premiére application et 90%
apres une seconde ; Fraaije et al. 2005). Apregctzdte, la fréquence des alleles résistants est
redescendue a 60%, suggérant l'arrivee d'ascospoyesnant d'autres sources d'inoculum
distantes. L'étude de la fréquence de résistangefamgicides dans les populations de
tritici, & condition que celle-ci ne soit pas généralipéarrait étre utilisée comme marqueur

et contribuer a la détermination de I'origine @®Etulum primaire.

4. Objectifs, stratégie et plan de la thése

Les maladies foliaires fongiques sont une conteambjeure des systémes céréaliers. Elles
constituent par ailleurs de précieux modeles d&fomur comprendre comment commence
une épidémie, questionnement récurrent en épidegielvégétale. La thése a eu pour
objectif d'étudier les déterminants des phasesopescdes épidémies de septoriose du blé et
notamment de répondre a la question "Comment commenane épidémie a I'échelle d'une
parcelle ?" Tenter de répondre a une question #itasimple et large a nécessité de
s'intéresser a I'ensemble des éléments qui condéid le "commencement” d'une épidémie :

guels processus épidémiques interviennent, comoenprocessus se combinent, par quels
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Figure 7 - Dispositif pluriannuel au champ (Grignon) uélisomme cadre expérimental de la thése.
(A) Parcelle cultivée en monoculture de blé atedi I'été, quelques semaines apres la moissos apré
broyage des résidus, puis (B) au début et (C)fin lde I'hiver ; (D) séance de diagnostic permettan
d'estimer la sévérité d'attaque de septoriose kumtybe de blé collectée au champ ; (E) piege
volumétrique (Burkard) utilisé pour collecter lescaspores présentes dans l'air au dessus de la
parcelle expérimentale ; (F) boite de tubes cryog&s permettant de conserver a -80°C les isotats d

Z. tritici collectés au champ (photos F. Suffert).
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facteurs sont-ils influencés et a quelles écheleetemps et d'espace ? Dans cette étude, je me
suis positionné a une échelle locale, sur une eopériode : deux épidémies annuelles
consécutives dans deux parcelles de blé proche® lde l'autre (Figure 7). Le cadre
expérimental a consisté en un dispositif pluriahsitaé sur le domaine de Grignon (78). Une
premiere parcelle, caractérisée par l'absencesiduse(implantation différente chaque année
aprés une culture autre que du blé), a été exp@odés sources d'inoculum primaire distantes
(population pathogéne considérée comme immigrare). une seconde parcelle, en
monoculture de blé depuis 2007, était présente quamtité importante de résidus de blé
contaminés agissant comme source locale d'inocutwimaire (population pathogéne

considérée comme résidante).

La stratégie globale que jai adoptée a été laasie : 1. Identifier les principaux
déterminants des phases épidémiques précocescééciaex (quantité, efficacité et origine de
l'inoculum primaire) ; 2. Mobiliser les concepts gdusieurs disciplines et combiner
différentes approches méthodologiques (épidémielagiantitative, biologie moléculaire,
génétique des populations, expression des interectidte-pathogene) pour répondre a des
guestions ciblées et appliquées a un seul et méseal'étude expérimental (Figure 8) ; 3.
Analyser séparément les résultats obtenus et répomdiépendamment aux différentes
qguestions (chapitres II, Ill, IVa et IVb) ; 4. Iddrer les points de convergence (ou de
divergence) entre les résultats obtenus et disclatecomplémentarité des différentes

approches.

L'implication relative des deux types de spores Zdetritici (pycnidiospores et
ascospores) dans le commencement d'une épidémigaaét® analysée dans sa globalité
(Suffert et al., 2011) puis testée, plus spécifiment, sur le méme dispositif expérimental
(résidus dans une parcelle en monoculture de bisidérés comme une "source" locale
d’'inoculum ; Suffert & Sache, 2011). Cette premiétape a confirmé que les ascospores
constituaient la principale forme d’inoculum primeaiS’appuyant sur ce résultat, I'objectif du
deuxiémechapitre était de quantifier cet inoculum primaire en détépidémie (Figure 7A-

n A

C), en s'intéressant cette fois-ci non pas a latgj@ad’ascospores que la "source" était
capable d’émettre, mais a la quantité d’ascospaisggmnibles au-dessus de la parcelle de blé
considérée comme une "cible”, sans forcément powoidistinguer I'origine (locale vs.
distante). Plusieurs questions ont abordées dawcbagtre : quelles quantités d’ascospores
présentes dans l'air peuvent étre détectées ouifiem ? Comment ces quantités varient-
elles entre le début et la fin d'une épidémie éteetheux années ? Quels sont les effets de la
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présence locale de résidus sur cette quantité fleCast I'influence de cette quantité sur la
précocité des épidémies (Figure 7D) ? La quant@gécdspores présente dans l'air au-dessus
de chacune des deux parcelles a été suivie tresqadent pendant les saisons 2011-2012 et
2012-2013 en combinant piégeage de spores (piclgengtrique Burkard ; Figure 7E) et
guantification de leur ADN (par gPCR, méthode alément développée par Duvivier et al.
(2013)). Les limites techniques de la méthode, ariqulier les seuils de détection et de
guantification, ont été déterminées et discutées.

L’objectif du troisieme chapitre était de comparer l'efficacité des deux types de
spores (ascospores et pycnidiospores) constittiantulum primaire et secondaire de
tritici. Y a-t-il des différences de pathogénicité enseoapores et pycnidiospores ? Le cas
échéant, quelles pourraient étre les causes eblesquences de ces différences pendant les
phases de I'épidémie ou les deux types de sporemnfoun rble ? Pour répondre a ces
guestions, jai inoculé en serre des feuilles @myd de blé adultes en utilisant successivement
des ascospores et des pycnidiospores. Dans ungurégnips, des ascospores collectées a
partir de débris contaminées ont été utiliséesddveloppement des Iésions a été suivi et les
composantes d’agressivité (sporulation et périaatknce) ont été estimées en s'inspirant de
la méthode de Suffert et al. (2013). Dans un setemgps, des pycnidiospores produites sur
les lésions issues de linoculation par les ascespont été collectées et utilisées pour
inoculer les feuilles d’un second lot de plantesl&s. La comparaison entre les deux types
de spores a donc pu porter sur des individus gpitptgment identiques. Cet élément
essentiel de la stratégie a rendu la comparaisda dathogénicité des deux types de spores

plus robuste que certaines études précédentesXpanple, Karolewski et al., 2002).

L’objectif du quatrieme chapitre était d'inférer I'origine de l'inoculum impliquérda
les stades précoces d'une épidémie. Pour répondret abjectif jai développé deux
approches indépendantes, supposeées produire ddtatesomplémentaires. La premiére
approche a été basée sur l'analyse des changedwmgsa structure génétique (marqueurs
neutres SSR) susceptibles d'étre mis en évidengs s populations pathogénes a une
échelle fine. La seconde approche a été baséa suamiparaison du profil d'agressivité de
certaines de ces populations en exploitant leuptatian différentielle a leur variété héte

d'origine.

Dans lapremiere partie du quatrieme chapitre I'objectif était de déterminer si les
changements dans la structure d'une populatioa diff@renciation, généralement tres faible
chezZ. tritici quelle que soit I'échelle considérée (Linde et2002), est perceptible a une
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échelle tres fine en fonction des périodes épidaesgdébut vs. fin), du type d’inoculum
majoritairement impliqué (ascospores vs. pycnidioeg) et de son origine suspectée (locale
vs. distante). Nous avons choisi de baser notreoapp sur I'analyse du polymorphisme de
séquences microsatellites SSR (séquences d'ADNitt@es d'une répétition de motifs
nucléotidiques dont les longueurs varient selonndsidus), méthodologiquement proche de
celle développée par Chen et al. (1994). Nous aumblist le panel de marqueurs SSR mis au
point par Gautier et al. (2014). Les questions anties ont été abordées : localement, la
structure des populations @e tritici change-t-elle au cours du temps, notamment eatre |
début et la fin d'une épidémie ? Le cas échéarg|sgfacteurs peuvent expliquer des
différenciations, méme minimes, entre populatiorfSu? la parcelle en monoculture de blé,
arrive-t-on a identifier une continuité entre lgpptation résidente a la fin d’'une épidémie et
la population résidente au début de I'épidémieadmison suivante ? Les analyses génétiques
ont porté sur un total de 800 isolats collectésdpantrois saisons épidémiques successives
dans les deux parcelles du dispositif pluriannk@gure 7F). Les effets type de spores
(ascospores vs. pycnidiospores), année (2010-20011-2012 et 2012-2013), période
épidémique (début vs. fin) et proximité a la sodamale d’'inoculum (parcelle avec résidus

ou sans résidus) ont été estimés et discutés.

Dansla seconde partie du quatriéemeshapitre 'objectif était d'inférer I'origine d'une
population locale en comparant son profil d'agréssi(traits a priori sélectionnés et
caractéristiques de l'interaction isolat Zletritici-variété de blé) a celui de populations dont
l'origine (locale vs. distante) était connue. Legsjions suivantes ont été abordées : peut-on
mettre en évidence une adaptation différentielle pi@pulations a leur variété sympatrique
(variété sur laquelle elles ont été collectées)rppport a une variété allopatrique ? Le cas
échéant, la comparaison des profils d'agressiviédiférentes populations permet-elle
d'identifier I'origine de certaines d’entre-elled.@ profil d'agressivité (sporulation et période
de latence) de la population collectée sur plastele début d'épidémie (fin 2009) dans la
parcelle en monoculture de blé (présence de résidntaminés) a été comparé a celui des

populations considérées comme résidante et imntigran

41



A%

Parcellesde blé distantes
Inoculum distant/
Population pathogéne immigrante

Parcelle en monoculture de blé A | S | o |// N | D | J | F/ | M | A | b | ) | F/ | ™M | A
Inoculum local/ II 1 z
Population pathogéne résidente &@_\ | \/a
*_V
saison n saison n+1

Figure 8 - Représentation schématique de la dynamique épitggmie de septoriose a une échelle pluriannusad® objectifs et les questions abordés dans

les différents chapitres de la these (ll, 1ll, I#alVVb) sont positionnés au niveau des processxpuals ils font référence.



eV



4%



Chapitre Il

Disponibilité locale d'ascospores d&. tritici

et precocité des epidemies de septoriose
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Is onset of Septoria tritici blotch epidemics relagd to local availability of

ascospores? *

David Morais', lvan Saché, Frédéric Suffert, Valérie Laval
1INRA, UMR1290 BIOGER-CPP, F-78850 Thiverval Grignémance

2 AgroParisTech, UMR1290 BIOGER-CPP, F-78850 ThiveGmgnon, France

* article publié dans la revue Plant Pathology.
Abstract

To elucidate the early epidemic stages of Septdtiei blotch, we concomitantly assessed at
a small spatiotemporal scale over two years thdy edisease dynamics and airborne
concentration inZymoseptoria triticiascospores, using spore traps coupled with a gPCR
assay. One plot, with the crop debris left, progidelocal source of primary inoculum, while
the other one, without debris, lacked any. Thetbnuf detection of the assay were 13+4
ascospores.thday” (lower limit) and 19+6 ascospores’may* (upper limit), while the limit

of quantification was 121+40 ascospored.day’. According to those limits, daily spore trap
samples were classified as detectable, quantifiabtd detectable or not quantifiable.
Proportion of samples assigned to the differenssgda and numbers of spores in samples
classified as quantifiable were significantly diffat between years, time periods (from
November to March) and spore trap location (fielthwr without debris). The effect of year
on the airborne ascospore concentration was highddly peaks with more than 230
ascospores.thday* were identified in autumn 2012-2013, but none ituen 2011-2012.
The local presence of wheat debris had no obvidtecteon the amount of airborne
ascospores or on the earliness of the two epidemite field with debris, especially the year
with high inoculum pressure (2012-2013). These lteguggest that the amount of primary

airborne inoculum available over a wheat crop isanlimiting factor for the epidemic onset.

Keywords

Debris management, limit of detection, limit of gtiication, Mycosphaerella graminicola

primary inoculum, gPCR, spore trap, wheat.
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Introduction

The ascomycete fungdymoseptoria tritic{Quaedvlieg et al., 2011), also knownSeptoria
tritici (teleomorphMycosphaerella graminico)a causes Septoria tritici blotch, a worldwide
foliar disease of wheat. In England, Septoriadiitilotch is the most damaging disease of
wheat, causing yield losses of 30 to 50% (HGCA,20%ind-dispersed ascospores resulting
from the sexual reproduction of the fungus on itddcwheat debris are considered as the
main source of primary inoculum (Shaw & Royle, 19&hthgate & Loughman, 2001,
Suffert et al.,, 2011). In fungi surviving on infedt residues, cropping practices aimed at
reducing the amount of primary inoculum will gerraeduce the subsequent disease
intensity and are often recommended as a methatisedse control (Eyal et al., 1987); the
guantitative test of this assumption requires theueate quantification of the amount of
ascospores acting as the primary inoculum. In pert disease of wheat, disease severity was
positively correlated with the initial amount ofcaspores ofPyrenophora tritici-repentis
released by residue (Adee & Pfender, 1989). A sinmélationship was recorded in barley
leaf blotch, caused ghynchosporium secal(&ountaine et al., 2010), in ascochyta blight of
chickpea, caused blylycosphaerella rabie{Trapero-Casas et al., 1996), in brown spot of
pear, caused b$temphylium vesicariurfRossi et al., 2008), and in South American leaf
blight of rubber, caused WMicrocylus ulei(Guyot et al., 2014); in the latter case, the reatu
of the ascospore source is unknown yet, thoughSdptoria tritici blotch, the timing of
ascospore release appears to influence the earlriepidemics: disease developed earlier in
a wheat field where infected debris from the prasiavheat crop had been left than in a
neighbouring field from which debris had been resw\(Suffert & Sache, 2011). The
experiment was not fully conclusive since the antoah airborne ascospores was not

guantified.

Airborne spores can be routinely captured by higbughput spore traps (West et al.,
2008; Jackson & Bayliss, 2011). The direct counbhghe spores on trapping slides or tapes
under a microscope can be performed only for spbscan be unambiguously assigned to a
fungal species. This is, unfortunately, not possibhen spores lacking specific
morphological features, such as ascosporea. dfitici, are caught together with spores of
other fungal species similar in shape and sizehbtig integrating spore trapping with g°PCR
assays were developed to quantify DNA extractednfrbapped ascospores of the
Leptosphaeria maculansL. biglobosacomplex (Kaczmarek et al., 2009; 2012; Piliponyte-
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Dzikiene et al.,, 2014)Pyrenopeziza brassica@Karolewski et al., 2012), an8clerotinia
sclerotiorum(Rogers et al., 2009; Parker et al., 2014). Is¢hgtudies, the quantification of
airborne inoculum could not be correlated with d&eintensity. IrZ. tritici, gPCR assays
were used to monitor fungicide resistance (Fraatjeal., 2005) and the spatio-temporal
distribution of inoculum (Duvivier et al., 2013),ithout specific emphasis on the onset of

epidemics.

The objective of this study was to assess the enfte of the amount of airborne
ascospores d. tritici on the earliness of Septoria tritici blotch. Testend, the incidence and
severity of disease were recorded for two conseewgrowing seasons, in two neighbouring
wheat plots, the one with infected debris left toyide a local source of ascospores and the
other with no debris. The DNA content of ascosparasght either using a spore trap or
produced by infected wheat debris was quantifiedgughe specific gPCR assay proposed by
Duvivier et al. (2013), taking into account thehercal limits of the gPCR assay when very

small amounts of spores are to be quantified.

Materials and methods

Experimental field design

A field experiment derived from that described iaff€rt & Sache (2011) was carried out
during two successive growing seasons (2011-20@22@42-2013, hereafter referred to the
first and second season, respectively) at the @Gniggxperimental station (France; 48°51'N,
1°58'E). Two plots were sown on 17 October 2011 Hadctober 2012, respectively, with
wheat cv. Soissons, moderately susceptible to 8eytaici blotch (rated 5 on a 1-10 scale of
decreasing susceptibility, Arvalis Institut du V&géCTPS), without fungicide application. In
the first plot (D+, 20 m x 100 m), cropped with vahesince 2007, straw was chopped at
harvest (mid July) and left on the soil surfaceyrdewere chopped and partially buried to a
depth of 10 cm six weeks later (late Septemberhri®aaturally contaminated with. tritici
was expected to act in autumn as a local sourpeifry inoculum. The second plot {210

m x 100 m), located 300 m apart from plot D+, did contain any wheat debris since it had

been grown the previous season with faba bean.
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Table 1- Features of the experimental field design.

debris management

2011-2012 (first season) D+ oD
preceding crop wheat faba bean
sowing date 17/10/2011 17/10/2011
seedling emergence date 01/11/2011 01/11/2011
debris density (g.ifi on 11/01/2012) 238 0
plant density (plant.i4 on 11/01/2012) 152 154

debris management
2012-2013 (second season) D+ oD
preceding crop wheat faba bean
sowing date 16/10/2012 15/10/2012
seedling emergence date 22/10/2012 22/10/2012
debris density (g.ffi on 11/12/2012) 470 0
plant density (plant.f4 on 19/03/2013) 114 140

@D+ = wheat debris left; = faba bean debris (traces) and no wheat debris
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Air temperature at a height of 2 m above soil lara rainfall were recorded hourly
by an automatic weather station (Enerco 516i, Ciklettronique, France) located c. 500 m
from the plots. The thermal timigexpressed in degree-days, was calculated, ggdrom the

sowing date, by summing the daily mean air tempegaising a 0°C base temperature.

Disease assessment

Disease was assessed at 12 sampling dates inrgshedason and 10 sampling dates in the
second one, twice or thrice monthly at the begigrohthe epidemics (autumn and winter)
and thereafter monthly during the epidemic phapang) until May. At each sampling date,
five plants were randomly collected in five F-muadrats per plot, located 20 meters away
from each other, and washed from soil particlesseBse severity and incidence were
calculated on the main stem and the first tillereath plant sample. The leaf layers were
identified according to their order of emergence (dthe first leaf, L2 the second, etc.). For a
given layer, disease incidence was estimated apdieentage of leaves with visible lesions
(Suffert et al., 2013). Severity was estimatedh&saverage percentage of necrotic leaf area
covered by pycnidia using a diagrammatic scale2(13 and 5%, then 10, 15, 20% until
100%).

Quantification of ascospore production from infectel wheat debris

Infected wheat debris were collected on the plotabfive sampling dates (10 October 2012,
12 November 2012, 7 December 2012, 9 January 206d3taviarch 2013) during the early
stages of the epidemics. Debris were cut in 24agments and kept at 18°C during 24 h.
Ten g of debris were evenly spread on a wet fitteat moist box (Suffert & Sache, 2011) in
order to promote the ejection of ascospores fronuragpseudothecia. In each box, eight Petri
dishes containing PDA medium (39 d)Lwere placed upside down 1 cm above the debris.
The boxes were placed for 6 hours at 18°C in thk; diaereafter Petri dishes were closed and
incubated in the same conditions. Germination gecufew hours later but the resulting
colonies were visually counted five days later,uassag that a colony resulted from the
germination of a single ascospore (Suffert & Sac®@l1l). The amount of ascospores
produced per m? in each field plot was so estimédeedach date by dividing the amount of

ascospores produced per g of debris by the deoisttgbris (Table 1).
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out of field (OF)

mixed origin distant origin of inoculum

/
Pl /
’ .
/ R v of inoculum

local wheat crop debris plot D+ plot Do

local origin of inoculum

Figure 1 - Schematic representation of the origin of Zyenoseptoria triticiascospores collected by
the three spore traps according to their locafidre Dy and OF spore traps were expected to collect
mainly distant primary inoculum (ascospores produae distant wheat crops debris). The D+ spore

trap was expected to collect both distant and lpcahary inoculum (ascospores produced on local

wheat debris left on the soil of the D+ plot), mw@nknown proportion.
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Airborne ascospore trapping

Three 7-day recording volumetric spore traps (Bud®aManufacturing Co., UK) were used
to catch airborneZ. tritici ascospores during the first part of the epidenf@gumn and
winter) in the two seasons. The traps were opetiatéige center of plot D+, in the center of
plot Do, and out of field (OF) 500 m apart from D+ angd iD a relatively windy location,
respectively (Figure 1). Thegland OF spore traps were intended to collect maistpspores
produced on distant wheat crops debris, while thespore trap was intended to collect
ascospores produced either on distant wheat crelmssdor on local wheat debris left on the
soil of the D+ plot. The orifice of the traps wasdted 0.7 m above the soil surface, so that
only wind-dispersed ascospores were collected, igyaspores being not expected to be
splashed-dispersed to that height (Shaw, 1987).spbee traps were ran continuously at the
manufacturer’s throughput (10 L.min/ 14.3 n? per day) over two periods, from 10
November 2011 to 11 March 2012 and from 9 Octolidr22to 3 April 2013. Ascospores
were caught on a Melinex® impacting tape coatedh within layer of petroleum jelly. For
each 7 day sampling period, the impacting tapecmasn seven 1-day sections (48 mm x 15
mm) using a Burkard® Perspex cutting block. Eadtige was enclosed in a box in order to
prevent cross-contact between tapes. The boxes kepteat -80°C for several months until
DNA extraction.

Quantification of ascospore DNA

For the sake of comparison between the three mmgdpcations, the tapes of the three spore
traps operated during a same 7-day period wereagtt concomitantly. Each 1-day tape
section was placed in a Fast-Prep tube (2 mL) aanta80 ul of AP1 buffer (Qiagen Plant
Mini Kit DNA, France) and 130 mg of glass bead$ (fam in diameter; Deutscher, France).
DNA was extracted by series of 21 tubes. For eacdes the positive control consisted in a
suspension of pycnidiospores of tritici (5000 pycnidiospores/50 pL) in 70% ethanol. All
the positive controls came from a single pycnidayepsuspension prepared in January 2012
from infected wheat leaves and aliquoted in sevetzs subsequently kept at -20°C. In order
to detect contamination events during DNA extractia negative control containing sterile
water was also used. The tubes were shaken intéPFegs machine (3 x 1 min at 6 M)sto
disrupt and remove the ascospores from the tape.PTént Mini Kit (Qiagen) was adapted
for the material with slight modifications. 350 @EAP1 buffer and 4 uL RNase A
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(Qiagen) were added in each tube, before 5 minrgeat 65°C. 6 pL of proteinase K (20
mg.mL") was then added and tubes were heated again 1@tn6is°C. After centrifugation
for 1 min at 20000 g, the supernatant was traredfleto a new tube. The next steps of the

DNA extraction followed Qiagen standard protocoitrected DNA was kept at -20°C.

Fungal DNA was quantified using the quantitatieRPassay developed fdr tritici
(Duvivier et al., 2013). The specific set of primemcluded a forward primer (5'-
ATTGGCGAGAGGGATGAAGG-3), a reverse primer (5'-
TTCGTGTCCCAGTGCGTGTA-3'), both giving an amplifieatt product of 101 pb, and a
Tagman fluorogenic probe (5-ACGACTCGCGGCTTTCACCCB&-3). The probe was
labelled with a FAM fluorescent reporter dye an®idQ-1 quencher. The quantification
reaction was performed with the CFX96 Real timet&ysC1000 Thermal Cycler (BIORAD,
USA), using hard shell PCR 96-well WHT/CLR plat&fe mix reaction was composed of
reverse and forward primers at 500 nM per reactio@,probe at 500 nM per reaction in a
final volume of 25 pL, with 5puL of DNA introducecepwell. All samples (standard DNA,
ascospore DNA from tapes, positive and negativetrots) were analyzed with three
replicates. The melting program was 95°C for 10 and (95°C for 15 s, 60°C for 20 s, 72°C
for 40 s) repeated for 40 cycles.

The concentration of DNA in the unknown sampless walculated by comparing
threshold cycle (Ct) values of the samples with viimostandard quantities df. tritici
genomic DNA, using a fivefold serial dilution from5 ng to 5.10 ng per well. Ct values
were plotted against the log of the initial concatibn ofZ. tritici genomic DNA to produce a
standard curve. The validity of the standard cwfe¢he quantification method was tested
using a linear regression model coupled with an AMA@nalysis and a Fisher test.

The specificity of the quantification method (Duer et al., 2013) was confirmed by
including DNA extracts from 1Z. tritici isolates collected in the D+ plot (one of which was

used as gPCR standard) an8eptoria passerinisolates.

The limit of detection (LOD) of the gPCR assay wdetermined using a DNA
standard curve consisting in a fivefold serial tidin from 0.5 to 5.18 ng of DNA. Dilutions
1, 2 and 3 (0.5, 0.05 and 0.005 ng of DNA) wereediontriplicates whereas dilutions 4 and 5
(5.10* and 5.10 ng of DNA) were repeated 30 times. The LOD of £BPassay is usually
considered to be reached when 90% of the repliqitee, 27/30) are detected (AFNOR,
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2006). Here 100% of the replicates were detected fgiven dilution D and less than 90%
were detected for the dilution D/10. Accordinglyettheoretical LOD of the gPCR assay was
between those two Ct values but could not be detexhprecisely. Consequently, we defined
and used two LODs. The upper limit of detection Q) corresponded to the mean Ct value
for dilution D and the lower limit of detection (lR,) corresponded to the mean Ct value
for dilution D/10.

The limit of quantification (LOQ) of the gPCR agsaas calculated using standard
curves of all the plates considered as usable Resellts section). To this end, a Student’s t
test was used (AFNOR, 2006).

Each sample (1-day tape section) was assignedlass corresponding to the position
of the three Ct value of the sample regarding timitd LOQ, LOD,, and LOLy,,. Samples
with three replicated Ct values under LOQ weregesi to class |; ascospores collected in
these samples were considered as “truly quantd#ialamples with three replicated Ct values
ranging from LOQ to LOL}, were assigned to class |l; ascospores collecté¢idese samples
were considered as “quantifiable”. Samples withe¢hreplicated Ct values ranging from
LODy, to LODow Were assigned to class Ill; ascospores colleatethése samples were
considered as “detectable but not quantifiable’'mflas with three replicated Ct values
higher than LOL,, or with one or two undetermined Ct values weregagsl to class IV,
ascospores collected in these samples were coedidsr'not quantifiable either detectable".
Samples with three undetermined Ct values weragmagito class V; these samples were
considered as “ascospore-free”. Samples were thsigreed to one of three time periods (P1,
P2, P3), specific for each year, according to thieection date. The limit between P1 and P2
in the first season and the limit between P2 anihRBe second season were defined by the
peak in the quantity oZ. tritici DNA. The limit was established by fitting a quatlra
equation to the Ct values of all samples (“quaaibiie”, “detectable”, and “not detectable”)
collected during the year. The limit between P2 BBdfor the first season, and between P1
and P2 for the second season, was fixed so thaatine number of samples was assigned in
each respective period. For the first season, stédafrom 10 November 2011 to 2 January
2011, P2 lasted from 3 January 2012 to 16 FebrR@iy, and P3 lasted from 17 February
2012 to 11 March 2012. For the second season, §tédldrom 9 October 2012 to 15
December 2012, P2 lasted from 16 December 2012=ebtuary 2013, and P3 lasted from 2
February 2013 to 3 April 2013.
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Statistical analyses

The number of samples assigned to each class\{) &md the quantity of DNA obtained by
gPCR for a given sample were hereafter considesegkplained variables. The time period
(P1, P2, P3) and the spore trap location (D, OF) were considered as explanatory
variables. Firstly, the effect of spore trap losaton the number of samples assigned to each
class was investigated for the two seasons. A @aoanpetric Kruskal-Wallis test was used to
determine if there were significant differencestiie number of samples assigned to each
class between all spore traps or between two dpaps. Secondly, the effects of spore trap
location and of the time period on the quantityXA were investigated, only for the
samples assigned to classes |, Il and V (for sasrplevhichZ. tritici DNA was considered as
“quantifiable” or “detectable”) in a factorial awyals of variance for the two seasons. The
variance was partitioned into sources attributabl@eriod (P), and spore trap location (T)

according to the model:

Yipt =M + P + T + PxT €

where Y is the quantity of DNA of sample i, collected ierjpd p, in spore trap t, ar&y
the error term.

For each of the two seasons, the means of quaritDNA of each sample were then
compared between periods and between spore traps avStudent-Newman-Keuls test.
Statistical analyses were performed with the S-PBUBSsoftware (Lucent Technologies, Inc.,
USA).

Estimation of the airborne ascospore concentration

For the sake of comparison with the literaturehb@ine ascospore concentration was derived
from the quantity of DNA obtained with the gPCR assA standard curve using tritici
pycnidiospore suspensions at different concentratiovas established. From a unique
pycnidiospore suspension, three batches of dilstiorere prepared separately. Seven
dilutions were performed for each batch: 5000, 128D, 250, 125, 50 and 25 spores in 50
pL of 70% ethanol. Pycnidiospores were then digdigind DNA extracted and quantified as
described above. Pycnidiospores being actually médeur to eight cells (Shaner, 2010), we

assumed they are made of six cells in average (arviet al., 2013); ascospores are
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bicellular. The relationship between the approxanamount of ascospores (y) and the total
guantity of DNA (x) was established by using a énequation. The airborne ascospore
concentration (f.day’) was then obtained by dividing the estimated arhofirascospores

by the volume of air sucked by the spore trap (b4 8lay?).

Results

Disease assessment

No difference in plant development was observed/éenD+ and [y plots. At each sampling
date, there was no difference in the biomass (glarits sampled in the two plots (data not
shown). Accordingly, differences in epidemic deysient between the two plots could not

be due to differences in the development of that@tand.

The earliness of the Septoria tritici blotch epmile was quite similar for the two
seasons in plot §XTable 2). The first lesions were detected on tdb@ber (430°C-days post
sowing) and 29 November (390°C-days post sowing)nduthe first and second season,
respectively. Six weeks later (on 9 January 201206 C-days post sowing and on 7 January
2012 at 625°C-days post sowing, respectively),ubigermost diseased leaf layers were leaf
L5 of the main stem and leaf L1 of the first tillerthe first season, and leaf L3 of the main
stem in the second season. This small differencdisease development was due to lower
temperatures in December 2011 than in December.28ihZilarly, differences in disease

development were low between the two seasons trhgiddata not shown).

In the first season, the epidemic developed eantieplot D+ than Q. Until mid-
December (500°C-days post sowing), there was rerdiice between the two plots either in
disease severity (Figure 2a) or incidence (Figuk as assessed on leaf L1 and L2 of the
main stem. Later on, disease severity and incidemre consistently higher in D+ than iR.D
The difference in disease severity peaked (20%)9odanuary 2011 (706°C-days post
sowing), both on leaves L1 and L2. The differentalisease incidence peaked (more than
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Table 2 - Wheat leaf layers infected Bymoseptoria triticibut still partially green on main stem
(MS) and first tiller (T1) at each sampling datepiot D, during seasons 2011-2012 and 2012-2013.
For example, ‘2-6' means that layer 1 is complesggescent and that layers 2 to 6 have at least one

infected leaf (neither completely senescent norgetaly healthy) among the 3 x 25 plants.

date dd MS T1

First season (2011-2012)

sowing date 15/10/2011 O

notl 16/11/2011 311

not2 22/11/2011 358

not3 01/12/2011 430 0-1

not4 08/12/2011 488 1-2

not5 20/12/2011 555 1-3

not6 09/01/2012 706 1-5 1
not7 31/01/2012 815 1-6 1-3
not8 23/02/2012 865 2-6 1-3
not9 28/03/2012 1174 3-7 2-5
not10 24/04/2012 1390 5-8 4-7
notll 30/05/2012 1891 8-11 6-10
notl2 21/06/2012 2224 10-11 9-10

Second season (2012-2013)

sowing date 15/10/2012 O

notl 20/11/2012 320

not2 29/11/2012 390 0-1

not3 11/12/2012 420 1-2

not4 17/12/2012 453 1-3

nots 07/01/2013 625 1-3

not6 06/02/2013 727 2-5 1-2
not7 20/03/2013 861 4-6 1-4
not8 25/04/2013 1147 4-7 2-4
not9 22/05/2013 1446 5-8 2-5
not10 01/07/2013 2022 7-11 4-8

@ degree days post sowing, base 0°C
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30%) on 8 December 2011 (488°C-days post sowinggahLl and on 20 December 2011
(555°C-days post sowing) on leaf L2.

In the second season, no clear trend in the eadinf the epidemic could be observed.
There was no difference between plots D+ andirDdisease severity (Figure 2c) on leaf
Lland L2, except on 7 January 2013 (625°C-days posing), when severity on L2 was
20% lower in D+ than B There was no difference either in disease in@ddRigure 2d) on
leaves L1 and L2, except on 11 December (420°C-gengt sowing; Figure 2d), when
severity on L1 was 20% lower in D+ thag While severity on L2 was 20% higher in D+ than
Do.

Quantification of ascospores on wheat debris

In the first season, no ascospore was collecteBain dishes (PDA) from the wheat debris.
In the second season, the production of ascosplorasy the early epidemic stage in plot D+
(Figure 3) was estimated to peak (15,000 ascospofesn October 2012, taking into
account the mean debris surface density in the(pkfl g.n¥?), then decreased, and eventually
stopped in March 2013.

Validation of the qPCR analysis

The published performance of the gPCR assay (Dewvet al., 2013) was confirmed in our
experimental conditions. The genomic DNA (gDNA)mstard curve, established using the 29
plates (see below) considered as valid, had tHewwoig regression equation: Ct = -3.374
log(x) + 24.766 (R?2 = 0.992), where x is the qugntf DNA to be determined. The
efficiency of the quantification method was estiethat 97.9%. As expected, no amplification
was obtained using gDNA of eight different isolapéshe barley pathoge®. passerini(data
not shown). On the opposite, the gDNA of theZl 1ritici isolates was amplified.

For the 4th dilution (5.16ng DNA) of the DNA standard curve used to estabife
limits of detection of the gPCR assay, 100% of {pasisignals were obtained, with a mean Ct
value of 36.41, while only 67% of positive signalere obtained for the 5th dilution (5:10
ng DNA) with a mean Ct value of 37.84. Consequeritheg Ct values 36.41 (about+®

ascospores.thday’) and 37.84 (about ¥3 ascospores.fhday') were considered as the
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Figure 2 - Difference (%) in Septoria tritici blotch seuwgr{a, c) and incidence (b, d) between D+ and
Do plots for the first (2011-2012; a, b) and secokd1@-2013; c, d) seasons. Disease severity and

incidence were assessed on the firs} Gnd second lea#) of the main tiller.
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Figure 3 - Production oZymoseptoria triticiascospores on wheat debris collected in D+ plahdu
the early stages of the epidemic (season 2012-201% amount of ascospores was estimated by
counting Z. tritici colonies resulting from ascospore ejection oniRishes (PDA). Mean debris

density in the plot was 470 gan
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upper limit of detection (LO[R) and the lower limit of detection (LQ§R), respectively. The
limit of quantification (LOQ) was established atetlCt value 32.94 (about 1240
ascospores.thday?’). Although the theoretical LOQ ranged between ao€t36.41 (&'
dilution, Student's t = 1.012) and a Ct of 32.94 (Blution, Student’s t = 0.369)).

The gPCR plates were validated against both pesiind negative controls. When the
mean Ct values of the three replicates of the pesitontrol ranged between 29 and 31
(absence of false negative), the plate was declakd. When the Ct value of at least one of
the three replicates of the negative control was khan 38 (false positive), the plate was
declared contaminated and non valid, and so exdlfiden the analysis. The application of
these two criteria to the 40 plates run duringvitele experiment left 29 plates considered as
valid and subsequently used for the quantitativedysis. The remaining 11 plates (7 for the
first season and 4 for the second season) weradedat!

The relationship between the amount of ascosp@eand the quantity of DNA (x)
was described by the linear equation y = 7438.6442 (Table 3). This equation gives an
estimate of an airborne ascospores concentratioragtcospores.thday?) in relation to a

guantity of DNA (ng).
Spatio-temporal variations in the amount of ascospe DNA

The gPCR assay was used to analyze 160 sampley e sections) in the first season and
427 samples in the second season (Figure 4). Ifirdfteseason, 15.7% of the samples were
considered as quantified (classes | and 1), owly $amples (1.3%) being assigned to class |
(Table 4). Slightly more than half of the samplesyevconsidered as neither quantifiable nor
detectable (class 1V). Only one sample (0.6%) wasospore-free. In the second season,
67.7% of the samples were considered as quant®i@df them (12.4%) being assigned to
class I. Only 7.7% of the samples were considesateéher quantifiable nor detectable. Only
one sample (0.2%) was ascospore-free. The clasidign of the samples was significantly
different between the two seasons (Kruskal-Wadist,tH = 155.6, P < 0.001).

The mean quantity of DNA of the samples conside®djuantified (classes I, Il and
V) was 0.017 ng for the first season (26 sampled) @063 ng for the second season (290
samples; Table 3). In average, the amount of ascedpNA was nearly four times higher in

the second than in the first season. When consglghe time periods of trapping, most
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Figure 4 - Ct values for all samples (1-day tape sectiams)lyzed by gPCR for the first (2011-2012; a) aecbad (2012-2013; b) seasons. Each Ct value
was calculated using three independent gPCR régdic&amples were obtained from three differentespaps QO: Do; A: OF; [: D,) and assigned to four
classes (black, class I; yellow, class II; orarg@ss 11l samples; red: class IV). The limit of gtification (LOQ) and the upper and lower limitsdstection
(LOD,, and LOD,y) are indicated by horizontal green lines. The damgperiod was split into three periods (P1, P2),Rs defined in the main text. A
quadratic curve (y = &% b) was fit to the complete data sets.



Table 3 - Quantification ofZymoseptoria triticipycnidiospore DNA by qPCR assay. Mean Ct valugsragan DNA quantities were calculated using three
independent qPCR replicates. A linear model (y 3878 x + 41.3; R=0.999), fitted to the amount ofpgiospores deposited on Melinex® tapes (y) aed th
total quantity of DNA (x), gives an estimate of #gmaount of pycnidiospores in relation to the qugraf DNA (ng).

Amount of depositedMlean Ct Standard DNA quantity (x) Quantified amountEstimate amountAirborne concentrationSample

€9

pycnidiospores (y) value deviation  (nQ) of pycnidiospored of ascospore®  (ascospores.thday?) status

5000 29.93 0.08 0.669 5022 15066 1054 class |
1250 31.95 0.33 0.147 1139 3417 239 class |
500 33.27 0.69 0.061 497 1491 104 class I
250 33.86 0.16 0.033 290 870 61 class Il
125 35.41 0.59 0.011 127 381 27 class Il
50 37.32 0.41 < 0.005 61 183 13 class Ili
25 37.31 0.42 < 0.005 63 189 13 class Il

& calculated using the equation of the linear model.

® calculated by multiplying the estimated amount gémidiospores by three, taking into account the bemof cells per type of spore (in
average, six nuclei for a pycnidiospore and twdeidor an ascospore; Shaner, 2010).

¢ calculated by dividing the estimated amount obapores by 14.3 (see Materials & Methods section).



Table 4 - Number of samples assigned to each class (lll,lIlLV, V) for three spore traps and two
seasons. A sample is a 1-day tape section.

First season (2011-2012)

Quantified Quantified Detected Not detected Absent
Class I Il [l \Y \ Total
Trap location

D+ 1 7 17 38 0 63
OF 0 10 16 22 0 48
Do 1 6 20 21 1 49
Total 2 23 53 81 1 160
Percentage per class 1.3 14.4 33.1 50.6 0.6

Second season (2012-2013)

Quantified Quantified Detected Not detected Absent
Class I Il [l \Y \% Total
Trap location

D+ 9 79 39 13 0 140

OF 23 72 44 14 1 154
Do 21 85 21 6 0 133

Total 53 236 104 33 1 427
Percentage per class 12.4 55.3 24.4 7.7 0.2
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Figure 5 - Quantities (ng) oZymoseptoria triticiDNA for samples belonging to classes |, Il and V,
according to the spore trap location (D+,dhd OF) and the time period (P1, P2 and P3) ®ffitkt

(2011-2012; a, b) and the second season (2012-2018;. Significant differences revealed by the
Student-Newman-Keuls test (P < 0.05) are indicitedlifferent letters. Note the difference in the

scale of the vertical axis between the two yearpahnel 3b, * corresponds to a single sample.
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Table 5 - Effect of spore trap and trapping period ondhegunt ofZymoseptoria triticiDNA during
the second season (2012-2013). Only samples adsigreasses for which DNA was considered as

quantifiable or detectable (I, Il and V) were kept.

df Mean Square F P
Trap 2 0.08 6.58 0.002
Period 2 0.15 12.69 <0.001
Trap x Period 4 0.03 241 0.049
Residual 281 0.01

Table 6 - Comparison of class distribution of sampledI(ljll, IV, V) between spore trap locations

(D+, Dy and OF) for two seasons.

First season (2011-2012)

df na HP P
All traps 2 160 2.85 0.241
D+ vs. OF 1 111 2.41 0.121
D+ vs. D 1 112 1.67 0.197
Do vs. OF 1 97 0.09 0.761

Second season (2012-2013)

df n? HP P
All traps 2 427 12.54 0.002
D+ vs. OF 1 294 0,44 0.504
D+ vs. Dy 1 273 12.63 <0.001
Do vs. OF 1 287 6.76 0.009

& number of analyzed samples.

b Kruskal-Wallis statistic.
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guantifiable samples of the first season (23 od%)fwere obtained during period P3, while
only one quantifiable sample was obtained in edcth® P1 and P2 periods. In the second
season, the quantity of DNA in the samples sigaiftty differed between the three time
periods (P < 0.001; Table 5). The quantity of DNAssignificantly higher in period P1
(0.105 ng) than in periods P2 and P3 (0.026 ngG@d6 ng, respectively; Figure 5d); the
difference in the quantity of DNA between periodsdnd P3 was, however, not significant.

In the first season, spore trap location had mmicant effect on the number of
samples assigned to each class (Table 6). No signifdifference was found either in the
pairwise comparison of the spore traps. In the s@s®ason, the effect of spore trap location
was significant; the class distribution of samplesrap Oy was significantly different from

the other traps. However, fewer samples were dfiegsie in D+.

In the first season, the quantity of DNA of thengpdes considered as quantified did
not significantly differ between spore traps (dat& shown). In the second season, significant
differences were found (Table 5). Pairwise comparisf spore traps showed a significantly
higher quantity of DNA in OF than in D+ trap (0.088 and 0.035 ng, respectively; Figure
5c¢), while the quantity of DNA on $trap was not significantly different from either[@r
OF trap.

Discussion

In this two-year study performed at a small spatigtoral scale, we concomitantly surveyed
the onset of disease epidemics and the variatidgha@rairborne concentration of the spores
purportedly acting as the initial inoculum. The esssnent of initial, low levels of disease
severity and incidence was performed as describdiee (Suffert & Sache, 2011). For the
sake of reliability and comparison with other sasjiwe used a Burkard spore trap, which is
the standard device for the capture of airborneroricganisms (Jackson & Bayliss, 2011).
The main technical challenge in this study was deéection and quantification of small
amounts of airborne spores. Reports of detectiah qurantification of one or two spores
(Parker et al., 2014, Carisse et al., 2009; Rogeas., 2009) using a serial dilution of DNA of
a spore suspension are questionable, because 0bid®NA during extraction steps. To
validate our qPCR assay, we assessed both its déimdetection (LOD) and its limit of

guantification (LOQ). Those two limits are oftentrexplicitly stated in the literature (e.qg.,
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Haegi et al., 2013; Parker et al., 2014). The ‘deta threshold for quantification’ reported

for Z. tritici ascospores (Fraaije et al., 2005) is equally authig.

LODs and LOQ were derived from standard curvesbéished with gDNA extracted
from Z. tritici pycnidiospores. The use of gDNA (Lees et al., 30ather than plasmid cDNA
(e.g., Duvivier et al., 2013), allowed the PCR gdsabe closely as efficient as it would have
been with ascospore DNA. The assignment of santpltee classes established using L&D
LOD,w and LOQ allowed to exploit the full data set aacperform statistical analyses. The
definition of ‘detectable samples’ allowed an oWemomparison between traps, while

‘quantifiable samples’ were used to compare daaliygrns of ascospore releases.

The main drawback of our method is the lack oéaircomparisons of the number of
spores actually trapped and the quantity of DNAngfiad using the assay. The link between
the amount of ascospores and genomic DNA amount wdsectly obtained, using
suspensions . tritici pycnidiospores. The limits of detection eventualiyculated were in
accordance with thresholds established on othethogans (e.g., Lees et al., 2012;
Schweigkofler et al., 2004; Klosterman et al., 2014

The effect of the year on the airborne ascosponeentration was consistent with the
significant difference in ascospore production froomtaminated debris. Such a difference is
likely to occur also in other fields with wheat dsbin the Grignon basin, and could be
related to the severity of disease on the prewaas (Cowger et al., 2002): the more severe
are epidemics on a season, the more frequent iseigal reproduction on debris and the
higher will be the amount of ascospores releasexh flhese debris at the beginning of the
next season. Severity was high in 2011-2012 (lsscmvered 15-20% of the flag leaf area at
mid-June 2012), while it had been very low in 2@00-1 (lesions were absent from flag leaf
at mid-June 2011); sexual reproduction was, mosbaily, more frequent during the late
epidemic stages at autumn 2012, as evidenced byighe amounts of ascospores either

collected from debris (Figure 3) or caught by thers traps (Figure 4).

The amount of ascospores responsible of the ififettions occurring immediately
after seedling emergence (trapped in period P1l)alast ten-fold higher in late autumn 2012
than in late autumn 2011. Among the highest dadgks of ascospores in that period, we
identified 22 daily peaks in 2012-2013 with morarth230 ascosporesiday* (Ct > 32;
Table 3; Figure 4b), from 10 October to 18 Novembmrt none in 2011-2012. Such a
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magnitude of airborne ascospore concentrationnsistent with observations made in wheat
crops in autumn: a maximum of 92 ascosporésdlay’ (Bathgate & Loughman, 2001),
between 50 and 125 ascosporéSday’ (Hunter et al., 1999), and between 100 and 350
ascospores.iiday® (Duvivier et al., 2013). This confirmed the ocamce of peaks in

ascospore production in autumn, concomitantly witieat emergence.

Peaks of ascospore concentration were also restandée subsequent time periods in
2012-2013: one in December and two in Januaryd@d®?), four in March and one in April
(period P3). Accordingly, ascospores were preserdiri almost all the autumn and winter

periods as established in previous studies (Huweital., 1999; Bathgate & Loughman, 2001).

The local presence of infected wheat debris hadbwous effect on the amount of
airborneZ. tritici ascospores. No difference was found between tike 8pore traps in season
2011-2012. This was not surprising since the widediris in D+ were not considered as a
significant source of inoculum (ascospore productm these debris was undetectable). In
season 2012-2013 the airborne ascospore concentkadis not correlated with the presence
of a local source of inoculum. Other factors maylai local differences in airborne

ascospore concentration, such as topography araicuiments.

The local presence of infected wheat debris hadolbvious effect either on the
earliness of the epidemic, especially the year wheaulum pressure was high (2012-2013).
The epidemic was earlier in the plot where whedtridewere present but less contaminated
(D+), in the season when inoculum pressure was(&d&1-2012). Conversely, no difference
in earliness was found between the plot withoutridely) and the plot with infected debris
(D+), in the season when debris were highly inféqt2012-2013). In spite of the limited
duration of the experiment (two years), these tsssiliggest that the amount of airborne
ascospores available over a wheat crop is notigéiigrfactor for the early stages of Septoria
tritici blotch epidemics (Holmes & Colhoun, 197%)&v & Royle, 1989). In accordance with
previous results (Suffert & Sache, 2011), we beligivat the earliness of a Septoria tritici
blotch epidemic is mostly determined by the sowlaje: whatever its date, the airborne
ascospore concentration is usually not limitingtsat the first infection by the fungus occurs
as soon as the first leaf emerges. This impliesrttaanagement of primary inoculum at a local
scale by removing wheat debris from nearest fielfisrs little help to Septoria tritici blotch

control in Western Europe conditions.
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Pathogenicité comparee de spores sexuees et

asexuees de&. tritici

75



76



Comparative pathogenicity of sexual and asexual spes of Zymoseptoria
tritici (Septoria tritici blotch) on wheat leaves *

David Morais', Valérie Laval", lvan Saché, Frédéric Suffert
1 INRA, UMR1290 BIOGER-CPP, F-78850 Thiverval Grigndrance.
2 AgroParisTech, UMR1290 BIOGER-CPP, F-78850 Thiaéfsrignon, France

* article publié dans la revue Plant Pathology.
Abstract

Zymoseptoria triticiascospores and pycnidiospores are consideredeasndn forms of
primary and secondary inoculum, respectively, irptSea tritici blotch epidemics. We
compared the pathogenicity of the two types of epaf the same genotypic origin through a
two-staged inoculation procedure in controlled d¢bons. Ascospores collected from field
sources were inoculated on adult wheat leaaed yielded 119 lesions; pycnidiospores
collected from 12 lesions resulting from these apooe contaminations were then inoculated.
Lesion development was assessed during five wéstiesit period, lesion size, and pycnidium
density were estimated for different isolates. haggeriod was calculated as the maximum
likelihood time elapsed between inoculation antiezithe appearance of the majority of the
sporulating lesions (leaf scale) or the appeararidée first pycnidia (lesion scale). Latent
period was significantly longerl60 degree-days, i.e. 3-4 days) after contaminatith
ascospores than with pycnidiospores. No differemess established for lesion size and
density of pycnidia. A comparison with other asceetg fungi suggested that the difference
in latent period may be related to the volume ajrep and their ability to cause infection.
Fungal growth before the appearance of lesions beaglower after inoculation with an
ascospore than with a pycnidiospore. The meantlgtenod during the very beginning of
epidemics, when first lesions are mainly causedsgospores, may be longer than during
spring, when secondary infections are caused byiggspores. Disease models would be

improved if such difference were considered.

Keywords

Ascospore, Gompertz function, latent periddycosphaerella graminicolapycnidiospore,
wheat.
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Introduction

The ascomycete funguZymoseptoria tritici (formerly known as Mycosphaerella
graminicola, anamorphSeptoria tritici Quaedvlieget al, 2011), causes Septoria tritici
blotch, a foliar disease of whealriticum aestivun found in most wheat-growing areas
worldwide. In Western Europe, the disease can iadyz to 30-40 % crop loss when the
upper leaves are severely contaminated (Eyal, 1987). Disease epidemics are initiated by
airborne sexual ascospores, mainly produced duhegintercrop period (after harvest in
summer and autumn) on contaminated wheat debrigsghwére considered as the main
primary inoculum (Shaw & Royle, 1989; Huntdral, 1999; Sufferet al, 2011). The disease
is clonally propagated among wheat plants durirgy dhlowing season by pycnidiospores,
which are splash-dispersed over short distancesaahé@s the main secondary inoculum.
However, ascospores and pycnidiospores can bdyjamtolved into different stages of the
epidemic development. In a wheat monoculture systehen contaminated debris is not
completely buried, both pycnidiospores and asca&spoan initiate the epidemic (Suffexrt
al.,, 2011; Suffert & Sache, 2011). In spring, secondafections can be induced by
ascospores (Clinckemailliet al, 2010; Duvivieret al, 2013) released either from old, still
infectious debris located in distant plots or framfected wheat plants located in the same
plot. Field reports of infection of the uppermoBtl and lowermost green leaves (F3-F4)
while the middle leaves (F2) remained healthy (Gulené, Arvalis-Institut du Végétal,
Boigneville, personal communication) could be expd by such secondary infection by
ascospores. Accordingly, specific stages of theerpic development appear to be induced
by one type of spore rather the other, althoughtltetypes of spores are actually released.
The preeminence of one type of spore has beeniegglay contrasted distances of dispersal
(Shaw, 1987; Shaw & Royle, 1989) and spore amg$uffert & Sache, 2011), but rarely by
differences in pathogenicity between sexual andwedespores, as measured for example by
the number of sporulating lesions they induce (Kawski et al, 2002; Trapero-Casas &
Kaiser, 2007).

In fungi with alternating reproduction regime, tt@mparison of the pathogenicity of
spore types is experimentally challenging.Zintritici the production and handling of large
amounts of ascospores is cumbersome in artifidatitions (Kema, 1996). Conidia, which
are asexual spores produced from yeast-like mywoetjrown in liquid or solid culture media,

were used to inoculate wheat plants (e.g., Cowgéiuadt, 2002; Leyva-Miret al, 2008;
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Suffertet al, 2013) rather than pycnidiospores produced orciateleaves. Whether conidia
and pycnidiospores have the same pathogenicitynbebeen tested yet. Finally, the use of
ascospores and pycnidiospores of the same genasypequired to perform a valid

comparison, due to the high genetic diversity ofritici populations (Lindet al, 2002).

A first, main component of pathogenicity @f tritici is sporulation (Sufferet al,
2013), assessed through the measurement of maxsparalating area (e.g., Arraiaes al,
2006), of pycnidium density (e.g., Simon & Cord®97) and sporulation capacity (Eyal,
1971). A second main component of pathogenicity.inritici is latent period (Suffert al,
2013), which reflects the pathogen’s generatioretitratent period is usually defined as the
time interval between infection and the onset @frgfation from that infection (Pariawed al,
2009), in the case of Septoria tritici blotch, ttvme elapsed between infection and the
appearance of first pycnidia (Shearer & Zadoks,2)9When a population of lesions rather
than a single lesion is considered, as usual irerxental studies, the latent period is
estimated, at the scale of a leaf, as the maxinikgtiHood time elapsed between inoculation
and the appearance of the majority of the spongddasions (Shaw, 1990; Lovelt al, 2004;
Zearfosset al, 2011), or, at the scale of a lesion, as the marintikelihood time elapsed
between inoculation and the appearance of thedyshidia (Armouret al, 2004; Sufferiet
al., 2013).

The objective of this study was to compare the ggehicity of sexual and asexual
spores ofZ. tritici of similar genotypes, following infection of adwiheat leaves. Firstly.
tritici ascospores, collected from different inoculum sesy were inoculated on adult wheat
leaves and lesion development was assessed. Sgcpydhidiospores resulting from the
ascospore inoculation (having so the same gena@typleose ascospores) were collected at the
end of the experiment and were directly inoculadedadult wheat plants at the same leaf
stage. Differences in pathogenicity between the gpare types were compared by assessing

the sporulation and latent period.

Material & Methods

Fungal material

Two plots were sown 300 m apart with wheat cv. Sms (moderately susceptible to

Septoria tritici blotch; rated 5 on a 1-10 scalele€reasing susceptibility, Arvalis Institut du
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Figure 1 - Experimental design used to compare the pathogenf ascospores and pycnidiospores
of Zymoseptoria tritici (a) Burkard® spore trap placed in wheat monocellot (D+) with wheat
debris (Grignon). (b) Burkard® spore trap placed aiufield 300 m apart (Grignon). (c) Melinex®
tape wound around the periphery of the rotatingrdoi the Burkard® spore trap. (d) Wheat debris
placed in a bag above a Burkard® spore trap inrdmleompress the flow of ejected ascospores. (e)
Inoculated leaves enclosed in a bag to promotectiofe (f-i) Septoria tritici blotch lesions after

inoculation with ascospore suspensions.

80



81



Végétal-CTPS) in autumn 2011 at the Grignon expembal station (France, 48°51'N,
1°58'E). Soil and weather characteristics, as a®ltropping systems, have been described
elsewhere (Suffert & Sache, 2011). The first p@t) had been grown by direct drilling and
so contained wheat debris. The debris, hardly comt@ed after a mild disease epidemic the
previous season, constituted a weak source of pexs (Suffert & Sache, 2011). The second

plot (Do), grown with oilseed rape the previous seasonndiccontain any wheat debris.

AirborneZ. tritici ascospores were caught in March and April 2018gusiree 7-day
recording volumetric Burkard® spore traps (Burkaridnufacturing Co., Rickmansworth,
UK) placed 0.7 m above the soil surface in plet id plot D+ (Fig. 1a) and out of the field
(Fig. 1b). The traps were operated at a flow rdté®L.min* and the collecting surface of
Melinex® tapes were covered, or not, with a thiyelaof petroleum jelly (Vaseline®) before

sampling (Fig. 1c).

Wheat debris were collected on 28 March 2012 ftbeplot D+ and from a wheat
field (cv. Soissons) grown at the Versailles expenital station (France, 48°48'N, 2°04'E); at
this location, disease was more severe the preweas than in Grignon (M. Leconte,
personal communication). Debris were placed in datooy conditions in two plastic grill
boxes and sprayed with a small amount of watendmde the moisture change required to
trigger the ejection of ascospores. Boxes werereavby a plastic bag connected to the trap
aperture (Fig. 1d), in order to maximize the amafntollected ascospores. Two methods of
trapping were used. Melinex® tapes covered, or withh a thin layer of petroleum jelly
(Vaseline®) and glass slides covered with petrolgeliy were placed in a 7-day and 24-hour
volumetric Burkard® spore trap, respectively. Thaps were operated at a flow rate of 10

L.min™.

All along the collection period, Melinex® tape agthss slides were kept for a few
days at -20°C to limit ascospore decay or gernomatiFinally, 10 different supports
corresponding to 10 ascospore trapping events aeianed during a 3-week period (Table
1).

Plant material

Two batches of wheat adult plants, cv. Soissonsrewgrown in two greenhouse

compartments for subsequent inoculation. The twohas were sown in Jiffy peat pots on 7
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December 2011 and 9 January 2012, respectivelyllisge were vernalized for seven weeks
at 8°C with a 10 h light period and a 14 h darkiqeerAfterwards, seedlings were transferred
back to the greenhouse and left to acclimatizeofee week. Plants were then transplanted
into 1.1 L pots filled with 1 litre of commercialompost (Klasmann Peat Substrat 4;
Klasmann, France) and fertilized with 5 g Osmodsatact (16N 11P 11K 3MgO Te). Plants
were also sprayed with Spiroxamine (Aquarelle SE atl. I'; Bayer Crop Science, France)
against powdery mildewB{umeria gramini$. In addition, plants were fertilized twice with a
commercial nutrient solution (1 | Hydrokani C2)wéd 1/100 and applied in the pot saucers
five and seven weeks after the seedlings transglant During plant growth, natural daylight
was supplemented with 400 W sodium lamps to ob®nof dark and 15h of light, the
greenhouse compartment temperature being kept W@ during the light period and
above 12°C during the dark period. Three stemspo¢rwere kept. In each greenhouse
compartment the air temperature was recorded e¥Bryninutes and the thermal time t,
expressed in degree-days post inoculation (dd@¥ ealculated starting from the inoculation
dates by summing the daily mean air temperaturegusio°C base temperature.

Inoculation with ascospores

The day before the inoculation, 10 ascospore ssspen corresponding to the 10
aforementioned ascospore trapping events were @ phfferently according to the type of
support (Melinex® tape or glass slide) and to thiespnce of petroleum jelly or not.
Melinex® tape were cut in several sections, eactcinag with a daily trapping. Each tape
section was placed in a conical tube containingnlOof water and 130 mg of glass beads
(4.5-mm in diameter, Deutscher, France). The tube manually shaken during 1 min. The
tape sections covered with petroleum jelly weregibin a 65°C water bath during 5 min and
centrifuged at 10000 rpm during 5 min to remove dkeospores from the tape. Glass slides
covered with petroleum jelly were placed in a cahitibe containing 10 mL of water then
placed in a 65°C water bath during 5 min and clged at 7000 rpm during 5 min. The
contents of the tubes corresponding to the sanppitrg event (Table 1) were gathered and

kept for a one day at 4°C to limit ascospore dexrayermination.

Two drops of surfactant (Tween20®, Sigma, Franeeye added to the spore
suspensions to ensure adequate coverage of thelatext leaf surface. On 17 April 2012,
each spore suspension was applied using a paihthtasg the adaxial face of the upper leaf
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Table 1- Origin of the 1®ymoseptoria triticinoculum sets used in the experiment.

Location  Origin  of Support Petroleum Collect  Period (2012) Nb Nb Isolates’
sampling jelly duration asc? pyc.”
outside”  out of field Melinex tape no 7 days 28/03 to 03/04 14
(Grignon) yes 14days  13/03 to 26/03 12
plot Dy ° Melinex tape no 7 days 28/03 to 03/04 7
(Grignon) yes 14days  13/03 to 26/03 16
plot D+ ' Melinex tape no 14 days  06/04to 12/04 8
(Grignon) and 28/03 to 03/04
yes 14 days 13/03to 26/03 16
inside’ debris from Melinex tape no 10 days 04/04 to 09/04 15 8 FS3307, FS3309, FS3344, FS3346,
plot D+ f and 06/04 to 09/04 FS3356, FS3357, FS3385, FS3386
(Grignon)
Glass slide yes 2 days 04/04 to 06/04 12 4 FS33BB314, FS3327, FS3359
debris from Melinex tape no 6 days 10/04 to 15/04 7
wheat plot .
(Versaillgs) Glass slide yes 2 days (02/04 to 04/04 12

3 total number of leaf lesions appeared after inmtéoh with the ascospore suspensi8iigtal number of leaf lesions selected for the sghsnt

inoculation with the pycnidiospore suspensidincpde of the 1Z. tritici isolates which were inoculated both as ascospudepgcnidiospore

type ;¢ location of the Burkard® spore trap (see Figurelhy ;° plot without wheat debris (oilseed rape as previowp) ;" plot with debris

(wheat monoculture since 200@trapping device placed above debris (see Figuréd)c



(F1) of the two main tillers of five plants (10 \ess) of the first batch of plants. Each leaf was
then enclosed for 72 h in a transparent bag (F&j.slightly wetted to maintain a high
humidity and promote infection (Suffeet al, 2013).

Inoculation with pycnidiospores

Twelve lesions were selected out of the 119 that bppeared after inoculation with
ascospores (Fig. 1f-i) as a source of pycnidiosgp(ee Table 1 and Results section). The 12
lesions originated in ascospores trapped from dediriplot D+ either on Melinex® tape
without petroleum jelly (8/12) or on glass slidd$1@), in order to ascertain the origin of the
inoculum (local pathogen population) and so ineetd® reproducibility of the experiment.
On 28 May 2012, after the last assessment of lssgaused by ascospore infection (see
below), pycnidiospores were collected from eacthefl2 selected lesions by placing the leaf
in a 25 mm diameter tube containing 10 mL of watsd softly sweeping the area covered by
pycnidia with a paintbrush. Each pycnidiospore saspn was then immediately applied
using a paintbrush along the adaxial face of theeufeaf (F1) of the main tiller of four plants
(12 x 4 leaves) of the second batch. Each leaftias enclosed for 72 h in a transparent bag,

as performed previously for the inoculation witlc@spores.

Assessment of pathogenicity components

Disease symptoms were assessed by the same agsessaa week from 350 to 710 ddpi,
from 11 May to 28 May 2012 for ascospore inocula{id assessments) and from 18 June to 4
July 2012 for pycnidiospore inoculation (8 asses#s)e The sporulating lesions, neither
spatially aggregated nor coalescent, could be eoumdividually (maximum 3 lesions per
leaf after ascospore inoculation; maximum 26 lesigoer leaf after pycnidiospore
inoculation). The length and width of each lesioerev assessed visually using a ruler
graduated in increments of 0.5 mm. The number ohjgya born by each lesion was counted

with a hand lens (magnification x10).

The maximum size of a lesion (SIZE mnf) was calculated as the product of its
length by its width.

A Gompertz function (Berger, 1981) was fitted t@ thumber of pycnidia PYC(t)
recorded on each lesion (Suffert & Sache, 2013):
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PYC(t) = PYC,, eXp(-Byyce ™) (eq. 1)

where PYGax is the maximum number of pycnidia reached at thé ef the assessment
period, pyc is a rate parameterp& is a position parameter, and t is the time of plzgeon
expressed in degree-days post inoculation (ddpgig density of pycnidia (PYCdens) was

then calculated as:

PYCdens PYGCa (eq. 2)
SIZE,

The latent period was assessed using two complanyemethods. Firstly, LatPY{
the time elapsed from inoculation to the appearasic®% of the maximum number of
pycnidia (PYG.ay, was calculated using eq. 1 for each lesion iadugy each isolate, after
inoculation either with ascospores or pycnidiospoReY Gnax ranging from 20 to 80, LatPYC
was considered as a good indicator of the time selhpbetween inoculation and the
appearance of the 1-4 earliest pycnidia. Secord{ypmpertz growth curve was fitted to the
total number of sporulating lesions LES(t) (i.esidms for which PYC(tE 0.05 x PYGay

assessed on several leaves:
LES(t) = LES,,, exp(-B,ese ") (eq. 3)

where LEGax is the maximum number of lesionsgd is a rate parameter, andgB is a

position parameter.

LatLESs7, the time elapsed from inoculation to 2/86.8% of LESax (inflexion point
of a Gompertz function), was calculated using eqTlds method could not be used after

ascospore inoculation since each individual wagusnand caused only one lesion.

Data analysis

SIZEqnax PYCdens and LatPY{Owvere estimated after ascospore inoculation foh edahe
119 isolates, based on the assessment of a sieglenl (no replication), and after
pycnidiospore inoculation by mean values calculdtecth the assessment of all the lesions

induced by each of the 12 selected isolates (THble

For the ascospore inoculation, Latld&Scalculated using the 119 lesiongas an
average estimate of the latent period for 119 whffe isolates. For the pycnidiospore
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inoculation, LatLES; was estimated firstly for a given isolate (among tt2 selected
isolates), and secondly for the whole populatiomgisll the data corresponding to the 12

isolates.

The effect of the type of spore on the three pgghecity components (SlZkx
PYCdens, and LatPY{Lwas tested in an analysis of variance (ANOVA)[[€a2). For each
component assessed on 12 isolates, the varianceavtisoned into sources attributable to

the type of spore (S), according to the model:
Ys=M+S+€ (eq. 4)

where Y; is the value of pathogenicity component Y of iselafor type of spore s, arédthe

error term.

The mean of each pathogenicity component was card{daetween the type of spore

as factor (Student-Newman-Keuls test).

The effects of petroleum jelly (with or without)éthe origin of inoculum (Versailles,
Grignon) on the latent period for the ascosporecutation was tested in an analysis of
variance (ANOVA) (Table 3). For LatP¥YCassessed on 119 isolates, the variance was
partitioned into sources attributable to the preseof petroleum jelly (J) and the origin (O),

according to the model:
oni:M+J+O+€ (eq. 5)

where Y, is the value of latent period of isolate i, foe gporesence or not of petroleum jelly j,

for the origin o, and the error term.
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Figure 2 - Distribution of lesion size (SlZky, pycnidium density (PYCdens), and latent period
(LatPYG;) of the 12Zymoseptoria triticisolates @) selected among 119) assessed after ascospore

inoculation on adult wheat leaves.

88



Results

The inoculation of 100 wheat leaves with 10 ascospuspensions yielded 119 lesions
(Figure 1 f-i). One hundred lesions were inducedbgospores trapped from wheat debris at
Grignon (against 19 from wheat debris at Versgilesd 68 were trapped using petroleum
jelly (against 51 without) (Table 1). The inocutatiof 12 x 4 wheat leaves with the 12
pycnidiospore suspensions yielded 425 lesions; eat¢he 12 isolates induced between 12
and 26 lesions. The distribution of SIZk PYCyens and LatPYG for the 119 lesions
obtained after ascospore inoculation is shown guréi 2; pathogenicity components of the
12 isolates selected among 119 assessed aftempaseadsoculation fell quite evenly within
that distribution.

For each of the 12 selected isolates, latent @dretPYG (Figure 3, Table 2) was
statistically different after ascospore and pyavsgiore inoculation (P = 0.041). There was no
difference either for lesion size SIZk (P = 0.123) or pycnidium density PYCdens (P =
0.210). LatPYG was significantly longer after ascospore (557.¢idthan pycnidiospore
inoculation (501.9 ddpi). Means of SIZE (13.4 mnf after ascospore inoculation vs. 11.4
mnY after pycnidiospore inoculation) and of PYCdens5%2 pycnidia.mnf vs. 2.22

pycnidia.mn¥) were not significantly different.

The mean latent period LatLES calculated from the cumulative number of
sporulating lesions appeared after inoculation (WR¥C(t)= 0.05 x PYG,ay Was 536.2 ddpi
for ascospore inoculation and 472.7 ddpi for pywspore inoculation (Figure 4). LatLES
which corresponds to the maximal rate of lesioneapgnce (time at which the mean number
of new sporulating lesions appeared during oneadeday ALES(t) / At, is maximum), was
reached, in average, 63.5 ddpi (3-4 days) later d@scospore than for pycnidiospore
inoculation. The significance of the difference Icboot be tested statistically because of the
heterogeneity of the two data sets used to cakulatLES7 on the one hand, 119 lesions
induced by 119 different isolates after ascospooeulations, on the other hand 425 lesions
induced by 12 different isolates after pycnidiogpmoculations. This difference is, however,

consistent with those obtained for LatPYC

Latent period LatLE§ after pycnidiospore inoculation was calculatedilsirty for

each of the 12 selected isolates (Figure 5). The measures of latent period were
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Table 2 - Effect of spore type (ascospores vs. pycnidiosgoon lesion size (SI4E), pycnidium
density (PYCdens), and latent period (LatR)YGf 12 Zymoseptoria triticiisolates (see Table 1)

inoculated on wheat cv. Soissons.

Variable Factor df

Sum of squarblean square F P
SIZEqax spore type 1 73.5 73.5 2.58 0.123
residual 22 627.8 28.5
PYCdens spore type 1 0.90 0.90 1.67 0.210
residual 22 11.90 0.54
LatPYG spore type 1 15975.9 15975.9 4.70 0.041
residual 22 74816.1 3400.7

Table 3 - Effect of the origin of the inoculum (Grignon Wersailles) and of the presence or not of

petroleum jelly on the trapping support on therafeeriod (LatPYG) assessed for 118ymoseptoria
tritici isolates inoculated as ascospores (see Tableheat cv. Soissons.

Factor df Sum of square Mean square F P
origine 1 3879.8 3879.8 0.503 0.480
petroleum jelly 1 271.9 271.9 0.035 0.851
origine x petroleum jelly 1 9323.4 93234 1.209 74.2
residual 115 886976.2 7712.8
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Figure 4 - (a) Mean number of new sporulating lesions amzbaluring a one degree-day period
(ALES(t)/At) after inoculation of 100 wheat leaves withZyinoseptoria triticascospore suspensions
(O) and after inoculation of 4 x 12 wheat leaves wiftnidiospore suspensions of 12 selected
isolates ®). (b) Cumulative normalized number of lesions appd after inoculation of 100 wheat
leaves with ascospore suspensionid) (and after inoculation of 4 x 12 wheat leaves with
pycnidiospore suspensions of 12 selected isol®gs (

Each point corresponds to a sporulating lesionedicorrespond to the fitted curves (Gompertz
model). Time is expressed in degree-days post-lation (ddpi). The mean latent period Latlg&S
(inflexion point of the fitted curves) was 536.2pildor ascospore inoculation and 472.7 ddpi for

pycnidiospore inoculation.
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significantly correlated (Figure 6). The slope paeter close to 1 means that the average time
of appearance of the first pycnidia is close toaherage time at which the rate of sporulating

lesion appearance is maximal.

LatPYG calculated for the 119 lesions obtained after gisoe inoculation was not
significantly affected either by the use of petuntejelly (567.2 ddpi without petroleum jelly
[68 lesions] vs. 570.8 ddpi with petroleum jellyl[$esions]), or the origin of the isolates
(567.2 ddpi for isolates originating from VersasllEl9 lesions] vs. 566.8 ddpi for isolates
originating from Grignon [100 lesions]) (Table J)he difference in latent period between
ascospore and pycnidiospore inoculations was neitue to an inhibitor effect of the
petroleum jelly nor to differences in aggressivenastween pathogen populations of different

origin.

The correlation between the mean values of lesioa (S1ZE..y), pycnidium density
(PYCdens), and latent period (LatP3jC assessed after ascospore and pycnidiospore
inoculation for each of the 12 selected isolatespiesented in Figure 7. For each
pathogenicity component, the inter-isolates valitgbiwas higher after ascospore than
pycnidiospore inoculation. The value obtained aftgrnidiospore inoculation corresponds to
the mean recorded on several lesions, while itespwnds to a single value recorded on one
lesion after ascospore inoculation. Despite thigeexnental artifact, no relationship between
pathogenicity components obtained after ascospatgwgcnidiospore inoculation was found.

Discussion

In our experimental conditions, latent period of tritici on adult wheat leaves was
significantly longer after contamination with asgoses than with pycnidiospores, while no
difference was established for lesion size and itdensf pycnidia. Differences in
pathogenicity between asexual and sexual spores lwtirerto reported for only a few other
ascomycete fungi (Wood & Barbetti, 1977; Gilles al, 2001; Karolewskiet al, 2002;
Mason & Huber, 2002; Let al, 2004; Trapero-Casas & Kaiser, 2007). As opposetidse
studies, the high inter-individual variation i tritici pathogenicity (Sufferet al, 2013)
prompted the use of asexual and sexual spore aiitime genotypic origin, produced through
a two-staged inoculation procedure. To the besiunfknowledge, this is the first report of
successful infection of wheat leaves wathtritici ascospores in controlled conditions and of

the subsequent development of lesions. Moreovey aiso one of the first reports of infection
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with Z. tritici asexual spores actually liberated by pycnidia bbsn a leaf lesion
(pycnidiospores); in all reported infection expegims, the asexual spores were not
pycnidiospores produced on infected leaves butdi@nobtained by clonal multiplication

from yeast-like mycelium grown on artificial medium

The difference in mean latent period between the $pore types, assessed as the
maximum likelihood time elapsed between inoculatemmd the appearance of the first
pycnidia ALatPYG = 55.5 ddpi) was close to the difference assessethe maximum
likelihood time elapsed between inoculation and #mpearance of the majority of the
sporulating lesionsLatLES;7 = 63.5 ddpi).This consistency is supported by the significant

correlation between LatLESand LatPY G assessed for the 12 selected isolates.

The longer latent period recorded after inocufatwith sexual spores suggests that
fungal growth that precedes the appearance ofdhel@sions is slower after inoculation with
an ascospore than with a pycnidiospore. The eadggsses of infection (spore adhesion,
germination, and penetration) might also be lesfcieft in ascospores than in
pycnidiospores. Possible differences in infectidficiency - the probability that a spore
deposited on a receptive host surface producesi@nl¢Pariaucet al, 2009) - could not be
tested, however. Technical limitations prevente@ fbrecise assessment of inoculum
concentration in the ascospore suspensions thaggisired for the accurate assessment of

infection efficiency.

In contrast with our results, ascospores were rtegoto be more infectious than
asexual spores in three ascomycete fungi.Léaptosphaeria maculans the cause of
blackleg disease dBrassicacrops - ascospores caused more infections thamigygspores
(Mason & Huber, 2002) and the latent period wasrtehafter infection with ascospores
(Brunin & Lacoste, 1970; Alabouvette at al., 19preover, germination and penetration,
as well as the subsequent development of lesioasg wiuch earlier in ascospores than in
pycnidiospores (Let al, 2004). InPyrenopeziza brassicaethe cause of light leaf spot of
oilseed rape - a deposit of about 25 ascosporesabodt 700 pycnidiospores per leaf was
required for infection (Karolewslet al, 2002), confirming that ascosporesRf brassicae
are more infective than conidia (Gilles al, 2001). Difference in latent period between the
two spore types used for inoculation were not teatal it cannot be excluded that ascospores
(mean latent period was 12.1 days) are less infd¢hian conidia (mean latent period was

11.3 days; Karolewsket al, 2002). InDidymella rabiei- the cause of Ascochyta blight of

97



Table 4 - Number of cells and volume of ascospores anaigiaspores/conidia in four ascomycete

fungi.

Number of cells Volumepfn®) 2

Pycnidiospore Pycnidiospore

Fungus Ascosporeor conidia Ascospore or conidia
Zymoseptoria
tritici ° 2 4-8 50 210
Pyrenopeziza
brassica€ 1-2 1 70 80
Leptosphaeria
maculang’ 6 1 1100 7
Didymella rabiei® 2 1-2 330 70

& volume was approximated a6 x a x b2 (ellipsoid) with a the mean length &nithe mean
width, whatever the shape of the spore.

ba= 12.5um and b = 2.&m for ascospore (range, 10-15 x 2.5-3m0; Shaner, 2010); a =
59.0um and b = 2.um for pycnidiospore (range 20-98 x 1.4-3r8; Shaner, 2010).
“a=14.5um and b = 3.um for ascospore (range, 13.5-15.5 x 2.5:31Q Rawlinsoret al,
1978); a = 13.um and b = 3.5um for pycnidiospore (range 10-16 x 3.0-4ud; Rawlinson
et al, 1978).

da= 50um and b = 6.5um for ascospore (range, 30-70 x 4.0490; Smith & Sutton, 1964);
a = 4.0um and b = 1.8um for pycnidiospore (range, 3.0-5.0 x 1.5-gr@; Smith & Sutton,
1964).

®a = 15.4um and b = 6.4um for ascospore (range, 13.5-17.3 x 6.01618 Nene, 1982); a =
13 um and b = 3.3um for pycnidiospore (range, 10-16 x 3.0-ufh; Punithalingam &
Holliday, 1972).
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chickpea - inoculation of plants with ascosporesulted in a significantly higher disease
severity than with conidia, whose germination pssceavas slower than in ascospores
(Trapero-Casas & Kaiser, 2007). We propose to @xpihee inconsistency between the results
obtained withZ. tritici and the three other fungi by differences in tlze sif the spores (Table
4). In Z. tritici, the spore volume is four times bigger for a pgimspore than for an
ascospore. The volumes of the two types of spaesi@arly equivalent iR. brassicaeln
contrast, the spore volume is much bigger for aogsore than for a pycnidiospore n
rabiei (x 5) andL. maculangx 150). The difference in latent period observed between th
two spore types in those three fungi may be reltdedifferential ability to cause infection:
smaller spores, which also contain a smaller nurobeells (Table 4), are likely to contain
fewer nutrient reserves (Garrett, 1973); consedyethie time required for germ tube growth
and penetration into host tissues may be longecogmores oD. rabiei germinated more
rapidly than conidia, which are smaller (Trapers&a& Kaiser, 2007). In the case &f
tritici, we can assume that smaller ascospores germinatsd rapidly than bigger
pycnidiospores, and so needed more time to enéehdbt tissue. This assumption should be

tested using microscopic observations.

Difference in latent period after ascospore andnpmospore infection could be
related to different micro-climatic requirementseniperature and wetness requirements for
infection by two spore types have been rarely caethen ascomycete fungi (Karolewsid
al., 2002; Trapero-Casas & Kaiser, 2007). In our expent, it is unlikely that wetness
duration was a limiting factor because of the lored period allocated after inoculation (72 h)
with either of the spore types. The average tentperaduring the three weeks after
inoculation was slightly higher for ascospores 918) than pycnidiospores (17.2°C). These
temperatures are quite close to the thermal optin@id. tritici after conidial inoculation
(~18°C; Bernarcet al, 2013); therefore, it is also unlikely that tengtere was a limiting
factor for any of the spore types.

Models of the development of Septoria tritici llotthat explicitly consider both
ascospores and pycnidiospores, either all alongritye season (Eriksest al, 2001) or only
at the onset of epidemic (Robeitt al, 2008), assume that the infection process afteresp
deposition is the same for both spore types. Osuli® suggest that the mean latent period
during the very beginning of epidemics, when fikssions are mainly caused by wind-
dispersed ascospores (Suffettal, 2011), is longer than during the spring epidestage,
when secondary contaminations are caused by sgisghrsed pycnidiospores. This
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difference can be increased by winter cold tempegatand the non-linearity of the thermal
performance curve d. tritici (Shaw, 1990; Bernaret al, 2013). According to our results,
forecasting models used for timing fungicide spreyaild be improved if the difference in
latent period between the two spore types wereidered. Spring infections are mainly
caused by pycnidiospores splash-dispersed upwardhie wheat canopy; infections by
airborne ascospores released by pseudothecia gewglon wheat plants cannot be excluded
(Duvivier et al, 2013). Depending if the canopy is mainly contaated by pycnidiospores or
by ascospores, a 60-dd delay in the early dynamiafection may alter the optimal schedule
of fungicide spraying. For example, late preventiwegicides sprayed in late spring (from
flag leaf visible Z37 to beginning of flowering Z6énay be more efficient in delaying or
preventing infection by ascospores than by pycsiloes.
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Diversity and structure of Zymoseptoria tritici populations at a small
spatiotemporal scale: overall genetic stability andsporadic signs of

differentiation are not contradictory
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Manuscrit & soumettre a la revue Molecular Ecology
Abstract

By a molecular epidemiology approach, we investidatvhether the diversity and the
structure of Zymoseptoria triticipopulations at a small spatiotemporal scale cdwétp
disentangling the influence of different local smes and types of inoculum on Septoria tritici
blotch epidemics. Population genetic indexes ddrfvem SSR markers analysis were used to
assess changes in genetic structure and diversityelen 26 populations (800 isolates)
collected at different periods (from beginning ke &nd of epidemics) during four successive
years (from 2009 to 2013), in two wheat fields castted for the origin of primary inoculum
(with or without contaminated debris), and from mpigiospores (asexual spores from leaf
lesions) or ascospores (sexual spores from whdaisjleThe genetic structure was stable
over time (within and between years) and betweeatsplDiversity was very high in all
populations. Two exceptions were detected. Filsg differentiation between pairs of
ascospore populations was lower than pycnidiospogulations, as suspected for a plant
pathogen having dual sexual-asexual reproductivéesnoSecond, pycnidiospore populations
collected during the whole spring 2012 were slighbut significantly, more differentiated
than populations of the previous years. Such sighsdifferentiation, related to the
epidemiological context, allowed to reject the hyysis that sexual secondary inoculum
contributed significantly to the 2011-2012 epidemiutile it was not the case for the others.
To conclude, genetic variation detectable by SSkotyping, despite they were slight, were
related to the amount and the type of inoculum: dwerall genetic stability is not
contradictory with sporadic signs of differentiatio

Keywords

Diversity, molecular epidemiology, population stwe, Mycosphaerella graminicola

primary inoculum, Septoria tritici blotch, SSR, valhelebris.
107



Introduction

Understanding how fungal diseases start and dewabopwhat the relevant biological and
environmental determinants of epidemics are, iealenging issue of crucial importance for
disease management. Reducing the amount of inoctiiaminitiates an epidemic can be a
successful means to limit the spread of an epidemd its negative consequences on crop
yield and quality (Van der Plank 1963; Strange 20@rimary inoculum, defined as
propagules or vegetative structures of a pathobah ¢ause initial rather than secondary
outbreaks of disease (Shurtleff & Averre, 1997)pie key element of epidemics. Primary
inoculum will influence the early stages of an @pidc and the disease intensity depends of
its initial amount and conservation state: the matenerous are the living infectious
propagules, the earlier (Jordan & Allen, 1984; 8uff& Sache, 2011) and more severe
(Johnson 1990; McMullen et al., 2008) will be tipedemics. The nature of primary inoculum
will also influence the genetic diversity of thetlpagen populations that would thrive during
the epidemic, causing a steadily adaptation to oelwvars or hosts (Ahmed et al., 1996;
Pariaud et al., 2009). In addition, disease disgperdl be tailored by the nature of primary
inoculum: highly dispersible propagules, with vasadispersion modes may greatly enhance
epidemics spread over a large territory (Purdy let 1885; Brown & Hovmgller, 2002;
Fountaine et al., 2010). Finally, the period of dqarction of primary inoculum has to be
synchronized with the period of receptivity of htssues. Since most fungal plant pathogens
undergo vegetative reproduction as well as sexambduction, asexual and sexual inoculum
can be jointly released during the onset of thelepic and potentially involved in the
initiation of the epidemic (Rutter et al., 1998; fleut & Sache, 2011). Accordingly,
disentangling the mechanisms involved in the eathges of epidemics and the effects of
biotic and abiotic factors on such mechanisms i @&t matter of debate among plant

pathologists.

As asexual and sexual inoculum usually differheitt dispersal characteristics, e.qg.
wind vs. splash dispersal, the spatial patternsga@matypic diversity of pathogen populations
are both useful for inferring the type of inoculumost significant in an epidemic period
(Milgroom & Peever, 2003). The observation and thedeling of the spatio-temporal
dynamics of the propagules suspected to act asaprimoculum can allow the identification
of the sources of primary inoculum (Rieux et al12). Such approaches, however, add little
information on the genetic structure of the patmogepulation and its evolution during the
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build-up of primary inoculum. Population geneticslgs understanding the evolutionary
processes involved in the establishment and mainten of genetic variation within and
among populations, focusing on changes of multdogenotypes or allele frequencies
(McDonald & Linde, 2002; Abang et al., 2006). THere, population genetics could help
revealing when the primary inoculum is produced amhtributes to epidemics onset
(Zwankhuizen et al., 1998; Shah et al., 2001; Mitgn & Peever, 2003). Primary inoculum
can be constituted of new genotypes produced threagual reproduction and/or of airborne
propagules of remote origin, which may modify aldrequencies and the subsequent
population structure. Alternatively, primary inogal can also be constituted of local, related

genotypes, which would not deeply modify the popatastructure.

Epidemiological studies aiming to infer dispersapacities during intra- and inter-
epidemics periods can benefit from molecular epideygy approaches. Such approaches,
that combines population genetics and dynamicse lestablished the role of the different
sources of primary inoculum in the initiation ohfyal plant diseases, such $tsgonospora
nodorum(Shaw, 1999)Rhynchosporium secali$-ountaine et al., 2010) arfelsariumsp.
(Landschoot et al., 2011) on wheMelampsora larici-populineon poplar (Xhaard et al.,
2012), Stemphylium vesicariurgRossi et al. 2008) on pedtuccinia striiformisf. sp. tritici
on wheat (Ali et al.,, 2014) andscochyta rabiebn chickpeas (Peever et al., 2004). The
influence of the source of primary inoculum on subsequent genetic structure of the fungal

populations, during the early stages of an epidehas yet to be assessed.

Septoria tritici blotch causes up to 30-40% vyitdds (Eyal et al, 1987) on wheat
(Triticum aestivurpin most wheat-growing areas worldwide. The diseascaused by the
hemibiotrophic, heterothallic, ascomycete fungiysnoseptoria tritici(formerly known as
Mycosphaerella graminicolaanamorplSeptoria tritici Quaedvlieg et al., 2011). Among the
means of disease control, crop rotation and stulnaleagement are expected to decrease the
amount of primary inoculum (Eyal, 1999). Ascospo(8anderson, 1972; Halama, 1996),
ejected from contaminated debris from the previsheat crop and wind-dispersed over long
distances, constitute the main sourceZoftritici primary inoculum while pycnidiospores,
splash-dispersed over shorter distances, are thesoarce of secondary inoculum during the
growth period of the wheat crop (Shaw & Royle, 198iffert et al., 2011). However,
ascospores and pycnidiospores can be jointly irbiwmto different stages of the epidemic
development. In a wheat monoculture system, whenaotsinated debris is not completely
buried, pycnidiospores can theoretically contribtdeinitiate the epidemic (Suffert et al.,
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2011). In spring, secondary infections can be atslnced by ascospores (Duvivier et al.,
2013) released either from old, still infectioudds located in distant plots or from infected
wheat plants located in the same plot. Suffert & ®a2011) showed in a field experimental
study that an epidemic developed faster in a pitt debris, releasing ascospores, than in a
plot without debris; the genetic structure of #hetritici population in the two epidemics has
not yet been investigated. The level of genetiomdmnation inZ. tritici populations and the
relative importance of pycnidiospores and ascospanethe epidemic development are
difficult to obtain experimentally (Zhan et al., 48 2000); in this context, results of
simulations of a mathematical model including thea of the two spore types on the
epidemic development suggested that sexual recatitomn will affect the genetic
composition of the population during a growing seagEriksen et al., 2001). Investigation on
the genetic diversity and structure of populatioh&. tritici at a single date during annual
epidemics were mainly carried out at a large gguycal scale (Zhan et al, 2002; 2003;
Razavi & Hughes, 2004; Abrinbana et al., 2010; Ba@ouni et al., 2011; Boukef et al.,
2012), but rarely at a local (field) of very locgalant or leaf) scale (Chen et al., 1994, Linde
et al., 2002; El Chartouni et al., 2012). Despiie potential differences in the nature and the
amount of inoculum within an epidemic, the samplpegiod of Z tritici populations was
rarely considered as a factor that affects themege structure. Populations exhibited a very
high genetic diversity and no structure at the io@mtal and regional scales (Schnieder et al.,
200% Linde et al., 2002), except in the studies of Ghant et al. (2011; 2012) and Abrinbana
et al. (2010). Finally, there is still too few imfoation on theevolution of Z. tritici
populations at a local scale, which is the spaiogoral scale relevant to the understanding
of the early stages of disease epidemics and fteetiek influence of primary inoculum on

the population structure and diversity.

The objective of this study was to investigate thbe the evolution ofZ. tritici
populations at a small spatiotemporal scale coald Hisentangling the influence of different
sources and natures of primary inoculum on Septatia blotch epidemics. To this aim, we
developed a molecular epidemiology approach andeaddd the following questions: (1)
How do Z. tritici populations locally evolve during several sucogsspidemics and which
factors may shape the structure of these popukid@) Does the origin of the primary
inoculum modify local population diversity and tbecurrence of sexual reproduction? We
assessed and analyzed the changes in the gemattust and diversity ofeveralZ. tritici
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populations collected at a local scale during theeecessive yearly epidemics in two wheat

fields, contrasted in terms of debris managemattighfor the origin of primary inoculum.

Materials & Methods

Experimental design and sampling

A four-year field experiment was carried out frori02 to 2013 at the INRA Grignon
experimental station (France, 48°51'N, 1°58'E)tlmnbasis of the field design described by
Suffert & Sache (2011). A 20 x 100 m monoculturet photed D+) was cropped with winter
wheat (cv. Soissons), without fungicide applicatsamce 2007, during the 2009-2010, 2010-
2011, 2011-2012 cropping seasons and beginningpeofstibsequent 2012-2013 campaign.
Debris of the previous wheat crop was left on thiésurface. Another 40 x 100 m plot D
not cultivated in wheat the previous year, was peapwith winter wheat each of the 2009-
2010, 2010-2011, and 2011-2012 seasons. The D+bampdots were contiguous in season
2010-2011, while they were located 300 m apartndu009-2010 and 2011-2012 seasons. In
the Dy plot, no debris was present over the three yefatiseostudy so thaf. tritici primary
inoculum infecting this plot was assumed to hawdistant origin. Samples originated from
pycnidiospores were collected from wheat leavesctefd with Z tritici from D+ and I3 plots
simultaneously every one or two months from OctoP@d9 to December 2012. Fungal
isolates were obtained by placing the infecteddsan a plastic box with a wet paper, kept at
18°C overnight to promote cirrhus exudation. Omehais per pycnidia and per leaf lesion
was taken and cultured in a single Petri dishdilgth PDA medium (Potato Dextrose Agar
39 g.L'!) for five days. This led to the collection of 688re isolates. Samples collected at
close dates were grouped together according tepieemic stage in order to constitute 23
groups of 16-84 individuals (hereafter called "plagions" for the sake of simplicity;
numbered P1 to P29). Consequently, four groups determined for cultural seasons 2010-
2011 and 2011-2012 (Figure 1): "beginning of epigeperiod" (from October to January,
which corresponds to autumn and to the first wedkainter, where wheat was beginning
tillering; populations P02, P05, P09, P13, P17, R28 P29), "intermediate epidemic period
1" (from February to late-March, which correspotmishe end of winter and the beginning of
spring; P10, P14, P18, and P24), "intermediateespid period 2" (from April to May, which
corresponds to spring period; P03, P06, P11, P19, Bnd P25) and "end of epidemic
period” (from late-May to mid-July, which correspisnto the end of spring and the first of
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Figure 1 - Populations oZ. tritici (800 isolates) collected in two wheat plots (D+thwdebris; B

without debris) during three cultural seasons (20090, 2010-2011 and 2011-2012), in Thiverval-
Grignon, France. The 800 isolates were groupedrdicap to the epidemic period (beginning, i.e.
from late-November to late-January; intermediateel February and March; intermediate 2, i.e. from

April and May; end, i.e. from early-June to midyjulWhite columns: pycnidiospore populations

from plot with debris (D+); black columns: pycnidmore populations from plot without debrisgD

gray columns: ascospore populations from plot @éhris (D+).
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summer, when wheat reaches the adult mature 2é@dge;P07, P12, P16, P21, and P27). For
the 2009-2010 season, only three groups were totestibecause of low disease severity at
the "intermediate period ", which corresponds tty @ame collection date in March 2010, the

"beginning period" and "end period"” being similarpaeviously described.

Populations originated from ascospores (hereaftédled “ascospore populations”)
were collected after the inter-epidemic period fraimeat debris bearing perithecia in the D+
plot. Wheat debris were kept on plastic boxes aptted at 18°C overnight. The next day,
debris were cut in small pieces of 10 g and spmradresh moist boxes. Petri dishes filled
with PDA medium were put 1 cm above debris in dagk. Then, moist boxes were kept in
the dark for at least 6h at 18°C and then were reaveip and incubated in the same
conditions until colony formation, which were thisolated. This led to the collection of 115

isolates, organized into three populations (P08, BAd P28).

In total, 800 pure strains (Figure 1) were isaladéed organized into 26 populations
according to the type of spores from which the ated come from (pycnidiospore or
ascospore), the origin (plot with or without depriand the epidemic period (beginning,
intermediate 1, intermediate 2, end). Isolates weaspt at -80°C in a 1:1 glycerol/water

solution until further use.

Molecular procedures

For each isolate, DNA was extracted from 50 mges$t fungal material, scrapped from five
days of culture on PDA medium in the dark at 18BGIA was extracted in an automated
system (Biorobot 3000, Qiagen), with the DNeasypéeth kit (Qiagen). All 800 isolates were
genotyped for eleven microsatellite markers (StBASSt3C, St4, St5, St6, St7, St9, Stl10,
Stll and St13 ; Gautier et al., 2014) organizedmo multiplex PCRs. Automatic allele
recognition and annotation was carried out to ndum@ogeneously alleles for each locus
(Beckmann Coulter CEQ 8000 software; Gautier et28114). Five hundred and eighty five
isolates were completely genotyped for the 11 SSiRg{e Sequence Repeat) markers, while
the remaining isolates (27% of the total datasat) bnly one or two missing allele values,
homogeneously distributed along all SSRs. The maipe of 739 isolates was determined
by PCR (Waalwijk et al., 2002); eight per cent lod isolates were not genotyped for mating
type, because of technical failure or contaminatidaring PCR assays.
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Analyses of population subdivision withouta priori assumptions

Population subdivision withou& priori assumptions was investigated by the Bayesian
clustering method implemented in the STRUCTURE paog (Pritchard et al., 2000). This
model-based algorithm assumes linkage equilibriuthimvinferred genetic clusters, therefore
is in principle appropriate for species experiegciregular recombination. We ran
STRUCTURE with the admixture model and correlatésl@afrequencies. Burn-in length was
set at 500,000 Markov Chain Monte Carlo iteratioftse burn-in period was followed by a
run phase of 1,000,000 iterations (ElI Chartouralet2011), with the number of clustdfs
ranging from 1 to 10 with 10 independent replicdi@seach value oK. The amount of
additional information explained by increasigwas determined by calculating tie
statistic (Evanno et al., 2005) with STRUCTURE HARSTER (Earl & von Holdt, 2012,
Belkhir et al., 1996-2004).

Three STRUCTURE analyses were carried out indeg@hg to test the three factors
that can be suspected to structure the datasetlyanthe collection time, through the three
cultural seasons divided into three or four epidepariods, ii) the origin of the isolates (plot
with or without debris), and iii) the type of spseréfrom which the isolates come from, i.e.
ascospore or pycnidiospore). A first set of anaysas carried out in order to test, for each
cultural season separately (2009-2010, 2010-20011-2012), the effect of epidemic period
on the structure of pycnidiospore populations obdd in the plot with debris (P02-P03-P04,
P09-P10-P11-P12, and P17-P18-P19-P21, respectivatypnalysis grouping together the
three year datasets, adding P29 (2012-2013), vgascalried out overall in order to test the
year effect. A second set of analysis was carrigdmtest, for each cultural season separately
(and then overall), the structuring effect of thegio of the isolates (plot with or without
debris) on the structure of pycnidiospore poputei¢P02-P03-P04-P05-P06-P07, P09-P10-
P11-P12-P13-P14-P15-P16, and P17-P18-P19-P21-RPRBPRP27, respectively). The last
analysis was carried out to test the structurirfgcefof the type of spores on the complete
dataset (adding PO1-P08-P28).

Analyses of population subdivision witha priori assumptions

A 3D Principal Component Analysis (PCA) was achtbwsing GENETIX (Belkhir et al.,
1996-2004) on multilocus genotypes categorized dyyufations (as defined in Figure 1) to
investigate their relationships. At last, hieracethianalyses of molecular variance (AMOVA)
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implemented in ARLEQUINV3.5 (Excoffier & Lischer, 2010) were performed in order
investigate the relative contributions of time (yead epidemic period), of origin of the
isolates, and of the type of spores to the paniitip of genetic variance. Each factor was
tested individually using priori populations (as defined in Figure 1) and perfogrone or
two factor AMOVAS.

Genetic variability, differentiation between populdions and occurrence of sexual

reproduction

Pairwise Weir & Cockerhambs; index (Weir & Cockerham, 1984) were calculatedniaen
pairs of populations defined in Figure 1, using &OP v4.1 (Raymond & Rousset, 1995).
The unbiased fixation indeks; constitutes a common measure of the degree oftigene
differentiation, and was first defined by Falustakt(2003), which by definition lies between
zero (total panmixia) and one (population have gontxation for different alleles)rs: can

be thought as the proportion of genetic diversiiyg d¢o allele frequency differences among
populations or as the correlation between alleléhinv populations relative to the entire

population. Significance d¥s; values was calculated after 1000 randomizations.

GENETIX (Belkhir et al., 1996-2004) was used tdireate over time within-
population genetic variability on the basis of gediversity calculated as multilocus observed
heterozygosity i), and allele richnessA{, mean number of alleles per locus), in all the
populationst-tests for paired samples were used to check sigmifidifferences between D+

and Dy plots over time (5% confidence level).

To assess the occurrence of sexual reproductioh ddfitici populations over three
cultural seasons, the number of unique multiloceisotypes (G) and the clonal fraction (1-
G/N) were calculated using MULTILOCU®1.38 (Agapow & Burt, 2001). This software
was also used to estimate multilocus linkage digibgum overtime, as thes index. This is
corrected for the number of loci considered, andsgwmom O (all individuals are genetically
different and multilocus linkage are broken) toall {(ndividuals are clones)s significance
was established by comparing the observed valuts tive distributions obtained by 1000
randomizations (Agapow & Burt, 2001). At last, &sass the possibility of recombination by
sexual reproduction, we calculated the ratio betweating-type alleles (Mat 1-1/Mat 1-3F.
tests were performed to determine whether the &eges of the two mating types within
different populations departed from the null hymsils of a 1:1 ratiot-tests for paired
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samples were also performed to check significafférdinces over time between D+ ang D

plots (5% confidence level) for all indexes.

Results

Population partitioning

Bar plots of the three independent STRUCTURE amslysrried out to evaluate population
subdivision with the admixture model and withouingsprior assumptions about time (year
and epidemic period), origin of isolates (plot with without debris), and type of spores
(ascospore or pycnidiospore), were given in Figuréhe three cultural seasons (2009-2010,
2010-2011, 2011-2012) and the adjacent epidemiogse(end of cultural season 2008-2009,
PO1; beginning of cultural season 2012-2013, PZ9ewresented together. In the first set of
analyses, pycnidiospore populations from the D+ plere analyzed for each cultural season
(Supplementary Table 1) and then overall (SuppleangriTable 1; Figure 2A). The rate of
change in the log probability of data between sssigeK values AK) exhibited a mode &

= 3 for the 2009-2010 seasonKat 2 for the 2010-2011, 2011-2012 cultural seasand,at
K=7 for the overall dataset. Whatever the epidemitperonsidered in each cultural season
(year), individuals were hardly assigned to onéhekeK clusters (no individuals assigned to
one cluster with a posterior probability > 0.5kithposterior probability being equally shared
between the seven clusters (0.1426 < overall nie&n0.1431), suggesting that neither the
epidemic period nor the cultural season deeplycsirad the pycnidiospore populations. In
the second set of analyses, pycnidiospore popuoktioom the D+ and § plots were
analyzed for each cultural season (SupplementanjeTH and then globally (Supplementary
Table 1; Figure 2B). Modes &t = 3 for the 2009-2010 season anKat 2 for the 2010-
2011, 2011-2012 seasons and for the overall dateset exhibited. Again, the posterior
probability of individuals was equally shared betwehe two clusters (0.498 < overall mean
P < 0.502). Only 0.15 % of the individuals were amsei to one cluster with a posterior
probability greater than 0.6, whatever the epidgpeigod, suggesting again that the origin of
isolates (D+ or [p plots) did not highly structure the dataset. Astlaafter addition of
ascospore populations to the previous dataset m tthird STRUCTURE analysis
(Supplementary Table 1; Figure 2C), a modK at 3 and posterior probabilities still equally
shared (0.332 < overall me&x 0.334) were exhibited; thus, there was no striujueffect

of the type of spores.
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As no population structure was detected withaudriori approach, the dataset was
explored usinga priori populations defined in Figure 1. The relationshyetween the 26
populations is presented in a three dimensional B@#h (Figure 3). All populations had a
close inertia centre position regarding the thneesaand constituted one single tight cloud,
except four populations which were distinguishemirfrthe central cloud: P09 (beginning of
season 2010-2011 in D+ plot), P18 (first intermedigeriod of season 2011-2012 in the D+
plot), P25 (second intermediate period of seasdl-2W12 in the P plot), and P27 (end
period of season 2011-2012 in thgdot).

We examined the differentiation between and ampogulations collected from
pycnidiospores and from ascospores by calculataagvse Fsr(Figure 4). The overall mean
Fsrwas 0.016, with 22.5% of individu&k; values being significant. This mean was chosen to
calculate the proportions of significaRt; values greater than this threshold, between and
among pycnidiospores and ascospores populationslgTg. Ascospore populations arise
exclusively from recombination, while pycnidiospgepulations are supposed to derive from
ascospores populations after a variable numbelooftreproduction cycles. Differentiation
between pairs of pycnidiospore populations was leith a mearts; value equal to 0.017 but
24.9% of significant pairs greater than the ovemadlanFs. By contrast, the differentiation
was even lower between pairs of ascospore popofatimeanFs; = -0.003) and between
pairs of ascospore and pycnidiospore populationga(mFs; = 0.010). This lower
differentiation is confirmed by the null or lowergportion of significant~s; values greater
than our threshold (Table 1). Scoring the numbesigrificant pairwise comparison including
each given populations enabled to highlight thenmliospore population collected in the D
plot at the end of season 2010-2011 (P16), and mbshe pycnidiospore populations
collected at the end of season 2011-2012 (P18,P2%,P21 and P27) (Supplementary Table
2 and Figure 4). These populations were involveti3rl4 significant pairwise comparisons,
whereas all the others exhibited only 0-7. P18, &2% P27 have been already distinguished
with the 3D PCA. These results constitute a bodyntdr-related evidence that populations
collected during the whole spring 2012 are slightiyre differentiated than populations from
seasons 2009-2010 and 2010-2011.

117



Posterior prababilities

Posterior prababilities

Posterior prababilities

Figure 2

epidemic

2009 2010 2011 2012
2010 2011 2012 2013

0,8
0,6
0,4

0,2

1
0,8
0,6
04

0,2

0
AY
\ D+ Do . D+ Do\ D+ Do \ D+
\ \ \ A
\ \ \ \
\ \ \ \
\

\
2008 ', 2009 \ 2010 . 2011 2012
2009 ', 2010 \ 2011 \ 2012 ', 2013
\ \
1 -

0,8
0,6
0,4

0,2

0

Asco Pyc Asco Pyc Pyc Asco Pyc

- Genetic subdivision of the 8aD. tritici isolates collected during three cultural seasons
(2009-2010, 2010-2011 and 2011-2012), in Thive@agnon, France. Colors represent membership
of the individuals intd clusters, as defined afterfJCTUREanalysis, aiming to test three structuring
hypothesis. A - Test of the epidemic peridd< 7; 460 isolates; letters indicate the differepidemic
periods, B: beginning; I1 and 12: intermediate;eBd). B - Test of the origin of isolates € 2; 685
isolates; D+: plot with debris, Pplot without debris). C - Type of spords € 3; 800 isolates; Asco:
ascospores; Pyc: pycnidiospores). For each barpiiet,vertical black lines delimit the different

cultural seasons and the vertical white lines délthre modality of the second studied factor (the

period in A; the origin of isolates intBe type of spores in C).

118



Figure 3 - Principal components analysis (PCA) of the ggpiatproximity of 26Z. tritici populations
(800 isolates; see Figure 1) collected during tlmdeural seasons (2009-2010, 2010-2011 and 2011-
2012). Each of the 26 populations is represented bguare. Outlier populations: P09 (beginning of
season 2010-11 in D+ plot), P18 (first intermedageiod of season 2011-2012 in the D+ plot), P25
(second intermediate period of season 2011-2012eim, plot), and P27 (end period of season 2011-
2012 in the [gplot).
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Figure 4 - Comparison of number of pairwigg; exhibiting significant valuesX(< 0.05) for the 2&.
tritici populations according to the type of spores (piospores, ascospores), to the cultural season
(2009-2010, 2010-2011, 2011-2012), and to the emitiperiod (beginning, intermediate, end). Black
bars indicate the number of pairs with significkst values lower than the mean overall (0.016),

whereas white bars are greater than this thregheel Supplementary Table 2).
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Table 1 - Differentiation between populations estimatedplayrwiseFg; values (see Supplementary
Table 2). The percentages of pairwise comparisdreye¥s; were significant®® < 0.05) and greater

than the overall medhs; (0.016) were calculated for each comparison of yfospore populations.

% of
significant
Numk_Jer of MeanFe. Foo >
pairs
overall
meanFs;
Overall 325 0.016 22.5%
PairwiseFs; between pycnidiospore populations 253 0.017 24.9%
PairwiseFs; between ascospore and 69 0.010 14.5%
pycnidiospore populations
PairwiseFs: between ascospore populations 3 -0.003 0%
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We then examined the partitioning of genetic wamaamong the different potential
factors shaping. tritici population subdivision (year and epidemic permigin of isolates,
type of spores) by hierarchical analyses of mobacuariance (AMOVA) (Tables 2 and 3;
Supplementary Table 3).

A first two factor AMOVA, performed to test thefeft of year (cultural season) and
epidemic period nested within cultural season cheaaot, separately, indicated that variation
within epidemic periods accounted for most of theleoular variance (98-99% < 0.002;
0.012 <Fsr <0.020). Variation among epidemic periods withirteral seasons accounted
only for 1.7-2.1% of molecular variance but wadl stignificant (P < 0.005). This result
shows that genetic variation among populations wasrall, very slightly affected by the
epidemic period. Secondly, a set of one factor AM@\performed to test the effect of the
origin of isolates nested within the epidemic per{@able 2), showed that, for all epidemic
periods, the variation within plots accounted farstnof the molecular variance (97.6-99.6%).
Nevertheless, variation among plots was signifidantthe intermediate epidemic periods 1
and 2, even if it explained very small parts of ewollar variance (1.9-2.4%,< 0.034; 0.019
< Fsr <0.024). The genetic variation of the populatiomas therefore slightly, although
significantly, affected by the origin of isolategldt D+ or o) only between January and
April, when the amount of airborne ascospores igallg decreasing, compared to the
beginning and the end of the epidemics. A third ddeAMOVA analyses (Table S3) was
performed to test the effect of the type of spareshe genetic structure of populations at
relevant epidemic periods (end/beginning) andttesthypothesis of temporal continuity. We
compared the genetic variation between pycnidiasgmpulations collected at the end of
each epidemic (P04, P21) and ascospore populgti@sent on debris of the corresponding
crop collected at the beginning of the subsequpitteenic (P08, P28, respectively) in D+
plot, and then in P plot (P07, P27, respectively; Table S3A). The atawn within plots
accounted for most molecular variance (96.7-100%driation among plots was not
significant, except for the P27-P28 comparisony3.R < 0.05;Fs;=0.033); the difference in
the genetic structure between P27 and P28 was ldwsignificant. Then, we tested the
hypothesis that early infections in plot D+ wereimhacaused by local inoculum, that is,
built-up by ascospores ejected from debris of thevipus wheat crop. Each ascospore
population collected from wheat debris at the begig of epidemics (P01, P08, P28) was
compared with the pycnidiospore population colldctieiring the same period in D+ plots

(P02, P09, P29, respectively), and with the pyasipgore population collected ing[plots
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Table 2 - Hierarchical analyses of molecular variancea@¥A) with cultural season and epidemic

period nested within cultural season as groupirtpfa, for D+ (upper panel) and, Qower panel)

plots.

Sum of Variance Fixation
df % of variation P-value
squares  components index
Plots with debris (D+)
Among cultural seasons 2 3.6 -0.01 -0.56 0.935 0®.0
Among epidemic periods
8 23.6 0.032 1.71 0.001 0.017
Within cultural seasons
Within epidemic periods 386 714.6 1.851 98.85 00.0 0.012
Total 396 741.7 1.873
Plots without debris (Dy)
Among cultural seasons 2 4.7 -0.0003 -0.02 0.349 <0.001
Among epidemic periods
8 18.2 0.034 2.05 0.005 0.020
Within cultural seasons
Within epidemic periods 210 341.6 1.626 97.97 0.002 0.020
Total 220 364.5 1.660
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Table 3 - Hierarchical analyses of molecular variancen@¥A) with collected plots (D+ or §),

contrasted for the origin of isolates, as grougagjors, for each epidemic period.

Sumof  Variance % of
df o P-value Fixation index
squares components variation
Beginning of the epidemics
Among plots 1 24 0.007 0.37 0.183 0.003
Within plots 193 370.4 1.919 99.63
Total 194 372.8 1.926
Intermediate period 1
Among plots 1 2.8 0.029 1.92 0.034 0.019
Within plots 89 133.3 1.498 98.08
Total 90 136.1 1.777
Intermediate period 2
Among plots 1 4.3 0.038 2.37 0.002 0.024
Within plots 145 225.7 1.556 97.63
Total 146 230.0 1.594
End of the epidemics
Among plots 1 2.8 0.014 0.80 0.074 0.008
Within plots 183 312.6 1.708 99.20
Total 184 315.3 1.722
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(P05, P13; Table S3B). In all cases, the variatdhin populations accounted for most of the
molecular variance (89.2-100%). Variation amongoapore and pycnidiospore populations
were low and non significant for D+ plots (-0.4%40.116 <P < 0.659; -0.004 <4 <
0.033) but also for pplots (0.57% and 10.1%; 0.118><< 0.279; 0.006 €< 0.101). Such

a lack of difference in the genetic structure @ gopulations does not allow in D+ plots to
conclude, overall, about the origin - local vstal - of primary inoculum for each plot (i.e.

originating from resident vs. immigrant populatipns

Evolution of population diversity during the three successive cultural seasons

Genetic variability within each of the 2Z& tritici populations (Figure 1) was estimated first
by the genic non biased heterozygosity diversity(Figure 5A).He values were in the same
order of magnitude for all populations and varietieen 0.38 and 0.58, with a mean at 0.46,
0.44 and 0.42 for the pycnidiospores populationsnfiD+, Dy and ascospore populations,
respectively. At last, no significant differencessfaund between the evolution of populations
from the D+ and Pplots, according totest for paired population® & 0.471).

The mean number of alleles per locus (allele msisA,) ranged between 2 and 6.27
(mean 4.45, 3.67 and 4.06 for the D4, Bnd ascospores populations, respectively) for the
three cultural seasons (Figure 5B). The higlfestalues were found for season 2011-2012,
which is also the season with the highest numbestiains collected. Allele richness was
always equivalent or greater in the D+ plots coragaio the @ ones, with one exception
found for the second intermediate period of se&ii-2012, not consistent with difference
in population size. No significant difference wdserved between the D+ ang j@bpulations
over time P = 0.084).

Occurrence of sexual reproduction inZ. tritici field populations

The two mating-types Matl-1 and Matl-2 were foundall populations (Figure 6A),
excepted for P13, agpycnidiospore population composed of only fiveiudblals of Mat1-2
type. The mating-type ratio Matl-1/Matl-2 calcuthfer all the populations, including only
isolates with complete mating type (703 among &@faies), was 0.95. Results /gftests
showed that the frequency of the two mating typas wot significantly different from the
expected 1:1 ratid= 0.126).
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Figure 5 - Temporal evolution of the diversity of 2b tritici populations (800 isolates; see Figure 1)

collected in wheat plots with (D+) or without {Ddebris during three cultural seasons (2009-2010,
2010-2011 and 2011-2012). A - Observed heterozig@di). B - Allele richnessA;, mean number

of alleles per locus). White circles: pycnidiospgrepulations from D+ plots; black diamonds:

pycnidiospore populations fromyplots; crosses: ascospore populations.
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Figure 6 - Evidence of sexual reproduction of Z6 tritici populations (800 isolates; see Figure 1)

collected in wheat plots with (D+) or without {Ddebris during three cultural seasons (2009-2010,
2010-2011 and 2011-2012). A - Temporal evolutionttid mating-type ratio (Matl-1/Matl-2) in

pycnidiospores and ascospores populations. B - ®dmhpevolution of the multilocus linkage

disequilibrium estimated as thgindex. C - Temporal evolution of the clonal fracti(l-G/N) in the

same plots. Marks indicate the origin of the pofaies: white circles: pycnidiospores populations

from D+ plots; black diamonds: pycnidiospore popoles from 0y plots; crosses: ascospore

population.
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Difference in mating-type ratio was then assesssddeen plots. The mean ratio was
1.22 in the D+ pycnidiospore populations and O.@lthe Oy pycnidiospore populations
(Figure 6A). Results of” tests showed that the frequencies of the two matipgs within
each plot were not significantly different from A = 0.407 for D+;P = 0.746 for B3). The
results of thet-test for paired samples showed that the differanceatio between the two
plots over time was however significait £ 0.008). Finally, difference in mating-type ratio
was assessed between epidemic periods. Resyftstests showed that the frequency of the
two mating types in pycnidiospore populations amibe at the epidemic periods "end" were
significantly different from 1:1 (mean ratio = 1;78= 0.047), but not at the epidemic periods
"beginning” @ = 0.687).

Linkage disequilibrium was always low (close tol fphnmixia), withrs ranging from
negative values to a maximum of 0.09 (P16), withean value of 0.006, 0.015, and 0.001 for
the D+, ), and ascospore populations, respectively (FiguBg &gain, no significant
differences between the D+ ang plots were foundR = 0.354), despites was greater at the

beginning and at the end epidemic periods of tHOZD11 season ingplot.

The clonal fraction was very low over the thredtuwal seasons (Figure 6C): in
average 0.06 for pycnidiospore populations fromhbb+ and B plots, and 0.03 for
ascospore population, with values ranging from aimim of O (no clone found in the
population) to a maximum of 0.2 (only two clonesthe 5-isolate population P13). No

significant difference in the clonal fraction betmethe two plots was recordeel£ 0.784).

Discussion

In this study, we aimed to identify neutral struetat a plot scale and over three cultural
seasons, first considering a withautpriori approach for individual assignment and testing
three putative structuring factors: time periodgior of isolates and type of spores. We found
no relevant neutral population structure, due tp @frthese factors. There were especially no
differences in the genetic structure of populaticokected early and late in the same season,
or between collections made in the same plot ovbree year period. This is consistent with
several previous results which showed that the tgestructure ofZ. tritici populations was
stable in time, over 3-year (Chen et al., 1994) @+y@ar periods (Zhan et al., 2001), and in

space, from spatial scales ranged from metersotasdnds of kilometers (Linde et al., 2002 ;
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Schnieder et al., 2001). Accordingly, the 800 itdacollected locally constituted a single,
highly diverse entity that remained stable alonpthé epidemic stages, whatever the
demography of the population. These results meah ribither genetic drift nor possible
bottlenecks (for instance caused by unfavorablmatic conditions or prophylaxis) may
sufficiently operate to differentiate sub-populasalistinguishable by our neutral markers set.
This large, unstructured population did not appedre affected by the origin of the inoculum
colonizing the plots each year, and especiallybyothe introduction of airborne inoculum.
Airborne inoculum might have been constituted afalogenotypes resulting from sexual
reproduction occurring in the studied plots, boalat least partly, of genotypes of distant
origin, considering the long-distance dispersalacéfes ofZ. tritici ascospores. Indeed, the
wheat field without debris (§) was recolonized in each year by inoculum of unkmalistant
origin, while the wheat field with debris (D+) wasinly recolonized by local inoculum, as
showed by previous results (Suffert & Sache, 204drais et al, unpublished data) obtained
in the same experimental area. The lack of geséaticture, which means that ascospores and
pycnidiospores share neutral alleles at similaquesncies, is not surprising: firstly,
pycnidiospores populations derive from ascosporgsulations after a limited number of
clonal reproduction cycles (maximum five, dependimghe epidemic period; Agrios, 2005);
secondly, SSRs were likely not “filtered" (i.e. es#bd) by the wheat cultivar, which also
confirms the neutrality of the markers used in gtigly.

Analysis of molecular variance (fovA) of populationglefineda priori based on our
sampling scheme (Figure 1), revealed that samling, especially the epidemic period,
could be a slight (< 2% of molecular variance) ignificant determinant of the
differentiation of pycnidiospore populations, irettwo studied plots. Similarly, the origin of
isolates, contrasted through different debris mamamnt in the two plots, explained a slight
but significant part (< 2.5%) of molecular variarb@ing the growing season (intermediate
periods 1 and 2, i.e. between February and Maygnih tritici populations are supposed to
undergo demographical expansion through asexuabdaption. At last, we found that
molecular variance was similar among ascosporepgndidiospore populations collected at
the end of the cropping season, with one exceptibe: differentiation between the
pycnidiospore population from the plot without debat the end of epidemic period (P27;
season 2011-2012) and the ascospore population tlienplot with debris collected at the
beginning of the next season (P28; 2012-2013) wasblut significant. Becausé. tritici are

known to be highly diversified at large and smalatsal scales, the overall lack of genetic
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variation for neutral markers between populationfiected in D+ and B at the same
epidemic period, was not suprising. From a demdgcapoint of view, it could be
hypothesized that a limited local inoculum, potalhfiless diversified than a large airborne
inoculum, has a greater quantitative impact onyegpidemic stages than distant inoculum.
From a genetic point of view, it could be also hyy@sized that immigration has a qualitative
impact with opposite consequences: distant airbanoeulum could increase the overall
genetic diversity by adding new alleles in a lopapulation. The resulting demogenetic
impact of such contradictory effects probably vangith the year and with the locask.
distant inoculum pressure. Indeed, our results slkowhat some differences can be
established sporadically: the peculiar case P27-B@ggests a strong but transient
contribution of local ascospore population, comsiyy with results of a quantitative
epidemiological approach (Suffert & Sache, 2011).

Genetic diversity was high to very high in all pégdtions and stable over the three
cultural seasons. PCA (Figure 3) and pairwigeindex (Table S2) confirmed however that
some populations appeared slightly more differéedicthan other. Such populations were
mostly collected during the 2011-2012 cultural sea@18, P19, P25, and P27). It is likely
that the reproductive trajectory of the aforemeamgi populations of the season 2011-2012,
collected in @ as in D+, was characterized by a sexual recombmaturing spring lower
than during the two previous cultural seasons. Tysothesis is consistent with the local
epidemiological context: at the end of the cultwehson 2010-2011, the disease severity was
very low: lesions were absent from flag leaf at +diche 2011, while they covered 2-5% in
2010 and 15-20% in 2012. As expected (Cowger £2@02), the ascospore production from
debris derived from this crop at the beginning bé t2011-2012 cultural season was
undetectable using the methodology described ifeBW& Sache (2011): no ascospore were
collected from debris at the end of autumn 201lairey 1-5 ascospores-gand 5-20
ascospores-yat the end of autumn 2010 and 2012, respectiVélgrefore, it is likely that the
amount of airborne ascospores available duringhgp2012, produced from debris in D+
plots and in other distant fields, was negligibieabmost zero. The proportion of secondary
infections induced by ascospores released eitloen fvld, still infectious debris located in
distant plots or from infected wheat plants locaitedhe same plot (Clinckemailliet al,
2010; Duvivieret al, 2013), were probably very low or null in companswith the two

previous cultural seasons.
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The order of magnitude of the expected heterozgg@de), of the allele richness\)
and of the proportion of multiple haplotypes wassistent, although somewhat smaller, with
values obtained with SSR markers at a larger gebgrascales in Tunisian, French or
Canadian populations (Linde et al., 2002; RazaWHugghes, 2004; EI Chartouni et al., 2011;
Boukef et al., 2012). Ascospore and pycnidiospaeufations could not be distinguished for
their diversity, whereas higher levels of genotygicersity could have been expected after
sexual recombination. Similarly, no significantfdience was found in diversity evolution
between the two plots, meaning that the greatemainaf local primary inoculum produced

in the stubble plots had no or little consequentéiversity.

The frequency of the two mating types was not iBgantly different from the
expected 1:1 ratio, consistently with previous lss{Zzhan et al., 2002; Siah et al., 2010). The
presence of both idiomorphs Mat 1-1 and Mat 1-alinpopulations, although in variable
proportions, indicate that sexual reproduction daadcur all the year round, even if specific
climatic conditions and host tissue physiologidaltiss are required. Thé test on mating-
type frequencies of Matl-1 at the beginning andth& end of epidemic periods (not
significantly different from 50%, and significanthygher, respectively) illustrated a slightly
increase in the frequency of the Mat 1-1 isolat@sng a cultural season. This result may be
related to the greater pathogenicity of Mat 1-lats than Mat 1-2 isolates (Zhan et al.,
2007), which should be explored withplantaexperiments with our isolates.

Linkage disequilibrium was always very low ovamé& and close to full panmixia,
independently of the origin of the primary inoculumilarly, the clonal fraction was always
low, whatever the sampling time and the originhe#f inoculum. As an example, the cultural
season 2009-2010 was distinguished by intense ps@$roduction in the stubble plot,
comparatively to the two other studies seasonsuplighed data), which did not have much
impact on the evolution of the diversity indexestogether, these results are consistent with
the recombination due to sexual reproduction oveng period of the year and again, are in
the same order of magnitude of what is already kndar this fungal species at larger
geographical scale. This suggests that local stubtanagement, while decreasing the local
production of ascospores and then modifying the warh@f primary inoculum, may be

compensated by intense migration.

In conclusion, locak. tritici populations showed a high degree of genetic unifgrm
from year to year, from epidemic period to epiderperiod, and from plot to plot,
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consistently with results obtained by Chen et 2094), Zhan & McDonald (2002) and El
Chartouni et al. (2012). Demogenetic analysis chlgopulations suspected to result from
different evolution trajectories through three sssive sequences of intra- and inter-
epidemic periods, allowed us to underscore someadpoeffects of the origin of inoculum,
depending of the year and the epidemic period. Saffdcts were slight but statistically
significant. The overall genetic stability measuratl a small spatiotemporal scale is
definitively not contradictory with signs of diffentiation. In the case of a cyclic parthenogen
whose dual sexual-asexual reproductive modes caregsed concomitantly within the same
year (Dilmaghani et al., 2013; Castel et al., 20149 genetic diversity, for traits subjected to
selective pressure that vary within the culturasem, is expected to be lower in populations
having mainly a clonal reproduction trajectory thisna population resulting of sexual
reproduction. Such diversity in neutral markerst iéxists, is probably higher because they
are theoretically not impacted by selective presshiren so, in our study, the slightly lower
differentiation between pairs of ascospore popoeti and between ascospore and
pycnidiospore populations than between pairs ohglyospore populations was sufficient to
conclude that the role of ascospores as inoculung wath the cultural season and the
epidemic period. Analogous hypotheses about theeotise contribution of sexual/asexual
primary/secondary inoculum were tested by CortesM8groom (2001) and Shah et al.
(2001) looking at results from spatial patterns agshetic diversity. Such studies, still
uncommon at a small spatiotemporal scale, exerapliiiow population genetics can be used
directly to address epidemiological questions dsaerior sound disease management
(Milgroom & Peever, 2003). Previous studies showbdt Z. tritici inoculum was
guantitatively not limiting in Western Europe cormois (Suffert & Sache, 2011). Our
findings complete these results and suggest thaty¢ars when the amount of inoculum is
very low, the interepidemic period can induce dligkutral genetic variation within local
populations, however detectable by neutral markelyais. Such effect would be likely
higher with genes subject to selective pressumeg(fide or cultivar resistance gene). Overall,
we confirmed that the interepidemic period can heavémpact, at least small and occasional,
on the neutral genetic structure, even for a fupgglulation known to be highly diverse and

strongly conditioned by sexual recombination.
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Table S1- Results of the clustering analysis performechwBTRUCTURE for isolates collected

during three cultural seasons (2009-2010, 2010-201d 2011-2012) and genotyped with 11 SSR
markers (Gautier at al., 2014).
All runs were replicated 10 times (burn in periodb80000 and MCMC iterations = 1000000), for

each cultural season and overall. Bold values seprtethe optimal number of clustds(Evanno et

al., 2005); clustering corresponding to underlimatlies is presented in Figure 2.

A. Effect on epidemic period with pycnidiospore popiokas from D+ plot (460 isolates)

2009-2010 2010-2011 2011-2012 Overall
K |ILn"(K)| DeltaK | |Ln"(K)| Deltak | |Ln"(K)| Deltak | |Ln"(K)]| DeltakK
1 J— J— J— — J— J— — J—
2 6.810 1.981 |16.780 14.376 | 170.100 20.254{7.310 2.277
3 17.170 2.310 |1.850 0.526 1226.580 13.177| 83.810 3.797
4 2.200 0.144 6.720 0.573 870.310 2.938 138.920 602.8
5 6.270 0.853 33.250 1.682 1516.770  1.965 115.270.0501
6 7.040 0.551 5.740 0.314 803.630 2.334 417.540 691.1
7 4.300 0.523 20.250 1.144 162.970 0.864]3314.540 13.881
8 1.290 0.146 18.130 0.662 78.210 0.705 860.940 970.4
9 2.120 0.223 0.270 0.012 39.590 0.567 3841.650 411.9
10 |— — — — — — — —

B. Effect of origin of isolates (D+ andoplots) with pycnidiospore populations (68blates)

2009-2010 2010-2011 2011-2012 Overall

K |Ln"(K)| DeltaK | |Ln"(K)| DeltaK | |Ln"(K)]| DeltaK | |Ln"(K)| Deltak

1 J— — — J— — J— J— J—

2 4.920 2.128 |18.490 17.034 | 202.800 27.063 __1396.743.7.451

3 15.600 3.907 |7.950 1.716 836.650 16.871| 1782.690 6.325
4 7.570 0.820 6.020 0.515 445.660 1.656 779.260 711.7
5 4.740 0.317 2.830 0.166 139.360 0.508 311.320 470.8
6 23.550 1.183 26.720 1.501 1100.370  0.913 1203.560404

7 56.210 1.291 26.470 1.783 368.040 0.833 476.760 .3363

8 35.720 1.227 26.980 0.814 258.460 0.17¢ 363.870.4340

9 21.550 0.790 20.320 1.408 99.900 0.071 907.120 5041.

10 |— — — — — — — —
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C. Effect of type of spores (ascospore and pyosjbre) with populations from D+ and

Do plots (800 isolates).

Overall

K |Ln"(K)| DeltaK
1 J— N

2 133.443 15.668
3 1031.870 18.864
4 138.800 0.497
5 727.010 2.641
6 168.030 0.268
7 1155.840 2.663
8 1298.330 2.022
9 654.750 1.076
10 |— —
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Table S2- PairwiseFs; between the 2€. tritici populations (see Figure 1) collected in Thivei@algnon (France), classified according to type pdre
(pycnidiospore, ascospore), cultural season (2009,22010-2011 and 2011-2012), epidemic periodifipgry, intermediate 1, intermediate 2, end) and
origin (D+ plot, O plot). Bold values indicat&s; with P < 0.05 (significant)fs; > 0.016 (theFs; overall mean) are highlighted in yellow; the rasfkthe
populations with the four higher margiria); means is indicated in fuchsia frame.

Type of spor pycnidiospores ascospores
2009-10 2010-11 2011-12 2012-13 2008-09 2009-10|
Beginning Intermediate End Beginning Intermediate 1| Intermediate R End Beginning Intermediate 1| Intermediate p End Beginning End
D+ Do D+ Do D+ Do D+ Do D+ Do D+ Do D+ Do D+ Do D+ Do D+ Do D+ Do D+ D+ mean| rank|
Pop P02 P05 P03 P06 P04 PO P09 P13 P10 Hi4 P11 P15 P12 P16 P17 P23 [ P19 P25 P21 P27 P29 PO1 P08 2014
Beginning Do P05 [ 0,002 PO5| 0,011
Intermediate D+ P03 | 0,017 0,009 P03| 0,013
2009-10 Do P06 | 0,029 0,019 | -0,008 P06| 0,017
End D+ P04 | 0,004 -0011f 0,022 0,01 P04] 0,013
Do P07 | 0012 0025[ 0021 0,00 0,008 P07| 0,010
Beginning D+ P09 | 0,008 -0,012 0018 0,02 0006 00312 P09| 0,015
Do P13 | 0,042 0020 -0020 -0,00f 0034 0018 0,007 P13]| 0,025
Intermediate 1 D+ P10 | 0010 0021 -0008 0,01 0024 0,050,026 0,040 p10| 0012
g 2010-11 Do P14 | -0,001 -0,011f 0,016 0,03 0009 0035 -0002 -011 0,028 P14] 0,012
% Intermediate 2 D+ P11 | -0,006 0023 0013 0,02 0017 0096 0003 00451 0000 0000 P11| 0014
k=] Do P15 [ 0012 0,019/ 0,034 0004 | 0001 -00049 0016 0060 0005 00p6 0,013 P15| 0,014
g End D+ P12 | 0,008 -0,020f 0001 -0,004 -0010 -00p8 0005 0427 -0,0060250 0,018 -0,01q P12| 0,005
B Do P16 | 0,060 0,061 0044 0019 0,082 0,037 0,041 0078 0018 0039 0027 0,0210,043 P16] 0,045| 1
Beginning D+ P17 | 0,005 0,002 0,000 0,00 0008 0002 0005 0429 0,005 0j010,007- 0,015| 0,000 | 0,033 P17] 0,010
Do P23 | -0,007 -0,003 -0,008 0000 -0007 -00p1 0011 -008 0008013 | 0009 0,003 -0,01p 0,059| 0,002 P23| 0,005
Intermediate 1 D+ P18 | 0,023 0,030 0010 0,033 0,028 0,014 ( 0,037 0016| 0010 0011 0011 0,036 0,024 | 0,031 0,012 0,026 P18} 0,022
2011-12 Do P24 | 0,007 0003 0,027 0,027 | -0009 0006| 0021 0,04 0018 0036 0018 0412 -001R096| 0,015 -0,002| 0,027 P24] 0,020
Intermediate 2 D+ P19 | 0,034 0,026 0,041 0,035 0,037 0,008 | 0022 -0014 0,029 -0,008( 0,018 0,037 0,033| 0,049 0,023 0,021 | 0,029 0,049 P19| 0,027 4
Do P25 | 0,023 0,008 | 0014 0,038 0009 0,039 0,033 0,017 | 0,042 0,019 ( 0,038 0,041 0,018 | 0,090 | 0,030 0,007 | 0,026 0,018 | 0,051 P25| 0,028
End D+ P21 0,016 -0,005[ 0008 0011 0004 00050,018 0,026| 0003 0015 0,018 0,000 | -0,011f 0,035| 0,008 0,006 | 0,018 0,014 | 0,030 | 0,023 P21| 0011
Do P27 | 0026 0,045| 0,027 0,057 0,040 0,016 [ 0,034 0,017 | 0,042 0,000 [ 0,028 0,040 0,032 | 0,065| 0,035 0,001| 0,037 0,042| 0,024 [ 0,009/ 0,033 P27| 0,030 2
2012-13 Beginning D+ P29 | -0,001 0,018 -0,003 0,00 0011 -00p2 0018 0011 -0,0040020, -0,001  0,000| 0,00 0,022 0004 -0004 0009017 | 0,023 0,039 0,010 0,019 P29| 0,008
2008-09 PO1 | -0,002 -0,001 | 0,023 0,025 | 0,005 0,013 [ 0,017 0,064 | 0006 0,013 [ 0,005 0,007 | -0,003 | 0,048 0,007 0,004 | 0,025 0,010 | 0,037 | 0,028 | 0,008 | 0,037 0,004 PO1| 0,015
ascospores| 2009-10 End D+ P08 | 0,023 0,000 | 0,012 0,009 | 0,011 -0,001| 0,014 0,069 | -0,023 0,011 | 0,015 -0,029 | -0,019 | -0,007 | 0,001 0,006 | 0,024 0,025 | 0,018 | 0,027 | -0,017 | 0,021 -0,002 -0,008 PO8| 0,007
2011-12 P28 | 0,001 0,001 | 0,011 0,011 | -0,012 -0,010 [ 0,010 0,018 | 0,004 -0,001 | 0,000 -0,004 | -0,008 | 0,038 | -0,002 -0,005 | 0,002 -0,002 | 0,015 [ 0,023 | -0,001 | 0,027 -0,004 0,000 -0,001 P28| 0,004




Table S3- Analyses of molecular variance dAVA) performed to test, at relevant epidemic periods

(end/beginning), the effect of the type of sporestlee genetic structure of the pycnidiospore and

ascospore populations collected in Thiverval-GrignBrance (see Figure 1). A - Each ascospore

population collected from wheat debris at the beigig of epidemics (P08, P28) was compared with

the pycnidiospore population collected at the ehthe previous cultural season in D+ plots (P04,

P21, respectively), and with the pycnidiospore pafan collected in Rplot (P07, P27, respectively).

B - Each ascospore population collected from wideatis at the beginning of epidemics (P01, P08,

P28) was compared with the pycnidiospore populatiiiected during the same period in D+ plots
(P02, P09, P29, respectively), and with the pyasidore population collected in, Plots (P05, P13).

A Df Sum of Variance % (_)f . P-value Fq;
squares  components  variation

P08 (ascospore}s P04 (D+)

Among populations 1 2.899 0.031 1.20 0.296 0.012

Within populations 28 71.034 2.537 98.80

Total 29 73.933 2.568

P08 (ascospore) vs P0O74JD

Among populations 1 1.418 -0.034 -1.90 0.721 -0.019

Within populations 33 60.782 1.841 101.90

Total 34 62.200 1.808

P28 (ascospore) vs P21 (D+)

Among populations 1 1.486 -0.005 -0.29 0.664 -0.003

Within populations 134 245.095 1.829 100.29

Total 135 246.581 1.824

P28 (ascospore) vs P274jD

Among populations 1 2.732 0.052 3.35 0.045 0.033

Within populations 65 98.283 1.512 96.65

Total 66 101.015 1.564
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B Df Sum of Variance % (_)f . P-value Fg
squares  components  variation

P01 (ascospore) vs P02 (D+)

Among populations 1 1.9 -0.009 -0.40 0.638 -0.004

Within populations 89 206.2 2.317 100.40

Total 90 208.1 2.308

P01 (ascospore) vs PO54JD

Among populations 1 2.0 0.010 0.57 0.279 0.006

Within populations 69 121.2 1.756 99.43

Total 70 123.2 1.766

P08 (ascospore) vs P09 (D+)

Among populations 1 2.2 0.054 3.35 0.166 0.033

Within populations 30 46.8 1.560 96.65

Total 31 49.0 1.614

P08 (ascospore) vs P134jD

Among populations 1 2.0 0.135 10.11 0.118 0.101

Within populations 11 13.2 1.200 89.89

Total 12 15.2 1.335

P28 (ascospore) vs P29 (D+)

Among populations 1 0.8 -0.004 -0.42 0.659 -0.004

Within populations 117 129.0 1.103 100.42

Total 118 129.8 1.098
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Inferring the origin of primary inoculum of Zymoseptoria tritici from local
host adaptation of resident and immigrant populatios *

David Morais', Valérie Laval', lvan Saché, Frédéric Suffert
1INRA, UMR1290 BIOGER-CPP, F-78850 Thiverval Grignémance

2 AgroParisTech, UMR1290 BIOGER-CPP, F-78850 ThiveGmgnon, France

* manuscrit soumis a la revue European Journal P Pathology le 18 novembre 2014.
Abstract

We investigated whether the main origin of primargculum of a fungal plant pathogen
(Zymoseptoria tritigi can be inferred from the adaptation to its h&e compared the
aggressiveness of two local populations, the @ostsidered as resident (12 isolates collected
from debris in a 3-year wheat cv. Soissons monorellplot) and the second considered as
immigrant (12 isolates collected from leaf lesionsa 300 m apart wheat cv. Soissons plot
containing no debris, exposed to inoculum poolistfasht origin), with the aggressiveness of a
third local pathogen population (12 isolates caéldc from early leaf lesions in the
monoculture plot) the origin of which we wanteddetermine. Latent period and sporulating
area were assessed on adult wheat plants in ahgness on the sympatric host (cv. Soissons)
and on an allopatric host (cv. Apache), both widrlifivated in the agricultural basin. Firstly,
we underscored a local host adaptation inZhtitici-wheat system at a fine spatiotemporal
scale, based on the fact that the resident popuolécame less adapted to the allopatric host
(longer latent period) after a 3-year monocultu®econdly, we showed that the
aggressiveness profile of the third pathogen pajpmavas closer to that of the resident
population than of the immigrant. We concluded ttha early lesions that appeared in the
monoculture plot were mostly caused by within-figddimary inoculum. We therefore
established that the origin @f tritici primary inoculum for wheat after wheat crop was enor

local than distant.

Keywords

aggressiveness; allopatry vs. sympatry; host atlaptanoculum sourceylycosphaerella

graminicola wheat
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Introduction

Primary inoculum can be defined as the pathogenh(omast often, a spore) at the origin of a
disease outbreak observed in a given host unitiffsiance, a field plot). At the end of a
cropping season, the pathogen locally faces unéolerenvironmental conditions and the
lack of crop host through different mechanisms,hsas infection of an alternate (Roelfs,
1985; Aniksteret al, 1997; Jinet al, 2010) or accessory host (Holmes & Dennis, 1985;
Suffert et al, 2011), or survival on crop debris (Landschebtal, 2011; Suffert & Sache,
2011). When local conditions do not permit survivalcolonization of the crop unit must be
achieved every year by pathogen units spread @reg tlistance from remote sources of
inoculum, located in areas conducive to survivdtai®ye, 2003; Wangt al, 2010). The
origin of primary inoculum remains a matter of gation in several plant diseases, because
of the lack of biological knowledge on non-epider(sarvival) stages of epidemics; of the
potentially infinite number of sources scatteredrawuge areas; and of the difficulty to record
the small amounts of inoculum theoretically ablanitiate disease. Accordingly, accurately
tracking back the origin of a disease outbreak hasn for decades a challenge to

epidemiologists, who have to find a needle in astek.

Direct evidence of the presence of inoculum canob&ined by trapping and
guantifying airborne spores during distinct epidemeriods in given plant unit (Calderet
al., 2002; Fraaijeet al, 2005; Kaczmarekt al, 2012; Karolewsket al, 2012). Such methods
still have technical limitations, which often prene the detection of the very low amounts of
spores thought to initiate the first infectionsdaare, therefore, more suitable to identify
inoculum peaks over the epidemic season (Caeisag 2009; Duvivieret al, 2013). Indirect
evidence of the origin of inoculum could rather $earched by comparing the genetic
structure or by assessing the fitness traits diqmen populations confronted to a local host.
Immigrant pathogen populations can be expectedhdiz a competitive disadvantage when

compared with resident, locally adapted populations

Local adaptation of a pathogen population is thoug be a consequence of the
specialization of the local population on the mo@inmon local host genotypes. Pathogens
are considered to be locally adapted if they perftwetter on sympatric than on allopatric
hosts (Gandon & Van Zandt, 1998; Kaltz & Shykof898). Symmetrically, pathogens are

considered to be locally maladapted if they perféomver on sympatric than on allopatric
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hosts (Kaltzet al, 1999). Pathogen strains co-infecting a host nrayimate from distinct
pathogen populations and possess different degriegenetic relatedness. Some pathogen
strains may be locally adapted residents that baes selected through many generations of
reproduction, whereas other may be newly arrivemignants that were adapted to a different
environment. On average, immigrants are expectetietcat a competitive disadvantage
compared with residents because they have not belected for adaptation to the local
environment (Giraud, 2006; Gladiewst al, 2011) and therefore cannot maintain their
population size because of lower basic reproduchiod/or transmission rates (Zhanal,
2002; Laine, 2008).

Local adaptation of plant pathogens can be astassag derived fithess estimates
(Laine, 2008), here aggressiveness components,asutdtent period, spore production rate,
lesion size, infection efficiency or toxin produwti (Lannou, 2012)Aggressiveness can be
defined as a quantitative variation in pathogeyjctie ability of pathogens to infect and grow
on susceptible hosts (Zhatal, 2013b); its components were assessed in sevafabgens,
using various experimental techniques (Pariaudl, 2009a; Sufferet al, 2013; Azzimonti
et al, 2013).

Epidemics of Septoria tritici blotch of wheat, sad by the funguZymoseptoria
tritici  (formerly known as Mycosphaerella graminicola anamorph Septoria tritici
Quaedvlieget al, 2011) are generally believed to be initiated bgospores wind-dispersed
from infected wheat debris (Shaw et Royle, 198@hoaigh other sources of inoculum cannot
be firmly excluded (Sufferet al, 2011). Whether primary inoculum originates mostgm

local or remote sources is unknown yet.

In this study, we investigated whether the origirprimary inoculum ofZ. tritici can
be inferred from host adaptation of different lopatthogen populations. To this aim, we
compared the aggressiveness of two local popukatidrihe pathogen, the one considered as
resident and the other considered as immigranf) Wie aggressiveness of a third local
population having an unknown origin. The sporulgtarea and the latent period, measured
under greenhouse conditions, were previously shtawhe relevant for the assessment of
aggressiveness in a panel of isolates .ofrifici (Suffertet al, 2013). Three questions were
addressed: i) Can we detect differences in agyessss between the resident and immigrant
populations, and, more precisely, a differentiahpetitive advantage between theim Can
these differences be interpreted as evidence af loast adaptation, especially to sympatric
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or allopatric hosts? iii) Can the local vs. distangin of the third population be inferred from
the comparison of its aggressiveness profile toseéhof the resident and immigrant
populations?

Materials and methods

Sampling of pathogen populations

Two plots were sown 300 m apart with wheat cv. Swmis (moderately susceptible to
Septoria tritici blotch; rated 5 on a 1-10 scalele€reasing susceptibility, Arvalis Institut du
Végétal-CTPS) in autumn 2009 at the Grignon expembal station (France, 48°51'N,
1°58'E). Soil and weather characteristics, as a®ltropping practices, have been described
elsewhere (Suffert & Sache, 2011). The first pot) had been grown with wheat cv.
Soissons by direct drilling, without fungicide ajgption, since 2007 (Figure la). Wheat
debris were not removed in 2009 after harvest; ralijuinfected withZ. tritici, the debris
were expected to act in autumn as a local sourgeimfary inoculum. The second plotdD
did not contain any wheat debris since the plot badn grown the previous season with

oilseed rape (Figure 1b).

Three populations each made of 12 isolates wenplsa from the wheat plots (Figure
2; Table S1). The first population (P1), hereaftamed "resident population”, was considered
as a sample of the local inoculum pool. It was ioleth from debris collected on 23 October
2009 in plot D+. Debris were cut into 1-cm longgas kept at 18°C for 24 h. A subset of
these pieces (20 g) was evenly spread on wet filiper enclosed in a moist box. Petri dishes
(90 mm in diameter) filled with PDA medium (potadextrose agar, 39 g were placed
upside down 1 cm above the debris pieces (FigureThe boxes were placed for 6 h at 18°C
in the dark to trigger ascospore ejection. Theeedfie Petri dishes were closed and kept in
the same conditions to promote yeast-like growttheffungus (Suffert & Sache, 2011). Five
days after ascospore ejecti@,tritici colonies were isolated from the growing myceliuma a
purified by monospore culture to obtain 12 isolates
The second population (P2) was obtained from iefé&taves sampled from 24 November to
8 December 2009 in plotDThis population, hereafter named "immigrant papah”, was
considered as a sample of an inoculum pool of wlistagin, that is, built-up by ascospores

ejected from distant debris. Since no infected whlearis was present in the neighbourhood
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of plot Dy, infections were exclusively caused by wind-dispel distant ascospores, of
unknown origin.

The third population (P3) was obtained from infdckeaves sampled on 24 November 2009
in plot D+. This population, hereafter named "tdspwpulation”, was assumed to have a
mixed origin, that is, built-up by ascospores egddrom debris of either local (present on the

soil of plot D+) or distant origin, in an unknownoportion.

To obtain the isolates composing populations R2 RB, leaves collected from plots
D+ and D, respectively, were placed on wet filter paper@sed in a moist box kept for 24 h
at 18°C in the dark to promote cirrus exudationfi@@u& Sache, 2011). A single cirrus from
a single pycnidium per lesion (Figure 1d) was tfamed to a Petri dish filled with PDA and
then streaked across the agar surface with aestglaks rod to separate individual spores.
Petri dishes were incubated at 18°C in the dagromote yeast-like growth of the fungus.
tritici colonies were isolated from the growing myceliund gurified by monospore culture

to obtain 2 x 12 isolates.

The 36 isolates used in this study have distimrtotypes, as evidenced by distinct
SSR neutral markers (unpublished data; Gawtieal, 2014). They were stored in a sterile

glycerol-water (1:1) solution kept at -80°C.

Plant material

Wheat adult plants of cv. Apache and Soissons @syen in a greenhouse for subsequent
inoculation with the aforementioned fungal isolate&ke Soissons, Apache is moderately
susceptible to septoria tritici blotch (rated 5 @nl-10 scale of decreasing susceptibility,
Arvalis Institut du Végétal-CTPS). Soissons and &pma have been commercially grown
around the experimental site for several yearse KWeg consider Soissons as the sympatric
host of the three pathogen populations, that is,dhitivar from which the fungal isolates
were collected (Kaltz & Shykoff, 1998; Laine, 200%hile we consider Apache as an

allopatric host.

Wheat seeds were sown on 7 December 2011 in pgdht pots (Jiffypot®, Jiffy
France SARL). Seedlings were vernalized for seveeks at 8°C with a 10 h light period and
a 14 h dark period. Afterwards, seedlings were ginbuack to the greenhouse and left to

acclimatize for one week. Plants were then tramépthinto 1.1 L pots filled with 1 L of
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Figure 1- (a) Wheat plants cv. Soissons in the wheat motweuplot with debris (D+) and (b) in the
plot without debris () at the early stages of septoria tritici blotchidemic. (c) Petri dishes
containing PDA medium placed upside down above wHehris fragments collected in plot D+ in
order to collect ascospores. @)moseptoria triticipycnidia and cirri on wheat plants collected iatpl
D+ and 0. (e) Inoculum suspensions. (f) Disease lesiondlamn leaf of wheat cv. Apache in the

greenhouse experiment.
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commercial compost (Klasmann® Substrate 4; Klasriagiimann France SARL) and
fertilized with 5 g Osmocote® Exact (16N-11P-11BMgO + TE). Plants were sprayed with
Spiroxamine (Aquarelle SF at 2 mL}{ Bayer CropScience, France) against powdery mildew
(Blumeria graminid.sp. tritici). In addition, plants were fertilized with a conmtial nutrient
solution (Hydrokani C2®, Hydro Agri Spécialités)atl:100 dilution rate poured in the pot
saucers five and seven weeks after seedling tramispion. During plant growth, natural
daylight was supplemented with 400 W sodium langpsttain 9h of dark and 15h of light,
the greenhouse temperature being kept under 20fi@gdtihe light period and above 12°C
during the dark period. Three stems per plant wapt. The air temperature in the
greenhouse compartment was recorded every 15 minuging a ventlated sensor
(Greenhouse Humidity and Temperature Sensor tygel@2; RAM, Germany). The thermal
time t, expressed in degree-days, was calculatading from the inoculation date (12 April

2012), by summing the daily mean air temperatunegus 0°C base temperature.

Inoculation procedure

For each fungal isolate, subcultures were prepare®etri dishes filled with PDA from the
aforementioned stock cultures kept at -80°C. Cahisluspensions were obtained on the day
before inoculation by flooding the surface of 5 -adg subcultures with distilled water and
scraping the agar surface with a sterilized glasisto release conidia (Suffest al, 2013).
The suspensions were adjusted to a final concénirat 2.10 conidia.mL* using a Malassez
counting chamber (Figure 1e). Two drops of surfac{@ween20®, Sigma, France) were

added to the suspensions to ensure adequate ceadrdng inoculated leaf surface.

Conidial suspensions were applied along a 25 nmmyg &ection of the adaxial face of
the two upper leaves (F1 and F2) of the main tifieeach plant. A paintbrush was used to
apply each suspension, using a square plastic f(ai& 25 mm) to delimit the surface to be
inoculated. Then, the inoculated side of the leafswurned over to avoid inoculum
suspension trickling, and enclosed for 72 h inaadparent bag slightly wetted to maintain a
high humidity and promote infection (Suffeet al, 2013). The trial was set up as a
randomized block design (216 plants) in a singkeeghouse compartment. Each isolate x

cultivar x leaf layer combination was replicatetethtimes.
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Figure 2 - Sketch of the origin of loc&lymoseptoria triticipopulations collected from wheat debris
(P1) and from leaf lesion (P2, P3) during the eatiyges of a septoria tritici blotch epidemic in
autumn 2009. The resident population (P1), consileis a sample of the local inoculum pool, was
collected in a cv. Soissons wheat plot (D+; 3-yemnoculture plot) from wheat crop debris. The
immigrant population (P2), considered as a sampleroinoculum pool of distant origin, was
collected in a cv. Soissons wheat plot without aomihated debris () previous crop oilseed rape)
from lesions caused by inoculum coming from distaeibris. The population P3 was postulated to

have a mixed origin, that is, built up by ascospa@jected from debris of either local or distamgior

in an unknown proportion.
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Assessment of maximum sporulating area and latentgpiod

Disease progress, as well as maximum sporulatieg and latent period (two components
relevant for the characterization of aggressivenesa. tritici) were assessed as described
elsewhere (Suffertt al, 2013). The lesion size, estimated by the spanglarea (SPO), was
visually assessed on each leaf (Figure 1f) withaadhlens (magnification x10) as the
percentage of the inoculated leaf surface (1, @n@ 5%, then 5% increments up to 100%)
bearing pycnidia (Suffeet al, 2013). The assessments were performed twice Rk, wgdhe
same assessor, from the time of inoculation umt#f Isenescence (14 assessments). A
Gompertz growth curve (Berger, 1981) was fittedhe values of SPO(t) recorded on each
leaf (Suffertet al, 2013):

SPO(t) = SPO,,, exp(—Bspe ") (eq. 1)

where SPQax is the maximum sporulating areapd is a rate parameter, andsH is a
position parameter. LatSBOthe time elapsed from inoculation to 5% of thexmmm
percentage of area bearing pycnidia (§BOwas calculated using eqg. 1 and expressed in
degree-days (dd). Hereatfter, for the sake of suitpliSPQhaxand LatSP@ will be termed

SP (sporulating area) and LP (latent period), rebgsy.

Data analysis

Firstly, the effects of cultivar (Soissons, Apachepf layer (F1, F2), pathogen population
(P1, P2, and P3) and isolate (101 to 136) were stigated in a factorial analysis of variance
(Table 1). Isolate identity was nested as a randietor within pathogen population. The
variance of the sporulating area (SP) and of ttemtgeriod (LP), assessed on three replicates
per isolate and 12 isolates per population, wastjpaed into sources attributable to isolate
I(P), population P and cultivar C, taking into agobthe effect of the leaf layer L, according

to the model:

Yipad =M+ [(P) + P+ C + L + [(P)xC + I(P)xL + PXC 4P + CxL + &ipg (eq. 2)

where Y is the value of the sporulating area or of therliperiod of isolate i, in population
p, for cultivar c, on leaf layer I, for replicateand€;p the error term
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Secondly, the mean of the sporulating area antheflatent period was compared
between populations (P1, P2 and P3), and then batadtivars (Apache and Soissons), with
isolate I(P) and leaf layer L as factors (Studeatvihan-Keuls test).

Thirdly, the mean of the sporulating area and hef latent period was compared
between populations for each wheat cultivar (Sttédswman-Keuls test); similarly, the
mean of the sporulating area and of the latenbdesias compared between cultivars for each
population.

Curve fitting and subsequent data analysis weréomeed with the S-PLUS 6.3

software (Lucent Technologies, Inc., USA).

Results

The aggressiveness of thetritici isolates strongly depended on the population fwdmch
they originated and on the cultivar on which thegrevinoculated (Table 1). The population
effect was significant for the sporulating area=F.028) while it was not for the latent
period. Inversely, the cultivar effect was sigrafit for the latent period (P < 0.001) while it
was not for the sporulating area. The isolate aafllayer effects were significant both for the
sporulating area and the latent period (P < 0.00itgractions between factors were not
significant except for cultivar x leaf layer (P €001) for the sporulating area and for isolate x
cultivar (P < 0.001) for the latent period.

The sporulating area was significantly differenéteeen the three pathogen
populations (P < 0.05; Table 2), while no significaifference was detected for the latent
period. For each of the two cultivars tested, thews no difference between the three
populations (Student-Newman-Keuls tests; FigureitBer for the sporulating area (P = 0.068
for Apache and P = 0.051 for Soissons) or the tgtenod (P = 0.145 for Apache and P =
0.482 for Soissons). The latent penwals significantly different between the two cultisgP
< 0.01; Table 2), while no difference was detedtedhe sporulating area.

The latent period was significantly different on &pache and Soissons for P1 and P3
(P < 0.001), but not for P2 (Figure 3a). The lajgariod of isolates belonging to P1 and to P3
was longer when inoculated on Apache (476.7 dd 492.1 dd, respectively) than on
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Table 1 - Effect of population origin (P1, P2, P3), cultifApache, Soissons) and leaf layer (F1, F2)
on sporulating area (SP) and latent period (LR6oisolates oZymoseptoria tritici

SP
Sum of Mean
Factor df squares  square F P
Populatiorf P 2 3744.2 1872.1 3.99 0.028
Cultivar C 1 180.4 180.4 1.02 0.314
Leaf layer L 1 11229.4 11229.4 63.29 <0.001
Isolate(Population)I(P) 33 15452.6 468.3 2.64 <0.001
Residual R 219 38857.3 177.4
LP
Sum of Mean
Factor df squares  square F P
Populatior’ P 2 47867.5 23933.7 1.76 0.188
Cultivar C 1 33728.1 33728.1 18.82 <0.001
Leaf layer L 1 49680.3  49680.3 27.73 <0.001
Isolate(Population)I(P) 33 449154.4 13610.7 7.60 <0.001
Residual R 217 388811.9 1791.7

& the "Population" effect was tested against "IsgRopulation)”, with the F-ratip = Mean

Square-/ Mean Squargp), such as the interactions PxC and PxL.
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Figure 3 - Mean sporulating area (SP, % of the inoculated &eed) and latent period (LP, days post
inoculation) assessed for thrégmoseptoria triticipopulations (P1, P2, P3) on two wheat cultivars
(Apache and Soissons). *** means significant ddfezes (P < 0.001) between the two cultivars for a
given pathogen population (Student-Newman-KeulssYesio difference was detected between the

three populations for a given cultivar.
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Table 2- Mean sporulating area (S&)d latent period (LP) dymoseptoria triticisolates belonging to three populations (P1, B2, &#sessed on two wheat

cultivars (Apache and Soissons).

Population Cultivar
Category Variable P1 P2 P3 Apache  Soissons
Sporulating area sP 82.8 86.6 79.1 * 83.5 82.3 ns
Latent period LP 465.3 453.1 480.0 ns 474.8 456.3 ol

@ expressed in % of the inoculated leaf area.
b expressed in days post inoculation.

* result of Student-Newman-Keuls tests: ** : P €9.*** : P < 0.001; ns : not significant.
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Soissons (453.5 dd and 466.6 dd, respectively).v&€sely, the sporulating arem cv.
Apache and Soissons did not significantly diffetwieen populations (Figure 3b).

Discussion

Evidence for local host adaptationftritici populations was provided in our experiment by
significant differences in latent period detectegtween two pathogen populations: the
immigrant population (P2) appeared to be similadgpted to the sympatric (Soissons) and to
the allopatric host (Apache), whereas the resigmpulation (P1) appeared to be better
adapted to the sympatric host. No difference intéie components of aggressiveness tested
(latent period and sporulating area) was detectélda immigrant population between the two
cultivars (Fig. 3): this population, despite cotlt on the sympatric host, was not particularly
maladapted to the allopatric host. Filtration @& #vailable distant inoculum by the sympatric
host should be considered as negligible at theesafah single infection cycle, because the
two cultivars have been grown locally on wide ardas several years. The similar
aggressiveness of the immigrant population assessdtie two cultivars also reflected the

similar disease resistance rating of those twavaurk.

A resident pathogen population is usually adapaédeast to some degree, to its local
host (Burdon 1993). When parasites migrate more Husts within a metapopulation, local
adaptation of parasites is expected, with a higlaeasite relative fitness in sympatry than in
allopatry (Kaltz & Shykoff, 1998; Laine, 2007). Sxal field experiments have established
that populations of fungal plant pathogens are naggressive on the cultivar from which
they were isolated than on others (Clifford & Cleth 1974; Kolmer & Leonard, 1986;
Andrivon et al, 2007; Pariauckt al, 2009b). Our results are consistent with theseirigs,
and, more specifically, with previous results ofbeal with Z. tritici. For exampleZ. tritici
isolates from California were found to induce mdigease on Californian than on Oregonian
wheat cultivars, while the reverse result was olg@difor Oregonian isolates (Ahmed al,
1995). Z. tritici isolates were further showed to be better adajmtatie host cultivar from
which they originated than to other cultivars (Althe al, 1996).In our study, the absence
of significant difference in mean latent period vibe¢n the immigrant and the resident
populations assessed on the sympatric host doesmeanh, however, that the resident
population is better adapted to the sympatric hadher, the susceptibility of the allopatric
host appears to be lower to the resident populahan the susceptibility of the sympatric
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host. In other words, the resident population berdess adapted to the allopatric host.
Obtained at a very small spatio-temporal scales tasult could be explained by the joint
growing of the two wheat cultivars in the same picithn area

We established that a resident pathogen popul&aily evolving on a given wheat
cultivar experienced, within few years, under répéapidemic pressure, a fithess penalty on
another host cultivar grown in the same area. @sult is consistent with those obtained by
Zhan & McDonald (2004) which showed in a field espent that immigrant isolates
displayed nearly 10% lower fitness than the redslehower competitive ability of
immigrants can arise from a trade-off in performeamd isolates carrying alleles that are
selectively advantageous in a population but detets in another because of environmental
heterogeneity (Zhan & McDonald, 2013b). The 12 ased belonging to the resident
population collected during season 2009-2010 inwtheat monoculture plot resulted from a
sexual cycle on the sympatric host, while theiepés might have been present in that plot for
one or two previous years and must have performéshat one asexual cycle during season
2008-2009. Therefore, the resident population irad to adapt to the sympatric host before
it was sampled. Inversely, most of the 12 isoldienging to the immigrant population,
resulting from ascospores of a distant origin, md have enough time to adapt much to the
sympatric host before they were collected; ini&kllhood, these 12 isolates originated from
other wheat cultivars (the sympatric and allopalsts included, though) and experienced

different evolutionary histories.

Consistent with the hypothesis of a more rapidh@gen evolution under monoculture
(Zhan & MacDonald, 2013a), our findings emphasizbgé competitive disadvantage
experienced by immigrants compared with residdygsause they have not been selected for
adaptation to the local environment (Giraud, 20BRidieuxet al, 2011). Most originally, we
detected adaptation to the local environment anallest spatiotemporal scale than usually
expected (Zhaet al, 2002). Selection for quantitative traits in fuhgathogen populations
has previously been shown to operate at the s€@esimgle-season epidemic and to result in
a higher aggressiveness at the end of the croprseas the host genotype on which the
pathogen population multiplied (Villaréal & Lanno20Q00; Cowger & Mundt, 2002). Here
selection for quantitative traits operated withivotconsecutive years and led to the local,
joint presence of pathogen populations adaptetidalifferent host genotypes on which they
multiplied: such populations can likely thrive avfundred meters apart and be separated in
time only by a single interepidemic period.
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Although they were collected from the same whedtivar in the same agricultural
basin, the isolates used in this study were gealbtianique (unpublished data), as evidenced
by SSR neutral markers genotyping developed byi&aeital. (2014) and as expected from
the well-known very high diversity of. tritici populations at a local scale (Lind¢ al,
2002). The tested population (P3) consisted imatesl having an common history with the
resident and the immigrant population, in a praparto be determined: some isolates were
"residents” while some others were "immigrants"e Bimilarity in the aggressiveness profile
in the tested and resident populations (Fig. 3gpad that the evolutionary history of the
tested population was closer to that of the residean that of the immigrant population.
Accordingly, the origin of inoculum for the test@dpulation was more local than distant
(Fig. 1): the main part of isolates belonging te tested population would have been resident,
resulting from the local inoculum pool, while a minpart would be immigrant. The early
lesions that appeared in autumn 2009 in the motweuplot were mostly caused by local
primary inoculum, here ascospores produced on slelrthin the plot. This result is
consistent with those obtained by Zhetral. (1998), who estimated that 90 % of the isolates
collected at the end of a field epidemic have allocigin (66% as asexual progeny and 24%
sexual recombinants) and the remaining 10% are gmanis of distant origin. The results of
our study are even more important that populatienetjc analyses based on neutral SSR
markers usually did not allow to reveal a strorf§edentiation among populations collected at

large or small spatial scales, whatever their hystdhan et al., 2001; Linde et al., 2002).

Quantification of inoculum sources were previousiwestigated by assessing
ascospores production directly from wheat debridiefd (Suffert & Sache, 2011). This
approach estimated the amount of locally producestulum able to infect more or less
distant wheat fields. The reverse approach congisti assessing the amount of airborne
inoculum actually available for a target wheat djefor example by airborne trapping of
ascospores (Bathgate & Loughman, 2001; Frasigd, 2005; Duvivieret al, 2013), cannot
track the origin of inoculum. Mark-release-recaptuwonsisting in co-inoculating a wheat plot
with selectedZ. tritici genotypes, then separated from non-inoculant gpeetby using
molecular genetic markers (Zhan & McDonald, 2013a8),a promising experimental
approach. To test the inference presented in thidyswheat debris, produced by crossing
under semi-controlled conditions different couptdsparent isolates bearing rare alleles,
could be placed at different distances from a tangeeat crop. Debris would act as different,

identified sources of inoculum. Such an approachldvonaximize the probability to identify
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thereafter progeny isolates and so to quantify maceurately the different origins of

inoculum.

A previous study (Suffert & Sache, 2011) showeat ttebris management options had
a strong but transient effect on the dynamic ofsilesequent Septoria tritici blotch epidemic:
the more debris present on the soil surface, the s@vere initial disease was, but differences
vanished in early spring. While a "quantitative"rmmagement of the primary inoculum would
probably not be efficient in Western Europe comwdigi, a "qualitative" management should be
taken into consideration. Differential adaptatidriozal pathogen populations to allopatric vs.
sympatric host cultivar, as highlighted in the presstudy, could be implemented in strategies

based on host diversification at a local scale.
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Table S1- Populations oZymoseptoria triticicollected from wheat debris (P1, resident popoigtiand from leaf lesions (P2, immigrant populatiBa,

tested population) in autumn 2009 during the estdges of a Septoria tritici blotch epidemic.

pP1°

isolate code

date of collection

p2P

isolate code

déwllection

p3°

isolate code

date of collection

INRA09-FS0460 23 October 2009

INRAO9-FS0501

INRAO9-FS0502

INRA09-FS0503

INRAO9-FS0504

INRAO9-FS0506

INRAO9-FS0509

INRAO9-FS0510

INRAO9-FS0511

INRAO9-FS0512

INRAO9-FS0513

INRAO9-FS0514

INRAO9-FS0729 24 November 2009

INRAO9-FS0731 30 November 2009

INRAO9-FS0732

INRAO9-FS0798 8 December 2009

INRAO9-FS0799

INRA09-FS0800

INRA09-FS0803

INRAO9-FS0805

INRAQO9-FS0806

INRA09-FS0809

INRAO9-FS0811

INRAO9-FS0813

INRA09-FS07024 November 2009

INRAO9-FS0705

INRAO9-FS0706

INRAO9-FS0707

INRAO9-FS0709

INRA09-FS0710

INRAO9-FS0711

INRAO9-FS0712

INRAO9-FS0714

INRAO9-FS0715

INRAO9-FS0718

INRAO9-FS0722

& collected from ascospores ejected from perithemduced on debris.

® collected from pycnidiospores liberated from pyaiproduced on leaf lesions of wheat cv. Soissons
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Conclusion générale et perspectives de la thése

1. Rappel des objectifs et de la stratégie

L'objectif de la these était d'identifier les détarants des phases épidémiques précoces de la
septoriose du blé que sont la quantité, I'effiéaeit I'origine de l'inoculum primaire. L'étude
de chacun de ces déterminants a fait I'objet dapitre. Une stratégie en quatre points a été
adoptée. Tout d'abord, des questions pertinentemtrehaque déterminant ont été poseées.
Ensuite, afin de répondre a ces différentes questiplusieurs approches méthodologiques
ont été combinées (épidémiologie quantitative, dgm moléculaire, génétique des
populations et expression des interactions hoteeggine). Afin de travailler a des échelles de
temps et d'espace en accord avec l'objectif gérggahettant notamment de relier périodes
épidémique et inter-épidémique, un dispositif aanap pluriannuel unique a été utilisé. Ce
dispositif pluriannuel était constitué d'une morlame de blé hébergeant une population
résidante de. tritici suspectée d'étre mieux adaptée aux conditiontekan particulier a la
variété de blé héte (sympatrique), et une autregbiar de blé hébergeant une population
pathogéne immigrante d'origine distgn&u moins pour ce qui concerne les phases
épidémiques précoces. Enfin, les résultats obtpous chaque déterminant ont été analysés
indépendamment les uns des autres, avec des donsludistinctes. Cette stratégie s'est
avéree efficace. Dans la discussion générale dujij'silrécapitulé les principaux résultats a
retenir de chaque chapitre et je les ai considédépendamment les uns des autres. J'ai
ensuite rapproché entre eux certains de ces résatteetenu ceux qui, comme un faisceau de
preuves cohérentes, m'ont permis de caractérisactam dont commence une épidémie de
septoriose. Le commencement et la fin des épidéétiekees, ainsi que leur intensité, ont été
replacés dans un cadre temporel plus large (semteansuccessives de maladie sur le
dispositif pluriannuel de Grignon). Cet élargissaide perspective a été l'occasion de
m'interroger sur les échelles de temps (annuellplusiannuelle) réellement pertinentes pour

analyser ce qu'il est d'usage de considérer commanhmencement et la fin d'une épidémie.

2. Principaux résultats

Dans le second chapitre, I'inoculum primaireZddritici présent dans l'air (ascospores) a pu

étre quantifié au cours de deux épidémies sucassaiVintensité contrastée. Des différences
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significatives de quantités d’ADN, converties embee d'ascospores collectées, ont été mises
en évidence entre ces deux années, entre péripaEsraques ("début du commencement" et
"fin du commencement"), ainsi qu'entre parcellesomation de la présence locale ou non de
résidus contaminés. Aucun lien manifeste n'a étéliéntre la précocité des deux épidémies
et la quantité d'inoculum primaire dans l'air ogptéasence de résidus contaminés. Ce résultat,
surprenant a premiére vue, est cohérent avec deexus précédemment qui ont montré que
la quantité d'inoculum est un facteur peu limitaihest toujours présent en quantité suffisante
pour initier une épidémie, méme si les attaquesques sur les premieres feuilles de blé
peuvent étre transitoirement un peu plus intenegsrésence de résidus contaminés (Suffert
& Sache, 2011). D'autres facteurs agissent suor@rencement des épidémies, tels que des
conditions météorologiques plus ou moins favorafpemcipalement pluviométrie, humidité

et températures modérées ; Arseniuk et al., 199Bilyers et al., 2007 ; Landschoot et al.,
2011 ; Dawidziuk et al., 2012), ainsi que les niveal'attaque de l'année précédente qui
conditionnent l'intensité de la reproduction sexeiégonc la quantité d'ascospores disponibles
(Suffert et al.,, 2011 ; Duvivier et al., 2013). Lessultats des piégeages d'ascospores ont
illustré ces effets temporels interannuels (Figlrela premiere année étudiée (2011-2012) a
succédé a une épidémie particulierement peu int@®-2011), a l'inverse de la seconde
(2012-2013). Des effets intra-annuels ont aussiré$een évidence : la quantité d'ascospores
présente au début des épidémies a varié avecdansé@pidémique (accroissement jusqu'au
milieu de [I'hiver 2012-2013, puis diminution jusmw' printemps) et le niveau de
contamination des résidus (estimé par des tegectitd d'ascospores ; Suffert & Sache,
2011). Jai pu bénéficier pendant ma these de deoges contrastées du point de vue de la
pression d'inoculum et de lintensité de I'épidérai qui m’a permis de valider dans des
conditions hétérogenes, mais bien réelles, la ndétlde quantification des ascospores. Enfin,
les résultats du chapitre Il ont confirmé que desospores dé&. tritici sont présentes dans
l'air de fagon continue en automne et en hiver (etuat al., 1999 ; Bathgate & Loughman,
2001 ; Duvivier et al., 2013).

Les limites de détection et de quantification aenethode moléculaire ont été établies
et analysées dans le Chapitre Il. Celles-ci doiedre discutées au regard de I'ensemble des
études du méme type ; selon certaines il seratiilplesde détecter, voire de quantifier, une ou
deux spores (Carisse et al., 2009 ; Rogers e2@09 ; Parker et al., 2014), ce qui reste
difficile a concevoir compte tenu des difficultés lamites méthodologiques rencontrées

pendant ma thése. L'extraction de I'ADN des asaespoomporte plusieurs étapes au cours
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desquelles une fraction non négligeable des géantitADN peut étre involontairement
éliminée, d'ou l'importance du bon rendement ciexion et de ne pas faire I'économie de
témoins d'extraction (positifs et négatifs) validda quantification. Quantifier implique
détecter, mais l'inverse n'est pas forcément Wraessort des résultats de la these, compte
tenu du contexte épidémiologique, que détecterdagmce d'ascospores (en petites quantités)
importe davantage que de les quantifier. L'objdetiplus pragmatique est certainement de se
contenter d'un seuil de détection épidémiologiquenaeceptable (suffisamment bas pour
'usage qui sera fait de linformation recueilliegf) méthodologiquement robuste (10 a 20
ascospores), plutét que de chercher a abaissduat®sd le seuil de quantification (100 a 150
ascospores dans le cas présent) vers "une spordifiged. Pour cette raison, l'approche
consistant a travailler sur les effectifs d'écHims affectés a différentes classes (prenant en
compte le Ct des trois répétitions), me semble plertinente que l'analyse des quantités
d'ADN de la totalité des échantillons, sans quéesealont la fiabilité est discutable ne soient

écartées.

Une autre limite de la méthode de quantificatian @PCR concerne la viabilité des
ascospores piégées (mortes ou vivantes et donctimfses), qui demeure inconnue. Une
alternative consisterait a quantifier I'ARN dedulebk (produit uniquement si les cellules sont

viables) ; il s'agit toutefois d'une molécule itdtaet difficile a manipuler (West et al., 2008).

Le choix a été fait d'étalonner la méthode de tfieation en utilisant des
pycnidiospores dé&. tritici collectéesin planta et facilement manipulables au laboratoire,
plutdt que d'utiliser de I'ADN plasmidique (Duviviet al., 2013). Cela a permis de raisonner
en nombre de spores et de ne pas se limiter a wstitgs d'’ADN, ce qui m’a semblé
pertinent dans la perspective de validation extele® résultats (comparaison de l'ordre de
grandeur des quantités d'ascospores piégées duede® études précédentes ; Hunter et al.,
1999 ; Bathgate & Loughman, 2001 ; Duvivier et &013). La méthode de conversion
utilisée est proche de celle de Duvivier et al.201a conversion des quantités d'’ADN de
pycnidiospore en quantités d'’ADN d'ascospore drasant un rapport 1:3 (deux noyaux dans
les ascospores contre quatre a huit noyaux darsytesdiospores ; Shaner, 2010) releve du
bon sens, mais n'a pu toutefois étre formellemattiée. Il s'agit d'une limite importante de
la stratégie que j'ai adoptée. Idéalement, desspeces éjectées a partir de résidus
contaminés auraient pu étre utilisées, mais lecten@ non répétable de l'opération et les

difficultés méthodologiques que pose la quantif@avisuelle d'ascospores dans une solution
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agueuse ou alcoolique (nécessaire a la constitdtiore gamme) ont été trop contraignantes.
La mise au point en 2013 d'une méthode de croisedgedeux isolats parentaux Aetritici
en conditions semi-contrblées (F. Suffert, comspewalidée en 2014, est intervenue trop

tard pour pouvoir étre utilisée dans le cadre dbdae.

Dans le troisieme chapitre, les différences dénggnicité entre les deux types de
spores deZ. tritici (qui peuvent toutes les deux jouer le role d'inogulprimaire en cas de
présence de résidus contaminés) ont été caraet®risé production d'inoculum primaire a
partir de résidus contaminés étudiés en tant qorer¢s” avait déja été estimée et comparée
(ascospores vs. pycnidiospores ; Suffert & Sacbg]1R Dans le cas présent, la pathogénicité
d'une pycnidiospore est ressortie comme étant mupéra celle d'une ascospore. Cette
différence correspond a une période de latencefisaivement plus longue apres infection
par une ascospore que par une pycnidiospore (engDadegrés-jour de différence, soit trois
ou quatre journées au début de I'automne). Laégimtconsistant a inoculer des feuilles de
blé avec une suspension d'ascospores, puis avepydegliospores collectées a partir de
Iésions issues de la contamination par les ascesparpermis de s'affranchir de la variabilité
entre individus parfois élevée pour certains trdiégressivité (Suffert et al., 2013). D'autres
champignons ascomyceétes parasites de grandesesuyltommePyrenopeziza brassicaet
Leptosphaeria macularegents pathogéenes du colza,dymella rabieiagent pathogéene du
pois chiche, présentent des différences de pathoggEentre les spores sexuées et asexuées
(Karolewski et al., 2002 ; Li et al., 2004 ; TrapeZasas et al., 2007). Une hypothese a pu étre
formulée en comparagit tritici et ces autres champignons parasites. La différéageriode
de latence entre les pycnidiospores et les ascesmi®Z. tritici pourrait étre due a leur
différence de taille, les spores les plus grosdest ésuspectées d’avoir une capacité
d'infection supérieure. La difféerence de période laience entre les ascospores et les
pycnidiospores pourrait avoir des conséquences riap@s au cours des périodes
épidémiques impliquant potentiellement les deuxesyple spores : au commencement de
I'épidémie (si I'inoculum primaire est constitudaafois d'ascospores et de pycnidiospores ;
Suffert et al., 2011) ou pendant les deux dernieoss de I'épidémie (mai-juin) lorsque les
étages foliaires supérieurs peuvent étre infedtéslanément par des pycnidiospores (par
splashing ; Shaw, 1987) ou par des ascosporesisdur des blés de I'année et dispersées

par voie aérienne (Duvivier et al., 2013).
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Dans le quatrieme chapitre, divisé en deux partegsst l'origine de linoculum
primaire qui a été étudiée. Deux stratégies ontdaptées pour tenter de la déterminer. La
premiére a consisté a analyser des changementslalatsicture génétique de différentes
sous-populations en utilisant des marqueurs ne8&R) recemment mis au point dans
'unité BIOGER (Gautier et al., 2014), la secondecemparant leur profil d'agressivité

planta

Aucune structure génétique n'a pu étre identifie sein des différentes sous-
populations deZ. tritici collectées pendant trois années successives, @habtgré des
populations légerement plus différenciées en 2@22qu’'au cours des deux années
précédentes. Ce résultat n'est pas vraiment sanprenompte tenu des connaissances acquises
au cours des 20 derniéres années sur le pathogyblég. tritici. J'ai notamment pu vérifier
ce qui était jusqu'alors bien établi, a savoir rae grande diversité génotypique (Zhan et al.,
2003 ; El Chartouni et al., 2011), un rapport dee$ sexuels MAT1-1 et MAT1-2 équilibré
(Zhan et al., 2002 ; Boukef et al., 2012 ; Alliaiial., 2014), et une reproduction sexuée tres
active (Zhan et al., 1998 ; Cowger et al., 2008psnpris a une échelle spatiotemporelle fine
(Chen et al., 1994 ; Linde et al., 2002). Une légaifférenciation, telle que celle mise en
évidence en 2011-2012, avait été établie dans geglgas a des échelles de temps et/ou
d'espace plus larges (Gurung et al., 2011 ; Drafeest al., 2012), mais rarement a une
échelle spatiotemporelle fine (Linde et al., 2002). différenciation de sous-populations a
priori directement issues de plusieurs cycles geodriction asexuée (periode épidémique) a
été un peu plus élevée que celles issues de kctmlii'ascospores. Ce résultat parait logique,
mais rien ne laissait supposer que l'utilisatiom@d@queurs neutres puisse le montrer. Le fait
gue la différenciation des sous-populations issieda collecte de pycnidiospores en fin
d'épidémie 2011-2012 soit ressortie comme étard @llevée que celles des sous-populations
des deux années précédentes est un résultat g#@tesar cohérent avec le contexte
épidémiologique : a la faveur de conditions climagis printaniéres favorables aux cycles de
reproduction asexuée, I'épidémie de 2011-2012 plagintense que les deux précédentes.
Par ailleurs, mes résultats ont remis en cause paumée 2011-2012 I'hypothése selon
laguelle les ascospores contribuent fortement aweldgpement de la maladie en fin
d'épidémie (Duvivier et al., 2013).

Onze marqueurs microsatellites ont été utilisésr pe génotypage des 800 isolats

collectés (Gautier et al., 2014). Prés de 1/5 ddeuvs étaient manquantes (problémes de
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contamination ou d'erreurs de génotypage dues AldNsextraits de mauvaise qualité). Il est
probable que I'absence de ces données n'a eu quinfkience sur les résultats de structure
obtenus.

Au final, I'approche de génétique des populatigns j'ai adoptée n'a pas permis de
répondre a la question initialement posée dansdpitre IV. Les résultats obtenus n'ont pas
permis d'établir de différences entre les sousadipns résidantes (locales) et immigrantes
(distantes), ni d'établir de discontinuité génétiguntre sous-populations de fin (saison n) et

de début d'épidémie (n+1), et donc de détermioggihe de I'inoculum.

En s'appuyant sur le méme dispositif expérimeatachamp, le profil d'agressivité
d'une populationdont l'origine était a déterminer, a été estimé&anparé a celui d'une
population résidante (ascospores issues de régidésents localement) et celui d'une
population immigrante (Iésions provoquées par dgesspores d'origine distante). J'ai montré
gue le profil d'agressivité de la population testést plus proche de celui de la population
résidante que de celui de la population immigraeteconclu que I'épidémie avait été
déclenchée majoritairement par de l'inoculum pnienéocal (ascospores issues des résidus).
La généralisation de ce résultat a I'ensemble deselles de blé en monoculture, et
notamment celles faisant l'objet d'un semis diredtvra faire l'objet de travaux
supplémentaires. Jai par ailleurs illustré le pmééne d'adaptation locale d'un agent
pathogene a son hote, conséquence de la spéwaisiitine population pathogéne aux
variétés hétes les plus fréquentes (Gandon & Vand#Zal998), et mis en évidence la

maladaptation de la population résidante vis-aditia hote allopatrique (Kaltt al, 1999).

3. Intérét de combiner différentes approches méthamogiques

Différentes approches ont été développées, dotdices pour répondre a une seule et méme
guestion. Dans le cadre de la problématique généderala thése (caractérisation de I'inoculum
primaire deZ. tritici et son rble dans les phases précoces de la ssgipria complémentarité
de certains résultats m'a permis de déterminessdaeteurs étaient susceptibles d'influencer
le commencement d'une épidémie et selon quelleslitésl Globalement, j'ai pu constater
gue certaines quantités (comme le nhombre d'ascesgresentes dans l'air ou directement

produites a partir de résidus contaminés) étaiaatdment assez peu informatives, et que la
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caractérisation d'effets qualitatifs (comme I'adiph des populations a leur hote, liée a leur
historigue épidémiologique et leur trajectoire éNiwle associée) pouvait étre plus pertinente.
C'est bien la complémentarité des différentes apy@m® méthodologiques qui m'a permis de
faire progresser les connaissances sur le rolendedlum primaire dans les phases précoces
d'une épidémie de septoriose. En effet, ni I'agpeaguantitative (en déterminant le nombre
d'ascospores dans l'air), ni les outils de génétaps populations (par des marqueurs neutres
SSR) n'ont permis a eux seuls d'identifier I'oggotke I'inoculum primaire. Dans le cas de
populations aussi diversifiees gdetritici, soumises a une phase de reproduction sexuée trés
étalée dans le temps, il n'est pas surprenant@geitl’approche expérimentale basée sur la
comparaison de profils d'agressivité entre popaatirésidante qui se soit révélée concluante
(chapitre IVb).

Les effets de la présence locale de résidus caméanont été mis en évidence par
lanalyse de l'adaptation différentielle de pogats de Z. tritici a leur hoéte (cultivars
sympatrique et allopatrique) en fonction de leugioe (Chapitre IVb). Les effets de ces
résidus n'ont en revanche pu étre établi ni papilache qualitative de génétique des
populations (Chapitre 1Va) ni par I'approche d'épiiblogie quantitative (Chapitre II). La
guestion du réle des ascospores en tant qu'inocsémondaire au printemps, comme suggéré
par Duvivier et al. (2013), n'était pas au cenis gréoccupations de la these. Plusieurs de
nos résultats ont toutefois apporté des élémentemlense. J'ai montré que des ascospores
étaient présentes dans l'air au-dessus des pardellblé jusqu'en mars-avril, et ce y compris
l'année 2011-2012 caractérisée par une épidémaepteriose de faible intensité (Chapitre
II). Combinées a ce résultat, les estimations du tie différenciation des sous-populations
collectées en 2011-2012 (Chapitre 1Va) suggererdg bjmpact des ascospores en tant
gu'inoculum secondaire est limité puisque les patprs collectées au printemps et en fin
d'épidémie cette méme année étaient plus diffékendvaleurs dEst faibles et inférieures a
0,1, mais tout de méme significativement supér@urpie les sous-populations des deux
années précédentes issues de pycnidiospores ocogpases. Cette difference a été
interprétée comme étant la conséquence de cyclespdeduction asexuée plus nombreux et
d'un rdle négligeable des ascospores au printenps2.2Ces résultats ne sont pas
incompatibles avec l'implication tardive d'ascogsoen mai-juin, certaines années, dans la

contamination des étages supérieurs du couvert.
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L’analyse des deux expérimentations conduites pantes adultes en conditions
contrdélées (Chapitre 11l et Chapitre IVb) a porté deux ou trois traits d'agressivité (capacité
de sporulation, période de latence, taille desoiégi qu'une précédente étude avait établi
comme étant les plus pertinents (Suffert et al1320Dans les deux cas, des différences
significatives entre modalités ont été obtenues p@ypériode de latence mais pas pour les
autres traits d'agressivité. D'un point de vue wddlogique, ceci montre que la période de
latence, bien que complexe a estimer (nécessitgunlee une cinétique), est une variable
indispensable dans les études Autritici. D'un point de vue épidémiologique, la période de
latence apparait comme un trait d'agressivité bkrigt donc potentiellement soumis a
sélection. Cette conclusion est cohérente averkdtats d'une expérimentation récente qui
suggerent I'existence de processus de sélectiamigant, pendant la montée de la maladie

dans le couvert, les individus ayant une périodamce plus courte (F. Suffert, com. pers.).

4. Le commencement d'une épidémie, de l'échelle amlle a I'échelle

pluriannuelle

Les résultats de ma these ont porté sur deux anfe@démie, voire trois, selon les chapitres.
Le dispositif utilisé, une parcelle de blé en mariage depuis 2007 et une parcelle de blé
distante de 400 m dont I'emplacement a changé ehaguée, a fait l'objet d'un suivi
épidémiologique régulier et continu. A ce stadelaaéflexion, jai estimé pertinent de
replacer mes résultats dans un cadre temporellgnige, a savoir la succession de plusieurs
épidémies annuelles, pour comprendre comment udérépe de septoriose (notamment son

commencement) est influencée par I'épidémie prétédaotamment sa fin).

Les résultats quantitatifs obtenus au chapitmntipermis d'estimer, pour chacune des
deux années étudiées (parcelle en monoculture @sdus ; 2011-2012 et 2012-2013),
guatre indicateurs de pression pathogéne : ingedsitla reproduction sexuée sur les résidus,
guantité d’ascospores présentes dans l'air au sassua parcelle, précocité de I'épidémie,
sévérité d'attaque en fin d'épidémie (Figure 1).cétte occasion, les indicateurs ont été
estimés pour les quatre épidémies précédentes @D, 2008-2009, 2009-2010, 2010-
2011) et la suivante (2013-2014) en exploitantdiesnées acquises par F. Suffert & partir du
dispositif pluriannuel. 1l ressort d'une analysepeique globale que les épidémies de

septoriose 2011-2012 et 2012-2013 ont été conémsédh ce qui concerne la quantité
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d'inoculum et l'intensité de maladie observée, maissi qu'elles ont été représentatives de
celles observées pendant les huit années conssdérégploitation des notations de maladie
au champ (incidence et sévérité des attaques)gamirannées et du niveau de contamination
des résidus (quantité d'ascospores €jectées) powansées a pu compenser l'absence de
guantification des ascospores présentes dangitialehors des deux années étudiées pendant
ma these. La quantité d'inoculum, quelle que sainature de lindicateur de pression
pathogene considéré (Figure 1), s'est progressivieanerue entre le début de I'année 2011,
ou la quantité d'ascospores retrouvée dans letugeétiait nulle (--), et la fin de I'épidémie en
2013 caractérisée par une intensité d'attaque e€ldeg étages foliaires supérieurs (++). Ces
résultats suggérent qu'en l'absence de conditiimatiues tres défavorables a la maladie,
comme ce fut le cas pendant la période considéieer (et printemps relativement pluvieux),
la pression pathogene ne décroit pas a court tetrntee passage d'une phase épidémique a
autre ne semble pas limité (reproduction sexuésuevie sur résidus> contaminations
précoces a la levée survie hivernale sur plante montée au sein du couvert par splashing
intensification de la maladie a I'échelle d'un étdgliaire » contamination des étages

supérieurs par des vols tardifs d'ascospores ré&iguChapitre I).

La représentation graphique de I'évolution destrguandicateurs de pression
pathogene, convertis en indice (-1 a +3), au cdasssept années fait état d'une remarquable
continuité temporelle (Figure 2). L'indice de presspathogene a en effet été tres variable
entre 2008 et 2010 avant de s'établir a un nivezsifaible (-1) en 2010 et 2011 : attaque
relativement tardive, épidémie peu sévere et fdiftlensité de reproduction sexuée (résidus
probablement peu contaminés). Entre 2011 et 20&Bpde qui inclut les deux années
étudiées pendant ma these, l'indice de pressidmogane a régulierement augmenté pour
atteindre son niveau maximal (+3) au cours des dieurieres épidémies. Une discontinuité
temporelle, définie ici par la hausse ou la bad's& moins trois points de deux valeurs
consécutives de l'indice, a été mise en éviden@Def (intensité de reproduction sexuée trés
élevée sur des résidus pourtant issus d'une émddomt l'intensité d'attaque finale était
faible) et en 2009-2010 (épidémie trés précocedui€e d'une intensité d'attaque tres faible a
la fin de I'épidémie précédente). La premiére difoaité pourrait s'expliquer par des
conditions automnales particulierement favorablesa aeproduction sexuée, mais cette
hypothése reste invérifiable. La seconde discoiténg'explique, plus aisément, par des
conditions climatiques printanieres trés défavarald la septoriose, qui ont marqué un coup

d'arrét a son développement dans les parcelles eatrs et mai 2010.

177



3.T

Saisons 2011-2012 et 2012-2013

2008 2009 2010 2011 2012 2013 2014
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/7 Quantité d’ascospores présentes dans l'air au dessus de la parcelle (estimation semi-quantitative : -- trés faible ; +++ trés élevée)

E& Sévérité d’attaque en fin d’épidémie de I'année n (estimation semi-quantitative : +++ trés forte ; -- trés faible)
/ [] 7/ a=estimation de la sévérité d’attaque moyenne (% de surface foliaire attaquée) sur la feuille F2 au 10 juin
b = estimation de la sévérité d’attaque moyenne sur la feuille F1 (drapeau) au 10 juin

c Précocité de I'épidémie de 'année n (estimation semi-quantitative : +++ trés précoce ; — trés tardive)

d datel = date a laquelle I'incidence de la septoriose atteint 5% (au moins une lésion sur 1/20 des premiéres feuilles L1)
date2 = date a laquelle I'incidence de la septoriose atteint 100% et la sévérité d’attaque moyenne sur la feuille L1 atteint 20%
Intensité de la reproduction sexuée sur les résidus de 'année n-1 (estimation semi-quantitative : trés faible ; trés élevée)

c =nombre d’ascospores par g de résidus collecté pendant la premiére quinzaine d’octobre
d = nombre d’ascospores par g de résidus collecté pendant la premiére quinzaine de décembre

Figure 1 - Représentation de la dynamique épidémique deptoriose causée paymoseptoria triticidans une parcelle en monoculture de blé (domaine
expérimental de Thiverval-Grignon) au cours de sajgons successives (2008 a 2014). Quatre indisatie pression pathogéne ont été définis (intedsit

la reproduction sexuée sur les résidus, quantéaécdspores présentes dans l'air au-dessus decellpaprécocité de I'épidémie, sévérité d’attaguefin
d’épidémie) ; la plupart des quatre indicateurgéaegtimée pour chacune des sept saisons a papmétevements et mesures réalisés sur le teaffeft et

al., 2011; Suffert, données non publiées), aveeftwrt particulier pour les deux saisons ayant faibjet de la thése (2011-2012 et 2012-2013) ; les

estimations chiffrées (partie basse de la figunt)ete transformées en classes : --, -, +, ++ et(voir Iégende).



Le début d'une épidémie est habituellement défanil@ moment ou les premiers symptémes
apparaissent sur la culture de l'année (par exedgiet décembre en ce qui concerne la
septoriose du blé) et sa fin par le moment ultimelao maladie est encore présente sur la
culture (en juillet, mois de la moisson). La distbonité, ou rupture temporelle, peut étre
caractérisée a la fois de facon quantitative (falt@minution de la présence de l'agent
pathogene) et qualitative (changement possible aestiucture des populations et
remplacement d'une sous-population par une a@@@)trairement aux parasites biotrophes,
comme les agents pathogenes des trois rouilledéd(Pbccinia triticing P. striiformiset P.
graminisf. sp.tritici), les parasites nécrotrophes ou hémibiotrophesyeos tritici peuvent
survivre en l'absence de leur hote principal (euwds échéant, alternant) pendant la période
d'inter-culture. La mise en évidence d'une disowitié qualitative chez la rouille brune du
blé, caractérisée par un mode de reproduction klen#existence d'un nombre limité de
pathotypes, est actuellement étudiée dans I'égdpeémiologie dans le cadre du projet
PlantFoodSec (I. Sache, com. pers.). En ce quietne&. tritici, il m'a été impossible de
distinguer différentes sous-populations et d'idemtides changements génétiques ; seule
I'étude de la discontinuité quantitative a été tmntte. Cette réflexion sur la discontinuité de
pression pathogene conduit & se poser la questola définition des limites temporelles
d'une épidémie : coincident-t-elles forcément aadles de la saison culturalez? tritici est
présent et actif sur résidus de culture pendapétade inter-épidémique ; il y réalise méme
une partie importante de son cycle biologique, \@isda reproduction sexuée. La période
d'inter-culture ne marque donc pas la fin du dgystonent de I'agent pathogene. En utilisant
l'indicateur de pression pathogéne, on pourraitcdoonsidérer que, dans la parcelle en
monoculture de blé, I'épidémie de septoriose atééhua fin de l'automne 2011 (épidémie
modéerément precoce) et qu'elle s'est poursuivegujad'hiver 2014-2015 (pas de baisse de la
pression pathogene a ce jour). Au final, deux cptaes du commencement et de la fin d'une
épidémie pourraient coexister en fonction de I'ehéemporelle considérée et des
caractéristiques biologiques de l'agent pathogébDans la premiere définition, le
commencement serait conditionné par la présencd'’hdée (apparition des premiers
symptémes visibles sur les feuilles) ; il s'agitldevision utilisée tout au long de ma thése
pour analyser les données. Dans la seconde définie commencement serait défini par la
discontinuité de pression pathogene, indépendamndentla présence de I'hdéte. Ces
considérations pourraient avoir des conséquencedelaude la simple représentation des

épidémies, mais aussi au niveau de leur gestion.
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Figure 2 - Continuité temporelle de la pression pathogén&ythoseptoria triticdans une parcelle en
monoculture de blé (domaine expérimental de Thale®Brignon) au cours de huit saisons successives
(2008 a 2014) estimée a l'aide d'un indice qudifititaique reprenant ceux définis Fig. 1 (intensieé

la reproduction sexuée sur les résidus, quantiéScdspores présentes dans l'air au-dessus de la
parcelle, précocité de I'épidémie, sévérité d’ategn fin d’épidémie) ; I'échelle semi-quantitatjve

a +++) a été convertie en une échelle numérique @1 ; une discontinuité temporelle a été définie

par la hausse ou la baisse d'au moins trois pditeux valeurs consécutives de l'indice.
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5. Conséquences et applications pratiques d'une rileure caractérisation

de l'inoculum primaire

La principale application possible des résultatsndethése concerne la gestion des épidémies
de septoriose. D'un point de vue quantitatif, &siltats que j'ai obtenus confirment que gérer
(c'est-a-dire diminuer ou limiter) la quantité d@ulum primaire par une réduction de la
quantité de résidus est, a une échelle localesoilta : I'inoculum primaire peut avoir une
origine distante et, de maniere générale, sa daaest rarement limitante, en début
d'épidémie. Les différences de précocité entre gllasc avec résidus (semis direct en
monoculture de blé) et sans résidus ne sont pasiema significatives ; il est probable que
dans des rotations conventionnelles, l'influencéaderésence de résidus contaminés sur une
parcelle de blé soit insignifiante (Suffert & Sacl2©11). D'un point de vue qualitatif en
revanche, certains effets mis en évidence dansdsetpourraient étre exploités, comme
'adaptation (et la maladaptation) de l'inoculuith@te. L'alternance de variétés pourrait avoir
un impact positif a une échelle locale (exploitatagricole, bassin de production) alors que
ces effets ont généralement été mis en évidenoe &chelle plus large (Papaix et al., 2011;
Papaix et al., 2014). Pour résumer, une gestiomtigai@ve de l'inoculum primaire serait
probablement trés peu efficace (& moins de supprimges les sources d'inoculum sur de
tres grandes surfaces, perspective utopique),danai sa gestion qualitative mériterait d'étre
envisagée. L'adaptation différentielle de poputaipathogénes a leurs hoétes pourrait étre
prise en compte dans des stratégies de protectisgeb sur l'alternance temporelle des

variétés utilisées localement.
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Titre - Les déterminants des phases précoces des épidémiseptoriose du bl&ymoseptoria

tritici) : quantité, efficacité et origine de l'inoculuminpaire

Résumé -Les maladies foliaires fongiques sont une conteaméjeure des systemes céréaliers. Elles
constituent par ailleurs de précieux modéles d&étpdur comprendre comment commence une
épidémie, questionnement récurrent en épidémiologigtale. Dans cette thése ont été étudiés trois
des principaux déterminants des phases précocegpiddmies de septoriose du blé causée par
Zymoseptoria tritici quantité, efficacité et origine de l'inoculurminpaire L'étude a porté sur deux
épidémies successives dans deux parcelles de dbhgx 'une de l'autre au sein d'un dispositif
pluriannuel (2011-2013 ; Grignon, France). La pexmiparcelle, caractérisée par I'absence de rgsidus
était exposée a des sources distantes d'inoculumaipe, et la seconde, en monoculture de blé depuis
plusieurs années, présentait une quantité impertdatrésidus contaminés agissant comme source
locale d'inoculum primaire. Dans la premiére padlela these, la capture d’ascospores a I'aide d'un
piege volumétrique couplé & une quantification'd®N par qPCR a permis de quantifier I'inoculum
primaire présent dans l'air au-dessus des parcpHledant les phases épidémiques précoces. Les
limites de détection et de quantification ont éééedminées, discutées et utilisées afin d'estiner d
faibles quantités d’ascospores. Ni la présencddada résidus contaminés ni la quantité d’inoculum
au-dessus des parcelles n'ont été corrélées aya@dacité des deux épidémies. Dans la seconde
partie, la pathogénicité des ascospores et desdiyspores de&. tritici a été estimée sur plaradulte

et comparée. La période de latence consécutives dnfection par ascospore a été plus longue de 60
degrés-jour gu’'aprés une infection par une pycsmioe. Dans la troisieme partie de la thése, qui
visait a identifier l'origine de l'inoculum primair deux stratégies ont été adoptées. La premiére
stratégie a consisté a rechercher des changemanssla structure génétiqgue de différentes sous-
populations collectées dans les deux parcellesuser période de trois années en utilisant des
marqueurs neutres (SSR). Aucune structure n'adétdtifiée, mais de légeres différenciations chez
certaines sous-populations, cohérentes avec leextentépidémiologique (nature du cycle de
reproduction dont elles découlent, période épidémigntensité de maladie), ont été mises en
évidence. Ces résultats n'ont toutefois pas pedmisiéterminer I'origine de linoculum primaire
puisqu'aucune différence entre les sous-populatiésidantes (locales) et immigrantes (distantds), n
de discontinuité génétique entre sous-populatienind'saison n) et de début d'épidémie (saison,n+1
n'a été mise en évidence. La seconde stratégirsisttoa comparer le profil d'agressivité (capatitée
sporulation et période de latence) d’'une populatied. tritici collectée en début d’épidémie dans la
parcelle en monoculture de blé, a celui d'une i résidante (ascospores issues des résidus
présents dans la parcelle) et d'une population grante (Iésions provoquées par des ascospores
d'origine distante). Le profil de la populationtées plus proche de celui de la population résejaant
suggéré gque l'épidémie avait été déclenchée najeritent par un inoculum primaire d'origine
locale. Il ressort de cette étude de cas qu’ungogequantitative (réduction) de l'inoculum pringir
serait probablement tres peu efficace, tandis qugestion qualitative, tenant compte de l'adaptatio
différentielle de populations pathogénes a leutss)dnériterait d’étre intégrée dans des straté@tges
protection (alternance de variétés dans le tenfp®)r finir, la définition du début et de la fin déu
épidémie a été discutée, selon que I'on se plagreaéchelle annuelle (absence de I'hdte comme
critere de début/fin) ou pluriannuelle (disconttéuile pression pathogéne comme critere de déhut/fin
indépendamment de I'absence de I'h6te).

Mots clefs - ascosporeMycosphaerella graminicolaprofil d'agressivité, population immigrante,

pycnidiospore, qPCR, quantification, résidus.



Title - Components of the early stages of septoria itritlotch epidemics Zymoseptoria tritic:
guantity, efficiency and origin of primary inoculum

Abstract - Fungal foliar diseases are a major constraint teatgroduction systems. They constitute
relevant models to elucidate how an epidemic begifch is a recurrent question in plant disease
epidemiology. In this thesis three of the main congnts of the early stages of the epidemics of
septoria tritici blotch, a wheat disease caused@yayposeptoria triticiwere studied: the quantity, the
efficiency and the origin of primary inoculum. Theudy focused on epidemics occurring over the
2011-2013 cultural seasons in two wheat plots &mtaiose to each other in Grignon (France). The
first plot, characterized by the absence of delwas exposed to distant sources of primary inoculum
while the second plot, grown in wheat for seversdng, had a large amount of contaminated debris
acting as a local source of primary inoculum. le finst part of the thesis, ascospore trappingguain
volumetric spore trap combined with DNA quantificat by gqPCR allowed to quantify the inoculum
present in the air above the wheat plots during ¢hdy stages of the epidemics. The limits of
detection and quantification were determined, dised and used to estimate small amounts of
ascospores. Neither the local presence of contaedirdebris nor the quantity of inoculum above the
plots was correlated with the earliness of the epids. In the second part, the pathogenicity of
tritici ascospores and pycnidiospores was estimated on pldults. The latent period following
infections by ascospores was 60 degree-days Idhgerfollowing infection by pycnidiospores. In the
third part of the thesis, which aimed to identifye tsource of primary inoculum, two strategies were
developed. The first strategy investigated chamgeise genetic structure of different subpopulagion
collected from both wheat plots over a period oé¢hyears using neutral markers (SSR). No structure
was identified, but slight differentiations in sos#bpopulations, consistent with the epidemioldgica
context (nature of the reproduction cycle from vihibey derived, epidemic period, disease intensity)
were highlighted. These results, however, did rimwato determine the origin of the primary
inoculum because no difference between resideoaljl@and immigrant (distant) subpopulations, or a
genetic discontinuity between subpopulations framénd (season n) and the beginning of epidemics
(season n + 1), were identified. The second styategipared the aggressiveness profile (sporulation
capacity and latent period) ofa tritici population collected at the beginning of an epiiteim the
monoculture wheat plot and of a resident populatmstospores ejected from debris present in the
plot) and to an immigrant population (leaf lesi@masised by ascospores of distant origin). The jgrofil
of the tested population, closer to that of thédex#t population, suggested that the epidemic was
mainly initiated by primary inoculum of local origi This case study showed that a quantitative
management (reduction) of the primary inoculum wldog probably inefficient, while its qualitative
management, taking into account the differentiadpaation of pathogen populations to their hosts,
deserves to be taken into account in crop proteditoategies (alternating wheat cultivars in time).
Finally, the definition of the beginning and thedeof an epidemic was discussed, depending if we
consider an annual scale (absence of the hosbagianing or end criterion) or a multiannual scale
(pathogen pressure discontinuity as the beginnmgna criterion, regardless of the absence of the
host).

Keywords - ascosporeMycosphaerella graminicolaaggressiveness profile, immigrant population,

pycnidiospore, qPCR, quantification, wheat debris.
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