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Abstract

The Eurasian grapevin¥/ifis viniferg), an Old World species now cultivated worldwide for
high-quality wine production, is extremely susceptible to the agent of downy mildew,
Plasmopara viticolgBerk. et Curt.) Berl. and de Tonihis Oomycete is one of the most
important pathogens of Eurcge grapevine.The discovery of resistant cultivars for
breeding programs could be a solution to deangafingicidesapplicationfor downy
mildew diseaseworldwide. Extensive evaluation ofGeorgian cultivated grapevine
germplasm has highlighted unique resistance behakiough thereduction of disease
severity and pathogen sporulatibmraveling the genetic architecture of grapevine response
to P. viticolainfection is crucial to develop resistardrieties. The aim of this project was
to identify loci related tdP. viticola resistance traits and to obtain new insights in the
mechanism of resistance of Georgian germplasm. To address the first aim a-ggédeme
association (GWA) approadilas been gpied to a panel of Georgiaderived accessions
phenotyped foP. viticolasusceptibility and genotyped with Vitis18kSNP chip array. GWA
identified threenewloci (Rp\29, RpwB0 andRp\81) associated with a low level disease
incidence Rp\29, Rp\30, andRp\31 loci appeared to be associated wgémes related to
plant defensemechanismagainst biotic stressespathogen recognition and signal
transductiop Regarding the second objectiibe role of leaf VOCs irthe resistance
mechanism of two resistantltuars (Mgaloblishvili, a puré&eorgianV. vinifera cultivar,

and Bianca, an interspecific hybridasbeen investigated. The leaf VOC profiles analyzed
through solidphase microextraction gas chromatograpigss spectrometry analysa)d

the expression of six terpene synthases (TP8spugh reattime RT-PCR, were
determined upon pathogen inoculatiém.both cultivars, an increment of VOEsuch as
farnesene, nerolidol, ocimene and valengéas been detected after pathogen inoculation,
contextually toan increment othe expression pattern of six TPSs. Finatlye transcripts

of P. viticola in the arly interaction with grapevine cultivalevebeencharacterizedln

this study the earlyP. viticoladevelopment in susceptible host ceR@8059-020,Rpv )
was compared two resistar@08059-121 (carrier oRpv3andRpv1() and 2011003-013
(homozygous for the locukpvl(Q using RNA sequencing data and microscopic
observation. In total sirovelgenesof TAR 1 protein, cellulose synthasesegulator of G
protein in signaling and Raslated proteinsvere identifiedin P. \ticola which are
differentially expressed during the initial infectidrhis primarysignaling inductiorby the
pathogen irhost cell could be used the future couplal with the first report omesistance
loci in V. vitinifera, VOC inductionand genome regions involved in resistance respforse,
further genetic study of. viniferaandbreeding programs
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Chapter 1. General introduction

1.1 Grapevine: a high socieeconomic impact crop strongly threatened by
climate change

The genudVitis is present in ten distribution areas, all in the northern hemisphere: five in
North of America, where 29 species have been described, four in Asia, wehsatlll
species, and only one, tMitis vinifera in a large range that includes the Mediterranean,
subMediterranean and Caucasian floristic regions with a dilatation toward the Pontic,
Caspian and Central Asiatic ones, making this species one of themde$/ cultivated

plant species of agricultural interest.

Among theVitis genus, grapevind/( viniferg is the only speciegreatlyused in the global

wine industry It approximatelycovered approximately 7.4 mha in 2018, producing more

than 77.8 mt of grapes (wine, table and dried grapits)a world wine trade of around EUR

32 billion (http://www.oiv.int). It is usually cultivated iran arearoughly locatedbetween

35" and 59" northern parallel and betwede 25" and 3%' southern parallevhere the
average annual temperatsireangebetween 10 and 20 °C. These environments are
characterized by the alternation of a favorable growing seasban unfavorable cold one.
However, the cold winters are not too intense (minimum temperatures range @ toh5

°C) and the favorable season (average temperature higher than 10 °C) is long enough (> 200
days).

Viticulture depends on environmental facg, such as temperature, soil, rain, etc., in terms
of yield and quality(van Leeuwen & Darriet, 2016)he recent scenario prospected by
climate changesuch aghe increase of average global temperature, represents an impending
threatto agriculture Consequently, the risks of paying severe price increase dramaifically
humans fail to dampen its consequences. Due to the-soaimmic impact of the wine
sector in Europe and around terld, over the past years, there has been an incnease
works aimed to study the impact of climate change on viticulture.

Breeding pograms for new varietiesould be one of the most promising solutéowards
managing future environmental conditiodsn appropriate cultivar selectiaould reduce

the requirednput for plant managemefity increasing the sustainability of the produnso

For these reasons,ishreviewaims to assess the potential of Georgian cultivars (South of
Caucasus) assource of useful traits for new breeding programs, aiming to face the future
challenges that await viticulture worldwidehus the peculiar gerie and phenotypic (such

as berry traits and resistancetie@ pathogen) aspects of Georgian germpldmsve been
reviewed hopng to provide abetter understaiag ofthe diversity and quality of the genetic
resources available to viticulturists, comingedily from the cradle of domestication.

1.2 South Caucasus, the first grapevine domestication center

V. viniferais indigenous of Eurasia and it is suggested to ts#rst Vitis genus ancestral
appeaig about65 million years agdOImo et al., 1995)Nowadays)\V. vinifera species
includes both cultivated\( vinifera subsp.sativa Beck.) and wild Y. vinifera subsp.
silvestrisBeck.) subspeciesyherethe latteris consideredasthe progenitor bsubspecies


http://www.oiv.int/

sativa Its domestication process seems to be strongly link#dget@coholic and gustative
superiority of its fermented juice (the wine) in comparison to oth@ygdruits (fruit wines)
However, this has been debated amongst researcheersoamuch certainly is available
regardingwhich process predated the otli€erral et al., 2010)The main changes driving

the grapevine domesticationeve identified in flower morphology (appearance of
hermaphrodite flowers), larger berry size, higher berry sugar content, rarande of berry
color and aromatic contenThese parameters could provide adequyakl, quality and
greater sugar content for better fermentation. The major issue about grapevine domestication
is related to the number of everkat occurredduring the process and the geographical
location in which the events took place. The most alite@ hypothesis declares thét
viniferawas domesticated from its wild form in the South Caucasus, between the Caspian
and Black Seas, around 6,060800 BC, and then spread throughout Europe and
Mediterranean areas thanks to civilizatidhcGovern et al., 2017Moreover,secondary
domestication centers in the Mediterranean basin hmaebeen hypothesize(Arroyo-
Garcia et al., 2006; Grassi et al., 20@) far, molecular analysis has provided new insights
on grapevine domestication and gémediversity inside theV. vinifera species.The
occurrence of an East-West grapevine gene flow after the first domestication process has
been comprehensively indicated by the literature wgeretic relationships between wild
and cultivated accessignespecially in the Mediterranean Basin and Central A&ee
evident(Myles et al., 2011; Riaz et al., 2018)oreover, geographic origin and human usage
were found to stingly shape the genetic structure of grapevine germplBanilieri et al.,
2013)

1.3 Georgian germplasm as a source of genetic variability

Historical information coupled with archaeological, palaeobotaaivédimoleculafindings
pointed out Georgia as a cradle for grapevine domestic@tloGovern, 2003; McGovern

et al., 2017; Zohary & Hopf, 2000)Genetic diversity of Georgian germplasm was
extensively investigated, by both SSR (Simple Sequence Repeat) and SNPs (Single
Nucleotide Polymorphism) molearl markersHowever, severautochthonous cultivars,
collected in local ampelographic collections, remain to be studied. Thanks to GrapeGen06
(2007#2010)(Lacombe et al., 2011LOST Action FA1003 (2032014)(Failla, 2015)and
European researchrggrams, a strongngoingnetwork of scientific collaborationsave

been developed between European and Georgian reseaitheriindamental aim i®
genetically characterize and preserve Georgian genetic resourceds. tAk outcomes
related tathe gemtic characterization of Georgian germplasm reported the uniqueness and
originality of this germplasm when compared to the European and Central Asia germplasm
(Bacilieri et al., 2013; De Lorenzis et al., 2015, 2019; Imazio et al., 2013; Myles etldl;, 20
Riaz et al., 2018)rhe Georgian cultivars showed the distinctive features of a domestication
center, such ashigh level of genetic diversity and heterozygosity, alleles absent or poorly
represented in other countries, alifierentiation from the European varieties, clustering in

a wellseparated branch (Figurell Based on the geographical origin of cultivars, a
differentiation inside the germplaswasalsoidentified indicatingthe varieties putatively
originated in Katli and Kakheti (Eastern regions) difeeffrom the onethatoriginated in

the Abkhazeti, Samegrelo and Guria (Western regions). The origin of this subdivision lies
in the geographical subdivision of Georgia in two major parts due to the Likhi Mountains
stretching fromNorth-to-South direction across Geordiae Lorenzis et al., 2015; Imazio



et al., 2013) This confirmsthat despite longtanding cultivation, the Georgian cultivars
maintain their originality

Genetic variation provides the foundation for dmgeding programs, and natural genetic
diversity historically represented the major source of variability for crop improvement and
adaptation to changing environmental conditions. Given the uniqueness of Georgian
germplasm, its strong link with origin regions coupled withféoeof thiscountrybeing the
center ofdomestication makes this germplasm very attractive to be investigatrthsof
phenology, grape phenotype and resistda biotic and abiotic stresses,asource of new
variability for the further breeding programs.

on -
3 coorgia | Catrgi
ny Iy
Span Szan
- d AIA.
v - “ "u‘.o A
® I‘ * 4 Y 2
/’_ B v X ¢ " ’l
'-' * se ' a s t'.g.f
= .
¥ - . e

Figure 11 Two-dimension DAPC (Discriminant Analysis of Principal Component) scatter plot. Results of
DAPC performed on grapevine cultivars coming from France, Georgia, Italy and Spain, genotyped by 20 SSRs
(a) and 18k SNPs (b), using data reportetefererces(De Lorenzis et al., 2015, 2019; Laucou et al., 2018;
Riaz et al., 2018Black dotted lines represent a minimgpanning tree.

1.4 Georgian climate and its relationship with grapevine

Georgia is a large basin of the ntaditudes bordered by the Greater Caucasus at North and

the Lesser Caucasus at South and opened towards the Black Sea at West and towards the
Caspian depression at Easte3é geographical features strongly characterize the climate of
Georgia that, following the Kggeni Geiger classificatio(Koppen& Geiger, 1936)can be

divided into continental climates (Dfa, Dfb, Dfc), temperate climates (Cfa, Cfb, Cfc), Dry
climates (Bsk) and Polar Climates at the highest elevations (ET).

Regarding climate change, in 1994 Georgia faceddalerrisein tempeatures, similar to
what happened in Western Europe in the late 19B0snefoy et al., 2013; P. Reid et al.,
2016)being 1987 as the most likely year of cha(igariani et al, 2012) This delay could

be explained as the progressive dilution of the Atlantic circulation signal as it moves into
the European continefCola et al., 2017)

The increase of temperatumedicatedan advance in grapevine phenolodpging more
significant at higher altitudes, where more favorable thermal conditions were established.



On the other hand, at lower altitugd#dse plenological advance was partially depleted by the
increase of suparptimal thermal conditions. For instance, in the case of the widely diffuse
cultivar Rkatsiteli, the average advance of veraison was less than 6 days fori th@02%0

asl elevation belt aharound 18 days for the 75000 m ondCola et al., 2017)

The current thermal context of Georgia is really interesting since Georgian viticultural

regions (Figurd.2) cover all the classes of the Winkler Regional Classification (Table 1
meaning that Georgian viticulture, with its local varieties, exploitwide variety of
environmental conditions. In parallel, it is wortbticing the high variability in the plant

phenology among Georgian cultivars, both in the spouting date and in the ripening period.

A delayed budburst period could represent an avoidamchanism against spring frosts.

Consi

der i

ng Georgian

cul t iweenremrded htthd end of e |

March, while the other cultivars sprouted in Afiflaghradze et al., 2014%lobal warming
generally results in sup@ptimal temperatures in summertime, during grape ripening. A
delay in the maturation process, obtained through the selection -oipkéng cultivars,
could ensuremore suitablethermal regimes for the berry metabolisms. Maghradze et
al.(2012) studied the phenology of Georgian cultivars in North Italy, and they found a
relatively late ripeningfor the reference vagties Nevertheless, a very wide range of
variability was maintained. Similar resulterereported by Maghradze et §2014) and
Rustioni et al.(2014) Some extreme cases are: eailyeming cultivarsi Karaleva
vinogradnikov, Kartuli Saadreo, Khalili, Cheliagis Tsiteli, Meskhuri Mtsvane, Buza and
Budeshuri Tsiteli, Ganjuri and Daisi; latening cultivarsi Ojaleshi, Akomshtali,
Kamuri, Shavi, Tavkara, Khushia Shavi, Satsuravi, NaghTvrina, Mtevandidi,

Argvetula, Dziganidzis Shavi, Adanasuri, Mamukas Vazi, Otskhanuri Sapere, Gorula,

Saperavi Meskhuri, Ghrubela and Shauvtita.

Table 11 Description of Winkler classes.

\c/\llzlar;léler GDD Viticultural climate | Vinicultural aptitude

I - <850 very cool Very earl_y ripening grapes for fresh and fruity win
or sparkling wine bases

| 850- 1400 cool Early ripening grapes for fresh and fruity wines
sparkling wine bases
Early ripening grapes for wines to be aged.

Il 1400- 1650 | temperate cool Medium ripening grapes for white or red wines re¢
to drink.

m 1650- 1950 | temperate Medium ripening grapes for white or red wines re:
to be aged.

v 1950- 2200 | temperate warm Late ripening grapes for white or red wines ready
be aged.

V 2200- 2700 | hot Late ripening grapes for bodied red wines to be a

V4 > 2700 very hot ;/ggélate ripening grapes for bodied red wines tg

ng



Figure 12 Winkler classification based on yearly average Winkler index calculated for the perio@0834
in Georgia (Caucasus). The analysis is limited to the areas below 1250 m above sea level.
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similar resultswere obtainedrom comparing the phenological timing of Georgiand
internationalvarieties, such as Chardonnay and Cabernet sauvigmonghphenological
modeling(Cola et al., 2017; Mariani et al., 2018igurel.3 shows, for the Italian site of
Perugia, the average phenological timing (:299) of three relevant Gggian varieties

such as Saperavi, Rkatsiteli, Mtsvane Kakuri, compared with Chardonnay and Cabernet
Sauvignon.

Average phenological development reproductive stages
(1990-2019)
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Figure 13 Phenological timing simulation for three relevant Georgian cultivars, compared with Chardonnay
and Cabernet sauvignon, using meteorological data of Perugia (Italy) (yearR(®0 Phenology is
represented following the reference BBCH scale [42]: i93evelopment of flowers; ii) 669 flowering;

iii) 70-79 development of fruits; iv) 889 ripening.



1.5 Georgian grapevine ampelographic traits

Georgia is noticed as an important source of grapevamapelographicbiodiversity
(Chkhartishvili & Maghradze, 2012; Tsertsvadze, 20¥Bthpelographic comparison $a

been conducted in a joint Asia and European research; meanwhile, numerous autochthonous
cultivars have been describ@bashidze et al., 2015; Aroutiounian et al., 2015; Cofea
Savin, 2015; Goryslavets et al., 2015; Maghradze et al., 2015; Popescu et al., 2015;
Ujmajuridze & Mamasakhlisashvili, 2015lFurthermore, the phenotypic variabilities are
considered as a result of the genotype, environmental growing condition @ind th
interaction.

Such as seed shape which in Georgia mostly round or slightly elongai@tiberries have
been selected by winemakers to be cultivated based on the ancient traditions in millennia
(Chkhartishvili & Maghradze, 2012; McGovern et al., 201&lso, Georgian grapevine
observations reporteghigh level of both sugar and acid while nowadays the climate change
could affect theselevels by influencing anticipated ripening condisdde Ordufia, 2010;
Keller, 2010; van Leeuwen & B&aclrvine, 2017) Which presence of latgpening
Georgian cultivargMaghradze et al., 2012¢ould be interesting even for sugar level
counterbalanced by the acidity. Furthermore, tlaeeeadaptations of Georgian grapes due

to the proportion of skin thickness, seeds and pulp. From which the berry shin thickness
could be a hrrier against climate chang@®n Leeuwen & Destrakvine, 2017)and other
environmentattresses.

Epical waxes on the outer side of the grape skin protective role have been reported against
dehydration(Di Matteo et al., 2000; Doymat., 2004; Doymaz, 2006; Doymaz & Pala,
2001; Mahmut & Mdganu et &al., 28111;.Pangal/aree et al., 1888)pathogen
infections (Marois et al., 1986; Percival et al., 1993; Rosenquist & Morrison, 1988)
Furthermore, a study conducted on Georgian cultivarggested a possible eco
physiological role of epicuticular waxes in reducing heating stresdbgibinteraction with
infrared radiation(Rustioni et al., 2012)Often, plants face stresses through secondary
metabolites, and the crucial role of phenolics against photodamages is well(Kloaa &
McArthur, 2002; Graham et al., 2004; Rustioni, 20IA)e Georgian cultivars showeal

low amount of total phenolic compound accumulatidbashidze et al., 2015; Rustioni et
al., 2019)which in correlation with climate change impacts on Georgian cultivars, could be
considereds a positive trait during future difficult ripening conditions of the future.

1.6 Resistance to grapevine diseases

The grapevine varieties cultivated worldwide belong to the Eurasian grapéviieiferg

and are susceptible, at different levels, to seymtilogens (fungi, bacteria and virus€)

the other handhontvinifera species, from North American and Asia, are resistant to fungi
and tolerant to viruses and some bactéfamijo et al., 2016; Oliver & Fuchs, 2011)
Amongst various diseases, which directly affect grapevines, powdery mildew (caused by the
ascomyceteErysiphe necatorSchwein) and downy mildew (caused by the oomycete
Plasmopara viticolgBerk. et Curtis) Berl. and de Toni) amonsidered agvo of the most
importantthreats It was in the second half of the nineteenth century that pest management
becoms an inevitable task foEuropean viticulture due to the introduction of powdery and
downy mildew agents in those regio(i§opfer et al., 2011)The search for suitable tools

for disease management rapidly became a priority for the viticulturists. The discovery of the



efficacy of sulfur and copper in controlling the diseases was @&y However,great
attention wasalsopaid to the development of resistant cultivars. The Amendtaceae
soon proved to be the best sources of resistance, duestmltdion between the pest and
pathogens Also, extensive breeding programs, based interspecific crosses between
American Vitis species (e.gVitis riparia, Vitis rupestris, Vitis berlandierand Vitis
labruscg andV. viniferg were undertaken at the beginning of the XX century. Nevertheless,
the interest in searching for resistanamibs decreasedver time, probably due to the
discovery of fungicide efficacyRussell, 2005)that was largely employed for disease
control, and the inheritance of the specific foxy-ftdivors from the nosvinifera parent
species.

Recently, the public concern about sustainability in agriculture and new regulations on plant
protection products renewed the interest of growers in the cultivation of resistant varieties.
Despitethat viticulture in the EU allocatesa low percentage of able land, it use high
amounts of fungicides to fight downy mildew infections (Eurostat 2007,
http://ec.europa.eu/eurostafydBurthermore, studies on the effect of Gd temperature

on downy and powderynildews showed that the disease incidence of downy mildew
increased withthe rising of gas and temperatur@hereasan increase in COwas not
influencing powdery mildew incidendd’ugliese et al., 2011Also, becauseof climate
changewhich will potentially favor the pathogéndevelopment, it is important to search

for new resistance genes, focusing on alternative species, sichviasferg to the non
viniferaones.

1.7 V. vinifera resistant cultivars againstP. viticola

The identification ofP. viticola dates to 1838, when Schweinitz, one of the founders of
American mycology, collected the first samples from Wilts species in South Carolina.

In Europe, downy mildew was first reported during 1878 in Bordeaux and then it spread all
over the old contin&, reaching Australia and New Zealand between 1919 and 1926
(Emmett et al.,, 1992)All traditional European grapevine cultivars showed high
susceptibility against the pathogen, leadin@ 8evere pandemic across EurqBeso &
Kassemeyer, 2008; Gessler et al., 20NDwadays, the pathogen is detected in warm and
humid climates worldwide.

Symptoms of downy mildew (Figude4) are observable on infected orgamsarious forms
suchas yellowish oilylesions (sometimes red, in black cultivars) on the upper surface of the
leaves (Figuréd.da and b) followed by sporulation on the underside of the leaf (Figdice
malformations and necrosis on herbaceous shoots and inflorescences 1Hdwed e)

change of color to violet and withering on berries (Figldd), that detach from the rachis
leaving a dry stem scar. The disease negatively impacts grape production at both qualitative
and quantitative levelsFor instancethe loss of photosynthetic tisss limits the sugar
amount in berriesyhich produce low-quality winesandthe shoot and bunches damage
leadsto a poor yield. Severe infections, in absence of disease control, can result in total loss
of leaves and some cases total yield (@ssfolatti, DelLorenzis, et al., 2018; Topfer et al.,
2011)


http://ec.europa.eu/eurostat/de

Figure 14 Symptoms of grapevine downy mildew on leaves)ashoot (d) and bunches (e,f). a) oil spot
(yellow circular spots with an oily appearance) on the upper sitteedéaf; b) mosaic symptom (yellow spot
restricted by veins to form yelloto-brown small, angular spots in a mosaic pattern) on the upper side of the
leaf; c) sporulation (sporangiophores and sporangia appearing as a bright white, fluffy growth) on the
undersides of leaves; d) shoot covered by sporulation turning brown; e) distorted bestrdp@d) turning
necrotic; f) shrinking berries turning violet

Most of theVitis taxa related to North America at@ some extent resistant B viticola
(Unger et al., 2007)The resistance responseRoviticolaresults in rapid plant cell death
after pathogen recognition and local necrosis induction. This mechanism, kndha as
hypersensitive response (HR), is an active triggered procedure initiated by fungal elicitors
or other elicitorgBalint-Kurti, 2019)that leads to burstsf production of reactive oxygen
species (ROS) and nitric oxide (NO). Consequently, the host cells collapse and shrink,
hampering the fungal infectidif offolatti et al., 20.6). Cell deathappearsas small necrotic
spots on plant tissues.



The Georgiargrapevinegermplasm is characterized by very high genetic diversity, with
cultivars differing from major European on@mazio et al., 2013)Considering that this
high variability could also be a source of resistance to itapbpathogens, some studies
have been undertaken to assess the resistance levels of Georgian acceBsivtisda

The first one, carried out by Bitsadze et @015) showed that 20 accessions were
characterized by medium to high levels of resistance to downy mildew in a collection of 61
native Georgian varietiesThe promising resultsshowed the importance and value of
screeningor additionalGeorgian germplasm. la study byToffolatti et al.(2016) a total

of 93 accessions were studied over three yathan thefield and laboratory. A small group

of varieties, including Kamuri Shavi, Mgaloblishvili and Ubaklshpwed reduced disease
severity valuesHowever,only Mgaloblishvili showed strong and constant phenotypical
resistance against the pathogen. In Taldlga list of Georgina resistant varieties is reported.
Indeed, recent studies on the transcriptome gfaleblishvili showed that the cultivar
possesses a unique responsk.tuiticolathat is based on the overexpression of gémats

are not modulated or downregulated in susceptible (Pinot néitviaiferacv) and resistant
(Bianca,interspecific hybrid) cultivaréToffolatti, De Lorenzis, et al., 2018)he resistance
mechanism of Mgaloblishvilsibased on the overexpression of genes encoding: i) receptors
for pathogen recognition (PAMPathogen Associated Microbial Pattereseptors and for
damages at the cell wall ( DAMPa mage Associated Microbial
receptor of fungal effgors (named Lr10); iii) ethylene signaling; iv) synthesis of terpenes,
such as valencene, and flavonoids; v) strengthenitigeakll wall. Besides genes involved

in resistance, suscepltbgenes weralsoidentified. Susceptibility genes are essential f
plantpathogen interaction and their disruption leads to resistance, anligene, whose
knockdown is involved in resistanceBEonecator(Pessina et al., 2016)he candidate gene
related to susceptibility t®. viticola in V. vinife'a encodes a LOB domaitontaining
(LBD) protein (Toffolatti et al., 2020)that has been previously found in the interaction
betweenArabidopsisthaliana and Fusariumoxysporum(Thatcher et al., 2032The new
genomeediting tools, providing several protocols to introduce knockout on target
sequences, make the understanding of plant pathegetance mechanism mediated by
susceptibility genes a very attractive alternative for the developmenirabld disease
resistant varietie€Zaidi et al., 2018)

Table 12 List of Georgian grapevine accessions (wild and cultivated) showing resistdhaosticola ranging
from very high to high degrgBitsadze et al., 2015; Toffolatti et al., 2016)

Variety Berry color Usage Region of origin Distribu tion Resistance to
P. viticola

Ikaltos Tsiteli blue black  wine Kakheti Germplasm high

Krakhuna Clone  blue black  table grapes Imereti Minor

Ktsia blue black  wine Kartli Germplasm

Mtsvane Kakhuri  green yellow wine Kakheti Major

Tsitska greenyellow wine Imereti Major

Tsitska, clone green yellow wine Imereti Minor

Rkatsiteli dark red wine Kakheti Minor

Vardisperi violet

Saperavi green yellow wine Kakheti Minor

Skra - - Kartli wild

Tedotsminda 10 - - Kartli wild

Tedotsminda 15 - - Kartli Wild
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Tskobila blue black  wine Kakheti Germplasm
Goruli Mtsvane green yellow wine Kartli Major
Mgaloblishvili blue black  wine Imereti Germplasm very high
Chkhikoura green yellow wine Imereti Germplasm
Dondghlabi Shavi blue black  wine Imereti Germplasm
Dondghlabi grey wine Imereti Germplasm
Mtsvane
Kakhis Tetri green yellow wine and Kakheti Germplasm
tables grapes
Kesi green yellow wine Kakheti Germplasm
Muradouli green yellow wine Imereti Germplasm
Tsirkvalis Tetri green yellow wine Imereti Germplasm

1.8 Loci associated with the resistance tP. viticola

So far, the investigation afhe genetic basis oP. viticola resistancehas led to the
identification of 28 resistance (R) loai different regions(Figure 1.5). These R loci
(designatedRpv), identified through QTL (Quantitative Trait Loci) analysis on a range of
North American and AsiaNitis species, confer different degreesdisease resistarc
ranging from partial to total resistan(@ry et al., 2019) The major loci of this list are: i)
Rpv] identified inMuscadinia rotundifoliaconfergartialresistance t@. viticolainfection

and is associated with a gene enogdi IR-NB-LRR protein (MrRPV1)(Feechan et al.,
2013; Merdinoglu et al., 2003)i) Rpv2 identified in M. rotundifolia confers total
resistance to downy mildew and is associated to a cluster eNBHRRR genegDry et al.,
2019) iii) Rpv3 identified inV. labrusca, Vitis lincecumii, V. riparia and V. rupestris
confers partial resistance to downy mild@ellin et al., 2009; Gaspero et al., 2011; Welter
et al., 2017)iv) Rpv8andRpv12 identified inV. amurensisconfer high resistance .
viticola infection and are associated with the cluster of genes encodiAgRRBproteins
(Blasi et al., 2011; Venuti et al., 2018) Rpv15 identfied in Vitis piasezkiiconfers strong
resistance t®. viticolainfection(Dry et al., 2019) The other R loci are considered minor
loci due to their capability to coarf low degregsof resistance and their usefulness is proved
only in combination with major R locilo date, from which 28 locR{p\l-28), excepRpv

15, 16 and 28, the rest have been identified on chromosomal genome loEgtiapevine
(Figure 1.6) undedifferent genetic backgroun@Bellin et al., 2009; Di Gaspero et al., 2012;
Divilov et al., 2018; Fischer et al., 2004; Marguerit et al., 2009; Merdinoglu et al., 2003;
Moreira et al., 2011; Ochssner et al., 2016; Sapkota et al., 2019; Schwander et al., 2012; van
Heerden et al., 2014; Venuti et al., 2013; Welter et al., 2007; Wiedelartinoglu et al.,
2006; Zyprian et al., 20167 his map could be used to study the majority of linkage maps
and markesassisted selection (MAS).
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W kov 1-7.Rpv 9, Rpv 11, Rov 13-18, Rpw 17-21, Rpw 2/ Rpv B,Rpv 10, Rpv 12, Rpyv 15-16, Rpy 27-76

Figure 15 Distribution of resistance loci t®. viticola(Rpy) in grapevinegenetic backgroundhich have been
identified in Northern American and Asiafitis species
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Figure 16 Identification of pathogemesistance loci iVitis. 28 reportedRpvon Vitis reference genom@2X v2.0)(Canaguier et al., 201 ™arkedon chromosomal
map(chrl-19). Ruler on thdeft side indicates the Mb distance.
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1.9 Conclusion, Problem and aim of project

The Georgian germplasm consideredas cultivars characterized by late ripening, which
could potentially reducissuegelated teexcessivéemperatures isummertimedistinctive
eno-carpological traits, which affect the grape and wine qualgcific responses to abiotic
stresses, such as sunburn; and resistance traits related to biotic stressesmuygbedeP.
viticola (Berk. & M.A. Curtis) Berl. & De ToniThe interestinty huge genetic variability

in Georgian grapevine made them a thahile resource for breeding programs. Amongst
which, in primary pathogen developmeMgaloblishvili has been determinedth unique
resistance behaviaf overexpression of genes related to pathogen recognition, signaling
and defense respon@koffolatti, De Lorenzis, et al., 2018)

Given the reasons stated in this work, the screening and assessment of Georgian germplasm
for resistance response Ro viticola pathogenshould be promoted. In this way, it will be
possible to exploit the valuable traits enclosed by this unique sougmnefic variability

for newvarietiesgiving them the abilityo properlyface the challenges awaiting viticulture

in the eraof resistance t®. viticola In line with this, a modified version of chapter one has
beenpublishedas a review papén Fronters in Plant Scienae n t i Gdorgiah Grafevine
Cultivars: Ancient Biodiversity for Future Viticultube a ut h Maryard Sabgplzael,
Laura Rustioni, Gabriele Cola, Valentina Ricciardi, Piero A. Bianco, David Maghradze,
Osvaldo Failla, FabiQuaglino, Silvia L. Toffolatti and Gabriella De Lorenzisside from
traditional breeding programs,etbeinvaluable resources could be exploited in breeding
programs based on the use of New Breeding Technologies (NBTSs); i.e. through genome
editing appliel on both resistance and, susceptibility candidate genes (whichaxamore
practical advantages) to abiotic and biotic stresses.

However, during the plargathogen interaction, both plant and pathogen evolve for survival.
While therearelots of invesigations on grapevine responsédtoviticola there is less focus

on the molecular reaction othe pathogen with its host. The understanding of pathogen
virulence mechanism wittifferent resistance grapevines originated from various regions
could be a perequisite to developpg pathogen strategies.

The overall aim ofthe projectbreaks downnto three objectivesvhich are proposeds to
identify loci related to resistance B viticolaby GWA study (chapter 2); tthoroughly
reveal grapevinecultivar resistance mechanism agairi&t viticola (chapter 3) and to
characterizetranscripts ofP. viticola in the early interaction with grapevine cultivars
(chapter 4).

To breed grapevines with specific featuresrkerassisted selectio(MAS) of eithe
qualitative or quantitative trait could be useda tool. Markers related to diseassistance

genes are currently used in largeale breeding programs of grapeviReom an economic

point of view, the identificationf inheritanceand the subsequent development of molecular
markers linked taesistancegeneso P. viticola in V. vinifera may have a very important
impact on thgrapevine breedingrograms via markeassisted selection (MASlue to the
reduction of the time needed tbtain resistant varieties characterized by ‘gghlity
standardsTherefore, the identification of tHeci related todowny mildew resistance in
Mgaloblishvili (V. viniferg by GWA approachwas set as the first objective for the current
study Chapter2 s part of t h &p\29,Rp\BOiarcdR@V3il:dhnee hovet | e d
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genomic loci associated with resistancd’tasmopara viticolan Vitis viniferad aut hor ed
by Maryam SargolzaeiGiuliana MaddalenaNana BitsadzeDavid MaghradzePiero

Attilio Bianco, Osvaldo Failla,Silvia Laura Toffolatti andGabriella De Lorenzisand

published on Frontiers in Plant Scien¢e$:562432; 2020).

Resistance mechanism could be traced by REduencing, which is a highroughput
method to find regions withdifferentially transcribed genes. lime previous work of
Toffolatti et al. (2018) two genes of valencene synthase and a cytochrome P450
(CYP72A219 element) showed a remarkable expression pattatencene synthase is a
terpene synthase, involved in the biosynthesis ofvélgncene, a sesquiterpene, and its
isomer §)-7-epiUselinene, by using farnesyl diphosphate as a subgtratéer et al.,
2004) This project exploreshe involvement ofVolatile Organic Compounds (VOCs)
emitted bytwo resistant varietieBianca (an interspecific hybrid obtained by crossing
American species witl. viniferg and Mgaloblishvili ¥/. viniferg in response t®. viticola
infection Therefore, the ultimate aim wasfpose an eesustainable approach regarding

to VOCs actagainst pathogens and herbivoréise results reported in chapter 3 wpeat

of publication titledfiFrom plant resistance response to the discovery of antimicrobial
compounds: the role of volatile organic compounds (VOCs) in grapevine downy mildew
infection to Plant Physiology and Biochemisiry a u t h\@alengirch Ribciardi, Demetrio
Marcian o, Maryam Sargolzaei, Giuliana Maddalebayid Maghradze, Antonio Tirelli,
Paola Casati, Piero Attilio Bianco, Osvaldo Failldaniela Fracassetti, Silviaaura
Toffolatti, Gabriella De Lorenzis

However, he study of planpathogen interactioto deduce alternative plaptotective
solutions is notonfinedto the study of plant response &pathogenrather it also includes

the study of the molecular redions of the pathogen durirthe interaction. Tlus, thelast
objective was to applythe RNA sequencing datwith nextgeneration sequencing
technology (NGS)to identify transcripts and genes activity in the edply viticola
development on susceptibltdte ofRpw, 2008059-020) in comparison tdwo resistance
(heterozygougRpw3/Rpv10) and homozygouéRpvLO/RpVLO) hosts This study aimed for
understanding the encoding transcripts and genes of pathogen signal, apoplast and effectors
proteins combined with its virulence mechanisms, to develop novel strategies of pathogen
control. The results reported in chapter 4 were sutaditothe European Journal of Plant
Pathology
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Chapter 2: Genome Wide Association (GWA) studyto identify
loci related to resistance to pathogen

2.1 Introduction

Vitis viniferaL. is one of the most widely cultivated fruit tree species of agricultural interest
and it is the only species of thétis genus extensively used in the global wine industry.
According to the data collected in 2018, viticulture covers approximately 7.6omilli
hectares worldwide and produces more than 67 million togsapgs littp://www.oiv.int).
Unfortunately V. viniferais also known as the most susceptNilies species t&’lasmopara
viticola (Berk. et Curt.) Berl. aad de Toni, the oomycete causing grapevine downy mildew.
P. viticolawas introduced into France from North America during the XIX century together
with American wild Vitis species and rapidly spread across Europe dividing into two
genetically distinct group$ontaine eal., 2013; Maddalena et al., 2028jructure analysis
indicated that the European and ItalRnviticola populationsareformed by two separate
genetic clusters, distributed according to a geographical gradient\iEgass)t and climatic
conditions (Fotaine et al., 2013; Maddalena et al., 202®).viticola is a polycyclic
pathogen able to biotrophically grow on tissues (leaves, shoots and clusters) of susceptible
Vitis species and, particularly, vinifera If adequate disease management strateggasoar
applied, the diseaseriously affects yield in terms of grape quality and quafiivyfolatti,
Russo, et al., 2018)

Resistant accessions within the North Amerinanvinifera species, such a#étis riparia
Michx., Vitis cinerea(Engelm. ex A.Gray) Engelm. ex Millard aitis labruscal., and
the Northeast Asian speciegitis amurensisRupr.), exhibit varying levels of resistance,
ranging from moderate to high, due teemlution with the pathogefdirges et al., 2009)
Several QTL (Quantitative Trait Loci), conferring downy mildew resistance, at different
levels ranging from weak tmtal, were discovered Xitis species backgroun@®pvland
Rpv2 in Muscadinia rotundifolia Michaux (Merdinoglu et al., 2003; Wiedemann
Merdinoglu et al., 2006)Rpv3and Rpv19in Vitis rupestrisScheelg(Bellin et al., 2009;
Divilov et al., 2018; Foria et al., 2020; Vezzulli et al., 2019; Welter et al., 2Bp¥4 Rpv7,
Rpvll, Rpvl7 Rpvl8 Rpv20and Rpv2] in unspecified American speciéBellin et al.,
2009; Divilov et al., 2018; Fischer et al., 2004; Welter et al., 20035 Rpvg RpvOand
Rpv13in V. riparia (Marguerit et al.,, 2009; Moreira et al., 201Rpv8 Rpv1Q Rpvl12
Rpv22 Rpv23 Rpv24 Rpv25andRpv26in V. amurensigBlasi et al., 2011; Lin et al2019;
Schwander et al., 2012; Song et al., 2018; Venuti et al., 28p814in V. cinereg Ochssner
et al., 2016)Rpv15andRpv16in Vitis piasezkiMaxim. (Pap et al. unpublishedRpv27in
Vitis aestivalisMichx. (Sapkota et al., 2015, 2019and Rpv28 (Bhattarai et al., in
preparation; www.vivc.de).

The management of downy mildean traditionalV. vinifera varieties requires regular
application of fungicides. It is estimated that in the European Union, viticulture accounts for
approximately 70% of all agrochemicals used, most of which are applied to contain the
agents of downy angowdery mildews. Nevertheless, the intensive use of chemicals is
becoming more and more restricted because of their high costs, their risks to human health
and their negative environmental impact due to the chemical residues detected in grapes,
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soil and guifers.Also, disease control could be difficult to attairthefuture because some

P. viticola strains could develop s#specific fungicide resistances, leading to great
difficulties in the management of disease, while the discovery of new modes of action is rare
(Hollomon, 2015) The EU Directive 2009/128 for sustainabthanagement of diseases
caused by plant pathogens in Europe strongly recommends a reduction in the number of
treatments in the field. Moreover, the application of Regulation 1107/2009, concerning the
placement on the market of plant protection produstsausing a reduction in the active
substances available. The exploitation of resistance sources is the best way to decrease the
use of chemicals for disease management and to achieve effective protectiBnviticola

in anenvironmentallyfriendly way. Breeders had already started crossing the susceytible
vinifera varieties with American species in the XIX century, firsthe US and then in
Europe(Eibach & Topfer, 2015; Merdinoglu et al., 2018; Migicovsky et al., 2016; Yobrégat,
2018) Nowadays, numerous varieties combining resistant traits from American and Asian
species andthe quality traits ofV. vinifera are available(A Reynolds, 2015) A
comprehensive list of new resistant varieties can be accessed frafitishaternational
Variety Catalogue website (VIV@yww.vivc.de).

Finding new sources of resistance is of paramount importance in breedingtiostress
resistance in a perennial crop, which has to be productive for years while maintaining its
resistance characteristics at the same time: the main strategy for preventing the selection of
pathogen strains able to overcome resistance is pyragidsistance genes in the crop
variety (Delmotte et al., 2016; Eibach et al., 2007; Zini et al., 20R@cently, unique
resistance traits tthe downy mildew agent have been reported/irvinifera varieties
(Bitsadze et al., 2015; Toffolatti et al., 201®ming from the first domestication center of

the species: Georgia, Southern Caucdbuazio et al., 2013)The resistance mechanism

for one of these resistant tuars, named Mgaloblishvili, has been studied in detail
(Toffolatti et al., 2020; Toffolatti, De Lorenzis, et al., 2018jter artificial inoculationP.

viticola growth and sporulation are significantly affected in Mgaloblishvili: the mycelium
degenerates, sporangiophores show altered morphology and lower numbers of sporangia are
produced, without any evidences of the hypersensitive response that occurs in America
species. From the transcriptomic point of view, its defense mechanism shows
overexpression of genes related to pathogen recognition through PAMP (pathogen
associated molecular patterns), DAMP (damagsociated molecular patterns), and effector
receptorand ubiquitination, signaling pathway through ethylene, synthesis of antimicrobial
compounds (such as monoterpenes and flavonoids) and fungal wall degrading enzymes, and
the development of structural barriers (such as cell wall reinforcement). The dysobve
resistance t®. viticolain V. viniferapromises fresh opportunities for grapevine breeding in
terms of new resistant loci.

Breeding for disease resistance is a very tomesuming process (up to-3b years are
required for a breeding program) basa it needs the evaluation of resistance levels of the
progeny and other important characteristics (yield and quality of vines), vehigbically

not achieved until the third year after planting. A way to considerably decrease the length of
the breedingprocess (accelerating the process by up to 10 years) is the adoption of the
markerassisted selection (MAS) approach, which allows the targeted selection of progeny
harboring the resistance Iqé&ibach & Topfer, 2015)

Identification of genomic loci associated with complex quantitative and qualitative traits
was enabled by the development of QTudnqtitative trait locus) and GWA (genomeade
association) mapping approaches, combining genetic and phenotypic data. QTL mapping is
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performed using segregating biparental populations, while GWA approach relies on
historical recombination eventisatoccurred in natural populations, germplasm collections
and breeding materialKorte & Farlow, 2013) Over the last 10 years, NGS (next
generation sequencing) technologies have made available numerous (from thousands to
hundreds of thousands) SNP (single nucleotide polymorphism) markers to be used for GWA
study (GWAS) in various plant and animal spe¢®sat et al., 2016)

In grapevine, at least three higknsity SNP arrays have been se(lugucau et al., 2018;

Marrano et al., 2017; Myles et al., 201@nhd themost used SNP set is the Vitis18kSNP

chip array, devel oped by the GrapeReVSeq Cor
vinifera genotypes and 18 genotypes belonging to Amerliis species and holding

18,071 SNPs. This higtlensity SNP array has been demonstrated to be a valid method for
mapping both quantitative and qualitative tr@itaucou et al., 2018)

In the present work, the Vitis18kSNP chip array was used to genotype a peneirofera
Georgian accessions to identify genomic regions and/or putative markers associafed with
viticola resistance itV. viniferg through a GWA approach, to be used NAS in further
breeding programs.

2.2 Material and methods

2.2.1Plant material

The panel of accessions analyzed in this study (Ta)eaccounted for 132 genotypes: 84

are seedlings of the Mgaloblishvili seibllinated population, and 48 are genotypes
belongirg to the Georgian germplasm collectisrhich were inorder to increase the
accuracy ofthe GWA study and rich the minimum number of individuals (>10the
selection of cultivars was randomized regarding samgagahility. The breedingderived
genotypes are maintained in the greenhouse of the Department of Agricultural and
Environmental Sciences (DiSAA), located in Arcagna (Lodi, ltady)d the germplasm
genotypes are planted in the DiISAA germplasm collection vineyard, losaiBoirazza
Coste (Pavia, Italy). Mgaloblishvili seffrogeny was obtained itme spring of 2012, by
enclosing Mgaloblishvili inflorescences in paper bags before flowering. At harvesting,
bunches wereollected,and the seeds were extracted from berridsetoernalized at 5°C

for two months in humid sand. The vernalized seeds were placed in plates of polystyrene
cups filled with rockwool and maintained at 20 to 25 °C up to germination in a screenhouse.
The seedlings were transplanted inter8 pots filledwith a sandpeat mixture (7:3 in
volume) and after one year were moved ircB® pots. The plants were regularly irrigated
and maintained without mineral fertilization practice. In Fig@rg, some stages of
Mgaloblishvili seltpollination, seedling germitian and plant maintenance ithe
greenhouse are shown.
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Figure 21 Some stages of Mgaloblishvili sgibllination (A, B), seedling germination (C) and plant
maintenance in greenhouse (D).

2.2.2Phenotyping

The degree of susceptibility . viticolawas evaluated through experimental inoculation

on leaf samples collected at the beginning of 2015, 2016, and 2017 grapevine growing
seasons, using the protocol described by Toffolatti g2@lL6) To maximize the genetic
variability of the pathogen and allow the detection of accessions that were resistant to a wide
range of pathogen strains, field populationgPofiticolawere used for the experimental
inoculatons (Toffolatti et al., 2016) Recent studies demonstrated that the European and
Italian P. viticolapopulation is divided ito two genetic clusters, separated over aneast
gradient (Fontaine et al., 2013; Maddalena et al., 2020)this study, east and west
populations oP. viticola coming from Italy, at S. Maria della Versa (Pavia; East population)
and Casarsa della Delizia (Pordenone; West population), and Georgia (West), were mixed
to perform experimental inoculations. Phenotypical evaluations were performed in triplicate.
Briefly, threeleaf discs (1.5 cm in diameter) were cut from three leaves collected from the
3rd-5th leaf starting from the shoot apex of the plants. The leaf disks were sprayed with 1
mL P. viticola sporangia suspension (5%1€porangia-mtY) and incubatedn a humid
chamber at 22 °C for 10 days. Disease severity was estimated from the area covered by
sporulation by calculating the Percentage Index of Infections (IGhdwnsend &
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Heuberger, 1947)The accessions with an average 1%l lower than 25% along the three
sampled years were considered resistaime. 25% threshold was chosen based on the 1%l
distribution. Box plot distribution of the three replicate values of the samples showed that

only nine samples (ID 124, ID 122, ID LIB 56, ID 138, ID 109, ID L22A, ID M22F, ID

M22A, ID M22E) showed 1%1<40%, while the others reached higher values (Supplementary
Figure S1). The average 1%l of these samples was 20+5% (95% confidence interval).
Therefore, 25% was the chosen threshold. The existence of differences between 1%l
recorded in different years was analyzed by

Resistance levels (RLs), expressed in percentage, were calculated f@cees$iorby
using he following formula:

YO prim p m)Twhere 1%} is the average disease severity of sample x and

[%Imax is the maximum value of disease severity recorded (accession ID 157 M,
1%1=85.8%).

2.2.3SNP genotyping

The 132 genotypes were genotypedgghe Vitis18kSNP array (lllumina Inc., San Diego,

CA, USA), containing 18,071 SNPs. The genotyping of breederyed accessions
(Mgaloblishvili seedlings) was performed in this work, while for germplasm genotypes the

data were obtained by De Lorenztsaké (2015) Genotyping was carried out on 200 ng of
genomi c DNA extracted from 100 mg of freeze
Pl ant Il (MACHEREY NAGEL, Germany), accordi
concentration and uglity were checked by electrophoresis @m agarose gel and by
spectroscopy using a NanoDrop Spectrophotometer (Thermo Fisher Scientific, Waltham,

MA , USA) and Quant i T dsDNA HS assay kit f
Scientific). Genotyping analysis was performed by the laboratory of Fondazione Edmund
Much (San Michele all 6Adige, Trent o, I'taly)

2.2.4Data analysis

SNP data produced in this work (84 Mgaloblishvili seedlings) were filtered for samples
showing a call quality value (p50G@wer than 0.54 and loci with a GenTrain (GT) score
value lower than 0.6 and a marker missing rate > 2D% Lorenzis et al., 2015)The
Mgaloblishvili selfpollinated population dataset and the SNBfilgs of 48 varieties
reported in De Lorenzis et gR015)were merged and filtered for minor allele frequency
(MAF) > 5%.

MEGA 7.0 softwargS. Kumar et al., 2016 as used to design a UPGMA (Unweighted

Pair Group Method with Arithmetic Mean) phylogenetic tree, thaseo n t he Di ¢
coefficient(Dice, 1945)distance matrix generated by PEAS 1.0wafe(Xu et al., 2010)

Principal Component Aalysis (PCA) was carried out usiaglegenepackage(Jombart,

2008)of R software (R Core Team), anckthirst two components values were plotted on a

2 D scatterplot. Structure ankRithgt& Francosas car
2015)of R software by varying the number of ancestral genetic groups (K) fromQLito 1

ten repetition runs for each K value. The most likely K value was detected based on LEA
crossvalidation method.

The LD (linkage disequilibrium) estifpati on
between each pair of molecular markéthao et al., 2005)vas evaluated using PLINK
(Purcell et al., 2007Roftware. The paiwise LD as ¥ was calculatedsing the parameters
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-ld-window-r2 0, --ld-window 99999 --Id-window-kb 10000. The distances between loci
were categorized into intervals of a fixed length (100 kb) and, for each interval, average r
was calculated. The LD decay was visualized by plottiegaverage?per interval from 0

up to 10 Mb by R software.

Association analysis was performed in R software using GAPIT padk#ge et al.,

2012) GLM (Generalized Linear Model), MLM (Mixed Linear ModelLMM (Multiple

Locus MixedLinear Model), FarmCPU (Fixed and random model Circulating Probability
Unification) and SUPER (Settlement of MLM Under Progressively Exclusion Relationship)
algorithms were tested. For fixed effectn@atrix (for K = 3), detectetly LEA, was used

as the covariate for association analysis accounting for population structure. The GWA
algorithm performances were evaluated through quamaéntile (QQ) plots. A
conservative threshold for assessing SNP significance was calculatddobaBenferroni
correction for a type | error rate of 0.05. The SNPs fitting a logistic regression, performed
in PLINK software, were selected.

2.2.5Candidate gene mining

Gene associated with SNP loci passing the Bonfeadjusted threshold were predicted
basd on the LD#threshold of 0.2ZX. Li et al., 2014) using the grapevine reference genome
PN40024 (12X.v2 e&rsion)(Canaguier et al., 20L7The SNP loci mapping to reference
genome was conducted using CLC Genomic Workbench software (v. 20.0) in advance
sequence finder toolbox including negative strand. Nearby genes in linkage regions of stable
SNRtrait associations with putative functiongpposedly related to th viticolaresistant

trait were selected as candidates.

2.3 Results

2.3.1Phenotypic and genetic diversity of accession panel

Phenotyping evaluations were performed for three years {2019) and only genotypes
scored with a 1%1<25% in the three years dtifie evaluation were classified as resistant.
Evaluation trials have shown an overall high susceptibiliB. taticolainfection, with some
accessions showing a large distribution of the data (Supplementary Sigjurineout of

132 genotypes were resistant: five Mgaloblishvili seedlings (ID 124, 122, LIB 56, 138, 109),
Mgaloblishvili and three varieties (Jani Bakhvis, Zerdagi and Kamuri shavi) (F2he

Table S1). The samples showed a significant correlation amorgsy@>0.991; N=3;
P<0.043)RLs of the nine resistant genotypes ranged from 70 to 84% (®dhleNone of

the resistant genotypes showed HR in leaf tissues.

The SNP genotyping data of the Mgaloblishvili gedflinated population were merged with

the ones of 48 Georgian cultivdi3e Lorenzis et al., 2015 he final dataset accounted for

132 genotypes anti2,825 SNP loci. Clustering analysis discriminated the genotypes in
two well distinct main groups (Figur2B). In each main group, both breediderived
genotypes and germplasm cultivars were included, though they were mainly clustered in
well-separagd subgroups. Resistant genotypes were distributed between the two main
groups. The range of identity varied from 95% to 88%. PCA strongly differentiated
Mgaloblishvili seltpollinated and germplasm individuals into two distinct groups (Figure
2.2C). Thefirst two principal components (PCs) captured 33% of total explained variance
(PC1 = 29% and PC2 = 4%). The two groups were separated along the PC1. As expected,
the germplasm individuals showed a variability higher than the bredeémiged accessions.
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According to the crosgalidation plot, structure analysis identified three ancestral
populations (K = 3), one for Mgaloblishvili seedlings (group 1) and two for germplasm
individuals (groups 2 and 3) (Figu2e2D). The three resistant cultivars were assigoee

to group 2 (Zerdagi) and two to group 3 (Jani Bakhvis and Kamuri shavi). The percentage
of admixed genotypes (with a membership probability < 80%) was 28%. All the admixed
genotypes were detected among the cultivars (TaB)e All the nine resistangenotypes
showed a membership probability higher than 80%. LD decay was estimated for the entire
dataset (Figur®.2E). LD decreased with the increasetle physical distance between
marker loci. Average LD decay’& 0.11) was observed after ~2Mb. The LD value dropped

to 0.2 after ~100kb.
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Figure 22 Phenotypical and genetic diversity in the panel of 132 grapevine accessions, belonging to the
Mgaloblishvili selfpopulation (84) and Geoian germplasm population (48), used for GWA analysis. The
individuals were phenotyped for resistant trait Ro viticola infection and were genotyped using the
Vitis18kSNP array. A. Histogram summarizing the frequency of susceptible (0) vs resistargr{@jyples.
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B. UPGMA dendrogram showing relationships among individuals of Mgaloblishvitpseglfilation (red) and
Georgian germplasm population (blue). Filled rhombus indicate resistant accessions C. Scatterplot
relationships among individuals of Mgalolhiisli self-population (red) and Georgian germplasm population
(blue), as represented by the first two principal components (PC1 along the horizontal axis, PC2 along the
vertical axis) of PCA. D. Admixture proportions as estimated by LEA package at Kispiyard in a barplot.

Each sample is represented as a vertical bar, reflecting assignment probabilities to each of the three groups.
Group 1: Mgaloblishvili selpopulation individuals. Group 2 and 3: Georgian germplasm population
individuals. E. Decay adiverage linkage disequilibrium (LD r2) over distance (Mb).

2.3.2GWA analysis

Different statistical models (GLM, MLM, MLMM, FarmCPU and SUPER) were tested for
detecting associations fd?. viticola resistance. Because structure analysis was able to
capture thaifferences among the Georgian germplasm cultivars better than R@AtQ

for K = 3 was used ascovariate in the GWA analysis. The application of GLM, MLM and
SUPER models allowed to account for stratification, although a relevant number of false
postives was detected (Figu&3A, B, E). A significant SNP associated wkh viticola
infection was identified in the three tested models: the SNP (chrl4 21613512 C_T) located
in the chromosome 14 at position 21,613,512 witralue of 4.0107, 5.09e07 and
3.68e10, respectively for GLM, MLM and SUPER models. MLMM and FarmCPU models
reduced falsepositive associations (Figur@.3C, D). MLMM models detected one
significant SNP associated witR. viticola infection, with a-logio p-value above the
Bonferroniadjusted threshold, and two SNPs below the BonfemadjustedhresholdsThe

first SNP was the same detected by the GLM, MLM and SUPER models, pvithlae of
1.25e08. The remaining two SNPs were |li_T_C_chrl6_21398409, located on chromosome

16 at position 21,398,409 angaalue of 7.9606 and cn_C_T _chr3 16229046, located on
chromosome 3 at position 16,229,046 arphalue of 1.2565. FarmCPU model detected
the same SNPs detected by MLMM model. chrl4 21613512 C T and
cn_C_T chr3 16229046 were above the Bonferaolisted threshold, with-values of
8.23e08 and 8.18®4, respetively, while li_T_C_chrl6_ 21398409 was slightly below the

threshold, with g-value of 6.25€)3.

For an approximate estimation of allelic effect, logistic regression was fitted for the three
significant SNPs. As observed lilge odds ratio,a highly signficant association was
confirmed for chrl4 21613512 C T locus, followed by |i_ T _C chrl6_ 21398409 and
cn_C_T_chr3_16229046 (Tak2el).

Table 21 Allelic effect estimation by logistic regression for SNP loci associatéd tdticolaresistant traits.
Odds ratio angb-values are reported.

SNP ID Chromosome Genome position (bp) Odds ratio p-value
chrl4 21613512 C_ T 14 21,613,512 28.39 0.00021
cn_C_T chr3 1622904 3 16,229,046 3.74 0.00143

li_T_C_chrl6_2139840¢ 16 21,398,409 7.33 0.00179
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Figure 23 Manhattan plot (left) oflog10 pvalues estimated for binary (resistant sasceptible) coded
phenotypic response R viticolainfection in the panel of 132 accessions genotyped by 18k SNPs. Significant
SNPs are circles above the Bonferradjusted threshold (green horizontal line). Quastfilantile plot (right)

of expectedss observedlog10 pvalues. Association analysis results of GLM (A), MLM (B), MLMM (C),
FarmCPU (D) and SUPER (E) algorithms.

2.3.3Candidate gene prediction

The three SNP loci passing the Bonferradjusted threshold were mappedvovinifera
reference germae (PN40024 12X) to identify putative genes related toRheiticola
resistant trai{Figure 2.4) The LD value () dropped to 0.2 after ~100kb, for this reasmn
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window of 100kb upstream and downstream the most significant 8/Rschosen to
search ér candidate genes. Supplementary T&®Baeports the list of candidate genesa
window of 100kb upstream and downstream the three SNPs associaedvitacola
resistance trait. Supplementary TaBléreports the SNP allele information associateti
these three regions.

The chrl4 21613512 C_T locus mapped in the coding region of HEAT 4&p@aining

5B protein (VIT_214s0006903120) (Figu?ed) . The polymorphi-sm (G Y
synonymous giving rissto a change in the encoded amino acid, from aspartic acid (D) to
asparagine (N). Upstream of this locus wemnaotatedive genes: three of them encode for
uncharacterized  proteins  (VIT_214s0006g03076, VIT_214s0006g03080 and
VIT_214s0006g03100), and twior a probable cellulose synthase A catalytic subunit 8
[UDP-forming] (VIT_214s0006g03090) and an a&bA-binding domaircontaining

protein 3like (VIT_214s0006903110). Downstream of this locus veengotatedwo genes,

encoding for a probable carboxylesise 17 and a plant cadmium resistance 4 protein
(VIT_214s0006g03180 and VIT_214s00069g03190, respectively).

cn_C T chr3 16229046 and li_ T_C _chrl6 21398409 loci were mapped in intragenic
regions (Figure.6 and2.7). The first locus was localized in a regiincluding, upstream,

an uncharacterized protein (VIT_203s0017g00420), a magnaspendent phosphatase 1
(VIT_203s0017g00410), an ubiquitin carboxgrminal hydrolase 21
(VIT_203s0017g00396), a MADBox protein JOINTLESSike (VIT_203s0017g00390),
anda magnesiuntlependent phosphatasdiKe (VIT_203s0017g00380), downstream, an
uncharacterized protein (VIT_203s00179g00440), a MAIoS protein JOINTLESSike
(VIT_203s0017g00450) and an inositol transporter 1 (VIT_203s0017g00460). The second
locus mappedh the genomic region including, upstream, two rust resistance kinase Lr10
like genes (VIT_216s0148g00020, VIT_216s0148g00010) and two genes encoding for
uncharacterized proteins (VIT_216s0050g02810, VIT_216s0050g02800), and downstream,
two rust resistance kinase LrlGlike genes (VIT_216s0148g00030 and
VIT_216s0148g00040).
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Figure 24 Genomic locations of detect&pv(29, 30 and 31) lodor resistance to downy mildew resulted from GWA study (markdaidred). The genes in genomic
position ofRpvloci are indicated in 1 Mb around distance. R@/29%n chromosome 14 indicates close distance (approximately 1NRpud9 and more distance to
Rpv 12andRpv 8(approximately 15 Mh)


































































































































































































































































