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RESUME

La vigne est soumise a la pression de nombreuxglegaeurs dont des parasites obligatoires tels que
'oidium (Erysiphe necatgret le mildiou Plasmopara viticolq La lutte contre les maladies causées par les
pathogénes biotrophes nécessite une utilisationesuntensive de fongicides. Le vignoble consomrhe seul
16% des fongicides commercialisés chaque année ewd-r&our réduire leur impact environnemental qui
conduit & I'acquisition de leésistance aux pesticides des pathogene et langesske résidus dans les vins et
dans I'atmosphéreales efforts doivent étre entrepris pour dévelopjeer stratégies de protection innovante de
remplacement ou complémentaire permettant de rélgsiiatrants pesticides.

Les stimulateurs des défenses des plantes (SDP) tentree limiter le développement des bioagresseurs
en conditions contrélées. Toutefois, leurs effigzxin natura sont variables et souvent décevantes. Suite au
grand nombre de produits potentiellement stimulateles défenses des plantes, et a I'intérét queptetent les
viticulteurs, il est néceage de disposer de connaissances et d’outils eumettent d’évaluer leus efficacités et
mieux connaitre leurs potentiels de protection igmable.

Pour ce faire, une méthode d’évaluation de I'effitade produits potentialisateurs ou éliciteurété
développée au niveau biologique, moléculaire (esgiom de genes impliqués dans les défenses) etiliocie
(analyses qualitatives et quantitatives des polypls®, nommée "BioMolChem". Cette méthode a permis
d'évaluer I'efficacité de deux phosphonates et cimalogue de I'acide salicylique, sur différentaagpes et
phénotypes de mildiou de la vigne (sensibles oistegs aux fongicidesRlasmopara viticola et d’oidium (de
groupe génétigue A ou B Erysiphe necatQr Cette approche méthodologique "BioMolChem" anpsr
d'établir des corrélations entre I'expression deegede défense, la présence de certains stilbenaseet
efficacité des défenses détis vinifera cv. Cabernet-Sauvignon visvés de l'oidium et du mildiou. Les
modifications degatrons d’expression des 19 génes suivis danslebes de vigne et les profils HPLC de
polyphénols révélent des mécanismes de défens@émitiues et complexes. Ainsi, les réactions de défele
la plante sontlles modulées, en fonction de I'élmitr considéré, mais aussi en fonction de la ditéersi
phénotypique et génétique des agents pathogentrs tesguels elle se défend. Ces défenses se c@sactdrar
une surexpressiaiun ensemble de génes de défense et une accumulaticomposés phéliques spécifiques.

Les marqueurs (genes et molécules) ainsi identlagsnéthode "BioMolChem" a été appliquiéenatura
et a conforté, pour partie, les résultats obtenuslaboratoire. Dans des conditions de fortes poessi
parasitaires, il est dorpossible de protéger les feuilles et les grappkaidie de SDP et des essais d'association
ou d’alternance avec des fongicides conventionnelstirent I'intérét potentiel de I'emploi des SDP agnable.

Chemin faisant, dans le cadre d'une viticulturemovante et durable, les SDP et la méthode
"BioMolChem" ont été appliqués sur des génotypdwibgs {itis viniferax Muscadinia rotundifoliaz Nous
révélons que selon le niveau de résistance infjirsséles génotypes (plus ou moins résistants adiwiet au
mildiou), il est possible d’augmenter le niveau lderésistance exprimée par élicitation. Ainsi, 1d3PS
pourraientds s’avérer des alliés d'intérét pour l'utilisatiode variétés partiellement résistantes et limiter
potentiellement le contournement des QTL de résistance

L'ensemble de ce travail, a but appliqué, a cordliibbtention de résultats qui nous permettent deurni
comprendre comment la vigne réagit aux SDP dansseimonnement agronomique. Leur exploitation et le
finalisation devaient nous permettre d'exploiter et de mettre &te une utilisation des éliciteurs mieux
adaptée, a des stratégies alternatives ou complémesnd®i la gestion des bioagresseurs de la vigne.

MOTS CLES

Vitis vinifera Oidium Erysiphe necatgr Mildiou (Plasmopara viticol résistance systémique acquise,
élicitation, BTH, phosphonate, expression genegtgallexines, stilbénes, fosétyl-Aluminium, benzotligaole,
SDP, variétés résistantes.






TITLE

Study of the effectiveness of different genotypes ofitis vinifera defenses induced by
elicitation face to the genetic diversity of pathogensP{asmoparaviticola and Erysiphe
necatol): from gene to the field.

ABSTRACT

Powdery Erysiphe necatgrand downy mildew Rlasmopara viticol are very important grapevine diseases
(Vitis viniferg). These two biotrophic pathogens, which are nativihe United States, infect green vine tissues
and cause significant economic loss as well asremviental damage through the repetitive applicatioh
fungicides. To reduce their environmental impacors$f should be made to develop strategies to protec
innovative alternative or complementary to reduestigide inputs.

In this study, the efficacy and the role of Beniadimzole (BTH), a salicylic acid analogue, and two
phosphonate derivatives strengthen plant defenahamésms against various isolates of downy and poyvd
mildews Plasmopara viticolaand Erysiphe necatgr These compounds showed differences in theicaffi
depending on the variability of mildews and highigpendent on plant genetics, environmental conditamd
selection pressure. The plant defense stimulatadcbe an alternative or additional method toitraal pest
management in the grapevine.

Tools“BioMolChem” were developed to better assess tHerte status of the plant defendesitro and
in natura Transcript kinetics of selected defence-relatedeg and polyphenol contents profiles, dunfitis
vinifera-biotrophic pathogen interaction, were charactekizand the impact of pathogen diversity was
investigated in the absence or presence of elmitatin vineyard, under strong pathogen pressiires,thus
possible to protect leaves and clusters, with SB& assays of association or alternation with cotioeal
fungicides show the potential interest of the uséne$¢ SDP in the vineyard.

The grapevine defense mechanisms are complex, diegean the elicitor, leading to the coordinated
accumulation of pathogenesis-related proteins (R#®),production of phytoalexins, and the reinforeatmof
plant cell walls.

On the way, within the framework of an innovativedasustainable viticulture, the SDP was applied to
hybrid genotypes\(. viniferax M. rotundifolig). We reveal that according to the level of intitnsesistance of
the genotypes (more or less resistant to powdetyt@downy mildew), it is possible to increase lineel of the
expressed resistance. The SDP could become dllieterest in the use of partially resistant grapewarieties.

The present findings provide insights into the ptigg use of transcripts and stilbenes as marketkeo
defense status of grapevine leaves with or witledigitation or infection, which should allow us éxploit and
develop a better use of elicitors in alternative@mplementary strategies in grapevine pest manageme

KEY WORDS

Vitis vinifera powdery mildew Erysiphe necatgr downy mildew Plasmopara viticol systemic acquired
resistance, elicitation, BTH, phosphonate, geneesgion, phytoalexins, stilbenes.
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INTRODUCTION GENERALE

La vigne est soumise a la pression de nombreux bioagresseurs dopardsises
obligatoires tels que I'oidiunEfysiphe necatdret le mildiou Plasmopara viticolx A elle
seule, avec moins de 3% de surface agricole utile (SAU), la Wignsomme 16 % des
pesticides commercialisés en France chaque année, dont 80 % storngiledes(d’apres
I'expertise collective INRACEMAGREF, 2005). Actuellement, dans le contexte viticole
francais, la malitrise des épidémies nécessite de nombreuxnéaite chimiques pouvant
avoir des conséquences néfastes sur I'environnement et la santé atiomilide stimulateurs
de défenses, aux c6tés de la résistance variétale et de lbidlaggque, pourrait représenter
une méthode de lutte alternative et/ou complémentaire d’intérét.

Agissant généralement sur la plante et non directement suthiegpae, les éliciteurs
induisent une résistance de la plante hdte multifactorielle quigibs’avérer plus difficile a
contourner par le pathogéne, que l'effet d'un fongicidesitei (Santiagoet al, 2010). Les
voies de signalisation intracellulaires activées chez lesgdlamtite a la réaction de défense
convergent notamment vers la production de formes actioeygiéne, d'hormonesaide
salicylique (SA), acide jasmonique (JA), éthyléne (ET) ou acideisgique (ABA)). Elles
conduisent aussi a l'induction de genes de défense, la production delitetaecondaires
(phytoalexines, PRyotéines), a la mise en place d’'un renforcement des paroisazeliylet
contribue a l'arrét du développement du pathogene (Wadteak, 2007, 2011). Malgré un
effet des stimulateurs de défenses des plantes efficace reduejible en conditions
contr6lées au laboratoire, il s’avére, que leur applicatiomatura soit plus délicate et
présente généralement des efficacités tres variables etadée® Confrontés a ce constat,
acquérir des connaissances pour mieux comprendre les réactions de la wignabiié des
réponses obtenues en fonction du fond génétique, des agents pathogénes et de
I'environnement paraissait indispensable.

Des études préliminaires conduites au laboratoire ont permibaigirades éliciteurs
potentiellement intéressants, de composition chimique définie, quinteés des efficacités
stables et reproductibles contre les deux pathogénes majeursvidgmda(l'oidium et le
mildiou) en conditions contrdlées. Notre intérét s’est porté plus pagtieaient sur les
phosphoates et I'acibenzola®-méthyl (BTH), déja bien connus comme stimulateurs des
défenses des plantes (leti al., 2004 ; Daniel et Guest, 2006).

Ainsi, aprés une rapide mise au point bibliographique, nécessabur la
compréhension du travail réalisé réstitution de ce travail fait I'objet de trois parties.

1- La premiere partie patsur I'efficacité deproduits, sur différents agents pathogeénes,
en conditions contrélées, et sur la description d’'une méthode «BioMolQltdisé&e pour
caractériser les réponses de la vigne.

2- La deuxiéme partie est consacrée a I'étude des SDP au vigeabpggsence de
fortes pressions parasitaires d’oidium et de mildiou. L'étude décBeffé des stimulations
des défenses, I'analyse des profils de transcrits de genes dsegéimsi que I'analyse de
polyphénols ont été réalisées, pour mieux appréhender la variabilité pieseag de V.
viniferaa une élicitation.

3- La troisiéme partie s’est attachée a évaluer, I'intérét déidatton de SDP sur des
génotypediybrides partiellement résistants a I'oidium et au mildiou deglee, dans le cadre
du développement de nouvelles stratégies de lutte innovantes et durables.

L’ensemble de ce travail devant permettre une meilleure compréheesiaigéfenses de
la vigne apres une élicitation dans diverses conditions environnementales.
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Source: [http://pharml.pharmazie.uni-greifswald.de/allgemei/koehler/koeh-eng.htm]

Figure 1 : Vitis vinifera sativa.(1) sarment ;(2) feuille a 5 nervures principaleq3)
vrille ; (4) Inflorescence (5) bouton floral (jeune fleur fermée}g) ouverture de la corole

de la fleur (fleur dehiscente)7) fleur hermaphrodite possédant a la fois des étamines
(n=5) et un pistil {8) coupe longitudinale de I'ovairg(9) coupe tansversalde I'ovaire;

(10) étamine ;(11) grain de pollen j(12) grappe de raisins(13) coupe longitudinale
d’'une baie (14) coupe transversale d’'une baigl5) pépin de raisin (graine)16 et 17)
coupes longitudinales d’'une graing(®E8) coupe transversald’'un pépin.



1. La Vigne

La vigne est l'une des premieres cultures domestiquée depuiigiuigé (Figure 1),
largement cultivée dans le monde. Ses fruits sont principalemaergfdrmés en vin ou
spiritueux mais également destinés a la consommation de raistableeséchés ou encore
traités en jus non alcoolisé.

1.1. Développement et physiologie de la vigne
1.1.1. Taxonomie et diversité

La vigne est une plante Angiosperme Dicotylédone appartenant a l'ordre des
Rhamnales. Les Vitaceaes comptent 14 genres (Tableau 1) gddfitidequi constituent le
genre agronomiquement le plus important. Le garitis se divise en deux sous-genres :
Muscadiniaet Euvitis Le sous-genr&luscadiniane comprend que trois espe¢asinsinia,
popenoeket rotundifolia). Le sous-genr&uvitis contient les vraies vignes ainsi que la quasi-
totalité des vignes cultivées et comprend 74 especes sauvaipsa(ilr2) réparties entre les
35" et 50 paralléles, dans les zones tempérées et subtropicald&udepk et du Proche
Orient, d'Asie Orientale et d'’Amérique du Nord et Centrale. Lecipale espece cultivée, au
plan économique, est la vigne européenviis vinifera L., cultivée dans les régions
tempérées au niveau mondial et présente sous la forme de plusidigs de variétés
(cultivars ou cépages).

Les vignes américaines sont résistantes a de nombreuses matadiest utilisées
comme portegreffe dans 85% du vignoble mondial. L’introduction en Europe au cours du
19 siecle deVitis américains a condua I'importationde maladies jusqu’alors inconnues
('oidium en 1845, lghylloxéra en 1868, le mildiou en 1878 et le black-rot en 1885).

Tableau 1: Division des Vitaceaes comptant bnres (d’aprésAngiosperm Phylogeny
Website http://www.mobot.org/MOBOT/research/APwgb

Genre Nombre d'espéces
Vitis 108 (dont 28ossiles, 15 douteuses)
Cissus 367 (dont 8 fossiles)
Ampelopsis 31 (dont 4 fossiles)
Pterisanthes 21

Tetrastigma 132 (dont 4 fossiles)
Ampelocissus 92

Clematicissus 1
ParthenocissusandukiaYua 191-3

Rhoicissus 11

Cayratia 65 (dont 1 fossile)
Acareosperma 1

Pterocissus 1

Cyphostemma 258

Nothocissus 1




Tableau 2: Liste des 74 especes W#is sauvages$d’'apres Zeccat al, 2012)

Amérique du Nord

Asie

Vitis acerifolia Raf.
Vitis aestivalisMichx.
Vitis arizonica Engelm.

Vitis berlandieri Planch

Vitis biformis Rose

Vitis bloodworthianaComeaux

Vitis x bourquina Munson ex Viala

Vitis californica Benth.

Vitis x champinii Planch.

Vitis cinerea (Engelm.) Engelm. ex Millardet
Vitis coignetiaePulliat ex Planch.

Vitis x doanianaMunson ex Viala

Vitis girdiana Munson

Vitis heyneanaRoem. & Schuit.

Vitis jaegerianaComeaux

Vitis labruscalL.

Vitis monticola Buckley

Vitis mustangensi8uckley

Vitis nesbittianaComeaux

Vitis x novae-angliaeFernald

Vitis palmataVahl

Vitis riparia Michx. - la vigne des rivages
Vitis rotundifolia Michx.

Vitis rupestris Scheele - la vigne des rochers
Vitis shuttleworthiiHouse

Vitis sinocinereaW.T.Wang

Vitis x slavinii Rehder (Vitis argentifolia x Vitis riparia)
Vitis tilifolia Humb. & Bonpl. ex Schult.
Vitis treleaseiMunson ex L.H.Bailey

Vitis vulpina L. ou Vitis cordifolia Michx

Vitis x andersoni Rehder (Vitis coignetiae x Vitis riparia

Vitis amurensisRupr.

Vitis barbata Wall.

Vitis bashanicaP.C.He

Vitis bellula (Rehder) W.T.Wang
Vitis betulifolia Diels & Gilg

Vitis bryoniifolia Bunge

Vitis chunganensisiu

Vitis chungii F.P.Metcalf

Vitis davidii (Rom.Caill.) Foéx
Vitis erythrophyllaW.T.Wang
Vitis fengqginensi<C.L.Li

Vitis ficifolia Bunge

Vitis hancockiiHance

Vitis hui W.C.Cheng

Vitis jacquemontiiR.Parker

Vitis jinggangensisW.T.Wang
Vitis lanceolatifoliosaC.L.Li
Vitis longquanensid?.L.Chiu
Vitis menghaiensi€.L.Li

Vitis mengziensi€.L.Li

Vitis piasezkiiMaxim.

Vitis pseudoreticulataV.T.Wang
Vitis romanetii Rom.Caill.

Vitis ruyuanensisC.L.Li

Vitis shenxiensi<C.L.Li

Vitis silvestrii Pamp.

Vitis tsoii Merr.

Vitis wenchouensi€.Ling ex W.T.Wang
Vitis wilsonaehort.Veitch ex anon.
Vitis wuhanensisC.L.Li

Vitis yunnanensisC.L.Li

Vitis zhejiang-adstrictaP.L.Chiu

Tropigues

Europe

Vitis balansanaPlanch.

Vitis blancoi Munson

Vitis bourgaeanaPlanch.

Vitis flexuosaThunb.

Vitis labruscanal..H.Bailey

Vitis luochengensisV.T.Wang
Vitis peninsularisM.E.Jones

Vitis pilosonervaF.P.Metcalf

Vitis popenoeiJ.H.Fennel

Vitis retordii Rom.Cail. ex Planch.

Vitis vinifera L.

1.1.2. Développement et Physiologie de la vigne

Le cycle végétatif de la vigne dans nos régions tempéréeemie un rythme de
croissance discontinu avec l'alternance de période de végeétation et de rgpe2(F-

Apres un repos hivernal de fin novembre a février, période de sorameiburs de
laguelle la circulation de la seve cesse, la croissanceatwgétu printemps (mars/avril)
démarre avec le débourrement des bourgeons, puis les rameaux giljosge’a la fin
juillet. Pour préparer la vigne aux conditions défavorables de I'hiversateasun nouveau
cycle végétatif 'année suivante, les rameaux s’éjzaisst et durcissent grace a un dépdét de
lignine (aoUtement) qui précede la chute des feuilles (défeuillaison) etdemtrdormance.
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Le cycle reproducteur de la vigne est biannuel car Tlinitiatios g@eimordia
inflorescentiels se mettent en place 'année précédant I'ateéeictification. Les boutons
floraux apparaissent avec le débourrement des bourgeons et les infloessee développent.
La floraison a lieu entre mai et juin et aboutit & la libération du pollen.

La vigne cultivée est une plante hermaphrodite (constituée de fitales et femelles a
la fois). La fécondation d’'une fleur peut étre assurée par autofécondation ouquamnaé
(fécondation d’une fleur distante) (Galet, 2000).

Des que I'ovaire commence a se développer, la grappemse £t le fruit est noué. Les
baies ainsi formées vont grossir et atteignent environ 70% de ilkifiteale et commencent
a se toucher. Selon les cépages, la fermeture est plus ou mimetedans certains cas
incompléte. A la fin de la nouaison, en juillet, la grappe attséntaille finale. Au mois
d’ao(t, les baies atteignent le stade de la véraison. Un changgemamileur des baies se met
en place marquant la fin de la phase herbacée et le débutdatueation. Les raisins
deviennent moinscdes et s’enrichissent en sucre.

Les baies atteignent leur pleine maturité entre fin aolt sefatembre, en fonction des
cépages et peuvent étre vendangées. Si les baies ne sortgitéesgil peut se mettre en
place une sur-maturation caractérisée par un flétrissement des baies.

Figure 2: Cycle physiologique de la vigne

|Décembre| Janvier| Février| Mars| Avril | Mai | Juin Juillet| AoGt| Semere| Octobre| Novembre|
Repos hivernal
Débourrement
Floraison
Véraison
Défeuillaison
Croissance végétative Aodtement |

1.2.Importance de la vigne cultivée Yitis vinifera L.)

Des restes fossilisés d’'une vigne ont été découverts au cours desfeiltan, au nord
des monts du Zagros démontraptelle est apparue durant I'ere tertiaire (paléocene), avant
I'apparition de I'homme. Elle ft baptis&kbtis Sezannensigspéce maintenant disparue.

Des découvertes archéologiques suggerent que la domestication de |alatigre
5000 ans, au sud du Caucase entre la mer Caspienne et la mer Noise, §rriait étendue au
sud-ouest du croissant fertile, dans les vallées de Jordanie ettd'Bgyfes et al, 2011). La
découverte de Zagros en Iran en 1993 de vases remplis de pémismddatant de 7500 ans
avant J.C. permet de supposer une pratique tres ancienne de ionif{téichel et al, 1993
et Mc Goverret al, 1996). Mais c’est en Egypte qu’on trouva la plus ancienne repréesentation
des procédés de vinification ainsi que des amphores contenant du virdalancdu 11f™°
millénaire avant J.C (Huetz de Lemps, 2001). Dans la Gréce anaqugné devint 'un des
trois piliers de la triade méditerranée : céréales-olivierevidra vigne fat implantée dans
'ensemble du bassin méditerranéeneat Gaule celtique a I'époque de la création de
Marseille (600 ans avant J.C).



Tableau 3 :Les principales maladies de la vigne.

Flavescence dorée
Enroulement

Maladies Agents pathogenes
Apiognomonisspp.
Colletotrichumspp.
Disculaspp.
Anthracnose Gloeosporiunspp.
Glomerellaspp.
Gnomoniaspp.
" Pseudopezizapp.
%’_ Black-rot Guirgnardia bidwelli
= Brenner Pseudopezicula tracheiphila
% Excoriose Phomopsis viticola
*8 Oidium Erysiphe necator
?, Mildiou Plasmopara viticola
g Pourriture grise Botrytis cinerea
S Phaeomoniella chlamydospora, Fomitiporia punctata,
‘—cg ESCA Stereum rirsutum, Eutypa lata
= Phaeoacremonium aleophilum
Botryosphaeria obtus@Neofusicoccurparvum,
Lasidiplodia theobromae
Clonostachys rosea
BDA Diplodia seriataet Diplodia mutila
Spencermartinsia viticola
Botryosphaeria dothidea,
Neofusicoccum luteum
Eutypiose Eutypa lata
Phylloxera Daktulosphaira vitifoliae
@ Vers de lagrappe Lobesia botranali_udé_mis),EupoeciIia ambiguellgCochylis)
31 et Sparganothis pilleriandpyrale)
§ Cicadelles Scaphoideus titanus (Ball)
- Empoasca vitis
Metcalfa pruinosa
0 Acariens Rouges Panonychus ulmiKoch)
.0:-‘ Acariens jaunes Eotetranychus carpiniOudemans)
8 Acariose Calipitrimerus vitis
< Erinose Eriophyes vitis
k) o o Court-noué GFLV (Grapevine Fan Leaf Virus) &iphinema index
(;) E % g ArMV (Arabic Mosaic Virus) eXiphinema diversicaudatum
g @ % 5 Maladie de Pierce Xylella fastidioseet Homalodiscaspp.
> § £ g Bois noir Phytoplasmaspp. et Hyalesthes obsoletus

Phytoplasmaspp.et Scaphoideus titanus (Ball)
GRLaV (Grapevine leafrolassociated virgs




Le renforcement de la valeur attachée au vin apparut suite anieté@ht du christianisme
apres l'anéantissement de I'Empire romain au cours du IVeme .siiclsi la liturgie de la
communion pratiquée jusqu’au XifI°siécle a permis de maintenir et accroitre la tradition viticole.

Au Moyen-Age la qualité du vin s’améliora pour atteindre celle que nous connaissons
aujourd’hui. L'expansion de lavilisation chrétienne fat a I'origine de I'expansion de la wiitice
dans le monde.

En 2008, la superficie viticole mondiale a atteint 7742 milliers déres (58,4% en Europe,
21,1 % en Asie, 12,8 % en Amérique, 5% en Afrique et 2,7% en Océanpepduction mondiale
de raisin a atteint 677,9 millions de quintaux (43,2% en Europe, 26,5% er2A%e=n Amérique,
6% en Afrique et 3,3% en Océanie) et celle de vin a atteint 269 milliectolitres (66,7% en
Europe, 5% en Asie, 18,5% en Amérique, 4,4% en Afrique et 5,4% en Océanialt (@Ex rapport
sur la situation de la viti-viniculture mondiale en 2008, présenté priee Castellucci, Directeur
Général de I'OIV, a Zagreb, le 29 juin 2009).

En 2009, la France est redevenue le premier producteur mondial (44,75 milliondit'és);
devancant I'ltalie (42,58 millions d'hectogs), et I'Espagne (35,14 millions d'hectolitres).

En 2010, une baisse des superficies plantées est enregistréen(lB&6 d’hectares) et la
production mondiale a chutée de 5 % par rapport a celle de 2008 (6#msnile quintaux). La
moitié de la prduction mondiale continue d’étre assurée par trois pays : la Francer(#ib8s
d’hectolitres), I'ltalie (44,84 millions d’hectolitres) et 'Espagne (33,9 milliditectolitres)

La vigne est propagée essentiellement par multiplicatiogtatge, ce qui signifie que des
variétés anciennes cultivées ont été propagéees pendant désesevaire des milliers d'années, et
peuvent aujourd’hui coexister avec des variétés cultivees produitedepacroisements récents.
L’adoption de ce mode de propagation de la vigne a ainsi contiibon@iatien d’'un haut niveau de
diversité génétique de la plante et a permis la générationotesclavec des traits uniques.
Cependant, le revers de telles pratiques est la contributiordianiaution de la motivation des
viticulteurs a realiser de nouveaux croisements et a créer de newaliétés cultivées (Mylest
al., 2011).

1.3. Sensibilité de la vigne

La principale espéce de vignes cultivée en Eurdfigs(viniferaL.) est a l'origine de trés
nombreux cépages. La préoccupation constante des vignerons pour urbtesair sanitaire optimal
n'est apparue qu'a partir du X% siécle suite atrois vagues successives d’invasion de
bioagresseurs ayant failli éliminer la vigne du paysagecalgrifrancais (oidium, mildiou et
phylloxera).

La vigne cultivée dans nos régions est tres sensible a de nonbiilmagresseurs qui peuvent
étre d’origine cryptogamique, bactérienne, virale ou des ravag@aisleau 3) qui sont
dommageables pour la récolte.

De nombreux parasites s'attaquent a la vignprovoquent de graves dégats (Tableau 3). Les
champignons phytopathogenes représentent la majorité des bioagréeskewvigne.

- L’Anthracnose : due a différents champigno&piognomonia, Colletotrichum, Discula,
Gloeosporium, Glomerella, Gnomonia, Pseudopeziza, &mement répandue dans le
monde entier, plus particulierement dans les zones intertropicales.



——Microsporidia
—HKickxellomycotina
——~Zoopagomycotina
—Entomophthoromycotina

——=Blastocladiomycota

—Mucoromycotina

Mesomycetozoa —Neocallimastigomycota

Filasterea [——Chytridiomycota

Unikonta

Metazoa
——Glomeromycota

Symbiomycota —_ i
Dikkarya |:A scomycota Erysiphales—| E.

Basidiomycota

Cheanoflagellata

-Amoebozoa

? Apusozoa

Metamonada
o |:Euglenuzua
Discoba Percolozoa

-Jakobea

Excavata

Rhodophyta
—Glaucophyta

Eukarvota Chlorophyta

-Zygnematophyceas

Charophyceae
Bikonts Embryophyta
. Foraminifera
Retaria )
Bhizaria Radiolaria — Pythium
] = — Pythophthora
=4R St pi Oomycétes
Ciiata Peronospora—— P. viticola
Chromalyeolata Alveolata Dinoflagellata Saprolegnia
=0
-Apicomplexa

Hacrobia Haptophyta

—[Cwmophm

Figure 3 : Positionnement dB. viticolaet E. necator dans la classification phylogénétique des
Eucaryotes

Tableau 4: Classification dé°. viticolaet dE. necator

Mildiou Oidium
Domaine Eukaryota Eukaryota
Regne Chromalveolata/Chromiste Fungi
Division Stramenopiles Ascomycota
Embranchement Oomycota Septomycetes
Classe Oomycetes Ascomycetes
Ordre Peronosporales Erysiphales
Famille Peronosporaceae Erysiphaceae
Genre Plasmopara Erysiphd exUncinulg
Espece P. viticola E. necator




- Le Black-Rot: est causé par le champign@umignardia bidwellij originaire d'’Amérique du
Nord. Son apparition en Europe remonte au milieu du®Xiécle, et aux alentours de 1855
en France.

- Le Brenner: ou le rougeot parasitaire causé par le champigRseudopezicula
tracheiphila,

- L’Excoriose: est provoquée par le champignBhomopsis viticolaui fragilise les bois,
présentent des cloques, des fendillements et des crevasses codeEnaspores du
champignon.

- La Pourriture grise: causée paBotrytis cinereaun champignon nécrotrophe s'attaquant
au raisin pendant sa maturation, responsable également de la pounoitle qui est trés
recherchée pour la fabrication des vins liquoreux.

- L'Esca-Black Dead Arm: entraine un dépérissement de la plante et s'attaque
principalement aux vieilles vignes.

Parmi I'ensemble des maladies, aujourd’hui si les maladies deiss@ment telles que
'ESCA et le BDA préoccupent grandement la viticulture mondiake principales sortbujours le
Mildiou, I'Oidium et le Botrytis, des maladies cryptogamiquesvant détruire la totalité de la
récolte. Un bon programme de lutte efficace commence par une liemiécation des maladies.
Le programme de la lutte engagée varie selon les conditior&somiélgiques, les cépages et
I'abondance de I'organisme pathogene.

Une résistance directement liée au développement normal dgnia est dite ontogénique.
Elle apparait dans les organes souvent agés et confere de lancésistdurelle a plusieurs
champignons pathogénesgcluant I'oidum (Gadouryet al, 2003), le mildiou (Kennellyet al,
2005), et le black rot (Hoffmaet al, 2002). Ainsi le développement des maladies cryptogamiques
comme le mildiou et I'oidium esk dépendant de I'age des organes verts de la vigménction de
I'age de la feuille, la germination des conidies diminue et le tengospmbrulation augmente.
Concernant les grappes, leur sensibilité est moindre, des 20 jousslapiéraison et peu de
symptémes seront observeés sur les baies plus anciennes.

2. Agents pathogenes biotrophes de la vigne
2.1. Plasmopara viticolgBerk. & Curtis) Berlese & De Toni, (1888)

2.1.1Biologie

Le Mildiou de la vigne est une maladie invasive originaire d’AméridueNord. Elle a été
introduite en Europe avec des boutures de vignes américaines paataeles vignobles francais
détruits par le phylloxéra. Elle est apparue en France vers 18iBié¢ntifiée par le Dr. Deluze
pour la premiére fois et décrite en 1879 par Planchon en Gironde (Coutra®stedhusée par un
oomyceéte biotrophe, parasite obligatoire affilié aux alguasmds, Plasmopara viticolaqui
appartient au regne des Chromistes@buomalveolataFigure 3 et Tableau 4).

A lautomne, des oeufs d’hiver sont produits par reproduction sexuée (féicondaine
anthéridie et d'une oogone), tombent sur le sol et constituent la fornsarde hivernale du
champignon. Lorsque les conditions deviennent favorables au printempgrgemg et humidité),
des macroconidies germemgsues des ceufs d’hiver, se développent et libérent des spores munies
de flagelles (zoospores) se déplacant dans I'eau (ledfalh) 1981 et Galet, 1977).



(0]

(MOV BIIA J3IAIIO salde,pkloonia eredowse|@p anbibojoiq 8joA) 1 ainbi4

313 29Nxas aseyd I/ INODOO +
m dNAOLNY

JIAIHIHLNY

340dS00

SJONYHOdS

STONVHOLS —wi
31I1SN3a w

SIONVYHOdS
JIAANS

S340dS00

3|Iny sayoe]

SIUIVANODIS SNOILOIANI
NOILVYENONI

S3HO04SO0 NOILYHINLYIA

P4

FAIVINIYA LA
JONVHOdS

S3IHOdS00Z

(Buyseids) NOISHIASIA
SdINTLNIEd

FHIVINIYD NOILO3ANI S340dS00 NOILVYNINGFO

(efoonin esedowseld) NOIATIN 1N3N3IddOT1aA3A 3A ITOAD



Les zoospores germent a leur tour, en produisant un tube germinatif que gEardes
stomates, se ramifie, s'insére entre les cellules etiemvales sucoirs intracellulaires
(haustoria) pour se nourrir au dépend de la plaéte. Pendant la période d’'incubation (entre
5 a 8 jours), des symptdmes foliaires typiques que I'on appelléclae"d'huile” a la surface
supérieure des feuilles sont visibles (Figures 4 etCes taches jaunatres, légerement
translucides, se couvrent ensuite, sur la face inférieure de la feluteduvet blanchatre. A
lautomne,sur les feuilles agées, les taches sont limitées pandesires et forment le

symptdme de point de tapisserie : c'est le « Mildiou mosaique » (Fetds.

Apres une latence de quelques jours, le mycélium sporulant érdesgstomates,
produisant des sporanges portés par des sporangiophores, formanteagwsiace inférieure
des feuilles un duvet blanchatre. Emportés par le vent et la pdsiesporanges sont a
I'origine des infections secondaires qui favorisent ainsi I'extensionadendladie sur
différents organes de la vigne.

2.1.2. Symptématologie

La maladie a une incidence défavorable sur la production. En dffettielque tous les
organes herbacés, provoque l'altération du feuillage et entrathatsgpcécoce ainsi que la
destruction totale du raisin (diminution de la récolte). Les jeunes eguslbnt les plus
vulnérables et une attaque précoce, grave peut provoquer une agfqigmaturée. Ainsi,
les grappes, moins bien nourries, seliés de moins bonne qualité et I'aoGtement seilfait
mal, le tout conduisant a un affaiblissement du cep durant I'hiver enaneaise reprise de
végétation I'année suivante. Une attaque plus tardive sur un feudidigite provoque des
dégats moins importants.

Avant floraison ou pendant la floraison, les attaques de mildiou induwisentoulure
partielle ou totale des fleurons accompagnée du brunissement pifodeekeur pédicelle et
du pédoncule de la jeune grappe. Sur ces organes apparaissent descefftas blanchatres.
La fin de la floraison, au moment ou les capuchons floraux tombennlaéssa I'ébauche du
jeune grain, est un stade particulierement vulnérable. Si l'atsaqperte sur le pédoncule de
la jeune grappe, celui-ci se déforme et prend une teinte verter@|iteéiidis que les fleurons
de la partie terminale se desséchent.

Les symptdmes sur trés jeunes baies se caractérisent painteayrise et se couvrent
d’'un feutrage blanc, c’est letrgris (rot = pourriture, en anglais). Sur les baies de tailis pl
importantes, une teinte brune apparait et on parle de "rot brun"ghagss se rident,
pourrissent et tombent le plus souvent. L'attaque a aussi pour conséguerftzéblissement
général des sarments (c'est a dire une mauvaise lignificat®rjedees rameaux avant
I'hiver).

2.1.3. Diversité

Les populations deP. viticola nord-américaines sont considérées comme des
populations fondatrices. Des analyses phylogénétiques sur un petit ndisbl@s ont mis
en évidence trois lignées distinctes (clades), I'un d'entre eux conemrgchantillons
d’origine américaine et européenne tandis que les deux autrésdigontiennent uniquement
des isolats américains (Chenal, 2007, Schrodest al, 2011).
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Figure 5: Observations macroscopiques et microscopiques du mildiou de la vige :
symptdome ¢ache d’huile» avec nécrose sur la face supérieure d’'une fe@Blesporulation
dePlasmopara viticolasur la face supérieure d’'une feail{(C) sporulation sur inflorescences
avant floraison,(D) sporanges et sporangiophores Elasmopara viticola(x 6,5), (E)
sporangiophore sortant d’'un stomate (TEM, x 24%B),sporanges sur sporangiophores (x
750), (Gessleet al, 2011).
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Les populations européennes Bleviticola présentent simultanément un niveau réduit
de diversité génétique et une forte diversité génotypique. Laamlupes populations
européennes sont panmictiqgues indiquant que la reproduction sexuigéqaeshte. Elles
présentent également un léger isolement par la distance aéé&thebntinent (Gobbiet al,
2006).

Les populations de mildiou trouvées en France présentent une grandeilitéari
phénotypiques avec des sensibilités différentes a plusieurs ftegyifCorio-Costeet al.,
2012). Une étude phylogénétique réalisée a partir d'une portion du génitmebandriale
(2281 pb) incluant le géne du cytochrome b a permis de démontrer hexisde différerst
haplotypes mitochondriaux plus ou moins sensibles a certains fe®iiS, IR, IIS, IIR)
(Chenet al.,2007, Corio-Costett al.,2011).

2.2.Erysiphe necato(Schwein.) Burrill
2.2.1. Biologie

L’oidium de la vigne est une maladigroduite, originaire d’Amérique qui fut observée
en France vers 1845, dont la cause est un champignon biotEopsiphe necatoXSchw.
Burr.), anciennement nomnténcinula necatoy exclusif au genr&itis (Figure 3). Cet agent
pathogene appartient a I'embranchement des Septomycetes, asda des Ascomyceétes,
l'ordre des Erysiphales et a la famille des Erysiphacéesbldda 4). Son mycélium
filamenteux et cloisonné, se développe uniquement a la surfacegaee®de I'hdte (Corio-
Costet, 2007). Pendant la période de croissance végétative de laceigagent pathogene se
reproduit de maniére asexuée, sous forme de conidies qui sont disgeaséde vent, a la
surface des feuilles dehote en croissance (Figuré et 7). Il possede deux modes de
conservation hivernale : soit il demeure sous forme de mycélium dodaasies bourgeons
et colonise les jeunes pousses au printemps (symptomesudogsest il réalise un cycle de
reproduction sexuée par la fusion de deux hyphes de types sexueigibma@t produit des
Cleistothéces. La compatibilité sexuelle est régulée pargéees situés sur un locus
spécifique (locuMATL, Breweret al, 2011). Pour que deux individus hétérothallique soient
compatibles et fusionnerit faut que chacun d’entre eux posséde une spécificité différente au
locus 'MATI' (MAT1.1etMAT1.2. Au printemps, les cléistotheces germent et les ascospores
libérées provoqueront les infections primaires sur les feuilles essarmie. Ainsi, les feuilles
colonisées fournissemties une source d’inoculum pour les baies en développement. Les
feuilles sont sensibles a I'oidium des le stade prenfeuille déployée (stade 7) et les baies le
sont dés leur formath jusqu’a la véraison. hé relation directe est observée entre la présence
d’inoculum primaire sur les feuilles et les dégats ultérieurs causés stappses

2.2.2. Symptébmatologie

En termes de dégats, comme pour le mildiou, la maladie a une incidence dééasarabl
la production. En effet, cet ascomycéte s'attaque a tous les ®ngame de la vigne et en
particulier aux jeunes baies en croissance (Figure 7). A I'épdgudébourrementes
filaments du champignon contenus dans les bourgeons se dévelopgentaghinent les
jeunes organes verts (symptémes "Drapeaux”).

Les symptdomes les plus marquants au cours de la période végétattvan aspect
gaufré et boursouflé des feuilles qui s'accentue, bords relevéesman dertuiles vers la face
supérieure et une poussiére blanchatre envahit I'ensemble du limbe.

13
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Figure 7: (A) symptome oidium sur feuilléB) sporulation deErysiphe necatosur la face
supérieure d’'une feuille formant une poudre blanch@&@gattaque sur grappef)) attaque
sur baies vertes provoquant un éclatement des f)egermination d’'une conidie sur un
conidiophore(F) germination d'une spore (Photos de Dufour M. C. et d’apres Sdirade

2008).
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Aux premiers stades de la contamination, des taches translucmlraiapent pouvant
ressembler, dans certains cas, a celles provoquéds pdicola mais E. necatorforme un
feutrage sur les deux faces des feuilles.

Les fleurs peuvent aussi étre contaminées puis se desséchebet. thes grains se
couvrent a leur tour’dne poussiére blanchatre; leur peau se durcit, se fendille et dinit p
éclater. La présence de grappes oidiées lors des vendamgesdahc la qualité des vins
obtenus (Calonneet al, 2004). Par ailleurs, I'oidium diminue fortement la récolte et, dans
certains cas, peut méme l'anéantir totalement, comme en 1852.

2.2.3. Diversité

En Europe et en Australie, deux groupes génétiguement distinetsBAou | et III),
ont été identifiés en raison de leur différenciation marquée avec atepienrs génétiques
semi-dominants (par amplification aléatoire d'ADN polymorphelyde RAPD et AFLP, ou
de polymorphismes nucléotidiques de type SCAR ou SNP (2tlgé, 1997; Evan®t al,
1997 ; Stummeet al, 2000 ; Miazziet al, 2003 ; Hajjeh, Het al, 2005 ; Perost al, 2005 ;
Amrani et Corio-Costet, 2006 ; Nufezt al, 2006). Récemment, une étude a révélé
I'existence d’une diversité beaucoup plus importante sur le continentaméiBreweret al,
2010). Les deux groupes peuvent étre présents sur une méme pavosliEssdifférentes
formes : mycélium dormant (A et B) ou cleistotheces (B en France).

Les populations d'oidiunresponsables des symptdbmes " drapeaux " appartiennent
majoritairement au groupe A et sont présentes généralementbat aie I'épidémie. Les
populations de groupe A présentent peu de diversité et la pldesrisolats possédent le
méme type sexuel (Corio-Costet, 2007). A ce jour, les souches de gByupeuvent
€galement étre associées a des symptdmes "drapeaux" &t,lssytepulations appartenant
au groupe B semblent se reproduire de maniére sexuée (@baes2004, Perost al, 2006
et Bouscaut et Corio-Costet, 2007) et présentent une plus graralglitargénétique (Corio-
Costet, 2007). Toutefois, quelques études en Australie et en ltalie suggéedes souches
de groupe A peuvent réaliser un cycle de reproduction sexuée {Miadz 2003 et Stummer
et al, 2006 et Frenkeét al, 2011), mais les recombinants n'‘ont jamais été trouvés dans la
nature a ce jour.

Les deux groupes sont associés a différentes niches tempotelfessedent des
exigences écologiques différentes (Délye et Corio-Costet, 1988 eini et Corio-Costet,
2006). Les populations rencontrées dans la plupart des vignoblesiléniras en Italie et en
France sont composées du seul groupe B (Détya, 1997 et Miazziet al, 2008) mais,
lorsque les deux groupes génétiques se trouvent dans le méme vigndblauede saison,
seul le groupe génétique B est retrouvé en fin de saison (Corio-Q@€tét,Montarryet al,,
2009). La présence conjointe de ces deux populations dans cecoaduit a des erreurs
d’interprétations d’observations sur la résistance aux fongidideso-Costet, 2007). En
effet, les populations A étant plus sensibles aux fongicideslegigopulations B, leur
présence massive en début de saison, puis leur remplacementrsuae saison, a conduit a
décrire une résistance disruptive (perte brutale de sensibilittoregicide méme si on
augmente la dose)Ce qui n’était nullement le cas. Nous étions en présencdeudr
populations différentes exprimant temporellement des niveaux de iBgnsiifférents aux
fongicides inhibiteurs de la biosynthese des stérols (Corio-C@§e¥, et Dufouret al,
2011).
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Une comparaison des traits d’histoire de vie déterminant la fishessleux groupes
génétiques en Europe montrent que les souches de groupe A sont gnessivas que les
souches appartenant au groupe B en terme de germination etadig#fid’'infection. Par
contre, les souches de groupe A sont plus agressives que celiesude B en terme de
latence, de diamétre des Iésions et du hombre de spores produltssqra(Montarryet al,
2009). Il a été précédemment observé une association forte enmiredaux de sévérité de la
maladie a la fin de la saison et les compositions initialepaleslations t&E. necatordans 13
vignobles commerciaux (Montargt al, 2008).La colonisation rapide et extensive des plants
par les isolats de groupe B est associée a des cas de maladies $évgres.

3. Protection du vignoble
Pour obtenir un état sanitaire optimal et une production de quakt&jticulteurs ont

recourt & de nombreux traitements fongicides, bactéricides ou ididest lesquels
conduisent a des problemes environnementaux : santé humaine, pollutiontiacqligleles

de résistance aux fongicides dans les populations de pathogenes paeexempl

L’identification précoce et rapide des maladies présentes tangignoble est
indispensable afin de prévenir des infestations graves et dies pke rendement ou de
qualité. Cepenaht, I'application d’'un traitement a chaque détection de la présiintagent
pathogéne n’est pas nécessaire car en fonction des conditions clsatigul'inoculum
présent (historique de la maladie) et de la sensibilité éleages, la sévérité de la maladie
peut varier. |l faut évaluer la probabilité de I'état dévastabu non de la maladie et adapter
les mesures a prendre pour éviter les pertes de récolte.

Il existe donc plusieurs stratégies d'application des fongicides :

- Lorsqu'un risque minimum est recherché, les fongicides peuvent @lrguap en
fonction d'un calendrier prédéfini.

- La décision d’application d'un traitememeut étre également prise grace a des
modéles de prévision des risques en fonction d'observations recueiliesed&ignoble
(conditions climatiques, stade de développement de la vigne, dwgeséde la pression
parasitaire et de I'historique des dommages

- En intégrant l'application combinée et rationnelle des mesdisgonibles
(biologiques, biotechnologiques, chimiques, physiques ou culturales) conduisamé a
utilisation des produits phytosanitaires limitée au strictesgmire et en acceptant un
dommage ou une perte économiquement acceptable, il est égajmasiie de mettre en
place une protection intégrée généralement plus économe en intrants chimique

3.1. Lutte anti-mildiou

La vigne est sensible au mildiou dés le stade de la prefeigiie déployée et les baies
perdent leur sensibilité environ 3 semaines aprés la floraison.rénagjde mildiou apparait
en début de saison et peut réapparaitre en fin de saison foukses en croissance. La
stratégie d’intervention contre le mildiou consiste a protégeniidlaige lors des p@des a
risque et de bien controler les dommages sur feuille avant lasflargour éviter les
dommages sur les baies.
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3.1.1. Lutte préventive

Avant la plantation, il faut choisir un endroit bien drainé avec une bonndation de
I'air, privilégier une orientation qui favorise une bonne ventilation et un bonediesnkent,
soit sud-est ou sud-ouest, choisir si possible des variétés peu otémedgsensibles aux
principales maladies (mildiou, oidium, botrytis), choisir un systé&meconduite et un
espacement qui favorise l'aération et le séchage rapide du feudlagies baies. Un
enherbement a I'aide de gazons a croissance lente sans rhipzomese les fétuques) peut
également ne pas favoriser le développement de la maladie. Polantgigns sur paillis
plastique, utiliser des paillis plastique de la bonne qualité (Galet, 1&tibes, 2002).

Des programmes d’amélioration variétale de vigne de cuveandss et de qualité ont
été menés a la fin du 20 siecle. Les croisements effectuées entre les variétéblesnde
Vitis vinifera et des especes adéitis américaines \(itis labrusca Vitis riparia, Vitis
rupestris..) résistantes aux principaux bioagresseurs ont permis d’obtenihyde&les
producteurs directs destinés a travailler la vighes simplement comme avant l'arrivée du
phylloxera : pas de greffe et multiplication par simple boggrat culture sous faible
pression fongicide (Villard blanc ou noir, Chambourcin, Plantet, Bronner,nRegelaris,
Merzling, Seyval Blancetc..).

Desrecherches menées a I'INRA de Colmar, de créations variétaledeordrré en
2000, par la realisation des croisements eNfiites vinifera et la muscadineMuscadinia
rotundifolia) pour la création de nouveaux hybrides résistants au mildiou et a I'oétiumn
vigne.

3.1.2Mesures prophylactiques

La stratégie de lutte doit étre adaptée aux risques trés déperdmtconditions
climatiques. Pour réduire le plpsssible la formation de foyers primaires, il est indispensable
de supprimer les conditions favorables a leur développement (humiddéaiatge) en
éliminant la végétation prés du sol (épamprage ou désherbageaiteisant la vigueur de la
vigne (taille, fertilisation, enherbement, palissage et rognage sogaksx,(1977).

En enfouissant ou en détruisant les débris abritant les organatesgenes, en
effectuant un bon contréle des mauvaises herbes il est possidlduile 'humidité dans la
partie inférieure de la vigne ainsi que la compétition pour I'eats eétiéanents nutritifs du ko
De méme, en maintenant un bon programme de fertilisatioremoévitant les excés d’engrais
azotés qui encouragent la croissance rapide de pousses tendresngphigss@ certaines
maladies, ou en effectuamne taille qui favorise I'aération (séchage dulfage plus rapide)
et une bonne pénétration des fongicides (exemples : taille ouvenagmgplacement des
sarments), il est possible de limiter, dés le début dedarsda croissance des populations de
mildiou et lesrisques d’épidémiques (Galet, 718.

3.1.3. Lutte chimique

La gestion de cette maladie est encore largement baséaitdisation de produits
chimiques. En France, il existe une large gamme de produits upemtedtre utilisés, environ
58 produits, couvrant 8 modes d'action différents (Corio-Costet M.F., 2012) (Tableau 5).
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La lutte contre le mildiou consiste a pulvériser des fongicides cdetact
préventivement, et a utiliser des fongicides pénétrants oursysies, qui ont un effet curatif,
lorsque les conditions sont particulierement favorables et que le dggoentamination est
fort. Dans tous les cas, il est conseillé de toujours utilisercoesposés pénétrants ou
systémiques en combinaison avec des fongicides de contact (Gisi, 2002).

Les fongicides ayant un mode d’action msite sont polyvalents et affectent divers
processus cellulaires (respiration, permeéabilité et divisionulagkts) et inhibent
généralement la germination des spores. lls sont largement iligggventif, et a ce jour, il
n’existe pas de résistance connue aux fongicides multisites.

Les phosphonates ont un mode d'action complexe contre les Oomioetegiant a la
fois des effets directs et indirects, avec une stimulation fortapeie des mécanismes de
défense des plantes (Smileeal, 1989 ; Guest and Grant, 1991 ; Jacksbal, 2000 ; Hardy
et al, 2001 ; Daniekt al, 2005).

Les fongicides unsites ont un spectre d’action spécifique. lls sont généralement
pénétrants (translaminaires ou systémiques) et sont utilisés en prévantitiét c

Les phénylamides (inhibiteursed’ARN polymérase) ont une activé exclusive contre
les Péronosporales (Fisher et Hayes, 1979) mais des résistantesoes molécules sont
apparues rapidement.

Les Qols (Quinone outside Inhibitors) inhibent I'oxydation du Coenzyméu® & la
surface externe du cytochrome b, sur le complexe Ill des cha@sgsratoires des
mitochondries. Ces fongicide uni-site sont utilisés en prévergignis a restriction a cause
du développement de résistance chez le mildiou (Corio-Gzistét 2008).

Les Qils (Quinone inside Inhibitors) inhibent I'oxydation du Coenzyme Q situé a la
surface interne du cytochrome b, sur le complexe Il des chainegateisps des
mitochondries. Ces fongicides présentent un haut niveau d’efficacité& éest©Oomyceétes et
sont utilisés en préventif. Récemment introduits, le risque de résistagtevést

Les fongicides interférant sur la biosynthése de la paroi végédBliem et al, 2010)
sont des fongicides uni-sites ayant pour cible la cellulose synthaselesquels également,
des phénomenes de résistance sont décrits (Corio-Costet, 2012).

Les benzamides inhibent la biosynthése des microtubules etcleemp@a division
cellulaire en agissant sur les microfilaments de tubuline conduasan arrét de I'élongation
des tubes germinatifs et rend la pénétration du champignon ddastka pdte impossible. A
ce jour, aucun phénomene de résistance n’'a été décelé.

3.1.4 Lutte raisonnée

Les traitements fongicides sont effectués en fonction du risque de dimlept de la
maladie. Ce risque est estimé en fonction de la sensibilité plagee du dépistage, de
I'historique de la maladie dans le vignoble, du stade phénologique,caladitions
meéteorologiques, du temps écoulé depuis la derniere pulvérisation, dudengitisé et de
la croissance de la vigne.

Le choix d’un traitement dépend du niveau d’infestation et du stade phigneate la
vigne (le degré de risque). Lors de la croissance végétative denta (eig début de saison),

I'utilisation de traitements a effets systémiqusesont privilégiés si les risques deviennent
élevés alors que des traitements de contacts suffiront si les risques sest faibl
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Lors de la floraison et nouaison, période de grande sensibilité deghe, vies
traitements devront étre renforcés en utilisant des produits sgsEsndu pénétrants (Galet,
1977). Apres la fermeture de la grappe, période de moindre sensibilige \dgne, les
traitements seront nécessaires en cas de conditions climatigoesbfa au développement
du mildiou (humidité). L’application des traitements ne doit débuter qu'esepcé de foyers
primaires de la maladie et se poursuivre en fonction de la pmesi® maladie et des
prévisions météorologiques propres a chaque exploitation tetrsae en général au début
de la véraison.

Grace a l'élaboration de modeéles de prévisions et d'outils el’aida décision, le
viticulteur sera amené a traiter mielorsque c'est nécessaire (présence de symptémes,
conditions climatiques favorables et sensibilité du cépagedadiiter les risques liés a une
utilisation intensive et systématique des fongicides et optimiser ainsffecacité.

Ainsi, le modele MILVIT ("MILdiou” et "VITiculture™) est-il un systeme
d’avertissement développé en Europe qui permet la descriptionatjualiet quantitative de
I'évolution du mildiou, élaboré par la Sous Direction de la Qualité daderotection des
Végétaux (SDQPV) et utilisé par les Services Régionaux derdgection des Veégétaux
(SRPV) pour éditer les avertissements agricoles. Ce modele prend en lzopiatse asexuée
du développement du mildiou et la germination des macroconidies issue®sj®res au
printemps.

MILSTOP, une variante récente de MILVIT, intégre en plus les dmnéncernant la
conservation des ceufs d’hiver (pour les vignobles méridionaux).

Le modéle "Potentiels Systemes" développé par I'Instituigd@ia de la Vigne (IFV) de
prévision des risquede mildiou, d’oidium et de Blaetot, est un modele climatique qui
calcule, en fonction des conditions climatiques, le risque épidémpgoehe du modeéle
MILVIT.

Le modele "VitiMétéoPlasmopara viticola élaboré par Agroscope Changins-
Wadenswil (Suisse-Allemagne) integre chaque étape du cycle \adopigement deP.
viticola a l'aide d’algorithmes spécifiques intégrés dans un modéle maibématour
évaluer le risque épidémique.

Plus récemment, le Processus Opérationnel et de Décision "MildR@D Mildium) a
été élaboré a I'Unité Mixte de Recherche Santé et AgroéeothgVignoble de I'INRA de
Bordeaux afin de proposer des méthodes etodéitss innovants permettant d’exploiter la
marge de manoeuvre existante dans la gestion des traitements desgi@lus
particulierement ceux destinés a protéger la vigne contreldéomiet I'oidium (Nauckt al,
2011).

3.2. Lutte anti-oidium

Les feuilles de vigne sont sensibles a I'oidium deés le stamrigne feille déployée et
les baies sont sensibles de leur initiation a la véraison. i@dpé risques’étale du stade 4
6 feuilles déployéepisqu’a la véraison. En général, I'oidium apparait avant la floratssa e
développe tout au long de la saison sur le feuillage. Les prenmésesons se déroulent au
printemps.

Si les conditions météorologiques sont favorablese (durée de 4 heures a des
températures de 6 a 24 °C), il est nécessaire de débutémraitesnents fongicides des
I'apparition des premiers symptomes. La sensibilité a I'oidium dépendgaleu cultivar.
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3.2.1. Méthodes prophylactiques

Elle consiste a protéger le feuillage lors des périodes a risqies lden controler les
dommages sur les feuilles avant la floraison pour éviter les dommages sueses bai

Le champignon se développe des que la température atteint 10Ca [dbtimum se
situant vers 25 °C. Une atmosphere chaude et humide et un temps soutdavorables a
I'Oidium ; les pluies orageuses d'été, de méme que lesfnailiifses avec rosee et brouillards
matinaux, sont propices a une recrudescence de la maladme.d@fidiminuer le risque
d'attaque, il est nécessaire de maitriser la vigueur du végétalisennant la fertilisation
azotée, les apports minéraux en utilisant I'enherbement, en amédla#¥eation des grappes et
en diminuant I'entassement du végétal (Gadeug}, 2011).

3.2.2 Lutte chimique

La lutte contre I'oidium est préventive ou curative durant la périoderdgbilité de la
vigne et repose sur I'utilisation de fongicides.

L’'application consiste a empécher la dissémination des contaomsgrimaires a
'aide de pulvérisations préventives et doit se concentrer sur deindgs la premiere au
début de la croissance, et la seconde entre la floraison diued#ela maturation lorsque les
grappes sont les plus exposées. Les grappes sont particaliéreminérables a la
contamination immédiatement apres la nouaison (baies mesw&mi2 de diametre) et
jusqu’au stade de fermeture de la grappe.

De nombreux fongicides, organiques ou inorganiques sont utilisés pour contréler
I'oidium de la vigne (Tableau 6).

Le soufre est largement utilisé au niveau mondial, de par soadiicson faible codt
et 'absence de rédance. Le développement superfiddt. necatorrend le pathogéne trés
sensible a des applications topiques.

Les fongicides multi-sites de contact ou de surface sont paieaient utilisés de
facon préventive et affectent divers processus qui inhibent la geionidies spores ainsi que
la croissance du mycélium déja installé superficiellemeniotapartiellement curative) et la
formation des sucoirs. Il s'agit de produits lessivables (Tableau 6).

Les fongicides uni-sites sont semi-pénétrants ou pénétrants stdpas une action
préventive en inhibant la germination des spores et la formatiorudesss lls s'utilisent a
faibles doses.

Les fongicides systémiques de type inhibiteurs de la biossmtdés stérols (IBS)
inhibent pour la plupart la déméthylatides stérols (DMIs) et constituent I'un des es groupes
les plus importants. lls sont utilisés pour contrdler une large gammealddies des plantes et
agissent ernnhibant I'activité de la stérol Cl4a-déméhylase dépendante d’'un cytochrome
P450 (Corio-Costet, 2003).

Les inhibiteurs de la respiration mitochondriale (Qols) ont pour Bbtemplexe Il de
la chaine respiratoire (ubiquinone-cytochrome C réductase) et inhilmeytation du
Coenzyme Q situé a la surface interne du cytochrome b, sur le c@niflleles chaines
respiratoires des mitochondries (Grassal.,, 2002).

Une majorité de fongicides utilisée a ce jour sont des uni-sités esistance de
I'oidium peut se développer par simple mutation ponctuelle.
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E. necatora subi la pression de nombreux fongicides incluant, les inhibitdar
biosynthése des stérols (SBI), en particulier les DMIs, @nduit a I'apparition de souches
d’oidium résistantes dans différents pays (C@astet, 2007). Le mécanisme de résistance
est multigénique, mais avec un mécanisme majeur impliquant ungéamyganctuelle dans le
gene codant pour la 14-eburicol démeéthylas®/R51 Numéro accession GenBank :
U72658.2) dE. necator En effet, chez I'oidium de vigne, une substitution d'un résidu
phénylalanine par une tyrosine en position 136 (Y136F) dans leG)&RnBla été associée a
un haut niveau de résistance a DMIs (Déyal, 1997).

Plus récemment, la résistance aux fongicides inhibiteurs de laratiEsp
mitochondriale (Qol) a été détectée aux Etats Unis et en E@Bapelouinet al, 2008 et
Dufouret al, 2011).

3.2.3. Lutte raisonnée

Le raisonnement de la lutte chimique se base sur le positionnataeptemier
traitement, le choix des produits utilisés et leur cadencel@tapon (7 a 10 jours pour les
produits de contacts, 12 a 14 jours pour les produits pénétrantstémisyges) et comme
pour le mildiou, des modeles de prévisions des risques et des oltlks @’a décision sont
disponibles permettant aujourd’hui de mieux raisonner la lutteo&titim (POD "Mildium"
de I'INRA de Bordeaux et "Potentiels Systemes" de 'lFV) (Legeal, 2010).

Par une observation fine de I'exploitation afin d’évaluer l'instaltatie la maladie le
viticulteur décidera de l'opportunité d'une intervention précoce a@waduation des risques de
maladie. En effet, les traitements dits "curatifs" de rattre@pagr grappes oidiées sont le plus
souvent inutiles et peu efficaces. Apres le stade de fermetulaegdappe, il est judicieux de
choisir des produits actifs a la fois contre I'oidium mais ausdire le mildiou pour limiter
les attaques sur feuilles. Le choix d'une stratégie déperidnéga de I'historique de la
parcelle. Pour des parcelles sensibles ayant développé mgsdBies "drapeaux”, il est
indispensable de réaliser des traitements de couverture sygiégsgtisqu’a ldermeture des
grappes tandis que sur des parcelles peu sensibles ou saréslant, la protection devra étre
plus restreinte, du stade "boutons floraux séparés" a "fermeture des grappes".

3.2.4. Lutte biologique

Ces dernieres annéae nouvelles méthodes de lutte sont a I'étudelutte biologique
utilisant des champignons mycoparasitésmpelomyces quisqualisou des traitements
éliciteurs induisent des mécanismes de résistance aux nsalzmhistituent de nouvelles
méthodes de contrdle de l'oidium. Toutefois, en dépit de la preuveatdages potentiels
de ces stratégies alternatives, des incohérences dans les pecémrear le terrain ont été
frequemment rapportées.

Ampelomyces quisqualest un champignon hyperparasite naturel de I'oidium. Il infécte e
forme des pycnides (fructifications) dans les hyphes, les cohiliep, et les cléistotheces.
Ce parasitisme réduit la croissance du champignon et peut élemer tuer la colonie de
champignonA. quisqualisa été I'objet de nombreuses recherqims lutter contre I'oidium
depuis plus de 50 ans (Fadkal, 1995 ; Kisset al, 2010).
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4. Interaction héte-pathogéne

Dans leur environnement, les plantes sont régulierement soumiseattadass variées
d’agents pathogénes (champignons, bactéries, virus,...). Toutefois, @emnalarésente une
situation d'exception. Au cours de I'évolution, pour faireefacla diversité des agents
pathogénes, les végétaux ont mis en place des mécanismes de piéferettant a la plupart
d’entreeux de lutter contre les infections de tres nombreux bioagresfeus, 2007).
Toutefois a I'instar de ce que nous observans pes fongicides et la résistance évolutive des
agents pathogeénes, les interactions héte-pathogenes sont une courses amtiutte entre
I'héte et I'agent pathgene.

Lors de la résistance de la plante, plusieurs types de réppegesnt étre mis en
place. Les réponses se différencient par les mécanismesnnjgs! enais surtout par leur
rapidité et leur localisation :

- la réponse dite d'hypersensibilit¢ (HR), similaire au praese mort cellulaire
programmeée (apoptose), qui déclenche des nécmhilaires et confine I'agent pathogéne
au niveau du site d’infection

- la résistance locale induite (LAR) qui est mise en place auwnheaite d’infection
suite a des modifications métaboliques et induit une résistance dans les gethximales ;

- la généralisation des mécanismes, mis en jeu lors de la LARouiiiit & la mise en
place de la résistance systémique acquise au niveau de la plante eAtdre (S

Trois processus se retrouvent généralement impliqués dans laemigdace des
mécanismes de défenses (Walttral, 2007), la perception, la signalisation et la réaction.

4.1. Reconnaissance du pathogéne
4.1.1. Eliciteurs généraux

La reconnaissance d’'un agent pathogene par la plante est jiaitiéee perception de
molécules appelées éliciteurs ou de molécules associéeghaggne (Pathogen Associated
Molecular Pattern ou PAMP et Microbe Associated Molecular Pateu MAMP)
provoquant l'induction des mécanismes de défenses basales (PTI :-Riggétred
Immunity, Figures 8 et 9). Ces sighaux peuvent avoir une origingeee lorsqu'ils
proviennent du pathogéne, ou endogéne lorsqu'ils sont produits par la plamgenatires
sont trés variées (oligoméres de chitine ou R-glucanes pour it#gués fongiques, la
cryptogéine de nature polysaccharidique, la flagelline d'origingétiexcne de nature
protéigue ou l'ergostérol de nature lipidique) et ils représentent denmaolécules d’intérét
pour lutter contre les bioagresseurs des plantes (Lyon, 2007).

4.1.2. Eliciteurs spécifiques : modele gene pour géne

La résistance de la plante dépend également de la reconoaigban produit d’un
gene d’avirulence (éliciteur raspécifque) issu du pathogene et le produit d'un gene de
résistance de la plante selon le modéle recepteur-ligand (Keen, 1990).

Les agents pathogénes ayant contourné la premiére ligne deedétmsales (PTI)

sécretent des effecteurs qui peuvent a leur tour étre reconnissréadons de défenses sont
mises en place (Effector-Triggered- Immunity : ETI, Figures®.e
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Figure 8 : Modele de I'évolution de la résistance aux pathogdessplantes (d’aprés Dry
et al, 2010). Etape 1: La reconnaissance des motifs moléculaireséasaag microbes
(MAMP, tels que la chitine fongique) par un recepteur extracekléike kinase (RLKS)
déclenche I'i'mmunité basale (PTI). Etape 2: Adaptation deésgénes pour supprimer les
réponses de défense basalés la libération de molécules effectrices, permettant la
pénétration de la paroi cellulaire. Etape 3: les produits des génesistaiésde la plante,
tels que TIR-NBS-LRR (TIR : domaine récepteur Toll/InterleekirNBS : domaine du
site de fixation des nucléotides; LRR : domaine leucine-rich repeabnnaissent les
effecteurs et rétablissent la résistance (ETI). Etape patleogéne contourne la résistance
en modifiant ou en éliminant les facteurs qui déclenchent ces défenses.
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Les genes d’avirulence sont également décrits comme des effestaurétés par le
pathogéne (Benet al, 2007). Laplupart des génes de résistance impliqués dans I'ETI
appartiennent a une famille de protéines qui partagent des mbtituraux communs
possédant un domaine riche en leucine (LRR : Leucine-Rich Repeatdetmaine qui se lie
a I'ADN (NBS : Nucleotide Binding Site) associés a un domaine variable quérgessles
propriétés communes avec le récepteur Toll-Interleukine 1 di@$aphile (TIR) ou un motif
Coiled-coil (CC) des facteurs d’élongation des mammiferes (Figures 8 ¢Dafyl et Jones,
2001 ; Dryet al, 2010).

Un contournement de la résistance peut avoir Beite a |évolution de l'agent
pathogéne qui modifie ou élimine l'effecteur qui déclenche les déféFisese 8). De tels
changements dans les effecteurs pathogénes doivent toujours étreillempatec son réle
de facteur de virulence (Dmgt al, 2010). La résistance sera rétablie grace a l'introduction
d'un nouveau gene de résistance, qui reconnaitra soit l'effecteur maaifi@ns autre
effecteur.

La résistance peut étre classée en deux catégories: wtanésiqualitative conférée
par un seul gene de résistance et la résistance quantitaivélée par de multiples facteurs
génétiques.

4.2. Voies de signalisation impliquées dans la mise en pla@sdnécanismes de
défense de la plante

Les immunités induites (PTI ou ETI) activent une grande variétdémnismes de
défense qui font intervenir des mécanismes de défenses passivisit lifartrée ou la
progression du pathogéne dans la plante mais également des mésatesdéfenses actives
qui empéchent le développement du pathogene en le confinant au sitefedtion ou
provoquant sa mort. (Figure 11).

Les réponses cellulaires précoces les plus fréquentes sont @mmismes de
modifications de flux ioniques (influx de Cazfflux de Cl et K'), de production de formes
actives de l'oxygene (ROS) et des mécanismes de phosphorylatimspléprylation
(mitogen-activated protein kinase ou MAPKKK, MAPKK et MAPK) (Figure 1Zh)doet al,
2005 et Walterst al., 2007)

4.2.1. Le flux ionique

Les réponses les plus précoces des cellules végétalesusat siti niveau de la
membrane plasmique ou des modifications de perméabilité provoqueétltisges d'ions
entre les milieux intra et extracellulaires, pouvant impliquer plegéines G, liées au
récepteur membranaire qui interviennent dans la transduction précegmaduen utilisant le
guanosine diphosphate (GDP) ou triphosphate (GTP). Ces changerkmstides influx de
Cd" et de H et des efflux de K Na" et CI' par des canaux ioniques (Zhetoal, 2005). Le
Calcium semble jouer le réle de messager secondaire pour I'ouversucarg®ix ioniques et
I'activation des protéines Kinasealcium-dépendantes (Figure 12).
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Figure 9 : Modele en Zig-Zag illustrant les mécanismes de défense mitaea gontre les
pathogénes (d’'aprés Jones et Dangl, 20@0)l : Effector-Triggered- Immunity ETS:
Effector-Triggered-Sensibility ; PTI:  PAMP-Triggered-Immunity ; PAMP :  Pathogen
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Figure 10 : Représentation de la localisation et de la structure des cirsg€lasncipales dee
récepteurs imptjués dans I'ETI (d’aprés Dangl et Jones, 20@C : Coiled Coil; NB :
Nucleotide Binding ;LRR: Leucine Rich Repeat;IR: Toll Interleukine Receptor.
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Figure 11 : Schéma de la mise en place des mécanismes de défensdenaligzles plantes
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Figure 12: Schémade la transduction du signapr&s reconnaissance d’un éliciteur par un
récepteur (d’aprés Zhaet al, 2005).DAG : Diacyl glycérol ;MAPK : Mitogen-associated
protein kinase ; MAPKK : MAPK kinase ; MAPKKK : MAPKK kinase; PLA:
Phospholipase APLC, Phospholipase CROS, espéces ettives de I'oxygéne.
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4.2.2. Les espéces réactives d'oxygene (ROS)

La réaction d’hypersensibilité provient d’'un mécanisme coneplappelé <ourst
oxydatif », phénomenienpliquant des réactions d’oxye@ductions conduisant a :

- la synthése de monoxyde d’azote (NO)

- de formes réactives de I'oxygene (ROS) comme le peroxyde d’hydroge@e),(H
I'anion superoxyde (&), ainsi que le radical hydroxyle (O

- mais également d’enzymes antioxydantes incluant des ascpdyategdases, des
glutathione-peroxydases, des catalases et des antioxydants noratzgsncomme
I'acide ascorbique, le glutathion et la riboflavine (Delledenal., 1998).

4.2.3. La voie de transduction des MAP Kinases

Des cascades de signalisation faisant intervenir des protkinases comme les
mitogen-activated protein kinase (MAPK) sont activées rapidesrepirticulier en réponse
a des interactions plante/pathogéne (Figure 12, Zhang et d<e®801). La cascade de
MAPK est une composante importante, située en aval des récegitearamont des facteurs
de transcription, dans la transduction des stimuli extracellulaireéponses intracellulaires.
La MAP kinase (MAPK) est activée par une MAPK kinase (MARKqui, a son tour, est
activée par une MAPKK kinase (MAPKKK).

L'activation ou l'inactivationde protéines ou d’enzymesssentielles au processus
cellulaire est réalisée par phosphorylation ou déphosphorylation.

4.2.4. Les molécules "signal"

A lissu des phénomeénes précédemment décrits, certaines voiebolitites
secondaires sont stimulées et permettent la généralisatiarré@@hse dans la plante entiére,
au moment de la mise en place de la SAR (phytohormones) (Retyas] 1980 ; Lyon,
2007).

La mise en place de la SAR nécessite le mouvement sgstémiun signal a partir des
tissus infectés vers les tissus sains. Des molécules conuide l&alicylique (SA), l'acide
jasmonique (JA), I'éthylene (ET), la systéminenéime le peroxyde d’hydrogéne participent a
ces différentes voies de signalisation mises en ceuvre en réponse éicitagon. Ces
molécules s'accumulent rapidement dans la cellule et permkdietivtation de I'expression
des genes de défense. Notre compréhension actuelle des roles datesignalisation SA,
JA et ET dans la défense des agents pathogenes ont été résumées darsgiludgsuiDong,
1998 et Pieterse et Van Loon, 1999). Leur application de facon exogénegpiment
déclencher les mécanismes de la SAR. Elles peuvent donc jouer un roledrélicit

La régulation des défenses par SA, JA/ET est complexe etjauc, les voies de
signalisation semblent intéragir entre-elles.

4.2.4.1. Défensemédiées par I'acide salicylique

L’acide salicylique est un composé phénolique obtenu par la vaterdersion de la
phénylalanine en acideanscinnamique par action enzymatique de la phénylalanie ammonia-

30



lyase PAL) ou par la voie de I'isochorismate (Figure 13, letal, 1995 et Wildermutlet

al.,, 2001). Des études ont montré que les niveaux de SA augmentent dassuesle la
plante en réponse a une infection pathogene, et que l'appliexiigene de SA induit une
meilleure résistance a une large gamme de pathogénes @yals 1996). Des études
génétiques ont également morgrée I'acide salicyliquest requis pour activer rapidement les
réactions de défense influencées par plusieurs genes de résigtanc l'induction des
défenses locales visant a contenir la croissance des pathogéenestsyirgde pour
I'établissement de la SAR (Ryads al, 1996). L'expression de plusieurs genes liés a la
pathogenese (PR genes) dépendceite voie de l'acide salicyligue sbnt couramment
utilisés comme marqueurs de défense des voies SA-dépendantes (RRRERBRPR4, PR5
et PR10). Grace a la mutagénese dirigée dhabidopsis thaliana(induction d'une ou
plusieurs mutations dans le génomi)est possible dorénavant d’élucider les voies de
signalisation mises en jeu en réponseadtdque de divers pathogenes (La Canedral,
2004).
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OH

Acide salicylique

Figure 13 :Voie de biosynthése de l'acide salicyligéeD., Arogenate déhydratas®A2H,
acide benzoique-2-hydroxylas€;M., Chorismate MutaselCS, Isochorismates synthase ;
PAL, Phénylalanine ammonia-lyaséP,L., Pyruvate lyase (d'apres Lest al, 1995 et
Wildermuthet al, 2001).
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Chitinase de type | et I
Thaumatine like protéine
Inhibiteur de protéase

endoprotéinase
Chitinasede type Il
Peroxydase
Ribonucléase
Chitinase de type |
Défensine

Thionine

Protéine de transfert des lipides
Oxalate oxydase
Oxalate oxydase like
inconnue

Membre type
PR-1a du tabac
PR-2 du tabac
P et Q du tabac
R' du tabac
S du tabac
Inhibiteur | de la tomate

Pso de la tomate

Chitinase du concombre
"lignin-forming peroxidase" du taba
"PR1" du persil

Chitinase de classe V du tabac
RsAFP3 du radis

THI2.1 d'Arabidopsis

LTP4 de l'orge

OxOa 'germin) de l'orge
OxOLP de l'orge

PRp27 du tabac
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Merdinoglu, Det al, 2003
Weidemann-Merdinoglu, %t al, 200«
Bellin, Det al, 2009

Blasi, Pet al, 2011

Fisher, B.Met al, 2004

Marguerit, Eet al, 2009

Marino, et al, 2003

Plasmopara viticola

Welter, L.&t al, 2007

Akkurt, M.et al, 2007

Fisher, B.Met al, 2004

Zyprian, Eet al, 2003

Pauquet, Jet al, 2001
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Sources de résistance Marqueurs
VMCA4f3,1
VMC8g9
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VVMD17
UDV305
VMCT7f2
VMC8h10a
VVIp22
RA14500
RL14100
VVMD27
Aller680
VVIO52b
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?

?
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rgVamul37
VC7h3
VMCNg2el
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Muscadinia rotondifolia
Muscadinia rotondifolia
"Bianca"

Vitis amurensis

"Regent"

Vitis riparia
"Gloire Montpellier"

Vitis riparia

"Regent"”

R9173
RLN3900

"Villard Blanc" rgVamul137
EMab12
EMeb2
VMC9h4-2
VMCNg4e10-1
UDV020
uDV108
VMC7f2
VMC8g9
VMC4£3-1

Runl Muscadinia rotondifolia

REN1 Kishmish vatkana

Run2.1 Muscadinia rotondifolia "Trayshed"
Run2.2 Muscadinia rotondifolia "Magnolia”

REN4 Vitis romanei

STS AA6
VMC6el
VMC5b3

Vitis cinerea x Vitis rupestris
V. arizonica V. rupestris

VMC6f11
VMCS65
VMCNg3h8
VMCNg1b2.2

V. champinii x V. riparia






















€00¢ “|e18lysyog

9192AWO09SY

1bun4

WNOBNWSS Wniuesny

/6w 00T-05

wiNso1aqn} Wnue|os

9118} 9p swwod

0TO0Z "Ie¥smMopops

ualigroeq na-

311910eq09)0.1d

ENEREE]

eloAo|Awe eluimg

%¥0'0

6002 e 1aossibuag

[ np ainjone) e[ ap aipefen

9)192AW09sY

1Bbun

sirenbaeul eunuaA

wdd 00t-002

eoNSaWOP SNfe

awwod

TTOZ “[e1ebueA

allou ainjlinod

a119)0eq0.d

elL1oeg

sipodouoxe seuowouey

o1re|nosen asolgoeg

a1oeqoid

elL1oeg

wnieadeue|os eluoisiey

AW §'0

wnuue wnaisde)

aIn10d

g'e6002 “[e1RIed

a]1Inoy

a)R2Awolpiseg

1Buny

1s1d sedAwoin

AW 0T

winARes wnsid

siod

ZT02unig 1@ 1ydonzzew

elL1oeg

a119108q0.d

els1oeg

elono[Awe eluwig

/6 €T°0- 900

SIuNWWod snikd

al110d

2002 “[eEny

3s1b aininod

9190AW09SY

1Bbung

ealaum snAnog

WW ¢'T-€°'0-€0°0

pIIM ewiayoind eiquioydng

emasuiod

866T ""[e19z1e)

unony

AT 00T-05-02-G

7 wndsuo wnui@sonad

[1S1od

B TT0Z "[eed

8INSSISION

9190AWO02SY

1bun4

unsuedxa wni||RIuad

/620

aeolsiad snunid

ayoad

002 ""[e1_nI1d

NoIp|IN

9192AWwo00

elsioiyd

elonwed eioydoifyd

AW S0

eAeded eoue)

akeded

€002 e Yz

NoIp|IN

9192/ w00

elsioiyd

eionwed eioyydoikyd

WA 0T-G2-G-T

eleded eoue)

akeded

8002 "'|e 190J0e4

wniplo

9192AW09SY

1Bbun4

siuwesB euswng

AW €'0

002 “'easaIM

9199AW09SY

1Buny

1opioy ds siuiwelb euawn|g

wdd 00T

TT0Z “[e1esialep\

uo|el op alpelepy

9199AWO09SY

16uny

1uBA2-0]]00 eLEINWEY

abJo,| ap abepneyo]

9190AW09SY

1bun

s|ledas wnuodsoyouAyy

9190AW09SY

1Bbung

siuwelb euawinig

AW T

areB|nA wnespioH

ablo

8002 ""[e 18w ipuog

asolresng

9192AW0oSY

1Bun4

wnasolopijied wnuesn4

AW 2-T-5°0

0T0Z "[e1aled

unony

98002 “|e1eizng

ayoue|q ainlinod

9192AW02sY

1Bbun4

WINIONO0I3OS BIUNOIBPS

allou aimunod

9192AW02sY

1bun4

aeluoAlqg e|lawApig

JwyBrl 0

TTOZ e bueyz

asolresng

9192AW0dsY

1Bbun4

wnuesn4H

allinoy

aeadellewsd

1Bbung

eleuIa)e eleuldly

/6w 00T

ojaW sIWNoND

TT0C "[esun

9soudeIYUY

9)199AW09SY

1Bbun4

saplolodsoao|f wnyouma|od

7/6w 05

ealpul eiajibuepy

B

TT0C "2 1gein

a0y

9)2Awolpiseg

1Buny

snye|ndipuadde sadAwoin

AW €'0

speb|nA snjoaseyd

looueH

g TT0C ""[e 180D

unany

6 zZ'0

esseueue x euebbelq

asield

800¢ “"[egauuBYNH

NoIpIIN

9192AW00

elsioiyd

esieds elodsouolad

/6 €°0-2°0-520°0

snonadJe sngny

Jaisioquield

0T0Z '"[e 19eAe0g

a12AwolIpiseqg

1Bun4

Isd elupongd

wdd og

smdAeong

snmdAjeon3

666T ""[esaINM

10

9190AWO02SY

1bun4

eaulbin) edsyloiseyds

Nw 8'z

SNnARes siwundnd

21qWo2U0)

T00Z “lep@Q-spune’

asoudelyuy

9192AW02sY

1bun4

WNARONASSP WNUILI0IB|10D

wdd §2-02-ST-0T-§

ere|noinbun eubipn

31U10D

8002 "'[amy/M

asolresng

EERLIGEY

1Bbun4

wniodsAxo wnuesn4

7/6°520°0-520°0

wninsiy wnidAssoo

u0i0D

0T0Z “le@pPwy.d

ewse|doAyd

ewse|doifud

SU)Se snyepipued

NW 8'v-1'2-2'T

wnreuyed wnwayiuesAiyd

ENENTTE )

1002 “leipeiz

noIplIN

9192/ w00

BISIWoIyD

eonisered eiodsouolad

Jw/Bw G070 01 STO'0

©30RI|0 BIISSelg

Inap-noyd

TT0Z “[e198SIM

unony

AW T €0

BANeS BUBAY

EENe)

800¢ ""[aneed|ened

EEIEREN

9)199AW0ISY

1bun

EE IR

/620

oeded ewoiqoayl

oeoe)

TTORPIed 18 Of[318d

asonodsoyiuiw eH

9199AWO09SY

1Bun4

11 eloydoualhd

/6 50

966T “leyae|ioD

wniplo

9199AW09SY

1Bbun

siuiwelb aydisAig

ey/b o

500z e jaenbsed

unony

/6 09

T00Z 'Joneqiuaniy 1@ NA

asolresng

9192AW02sY

1bun4

wnreauiweld wnuesny

Aw' T

WINABSSE. WNoL |

21d

0702 ""[eaue)

unany

AT OGE B INU 0GE

TT0C e leeg

aJ10u ainiinod

ENEREE]

aezkio Ad aezAio seuowoyuex

AW 0T-T

966T “lagawe]

3UUB1I910eq 8INBYINON

Seuowopnasd

ENEREE]

aebulis seuowopnasd

AW €'0

6002 "'|e190eq

unony

AW €'0

T00Z "'|g1BIu0D

ENENE RN

seuowopnasd

elL1oeg

aebuuis seuowopnasd

G002 '|1921Nd 1@ uessaig

9seasIp X

ewse|doiAyd

8|[epedid
/ ewse|doifud

snuejuowl
snuope||0D / swsejdoiAyd dx

AW 8'v-2'T

6002 "[e191yL

unony

AW €°0

eueley] sisdopiqely

anagely

sinainy

BT

UoISING

ENEN
sauaboyred

WwoN

H1g 3p 99siin asodg

salue|d




QUI0IET 1o [PU0WED W ipIO [ omoMoosy | tbung | Joreoou aUdiShi3 /oW 06
T0O0Z ““|e 18 1udANay noIp|IN %E ©|00NIA eredowse|d 700T/60T
TTOZ “|e 1 1]|0ZZelad noip|(IN %E ©|0oNIA eledowse|d /6 G0
OOz e wo7zeRd [ eeofwoo | wswomp | epowneedowsed 650
= : RIBJIUIA SIIA
8002 "[RWOZZEIAd pI! | oRAwoo [ wswod | ©|0oniA eredowseld /6 50
6002 "Te 137eor 37  wowv | puos
002 010e pue i 5 a1 , . BoreUD S/Tog  weeo |
5002 "TPRREOY wsedofd | Jewsedofug | woew |
TT02 e e f5wio nopIA [ ewofo0 | mswomo | jpesiey eredowseid /B 01 SARUUE SnereH | joseumol |
0T0Z “'[e J8IUB[OAID (p1ydy) 109sU] o1d IWgH 199sU] seaisiad snzA /bw g2t wnoisiadsodA] wnue|os
$resanaq e| ap asreuuoiba| a1a1dopidan % enbixa eisydopods
666T '[e1019|eyL (sdiyL) 109su| % SIENE R ENNEE
auuaIg1oeg 3IMBYINON %% aebulks seuowopnasd
“ezsdajole 9s146 aim1Ino %H ealaud snAno
900¢ — IOTeN - N d R v found - hod wnualnasa uodisiadooAq
800¢ '|egaulaH auua1Ig1oeg 3INBYINON % 1 aebulks seuowopnasd
E aelgioydns wnydisosep
51 oUepg pue noWeqUeg | esouesiy | GwoMioosy | Bung | wniodsAxo wnesny
g6t Ewwupens | | owofwoosy | fbuna | ibunjjo sopwerwemmpar
€002 "|edJod noIp|IN [ awdkwoo | ®siwoiyd  gul eLpuaq eluelodIN oeqel

PSeg-SeUcy | esoubeiny | meofwossy | bung | e inipmomiod  weer

, %H!ga_g%_g_ﬁ_g?m
Somfmmmmwﬁ mN %Eow
EEE géo_o erzc_g_o %w

TT0Z "feBiioy 8 [ SZAUiooOMWiopUs | wiooWoBWOS | eteroeg | eessowshwop | bwiooy
T00Z “Te 100nS IS 28 M 50501 UodE0dI [ wwos [ oy | esoy |

_m 121eYyEN pajes porewsN e|odiuiwelb suAbopiojlpn AN 052 sezAi0 synodeuben
m:oc ainilnod %E aezAio Ad aezAio seuowoyuex _>_E €0

ga,__s%a |II goz 25820222
moomw._m;mmm_ m:ocm::_::oa m_‘_myugomwoi % mmNo>.meommcE0cmx mm a
2002 “[e 18| [ ] °wokwoipiseg | Bungy | 2[0S ©IU0J00Z 0S2-00T-0T-1-T0 Aes ezAIO

/002 “Teusyd al10U aimINod %% aezAio Ad aezAio seuowoyuex INW 000T-00T-0T
alpereN uoIsSINg aubay
sauaboyred H1g ap a9sl|1in 8soq mem_n_




Des sels de phosphate de potassium ou de sodidfP®) sont également capables
d’'induire une résistance systémique chez le fryfa sativa pour lutter contre la
pyriculariose, et stimulent la résistance du concombre contre I'oidReuveniet al.,2000).
L’induction de la résistance est associée a des réactions d'aygeitgé (production de
formes actives de I'oxygéne et accumulation d’acide salicylique).

5.3.2.4. Le probénazole

Le probénazole, ou le 3-allyloxy-1,2-benzo-isothiazole-1,1-dioxyderéecurseur de la
saccharine est le SDN de synthése le plus ancien sur leén@epuis les années 1970) et
aucun développement de résistance d’agents pathogenes au proéiditdéeecté a ce jour. Il
protege le riz contre la pyricularioskldgnaporthe grisegret le feu bactérienX@nthomonas
oryzaepv. oryzag. |l est absorbé par les racines et induit la synthédaatumulation
d’acide salicylique suivies d'une production de PR protéines. L'adit de probénazole
induit I'accumulation d’acides gras insaturés comme des facteursomidiens et la
lignification des cellules de riz (Kessmaginal, 1994).

6. Objectifs de ce travalil

La lutte contre les maladies causées par les pathogenes bistrogbessite une
utilisation souvent intensive de fongicides. Le vignoble consommies&ul plus de 16% des



























Formules développées des molécules potentiellement élicitricesste §t¢
BTH ; (B) Fosétyl-Aluminium ; C) Potassium phosphite (2K

1.3.2. Molécules fongicides
- Mancozebe

Nom IUPAC: manganese ethylene bis (dithiocarbamate) (polyneeniaplex with zinc
salt

Nom commercial: Dithane® (75% WG, Dow AgroSciences) ou Remiltif&®5%
Mancozebe en association avec 4% de cymoxanil).

Formule Brute: (GHsMNN2Ss)x(Zn)y,

Poids moléculaire : 271,3 g. ol



- Hydroxyde de cuivre:

Nom IUPAC : coppell hydroxide

Nom Commercial : Champ® flo (360 g/L, SC, Nufarm, homologué contre tkauitle
la vigne & 720 g/ha)

Formule brute : KO,Cu

Poids moléculaire : 97,56 g. niol

Grace a ses qualités physico-chimiques, ce produit eseudilfaible dose et remplace
les traitements traditionnels au cuivre pour lutter contre le mildioestllutilisé comme
fongicide de référence dans les tests de fongitoxicité au laboratoire.

- Myclobutanil :

Nom IUPAC : RS-2-(4-chlorophenyl)-2-(#-1,2,4-triazol-1-ylmethyl)hexanenitrile
Nom commercial : Systhane® (200-240 g/L, EW, Dow AgroSciences, homologué
contre I'oidium de la vigne de 30 a 45 g/ha)

Formule brute : GH17CINy,

Poids moléculaire : 288,78 g. rifol

Le myclobutanil appartient également a la famille desdhszet agit par systémie, en
bloquant la synthese des stérols. Il est utilisé comme fongaedeéférence dans les
expériences en conditions contrblées.

- Dinocap:

Nom IUPAC: (RS}2,6-dinitro-4-octylphényl crotonates & (RS)-2,4-dinitro-6-
octylphényl crotonates
Nom commercial: Kérathane® (350 g/L, EC, Dow AgroSciences, homologué contre
I'oidium de la vigne a 210 g/ha)
Formule brute: ¢H24N20g,
Poids moléculaire : 364,4 g. ol

Fongicide de la famille des phénols de contact a action prévesttizerative contre
l'oidium utilisé lors des traitements de couverture des essais mildiou au vignoble.



Formules développées des stilbénes de référemeregvératrol ; B) Picéide ;
(C) Ptérostilbene ;i¥) d-viniférine; (E) e-viniférine .

Figure 26 : Formules développées des flavonoides de référendg :Catéchine ; B)
Epicathéchine















la précocité du développement de la vigne cette année nouera &
avancer le protocole expérimental de 2 semaines. Tous lesneaits ont cessé au stade 79
de I'échelle BBCH (fruits et baies ont atteint leur tailleafe) soit les 21 juillet 2009 et 2010
et le 15 ou 19 juillet 2011), soit aprés 12 traitements (Figure 28 et Tableaux 13, 14 et 15).

Les données climatiques ont été également recueillies et @eslyar <LIMATIK »,
un outil stratégique de mise a disposition de données agro-clinmtiguUdNRA, assurée a
l'origine par le STEFCE puis maintenant AGROCLIM.
(https://intranet.inra.fr/climatik/do/climatjk

a. Essais mildiou

Une inoculation artificielle a été réalisée au stade 55 BBCH (@6 24 h apres le
guatrieme traitement (les 27 mai 2009, 31 mai 2010 et 19 mai 2011), a raisteudie$ par
cep pulvérisé avec une solution concentrée de sporanges (25 000 a 45 00fesplongn
Tableau 12 des souches mildiou).



P1

| |Mildiou 2009Mildiou 2010Mildiou 201
05-mai

| P2 | 20mai | 27mai | 12mai |

P2

P3
31-mai | 19-mai
| Inoculation2 | - | - | 17juin |
| P6 | - | 15ul | 18juin |




Mildiou Mildiou Mildiou | Oidium Oidium
Prélevements| 2009 2010 2011 2010 2011

P
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http://frodo.wi.mit.ed). La température dybridation (60 °C), la concentration de Mg(&0

mM) ainsi que la taille des amorces (75 a 150 paires de base) soatdourechaque dessein
d’amorce. Pour assurer la normalisation correcte en temps réel P&fadité
d'amplification doit étre senible. Chaque systeme PCR a été évalué avec des échantillons
d’ADNc qui ont été dilués en série dans des proportions 1:10 avaecsi@ale. L'efficacité
d'amplification est déterminée par la pente de la droitenabtpar la régression linéaire du
logarithme de la concentration initiale de ADNc (variable indépaejlaen abscisse et les
valeurs de Cqg (Cycle Quantification, représentant la valeur du nomhrgcldede qPCR a
partir duquel le seuil de fluorescence devient significativement ditféhe bruit de fond =
variable dépendante) mesurées par le logiciel CFX 96 (Bio-RAd¢utke, CA, USA) en
ordonnée (efficacité PCR = 1°"— 1). Des courbes de dissociation pour chaque amplicon
sont analysées pour vérifier leur spécificité.

Les reéactions de gPCR sont dupliquées, sur un thermocycleur iCymeadB-rance,
Ivry sur Seine) programmé pour 40 cycles: 10 s a 95°C, 10 s & 52Wsh 72 °C, en
utilisant un agent fluorescent, le SYBR Green pour détectenthese de ADN double-brin
(issu de I'amplification PCR), dans un volume final de 14 uL contenantd Athsolute Blue
gqPCR SYBR Green Fluorescein mix (ABGene, France), 1 pL de chaque amorceefsens
anti-sens, Tableau 17) a 10 uM et 5 uL de ADNc produits précédemment.

Pour chaque géne et pour chaque modalité, une valeur de Cq moyenreeasi.ob
Ensuite unDCq est déterminé pour chaque gene, pour chagque modalité comme étant la
différence de Cq du géne étudié et le Cq du géene de référenap (B = Cq (géne x>

Cq (EFD.
L’expression relative d'un géne est obtenue par la formule seivait™® (DDCq =
différence entre 1eBCqg de deux échantillons).

DDCq = [Cq (gene x}> Cq (EFD)] de I'échantillon traité4Cq (géne x)— Cq (EFD)]
de I'échantillon témoin non traité.

Les valeurs dxpression relative comprises entre 0 et 1 correspondent a desi@se
de genes et subissent une transformation de variable en appliquant la formule suivante
[= -1/ ER] afin d’obtenir une méme échelle entre les surexpressidas eépressions des
genes. Les résultats seront présentés sous forme de figueas f@paraitre les valeurs
d’expressions relatives associées a un gradient de couleurdallaletu pour les genes ayant
une expression relative inférieure ou égale a -3 au rouge pour desss@ns relatives
supérieures ou égales a 3, en passant par le blanc pourressexys relative égales a 1 (pas
de modification d”expression, FiguBd).

Figure 31: Echelle couleur appliquée aux résultats d’expression relative des genes.

































Abstract

BACKGROUND: The antifungal properties of two phosphonates (FOS, Pd#it)
acibenzolarsmethyl (ASM) were evaluated to assess their potential for progegtapevine
leaves against grapevine mildewRBlasmopara viticolaand Erysiphe necatgr and to
determine their effects on the development of various mildew isplatidng into account the

inter and intra species variability of pathogens.

RESULTS: The phosphonates directly and significantly inhibited the growth of these
pathogens. By contrast, ASM had no direct effect on spore production and groRth
viticola and ofE. necatorat 1.9 mM. Applied before inoculation, the meansg&Gf ASM

was 0.50 + 0.04mM and 1.00 £ 0.07 mM for downy and powdery mildew isolates,
respectively. The Efg of the fosetyl-aluminium (FOS) was 0.50 + 0.0 mM for downy
mildew and the E€ for powdery mildew varied depending on the genetic group under
consideration (0.89 £ 0.32 mM for group B 3.30 + 0.46 mM for group A, respegtiVély

ECso of the potassium phosphonate @gPias 0.96 + 0.45 mM for downy and 6.9 + 0.76 mM

for powdery mildew isolates.

CONCLUSIONS:These compounds showed differences in their efficacy depending on the
variability of mildews and could be an alternative or additionalhottto traditional pest

management in the grapevine.

Keywords: Acibenzolar-S-methyl, Phosphonate, Fosetyl-Aluminidgnysiphe necator,

Plasmopara viticolamycelia growth.






to assess the effect of two phosphites (FOS ang &id acibenzolar-S-
methyl on the development &f. viticola and E. necator and (ii) to examine the role of
pathogen diversity on their efficacy in orderoptimize future applications in the vineyard.

The utilization of phosphites or ASM could be considered as a possitategy to be






The effect of products on the mycelial growthEofnecator
and P. viticolawas assesseid vitro, using six different concentrations 85M, FOS and
PK2 (100, 250, 500, 750, 1000 and 1500 nigof a.i.). ASM was so applied at 0.47, 1.18,
2.36, 3.54, 4.72 and 7.08 mM, FOS at 0.28, 0.70, 1.40, 2.11, 2.81 and 4.21 mMatid PK
0.63, 1.59, 3.18, 4.78, 6.37 and 9.55 mM.

The tests were carried out by spraying dilutions with a midfosdir having a pressure
reserve (Ecospray ®) on eight leaf discs as described in detmibpsly, 1 hour before
inoculation of pathoger$:** Controls were carried out by applying an equal quantity of
sterile water onto leaf discs. Four independent experiments weravitbnerious isolates of
powdery mildew and three with various isolates of downy mildew. lations were carried
out as described above withPaviticola spore suspension at 5000 sporangia ftiiree drops

of 15 pl per leaf disc), or under sterile conditions by blowing spofeS. necatorfrom
sporulating leaves (1000 conidia per cm? of leaf). Inoculated leaf disce incubated for 7
and 12 days respectively as described above. Disease intensigstivagted by measuring
growth and intensity of fungal mycelium and sporulation, as describecopséyt*** and
was expressed as the mean + standard deviation. Dose-responsdaupatisogens were
used to determine Eg (effective concentration inhibiting growth at 50%) as described

previously**

2.4 Evaluation of direct toxicity onP. viticolaand E. necator

2.4.1 Direct toxicity on P. viticola

Sporangia suspensions were prepared at 150 000 sporangia mtoduct solutions : ASM
from 0.47 to 4.72 mM (100, 250, 500 and 1000 iy, [FOS at 1.13 mM (400 mg), PK,

at 0.63 and 6.37 mM (100 and 1000 mig).LA negative control was carried out with water
and a positive control with a fungicide (Copper Hydroxyde, Champ Eib®0 mg [}).
Sporangia suspensions were incubated 1 hour at 4°C and diluted at 1/&0rm@falation by



[l diluant), one drop of
non-ionic dispersant (Nacconol 90F, Dispersant Type IlIA; Beckmant&pwand shaken.
Spore production was thus assessed by counting the number of pawiitiediameters
between 18 and 3/ in a sample of 500L.

2.6 Statistical analyses

Three or four independerkperiments of eight replicates were performed with the difter
isolates. Dose-response curves for pathogens were used to detei@indefective
concentration inhibiting growth at 50%) as described in Sombaedial., 2011** All data
were subjected to an analysis of covariance by general linear msitgl the statistical
programme Systat 11 (Systat Software, Inc) and significant diffesewere determined by

Tuckey’s honest significant difference (HSD) test at levét ©0.05.



Growth of P. viticolaandE. necatorisolates were
progressively inhibited by increasing the ASM concentration from 0.470& mM (100 to
1500 mg ). The EGo values of ASM were 0.47+ 0.06 and 0.53 + 0.13 mM for the two
groups of downy mildew, resistarR\{-R) or sensitive Rv-S) to fungicides, respectively. The
ECso were 1.05+ 0.28 mM and 0.95+ 0.10 mM for the two genetic grougsn) and B
(En-B) of E. necator ASM treatment was significantly more efficient agaiRstiticolathan
E. necatorat low concentration (~ 0.5 mMP£ 0.041,Figure 1).Despite the Eydifference,
no significant difference concerning ASM efficacy on the various pathogessobserved
(P=0,917).

No direct significant effect o&. necatorgrowth and spore productioR£ 0.834,Figures 2,

3) at 1.90 mM of ASM was observed. Concernihgviticola ASM also had no significant
effect on spore production andycelial growth P=0.420) (Figures 2-4) at 1.90 mM, a
concentration corresponding to ~ &Qvhen the treatment with BTH was applied before

inoculation (Figure 1).

3.2 Effect of Fosetyl-Al concentrations orErysiphe necatoand Plasmopara viticola
Throughout this study 6 isolates Bf viticola and 18 isolates oE. necatorwere tested
independently at least three times to evaluate the.EQver-all, as expected, fosetyl was
more effective againg®. viticolathan againsg. necator(Figure 5). The E§ values ranged
from 0.48 £ 0.07 to 0.52 + 0.04 mM, respectively for the fungicide- sensitlates and
for the fungicide- resistant isolates Ief viticola with no significant differenceP(= 0.261).
Most surprising was the sensitivity to fosetyl of the two gergatoups ofE. necatorthat was
significantly different P=0.000). It is apparent that the §@alue was higher (3.30 = 0.46
mM) for the isolates belonging to genetic group A compared t&@gvalue of the isolates
belonging to genetic group B (0.89 + 0.32 mM). Fosetyl-Al was mffigeat (3.70 fold
more) against genetic group B Bf necatorthan against group A isolates. ThedsgGf group
B isolates ofE. necatorwas not significantly different from the B¢bf the two groups oP.

viticola.



3.3 Effect of fertilizer PK, concentrations onErysiphe necatoiand Plasmopara viticola

It is apparent from Figure 6 that the application of various concemisatf PK to the
different isolates led to a growth inhibition of 100 % for downy milds@lates and only to
65 % for powdery mildew isolates (Figure 6). ThesgEalues obtained for the fungicide-
sensitive and resistant isolates of downy mildew, respectiviedynat significantly different
(0.64 £ 0.22 and 1.27 + 0.08 mM, respectivély0.224). However, at lower concentrations
of PK; (e.g.0.63 mM) applied on the two groups, the efficacy tended to be betersag
fungicide-resistant isolates than against fungicide-sensitivatésobfP. viticola Concerning
the EGo obtained on groups B and A Bf necatoy no significant difference was observed
(6.36 + 1.53 and 7.44 £ 1.38 mM, respectivély0.247) (Table 2). Nevertheless, PKas
significantly more effectiveR=0.000) againgE. necatorthan againsP. viticolaisolates.

PK, had a significant direct effect da. necator leading to complete inhibition of spore
production (100 %), whereas the reference fungicide, myclobutanil, led t&®inBibition
(Figure 3). Two concentrations of PKvere tested orP. viticola sporangia, and the
incubation of sporangia in solution at 0.63 mM of ,P0O0 mg [*) had no effect on
development ofP. viticola but at 6.37 mM (1000 mg1), PK; induced a 70.9 % inhibition
of downy mildew growth.

4 DISCUSSION

The purpose of the current study was to determine the semgsiivivarious isolates of
grapevine mildews R. viticola and E. necatoy exhibiting different genotypic and/or
phenotypic characteristics to compounds potentially stimulatizugt plefenses such as ASM
or phosphonates. Amongst the phosphonates, one was used as a fertiliean@Khe
second as a fungicide against oomycetes (FOS). They are alsdbdéd as inductors of
acquired systematic resistance to oomyc&teésas is ASM which is also a plant stimulatér.

23 One of the more significant findings to emerge from this studytlats depending on the



The present study
suggested that spraying phosphonates, or aciberzof@thyl, on grapevine leaves before
inoculation, was effective in reducing powdery and downy mildew deretop and that
pathogen growth progressively decreased in relation to the increaseompound
concentrations. Nevertheless, over-all downy mildew isolates weryee reensitive to
phosphonates and acibenzofamethyl than powdery mildew isolatéEhe comparison of the
ECsp values obtained tended to show that the three products exhibiteddfittecy against
downy mildew isolates than against powdery mildew isolatesléT3bHowever,significant
differences between ASM and phosphonate efficacies were found. AS&tted grapevine
leaves effectively whatever the pathogen, whereas the phosphonatgtedxdnisignificantly
better efficacy again®. viticolapopulations.

As mentioned in the literatur&,no direct effect of ASM oP. viticolaand E. necatorwas
observed on mycelial growtdnd spore production, contrary to the ASM effect observed on
B. cinereaat high concentrations (1 to 3 @)L*® By contrast, fungitoxicity was obtained after
use of phosphonates & viticola,but also orE. necator The efficacy againdt. necatordid

not support the paper by Speiserl*’

who wrote that potassium phosphonate was effective
against downy mildew, but not against powdery mildew. On the othergrangpphonates are
known to inhibit spore formation and germination in oomycetes sp&¢&EE In our
experiment, the mean E§of fosetyl was 177 mgt (0.5 mM) and the direct action orP.
viticola at 400 mg [* (1.13 mM)one hour before dilution (40 mg*.0.11 mM) and release
on the encystement of zoospores, could be consisiénthe effects of fosetyl on various
Phytophthoraspecies €apsici, citrophora and parasitiaas described by Matherat al>
where, depending on the fosetyl concentration, the phosphonate inhibitedospagon (3
to 12 mg L), mycelial growth (30 to 103 mg1) or motility and germination of zoospores
(300 to 1000 mg L). It seemed that FOS and PiKeduced sporangia mobility and/or
zoospore release. After one hour of incubation in phosphonate solutibdA8 anM and 6.37

mM, respectively, the solutions of sporangia were diluted 10 tinfescbthe drop deposits of






In conclusion, with this study we provide results of the direct &sffec inhibition of growth
of E. necatorandP. vitiocolaof two phosphonates (fosetyl-aluminium used as a fungicide
and Pk used as a foliar fertilizer) as well as the possible indefetts of the products on
the stimulation of grapevine defenses. For the first time, we shthaedlepending on the
variability of the pathogen (inter- or intra-species), the efficaicthese compounds can be
very variable. We corroborate the fact that acibenzsiaethyl exhibits no direct effect on
the two pathogens and the efficacy observed may result from agtiod of grapevine
defenses. The findings of this study have important implications feelaj@ng the use of
plant defense stimulators which may or not have a double attienuse of products such as
phosphonates or ASM with direct or indirect action and able to stimgidafevine defense
could help to limit the appearance of resistance to uni-site falegiand reduce the use of
fungicides harmful to the environment. To develop and support sustainatidwie, the use
of plant defense stimulators, may represent a promising low-intpakfor the control of
grapevine diseases. However, our study shows that the diversigthafgens can have an
impact on the efficacy of these compounds. More research on theitgivadrpathogen
populations and the effect of these compounds on different varieties ofigepeeds to
undertaken before developing new pest management strategidsougkit effective
stimulation of plant defenses shows good, reproducible, results in ladyocanditions, the
use of these compounds in the vineyardnore difficultand usually shows disappointing
results. Further research should be done to investigate the use of ptadepland ASM in
the vineyard. This is an important issue for future research and foripgtiion of their use in
commercial vineyards.

This study also gives us a more precise idea of doses tophedalthough in controlled
conditions, the minimal dose providing 90 % efficiency of ASM {§f@gainst downy and
powdery mildew was approximately 6 mM. That of FOS and &jainst downy mildew was
2.5 mM, whereas against powdery mildew, this dose was never reachedtfian 4.21 and
9.55 mM respectively During a trial implementation to assess efficiency of these pteduc
the vineyard, it would be sensible to apply doses higher than or equal to these EC
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The amplification specificity of each gRT-PCR was reinforced Bingle peak in melt curve
analysis, and no primer was detected. Thereafter, the expresstbe sélected genes was
assessed by using a CFX 96 system thermocycler (Bio-Radef-raumg sur Seine) with
SYBR® Green to detect dsDNA synthesis. For each reaction, 1L of eanbrpat 1 pM, and

7 UL of 2X- Blue SYBR Green fluorescein Mix including Hot stafti® polymerase, dNTP

and MgC} (Abgene, France) and 5uL of cDNAs, were used in compliance with the
manufacturer’s instructian The cycling conditions were: denaturation cycle (94°C for 15 min);
amplification and quantification cycle repeated 40 times (94°C for 86°€ for 10 s, 72°C for

20 s). Expression ratios for each cDNA were calculated for eaehpimmt relative to control
leaves at the same time. Relative gene expression waaebtvith the formula: fold induction

= 2 [Pl \where!l Ct = [Cq GI (unknown sample) - Cq Eg{unknown sample)] - [Cq Gl
(reference sample) - Cq Egrlreference sample)]. Gl is the gene of interest, andyEFHhe
grapevine Elongation Factoglgene used as the internal control. The reference sample chosen
for normalization represented 1- fold the expression of the gene msn{e.g., control leaves
untreated and uninoculated). The mean values obtained by this calculatinmd maried from

0. 01 to 109.7 (thé®D Cq corresponding means ranged from -6.65 to 6.78). The values of

DDCt included between 0 and 1 correspond to repressions.. Each samplsaysed at least in
duplicate in each independent experiment. To ensure correct notioalirareal-time PCR,
amplification efficiencies should be similar. Each PCR sysies tested with cDNA samples
that were serially diluted 1:10 with distilled water. Amplifica efficiencies should be
determined from the slope of the log-linear portion of the caltmwaturve. Specifically, PCR
efficiency = 105°P°_ 1, when the logarithm of the initial template concentration of known
cDNA amounts (the independent variable) is plotted onxtlaxis and Cq (the dependent
variable) measured by the CFX 96 system software (Bio-RAD, HExc@A, USA) is plotted
on they axis. The PCR efficiency of each primer was included betve®h and 1.23. The
dissociation curves for each amplicon were then analyzed to vhafspecificity of each
amplification reaction. The dissociation curve was obtained bynigeidte amplicon from 60°C
to 95°C (data not shown).

Means of relative expression obtained in control and other treaten@hisr inoculations were
compared with the analysis of variance using Tukey’'s postdsicStatistical analyses were

carried out using the Systat 11 programme (Systat Software, Inc).
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Extraction and quantification of stilbenes

Stilbenes were extracted from each sample (80) of dried 1€2063ng) overnight with 20 mL
methanol as described previously (Belhatljal., 2008) obtained from the gene expression
experiment (see below). Two independent experiments were pedovkmalysis of stilbenes
was carried out by HPLC on a 250 x 4 mm Prontosil Eurobond C18 rguese-column (4.0
ID X 250 mm, 5 um) (Bischoff Chromatography, Leonberg, Germ&gparation was carried
out at a flow rate of 1 mL/min with a modified mobile phase conpasd€A) H,O: TFA 1%
(97.5/ 2.5, VIV) and (B) ACN: A (80/20, V/V). The run was set as folldvio 5 min, from
10% B to 20% B; 5 min to 19 min, 20% B to 25% B; 19 to 20 min, 25% B to 30% B, ZD t
min, from 30% B to 40% B; 35 to 50 min, 40% B; 50 to 55 min, from 40% B to 6085 Bjin

to 56 min, from 60% B to 100% B, 56 to 60 min, 100% B; 60 to 62 min. Fluorintstection
was performed at *ex = 300 nm andne= 390 nm, and stilbene contents were estimated from
specific calibration curves as described in Belhetdgl., 2008. Data were expressed as the
means £ standard deviations) of at least four quantifications. Statisticysasmavas carried

out using Newman-Keuls or Studeriests at level oP ! 0.05.

Results

BTH induces grapevine resistance againgrysiphe necatoand Plasmopara viticola
Activation of grapevine defence by BTH treatment (1.90 mM) 24 hours biefacalation was
efficient to control growth of the four mildew isolates (Table 1) leitinig different phenotypes
and genotypes. Growth inhibition ranged from 62.0 to 98.3 % (Fig. 1). GtpBalH induced
inhibition from 62.0 to 73.2% whatever the mildew isolate, except Herdowny mildew
isolate Mic-128 Pw-R), for which inhibition was significantly better than expéec{88.3%)
(P=0.005. This isolate, which has good fithess (Corio-Costedl.,2011), has the peculiarity
of being resistant to fungicides inhibiting cellulose synthasenaitmchondrial cytochromé,
suggesting that the BTH effect on grapevine may promote thetiedieess of the plaist
defense with regard to this phenotypdPoliticola

Transcript profiles reveal specific responses of the grapevingepending on the species of
biotrophic pathogen.

V. vinifera is especially susceptible to mildew. To explore compatible ictierawith different
obligate pathogens, a comparison in time of transcript psobleselected genes of leaves
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Transtesveratrol content was
very low in uninfected leaves, often less than 2 Jigo§ DW (Fig. 6B), and its content
increased strongly ikEn-infected leaves after pre-treatment with BTH or not, and a4t ile
Pwinfected leaves (Fig. 6B). Accumulation tohnsresveratrol at 24 hpi reached the value of
8.86 + 0.75 ug.g of DW, i.e. 6-fold more than in control leaves (1.42 + 0.58 hggDW).
Interestingly, only pterostilbene increased significantly itatien to BTH treatment and
reached 16.9 to 21 pg'ogf DW. The highest quantities were foundEn-infected leaves after
BTH treatment (Fig.6D).

Discussion

Treatment of grapevine leaves with BTH led to a significadticgon inP. viticolaand E.
necatordevelopment and induced changes in the expression of transadpis pterostilbene
contents, depending on the sampling time and the pathogen. &nalygranscripts of
grapevine leaves after application of BTH or not over three days figkt on the potential
defense pathway required during the SAR response. After the differel@wralktacks, a large
proportion of genes were repressed, indicating the suppression ofedefspenses iRv- and
En-infected grapevine leaves, as suggested by Polesahi (2008). Therefore, the real effect
of BTH on gene expression may be underestimated. As genessipréevels are generally
expressed relative to un-inoculated and untreated controls, wexplessed data concerning
gene expression by changing the calibrator. By calculatingethve gene expression, i.e. the
expression of untreated inoculated leaves instead of untreated un-ieddaktes (Fig. 7) we
were obtained the real effect of BTH after inoculation. Therefemepus transcripts (PR-
proteins,STS, PALACCGST) were strongly up-regulated Rv-R-infected leaves treated with
BTH, and at 24 hpi correlated with better efficacy of grapewefense on this isolate. The
reference chosen to calculate the relative gene expression taneball important, showing
that the pathogen can lead to significant down-regulation thabmagmpensated by the plant
defense activator treatment.

The transcript pattern &f. viticolainfected leaves was significantly different frahat of E.
necatorinfected leaves, showing that grapevine possesses different dsfetsms to fight
against these two biotrophic pathogens. This may be related txtoparasitic development of
powdery mildew on leaves and the endoparasitic development of they doikdew inside

tissues, as well as with their speed of development and thedglmal specificity One of the
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the most interesting transcrip8R-1, PR-10, PR-3, PR#&hdPR-
8, were significantly increased in time after BTH treatment in tefikéeaves (Fig. 4A, B, D,
F), like other plant species (Van Loon & Van Strien 1999; Brissel.,2000; Hukkanert al.,
2008). The role of PR-proteins in defense agdmastiticola remains uncertain becauB&-1
was sometimes but not always induced in infected-leaves of sieaultivars (Legayet al,
2011). In our studyPR-1was the most abundant transcript up-regulated after BTH induction
of SAR and it was a common marker for SAR. As previously repontegapevine (Chongt
al., 2008; Hamiduzzamast al., 2007;), BTH treatments strongly induc&dR-1 expression
before mildew inoculation, indicating the direct activation of defense pexess
As expectedPR-10transcripts increased in infected leaves after BTH induction, dumgges
that PR-10 may also be a marker of grapevine defense aBawistolaand, to a lesser extent,
againstE. necator The transcripts corresponding to chitinasBf-3, PR-8 Fig. 4D, F),
glucanase FR-2 Fig. 4C) andPR-6 (Fig. 4E) exhibited increasing dependence on pathogen
isolates. For example, a delay in the transcript over-esipresf PR-3andPR6was observed
in En-B-infected leaves (Figure 4D, E). We suggest that genetic gkanfpE. necatorwhich
develops more quickly and produces more spores than isolates of geaepd3 (Montarryet
al., 2008), could trigger plant responses earlier in relation to pathogen daeglopSimilarly,
at 24 hpi, the transcript level #fR-8 (Fig. 5F) in PwR-infected leaves was significantly
greater than ilPwS-infected leaves, followed by a higher levelRR-2 transcripts at 48 hpi
(Fig. 4C). The earlier and more intense up-regulation combination pautially explain the
better growth inhibition (98.3%) obtained after BTH treatmemwR-infected leaves.
In our study, thé-1,3 glucanaseRR-2 or chitinase transcripts, corresponding to acidic class
Il endochitinase PR-8 and class IV endochitinasBR-3were over-expressed more intensely
and more durably in infected leaves after BTH treatment and coulshis&lered as markers of
BTH induction,. Correlation db-1,3 glucanase (PR-2) and chitinase activities with pathogen
resistance has been reported and both are thought to boost defensedayeny and powdery
mildew (Giannakist al.,1998).



© 00 N O O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

BTH also elicited grapevine defences in infected leavesidiyering up-regulation c6ST
coding for an enzyme involved in the redox status of the plant (Figirddxcordance with
glutathione-S-transferase induction activities that were enhancedibylis acid (Sappkt al,
2004).

The case ACC, an enzyme involved in the ethylene pathway, produceskirtissues in
response to stresses, was more interesting, gi@€etranscripts were usually down-regulated
in Pv4infected leaves. By contrast, after BTH treatmer®winfected leaves, an up-regulation
was observed (Fig 7), suggesting that BTH tended to modulat&GRetranscripts, another
phytohormone involved other than SA. Moreover, a proteomic analysis iddniftC after
BTH treatment in arctic bramble (Hukkanenal.,2008), and Jacolet al.,(1999) reported the
induction ofPR-3andPR-2genes after ethephon treatment, two genes that we also found over-
expressed after BTH treatment simultaneously withAG& gene. Collective evidence now
shows that a coordinated network prevails among SA, JA, ET signalithways engaged in
the establishment of resistance against a pathogen and #ilaljppshat the ethylene pathway
is also involved in BTH elicitation seems to be confirmed by our study.

BTH also acted in infected leaves at 24 hpi by down-regulation onaticoamino acid
pathway transcriptsANTS, CHORWMfollowed by up-regulation later on, indicating an effect of
BTH either on the secondary salicylic pathway (isochorismatemag), on lignol synthesis,
or on potential indole alkaloid biosynthesis. We suggest that the ipddevay might be
involved in grapevine plant defence after elicitation. BTH treatmeay act either directly on
toxic indole alkaloids biosynthesis (tetrahydr@arbolines in the grapevine) (Adt al.,2010),
as doedA. thalianawith camalaxin production or indirectly by disrupting plant gitoand the
auxin signals, or yet again by promoting SA biosynthesis thréhughsochorismate pathway.
This effect of BTH and its involvement in grapevine resistance woald/orth investigating
further.

An inducer like BTH enhanced the resistance of treated tismsexiated with the rapid
induction of two key enzymes in the phenylpropanoid pathway (PALxhaltone isomerase
(CHI) (Lawton et al., 1996). However, in our study in grapevine lea&EStranscripts were

up-regulated in both untreated aadinfected leaves at 48 and 72 hpi, leading to an increase
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The amplification specificity of each gRT-PCR was reinforced biygle peak in melt curve
analysis, and no primer was detected. Thereafter, the expressiom sfleécted genes was
assessed by using a CFX 96 system thermocycler (Bio-Ratte; Ivry sur Seine) with
SYBR® Green to detect dsDNA synthesis. For each reaction, 1pl of escarmt 1 uM, and

7 ul of 2X- Blue SYBR Green fluorescein Mix including Hot staiti& polymerase, dNTP
and MgC} (Abgene, France) and 5ul of cDNAs, were used in compliance Wigh t
manufacturer’s instructions. The cycling conditions were: denaturatice ¢94°C for 15
min); amplification and quantification cycle repeated 40 times (94°QGa, 55°C for 10 s,



2.1.4 Extraction and quantification of stilbenes

Stilbenes were extracted from each sample (80) of dried leavesn@O0vernight with 20

ml methanol as described previously (Belhetdgl., 2008) obtained from the gene expression
experiment (see below). Two independent experiments were pedioAnalysis of stilbenes
was carried out by HPLC on a 250 x 4 mm Prontosil Eurobond C18 revexse-pblumn
(4.0 ID X 250 mm, 5 um) (Bischoff Chromatography, Leonberg, Germany). Sepaveas
carried out at a flow rate of 1 ml/min with a modified mobile gghaomposed of (A) #O:

TFA 1% (97.5/ 2.5, VIV) and (B) ACN: A (80/20, V/V). The run was set dsvd: 0 to 5

min, from 10%B to 20% B; 5 min to 19 min, 20% B to 25% B; 19 to 20 min, 25% B to 30%
B, 20 to 35 min, from 30%B to 40% B; 35 to 50 min, 40% B; 50 to 55 min, from 40% B to
60% B; 55 min to 56 min, from 60% B to 100%B, 56 to 60 min, 100% B; 60 to 62 min.
Fluorimetric detection was performed '&x = 300 nm and !em = 390 nm, and stilbene
contents were estimated from specific calibration curves asilse$en Belhadpet al., 2008.
Data were expressed as the meanstéandard deviations) of at least four quantifications.
Statistical analysis was carried out using Newman-Keulstudtett-tests at level oP "

0.05.

3 RESULTS
3.1 Fosetyl protects grapevine againgrysiphe necatoand Plasmopara viticola

For the studies of transcript and polyphenol content, leaves weteepted with 1.13 mM of
FOS, 24 hours before inoculation with the different mildew isolates (Table 1).









Pterostibene was more abundanPinleaves (4.21 + 0.84 ug'gof dried leaves) than iBn-
leaves (0.65 + 0.37 ug'gof dried leaves). But at relatively lower levels comparetheo
guantity of the other phytoalexins. A significant accumulation wasewed only in leaves
FOS-treated 72 hours after downy mildew inoculation (18.6 + 0.56'|ad dried leaves).

4 DISCUSSIONS

The biological or chemical mechanisms of induced resistancEobgtyl-aluminiumhave
rarely been analyzed, while the importance of the induced moleeldésd to resistance has
been well documentetd®.

The present study reveals that Fosetyl-Aluminium, a phosphoeatative which is largely
reported as effective against Oomycetdd’, was also effective against an ascomycete
E.nector In thesein vitro experiments, FOS treatment on grapevine leaves resulted in a
protection toP. viticola andE. necatorwith fungal development reduced of 92.95 % For
viticola compared to untreated leaves. FOS was also able to lingtdiaeh of E. necatorbut
only at 45.85 %.

Fosetyl treatment induced changes at transcriptional level andabéxins content depended
on sampling time, and on the pathogen. The transcript analydefesfce-related genes over
three days informed us as to the potential defence pathway required during thesfétRae
The PR-protein transcript®R1, PR2 PR3 PRG PR8 PR 10and PGIP), stilbene pathway
(PAL andSTS, LOX andGSTas well as genes involved in indole pathwANTS CHORM
andCHORS were strongly up-regulated in leaves treated with 1.13 mM of FOS.



The mainly role of these PR proteins is to limit pathogen &gtignd growth. The
identification of the PR-2 family as-1,3-endoglucanases and the PR- 3, -4, -8, and -11 as
endochitinases, as well as the PR-6 family as proteinase orkibithich could act against
fungi. The correlation ob1-3 glucanaseRR2 and chitinaseRR3 and PR activities with
pathogen resistance has been well reported and both are thoughpaa sigbence against
downy and powdery mildeW. PR2 proteins are probably the most important pathogenesis-
related (PR) proteins related to resistance to downy mild&wn tobacco, PR proteins
induction is associated with SAR and particularly the clasehitinases represent one of a
subset of PR proteins induced (PEB)Chitinase genes are constitutively expressed in
resistant plant whereabl-3 glucanase (PR2) was exclusively expressed after fungal
challenge®

Since cell walls ofP. viticola consist to chitine and glucanes, the over expression of genes
encoding for enzymes #&s1-3 glucanase ou chitinase may inhibit fungal growth by degrading
cell walls of the pathogen. This degradation provides fragmemsllafall, which could play

as elicitors the activation of another plant defence response.

The PR1 family has been associated with activity against oetey. PR-1 and PR-10
proteins are often used as markers of the the defense statushofstaliee conferred by
pathogen-induced systemic acquired resistance (SAR), but their balloagtivity has
remained elusiveThe biological function of PR10 is not known, nevertheless, its transcript
accumulation was observed after fungal challenge. In our studypbserved transcript
accumulation of PR10 in leaves primed by FOS with or without fungal challenge.

Our results confirmed that FOS had an indirect effect by enhamp@yoevine systemic
acquired resistanceefore and after pathogen challenges in susceptible cultivaer@zb
Sauvignon, in agreement with work previously describes, which fB&dinduced, or not,

in infected-leaves of susceptible cultivars?

The signal transduction pathway through SA accumulation is found syttemic acquired
resistance (SAR witPR1, PR2 induced by pathogen attatkwhile it is thought that JA and
ET are the signal transduction molecules for induced systemicaresss{ISR withPR3and
PR4).

The fosetyl treatment led to up regulation of all of studied gending for these majors PR
proteins in downy and powdery mildew defense responses over the thised s suggests
that the SA and JA/ET signaling pathways play an importaetinanode of action of Fosetyl

in Vitis viniferain agreement with the dual mode of action (direct and indirest)ditect
action against pathogens leads to the pathogen degradation,niel@agViPs (Pathogen
associated Molecular patterns) recognized bypthat basal immune system. Secondly, by its
indirect effect, FOS is able to stimulate the systemic aafjugsistance by SA and JA/ET
signaling pathways. It's the first work that is able to dyetiore clearly the mode of action

of FOS in grapevine defense stimulation.

After FOS treatment, PAL and STS transcripts were slightlyaegulated 24 and 48 hours
after treatment accompanied with a rapid increase in total ipeig and resveratrol contents
just before pathogen challenges. Our results are in accordarcéhaste Nemestothy and
Guest.™® The enzyme phenylalanine ammonia lyase (PAL), the first emzywolved in
phenylpropanoid biosynthesis, is activated earlier in treated pfants.

Pterostilbene, the methoxylated form of resveratrol, is a toxuinderin againstP. viticola,

was only identified in samples in response to downy mildew tiofecThe present results
showed that plants treated with fosetyl-Al induced low levels afopti#bene in grapevine
leaves compared to the content found after other treatment, while a aajuenulation of
these compounds was observed after inoculationRuvitiicola.

The localization of stilben phytoalexins at the infection siteswvell as their concentrations
and the time-rate of their synthesis contribute to the establistoheasistance mechanisms



Our results were in accordance to Pegtet
al., *® because the response of the pathogen inoculation leads to astij@de synthase
induction and an important resveratrol synthesis maintained after infecoomerB-Perezt
al., *" have shown that the concentration of resveratrol and piceid in grapesharsyof
susceptible cultivars d¥. viniferaincreased with the level of infection in the vineyard and
thus demonstrated that the only accumulation of these compounds is nit mlbéerupt the
pathogen growth.

Moreover, pterostilbene alone was found in high concentrations in FOS tteated 72
hours afterP. vitcola infection, suggesting a important role of this compound in growth
inhibition of this pathogen. Similarly, Slaughtet al,*® pointed to the involvement of
pterostilbene in resistance against downy mildew after beta-amimabuaguction.

The FOS-enhanced grapevine protection was probably due to theinetion of over
expression of defence related-genes coding mainly for PR pratethenzymes involved in
phytoalexin biosynthesis. These results obtaineditis viniferaare in agreement with those
obtained on tobacco by Nemethoty and Gu&swhich found that fosetyl-Al, enhanced
sesquiterpenoid phytoalexin accumulation, PAL activity, lignin dépasand ethylene
biosynthesis after an inoculation.

This work gives an indication of the potential use of transcripts stilbenes as markers of
the defence status of grapevine leaves after FOS elicitation, and afteomfecnot.Overall
results indicate that modulation of defence gene regulation is often mmareed after
inoculation withP. viticola isolates and this could be in relation to the greater efficacy of
grapevine defense on these pathogens.

Although the stimulating of defenses of plants present good repbbelugificiencies in
controlled conditions in the laboratory, it turns out that the applicatfothis methodin
naturais more delicate and presents generally very variable egfi@s. Understanding the
mechanisms and possessing markers of grapevine resistancendtabesa prerequisite for
inducer development in integrated pest management in the vineyard.

The results of the Cooke and Littf& experiments indicate that a spraying program where
phosphites are integrated with reduced applications of a systemanesystemic fungicide
could help to suppress foliar and tuber late blight infection andvavier survival ofP.
infestansn potato tubers.
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Means of relative expression of defense-related genes during three days in FOS
pre-treated leaves after inoculation in comparison with controls no inoculategsWethich
are significantly induced at the threshold of 0.05 were bold underlined. Data corresponded at
the mean of 2 independent experimentsonecatorandP. viticola

Figure 4. Correlation between the percentages of genes up regulateéaved Iprotection
triggered by Fosetyl against downy and powdery mildew

Figure 5: HPLC quantification of polyphenol content Mitis vinifera (L.) cv Cabernet
Sauvignon leaves in response to FOS treatment, with or without pathiegeulations.
Grapevine leaves were pre-treated 24 hours before downy and powittery mmoculations
with 1.13mM of FOS. Results represent the means (x standard deviatibrfgur
experiments. Stars represent the values significantly differ@mt ¢ontrols at the threshold of
0.05 %.

Figure 6: HPLC quantification of threaransstilbenes inVitis vinifera (L.) cv Cabernet

Sauvignon leaves in response to FOS treatment, with or wifdouiticola inoculations.

Grapevine leaves were pre-treated 24 hours before downy and powittery mmoculations

with 1.13 mM of FOS(A) transpiceid, (B) transresveratrol anqdC) pterostilbene. Results
represent the means (x standard deviations) of four experimentsreptiasent the values
significantly different from controls at the threshold of 0.05 %.

(M) control; (!) FOS treatment;! Pv-infected leaves; @ Pv-infected leaves and FOS
treatment.

Figure 7: HPLC quantification of thredransstilbenes inVitis vinifera (L.) cv Cabernet
Sauvignon leaves in response to FOS treatment, with or withowecatorinoculations.
Grapevine leaves were pre-treated 24 hours before downy and pawittigw inoculations
with 1.13 mM of FOS(A) trans-piceid, (B) transresveratrol anqdC) pterostilbene. Results
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After over winters as resting mycelium within dormant buds, it
produced wind-dispersed conidia by asexual reproduction on green éddlieggrowing host
and colonized young flag shoots. It may also produce cleistothgcexal reproduction at
the end of the annual cycle on bark of grapevine from which ascosporoesreleased
during the spring initiating primary infections on susceptible tiss2)es (

The control of diseases caused by these pathogens, an intensdfdwmggcides is required.
The vineyard consumes 16 % of fungicides marketed in France every yeadulce the
environmental impact of their intensive use (pesticide-resigi@thiogen strains appearance
and residues found in wines) while maintaining a high level of agirellproduction, in
guantity and in quality, efforts must be made to develop alternative protectteyss.

An interesting alternative and\or complementary method considiseofise of elicitors to
induce natural plant defenses. Although susceptible plants pdksessachinery necessary
for resistance, it is not activated in sufficient magnitude or speed to restrict ttemfe

The recognition of the microorganism by the plant and the induction ofdéfense
mechanisms are introduced by the perception of molecules callgdrgli®he most frequent
premature cellular answers are mechanisms of modifications dfuies, of production of
active forms of the oxygen (oxidative burst) and of protein phosphorylékibtogen-
Activated Protein Kinase, MAPK or MAPKK and MAPKKK) and the symikeof signal
molecules such as salicylic acid. jasmonic acid, and ethyldnd).( The cellular and
molecular metabolic modifications set up systematicallgdahcategories of reactions: the
reinforcement of plant cell walls, accumulation of antimicrobiampounds such as
phytoalexins and the synthesis of pathogenesis related-proteins (PIRg)rote

Phosphites act as fungicide or fertilizer and have a complex wiodetion against fungi,
involving both direct and indirect effects, with stimulation of plant nleéemechanism®b{

18). Phytoalexins fronVitaceaeare phenolic compounds product by the phenylpropanoid
pathway which play an important role in the secondary plant wietabincluding lignins,
phenolic acids, flavonoids and stilbenes.Stilbens have biologicaltg@nainst a wide range

of pathogens and can be considered as markers for plant disease re@iSjance

Potassium phosphonate used here ;P& commercialized as a “fertilizer (Proval®,
Technidis-Agro) which increases the efficiency of treatments against downglemion
potatoes and allows dividing by 2 the doses of fungicidéy.

The present study aimed to evaluate the effect of a foliar apiphcof Pk on detached
grapevine leaves and to analyze the grapevine protection aghexstwo major bio-
aggressors. viticolaandE. necator Since phytoalexin accumulation is a part of the general



MATERIALS AND METHODS

Plant Material

Grapevine Yitis Vinifera cv. Cabernet Sauvignon) was propagated from wood cuttings in a
greenhouse. We took the third and the fourth leaves at the top htite The first one was
used for powdery mildew experiments and the second one for those of downy mildew.

For powdery mildew experiments, leaves are disinfected ialwian of 5 % of calcium
hypochlorite during 10 minutes under a horizontal lamination flow. After rinsitig some
sterile distilled water and drying, the sterile leaveseaplaced in a Petri dish, lower face in
touch with an agar plate (5 % of agar containing 0.003 % of benzimidaz@ej)Vvhatmann’s
paper moistened with 2.5 ml of sterile water.

For downy mildew experiments, the washed and dried leavesphaed in a Petri dish, a
superior face in touch with the Whatman’s paper soaked with some sterite wate

PK2 treatment, Inoculation Procedure and Disease Evaluation

PK; (Proval®, Technidis-Agroyvas used to at the final concentration of 3.18 mM. Solutions
of PK, were prepared on the day of application. Controls were appliedheittatne amounts

of sterile distilled water. Treatments were applied asi@ finist to 6 whole detached leaves
(above 1.5 ml per Petri dish).

Twenty four hours after treatment, leaves were dried by openingetof dishes, during
approximately 1 hour in sterile conditions for powdery mildew experisner not for downy
mildew experiments.

A collection of downy mildew isolates were produced on vine leanesurvival. Grape
leaves previously treated or not were inoculated with spore susperdidn® isolates
presenting different sensibility to several fungicides (Tabl&t15000 sporangia ml(15
drops of 15 pl per leaf) and incubated for 7 days at 22°C with a 16-8 hr photoperiod.

Six leaves were collected 24,48 and 72 hours after pathogen inoculationh@ofnere
frozen in liquid nitrogen and stored at -80°C for molecular analyses awnth#grewere frozen
and stored at -20°C for biochemical analyses. Six inoculated le@ated and not treated
were incubated in culture chamber at 22 °C under a 16 h photoperiod for seven more days.

Two powdery mildew isolates belonged to the two different genetiqpgrod and B) (Table
1) were inoculated under sterile conditions on decontaminated grayes lécv. Cabernet









We tested PKefficiency against 2 different strains of powdery mildew and domiigew
having different origins and biotypes (Table 1).

The results in Fig.1 show that grapevine leaves treated with 3.18 fniNdoresulted in a
inhibition of growth compared with control leaves. The reduction in séeseaverity was
estimated as the percentage of fungi growth inhibition. The perceotdgeviticola growth
suppression was 81.5 % with 92.56 + 11.02 % and 70.83 £ 23.92 PwvfrandPv- R
isolates and that d&. necatorwas 27.9 % with 27.50 £ 11.38 % and 28.29 + 30.03 % for for
En-A andEn-B isolates .

Transcript profiles reveal specific responses of the grapevingepending on the species of
biotrophic pathogen.

V. vinifera is especially susceptible to mildew. To explore compatibteraction with
different obligate pathogens, a comparison in time of transamgiilgs of selected genes of
leaves infected with two isolates Bf viticola (Mic-128: Pv-R and Cou-15Pv-S) and two
isolates ofE. necator(Llu-41: En-A and Pv74:EnB) was carried out (Table 2). The
grapevine defenses were measured by transcript kinetics at 24, 482ahdurs post-
inoculation (hpi) and completed by biological efficacies at 82 dpi (see above). The gene
set used included PR proteins, some genes involved in the phenyltmbpathway, others
involved in the oxido reduction system, in the ethylene or oxylipettvpays and others
involved in the indole pathway (Table 2, Fig. 2).






At 48 hpi, the genes that were significantly modulated decreased (31.%ith
83.3 % of up-regulation concerning PR-protein transcripi®l( PR3 PR6andPR1Q, and a
gene involved in indole pathway8NTS. Only CHORSgene was significantly repressed (8.1
fold less than the control). At 72 hpi, only 15.8 % of genes were diffatetitwith 100 %
which were still up-regulatedPR3 PR6 andPGIP).

In Enrinfected leaves, above 40 % of studied genes were significantly redli{&6.8 or
42.1 %). At 24 hpi, 36.8 % of genes were differentially expressetd, witl% up regulated
(Table 4). High significant down-regulationsPiR2 PR3 STSandCHI genes were observed
(22.8, 11, 4.8 and 27.2 fold lower than in control leaves, respectively) and signdwcer
expression occurred fé6*RG PR8andPR10 genes with4.1, 3.7 and 8.7 fold higher than in
control leaves, respectivelt 48 hpi, 36.8 % of genes were differentially regulated. Only
PR2and ACCgenes were down-regulated @6 PR1Q STS GSTandANTStrancripts up-
regulated. At 72 hpi, 42.1 % of genes were still significantlylegd and 75 % of them were
up-regulated coding for PR proteinrBR2 PR8 or PAL, STSand CHI genes, involved in
phenylpropanoid biosynthesis pathway.

The means of relative gene expressions over the three days showedyémes on 19 were
up-regulated in downy and powdery mildew defense response (Figure 3raffevine leaf

protection triggered by PKafter P. viticola and E. necator inoculations was directly
correlated with the mean of the relative expression of 19 genagd€F{ More than genes
were up-regulated, more than the grapevine should be protected.

Effect of PK; Treatment on Stilbene Accumulations in Grapevine Leaves

The polyphenol content and thr@ansform content (the main form found in leaves) of three
major stilbenic phytoalexins, resvetrol, piceid and pterostilbgaee quantified during 72
hours after pathogen inoculation with or without,RiKe-treatment (Figures 5, 6 and 7).

In PK; treated leaves, the polyphenol content was significantly incteass the three days
(310.05 + 35.09 pg Yof dried leaves), an increase 2.6-fold than in control leaves (120.8 +
9.98 pg ¢ of dried leaves). InP. viticola and E. necator challenges, a significant
accumulation of phenolic compounds occurred, with an increase of 2 totBdalih control
(243.4 + 12.1 and 359.3 + 40.3 Jg of dried leaves, respectivel\Bignificant accumulations
were observed in PKpre-treated leaves after downy and powdery mildew inoculations. An
increase of 2.7 to 3.1 folds than in control leaves was observed (328.84 +nrd 3&P206 +
47.65 pg ¢ of dried leaves, respectively).

During the 72 h analysistans-piceid was quantitatively the most prolific stilbene produced
in grapevine leaves.

In downy mildew experiments, control leaves contained 17.4 to 31.5 jugnsfpiceid per g

of dried leaves and in control leaves of powdery mildew experic@mntained from 8.0 to
43.4 pg g of dried leaves.After powdery mildew inoculationsirans-piceid content
increased significantly (from 45.8 to 59.7 g of dried leaves). As PKreatment alone led
to an increase of piceid (between 41.7 to 50.9 fighdried weight inEn-leaves and 38.4
and 30.6 pg g of dried weight inP\-leaves). InEn-infected leaves pre-treated with the PK

a significant accumulation ofans-piceid was observed at 24 and 48 hpi (58.4 and 36.6'ug g
of dried leaves, respectively) (Figures 7A). Nanspiceid significant accumulations were



Thetransresveratrol content was very low in control grapevine leaves (0.08tug g of
dried leaves). A significant accumulation was observed after dowdypawdery mildew
inoculations (2.7 to 8.9 ug gof dried leaves). After PKtreatment at 0 and 72 hpi in
untreated powdery mildew leaves (5.7 and 2.1 igfodried leaves) or at 0, 24 and 72 hpi in
untreated downy mildew leaves (3.1 and 4.3 fgo§ dried weight). InPv-infected leaves
pre-treated with PK a significant accumulation afansresveratrol was observed (1.0 and
1.43 pg @ of dried leaves) at 48 and 72 hpi,insEninfected leaves pre-treated with £K
(1.9 to 4.6 pg g of dried weight).

Pterostibene was more abundant in downy mildew leaves (4.21 + 0.84qfgiged leaves)
than in powdery (0.65 + 0.37 ug'®f dried leaves), but at relatively lower levels compared
to the quantity of the other phytoalexins. Significant accumulations weeevelsat 24 hpi in
Pv- leaves PK-treated and no inoculated (4.6 pg of dried leaves), in untreated leaves and
24 hours after downy mildew inoculation (4.05 |i§ of dried leaves) and iRv- leaves Pk
treated and downy mildew inoculated (8.6 piyag dried leaves).

Globally, in Ernrinfected leaves, after or not PK2 treatmeménspiceid and resveratrol
contents were higher thanPwv-infected leaves. By contrast, pterostilben was highd?vin
infected leaves than iBn-infected leaves and this is correlated with the efficacy observed.

DISCUSSIONS

This study investigated the effect of a fertilizer (a phosphonateatige) on the interaction
between grapevine and two major biotrophic pathogénsviticola and E.necato). PK;
treatment on grapevine leaves resulted in an increased resistagrepevine tdPlasmopara
viticola and Erysiphe necatorin thisin vitro experiment, fungal development Bf viticola
was reduced by 81.5 % compared to its growth on untreated leaves and ¢henirdéE.
necatorwas reduced at a lesser degree (27.9T¥%. biological or chemical mechanisms of
induced resistance by a fertilizer based on phosphonate deriveavieKj have rarely been
analyzed, while the importance of the induced molecules relatedistaneg has been well
documented3-18).

The present study reveals that Péhhanced the effective grapevine protection against an
Oomycete IP. viticolg) but also against an Ascomycetg. (necto) by leading the SAR,
probably due to the accumulation of defense-related proteins aytdaf@xins content
depended on sampling time, on the pathogen..

The pretreatment with the BHked light modifications at the transcriptional level in abserice
the challenge of the pathogenic (7 genes on 19 are differemtigdhgssed) while it led strong
gene modulation of 17 genes 19 in downy and powdery mildew defense redpangethe
three days. The pre-treated grapevine defense responses aginsty mildew attack led in
a stronger over-expression of genes coding for the PR proteins (PR1PRR, PR10 and
PGIP) than those led in powdery mildew attack (PR6, PR8 and PR10).

In our study, we found no significant modulationRiR2gene in PK pre-treated leaves while
after pathogen challenge, a significant repressiofP®2 gene was obtained 24 hpi after
downy mildew infection and 24 or 48 hpi after powdery mildew attackanly a significant
over-expression was obtained 72 hours after powdery mildew infect®oregard chitinase
genes PR3 and PR we obtained a significant accumulation RIR3 gene was in defence
response against downy mildew while it's significantly repressedpawdery mildew



The correlation ob1-3 glucanaseRR2 and
chitinase PR3 andPR8 activities with pathogen resistance has been well repartddoth
are thought to support defence against downy and powdery mig@wGhitinase genes are
constitutively expressed in resistant plant whetek8 glucanaseRR32, probably the most
important pathogenesis-related (PR) proteins related to resistadoany mildew 24), was
exclusively expressed after fungal challeng8).(The stimulation of grapevine defences by
PK, seems to be more related to the modulation of chitinase geR&safdPR8 than to
glucanase gen®R2.

Polygalacturonase inhibitor proteinrBGIP) inhibit fungal endopolygalacturonases leading to
the production of longer degradation products which acts as elicR@#? was only
significantly over expressed in response to downy mildew ategk (

This modulation of the expression of these genes coding for PR pre¢éeins to explain, to
her only, the grapevine protections obtained because we abtither a higher or earlier
over expression in downy mildew infection than in powdery mildew’s. MordfRerotein
genes were over-expressed more the grapevine will be motedgainst pathogen attack
(Figure 3).

The PR1 family has been associated with activity against oomycaetesPR10 transcript
accumulation was observed after fungal challenge. In our studypbserved transcript
accumulation of PR10 in leaves Rpgrimed with fungal challenge as well in oomycete
defence response as in this of ascomycete.

As regardPR1 gene, we found only a significant induction after pathogen challenges in
susceptible cultivar Cabernet Sauvignon stimulated by PKagreement with describe
previously @7 et 28) which foundPR-1induced, or not, in infected-leaves of susceptible
cultivars.

The systemic acquired resistance induced by pathogen attacgtthioisignaling pathway
salycilic acid (SA) dependen29) (SAR with PR1L PR10and PR32, while the induction of
acquired resistance involves the jasmonic acid and ethylene (AiBialing pathway
dependent (ISR witPR3 PR4or PR8 and we obtained both the modulationRi®1, PR1Q
PR3andPRS8in the treated and inoculated leaves suggesting a cumulative effihe ISR
PKz-induced and SAR induced by pathogens. SA and JA/ET signaling pathpay an
important role in mode of action of Rk Vitis viniferain agreement with the dual mode of
action of phosphonate derivatives (direct and indirect). Its direct aatjamst pathogens
leads to the pathogen degradation, releasing PAMPs (Pathogema@ssMolecular patterns)
recognized by thelant basal immune system. Secondly, by its indirect effect,i®&ble to
stimulate the systemic acquired resistance by SA and JAgBalisg pathways. It's the first
work which is able to specify more clearly the mode of actioeliagor of a fertilizer in
grapevine defense stimulation.



Our results are in accordance with Nemestothy and Gl@st (

Amongst the genes coding for enzymes involved in the biosynthetiowags of
phenylpropanoids, only theHI was strongly and significantly over-expressed in response to
the defense of an attack of downy mildew wi8€SandLDOX were in response defense in
that of the powdery mildew.

Stilbens, and particulary pterostilene and viniferins, are stronglijcated in the resistance
of grapevine to downy and powdery mildeB0{32. These compounds are typically
produced in leaves and berries of grapevines, in response to stressésinclude fungal
infection, UV irradiation and induction by chemica®s)

Piceid and resveratrol were quantitatively the major stilbenes produceghevine leaves. In
stress response, the piceid, the glycosylated form of resveratroljtwtenst pool of
resveratrol. In our experimental procedure, we obtained a sigriiicaumulation of piceide
and resveratrol in response of downy and powdery mildew attack imcgbsé Pk pre-
treatment.

Alonso-Villarde et al (34) obtained equally piceid and resveratrol accumulation only with
pathogen inoculation and thought that they are not good resistance m@kerssults were

in accordance to Pezet al (35) because the response of the pathogen inoculation leads to a
rapid stilbene synthase induction and an important resveratrol synthasitained after
infection. Romero-Perezt al (36) have shown that the concentration of resveratrol and piceid
in grape berry skins of susceptible cultivard/owiniferaincreased with the level of infection

in the vineyards and thus demonstrated that the only accumulation ottmegeunds is not

able to interrupt the pathogen growth.

Analysis of the expression @TS a key enzyme in the biosynthetic pathway of stilbene,
showed a significant over-expression 48 hours after an attack ofeppwuldew in the
leaves pretreated with BKout there was an overall accumulation of metabolites of this
pathway at 24 hours after the initial infection of powdery mildew.

This early accumulation of metabolites can be explained bgvanexpression of th8TS
gene very early in the first hours, prior to the first sampling, ntgcted. We did not find
significant over-expression &fAL, the first key enzyme in the phenylpropanoid biosynthetic
pathway as it is commonly described because it occurrititgna8 to 12 hours after infection
(37). This phenomenon could explain the accumulation of secondary mtsti} hours
before theSTS over-expression. Despite the concept that phytoalexins aireediefrom
distant precursors througtle novosynthesis, previous studie88{ have suggested that
preformed glycosides may represent a precursor pool for paytoddiosynthesis. A rapide
novo synthesis ofb glucosidase (by induction of its expression), faciliting a rehegpsif
prestored intermediates for the biosynthesis of phytoalexins.

Pterostilbene, the methylated form of resveratrol, is as texigraferin againstP. viticola
was only identified in the samples in response to downy mildewtiafe The present results
showed that PKtreatment induced significant accumulation of pterostilbene in grape
leaves (4.6 pg § of dried leaves), as well as an inoculation witiviticola (4.05 pg g of
dried leaves) No significant accumulation of pterostilbene was observed atierdgry
mildew infection. And the downy mildew inoculation in Pgre-treated leaves induced the
accumulation of pterostilbene 2 times higher than in untreated and imsocolatreated and
no inoculated leaves (8.6 ug @f dried leaves). There is a cumulative effect of Ratment
and downy mildew inoculation on pterostilbene accumulation.



It could be important to note that viniferins were never identifiedhen t
samples in defense response to downy or powdery mildew infections.

Data, expressed per dried weight, seem to be in contradictiortheitiiypothesis that piceid
and resveratrol are strongly implicated in the resistance pegirze to powdery and downy
mildews, because we observed that its accumulations occurrepatfiegen challenge with
or without Pk treatment.

Moreover, pterostilbene alone was found in high concentrations mtrieted leaves 72
hours afterP. vitcola infection, suggesting an important role of this compound in growth
inhibition of this pathogen. Similarly, Slaughtet al (38) pointed to the involvement of
pterostilbene in resistance against downy mildew after beiachotyric induction. Our
results showed a strong correlation between the accumulation of tipemnes and the
grapevine protection.

Many metabolites can be stored in the plant as conjugaeBvie and can be activated by the
hydrolysis of glucosidic bridges after alteration of the celmib@ne. Naoumkina in 2007
(39) found that the defense response induced by methyl jasmonktedicago truncatula
results from the induction afe novosynthesis of glucosidases, thus facilitating the re-release
of stored pre-intermediate for the biosynthesis of defense compodrds. early
accumulation of metabolites before the peak of expressioerasginvolved in metabolism
could be explained by their quick retrieval from inactive conjugates.

The PR proteins act in conjunction with flavonoids and stilbenexttiron the pathogen
(40). It would be interesting to search for and quantify other compoundstifi®mecondary
metabolism (flavonoids) as we have observed changes in thesspref genes coding for
enzymes in their biosynthetic pathwa&Hl, CHS LDOX, ANR .



























Relative gene expression in infected leaves with different eolaitPlasmopara
viticola (Pv) and Erysiphe necatofEn), without (A) or with Pk pre-treatment (B). Each
column represents the time point after pathogen inoculation (24, 48 or)7ankdpeach line
corresponds to one gene represented by a single row of boxes. Thescaleuwars represent
the ratio values corresponding to the mean of two independent experi@entss with a
higher expression level appear in red with a colour gradient, while thitls lower intensity
appear in blue (in white no change in gene expression comparecp@ectree control
uninoculated and without treatment at each time and at each fol@).sta Fig. 3B, the
columns corresponding to RKreatment alone represent the mean of the relative gene
expression of the different foliar stages of the two independent experiments.

Figure 3: Means of relative expression of defense-related genes dureegdhys in PKpre-
treated leaves after inoculation in comparison with controls untreatechamaoculated.
Values which are significantly induced at the threshold of 0.05% were boldinade Data
corresponded at the mean of 4 independent experimeris fi@catorandP. viticola

Figure 4. Correlation between the mean of relative gene expressions ams patection
triggered by PK against downy and powdery mildew.

Figure 5: HPLC quantification of polyphenols content VAtis vinifera (L.) cv Cabernet
Sauvignon leaves in response to ;Pieatment with or without pathogen inoculations.
Grapevine leaves were pre-treated 24 hours before downy and pawitkew inoculations

with 3.18 mM of PK. Results represent the means (+ standard deviations) of four
experiments. Stars represent the values significantly differ@mt ¢ontrols at the threshold of
0.05 %.

Figure 6: HPLC quantification of threaransstilbenes inVitis vinifera (L.) cv Cabernet
Sauvignon leaves in response to,Pikeatment with or withouP. viticola inoculations.
Grapevine leaves were pre-treated 24 hours before downy and pawittlew inoculations
with 3.18 mM of Pk. (A) trans-piceid. (B) transresveratrol andC) pterostilbene. Results
represent the means (+ standard deviations) of four experimentsrepia@asent the values

significantly different from controls at the threshold of 0.05 M ( ) contrE; PK)
treatment; ! Pwinfected leaves; M Pw-infected leaves and BKreatment.
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La méthode "BioMolChem" utilisée
dans cette étude a permis d’étudier plus finement le comportemdatuigne, face a une
attaque de mildiou et d'oidium, dans ses réponses apres unei@ticigit montre que la
plante module son métabolisme en fonction du produit utilisé, mdsnégiat en fonction de
la diversité phénotypique et génétique des agents pathogenes rencontrés.

Cette méthode devra étre testée en conditions naturelles au vigfiobietre validée
pour appréhendere$ limites de l'usage des SDPs au vignoble, lors de I'élaboration de
stratégies de lutte alternatives ou complémentaires aux fongi€idesavail fait I'objet de la
deuxiéme partie de ma thése.
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Sur grappes, plus de 66% de sévérité de la maladie sont
atteints en juillet sur les parcelles témoins.

Par contraste avec 'année 2009, quelques grappes sont présentiesdie I saison
présentant un niveau d’attaque inférieur a 55 %mdmdie.

En 2011, I'épidémie démarre de maniére similaire a celle de I'a2o@e (18 juin),
mais elle progresse doucement au cours de la saison sans pHaseesyour atteindre fin
aolt a 68 % de sevérité sur les feuilles. Sur grappes, 40 % deésdeémitaladie est atteint
fin juillet. En 2011, une deuxiéme inoculation artificielle a été réalefin d’augmenter la
pression parasitaire restée trop faible a cause des condiilasiques tres défavorables au
mildiou.

Au cours des trois années d'&jnentation, nous avons obtenus 3 développements
d’épidémies trés différents avec en 2011 des niveaux d’attagques les pmoim@nces
montrant un effet tres important du millésime.

Le Mancozebe, un fongicide multi-site appliqué en tant que fongoédeéférence,
montre une bonne efficacité tout au long de I'expérience, tant slieseque sur grappes
(Figures 36, 37 et 38). La sévérité d’attaque obtenue dans cetteitthedalde seulement
12,5% en 2009 et 3 % en 2010 et 2011 fin juillet. Seuls 45,5 % et 20 % de feuniltes s
atteintes par la maladie (Figures 36 et 38). Cependant dés I'asrétidements, la maladie
reprend son développement pour atteindre un peu plus de 30 % de sévéeitdlsdin aolt.
Malgré des intensités sur feuilles fortes2011, le niveau d’attagque observé sur grappes a la
récolte est trés faible, seulement 9 % en 2009 et moins de 4 % en 2010 et 2011 (Figure 37).
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qui atteint 100 %
d’attaque sur feuilles a la rseptembre (Figure 44). Suite a ce pseudo-échec de motent
2010, nous avons évalué le niveau de résistance de I'oidium aux DMI pésénparcelle
en fin de saison. La présence d’alléle de résistance daogukafion d’oidium a été détectée
et quantifiée d’aprés la éthode mise au point au laboratoire par Dufetal, 2010 (annexe
16). Nous avons obtenu une fréquence allélique de 31% de la population d’erfdfimde
saison, de l'allele portant la mutation conférant la résistance a ceiftengic

Le fosétyl d’alumnium connu comme anti-oomycete, a néanmoins été évalué sur les
épidémies d'oidium. Son efficacité sur les feuilles est sirgilai celle du fongicide de
référence en 2010 mais il présente une efficacité moindre en 2011 lors pieswon
épidémique plus forte (Figure 44). Sur grappes, la protection appuatéee FOS est
significative, avec respectivement 72 et 38,4 % de dégats syegrap 2010 et 2011 (Figure
45).
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poids récolté par cep (g) 559.4
Nombre grappes par cep 13.1

poids moyen grappes (g) 31.8
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En revanche, en 2011, l'effet du BTH permet
d’obtenir une récolte aussi importante que celle obtenue apr&srent avec le Mancozebe
(perte de récolte de seulement 25,8%). Néanmoins, appliqué a demi-doseltéaast plus
faible (P ! 0.05).

L’'association du BTH et du Mancozébe a delose (BTH-Manco) permet d’obtenir
des rendemenst de récoltes similaires en 2010 et 2011 qu’avec &éipplidu BTH seul a
demidose et l'alternance des deduses (BTH/Manco) permet quant a elle d’obtenir le
méme niveau de production que le fongicide a demi-dose (Tableaux 2122Z€Figure
46). L'alternance BTH/Manco revient a diviser par 2 la dose appligeétongicide par
rapport a la modalité Mancozébe demi-dose (Manco/2) administrée hebdomadainedant
modalité associant le BTH et le Mancozébe appliqués a desai-(BTH+Manco). Dans ce
cas, il semble que l'alternance des deux produits a-des#@ soit plus intéressante que le
mélange, mais cela reste a confirmer. L'association du BTH et aguicddabe appliqués a
demi-dose provoque une perte de récmltens importante en 2011 (21,5%) qu’en 2010 (71,4
%) alors que l'alternance des produits a ddoges conduit a un rendement stable et induit
une perte de récolte respectivement de 32,9 et 25,4 %.

Les essais réalisés aves le FOS permettent d’obtenieddsments de récoltes proche
du Mancozebe en 2011 (90 %) (Tableau 22). En revanche, en 2009, une perte considérable de
la récolte est observée quasi-totale, similaire & cebergbe sur les parcelles témoins. Une
diminution significative de la production de raisin est observgédes ceps traités avec le
FOS a demdose en 2011, dose partiellement efficace pour limiter I'épidémimildigou.
L’association ou l'alternance des deduses de FOS et de BTH (BTH+FOS ou BTH/FOS)
protégent les raisins de facon similaire a celle observés aprtement avec le Mancozebe
pleine dose sur la seule année testée (2011), et s’avere présemtet Lsupérieur aux
modalités BTH et FOS seuls appliqués a demi-dose (BTH/Q8t%H (Tableaux 21, 22 et 23
et Figure 4%. En 2011, il a été possible d’obtenir le méme rendement qu’avecdieide en
le remplacant totalement par les deux éliciteurs. Bien qudde fanal d’application soit le
méme qu’'avec le fongicide lors de I'association des dkrses d’éliciteursepviron 2 g/L de
produits appliqués), la résistance induite de la vigne est suffiganir produire la méme
quantité de raisins.



Moyenne
Témoin 15.0 + 8.9 549.6 + 77.0 496.7 = 164.6 + 155.
BTH 396.3 + 107.3 238.1 + 97.5 1480.0 + 296.1 463.8 + 335.
FOS 89.2 * 66.1 1706.7 + 209.6 1794.2 + 262.9 773.1 = 516
Mancozébe 1737.1 + 565.5 2860.4 + 298.0 1994.2 + 484.4 1491.0
BTH/2 692.1 + 155.8 1227.9 + 1455
Manco/2 2148.3 + 2239 1899.6 *
BTH+Manco 817.5 + 158.2 1565.8 *
BTH/Manco 1920.0 + 290.9 1488.3 *
FOS/2 1298.3 *
BTH+FOS 1716.7 %
BTH/FOS 1852.1 *
B14J 1535.0 *
M14J 1987.1 *

Moyenne

Témoin
BTH

FOS
Mancozebe
BTH/2
Manco/2
BTH+Manco
BTH/Manco
FOS/2
BTH+FOS
BTH/FOS
B14J

M14J

+ + + + + + + I+
+ + + + + + + I+

+ + 4+ H+MH+ + +H+ H+ H+ + + I+

Témoin

BTH

BTH/2

FOS
BTH+Manco
FOS/2
BTH/Manco
B14J
Mancozéebe/2
BTH+FOS
BTH/FOS
M14J
Mancozebe

+ + + + +




2010 2011

Témoin 31.78 23.38

BTH 6.49 22.93
FOS 55.66 36.94
Tébuconazole 100.00 100.00
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Figure 50: Profil HPLC utilisant une détection fluométrigdain extrait de trois denfeuilles
de vigne prélevées au vignobk)(ou d’un mélange de picéide, resvératrol et ptérostilbene de
référenceB).
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En déterminant des courbes doses-réponses pour chaque SDP en conditions contrélées
(cf. Partie 1), nous avons pu choisir une dose minimale de BTH efficaggliguer au champ
trés supérieure a celle utilisée par nos collégues (60 myfe). point, que Perrazolli, dés la
présentation de nos résultats préliminaires en 2007 a I'lCPRrdeal utilisé cette dose de 2
g/L (Perrazolliet al, 2008). Etant donné que les expérimentations au vignoble conduisent a
des efficacités bien inférieures a celles obtenues au laboratoire, nouslavignde traiter les
blocs expérimentaux a une dose supérieure a la concentration raimimaitrice (CMI) de
1,5 g/L soit une dose de 2g/L.

La transposition de la méthode « BioMolChem », mise au pointbaua@ire, sur des
essais en conditions naturelles a permis d’étudier plus finenserégenses de la feuille de
vigne face au mildiou et a l'oidium, apres différents types de strool Les cinétiques
d’expression de géenes parRJ-PCR et I'analyse des polyphénols impliqués dans les
défenses de la vigne ont permis de corréler certains facteuespaiaction contre le mildiou
in natura.Certaines sur-expressions ou accumulation de produits commedstifiiéne sont
corrélées avec un niveau de protection induite par le traitemerntewdlicLes analyses
moléculaires et biochimiques des échantillons prélevés en 2010 et 20Jifadsspensables
pour mieux comprendre le comportement de la plante. tet @fapparait que I'utilisation
des SDPs au vignoble se doit de prendre en compte les conditions emaeotales
fluctuantes. Leur intégration dans des stratégies restent a déxelep devront s’établir sur
la base de modeéles de prises de décision, faisant intervenindiesteurs fiables (risques
épidémiques, pluviométrie, phénologie de la vigne).

L’outil "BioMolChem" mis au pointin vitro s’avere d’'intéréin natura.Ces premieres
études au vignoble révelent grande une complexité des mécanismes reeuvre dans
I'acquisition d’'un état de défense nécessaire et suffisant. Au coues deis années, malgré
un protocole expérimental assez rigide en termes de traiter(fertiss doses, cadences
régulieres), de pression parasitaire (inoculation artificielle et fanegsion parasitaire), les
résultats obtenus sont tres variables.Ces essais montrent égatpraehefficacité d’'un
éliciteur est fortement dépendante de la dose appliquée, des ammhdiimatiques plus ou
moins favorables au développement de la maladie et de I'étsibfdigique de la plante. Pour
une méme dose de BTH appliquée (2 g/L), son effet est limité enfad0% une forte
épidémie de mildiou et des conditions climatiques favorables a son développeasdminne
en 2011 face a une année moins favorable au mildiou et des conditionsqamares
séches, ou délétere en 2010 face a une incidence moyenne et des codhtiatigues
particuliéres avec des séquences tres arides. De plus, es depérimentations, nous avons
également mis en évidence une sélectivité des produits en tefafBsacité: le BTH
protege mal les feuilles alors qu'il procure une protection sigtifieades grappest eles
résultats inverses ont été observés avec le FOS qui protége mieux les fridglles grappes.
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Conce ntrations

" Fréquence

Modalités , o Matiere
d'applications Produit

active
| NOL | Témoinsmontrates | | | |
Bion 50 WG (BTH)
Aliette (Fosétyl-Aluminium)  7jours | 25g/l 3,485
_ Dithane (Mancozébe) 2,19/ 2,89/

NO3-| NO2-| NO1- N 02- N 03 -
Rep2 Rep2 Repl Repl Rep 1
B 4§ 4 4
N 02- NO3-] NO1-| NO2-| NO1- N 03-
Rep4 Rep4 Rep4 Rep3 Rep3 Rep3







Conce ntrations

. Fréquence

Modalités , - Matiére
d'applicationg Produit

active
| N0l | Témoinsnontraitts | | | |
Bion 50 WG (BTH)
Aliette (FosétyI-AIuminium 2,59/ 3,125
| | Dithane (Mancozébe) 219/l 284
Bion 50 WG (BTH)
Dithane (Mancozébe) 105gL  14d

Bion 50 WG (BTH) alternance 7Jour
Dithane (Mancozebe
( ) 7 jours 1,05¢g/L 1,4 g/
alternance

(Ngorem N 06- | N 08- N O01- | NO6- N 08-
Rep2 BRRE AN BN {E] 07 Repl | Repl Repl
N 03- NO1- | NO2- | NO5- NNz = NFOS5=4 N 02- N 03-
Rep2 Rep2 | Rep2 | Rep2 Repl | EEouE BEEE Repl
N 06- N O08- | NO5- NO3-| NO8 | NO5-
Rep4 Rep4 | Rep4 Rep3 | Rep3 | Rep3
NO01- | NO2- N 03- NO06- | NO1- N 02-
Rep4 Rep4 Rep4 Rep3 Rep3 Rep3







. Concentrations
Frequence

d'applicationg

NOL | Témoinsnontraites | |

Modalités

N 02 Bion 50 WG (BTH)
N 03 Aliette (Fosétyl-Aluminiu
Corail (Tébuconazole)

N 03- N 02- N 04- N 01-
Rep2 Rep2 Repl Rep 1
B B N 42 e

N 04- N 01- N 03- N 02-
Rep2 Rep2 Repl Repl
N 02- N 03- N 01-
Rep4 Rep3 Rep3
N 01- N 02-
Rep4 Rep3







gday gday pday | pdey
40N -€ON -ON | -90N

S
—
S g
=Z

pdey | vdey
-GON | -20N

aoueuId)e
(@gazooueyy) aue
aoueUId) R
(H19) 9M 05 uoig

1
(90}
Lo S
O o
=Z

Pyt Ybs0T | sinol, | (gozoouem)ouend | SON |
bz Wbt _ [onol, | (u@omosuom | SON |

/682 BT E (egazoouepy) aue

sinol 2

(HL9) 9 05 uolg

[ [ [ sownuousupuar

aANoe
Hnpold a1 suoneoidde,p

S3all[epPoiN
SuoITe)uaduU0D aouanbai4







, Concentrations
Frequence

Modalites d‘applications

active
| No1 | Témoinsnontraites | | | |
|| Corail (Tébuconazole) | 7jours|  01g/ll _ 04md

N O1- N 02- N 03-
Repl Repl Repl
I N4
N 03- N O1- N 02-
Rep2 Rep2 Rep2
I 4N 444
N 02- (NNOXE N O1-
Rep3 Rep3 Rep3
B $4 B4 B
N O1- N 03- N 02- N 04-
Rep4 Rep4 Rep4 Rep4













Représentation schématique des voies metaboliques suivisraveau
moléculaire






ulowsa 1 V- 1A1L3S0Od H1ld 9(09Z00UeN

100e GZ Nk g00Z NOIp|IW 1eSSa,| ap 1uswalel] ap [BRIW Saluaiayip sap saddelb sap 18 s9||ina}) sap salydelboloyd












uinl €T ne QTOZ NoIp|iw 1esSa,| ap Juawalel) ap samel sajualaylp sap saddelbsap 18 sa||Iina) sep saiydeiboloyd






alqwaidas T ne 0TOZ NOoIp|IW 1essa,| ap Juawallel] ap [epPW sajualayp sep saddelb sap 18 saj|ina) sap salydeiboloyd






100e GZ N TOZ NOIP|IW 1esSa,| ap JusE] ap Salljepow sajualayip sap saddeib sap salydeiboloyd






apioiby SO4 H1g uows |

19(|Inl €T N QTOZ WNIPIO 1eSSa,| 9P JUBWSlIeI] P [BEMW SalualaIp sap saddeib sap 19 sa||Iina) sap salydeiboloyd
























Dufour, M.-C.; Fontaine, S.; Montarry, J.; Corio-Costet, M.-F. Assessment
of fungicide resistance and pathogen diversity in Eryphe necator using
guantitative real-time PCR assaysPest Management Scien¢2011),67: 60-

69






Research Article

O
SCli

Received: 11 May 2010 Revised: 1 July 2010

(wileyonlinelibrary.com) DOI 10.1002/ps.2032

Accepted: 6 Julp201

Published online in Wiley Online Library: 14 October 2010

Assessment of fungicide resistance
and pathogen diversity in Erysiphe necator
using quantitative real-time PCR assays

Marie-Cécile Dufour, 2 Sdverine Fontaine, ® Josselin Montarry ¢

and Marie-France Corio-Costet?”

Abstract

BACKGROUND: Management of grapevine powdery mildew Erysiphe necatorSchw. requires fungicide treatments such as sterol
demethylation inhibitors (DMIs) or mitochondrial inhibit  ors (Qols). Recently, reduction in the ef®cacy of DMIs or Qols was
reported in Europe and the United States. The aim of the prese nt study was to develop real-time gPCR tools to detect and
quantify several CYP51gene variants of E. necator. (i) A versus B groups (G37A) and (ii) sensitive versus resistant to sterol
demethylase inhibitor fungicides (Y136F).

RESULTS: The ef®cacy of the gPCR tools developed was betteritan the CAPS method, with a limit of 2 pg for E necator DNA,
0.06 ng for genetic group A and 1.4 ng for the DMI-resistant al lele. The detection limits of gPCR protocols (LOD) ranged fr om
0.7210 0.85%, and the quanti®cation limits (LOQ) ranged fro m 2.4 to 2.85% for the two alleles G47A and Y136F respectively . The
application of gPCR to ®eld isolates from French vineyards s howed the presence of DMI-resistant and/or Qol-resistantal lelesin

French pathogen populations, linked to genetic group B.

CONCLUSION: The real-time PCR assay developed in this studyprovides a potentially useful tool for ef®cient quanti®cat
for population structure of E. necator.

different alleles of interest for fungicide monitoring and
°c 2010 Society of Chemical Industry

ion of

Keywords: biotype; DMI fungicide; powdery mildew; Qol; Q-PCR; reaiste
]

1 INTRODUCTION

Grapevine powdery mildew caused byErysiphe necato6chw.,

lesion! An association between the levels of disease severity at
the end of the growing season and the initial compositions of

an obligate parasite, is one of the most widespread diseases E. necatopopulations in vineyards was previously observef*

of grapevine itis viniferaL.) worldwide. In European and
Australian vineyards, two genetic groups oE necator A and B,
have been distinguished-? The distribution and epidemiological
signi®cance of the two groups are unknowA*” Based on the
overwintering modes, groups A and B may be responsible forgh
primary inoculum arising from sexual reproduction and/orgexual
wintering of mycelium in dormant buds®8*1%In spring, at the
beginning of grapevine growth, symptoms may appear in "ag
shoot form (asexual) or be caused by ascospore projectioexsial)
in sparse plots. The different symptoms have been reporteditiy
variable spatial and temporal distribution between the bening
and the end of the growing season, and also depend on the
geographical position of the vineyard»19*14Indeed, “ag shoot
symptoms were more frequent in Mediterranean vineyards® As
regards ag shoot symptoms at the beginning of the growing
season, group Awas in the majority, but group B populationseve
also found alone or mixed in with group A>1413 A comparison
of life history traits determining aggressiveness betweethe two

and damage was found to be greater for epidemics initiated by
group B isolatest® Until now, only group B populations have been
found to give rise to sexual reproduction in Franc@!214*16pyt
some studies in Australia and Italy suggest that group A sirs
can also replicate by sexual reproductiof!”

Erysiphe necatothas been submitted to the pressure of
numerous fungicides including sterol biosynthesis inhibirs (SBIs)
and, in particular, the sterol C14-demethylase inhibitorMIs).
The intensive use of DMI fungicides has led to the appearance
of resistance in various countrie!®*21In French vineyards the
DMI-resistant isolates belong mainly to genetic group 222
The DMI resistance has been described as being multigeniaitb
with one major mechanism involving a single mutation in the

® Correspondence to: Marie-France Corio-Costet, INRA, dM& \Bgétale
1065, ISVV, Avenue E Bourlaud, BP 81, 33883 Villenaverd'®ranme. E-
mail: coriocos@bordeaux.inra.fr

genetic groups showed that group A was less aggressive than a INRA, UMR Sahwégatale 1065, ISVV, Villenave d'Ornon, France

group B in terms of the germination ratio and infection ef®eincy,

b AFSSA, Lyon, France

and that group A was more aggressive than group B in terms
of the latency period, lesion diameter and number of spores per ¢ INRA, UR407 Pathologidgdtale, Montfavet, France

|
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14-eburicol demethylase geneQYP519f E. necato?32*Indeed, in
grapevine powdery mildew, the replacement of a phenylalane
residue by tyrosine at position 136 (Y136F) in thHeYP53ene was
associated with a high level of resistance to DM?8 as inBlumeria
graminisSpeer?>2® More recently, resistance to other fungicides
such as mitochondrial cytochrome b inhibitors (Qols) hassal
been detected in the United State¥’ and in Europe (BenceéD,
private communication, 2007).

Quantitative real-time PCR (gPCR) has recently been applie
to the detection and quanti®cation of microorganisms redsnt
to fungicides?’*33 Because it is a very powerful, cultivation-
independent, rapid and sensitive method, it has been used to
detect various organisms in a wide range of research ®efddt is
especially interesting for non-cultivable, complex envdnments,
and for obligate parasites such as fungi or oomycetes. QPC
methods have also been used to quantify Qol-resistant akel
in B. graminis® in Plasmopara viticolaBerl. & De Torif*38
and E.necatof’ resulting in a single point mutation in the

Table 1. Characteristics oErysiphe necatasolates used in this study

mitochondrial cytochrome b, leading to the replacement of a yjth a 16:8 h light : dark photoperiod. Fungal material growing
glycine by an alanine at codon 143 (G143A). Recently, rapidon the leaf surfaces was scraped into Eppendorf tubes, driedd

guanti®cation of DMI resistance ifB. graminispopulations has
been developed®?

Nowadays, the tools developed to detect genetic groups or
fungicide resistance irE. necatoare PCR tools based on detection
of point mutations in a speci®c gene such a€YP51coding
for eburicol-C14-demethylase in sterol biosynthesi8, ™ -tubulin
gene®3andtransposonsi®and on the polymorphism of unknown

stored atj 20*C.

Sampling was conducted in French vineyards from May to the
beginning of October, withN D 52 in 2008 andN D 59 in 2009, in
six grapevine production regions. Totals of 689 and 720 grapine
lesions were collected over the 2 years. For each sample, 16+
lesions from leaves (6 mm diameter) were collected and poale
as a sample for each locality. The mycelium &f necatoon grape

sequences such as microsatellites (SSR), RAPD, RFLP and Algkhies was scraped from 15 bunches, pooled in Eppendorf tab

markers?'2'9'10'12'14*41'42

In spite of the numerous studies carried out or. necatorthe
detection and quanti®cation of populations resistant to fogicides,
as well as the role of the two genetic groups in the development
of resistance in pathogen populations, remained unclear.sA
E. necatoris an obligate pathogen, knowledge about how its
population evolves in the vineyard is dif®cult to acquire l@use
each symptom must be analysed individually with the PCR taol
that currently exist. It is therefore dif®cult to obtain poplation
data on a large scale. If a tool were available to evaluate the
distribution and frequency of DMI-resistant populationsicgenetic
groups quickly and globally, a better understanding oE. necator
evolution under different selection pressures might be gained.

The aim of the present study was to develop a DNA diagnostic
tool based on real-time allele-speci®c PCR using the "uocesit

and stored atj 20*C.

2.2 DNAisolation

Total DNA isolated from frozen tissue samples or directlyofn
lesions (infected leaf discs) collected in the vineyards tout
subculture was extracted with chloroformC isoamyl alcohol,
followed by isopropanol precipitation as previously desired 3
After mixing with an equal volume of isopropanol, the DNA
pellet was incubated for 2h atj 20*C, then precipitated by
centrifugation for 10 min at 4°C and 12 00CE g. After washing
with 70% (v/v) ethanol, the DNA pellet was dried and dissolved
in water. The DNA concentration was measured by absorbande a
260 and 280 nm (Genequant Pro; Amersham Bioscience, France).
DNA extracts were stored a 20*C.

dye SYBR-Green: (i) to identify and quantify the presence of allele-

speci®c mutation linked to a high level of resistance to DMI
fungicide; (i) to identify and quantify both genetic groups A and
B; (iii) to obtain data about the distribution of genetic graips and
fungicide resistance oE. necatoin French vineyards. A rapid test
would allow more accurate assessment of resistance and epidic
risk with a view to optimising integrated pest management.

2 MATERIALS AND METHODS

2.1 Erysiphe necatormaterial and sampling

Powdery mildew isolates | D 11) used to develop the
gPCR method came from a laboratory collection (Table 1).
Monoconidial isolates were inoculated under sterile contibns
on decontaminated grape leaves (cv. Cabernet SauvignonRetri
dishes, as described in a previous articte.eaves were placed at
the bottom of a Plexiglas settling tower, and conidia were lolwn

in at the top from sporulating leaves (1000+ 1500 conidia ¢

of leaf). Inoculated leaves were incubated for 12+ 14 days22*C

|
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2.3 CAPS method

A single nucleotide polymorphism (SNP) created a recognition site
of restriction endonucleaseAcclthat allowed the characterisation

of A or B isolates by cleaved ampli®ed polymorphic sequence
(CAPS) analysis according to the semi-quantitative method
previously described®’ Polymerase chain reactions (PCRs) were
performed in a 1685nL volume containing 15nL of the stock
genomic DNA solution diluted 1/3, 15nL of 1CE PCR buffer
(Eurogentec, France), 1.5mMgCb, 0.5 mv of each dNTP, 2 mm

of each primer (EN-TUB) (Table 2) and 0.25 U of Taq Silve Sk
polymerase (Eurogentec). The PCR programme was performed
as follows: a ®rst denaturation step of 3 min at 9&, followed
by 38 cycles of 40s at 95C, 555 at 58C, 55s at 72C and a
®nal elongation step of 5 min at 72C. Cleaving reactions were
performed in a 10mL volume with 2nL of PCR product, Il of
10£ buffer No. 4 (BioLabs) and 1.5 U dfcclenzyme (BioLabs)
at 37*C for 1.5 h. Restriction fragments were visualised on 2%
agarose after staining with ethidium bromide.
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Table 2. Primer sequences used in this study

2.4 Primers

primer Ty, for 1 min (56*C for genotype primers gEN and qEN37A,

Primers for the referenceErysiphe necatoEN) and speci®c 58*C for DMI primers qEN136 or 6T for Qol primers) with a ®nal
alleles (for genetic group G37A, and Y136F for DMI resis-€xtension at 72°C for 20s. Increase in the “Uorescent emission
tance) for real-time PCR were designed with Primer 3 softwear Signal from SYBR Green was recorded at the end of the elonguti

(http://frodo.wi.mit.edu) to be used at the same hybridisiontem-  phase at 72°C for each cycle without signal normalisation. The
perature and MgCj concentration. Primer pairs were designed in absence of unwanted products was con®rmed by automated

order to detect and quantify different speci®c alleles (Thb2).
They produced allele-speci®c fragments free of primer dimseor
non-speci®c product contaminants. Two sets of primers casted
of those that were designed to amplifyE. necatoin CYP53ene:

melting curve analysis with a temperature increase of 0°E.

2.6 PCR ef®ciency
To ensure correct normalisation in real-time PCR, ampli®cation

gENBST7A for allele speci®c to genetic group A, and gEN136R fokfeciencies should be similar. Each PCR system was testet wi

allele speci®c to DMl resistance (Table 2). To quantify @istant

E. necatoDNA samples (20 ngrli 1), which were serially diluted in

allele (G143A), gEN 143S and qEN 143R, two primers previousl : 10 ratios with distilled water. Ampli®cation ef@ciensishould

described by Baudoinetal.?” were used. To de®ne the optimal
annealing temperature and to test the speci®city of the primers,

PCR gradients were performed in an Eppendorf thermocycler.

DNA samples (100£200 ng) were ampli®ed. Twenty-®ve miteoli
PCRs containing @ mm of primers, 1 nm of MgCh, 0.3 mv of each

be determined from the slope of the log-linear portion of the
calibration curve. Speci®cally, PCR ef®ciefcy 10 1=slope ; 1,
when the logarithm of the initial template concentration ofknown
DNA amounts (the independent variable) is plotted on the-axis
and G, (the dependent variable) measured by the iCycleriQ

dNTP and 0.5 U aTaddNA polymerase (Eurogentec, France) were software (Bio-RAD, Hercules, CA) is plotted on thexis.

carried out. PCRs were performed using the following ampt@
tion parameters: initial preheating at 95C for 15 min, followed by
40 cycles of denaturation at 95C for 10 s, annealing at variable
temperatures (from 55 to 65C) for 20 s, extension at 72C for
20's and a ®nal extension at 7Z for 10 min. The speci®city was
analysed in a 2% agarose gel in Tris borate EDTA buffer (@)and
by direct sequencing of ampli®ed PCR products (data not shoyw
They produced allele-speci®c fragments free of primer dimseor
non-speci®c product contaminants. All primers were testealt
on pure isolates that were either 100% genetic group A or 100%
group B for the development of g-PCR for the genetic group, ah
onisolates that were either 100% sensitive or DMI resistéiot the
development of g-PCR for DMI resistance.

2.5 Real-time PCR protocol

Real-time gPCR reactions were assembled in arfi4 reaction

volume containing 7rL of Absoluté® QPCR SYBRGreen mix

containing thermo-star® DNA polymerase and buffer (Abgene,
France), 5. of DNA templates and Il of each primer (10

2.7 Real-time quantitative PCR optimisation

Standard calibration curves were constructed with a rangefo
allele-speci®c frequencies (from 0.36 to 100% of B versusAetic
group, or sensitive versus DMI resistant) using the speciBhAs
for the respective alleles. The experiment was performed Brtes
and conducted on the three different SNPs. The speci®c alelas
expressedastherelative quantity inrelationto an allel@enmonto
two genetic groups (EN foErysiphe necatdrwhich was used as an
internal calibrator. The difference between the two PCR retions
(1 &) was used to calculate the allele frequency according to the
direct correlation betweenl Gy (1 Gy D G allele specied  Cq En) @nd
the decimal logarithm of allele-speci®c frequency. The ladgthm
of the known allele frequency was plotted as a function of the
1 G, measured between the two PCR reactions, and a trend line
was estimated. To test the linearity of SNP allele quanti@ica,

1 G, values were used for linear regression analysis. In parhlée
validation method based on determination of the limit of deection
(LOD) and the limit of quanti®cation (LOQ) was used in order t

nwm), according to the manufacturer's protocol. Each sample was avoid the occurrence of false positive¥! By assuming the normal

assayed at least in duplicate. PCR reactions were performed

distribution of measuredl G, values, LOD and LOQwere calculated

real-time thermal iCycler iQ (Bio-RAD, Hercules, CA). Three-stefsom the residual standard deviation of the linear regressin data

PCR ampli®cation was carried out using SYBRreen “uorescent
dye detection under the following conditions: initial preteating at
95*C for 15 min, followed by 40 cycles at 95C for 30 s and at the

accordingto LODD 3£ (Sy=b)and LOQD 10£ (Sy=b), whereS,y
is the residual standard deviation andb is the slope of the linear
regression equation.
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In a second assay, the same concentrations Bf necatoDNA  and they were derived from the slope of the standard curves
(10 ngnii Y) were serially diluted (1:1,1:10,1:301:1F)inVitis  (Fig. 1). TheZ, (quanti®cation cycle) values ranged from 19 to 32
viniferaDNA (60 ngnLi 1) to investigate any possible in"uence of  for referenceE. necatoprimers (EN) (Fig. 1A), from 21 to 30 for
host DNA onampli®cation of pathogenic DNA. The experimentwas genetic group A allele-speci®c primers (37A) (Fig. 1B) anoni
performed twice. Foliar discs contaminated with each genotype 23 to 38 for DMI-resistant allele-speci®c primers (136Ry.(EC).
(i.e. Aor B) were used to test arange of mixes, e.g. threedoldliscs  Values over 32, 30 and 38, respectively, for EN, 37A and 13@&Rew
of A genotype and seven foliar discs of B genotype, giving 3086  considered as negative (false positive). Thig values corresponded
genotype A inthe mixed sample. DNAs were isolated as previously to a detection limit of 2 pg of E. necatoDNA, 0.06 ng of genetic
described. Thel G, values of samples taken as unknownwere then group ADNA and 1.4 ng of DMI-resistant DNA according to sp@ci
used to calculate the allele frequency according to the trahline  calibration curves for DNA samples (Fig. 1).
equation obtained previously. The correlation between knen
and measured allele-speci®c frequencies obtained for eaSNP

was established. 3.2 LOD and LOQ values and validation

Regression coef®cients of calibration curves (Fig. 2) wér883
and 0.986, and residual standard deviation§, were 0.679

3 RESULTS and 0.890 for group A allele-speci®c 37A (Fig.2A) and DMI-
3.1 Establishment of a real-time PCR system for SNP resistant allele-speci®c 136R (Fig. 2B) primer sets retipely.
quanti®cation High correlations were found between allele-speci®c fregncies

PCR ef®ciencies were similar for the EN reference, 37A angR13 and 1 G, values. The absolute LOD values calculated from residual

speci®c allele PCR assays, at 1.23, 1.22 and 0.99 resphgtivestandard deviations of the linear regression data of 37A arkB6R
alleles were 0.72 and 0.85% respectively, and the LOQ valwese
2.40 and 2.85% for 37A and 136R alleles respectively. In &ddi

A 357 the LOD and LOQ values of Qols for the 143R allele were 1.04 and
331 e 3.49% respectively (data not shown).

Y= A n090 s 28425 The frequencies measured on pooled DNA samples were also

compared with “known' frequencies and were well correlated

for group A and DMI-resistant speci®c alleles, wi D 0:967

and 0.990 respectively (data not shown). Finally, allele frequencies

fromthe pooled samples were determined by gPCR and compared

with those obtained by the CAPS method. On agarose gel, the

Cq (Quantification cycle)

2 1 0 1 2 3 4 1
log quantity of DNA (ng)

y = -2.8965x + 30.393
R?=0.987 ] v e

Cq (Quantification cycle)
nN
w

0.00 OA‘ISO l.E)O 1.:50 2.60 2.I50 3.00 3.50
log quantity of DNA (ng)

@]
N
o

y =-3.0731x + 29.785
R?=0.9751

30 A

25 1

Cq (Quantification cycle)

20 A

15

3 2 1 0 1 2 3

log quantity of DNA (ng)
Figure 1. PCR ef®ciencies by plotting the quanti®cation cycl&) versus
the amount of log quantity of template DNA (ng) forErysiphe necator
A: ef®ciency foE. necatorspeci®c allele (q-EN); B: ef®ciency for group AFigure 2. Linear relationship between the frequency of genetic group
speci®c allele (g-EN-37A); C: ef®ciency for DMI-resistiele (q-EB-136R). allele gEN-37A (A) or DMI-resistant allele gEN-136 (BEigsiphe necator
PCR ef®ciendy 101 1=slope; 1. and 1 G, values determined with real-time PCR assays.
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M1 2 3 4 5 6 7 8 9 101112 13 T Table 4. Distribution of genetic group A speci®c allele and DMI
resistant allele orysiphe necatan various French vineyard regions in
2009

Figure 3. Cleaved PCR fragments obtained from 13 DNA samples
containing different ratios of genetic groups A and B. Lane Montains
molecular marker (100 bp ladder); lanes 1 and 13: 100% of géiseggroup
A showing a unique fragment of 449 bp; lanes 2 to 10: differematios of
group A (90, 80, 70, 60, 50, 40, 30, 20 and 10%) mixed with grdBpanes
11 and 12: 100% of genetic group B; lane T contains a water canit(no  quanti®ed as genetic group A, but only 6.60% in 2009 (Tables 3
DNA). and 4). Nationwide, for the total sampling carried out in 20®and
2009, a mean of 12.14% of these samples was group A and a mean

of87.89% was group B (Table 5). The frequencies of group Agead

Table 3. - Distribution of genetic group A speci@c allele and DMIr  from 0 to 100%, with variability depending on the samples andn
resistant allele ofE. necatorin various French vineyard regions in

2008

vineyard areas (Tables 3 to 5). In 2008 only the samples frorea
LR2 P< 0:0001) and in 2009 those from area LRER € 0:02) were
signi®cantly different from those of other areas, with 75.13 and
24.08% of group A present (Tables 3 and 4, Fig. 4A). The valtigb
observed in LR areas in 2008 and 2009 is related to the earkse
of the samplings P < 0:0001) and the organ considered. This was
reinforced by the entirety of samples obtained from leavesyhere
a signi®cantly higher frequency of group A (17.35%,D 0:028)
than that collected on grape berries (5.47%) was found (Ta®).
With regard to the samples from Mediterranean vineyards in
2008 and 2009, such as the Languedoc-Roussillon (LR1, LR&) a
PACA (PA) regions, it was remarked that these regions extedia
signi®cantly higher frequency of group A than other areasjtivan
average of 37.08%, and only 2.44% in other regiorB € 0:0001)
(Table 5, Fig. 4A).

3.4 Frequency of DMI-resistant allele and Qol-resistantal lele
in the ®eld population of Erysiphe necator
A total of 111 samples collected in 2008 and 2009 were used to
presence of a speci®c band (449 pb) of group A was detected in 3ssess the presence of speci®c allele involved in DMI resistance
mixtures containing from more than 10% to 100%, and converke (Y136F) (Fig. 4B) and in Qol resistance (G143A) (Fig. 42008,
for the group B. The different proportions of the two alleles oyt of 52 samples assessed, only ten showed the presence of
were observed in mixtures but could not be estimated exactly y136F DMI-resistant allele in French vineyards, and thelwas
(Fig. 3). In parallel, these same mixtures considered as moWn  gigni@cantly quanti®ed in seven samples, with a mean percentage
samples were tested with the present JPCR method. The valuds 52 920y (Table 3). Only two samples, from the Burgundy ancdi
frequencies measured were totally correlated with the theetical  pygndes areas, exhibited a high frequency of DMI-resistant adie
values, with a correlation coef®cient of 0.977 (data not sha). 25 07 and 93.85% respectively. In 2009, among 59 sample® th
Comparison of both methods by analysis of ®eld samples, &th  y136F allele was detected in 32 samples, with a mean percegea
of pooled samples (q-PCR) or of an average of 10 individual of 19659 in all areas (Table 4), with a marked presence in the
samples (CAPS), showed no signi®cant differend) 0:925) for Midi-Pyédndes (MP2), where nine samples with more than 50%
percentages of allele above 29% (data not shown). of DMI-resistant allele were found. During the 2 years, theean
percentage of Y136F allele found in different regions incased
3.3 Frequency of group A allele in ®eld populations of from 2.92% in 2008 to reach 19.65% in 2009. Nationwide for the
E. necator 2 years, 11.81% of samples had the DMI-resistantallele, 88dL9%
To assess the importance of genetic group A distributionim@nch  had the sensitive allele at position 136, with unequal distribution
vineyards, 52 and 59 ®eld samples were typed in 2008 and 2009 into various regions (Table 5, Fig. 4B). A signi®cant difference was
this study (Tables 3 and 4). In 2008, 18.37% of ®eld samplesewe found in the regions at a threshold of 5% R D 0:006), but not in

]
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Table 5. Mean distribution of speci®c alleles for DMI resistance, IQesistance and genetic group A oErysiphe necatan French vineyard regions
in 2008+2009

the Mediterranean areaR D 0:143) or in the organs, i.e. leaves or
berries P D 0:245), and no sample belonging to 100% group A
exhibited the DMI-resistant allele.

methods3*14.16.22hyt quantitative tests need many samples with
individual genotype determination. The method developed &re
was initially designed as an alternative to traditional quditative

Allele-speci®c G143A gPCRs were performed as described bgnd qualitative tests, and qPCR analysis of group A and B mibds

Baudoin etal?” and enabled the presence of Qol resistance in
French vineyards to be detected for the ®rsttime in 2008. Grdne
sample from the MP2 area, which is already highly resistantDMI
(93.85%), exhibited Qol-resistant allele (30.99%), lewyio 0.6%
of Qol-resistant allele in 2008 at the nationwide level (T&b3). In
2009, the G143A allele involved in Qol fungicide resistaneeas
detected in 11 samples with a mean of 9.43% (Table 4), all cogi
from the Midi-Pyéndes region (MP2) as in 2008. It was noticed,
as in 2008, that samples exhibiting Qol-resistant allelefuently
showed DMlI-resistant allele (8/11). Overall, nationwiderfthe
2 years, the mean percentage of Qol-resistant allele detedt
reached 5.29% (Table 5, Fig. 4C).

4 DISCUSSION AND CONCLUSION

The primers developed here were able to amplify DNA dE.
necatorand to identify genetic group A and DMI-resistant alleles.
With gPCR assays it is thus possible to detect and quantifyogp
A and DMI-resistant populations under the 10% detection limit of
the CAPS method, with quanti®cation limits of 2.40 and 2.8%bd
detection limits of 0.72 and 0.85% respectively. Severalrgeype
guanti®cations can be speci®ed on the same sample or poplide,

showed a better sensitivity than the CAPS method. The A/B iz
observedinthe 111 ®eld samples were variable, with an avgesof
12.11% of group A and 87.89% of group B (Table 5, Fig. 4A). Thus
in French vineyards, group B is predominant, with its proption
varying according to region, organ (leaves/berries) andntie of
collection.

It was noted that there were important variations in allele
frequencies within a region and between regions. Concerrgrthe
allele of group A, part of the variability is due to the date of
collection and to the organ harvested. Indeed, samples cetited
at the beginning of the season are signi®cantly richer in group
A than in populations collected later P < 0:0001), in particular
in vineyards where group A is present (LR, PACA, RA, MP1}k Thi
is also related to the ecological requirements of genotype ,A
which appears early, at the beginning of the growing seasoff.or
example, in 2008, in the Languedoc-Roussillon-2 area, sdewp
harvested early were signi®cantly different from those fnoother
areas P D 0:0001), with 75.13% in group A. On the other hand, the
samples from the Languedoc-Roussillon-1 area in 2008, eotkd
2 months later, exhibited only 11.06% in group A. Although
the samples did not come from the same plot, as described
in a previous article, group A isolates appear to be prevalen

such as genetic group A or B, DMI resistance and Qol resistancdore at the beginning of the growing season and then tend to

frequencies.

These quantitative methods could be used for dynamic
population studies to measure the genetic group evolution bBE.
necatorthroughout the growing season, and to monitor resistance
to DMl and Qol fungicidesinthe vineyard. Inthe case of an abate
parasite such asE. necatorbeing able to identify and quantify
pooled samples represents a real step forward for monitoign
vineyard populations of the pathogen.

4.1 AJ/Bratios and geographic distribution
For genetic group determination, a qualitative test exists

decrease in the vineyard as the season moves on, to the bene®t
of group B&1113pefore preparing to overwinter in dormant buds

of the grapevine. Globally, group A was prevalent more on leaves
(17.35%) than on grape berries (5.47%) (Table 5), suggestimat
group A isolates are less aggressive on berries than group B
isolates, as reported for other genetic groups of fungus shcas
Botrytis cinere@ers?* This result is in agreement with previous
studies describing group A as less aggressive than grougBi4or
group A as less prevalent in grape berries than group8:12 This
reinforces the hypothesis that the two groups could have different
ecological requirements’, and that the fungicide pressure exerted
on group A was less important than on genetic group B which

for screening ®eld population by nested PCR or CAPSwas present throughout the growing season. In previous studies,

|
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Figure 4. Comprehensive mean distribution of speci®c alleles Bfysiphe
necator genetic group A (A), DMI resistant (B) and Qol resistant (i),
different vineyard regions.

group A seemed to be prevalent more in Mediterranean areasdn

in other areast®13 The qPCR assays here showed that the areas
bordering the Mediterranean Sea exhibit a signi®cantly Higr
frequency of group A (37.08%) than other areas (2.44%, Tab)e
This suggests the possibility of a geographical variation in the
population structure of E. necatobwing to climatic factors and/or
the sensitivity of local cultivars to grapevine powdery nilew.

4.2 Fungicide-resistant allele distribution

Determination of fungicide sensitivity in pathogen populéon
and which genetic group is involved is the ®rst important step in
management of fungicide resistance. The most commonly used
test for determining DMI sensitivity ofE. necatorisolates was a
biologicaltestinvolving mycelium growth inhibition. Ths required
biological tests to be conducted at one or several concenttians
and was very fastidious, in particular with an obligate pasite
such asE. necator After this came the nested PCR method,
used to detect DMI resistance based on Y136F, but it was not
quantitative 3° The present method was therefore designed to be
able to quantify the proportion of a resistant allele in a poplation,
with the possibility of pooling samples. The resistant allele Y136F
exhibited a national average of 11.81%, which strengthenfie&
idea that the DMI resistance of grapevine powdery mildew in
French vineyards is limited. However, the status can be very
contrasted, with some plots showing 100% of DMI-resistantiele
and others 0%. The present authors would therefore suggest
that the variability observed with resistant alleles 136Fa 143A
could essentially be the result of the strength of the epidene, and
genetic variability, as well as the choice of fungicide tréiment and
cultivation practices. Thus, plots where vines are closegether
can present very different frequencies of the speci®c a#sl In
addition, sexual reproduction may also play an important pain
the spread of resistant alleles, depending on the sexual cagity

of the genetic group.

DMI resistance was not strictly monoallelic, and various
studies have shown the polygenic aspect of this fungicide
resistance, involving: (i) mutation of the DMI target enzyen
14®demethylase CYP5332526:4%ii) overexpression of theCYP51
gene?>*50 (jij overexpression of ATP binding cassette (ABC)
transporters coding for ef ux pumps®:°2 (iv) unknown mecha-
nisms conferring weak resistancg!?535However, for an obligate
pathogen such as powdery mildew, the major mutation in po-
sition 136 or its equivalent has been describetf,?>26 even if
other minor mechanisms may coexist®22 The qPCR assay can be
used for detection and quanti®cation of resistant Y136F el in
B. graminis another powdery mildew®2 A method to determine
the development of fungicide resistance in grapevine powdy
mildew populations is a basic step in being able to predict pssi-
ble trends in fungicide resistance on a large scale. The gP&Ray
described in this study is applicable for high-throughput étec-
tion of the resistant Y136F allele in more than 100 populatits.
As cross-resistance is widespread between triadimenolattime-
fon, propiconazole, tebuconazole and cyproconazdigt22in MP2
populations, where the frequency of 136Y increased from T&%
in 2008 to 33.40% in 2009, the authors would suggest that thes
fungicides cannot control the disease everywhere, in particular
in six plots where the resistant allele was present at more &m
90%. In this event, a fungicide with a mode of action other tha
sterol demethylase inhibitor would be required. More alaringly,
in some populations in the Midi-Pyéndes (MP2), resistance was
also found to a Qol fungicide, which acts on cytochrome b, a
mitochondrial respiration target?®® combined with DMI-resistant
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associations; (iv) it can serve to estimate genetic variityi on
a large scale owing to the possibility of working with pooled
samples versus individual symptoms. Moreover, this is thes®
study to offer a wide overview ofE. necatordiversity in French
vineyards more easily than nested PCR or CAPS on individual
samples. From now on, itwill be possible to specify the dishution
of the various genetic groups and to test different hypothess.
Furthermore, early detection of resistant alleles at low fregency,
coupled with risk evaluation, would allow implementation 6
antiresistance strategies in order to prolong the cost eft¢iveness
and lifetimes of fungicides. This g-PCR assay can help wine
growers to manage fungicide treatments and reduce the risk
of appearance of resistance and its spread. Indeed, knowing
allele. This suggests that fungicides may be selecting double resis-which genetic groups are present at the beginning of the seam
tance in E. necatopopulations. This is the ®rst report on double (A and/or B) will allow them to adjust the use of Qol or DMI
fungicide resistance in grapevine powdery mildew and, falving  fungicides. An assessment of the sensitivity of a vineyardop
the development of double resistance in populations of. necator  in year N will mean anticipation for yearN C 1 and the choice
should be of interest for controlling epidemics and the sprad of  of a more appropriate treatment programme. In addition, in
resistant alleles in relation to nuclear or mitochondrialéritability.  France, for example, out of 30 approved chemical compounds,
The different tools reported here would be very bene®cial fo 14 contain a DMI and six contain a Qol fungicide. There is not
E. necatomanagement. It would be interesting to monitor the  much leeway, and proper management of the risk of resistance
evolution of the sensitivity of the Midi-Pyredes-2 plot for sev- becomes essential. The frequencies of the different speci@leles
eral years and to modify the treatment programme, which has could be used to integrate pest management in vineyards and
systematically consisted in four DMI and two Qol treatmeniger  to obtain a better understanding of the role of groups A and
growing season. The monitoring carried out in 2009 corrobates ~ B. This would help in obtaining a more accurate assessment
the double resistance found in 2008, with seven detectiondthe  of exposure to genetic variability in vineyards nationwideand
two resistant alleles (Y136F and G143A). throughout the growing season. In particular, knowledge dfiow
The possibility of combining quanti®cation of resistant keles  long it takes for populations to move from being sensitive to
with the presence of genetic group A or B could throw lightonlhe  becoming resistant with loss of fungicide ef®cacy is impamt
role played by the genetic group in the development of resistance  for well-directed fungicide resistance management programes.
in relation to the biological characteristics of the two graps, The assay could prove useful in the routine monitoring of pés
and could also improve pest management. Indeed, genetic group management in vineyards, which would in turn provide timely
A, which is more prevalent in Mediterranean vineyards, might warning for wine growers.
winter in the dormant buds but without sexual reproduction h
Francet>14*16\Moreover, group A isolates were signi®cantly more
sensitive to the different fungicides than group B isolatesy the ~ ACKNOWLEDGEMENTS
absence of speci®c DMI-resistant allele or Qol-resistant alfefe. The authors are very grateful to Prof. D Bencé{Czech Republic),
Indeed, the present authors have previously shown that the SRAL, FREDON staff and P Cartolaro (France) for providingpzs
sensitivity baseline of monoconidial isolates to DMIs, quaxyfen  fom different localities. They thank especially A Micoudnd
and azoxystrobin was signi®cantly different in the two gete 3 5rosman from Lyon SRAL, for their help in developing this

groups A and B, with differential factors between groups Aa@hB  ,rogramme and INRA and the Regional Council of Aquitaine for
of 15.6, 4.7 and 3.5 for triadimenol, penconazole and tebugazole ®nancial supports.

DMI fungicides. The study carried out on isolates of group A 8

having never been handled with quinoxyfen and Qol fungicide

also showed a difference of a factor 2 between the two groups, REFERENCES
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Abstract The effectiveness of Quinone outside Inhib- viticola population. From 2000 to 2004, the frequen-
itor (Qol) fungicides against grape downy mildew in cies of resistant isolates ranged from 0% to 23.25%
European vineyards has significantly decreased in thewith an average of 4.64 % among the populations
last decade. One nucleotide polymorphism, G143A in examined. To evaluate the fithess of sensitive and
the cytochromeb gene of Plasmopara viticola,is resistant isolates, a comparison of different biological
involved in resistance to Qols. Previous genetic parameters including latent period, spore production
examination on the mitochondrial genomes showedand infection frequency was performed, enabling a
four major haplotypes (IR, IS, lIR, 1IS) coexisting in fitness index (f to be determined. Resistant isolates
European vineyards. A resistant allele (G143A) was exhibited greater infection frequency than sensitive
present in IR and IIR haplotypes. The purpose of the isolates, whereas no significant difference was found
present study was to estimate the diversity of thein sporulation ability and latent period between
different mitochondrial haplotypes and their distribu- sensitive and resistant isolates. To further investigate
tion in Qol-resistant populations before evaluating the competitiveness among isolates, an assay including
potential cost of the resistant mutation G143APin  two resistant isolates in different proportion with a
sensitive isolate was conducted on eight asexual
growing cycles in the absence of a Qol fungicide.
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Introduction haplotype group | (IR and IS) and group Il (IIR and IIS)
reached a frequency of 75% and 25% respectively
Downy mildew caused by the oomycdtasmopara  among populations tested, but their distribution may
viticola is a major grape disease worldwide. The vary (Chen et al2007 Corio-Costet et a2008. For
pathogen is a native species from North America thatinstance, in the Champagne (France) an average of
was reported in Europe in 1878 in Coutras in 10% of haplotype group Il was detected and the
(Bordeaux region) by Planchon (Galéi77). Grape- significance of the two mitochondrial haplotypes is
vine downy mildew P. viticolg) attacks all important unclear (Corio-Costet et aR00§. As regards the
cultivars for vine and table grape production. Depend- resistant allele proportion IR and IIR within a
ing on epidemic pressure and cultural practices, population, the resistant haplotype IR ranged from
production losses of up 100% can occur. For effective 67.7% to 98.3% of resistant alleles depending on the
control of the disease, various fungicides, including location (Chen et aR007 Corio-Costet et al2006.
Quinone outside Inhibitor fungicides (Qols), have The first objective of this work was to estimate the
been widely used. However, strong selection pressureistribution of every haplotype in EuropeBnviticola
following repeated Qol applications can result in the populations.
development of Qol-resistant populations which has Although a biological test (Wong and Wilc@0Q
limited the success of these fungicides in grapes andGenet et al1997 or molecular tools have been used to
other crops (Gisi et aR002 Grasso et al2006. quantify the resistance alleles using real-time g-PCR,
Thus, only a few years after the introduction of Qol ARMS PCR or PCR, (Collina et &005 Grasso et al.
fungicides in 1996 P. viticolaresistant populations 2006 Toffolatti et al.2007 Sirven and Beff2003 or
were detected not only in French vineyards, (Magniento detect resistant haplotypes using the CAPS method,
et al. 2003 but also in the vineyards of other (Corio-Costet et aR006 Baudoin et al2008 Furuya
European countries and the United States (Baudoinet al. 2009 little is known about the fitness of Qol-
et al. 2008 Corio-Costet et al2008 Collina et al. resistant isolates. One study suggested that an artificial
2005 Heaney et al200Q Sierotzki et al2005. P. viticola population containing 5% of resistant
The Qol fungicides inhibit the cytochrome bcl isolates tended to increase Qol sensitivity (Genet et
enzyme complex of the respiration chain in mito- al. 2006. The second objective of our study was to try
chondria (Jordan et él999 Bartlett et al2002. Due to understand how fungicide resistance develops by
to their site-specificity, Qol fungicides have been measuring the fithess d®. viticola iolates, without
reported as being at high risk for encouraging the fungicide pressure. The fitness, or the selective value,
development of resistance in several target pathogensf pathogens (Antonovics and Alexand&89 Pringle
(Grasso et al2009. In most pathogens, two major and Taylor2002 can be defined as the survival and
mutations in the cytochromé gene have been reproductive success of an allele, individual or group,
described (G143A, F129L) as being involved in or as an organism ability to contribute to the
resistance mechanisms. The mutation resulting in thesubsequent gene pool (Vanderplat®82, which is
replacement of glycine by alanine at amino acid measured as a function of its ability to grow, reproduce
codon position 143 (G143A) has been widely and survive through repeated life cycles. It is estimated
recognized (Gisi et ak002 Grasso et al2006). either by measuring components of fithess such as
To understand the mechanism leading to the reproductive ability and pathogenicity, or by assessing
evolution of fungicide resistance in a plant-pathogen the actual population after competing with each other on
system, Chen et al2007 conducted a phylogenetic a susceptible host. Usually, the general ability of
analysis of a large mitochondrial DNA fragment pathogens to accommodate resistance mutations without
including the cytochrome b gene (2.281 bp) across aa harmful loss of fitness is largely unknown, but in early
wide range ofP. viticola isolates. Four major studies the appearance of fungicide resistance was not
haplotypes were detected belonging to two geneticallygenerally accompanied by an immediate fitness cost in
distinct groups (I and Il), in which the resistance allele the absence of fungicides (Ander&i05. The rapidity
carrying the G143A mutation can be present. This of the appearance of Qol resistance and the behaviour of
indicated at least two origins of fungicide resistance in resistant isolates in populations could suggest a good
the grapevine downy mildew population. In France, fitness value of resistant isolates that is assessed here.
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The final objective of the study was to determine water at 4 C. Inoculation was performed by deposit-
whether Qol resistance i viticola was associated ing fifteen 10« | droplets onto the abaxial face of each
with a resistance cost. For this, we performed fitnessleaf. One day later the water droplets were removed
and competitiveness studies to investigate the potenby aspiration with a water pump. The leaves were
tial of dispersal and the preservation Rf viticola incubated in Petri dishes under controlled conditions
isolates resistant to Qol fungicides. In particular, we (22 C) with a 16 h light day (35 m m'? s'%) for
assessed the following: i) the diversity of Qol 7 days. Freshly produced sporangia were harvested
haplotype in European countries: ii) the fitness of to inoculate the test units. Assays were described
sensitive and resistant isolates Bf viticolg by in Chen et al. Z007). Briefly, Cabernet Sauvignon
comparing latent period, sporulation, infection fre- leaf discs with abaxial surface exposed were pre-
quency and competitiveness: and iii) the cost of Qol pared as described above. Excised discs were
resistance in grapevine downy mildew. randomized and placed lower surface exposed on

moist filter paper into Petri dishes, with eight
repetitions for each concentration. Experiments were

Materials and methods also duplicated independently. The Qol tested was
famoxadone (IUPAC name: 3-anilino-5-methyl-5-(4-
Plant material phenoxyphenyl)-1, 3-oxazolidine-2,4-dione) (WG

50%, Dupont de Nemours). Famoxadone was applied
All tests were performed with grapevine leaves of by spraying in water solution at desired concentrations.
Cabernet Sauvignon cultivar. Grapevine plaivisig The solutions were applied using a hand sprayer in order
vinifera cv. Cabernet Sauvignon) were propagated to spray 10 | per cnf. The fungicide test was repeated
from wood cuttings in a greenhouse. All tests were at least twice with a range of eight or ten concen-
performed with grapevine leaves of 2-month-old trations adapted to the response of each isolate in order
plants (ten to 12 leaves) for experimentation on foliar to obtain a dose-response curve. After using a

discs. discriminatory dose of 10 mg! according to the
sensitivity of each isolate, ranges of concentrations for
P. viticolasampling and collection resistant isolates (0, 50, 100, 200, 500, 800, 1,000,

mg ') or for sensitive isolates (0, 0.02, 0.05, 0.08,
A total of 1,366 downy mildew lesions o¥itis 0.1, 0.15, 0.2, 0.5, 1, 2 mgYl were prepared to
vinifera were collected between 2003 and 2004 or determine the Ef of isolates. After drying surfaces,
were donated by a Swiss colleague (D. Gobbin) for the leaf discs were inoculated with three droplets of
2000 and 2001. Each sample from 2003 and 200410+ | per disc of inoculum at 20.000 sporangia per ml.
came from a sparse plot on leaves collectedPetri dishes were incubated for 7 days under the
between June and July during the growing seasonconditions described above. Seven days after inocula-
(Table 1). tion, development of mildew on leaf discs was
For isolate collection, a total of 11 Qol-sensitive determined by assessing the proportion of sporulation
isolates and 12 Qol-resistant isolates were collected inper unit of leaf area (Genet et &4B97. The average
2003 at the beginning of the growing season on score for each fungicide concentration was converted
grapevine leaves in the Bordeaux vineyard in Franceto a percentage of inhibition by comparison with the
(11 + 11) and one in the Freiburg vineyard in untreated disks. The fungicide concentration inhibiting
Germany (1) (Tabl®). All monosporangial isolates 50% of growth (EGy) discriminated two classes of

were preserved on grapevine leave@atC. isolates according to their sensitivity to famoxadone:
famoxadone-sensitive isolates #gCand MIC
Fungicide sensitivity tests <10 mg I'Y) and highly resistant isolates (&Cand

MIC >1,000 mg 1%). Dose response curves for
To characterize the sensitivity Bf viticolaisolates to  individual isolates were generated by plotting the
Qol fungicides, single lesions were multiplied onto relative growth values against lggof the fungicide
leaves of Vitis vinifera cv. Cabernet Sauvignon. concentration used. The lggeffective dose to reduce
Sporangia were collected and suspended in sterilegrowth by 50% (EG,) was calculated from the
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Table 1 Average of mitochondrial haplotype distribution in Eurappapulations oflasmopara viticolaollected between 2000
and 2004

Country Location N Year % of European mitochondrial haplotypes
1S IR 1S IIR
France Bordeaux 506 2003 50.20 23.90 22.70 3.20
Champagne 122 2003 73.78 22.13 4.10 0.00
Dordogne 84 2003 47.62 21.43 31.00 0.00
Loire 121 2003 69.42 8.26 22.30 0.00
Vall e du Rh!ne 86 2003 80.23 5.81 14.00 0.00
Bourgogne 33 2004 36.37 30.30 12.10 21.20
Juran“on-Gers 63 2004 38.10 34.90 27.00 0.00
Mean 1015 56.53 20.96 19.03 3.49
Germany Rheingau 16 2000 68.75 0.00 31.25 0.00
Rheingau 27 2003 70.37 0.00 29.67 0.00
Baden 50 2003 76.00 16.00 8.00 0.00
Mean 93 71.71 5.33 22.97 0.00
Greece Thessalie 21 2001 90.47 0.00 9.53 0.00
Italy Piemont 8 2000 75.00 0.00 25.00 0.00
Chianti 18 2000 77.78 0.00 22.22 0.00
Haut Adige 15 2000 100.00 0.00 0.00 0.00
Mean 41 84.26 0.00 15.74 0.00
Portugal Refois do lima 18 2004 89.00 0.00 11.00 0.00
Corricha 25 2004 88.00 0.00 12.00 0.00
Gaifar 25 2004 64.00 8.00 28.00 0.00
Mean 68 80.33 2.67 17.00 0.00
Romania Timisoara 67 2004 97.02 0.00 2.98 0.00
Switzerland Tessin 21 2000 90.48 0.00 9.52 0.00
Vaud 22 2000 63.64 0.00 36.36 0.00
East County 18 2000 88.89 0.00 11.11 0.00
Mean 61 81.00 0.00 19.00 0.00
Europe (Mean#Sem) 1366 2004 80.19#4.98 4.14#2.91 15.18#2.56 0.5#0.5

regression equation generated through the lineargrapevine leaves inoculated as described above with

proportion of the sigmoid curve. three droplets of 15| of sporangial suspension at
2,500 spores per ml.
Measurements of aggressiveness components The latent period (LP) was estimated by observing

sporangia appearance daily, as the mean period
The following fitness components were measured (hours) to obtain 50% of the total sporulation. Three
comparatively in sensitive and resistant isolates: plates containing five discs of leaf abaxial face on the
latent period, the number of spores obtained pertop were inoculated with three droplets of dbat
deposited spore after 7 days of growth, and the 2,500 sporangia per ml, leading to 45 points per
infection frequency, using methods similar to those isolate per experiment. The experiments were repeat-
described by Tooley et all986 and Kadish and ed at least twice independently. The onset of
Cohen1988 All the measurements were performed sporulation was measured daily on a notation scale
on three plates, each containing five discs of as described in Chen et 2007
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Table 2 Origin and charac-

teristics of monosporangial Isolate Locality of Year Mitochondrial Qol Qol Clsg

isolates used in fitness vineyard haplotype (I or Il')  sensitivity ~ (mg/ml SEM)

studies
AVI 02 Champagne 2003 1 S 0.90 0.01
COU 15 Bordeaux 2003 | S 0.07 0.01
FEM 03 Bourgogne 2003 1l S 0.10 0.03
MOR 22 Bordeaux 2003 1l S 0.05 0.01
PIC 21 Bordeaux 2003 I S 0.10 0.02
BOM 06 Bordeaux 2003 I S 0.07 0.02
EPE 09 Champagne 2003 | S 0.22 0.01
CAZ 22 Bordeaux 2003 I S 0.13 0.01
MIC 103 Bourgogne 2003 1l S 0.04 0.01
MIC 123 Rhlne Valley 2003 | S 0.09 0.01
ALS 07 Alsace 2003 | S 0.28 0.01
CGU 20 Bordeaux 2003 | R >1,000
COuU 23 Bordeaux 2003 1l R >1,000
EAU 13 Midi-pyr'n“es 2003 I R >1,000
FRE 0 Freiburg 2003 | R >1,000
MIC 125 Midi-pyr'n“es 2003 | R >1,000
MIC 126 Midi-pyr'n“es 2003 | R >1,000
MIC 128 Midi-pyr'n“es 2003 I R >1,000
MOR 08 Bordeaux 2003 | R >1,000
PAR 29 Bordeaux 2003 | R >1,000
PIC 59 Bordeaux 2003 I R >1,000
PAU 32 Bordeaux 2003 1] R >1,000
SAL 19 Bordeaux 2003 Il R >1,000

Spore production (N/ Ny) was assessed by From these different parameters, a composite fithess
washing five inoculated discs of each plate (3) in a index (F) was calculated for each isolate using the
vial containing 16 ml of Isoton Il (saline buffer) formula Ale Ln Ni=Ny! IF! 1=LP" derived from
supplemented with a drop of dispersant type IlIA, and Montarry et al.2008
the number of sporangia produced per plate contain-
ing five discs inoculated by three drops was deter- Competitiveness test
mined (N) with a Multisizer 3 Coulter counter
(Beckman Coulter, France, Villepinte). Experiments The relative competitiveness of two pairs of resistant/
were repeated at least twice independently, giving sixsensitive isolates MIC128-COU15 (R1-S1) and
measures each corresponding to the sporulationPAU32-COU15 (R2-S1) was compared at three initial
obtained for 562 deposited sporangigoN ratios of spore concentrations, 20:80, 50:50, and

Infection frequency (IF) was defined as the 80:20. Spore suspensions of each isolate were
proportion of inoculated leaf disks on which lesions prepared as described previously. Mixed inocula were
developed. Observations were quantified as thegenerated by thoroughly mixing appropriate volumes
number of inoculation points with a suspension of of sporangia to obtain the desired R:S ratios on the
2,500 spores per mL giving sporulating lesions basis of 40.000 spores per ml total in the different
7 days after inoculation. Three plates containing mixtures. Inoculation was carried out with a mixed
five leaf discs were inoculated by three drops of spore suspension in the same way as described for
15 «| per disc. Experiments were repeated twice infection tests. Four plates containing five discs were
independently. inoculated for each ratio and every 7 days, four new
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plates with five discs were inoculated again with the 70% ethanol and resuspended in &D of sterile
spores obtained at 40,000 spores per ml. Then, awater.

biological test with famoxadone at 100 mig Was

performed as described above in fungicide sensitivity Allele-specific restriction

test section and a reference curve was established to

evaluate the ratio of resistant isolates in the sporeThe molecular method used to differentiate sensi-
mixtures obtained after each asexual cycle. Totive or resistant isolates was the amplification of the
confirm those ratios, a quantitative PCR assay wasallele specific to the Cytochromb gene of P.
also performed to quantify the presence of resistantviticola (accession numbers DQ459464, DQ459466,
alleles from spore suspensions used to inoculate thedQ459467, DQ459469) exhibiting single nucleotide
new leaf discs at each cycle. Two independent polymorphisms between sensitive and resistant iso-

experiments were performed for 8 weeks. lates or between haplotype | or Il (Chen et24107).
A CAPS analysis of cyctochromegene fragments
Statistical analysis was performed using the primers COB 279F and

COB 865R (Table3) under amplification conditions
Data from two experiments were pooled together according to the method described by Baudoin et al.
according to homogeneity of variance using the (2008 and Corio-Costet et al2006. Polymerase
ANOVA procedure in Systat software (Systat 11. chain reaction (PCR) was performed in a 4b
software, 2004, USA) to determine homogeneity of volume containing % | of DNA diluted three-fold,
variance among repeated experiments. The values ol.5 | of 10x PCR buffer (Eurogentec), 1.5 mM
groups were compared using the Tukégst withP< MgCl,, 0.13+ M of each dNTP, 0.13 M of each
0.05 for g-PCR assay or were compared usingprimer (COB 279 F and CB 865R), 0.2 U (3.33 nkat)
Fishers LSD test withP<0.05 for the bioassay. All  Tagsilverstar DNA (Eurogentec). The PCR program
data for each fithess component were subjected to arwas a first denaturation step of 4 min at 96 C,
analysis of variance (ANOVA). To analyze frequency followed by 36 cycles of 45 s at 96 C, 50 s at 50 C,
haplotype distribution, a chi2 test was performed. 1 min at 72 C. This DNA fragment was cut with the

restriction enzymeSatlandHinfl, with the recog-
DNA extraction nition sequence '855CNGC-3 and 3"GANTC-3.

Cleaving reactions were performed in <l0Ovolume
P. viticola lesions were frozen. After freeze-drying with 1.2 <1 of PCR product, 1¢| of 10X- buffer
overnight, DNA was extracted from each oil spot or Tango (MBI fermentas), 1 U (16.67 nkat) 8atl
spore suspension (containing infected grapevine leafand 1U (16.67 nkat) ofHinfl enzymes (MBI
tissue and sporangia) according to the standardFermentas) at a temperature of 37 C and an
CTAB-phenol/chloroform method described by incubation period of 2 h. Restriction fragments were
(Zolan et Pukkilal1986 with a slight modification  visualized on 2% agarose after staining with ethi-
(phenol-chloroform was replaced with isoamylic dium bromide.Satlenzyme was used to detect the
alcohol/chloroform). After extraction, DNA was pre- resistant mutation and to cut the amplified fragment
cipitated with isopropanol, the pellet was washed with of 605 bp, generating two fragments of 147 and 458

Table 3 Sequence of

primers and hybridization Primer Sequence (6 3) Nucleotide position  Sense

probes used in the real-time

p0|ymerase chain reaction COB 279F TAT ACATAT TTT TAG GGG TTT G 1100 Forward

assay orPlasmopara COB 865R ACA TAG CGA TAA CAC CAC CAA 1704 Reverse

viticola isolates qPV-L TTA GGG GTT TGT ATT ACG GAT CTT 1111 Forward
qPV-R TCC CCA AGG CAA AAC ATC CC 1229 Reverse
qPV143R-L GGA CAA ATG AGT TTT TGG GC 1227 Forward
gPV143RS-R  ATT ATC AAC GGC GAATCC AC 1337 Reverse
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pb each.Hinfl enzyme was used to determine European haplotypes was estimated in four French,
haplotypes and to cut the fragment, generating twothree German, one Greek, three Italian, one Romanian,

fragments of 222 and 383 pb. three Portuguese and three Swiss populations (Table
Haplotype group | (IS and IR) predominated in all
Qol real-time g-PCR countries in a range from 77.44% to 97.02%, with an

average of 84.33%. Haplotype group Il (IS and IIR)
Genotyping of Qol-resistant mutations was performedrepresented 2.98% to 22.56% depending on the
with a real-time thermal iCycler iQ (BioRad, Hercu- country, with an average of 15.68%. With regard to
les, CA, USA) using specific sets of primers and Qol resistance, haplotype IR predominated, with levels
hybridization probes (Tabl8). Primer sets qPV-L/  depending on the country and locality in a range from
gPV-R and gPV143R-L/qPV143RS-R (TalBewere 0% to 20.99% and an average of 4.14%. The resistant
used to amplify preferentially one allele by matching haplotype IIR was the most uncommon and was found
the desired allele and mismatching the other allele atonly in two French vineyards in Bordeaux and
the 3 end of the primers according to Sirven and Bourgogne. More resistant haplotypes were detected
Beffa 2003. Reverse primers were designed to have in 2003 2004 than in 2002001, with an average of
mismatches at the 8s described by Sirven and Beffa 16.26% and 0% respectively.
(2003. For each reaction, &l of each primer at
10 nM and 71 of 2x-Mix blue SYBR green  Qol sensitivity and haplotype characteristics
fluorescein Mix including Hot start DNA polymerase,
DNTP and MgC} (Abgene, France) and3 of DNA Throughout the study, 11 sensitive isolates and 12
diluted three times were used in compliance with the resistant isolates collected in 2003 were tested
manufacturés instructions. Assays (141) were independently at least twice to evaluate their famox-
performedin ABgene PCR thermo-fast 96, semi- adone sensitivity. E§g values for resistant isolates
skirted plates (Thermoscientific, France). Amplifica- were higher than 1,000 mg !l of famoxadone
tion and detection were performed in a real-time (Table 2). Sensitive isolates exhibited Efvalues
thermal iCycler iQ under the following conditions: ranging from 0.1 to 0.9 mg'1, with a mean of
one cycle at 94!C for 15 min, and 40 cycles at 94!C 0.19 mg 1'. Seven sensitive isolates belonged to
for 10 s, 60!C (primer set qPV-L/gPV-R) and 60!C haplotype Il and four belonged to haplotype |
(qPV143R-L/gPV143RS-R) for 10 s, and 72!C for (COU15, COLO7, MIC123 and EPE 09). By contrast,
20 s. Increase in fluorescent emission signal from the resistant haplotype Il was uncommon, while only
SYBR Green | ( Rn) was recorded at 72!C without three isolates (SAL19, PAU 32, COU 23) from the
normalization of the signal. The iCydler® software laboratory collection belonged to this haplotype. The
version 3.Q (BioRad) was used to analyze the data. level of Qol resistance between sensitive and resistant
For each sample, the amount of target DNA was isolates expressed as the relative resistance factor
quantified using appropriate calibration curves in varied in a range from 1111 to 25,000, with an
which Ct was plotted against the amount of target average of 5263.

DNA.
Latent period, sporangium production and infection
frequency
Results
Data on the fitness of 23 isolates inoculated separately
Mitochondrial haplotype distribution in European onto grapevine leaf discs are given in Tadléhree
vineyards parameters (latent period, sporulation capacity and

infection frequency) were recorded. A wide variation
The survey of the geographical distribution of in fithess parameters was found in sensitive and
mitochondrial haplotypes from a panel of 1,3B6  resistant isolates. However, no difference was found
viticola isolates collected between 2000 and 2004 in for latent period between sensitive and resistant
European vineyards was performed with an SNP isolates P=0.523) (Tablet, Fig. 1). Sensitive isolates
typing assay. The frequency of the four main had a mean of 102.7"1.57 h and resistant isolates

@ Springer



322 Eur J Plant Pathol (2011) 129:31329

Table 4 Fitness components

of sensitive and Qol-resistant Isolate Qol Latent period Sporulation Infection frequency Al (Ln (Nt/Ntg

isolates on grapevine leaf sensitivity (heSEM) (Nt/Nto) (+ SEM) (- SEM) IF /LP)

disks at 22 C (means*SEM)
ALS07 S 140+2.93 537-70 0.94+0.01 1.28
AVIO2 S 86.51.47 1022310 0.94+0.03 241
BOM 06 S 96+3.56 332.73 0.86+0.03 1.09
CAZ?22 S 97.2.35 783119 0.91+0.02 1.99
Couls S 880.59 53476 0.98+0.02 1.78
EPEO09 S 107.5+2.64 35179 0.72+0.06 0.86
FEMO03 S 97-0 821166 0.97+0.03 2.11
MIC 103 S 107+1.7 7 83119 0.79+0.01 1.77
MIC 123 S 97.51.47 1267238 0.97+0.01 2.53
MOR22 S 103+0.59 896227 0.76+0.02 1.99
PIC21 S 110+0.59 42149 0.42+0.13 0.48
Mean 102.7+1.57 704139 0.84+0.035 1.75+0.65
CGU20 R 89.5¢0.29 565120 1.00+0.00 1.84
cou?23 R 108.5+0.29 555139 0.96+0.04 1.59
EAU 13 R 91.5¢2.05 1015264 1.00+0.00 2.41
FREOL1 R 104.5+0.29 550125 1.00+0.00 1.66

aThe variation of the fitness ~ MIC 125 R 93.25¢1.61 996156 0.99-0.01 2.36

Tg;xo\ﬁﬂgsvgﬁg g:/’@; itO MIC 126 R 103+0.59 802+208 0.93+0.07 1.98

accgr ding to the isolates MIC 128 R 92.5¢1.47 844+90 0.94+0.06 2.15

considered. For three iso- MOR 08 R 93.25+0.44 901139 0.94+0.03 2.21

lates used for the experi- PAU32 R 139¢5.28 693133 0.96+0.04 1.57

ment of competitiveness, we  ppg 59 R 95+0.59 10484115 0.91+0.09 2.31

have Fpayz»=1.570.28

(@), Freone=1.78+0.22 PIC59 R 96+1.76 1508+407 1.00+0.00 2.75

(ab), Fwmic128=2.15°0.15 SAL19 R 105¢1.17 484+160 0.68+0.14 1.14

(b), with a total variance Mean 100.9¢1.32 830-171 0.94+0.02 2.05+0.45

analysis ofP=0.015

needed 100.9+1.32 h to reach their latent period. Theresistant sporangium size from 3% to 4.6% in the
range of latent period varied from 86.5 h to 140 h in absence or in the presence of famoxadone (data not
sensitive isolates and from 89.5 to 139 h in resistantshown).
isolates. As regards infection frequency (IF) in our exper-
Concerning spore production, no significant differ- imental conditions, a significant difference was
ence was observed between sensitive and resistardbtained P=0.02) between sensitive and resistant
isolates P=0.137). Sensitive isolates produced an groups with 0.84+0.03 of sensitive isolates and 0.94 ¢
average of 704139 sporangia and resistant isolates0.02 of resistant isolates succeeding in infecting
produced 830+171 sporangia per deposited sporangi-leaves (Table4, Fig. 1). The range of infection
um (Table4, Fig. 1). A wide variation was observed frequency varied from 0.42 to 0.97 in the sensitive
within the sensitive isolate group and the Qol- group and from 0.68 to 1 in the resistant group.
resistant group. Indeed, within a group some isolates From these different parameters, a composite
produced 3.11- to 3.8-fold more sporangia than othersfitness index (B was calculated for each isolate
in the resistant (PIC59/SAL19) and sensitive derived from Iof Tooley et al. {986 and from the
(BOMOG6/AVIOL) groups, respectively. Sporangium aggressiveness index of Montarry et @0d8. The
size in sensitive and resistant isolates varied widelymean F in the sensitive group was 1.75+0.65 and
in a range from 8 to 33 m in the sensitive and 2.05+0.45 in the resistant group, but no significant
resistant groups, with an average of 18dihe difference was observed£0.147) (Table4). The
0.03+* m. We also observed a significant increase in fithess index varied considerably depending on
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Fig. 1 Fitness component values (Latent period, Sporulation,
Infection frequency means SEM) as a function of sensitive
(white) or Qol-resistant isolategrey)

M : Qol-resistant isolate

whether the isolates were sensitive or resistant
(Fig. 2). A good correlation was obtained between
spore production and the, Fwith a regression
coefficient R equal to 0.86 <0.001). The Fwas

then used to choose sensitive and resistant isolates for
competitiveness tests having different fitness.

Competitive ability of resistant and sensitive isolates

The objective was to assess the competitive ability of
resistant and sensitive isolates in mixed-isolate inocu-
lations on leaf discs and to link these findings to the
fitness parameters of isolates. The fithess index of the
three isolates was different (Takle Fig. 2) with a
sensitive isolate COU15 statistically intermediate (F
1.78,ab) between both resistant isolates PAU 32=(F
1.57,a) and MIC128 (=2.15,b) (P=0.015).

The changes in the frequency of resistant isolates
were related to their fithess parameters and their
fitness index (Figs3 and4). In one of the pairs used
in this study R1-S1, after eight asexual cycles all
ratios between sensitive and resistant isolates
remained stable at 20%, 50% or 80% of R1 after
quantification by g-PCR (Fig3). A slightly signifi-
cant increaseP<0.05) in 20% and 50% of initial
ratios was observed at the eighth cycle with the
biological quantification method.

In the second pair (S1-R2), a decline in the
frequency of R2 was observed after five cycles
(Fig. 4) in all three initial ratios, indicating that the
resistant isolate R2 was a weak competitor in
comparison with its S1 partner. After five cycles, the
proportion of resistant isolates decreased23@o
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Fig. 2 Fitness index (ff of 11 sensitive White) and 12 Qol-resistant isolatelslgck). The arrows designate the isolates used in

competitiveness experiments
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compared to the initial ratio. With the g-PCR test, a Swiss and Romanian vineyards. Haplotype IIR was
significant and stronger decrease in the different ratiosrare, except in Bourgogne where it represented
with R2 was observed from the third cycle, leading to 21.2%. The role of the presence of haplotypes | and
a dramatic reduction during the eighth cycle, with a Il in P. viticolapopulation remains unclear.
decrease of 5%PE0), 49.56% P=0.006) and 97.5% Our results on 1,015 mildewed lesions showed that
(P=0.004) at the ratios 80:20, 50:50 and 20:80, in French vineyards in 2003 and 2004, at the
respectively (Fig4). beginning of the growing season and before any
selection by a fungicide, 76.75% Bfviticolaisolates
were still sensitive. However, according to Sierotzki

Discussion et al. 009, who showed a sharp decrease of Qol
sensitivity in 2002 and 2003 in European vineyards,
Diversity we found more resistant haplotypes in 20234

than in 20002001, revealing an increase of the
According to previous results obtained in French resistance during this period. Thus, the resistance
vineyards (Chen et a2007 Corio-Costet et aR006 frequencies are not the same everywhere and the
2008, haplotype I is the most widespread haplotype differences found may depend on the pressure exerted
in Europe, with a mean of 84.33% (IS-IR). Regarding by Qol fungicides and probably also on the popula-
the analyses of the 1,366 isolates obtained betweertion fitness in the absence of selection pressure.
2000 and 2004, only 4.54% (IR-1IR) of isolates
were Qol-resistant, with haplotype IR representing Fitness parameters
91.19% of resistant haplotypes. By contrast, French
vineyards were significantly more resistant during The development and the spread of fungicide resis-
this period than other vineyards exhibiting few tance depends on the fithess of resistant isolates, and
resistant isolates (@.94%) such as Greek, Italian, knowledge of processes such as diversity, sex
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Fig. 4 Dynamic changes
(means SEM) in the fre-
guency of Qol-resistant iso- 90 1
lates sporangia in sporangial 80 -
populations harvested from
grapevine leaf disks inocu-
lated with three mixtures of

100 - BiO&SS&y

70 1
60 +

Percentage of resistant isolates

Qol-sensitive COU15 and 50 20:80
Qol-resistant sporangia |
PAU 32 in various propor- 40
tions (20:80 (+-), 50:50 30 4 50:50
(- -_) and_ 80:20 (! ) 20 -
during eight asexual gener- |
ations, assessed by bioassay 10 80:20
or g-PCR method. The sec- 0 . T . : : - : : s
ond sporulation cycle was 0 1 2 3 4 5 6 7 8
initiated with sporangia Sporulation cycle
resulting from the initial .
infection and subsequent 100 g-PCR
sporulation cycles were 90 T
conductgd gccordlngly. . 5 g0d A— —
Each point is mean of six s \
replicates a8 \
S 60
g \
P 501
5 a0
S 304
£ 50:50
8 20 A
[} .
2 04 20:80
0 80:20

0 1 2 3 4 5 6 7 8
Sporulationc ycle

evolution and fungicide pressure is essential to try tofitness index P=0.86 and 0.10). Only infection
prevent and/or to control the diseases better. For thisfrequency was significantly more important for
it is important to understand how fitness shapes thehaplotype | P=0.03) and when Qol-resistant isolates
selection of individuals in nature under different were considered. As above, the significance of the
selection pressure. From various sensitive or Qolinfection frequency could well be related to the Qol
resistant isolates belonging to different mitochondrial resistance.

haplotypes, we measured fitness parameters without From this first study on the fithess parameters, we
fungicide selection pressure. A major point should were thus able to conclude that the presence of
be made: resistant isolates are as fit as sensitive5143A SNP in cytochrome b gene has no deleterious
isolates, with regard to sporangia production, latenteffect on growth parameters observed under con-
period and infection frequency in asexual cycles. trolled conditions and without selection pressure.
Only infection frequency of resistant isolates was However, the overall fithess of one population
significantly higher than in sensitive isolateB=( relative to another would be difficult to predict solely
0.02). As the resistant isolates belonged essentially toon the basis of knowledge of fithess components. For
haplotype |, it was possible that the difference was this reason, the combination of different parameters
due in part to the belonging to the haplotype | group. would reasonably approximate overall fithess in
A comparison between the fithess of haplotypes | andcalculating a composite fithess index. The fitness
Il inside sensitive group, or with the totality of index described here, based on infection frequency,
isolates, including the resistant isolates, showed nospore production and latent period enabled us to show
significant difference in the spore product{@¥0.75 that there was no significant difference between
and 0.24), the latent perio®£0.36 and 0.35), or the  groups of haplotypes | and Il and between sensitive
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and Qol resistant isolates. This index also revealed aa decrease in the presence of PAU 32 from the fourth
good correlation with spore production suggesting cycle (Abadie2007).
that under our experimental conditions spore produc- Globally the competitiveness tests performed were
tion could be a sufficient measure to assess the fithesgoherent with the estimated parameters of the fitness
of isolates. This Fbased on growth parameters seems and our I, although imperfect, enabled us to obtain a
adequate to standard conditions, but one of itsgood idea of the capacities of isolate survival under
weaknesses is certainly that it does not take incontrolled conditions. In accordance with Kadish and
account survival capacity under less favourable Cohen (988, we showed that the pattern of changes
environmental conditions, or fitness potential of the in frequency of resistant isolates could be largely
sexual cyclei(e. oospore production, overwintering). dependent on fithess parameters in laboratory con-
As with other studies on the fitness of oomycetes, ditions. During the competitiveness assays, we used
such asPhytophthora nicotianaeor P. infestans  the bioassay or the q-PCR method, the curves of
resistant to metalaxyl or mefenoxam (Hu et28l08 competitiveness (Fig8 and4) showed some differ-
Kadish and Coheh988, Qol resistance did not show ences, although tendencies were similar. The bioas-
reduced fithess. However, it is possible that resistancesay seemed to facilitate the presence of resistant
cost might only become apparent under a specific setisolates (R1 and R2). One possible explanation could
of environmental conditions which were not encoun- be that the method of g-PCR is strictly quantitative
tered in the experimental set-up, or that the associate@nd applies directly to spores harvested after each
antagonistic pleiotropy might not be detectable asexual cycle, while the bioassay required an addi-
(Rosenber@001); or, yet again, that a fitness deficit tional cycle in the presence of famoxadone, facilitat-
linked to a resistance cost can be compensate for afteing the growth of resistant isolates and potentially
numerous generations by different compensatoryintegrating others fitness parameters. Thus, the

mechanisms (AndersoR005 Cowen et al.2001). quantification of the percentage of resistant isolates
One example of resistance cost due to environmentabased on reference curves in the presence of
conditions was metalaxyl-resistant isolatesPtds- famoxadone in the bioassay could lead to a slight

mopara Vviticola that exhibited reduced fitness to overestimation of the presence of resistant isolates
grape leaves, but only at high temperature (Piganeaicompared to q-PCR carried out without fungicide
and Clerjeaul985. A preliminary study performed pressure. However, the faster, easier g-PCR method
under controlled conditions in our laboratory did not is an adequate method to estimate the proportion of
show differences between sensitive and resistant Qoresistant isolates.
isolatesat 15 C or 28 C. As with the analysis of fitness parameters, the
In connection with definite | we estimated competitiveness assays strengthened the idea that the
competitiveness of sensitive and resistant pairs ofpresence of G143A mutation would have no delete-
isolates. The follow-up during 8 cycles of asexual rious effect orP. viticolaunder controlled conditions
reproduction showed that, in the absence of selectionwithout fungicide selection pressure. As all resistant
pressure, resistant isolates can compete with sensiisolates used in this study have already been
tive isolates in mixed inoculation depending on their sequenced (Chen et 2007 and possessed only the
fithness parameters. Thus, a resistant isolates with a&5143A SNP, which is the most frequent, we would
lower R (PAU32) than the sensitive isolates (COU suggest that the G143A mutation does not induce a
15) tends to disappear after eight cycles, while aresistance cost iR. viticola However, Fisher et al.
resistant isolate (MIC 128) with a high preserves (2004 have investigated the impact of the introduc-
even tends to increase after eight cycles. Thesetion of G143A SNP on bc complex activity of
results were reinforced by other isolate pairs testedSaccharomyces cerevisiaad shown that it has little
previously, where a resistant isolate with a higher F effect on the enzyme activity. In contrast, the
(PIC59, F=2.75) than the sensitive isolate FEM103 association of the G143A with F129L, or other
(Fi=2.11) increased rapidly to reach 100% of mutations, led to various deleterious effects on
resistant isolate in the whole mix after the fifth cycle. enzyme activity. It would be useful to assess the
In the same way, another mix with PAU 32%E.57) resistance cost of different mutatione.(G143A and
and a sensitive strain MIC 103,¢2.77) also showed F129L) in the laboratory, to understand why the

@ Springer



Eur J Plant Pathol (2011) 129:31329 327

F129L SNP was less frequent i viticola popula- The possibilities of combating Qol resistancé’in
tions than in other pathogen populations. viticola by mixing Qols with other fungicides, or
The management of pesticides in the vineyard stopping the use of Qol fungicides for a few years in
requires to a better understanding of how the order to diminish resistance after each annual sexual
resistance takes hold, spreads and is maintainedcycle are currently solutions used by wine growers.
Important questions about the adaptation of Qol The application of a Qol mixed with other fungicides
resistance are: how does Qol resistance develop irdoes not seem to eliminate selection pressure, but
the vineyard? What is the probability of obtaining delays it compared to the application of Qol fungicide
various combinations of SNPs, and what is the alone (Toffolatti et al2007). From a practical point of
consequence on population fitness? In view of the view, care should be taken not to use Qol fungicides
importance of the development of Qol-resistance overagain on plots of land having presented Qol resistance
the past decade, today these products are neveduring the growing season, or then to preserve
applied alone and are little present in current products containing Qols for rare or selective appli-
formulations or, if they are, they are then associatedcations during very strong epidemic pressure, and by
with other fungicides. It would be interesting to alternating treatments with fungicides possessing
follow the development of Qol resistance under different mode of action.
various selection pressures and survey the develop- In conclusion, the mitochondrial haplotype Il is little
ment of the different SNPs in the vineyard and to present irP. viticolapopulations and does not seem to
study their fitness in laboratory conditions. Under- have repercussions on resistant populations. Resistance
standing the development of Qol resistance in thecan be very variable according to the vineyard under
vineyard is not easy. Data obtained in vineyard in consideration and the selection pressure exerted.
Brazil on a trial site exhibiting 100% frequency of During the experiment under controlled conditions,
G143A in P. viticola populations showed that after we did not detect a significant difference of fithess
stopping Qol treatment for 3 years, the frequency either between 23 resistant and sensitive isolates, or
returned to 1% in 2002, suggesting a multiannual between haplotypes | and Il. The composite fithess
instability of the resistance. In contrast, five subse-index used here may help us to classify isolates
quent applications of Qol fungicide sprays increased theaccording to different phenotypic and genotypic traits
frequency again to 100% within one season, immedi- (i.e. fungicide resistance, mating-type, agressiveness)
ately producing a resistant population (Sierotzki et al. and to have them compete according to several
2008. In addition, a survey of the development of Qol parameters of fitness, or used to carry out studies on
resistance in different sites in French vineyards with the efficacy of alternative methodsg( elicitors,
few resistant isolates (less than 10%) showed thebreeding, biological fight) on specific population or
maintenance of Qol resistance in sites without Qol isolates. It would also be useful to estimate the survival
treatment during the growing season (Corio-Costetpotential of resistant isolates exhibiting single, double
et al. 2006 2008. These studies suggest that the or triple resistance to fungicidase( Qoi, CAA and/or
resistant isolates possess rather good one fitnesghenylamide fungicides), already encountered in the
during the growing season (asexual cycle), but thatvineyard; but that would require including parameters
the fitness of Qol resistant populations could be lessof overwintering, and of capacity of sexual reproduc-
good during the sexual phase and/or without selec-tion, to be used under field conditions. A study of
tion pressure. Therefore, the contribution of sexual fithess of the resistant isolates during the sexual cycle
reproduction to global fithess might play an impor- would be necessary to complete this work and to
tant role in maintaining Qol resistance. Since the acquire better understanding of Qol resistance evolu-
cytochromeb gene is coded by the mitochondrial tion under various pressures of selection.
genome, it most likely depends on mitochondrial
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