The functional microbiome of grapevine
throughout plant evolutionary history and
lifetime

Paola Fourniér® (*), Lucile Pellart (*), Didac Barrose
Bergadd, David A. Bohad Thierry Candresée Francgois
Delmotte, Marie-Cécile Dufouf, Virginie Lauvergeat, Claire
Le Marreé, Armelle Marai$, Guilherme Marting Isabelle
MasneufPomared® Patrice Rey David Shermat Patrice
This®, Clémence Frioud% Simon Labarthe Corinne Vaché($)

Affiliations

INRAE, Univ. Bordeaux, BIOGECO, Pessac, France

INRAE, Bordeaux Sciences Agro, ISVV, SAVE, Villenag®rnon, France

INRAE, Université Bourgogne Franci@omté, Agroécologie, Dijon, France

Univ. Bordeaux, INRAE, UMR BFP, Villenave d'Ornon, France

EGFV, Univ. Bordeaux, Bordeaux Sciences Agro, INRAE, ISWlenave d'Ornon,

France

Univ. Bordeaux, UMR oenologie, INRAE, Bx INP, Bordeaux Sciences Agro, ISVV,
Villenave d'Ornon, France

7.Uni versit® de Pau et des Pays de | 6Adour
Anal ytiqgues et de P mgnentettes Maténainxd®MR5854,r | 6 En
IBEAS, Pau, France

aprownNpE

o

8. Inria, Univ. Bordeaux, INRAE, Talence, France
9. UMR AGARP Institut, Univ Montpellier, CIRAD, INRAE, Institut Agro, Montpellier,
France

(*) Co-first authors

($) Corresponding author:-enail addresscorinne.vacher@inrae.fr



Contents

INTRODUCTION

1. THE GRAPEVINE FUNCTONAL MICROBIOME THROUGHOUT
EVOLUTIONARY HISTORY

1. Microbiome evolution during grapevine domestication and breeding
2. Microbial interactions in the center of origin of major grapevine pathogens

3. Microbial fluxes across geographic regia@rslVitis species

2. THE GRAPEVINE FUNCTONAL MICROBIOME THROUGHOUT
PLANT LIFETIME

1. [Initial microbiome and virome at the graft stage

2. Recruitment of theoot microbiome from the soil reservoir

3. Seasonal assembly of the leaf microbiome in interaction with leaf pathogens
4. Dynamics of the berry microbiome until ripening and winemaking
5

Wood microbiome dysbiosis during grapevine aging and decline

3. LET6S MAKE TWNE MERGABME MOREFUNCTIONAL

1. Field sampling designs and statistiapproaches to identify beneficial
microbial taxa

2. Molecular tools taincoverthe functional potential of the microbiome

3. Computational approaches to understand the grapevine holob®nt as
functional and dynamic network

4. Culturedependent approaches to validate microbial interactions and
functions

CONCLUSION AND PERSECTIVES



Abstract

European gnaevine is a complex holobionbmposed ofwo plant genomeshat ofthe scion

(Vitis viniferaL.) and the rootstock Vitis spp.) and a multiude ofmicrobial genomeshat
collectively form the microbiomeThe grapevine microbiome hbhgen extensively desbed

over the last decade, primarily using metabarcoding approdd¢hiestunately metabarcoding

data provide little information on microbial functions and outcomes of -plécrobe
interactions. Here we review knowledge about the microorganisms thatahd@monstrated
influence, positive or negative, on the performance of the grapevine holobiont. Our review
encompasses bacteria, flamentous fungi, yeasts, oomycetes and viruses. We focus on taxa and
functions that protect the plant against pathogengasis$, promote growth, increase tolesan

to abiotic stresses amighlight those involved in disease and decline. As the outcomes of plant
microbe interactions are labile, wexaminethe dynamics and functions of grapevine
microbiome interactions over Wotthe plant lifetime and the plant evolutionary history,
beginning with plant domestication. Based on the knowledge and gaps we identified, we
suggest field sampling designs, cultln@sed experiments, molecular tools and theoretical
analysis methods, inatling shotgun metagenomics and network models, that beuldedn

future researchto uncover and leverage the full functional potential of the grapevine
microbiome.

Keywords

plantmicrobe interaction, biogeography, coevolutidfitjs, bacteria, fungi, oomycete, virus,
metagenomics, microbial network



INTRODUCTION

European cultivated grapevine is a com@ed dynamicsystem oplantmicrobeinteractions

that has beesshapedby humankind to produce grapes and wine. Each plant individual is
generally composed of the assembly of two plant genomes, that of the rof@tisdpp.)and

the scion(Vitis viniferal.), to which are linked a multitude of microbial and viral genames
The set of microbial genomes forms the microbid®erg et al., 2020Compant et al., 2019;
Saikkonen et al., 2030while the set of viral genomes forms the viro(R@ossinck, 201

The whole, including the plagenomes, forms the hologenofiettenfeld et al., @21; Zilber
Rosenberg and Rosenberg, 2008; Theis et al.,)2Thi$ conceptualization of eagiapevine
individual as a complex and dynamic system of ptaitrobe interactions (i.e. an holobiont;
Bettenfeld et al., 2021Vandenkoornhuyset al., 201% has not been necessary, for most of
human history, to grow mes and produce wine. But it could provide solutions in the future, to
maintain grapevine cultivation in a context of climate chafigembetta et al., 20¥G@nd
reduced use of phytosanitary productscquet et al., 202Pertot efal., 2017.

The objective of this chapter is to present the state of art about the dynamics of grapevine
microbiome interactiongrom theevolutionarytime scaldo theseasonascale and to propose
some research avenuesincreas&knowledge on theuihctionsof the grapevinenicrobiome

The chaptefirst gives an overview of the evdian of the grapevine microbiomstarting with
grapevine domesticatio(Section ), and then describes the microbiome dynardiesng the
lifetime of each plant, from the grafting stage in the nursery to the decline in the vineyard
(Section 2. In both sections, we specifically highlight thas&roorganismand viruseghat

have a demonstrated influence, positive or negativethenperformance of the grapevine
holobiont(health, growth and berry qualityBased on this state of antge suggest experimeal

and theoretical approachésat could lead to a better understandinghef functions of the
grapevine microbiomeSection 3. We propose some experimetdsdentify the microbial taxa

and functions that play a key role in grapevine performance under drought conditions and in
agroecological settingsWe describe hovio decipher thanicrobial interaction networkto

which theg key taxabelong to understand how they maintain in the system and regulate
grapevine performanc&Ve also provide recommendations about f@eographic regions
thatcould be exploredh the futureto isolatebeneficialmicrobial taxa which could thenbe
inoculated to drive the system.

1. THE GRAPEVINE FUNCTI ONAL MICROBIOME
THROUGHOUT EVOLUTIONARY HISTOR Y

This section reviews tHenowledge and gaps regarding microbicgwelutionduringgrapevine
domestication andreeding as well as the microbiome dynamics triggered by microbial fluxes
across geographic regions and between members ¥itthgenus. Based on thiate of art

we hypothesize which geographic regions and plant genetic material are most likely to be
associted with beneficial microbial taxa and functigfisg. 1 and 3.

1. Microbiome evolution during grapevine domestication and breeding

Transcaucasus (i.e. the geographic region between Black and Caucasian Sea, which today
corresponds to Armenia, Georgia, akzkrbaijan) is the cradle of viticultuf&ig. 1). It is the
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most probable region of domestication of grapevine 6.000 to 8.000 yedisaget al., 2006;
Zohary and Hopf, 1993 even if secondary domestication probablgweced later in western
Europe(Arroyo-Garcia et al., 2006; Sivan et al., 2021; Terral et al., RMifis viniferalL.,
1753 subspvinifera, isnowadayshe mainVitis species used for the production of wine, table
grape and raisin in the world. It has been domesticated from its wild antégsorinifera ssp.
sylvestris (Gmelin) Hegi (hereafter referred tas sylvestris)which naturally occursn
Mediterranean Europg-ig. 1) and southwestern Asi@i VVecchiStaraz et al., 2009In the
wild, sylvestrigs a liana that climbs treesndhas very smallblack and acidic berries produced
by dioeciousflowers During domestication, grape has undergone marked changes, the most
important being the evolutioof sex (from dioecious to hermaphroditic flowers), the increase
in size of berries and bunches, and changes in berry chemical comp@sitioat al., 2006

From Transcaucasus, cultivated gragpread to Europe, first to the Mediterranean region
following the main civilizations (Greeks, Romans, Etruscans, Egyptians), then to northern
Europe following the Christian Church. At the beginning, cultivars experienced introgressions
from local wild grags(Myles et al., 201)L. Genetic flows in the other direction, from cultivated
grapes to wild populations, also occuréd VVecchiStaraz et al., 2009From the medieval
period onwards, cultivars evolved by crossinghin Vitis viniferasubspyvinifera, most likely

in a fortuitous way at the beginnifigowers et al., 1999then in alirected manner, particularly

after the emergence of mildews and phylloxera in Eur@geijon 1.). NowadaydVitis vinifera
genetic diverdy is huge, with 6,000 t@,000 cultivars in the world. However, the total number
of cultivars commonly wused is much | ess, s
by 16 varieties in 2016Anderson and Aryal, 20)3

In addition to genetiand phenotypichanges on the plant side, grapevine domestication was
accompanied by an evolution of fermentative microorganisms, particladgharomyces
cerevisiae S. cerevisiaés the main agent of winermentation and one of the best models for
understanding the eukaryotic célotstein and Fink, 20)11t is naturally part of théerry
microbiome Gection 2.)land colonizesnany other ecological nicheSc¢hacherer et al., 2009

S. cerevisiaestrains naturally occurrig in cultivated grapevineare oftenreferred to as
vineyard yeastsor domesticated yeast¥he comparisonof vineyard and nowineyard S.
cerevisiaestrains revealethat the oldest lineages and greatest genetic variability anel fou
the nonvineyard $rains(Fay and Benavides, 2003 his is consistent with the hypothesis that
S. cerevisiaeriginated in natural environments and wabsequently domgesated by humans
Molecular analysesevealedhat domesticate®. cerevisiaestrains have a single origin. The
initial domestication event probably occurred in Mesopotam@comitantly with the
grapevine domestication evdihtgras et al., 2007Domestication was followed by marked
phenotypic divergence between vineyard and-vioeyard yeasts. For instance, vineyard
yeasts show greater resistance to copper sulfatg et al., 2004; Warringer et al., 20),La
chemical compound udeas a fungicide against dowmyjldew since the 1880s, confirming that
vineyard yeast populations evolved in responssgtecultural pradtes

How has the microbiome of European cultivated grapewfis vinifera subsp.vinifera,
evolvedduringgrape domesticatiori#ttle is knownapart fromS. cerevisiaéreviewed above)
Severaktudies suggested thgtapevinedomesticationyielded a decrease in microbiome
diversity and a change in microbiome functiowéild sylvestris grapes are inhabited by a
greater diversity of endophytic bacteria, epiphytic yeasts and arbuscular mycorrhiza than
domesticated grapéSampisano eal., 2015; Corder@Bueso et al., 2017; Ocete et al., 2D15
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Moreover, microbial communities of wild and domesticagempbediffer in their potential for
pathogen biocontrol and plant growghomotion(Campisano et al., 2015; Cordeéboeso et

al., 2017%. Finally, microorganismsgenerally associated with humans may have been
integrated into the grapevineigrobiome during domesticationrCémpisanoet al; 2014
Youssafet al. 2014). After the initial domestication event, the grapevine microbiome kept
changing as new varieties were created. Molecular analysis of parental relationships among
grapevine varieties identifiddeunisch wess, Pinot noilN or RieslingB as the oldest and less
evolved varieties, and also the main progenitors of other varigtiEombe et al., 20)3
Microbiome taxonomic composition of PinatdRiesling grape variesehasbeen compared

to that of more recent varietiésao et al., 2022; Zhang et al., 2)02The bacterialgenera
Bacillus Turicibacter and Romboutsiawere enriched in the leaf microbiome of Pimair
(Zhang et al 2020, while Pseudomonasand Rhizobium which includeplant growth
promoting straingSection 22), were enriched irthe rhizosphere microbiom@ao et al.,
2022). Rhizosphere mrobial communities of Pt and Rieslingsarietieswere more similar

to oneanother thathoseof more recengrape varietie§Bao etal., 202).

Several studies hypothesized thald populations olV. viniferasubsp sylvestrisconstitute a
reservoir of useful microbial straibgcausevild plants often harbor beneficial endophytes that
are absent, or less abundant, in domestiqatads(Ofek-Lalzar et al., 2016; Sun et al., 2020
They exploredthe microbiome osylvestris and obtained promising results. For instahee, t
analysiof the root micobiomeshowed that sylvestris roots were colonize@ttpmycorrhizal
fungi andthat fungal pathogensvere completely absent fromots colonized bythesefungi
(Radi | e). The analysis dhé berty microbiome afylvestrisrevealed a high diversity
of yeasts, with some of them having promising prospects for use in oerfGlogiereBueso
etal., 2022, 2017; PuiBujol et al., 201} Yeast srains belonging to four speciddéyerozyma
guilliermondii, Hanseniaspora uvarum, llermontiae, and Pichi&luyveri, all isolated from
sylvestris reducedgrowth of molds caused Botrytis cinerea, Aspergillus carbonariuand
Penicillium expansurfCordercBueso et al., 20)7Finally, endophyticbacerial strainswith
biocontrol properties againseéverapathogensvereisolated fromsylvestris(Campisano et al.,
2019, including strainsbelonging toPantoeaspp. andPseudomonaspp. that showed
antagonistic activity against crown gall agemtgrobacterium tumefaciermdAllorhizobium
vitis) (Asghari et al., 2019

To identify andisolate beneficial microorganisms that may have been losrimy the
domestication process$uture research should continexploring the microbiome o¥itis
vinifera subsp sylvestrisand that ofancestral grapevine varietiéde recommend focusing on
sylvestris populations the center of origin of cultivated grapevines (i.e. the Transcaucasus
region Fig. 1), where beneficial microberay have ceevolved with wild progenitors, before
being lostduring the range expansion of cultivag@pevinesSuch analysis could allow the
isolationof plantgrowth-promoting bacteriaGutierrez and Grillo, 20292 that might confer
tolerance to abiotic stresses agihpevinepathogens of Eurasianigin (such a Botrytis
cineregd. The casef pathogens introduced form North America is different and is discussed
herafter Gection 1.}.
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(references below)
(1) Campisano et al. (2015)
(2 Ocete et al. (2015)
(3 Puig-Pujol et al. (2016)

E| Countries where the microbiome of Vitis vinifera ssp. sylvestris has been described

(@) Cordero-Buseo et al. (2017)
(®) Asghari et al. (2019)
(®) Radi¢ et al. (2021)
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Observation of Vitis vinifera ssp. sylvestris from 1834 to 2022 (GBIF.org)
% Transcaucasus : craddle of grapevine domestication

Vitis vinifera ssp. sylvestris

Figure 1 - Area of domestication of European cultivated grapevifigs vinifera subsp.
vinifera (area hatcheah pink), and countries where the microbiome of its wild ancefiis
vinifera subsp.sylvestris has been described (in gree@ampisancet al (2015) isolated
bacterial endophytefsom wild grapevine shoots (1pcete et al(2015)explored taxonomic
diversity of arbscular mycorrhizal fungi in wild grapevine rhizosphere [2)ig-Pujol et al.
(2016) isolated yeast strains at the end of spontaneewsehtatbns of wild grapes (3).
CordereBuseoet al.(2017)studied yeasts associated with wgidpe berries (4\sghariet al.
(2019) analyzed bactel endophytes in healthy rootsiems, leaves anttuits of wild
grapevines (5)R a d ét Bl. (2021) characterized fungal communities associated with wild
grapevine roots with a focus on mycorrhizae (6). For future research, we recommend exploring
the center of origin of cultivated grapevines (in pinkidging both the microbiomwild
grapevine and thadf ancestral grapevine cultivarBap created using the Free and Open
Source QGIS

2. Microbial interactions in the center of origin of major grapevine
pathogens

In the midde of the 19th century, several fungal pathogeniagddt pest species of North
American origin crossed the Atlantic and reached Europe, causing the destruction of a large
proportion of vineyardgGessler et al.,, 20).1 These American species included grape
phylloxera (ntroduced in1863), and the agents of powdery mildew (1848wny mldew

(1878) and blackot (1885. Phylloxera is caused by the insebiaktulosphaira vitifoliae
(Fitch), powdery mildew bythe fungiErysiphe necato{Schwein), downy mildew bythe
oomycetePlasmopara viticold(Berk. & M.A. Curtis) Berl. & De Ton), andblackrot by the
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fungi Phyllosticta ampelicidd(Engelm.) Ad (asexual stage) dguignardia bidwellii((Ellis)

Viala & Ravaz (sexual stage Scientists who established collect®of wild AmericanVitis

species in botanical gardens in the early 19th century probably brought these pathogen
species.From there, theliseases spread to other European regions and are now reported in
most wineproducing regiongBois et al., 2017; Fontaine et,&021; Pirrello et al., 20)9

European viticulture was savbg the introduction ohative AmericarVitis species (such as
riparia, V. rupestrisand V. berlandierj Fig. 2) that were resistant tgrape phylloxera
Moreover, silfur, copper and latesn, phytopharmaceutical treatments, have lzgwhare still
usedextensivelyto protect vines frondowny and powdery mildews'he AmericanVitis
speciedhave first been used to produce rootstaessstant to phylloxerésince the end of the
19th century,most European cultivated vines dteereforegrafted plants composed of a
rootstock tolerant to phylloxera and a scion used to produce héreieson 2.). The rootstock

and the scion are genetically different and may even belong to difféitenspecies, which
makes European cultivated grapevine an interesting holofiontt et al., submitted Vitis
species of American of Asian origifri(). 2 have also been used to produocterspecific
hybrids cultivated on their own rogfshis et al., 2005 More recentlythey have been uses
sources ofliseasaesistance genes in breeding progrdimsrdinoglu et al., 201)8since they
arenot only resistant to piiloxera but also to other pests and dise&SeslleDavidson et al.,
2011; Merdinoglu et al., 2018; Staudt and Kassemeyer, 1995; Villano and Aversanp, 2020
However, these new diseassistant varieties are already threatened by pathogen strains able
to overcome resistance genes (for downlgew: Peressotti et al201Q for powderymildew:
Feechan et g12015.

As for other plant spevied)e¢grapevinanicrobiome offers tremendous genetic variability that
hardlybeen usedin breeding programgntil now (Gopal and Gupta, 20).6What if American
and AsianVitis speciesstill had somethingo offer to European vineyardAlthough this
hypothesis has not yet been tested in grapevine, the higher resistance of some Afiteyican
accessions tpathogen®f North American origir(Fig. 2) could be due an increased ability of
the plant to select a protective microbioffigopal and Gupta, 2016; Lyu et al., 2)2in
addition to the acquisition of resistance genes in the plant genome. This higher-disease
resistance may bile result of a longer coevolution with the pathogghsges et al., 2000
Theresistancef someAsian Vitis speciegFig. 2) to mildewsis more difficult to explain. fie
resistancef V. amurensiso downy mildew,Plasmopara viticolamightbe due tdhe presence

in Asia of a related pathogen speci€amurensiswhich hassimilar infection mechanisms
(Jurges etl., 2009. Recent genetic analysesoperd the question of a possible angof
powdery mildew from AsidGur et al., 202)Land might account faresistances to powdery
mildew.

Several studies characterized the microbiome of American and YAsiaspecies. Thefjound
a high richness of endophytésan et al., 2020; Kernaghan et al., 20andisolated strains
with biocontrol properties against pathogens of Néwherican origin, as well as other
pathogens For instanceV. amurensiscv. Shuangyou in China hostedlternaria strains
effective against downy milde(ivusetti et al., 2006 Fungalendophytsisolated from leaves
of V. riparia in eastern Canada showed high levels of inhibition of gray neadsed by
Botrytis cinerea and blackfoot disease @ylindrocarpon destructans Fungal strains
inhibiting gray mold belonged tdRamularia pratensis, Phoma alienand Fusarium
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acuminatumwhile strains inhibitindlackfoot belonged t&kamulariaspp., Phomaspp., and
BiscogniauxiamediterranegKernaghan et al., 20).7Similarly, endophytes isolated frowh
labrusca leavesin Brazil showedin vitro antagonistic activity against several grapevin
pathogens(Brum et al.,, 2012; Felber et al.,, 2()ldsolates ofFlavodon flavusand
Colletotrichum gloeosporioidestrongly inhibited the root pathog&uasarium oxysporum §p
herbemontigBrum et al., 201 Isolates belonging tBhomaspp. inhibited the growthfahe
causal agent of leaf blightAlternaria spp.), isolates ofFusarium culmorumregulated
anthracnose Sphacelomaspp.) andSordariomycetessolatescontrolled ripe rot of grapes
(Glomerella spp.) (Felber et al., 2006 Finally, the fungal specieAcaromyces ingoldii
previously reported for its plant protection functiowas found to be the most abundant taxon
in theberry microbiomeof muscadine grapéMuscadiniarotundifolia Michx.) in China(Sun

et al., 202). In addition, the bacterial gen&ahnela was detected in the microbiome Mt
rotundifoliaand might play a role in the biological control of grapevine crown gall, caused by
Agrobacterium vitigChen et al., 2007

To identify microorganisms tharotect againstlisease®f North American origin(powdery
mildew, downy mildew and blaefot), future research should continuexploring the
microbiomeof AmericanVitis speciesWe recommendnalyzing th& microbiome intheir
native range(Fig. 2), wherethey have ceevolved withthe pathogensnd the rest of the
microbiome It could also be relevant to analyse the microbiome of resistant Xgiaspecies
(Fig. 2 in areas where they hawe-evolved with pathogens related to pathogens of North
American origin. Thelevel of diseaseesistancehould first be evaluated and the microbiome
of all plant compartments colonized by pathogens should be characterizdughlight
microbial taxa theplay a role in disease resistarf€ection 3.}, the mcrobiomes of resistant
accessionsould then be compared to that of sensitimesin thesame geographic regiofhe
inferenceof microbial interaction networks in resistavittis species could alsgenerate
hypotheses about the microbial taxa or consortia conferring disease reqiStaricen 3.3



Native range of :

V. acerifolia
V. arizonica
V. aestivalis
V. berlandieri
V. cinerea

V. labrusca

Native range of :

V. amurensis

- V. piasezkii

V. romanettii

V. palmata

V. riparia

V. rotundifolia
V. rupestris
V. vulpina

O Locations where the microbiome of non vinifera Vitis species has been described (references below)

@ Brum et al. (2012) @ Kernaghan et al. (2017) @ Fan et al. (2020) @ Aleynova et al. (2022)
(@) Felber et al. (2016) (@) Cureau et al. (2020) (B Sun et al. (2021)

Native range of non-vinifera Vitis species with known genetic resistance to North American pathogens

Figure 2 - Geographic locations where the microbiome of American and A4iaspecies,
partially or totally resistant tpathogens of North American origifPlasmopara viticola
Erysiphe necatoandPhyllosticta ampelicidg has been described (green circles), as well as
the native range of these resistdlitts specieqarea hatched in pink) (frovanet al.,2013.
Brum et al.(2012) isolated foliar fungal engihytesfrom V. labruscacv. NiagaraRosada
collected in Brazil (1)Felber et al(2016)isolated foliar endophytic fungi from grapevine
cultivars Bord6 and Concor¥(labrusca in Brazil (2).Kernaghan et a{2017)analyzedoliar
fungal endophytes d cultivated hybrid grape variety (L'Acadie blanc) and one of its native
progenitors Y. riparia) in eastern Canada (3).ureau et al(2021) exploredthe taxonomic
diversity ofberry fungal communities M. viniferg V. rotundifolig V. aestivéis, andin hybrid

Vitis grape varieties grown in défent vineyards in Arkansas (#gan et al(2020)compared
endophytic fungi oV. viniferacv. Red Globe (cultivated grapejth those ofV. amurensisv.
Shuangyou (wild grape) growin a nursery in China (5pun et al(2021)studied theberry
microbiomeof six muscadineMuscadinia rotundifoliaMichx.) cultivars grown in Guangxi,
China (6) Aleynova et al(2022)comparecendghytic bacterial communities of aild grape
population ofV. amurensisn Russia withthose ofdomesticated/. vinifera cultivars from
Germany and California (USA) (7$tudies thatocusedon microorganisms isolated during or
at the end of spontaneous grape fermentations arepatedon this map. For future research
to identify microbial biocontrol candidates against mildews and black rot, we suggest further
exploration of the microbiomof these resistakftis species in their native range (area hatched
in pink), where they have eevolved withpathoges or with related pathogens. Map created
using the Free and Open Source QGIS
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3. Microbial fluxes acrossgeographicregions andVitis speces

As described above, cultivated grapevine is a complex holobiont that incorporates plant and
microbial genomes of European, American and Asian ori§iacifons 1.land 1.2). To
understand how this complex system has assembled since gragemastication $ection

1.1), it is necessary to understatite origin and migratory routes gfapevineassociated
microbes.Up to now, research focused on the migratory flows of the oenological yeast
Saccharomyceserevisiaeas well as those of major patfens ofgrapevine Plasmopara
viticola, in particular).

Molecular evidence for the historical presence Sdiccharomyceserevisiaein wine
fermentation was obtained from pottery jars hidden in the tomb of King Scorpio I, one of the
earliest kings of Egyp dating back to 3150 BQCavalieri et al., 2003 At that time,
fermentations were only spontanedisarsit and Dequin, 20)5suggesting thel. cerevisiae

was already an integral part of the berry microbiohsgjraset al.(2007)analyzed migration
routesof S. cerevisiaeand showed that thegorrespond to the known migration routes of
cultivatedgrapevingGrassi and De Lorenzis, 202 FromLebanon, yeast migration may have
taken place across the Mediterraneagion tavards Italy, Spain and France, througinee

main routes: (1) the Rhdne ValleyBurgundyAlsace and Nantes route thgdes alonghe
Rhoéne and Loire riverqR2) the ltalyCogna route and(3) the Danube Valley route. This
migration of vineyard yeast straims acounted for at least in partby the trade of grape
varieties. For instance, the Muscadet grape variety was imported from Burgundy to Nantes
during the 15th century, vilb Ugni blanc, the dominant grape variety in the French Cognac
region, originatedrom Italy. Geneticallydistant Austriaryeaststrains were domesticated from
local wild sylvestris populationsSection 1.).

Plasmopara viticolais a complex offive species, each with a unique degreehoft
specialization within the American Vitace@@ntaine et al., 2021; Rouxel et al., 2014, 2013
Fontaineet al. (2021, 2013)found that all invasive grapevine downy mildew populations
worldwide belonged tdhe small cladeP. viticola f. sp. aestivalis,which parasitized/itis
aestivalisin Northeast AmericaH|g. 1). P. viticolawas first introduced into WesteEurope

in the middé of the 19th centurySection 1.}, thenit spread to Central and Eastern Europe.
Europan populations of downy mildethen served as a source for secondary introductions
into other viticultural regions of the worlthcluding China, Sath Africa, and Australia. A
third introduction event occurred later, that spread the disease from Australia to Argentina.
Fontaineet al.(2013)andGobbin et al(2006)observed a low diversitand weak structura
European populations &f. viticola, suggesting that the straimstially introduced into Europe
came from a single source population of North American origin.

Migration routes oErysiphenecatorandPhyllostictaampelicidahavebeen less studiethan

those ofPlasmoparaviticola. According toBrewer and Milgroon(2010) populdions of E.
necatorin Europe are derived from two separate introductioos Eastern United States.
These initial introductions into Europe were followed by secondary introductions from Europe
into the Western United States and Austr&tiecently Guret al. (2021)proposed an additional
nontAmerican (possibly Asian) origin dE. necator There is even less knowledge on the
invasion pathways oP. ampelicida(NarduzziWicht et al., 2011 Rinaldi et al. (2017)
suggested that the pathogen was introduced into Northeastern Italy from Eastern Europe and

11



that two introductions occurred in Portugal, one from France or Italy, and another from
America. Interestingly, these American pathogens did not only colonihe European
cultivated grapevin#/itis viniferasubsp.vinifera, butalso incorporated the microbiome of its
wild ancestowitis viniferasubsp sylvestris(Section 1.). As a result, the distribution of wild
grapevines has been greatly reduced dkierlast 50 years and it is now considered an
endangered plant species in Eur¢peiold et al., 200k

Future research should continue unravellingrthgratoryroutesof grapevine pathogerand
extendthese effortdo other member of the functional microbions¢tion . This is crucial
to identify accuratelythe geographic locations where grapeviahogermicrobiome ce
evolutionhasoccurred, as well as thétis species involved in this coevolutiary processKig.
2). This knowledgeis necessary to designicrobiomestudiesinformed by the biogeography
and evolutioary history of grapevineMicrobiome dynamicon a smaller temporal st&a
should aso beconsiderednd is discussed belowd€ction J.

2. THE GRAPEVINE FUNCTI ONAL MICROBIOME
THROUGHOUT PLANT LIFETIME

This section describes hawe microbiomeassembls, functiors and changgoverthe course

of grapevine life It highlights theplantmicrobeinteractions that have a proven, direct and
significant influence on thgrapevingperformance (growth, health ahdrries quality) at every

life stage(Fig. 3). The section deals with both the microbiome (bacteria, filamentous fungi,
yeasts and oomycetes) and the virome, including phytoviruses -(plecting viruses),
mycoviruses (funginfecting viruses) and phag€bacterianfecting viruses).

1. Initial microbiome and virome at the graft stage

The life of cultivated grapevine generally begins in a nursery wighatt (Fig. 3). The two
components of the graft, the scion and the rootstockpraduiced n nur sery fAmot he
Mother plants produce stems that are pruned during the dormant stage in winter to make
cuttings, which are then stored in a cold room. Rootstock and scion cuttings on the one hand,
and grafted plants on the other hand, underfjerdnt treatments depending on the country

and the nurseryGramaje and Armengol, 20J.1IMost often, immediately after grafting, the
scion and the graft zone are dipped in a wax solution, which may contain plant growth regulators
(mainly auxins) and fungicides. The grafted plants are then itedilf@r two to three weeks

under controlled temperature (28°C) and high humidity (90%), to promote callusing. A second
waxing step is then performed, before planting in pots in the greenhouse, or in nursery fields.
Potted plants can be shipped directlwinegrowers and planted in the field next autumn, while
plants kept in nursery fields are usually shipped asyeaeold bareroot dants to be planted

in spring.

Many steps in the grafting process are highly criticallitain quality plard. First, thechoice

of the two plant genomes crucial. Not counting losses due to incompatibilibgtween
genotypegTedesco et al., 20¥2about 50% of the plants produced are unmarketable because
of the low quality of the grafiCarrere et al., 2032Secondijt is fundamental for nurseries to
produce plants that do not carry disegSésite et &, 20159, in particulaphytovirusesViruses
trigger both graft incompatibility and decline of young vines. For instahegransmission of
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grapevine leafrolassociated virus 2 (GLRa¥, Fig. 3) from scion to rootstock resalin graft
incompatibilty (Rowhani et al., 2017 Rootstock susceptibility to infecth depends on the
genotype, with genotypd$16 Couderc, Kober 5BB, 1103 Paulb&mng the most susceptible
rootstockgAlkowni et al., 2011; Rowhani et al., 2017; Uyemoto et al., 2001, RGrerse
incompatibility, where the rootstock is the source of a latent virus, has not been oliserved
grapevine yet. Decline of young vines triggered by joint infection with Gl-Ravd grapevine

virus B (GVB) infection, or GLRa¥l and grapevine virus A (GVA), were also observed
(Rowhani et al., 207 The mechanisms underlyinguch decline have not been clearly
detemined yet, but they might involve the production of viral small interfering RNAsS
(vsiRNAS) by the plant cell machinery, which in turn would affect plant gene expréSsioi

et al., 201). Management of these phytoviruses relies primarily on preventive measures (such
as the use of clean propagation and planting materials) and robust diagihsiiogka et al.,

2015; Martelli, 199%. In addition, hot water treatment (HWT) of the grafted p({&athmeier

et al., 2018 is sometimes performed to reduce infection by phytoplasmas (flavescence dorée,
bois noir, grapevine yellosy and by fungi responsible for grapevine trunk disegSestipn

2.5). Trichodermaspp., which are soil microbes with an antagonistic activity against some
pathogenic fungi, are sometimes inoculated by nurs€tiesmeier et al., 2018; Jaarsveld et

al., 202). Finally, mycorrhizaRhizophagus irregularign particular) can also be inoctgal

at the nursery stagé&ig. 3, to increase grapevine resistance to biotic and abiotic stresses by
promoting the structure and development of the root sy@emtenfeld et al., 2091

All the manipulations and treatments experienced by scions and rootstocks in the nursery can
influence the initial grapevine microbiome and its future trajeatbgssemblyGramaje et al.
(2022) analyzed the fungal microbiome associated with rootstocks harvested in two mother
plots located 800m appart. No difference in fungal community composition between these two
locations was detected, but the fungal communities varied along the graftingsp(atter
cutting from mother plants, after cold storage and hydration, after grafting and callusing, and
in dormant grafted plants). The core fungal microbiome was composed of the genera
Cadophora, Cladosporium, Penicilliuand Alternaria in both rootstoks. Numerous genera
associated with grapevine trunk diseaf@adophora, Dactylonectria, Diaporthe, Diplodia,
llyonectria, Neofusicoccum, Phaeoacremonium and Phaeomarieltaion 2. and potential
biocontrol activities Aureobasidium pullulanswvere idetified (Fig. 3. The pathogenic genus
Neofusicoccunwas persistent throughotlte propagation proce§sig. 3), confirming the role

of rootstock as a primary source of many pathogémsle et al.(2022) compared the
contribution of nursery, scion variety and rootstock variety to fungal community composition
in the graft zone and found that the nursefigs plant production practicgplayed a major

role, followed by rootstocks and scion varieties.

Futurestudies should explore further the concepnafrobialcommunity coalescenced. the

joining of previously separate communities, forming a new entity that is not easily separable
and with properties distinct from the parts it joins) in the coraégrapevine graftingRillig

etal., 201% Indeed, at the graft stage, major physiological changes (Coukson et al., 2013;
Prodhomme et al., 20),9including vascular connection between rootstock and stnar
influences sap flow and associated flexof microorganismgDeyett and Rolshausen, 2020

These processes have hardly been studied so far although they might have a significant impact
on the assembly of the grapevine microbiome.
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2. Reauitment of the root microbiome from the soil reservoir

Winegrowers usually reive grafted vies (potted or bareooted) from nurseriessgction2.1)

and plant them in the vineyard. The young plants then start recruiting microorganisms from the
soil (Fig. 3), which is the major reservoir of microorganisms for the plant microbi@meggs

et al.,, 2021; Liu et al., 2019; Swift et al., 202Recruitment is based on the active release by
the roots of a wide range of carboontaining compounds known as rhizodepo&itisaparro

et al., 2014; Martinebiz et al., 201 The rhizodepositsepresentnearly 40% of the
photosynthates produced by a plé®ais et al., 2006 These compounds serve as a substrate
for the development of microorganisms and make the rhizosphere (i.e. the transition zone
between soil and plant roots) much more attractive for microbes than surrounding soil. The
nature and quantity of rhizodeposgitspend on the plant genotype and \aggoss seasons and
througlout plant life, allowing the plant to actively shape the composition of rhizosphere
microbial communitiegBerlanas et al., 20)9Beneficial microorganisms magrfinstance be
recruited under stressful conditions, a mechanism known as the "cry for help" reaction
(Rizaludin et al., 2021 Some rhizospheric microorganisms develop physical interactions with
the root (caseof mycorrhizae, for instance) and some of them can even enter the root
endosphere. Once in the root endosphere, some microorganisms colonize the vascular tissues
and disseminate in the aerial parts of the planf. 8), sometimes reaching leaves and lesri
(Darriaut et al., 2022; Liu et al., 201 Not all microorganisms can colonize the plant internal
tissues from surrounding soil, which cresm decreasing gradient of microbial diversity from

the outside of the root towards the insidéarasco et al., 2018; Martindxz et al., 2019;
Zarraonaindia et al., 2015

Many studies have examined tia@onomiccompositionof the grapevinehizosphere and root
microbiome The same major taxonomic groups are generally represented. Proteobacteria,
Actinobacteria or Acidobacter@re the dominant bacterial phyfallowed ky Firmicutes and
Bacteroidete¢Bettenfeld et al., 2021; Dries et al., 2021; Novello et al., 2017; Zarraonaindia et
al., 2015. Ascomycotafollowed by Basidiomycotaare the dominant fungal phylaettenfeld

et al., 2021Liu and Howell, 202). On a finer taxonomic scal&éhe microbiomecomposition
varies withsoil physical and chemical featur@settenfeld et al., 209 1geography and climate
(Hernandez and Menéndez, 2019; Liu et al., 20dlant age and rootstock genotypgelanas

et al., 2019; Ji et al., 20),9and vineyard management practi¢egar et al., 201y including
applications of plant protectiomglucts and fertilizer€Canfora et al., 2018; Zaller et al., 2018
and the presence of vegetation cawéarkicevich et al., 2018

Rootmicrobe interactions can foster vine growth and productivity through various
medanisms. Plant Grath-Promoting (PGP) microbd§ig. 3) can for instance solubilize and
make nutrients available to the ro¢isarriaut et al., 2022 The mineral elements needed by
the plant(phosphorus, nitrogen and phosphate) are indeed naturally present in the soil but
cannot be efficiently or directly assimilated by plabézause thegre canplexed with other
moleculesSome PGP bacteria produce enzymes (phosphatases) or organic @dnysi(egen
cyanide;Rijavec and Lapanje, 201 that solubilize inorganic phosphate, while others produce
ammonium NH4+) or convert nitrites (NO3J to nitrates (NO3, that are easily absorbed by
the plant. Some bacteria, includinBacillus herkersteinensis, Bacillus licheniformis,
Micrococcus spp, Pseudomonasspp., andPantoea agglomeranscan combine these
mechanismgAsghari et al., 2020; Baldan et al., 2011 the grapeine rhizosphere, the
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bacterial generaPseudomonas, Streptomycasd Rhizobia are those most involved in
phosphorus and nitrogen cycl@gsona et al., 2013 Some fungal genera are also involved in
phosphate solubilization, such as the geévlogtierella (Carbone et al., 2021; Liu and Howell,
2027). Rhizosphere PGBacteria fig. 3) can also produce hormones, such as auxin, which
directly stimulates plant growtfiVioralesCedeno et al., 2031 For instance Agrococcus
baldri andPaenibacillusspp. produce hormones that, even at low concentration, cause root
elongation, branching and increase root diameter and defiitidan et al., 2015
Bacterial species, such aBacillus amyloliquefacienscan produce miobial siderophores,
which bind with iron, andcontribute to plant iron nutritioMardanov et al., 2099 Other
endophyticbacteriaassociated withioot tissues Fseudomonaspp., in particular), produce
enzymes (AC@eaminases) that cleave ACCdfhinocyclopropand-carboxylic acid), which

is the immediate precursor of ethylene in plaitss reduces the production of ethylene and
limits the damageaused by biotic and abiotic stres@dsrasco et al., 2018; Saraf et al., 2010

Arbuscular mycorrhizal fungi (AMF) also play an important role in water and nutrient
absorption. Belonging mainly to th@lomeromycotgohylum, these endomycorrhizal fungi
establish symbioses with vine rodqalestrini et al., 2010 Hyphae increase the exchange
surface between vineotsand soil. They also activate phosphorus and nitrogen transporters in
root cortical cell{Trouvelot et al., 201 AMF are the most abundant mycorrhizae associated
with grapevine roots and include species belonging to the géwrardospora, Diversispora,
Funneliformis, GlomusndRhizophgus(Darriaut et al., 2022; Liu and Howell, 202 They

are actively recruited by vine roots during water st(€ssbone et al., 2031

Grapevine roots are not only colonized by beneficial microorgarssicts as PGP and AMF

but also bybacterial, fungal and virapathogengFig. 3). The bacterial pathogeXlorhizobium

vitis, the causal agent of crown gall, is frequently isolated from diseased plants in the vineyard
(Habbadi et al., 2090 The bacterigharborstumorinducing plasmids (pTi), part of which
integrateinto the plant genoe(TransfertDNA, T-DNA) to inducethe development of root or
crown galls and the synthesis of opinebjali the bacteria utilizes asitriens. The spread of

pTI plasmids can be facilitated by bacteria belonging tdNthesphingobiurgenus, which are
therdore pathogen stimulan{&an et al., 2019 Black-foot disease, caused Byonectriaspp.

(I. lirlodendri, in particular), is responsible for root necrotic lesions, with a reduction in root
biomass, besides other symptoms that include reduction of internodes, loss of vigor, patchy
foliage and smaller leavéBleach et al., 2091 Thefungalgenusllyonectriais found in many
metabarcoding analyses of vineyard soil because it can persist for several years after the
removal of infected vinegBrito et al., 2019; Deyettral Rolshausen, 2020; Liu and Howell,
2021; Rivas et al., 2032Several fungal genera associated with grapevine trunk diseases
(BotryosphaeriaandDiplodia; Section 2.}, Petri diseaseJadophora, Phaeoacremoniwend
Phaeomoniellpand Diaporthe diebadgiiaporthg have been detected in asymptomatic root
tissuegDeyett and Rolshausen, 2020; Liu and Howell, 2021; Mardizzt al., 2019; Rivas

et al., 2022) Candidatus phytoplasmspp., the causal agent of bois noir disease, was also
detected in healthy root tissu@garasco et al., 20)8indicating that the root endosphere is a
reservoir br latent pathogeng.iu and Howell, 2021; MartineRiz et al., 201} Finally,
grapevine roots cabe infectedby phytoviruses, some of which are transmitted by soil
nematodes. For instanggapevine fanleaf virus (GFLV) and arabis mosaic virus (ArMNg,

main causal agents of grapevinenléaf diseaseare transmitted by the nematode species
Xiphinema indexandXiphinema italiagn the case of GFLV, andiphinema diversicaudatum
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in the case of ArM\(Oliver and Fuchs, 20)1The nematodes feed on the t@igrowing roots

by pricking them with a stylet. By successively feeding on neighboring vines, they disseminate
the virus retained in their esophageal trébtaliogka et al., 2016 This is why virusinfected

vines often have a patchy distwiion in vineyards.

The root microbiome also harbors microorganisms that directly inhibit pathogen growth,
through antagonistic microbial interactions, or indirectly limit disease severity or frequency by
stimulating the plant immune system or by acting on vector populations3). Microbial
interactions responsible for pathogen biocontrol include antibiosis, hyperparasitism, spatial and
nutritional competition, interference with pathogen signaling, and disease symptom reduction
by degradation of pathogen toxins or viruletiactor Compant eal., 2013. For instance, the
biocontrol activity ofBacillus amyloliquefasciensiainly relies on antibiosis. This bacteria
synthesizes a wide range of antimicrobial compounds (surfactin, plantazolicin, macrolactin,
bacillaene, fengycin, difficidin,dxcillibactin, and bacilysin) that regulate the growth of several
grapevine pathogen species, includiBgtrytis cinerea, Phaeoacremonium aleophilum,
Phaeomoniella chlamydospor@Mardanov et al., 20)9Root microbes also stimulate plant
defenses, by inducing oxidative bursts, activating signaling pathways (salicylic acid,
ethylene/jasmonic acid), and increasing the synthesis of pathogezlatesl (PR) proteins,

lytic enzymes, polyamines and phytoaleqréloir et al., 201} This stimulation increases the
plant capacity to react to ongoing infections, or to future ones througgcpvation of the
immune system fimune priming)For instance, bacteria of tiBaurkholderiagenus increase

the production of PR proteins when inoculated on the roots of grapevine infecteB.with
cinerea(Esmaeel et al., 2030In addition, the straiiurkholderia phytofirman$sJN can
migrate to the aerial parts of grapevine and form biofilms dirattly limit the spread oB.
cinerea(Miotto-Vilanova et al., 2016 Many other root microorganisms have a proven negative
influence on grapevine pathogens but their mode of aistioat always known. Other bacteria
with a biocontrol activity includ&treptomycespp, that reduce young grapevine decline and
blackfoot diseas¢GorzalezGar c?2 a et al ., 2019, ) a&adBacllus Mar t 2
subtilis which directly limits the growth of fungal pathogens related with grapevine trunk
diseases(Berlanas et al., 20)9 The latter also stimules plant defenses, similar to
Pseudomonas fluorescens, Pantoea agglomerans, Acinetobacter Wwaffiiet al., 2020,

2016; MagninRobert et al., 200). Root fungi, in particular AMF, also play a role in disease
biocontrol AMF of theGlomusgenus an@Rhizophagus irregulariseduce the severity of black

foot diseaseHerlanas et al., 2019; Darriaut et al., 2D28MF may also protect grapevines
from GFLV by inhibiting the proliferation and penetration of its nemateeldor K. indej in

roots (Hao et al.,, 2018 In addition, the fungal specie$richodema atroviride and
Aureobasidium pullulanare antagonists of the fungal pathogens associated with Petri disease
(Phaeomoniella chlamydospora and Phaeoacremonium minjjmamd of Diplodia seriata

which is associated with Botryosphaeria dieb@dékrtinezDiz et al., 201). T. atroviride also
fosters plant defenséStempien et al., 20)0Finally, the oomycet@ythium oligandrunhas
mostly indirect negative effects on fungal pathogens associated with Petri diseaseb et

al., 2016.

Overall, this state adirt indicates that grapevine roots constitute a rich microbial compartment
that is quite well understood from a functional point of view. Many microorgenthathave

a positive (such as PGPbacteria AMF and biocontrol agentspr negative (such as
Allorhizobium vitisor phytovirusesinfluence on grapevineave been identified and their mode
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of action has been described. Shotgun metagenomics and metatbotick modeling$ection
3.3 could further advancethis understanding. Future researshould alsofocus on
belowgroundaboveground relationships, assessing the influence of soibahdchicrobioms
onleaf and berry microbiomdSections 2.and2.4) andthe consguences on grapevine health
andwine quality.
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Figure 3 - Microbial functional groups that colonize cultivated grapevine from the nursery to
plant decline, as well as ecological interactions (black arrows) and microbial fluxes (yellow
arrows) that drive the microbiome dynamics during plant lifetime. fPhacitobemicrobe
ecological interactions form complex network&¢tion 3 that could not be represented here

for clarity. Only a few ecological interactions are represented. For the same reason, we could
not represent all the fungal (F), bacterial (B), oomgc@) species and viruses (V) that
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significantly influence grapevine performance and wimeking process. We only represented

a few weltstudied species or species groups. AAB, Acetic Acid Bact&fd V: Grapevine
Fanleaf Virus GLRV, Grapevine Leafroll ssociated Virus; Other species nanfg.ococcus
baldri, Allorhizobium vitis, Aureobasidium pullulans, Bacillus subtilis, Botrytis cinerea,
Burkholderia phytofirmans, Candidatus phytoplasma, Erysiphe necator, Eutypa lata,
llyonectria liriodendri, Neofusiococum parvum, Oenococcus oeni, Pantoea agglomerans,
Phyllosticta ampelicida, Plasmopara viticola, Pseudomonas fluorescens, Pythium oligandrum,
Rhizophagus irregularis, Saccharomyces cerevisiae, Xylella fastidiosa.

3. Seasonal assembly ofthe leaf microbiome in interaction with leaf
pathogens

Grapevine leaf microbiome has a cyclic dynamic: it assembles in spring, changes during the
vegetative season and then disassembles during leaf senescence. In spring, the buds burst and
let the first shoots appear. As virae lianas, the shoots hang on to the trellis with their tendrils

and grow by producing new leaves, at a rate of about one every three days in the Bordeaux area
(Calonnec et al., 2008At a given time, each vine thus displays a mosaic of leaves of different
ages. The leaves at the distal end of the twigs are the youngest and the leaves near the stock are
the oldes(seeFan efal., 202(). As the shoot grows, the young leaves expand, become mature,
and are colonized by epiphytic microorganisftie phyllosphere microbiom&ensu strictp

Behrens and Fiser, 2022; Vacher et al., 201&nd endophytic microorganisniSacifico et

al., 2019 that collectively form the leaf microbiom&he latter idargely dominated byungi

belonging to theAscomycotaand bybacteria belonging to thActinobacteria, followed by
Proteobacteria and Firmicut@settenfeld et al., 2021; Fort et al., 2016; Singh et al., R(te

fungal specieéureobasidium pullulangzasdominantat the end of growing season in several
independenmetabarcodingtudies representing more than half of the fungal commuimty

old leaveqGrube et al., 2011; Knapp et al., 2021

Leaf microbiome dynamics dependn many factors,rad first and foremost on the specific
growth pattern of grapevingCalonnec et al., 2018, 200)dndeed, the date at which a leaf
emerges determines its morphology and physiolégytwood et al., 2016; Majer and Hideg,

2012 and also the microbial fluxes and environmental perturbations to which it will
subsequently be exposed. Leaves that emerge first are colonized by microorganisms that
overwintered in buds or on woody parts (case of primary infections by the foatyagen
Erysiphenecator Gadoury et al., 20)2or in senescent leaf debris that remained on the soill
(case of primary infections byjr¢ oomycete pathogdtlasmoparaviticola, Burruano, 200}
Theyare alsacolonized by microorganisms circulating in the xylem or in the phl@gem 3).

These circulating microorganisms may be benefic (case of the bact&uukimoderia
phytofirmans Compant et al., 200&r they may be pathogens (case of the bacteaiddogen

Xylella fastidiosaDeyett and Rolshausen, 2Q&hdof viruses and phytoplasmdsaimer et

al., 2009; Zherdev et al., 2018VNind and rain disseminate microorganisms from multiple
sources (vines, soil, adjacent sematural and natural habita{$)ig. 3) and may also contribute

to the initial colonization of the phyllosphepebdelfattan et al., 2019; Griggs et al., 2021n
contrast, leaves that emerge later in the season are in direct contact with other grape leaves that
already have a more developed microbiome. tedéaf transnssion of the microbiome~g.

3), which may trangntly involve the atmosphere or other plant organs, is the dominant
microbial colonization pathway in grapevine leavésbdelfattan et al., 2039 This
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transmission is responsible for secondary infection cycles in leaf pathogeneniegng

leaves also face greater activity from fauna (arthropods, birds) that are underestimated
microbial vectorgGriggs et al., 2021Stefanini and Cavalieri, 20).&inally, it should be noted

that leaves of different ages do not provide the same habitat for microorganisms. Leaf age
determines the structure of the cuticle and epicuticular waxes, the amount of available nutrients,
the concentration of secondary metabolites, all of which regulate the growth of microbial
populationgGriggs et al., 2021; Shakir et al., 2)2lLeaf age also determines immune status

as microbial colonization can stimulate defenses and make the leaf more resistant to subsequent
infection(Chaudhry et al., 2021; Shakir et al., 2))zd mechanism known as immune priming
(Section 2.3. The effect of leaf age on disease development is well known and is termed
ontogenic reistance. It has been demonstrated for several grapevine leaf patffogiensiec

et al., 2018; Qiu et al., 2015; Steimetz et al., 20All of these factors lead to int@anopy
variation in the composition of the grapevine leaf microbig@eonnec et al., 2008; Fan et

al.,, 2020 as well as strong seasonal dynamics. Seasonal dynamics, however, are less
pronounced in bacteti@ommunities than in fungal communities, whose diversity decreases
markedly over the growing seas@fort et al., 2016; Gobbi et al., 2020; Liu and Howell, 2021;
Pinto et al., 2014; Singh et al., 2018

In addition toseasonal intr@anopy dynamics, the grapevine leaf microbiome exhibits high
spatial variability. Its composition changes significantly from one geographical region to
another(Oliveira et al., 2018; Singh et al., 2Q1&8nd from onevineyard plot to another
Barroso Ber ghutédeenapp etal.l 2021 These spatial variations are explained

by vinerelaed (scion variety, cultural practices) and environmental factors (climate and
microclimate, landscape structuf@ettenfeld et al., 2091 Several studies have attempted to
establish a hierarchy between these factors. For example, variety has a significant effect on leaf
microbiome compositioSingh et al., 2019, 2018; Zhang et al., 20Dt its effect is much
smaller than that of geographic and climatic fact#sigh et al., 2018 The effect of
phytosanitary treatments appears to be less important than seasonal dyfaricset al.,

2020, in agreement with results demonstrating high resilience of the phyllosphere microbiome
to phytosanitary treatmenfSerazzolli et al., 20)4The cropping system as a whole, however,

has a substantial influence on the diversity and compositieaiahicrobiome, with significant
differences found between organic and conventional farfingr r o s o Ber gad™ et
Castaneda et al., 2018; Kernaghan et al., 2017; Miura et al.). Fifally, several studies
investigated whether forest patches or orchards adjacent to grapevine plots structure the
grapevine leaf microbiome, with mang results(Castanieda et al., 2018; Castaneda and
Barbosa, 2017; Chandra et al., 2020; Fort et al., 2016; Miura et al), 2019

Among the multitude of microorgeams that colonize grapevine leaves, some affect plant
health and growth. Pathogens and their mode of action have been the most(studiedet

al., 2016 Powdery and downy mildews (respectively caused by the fungal spagsphe
necatorand the oomycete spesiPlasmoparaviticola; Fig. 3) are the most important diseases

of grapevingBois et al., 201) Blackrot (caused by the funghyllosticta ampelicidaFig. 3)

is a foliar disease that is becoming increasingly important indeuconcomitant with efforts

to reducdungicideuse(Molitor and Beyer, 2014 All three pathogens aietroduced species

of North-American origin(Sections 1.Zand 1.3). When these fungal pathogens colonize the
grapevine leaf, they encounter the resident microbiome and virome, which can act as a barrier
to their growth through direct ecological interacs@@haudhry et al., 2021; Hacquard et al.,
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2017, such as exploitative competition, interference competition (antibiosis), and
hyperparasitism. Once this first barrisrovercome, pathogens are confronted to the plant's
immune system, which is itself stimulated by the microbiome, especially the root microbiome
(Section 2.2

Natural antagonists of downy mildewi(. 3) have been identified using cultudependent
methals. Several bacterial and fungal species, isolated from grapevine leaves or previously
detected in the leaf microbiome, have a negative effecPlasmoparaviticola under
experimental conditions. For fungi these inclédgemonium byssoideAlternaria alternata
Beauveria bassianaEpicoccum nigrum(Burruano et al., 2016, 2008; Kortekamp, 1997;
Musetti et al., 2006; Rondot and Reineke, 2019; Taguiam et al., 2021; Zanzotto and Morroni,
2016, and severaFusariumspecies(Bakshi et al., 2001; Falk, 19p6The genusBacillus,
including B. subtilisand B. pumilus predominates amonig. viticola antagonistic bacteria
(Bruisson et al., 2019; Dagostin et al., 2011; Zanzotto and Morroni, 2016; Zhang et gl., 2017
Moreover, root colonization by the arbuscular mycorrhizal furl@bgophagus irregularis
(Sections 2.Jand 2.2) increases grapevine resistancePtoviticola (CruzSilva et al., 202)L

Finally, the virome ofP. viticola has been analyzed using metatranscriptomics in search for
hypovirulenceinducing mycoviruse§Chiapello et al., 2090However, despite the description

of many new mycoviruses (283 new viruses associated with lesaised byP. viticola), the

limited availability of phenotypic data on fungal hosts has so far prevented the association of
particular viruses with variations in fungal virulence.

Pathogermicrobiomevirome interactions are not so well documented in poyaeaildew
(Panstruga and Kuhn, 201%ut some antagonistic interaction(§ig. 3) have been
experimentally demonstrated. Several natural hyperparasitesysiphenecatorhave been
identified among thAmpelomyced ecanicillium andAcremoniungenergFalk, 1995; Ghule
et al., 2019; Kiss, 2003As with downy mildew, powdery mildew growth isduced byB.
subtilisandB. pumilus(Compant et al., 2013; Crisp &ft, 2006. Network inference§ection
3.3 suggestedn antagonistic interaction between powdery mildew and the Baakleyzyma
aurantiaca(Pauvert et al., 203Pwhich remains to be experimentally validatth culture
dependant appacheqSection3.4). Moreover, as foPlasmoparaviticola, the virome ofE.
necator has been studied in search of hypoviruleimciicing mycovirusegPandey et al.,
2019. Mycoviruses have been detected but their influence on fungal virulence and disease
developnent has not been demonstrayed

Future studies should continue searchingniembers of the resident microbiome and virome
that naturally regulate mildews, and identify the biodiversity management practices that favor
these natural antagonists. Such results are urgently nasdeldewsare currently controlled

by chemical pestides whose use should be drastically reduced to preserve environmental and
human healti(Jacquet et al., 20¥2To identify biocontrol candidates against mildews, we
recommend gxoring the microbiome and the virome of mildegsistanWitis species in their
native range(Fig. 2, whee they have cevolved with pathogen speciesSéction 1.3
Decipheringthe microbialinteractionnetworks Gection 3.3 in these resiahce zonesauld
alsoprovide interesting insights into timatural regulation of mildews
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4. Dynamics of the berry microbiome until ripening and winemaking

Like the leaf microbiomeSection 2.} the berry microbiome varies significantly in abundance
and compositionthroughout the seasorPopulation size of both fungal and bacterial
communitieon the berry surface increaseh ripeningandreach a maximum when the berries
become overripe. Theommunity compositiovaries significantly during the season, with a
decease inBasidiomycota(Aureobasidium, Cryptococcus and Rhodotorg[@.) and an
increase ilAscomycotdHanseniaspora, Metschnokowia, Piclkiap) (Barata et al., 20)2As

the season progresses, Graegative bacteria (mostlfPseudomonas sppdecrease in
abundance whereas Grguusitive communities (mostlylicrococcusspp.) increaséViartins

et al., 201%. The morphology and chemical composition of berries are major drivéhne s
seasonal variatits in microbiome compositiofLiu and Howell, 202). Indeed, he water
activity on grape berry skin and the composition of exudates change along the grape berry
ripening proces, with an increase in sugar content, a decrease in pH and &ciditys et al.,

2021; Martinset al., 2014, 2020 Other drivers include¢he agricultural practices during the
fructification period (phytosanitary treatmensuning, as well as the climatic conditions from

fruit set to harves(Belessi et al., 2022; Bokulich et al., 20X2ZordercBuesoet al., 2011a,
2011b;Ding et al., 2021; Martins et al., 2014, 2020; Pinto et @14p In addition to these
seasonal variationghe berry microbiome varignarkedlyin space. In the last decade, many
studies conducted at different spatial scales (world, countries, regions and vineyards) gave
evidence of a biogeographic differenitiat of the berry microbioméBokulich et al., 2014;

Gobbi et al. 2022]ara et al., 2016; Li et al., 2022; Miura et al., 2017; Vitulo et al.,)2B&sed

on these findings, t he amictoliabtr esr rdoeivred otplteat t phr
causal relationship between grape microbial biogeography and regional wine characteristics.

At the ripening stage, the grape berries harbor fermentative microorganisms that will
subsequently contribute to the winemaking process andirie quality (Fig. 3). These
microorganisms includ8accharomyces cerevisiéeections 1.-and1.3), nonSaccharonyces
yeastsand Lactic Acid Bacteria (LAB).S. cerevisiads the main species responsible for
alcoholic fermentationAlthough itspopulatiors reacttheir higherlevel atberrymaturity (16

to 1C cfu/g), the yeast remairare at the grapeerry surface, thus raisingiestiors onits origin
(Mortimer and Polsinelli, 1999 ; Borlin et al., 2020rhe abundance and diversity of
fermentative yeaston the grape berry surfade impacted by fungicide treatmentsqrdere

Bueso et al., 20)4and nfection byBotrytis cinereawhich modifies sugar availability-leet

et al., 2003 ; Nisiotou and Nychas, 2D.0Zw numbers (<18cfu/g) of cultivableLAB arealso
presenton sound fruit and end up in must during the early stages of wine processing. Within
this group of bacteri@enococcus oelfi-ig. 3) is responsible for a crucial process called malo
lactic fermentation (MLF), where-malic acid in wine converts to softerlactic acid. The
reduction of acidity, which spontaneously occurs after alcoholic fermentation, is beneficial to
the quality of wines made in cool winegrowing regions. Yet, MLF only starts wheb. theni
population reaches $0fu/ml. Factors reducing the bacterial biomasdtaweoughly studiedo
avoidslow or blocked MLF. Phage$(g. 3) arepart of these factors, as they may modulate

oeni population size, and a number of temperate and virulent phages inf€ctoenihave
beenrecentlyisolated from crushed grapes and later winemaking stagesse et al., 2031

The berry microbiome may also contain microorganisms that alter wine quality, such as Acetic
Acid Bacteria (AAB) or fungi that produce fiavors or mycotoxinsAAB (Acetobactespp,
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Gluconobacterspp.) (Fig. 3) are wine spoilagebacteriathat are naturally present in the
microbiome of grape berrig§leet, 1993 Theycause preand postharvest yield lossesnd

render berries unsuitable for wine production. A relevant example is sour rot of(grzpe

et al., 201% which is a polymicrobial diseagequiringthe presence obrosophilaflies
(disease vectoryyounded fruitsyarious yeasts that convert grape sugars to ethamdlAAB
thatsubsequentlpxidize the ethanol to acetic acid. AAB-e&ist with phages on ripe grapes

and a member of thBectiviridaefamily has beeneacently characterizg@hilippe et al., 2013

The control of AAB is challenging as these bacteria show great capacities to persist during wine
making. Phages and their derived enzymes called endolysins may offer new solutions.

Fungi naturlly present on ripened grape berries can also produeagtrs, in particular
earthy or moldy odors in grape juice and wines. This is the cd3atigtis cinerea(Figure 3,

the necrotrophic fungal pathogen responsible for grey rffoldhijo et al., 201). B. cinerea
produces cellulases, giases, proteases ang-phenol oxygen oxidoreductase ablexadize
phenolics compounds, whidch at the ogjin of severe alteration of wine cold®. cinereaalso

causes an enhancement of phenylpropanoid metabolism, terpenes and fatty acid aroma
preairsors at the grape berry level. It can be associatedPeitltillium expansunthen leading

to the production bgeosmin, an earthy eiroma(La Guerche et al., 2007, 200However,
B.cinereac an al so col oni ze berr i epositvalydievelopdthes A no
grape aroma potenti@lhibon et al., 2011, 20)0ONatural antagonists @&. cinereahave been
searched for within the leaf and berry microbiome to develop microbial biocontrol. They
include Aureobasidium pullulansvhich acs againstB. cinereathrough nutitive and spatial
competition and antibiosigarmichael et al., 2019; Martini et al., 2009, p. 200; Rathnayake et
al., 2019. They also include ane bacteria RBacillus spp, Actinomycets) and yeasts
(Metchnikoviaspp., Pichia spp.) (Logman et al., 2009Raspor et al., 2010; Santos and
Marquina, 200X Mycoviruses infectindd. cinerea/Pearson and Baile2013; RuizPadilla et

al., 202) have been searched for to foster biocontitthough a rich virome was discovered,

only a few mycoviruses were associated with a reduced virulence of the fungal pathogen (i.e.
an hypovirulence phenotypgjhalifa and MacDiarmid, 2021; Wu et al., 2010; Yu et al., 2015
These mycoviruses belonged to several families, includargaviridae(singlestranded RNA

virus) andGenomoviridad€singlestranded DNA virus). An unclassified douwsganded RNA

virus was also foundFinally, fungal pathogens producing mycotoxirfgspergillus
carbonarius Aspergillus nigey can also develop in mature berribf/cotoxin contamination

can belimited by specific practicesHocking et al., 2007; Perera et al., 2))2ihcluding
biocontrol byA. pullulans(Bozoudi and Tsaltas, 20).8

Future research should continuevestigating the dynamics of microbial interactiossd
functions on the grape berry surfaéetion 3.} toelucidateheirimpact onberry qualityand
wine properties Conversely, the impact of the winemaking process on the bearpbiome
dynamics could be studiethdeed,during winemaking fermentative microorganisnreach
very high population levelen cellarsandcan bedisseminatedn the vineyardhroughCO»-
extraction systemand insect vectors

5. Wood microbiome dysbiosis during grapevine aging and decline

Cultivated grapevines are perennial plants that age and are eventually removed when they are
no longer productive. Nowadays, a major cause of grapevine déeline3) are Grapevine
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Trunk Diseases (GTDs), a group of diseases whiemrerged in the late990s and cause wood
degradation and necrosis within the inner structuresatfiregrapevins (Bertsch et al., 2013;

Bruez et al., 2013; Mugnai et al., 1996 TDs include Botryosphaeriadieback,Diaporthe
dieback, Eutypa dieback, Phomopsisdieback, Petri disease, blafdot disease ah Esca
complex disease®athogenic fungi associated with GTDs belongdweral genera, including
Phaeomoniella, Phamcremonium, Fomitiporia, Eutypaand to theBotryosphaeriaceae
family (Cobos et al., 202 Fig. 3). However, these fungi have been isolated from both healthy
and necrotic wood tissues of bd&HT D-symptomatic and asymptomatic grapevines. Their role

in GTDs has therefore been questiorfeidfstetter et al., 20)2and dher microorganisms
potentially involved in GTDs haveeenisolatedusing culturedependent method&lena et al.,

2018; Kraus et al., 20)9Cobos et al(2022) reported that in 2018, 133 fungal species
belonging to 34 genera (mainly ascomycetes and basidiomycetes) had been associated with
GTDs worldwide, this number increasing yeaBwgcteriainhabitinggrapevinevood have also

been isolated, identifiechd their functions studied. For instanBeyez et al(2015)identified

26 bacterial genera inhabiting the various wood tissues, the most abundaBduting (34%

of the bacterial strains), thdPantoea(12%) Paenibacillus(9%), andEnterdacter (6%).
Bacterial communities differed between anatomical parts (i.e. trunk or cordon) and tissue types
(i.e. necrotic or nomecrotic). Functions of bacteria colonizing necrotic aot-mecrotic
tissues differedas they metabolized fterently the arbon substrate®ver the last decade,
nextgeneration sequenciripel Frari et al., 2019; Eichmeier et al., 2018; Gramaje et al., 2022;
Lade et al., 2022and metatranscriptomanalysegNerva et al., 2022; Paolinelli et al., 2022
provided deeper resolution in the grapevine wood fungal and l@chécrobiomes. Depending

on the grapevine organs, years, seasons and wood health status (i.e. healthy or necrotic),
variations in the wood microbiome composition were observed, for both fungi and bacteria
(Bruez et al., 2020, 20)4

Wood necrosis is often observed in matgrapevines (15 to 2gearold), the difference
between healthy and GTEdants being the quantity of wood necrosighite-rot necrotic
wood, is in particular, more abundant in diseased plafdser et al., 2012; Ouadi et al., 2021,
2019. This observatiomaised a key question: whjoesa substatial percentage of wood
becomenecrotic in mature plantskhis question has recently been investigated in theafase
Esca, the most frequent GTMicrobiome changes occurring at the onset of Esca were
investigated sing metabarcoding approach@suez et al., 2020 The results showead
decrease in the divetgiof the fungal microbiome the whiterot of diseased trursklinked

with the tissue colonizatioby thefungal pathogefromitiporia mediterraneaBecause fungi

and bacteria coexist in the wodtie authordhypothesizd thatfungatbacteria associations
were involved in the woodegradation. In agreement with this hypothesis, associations between
GTD-fungal pathogensH mediterraneaand Phaeomoniella chlamydospgrand bacterial
species $phingomonaspp. andviycobacteriunmspp.) weradetecetdn the cordons of young
grapevines gxessiig Escafoliar symptoms. More recentlfHaidar et al(2021)showedthat

F. mediterraneaand a novetpecies of bacteri@olated from grapevine wodéiaidar et al.,
submitted acedsynergistically to enhance wood structure degradations associated with Esca.

Plantmicrobe and microbenicrobeinteractions responsible for other GTRBo{ryosphaeria

dieback,Diaporthe dieback)have also been studied. Sevdtaigal pathogens of the genera
Botryosphaeria Diplodia, Lasiodiplodiaand Neofusicoccunhave been identified as causal
agents oBotryosphaeriadieback. This complex of xylefimhabiting fungi can remain latent
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in the roots before producing phytotoxic compounds and degrading enzymes (xylanases,
cellulasesp-glucanasesin stemsandsymptomatic leavegsramaje et al., 2018; Marais et al.,
2021; MartinezDiz et al., 2013 Fungi of the genu®iaportheareresponsible foDiaporthe
dieback, a disease theausesamong othersgane bleaching, swellingrms, trunk cankers,
shoots breaking off at the base, loss of vigor, and reduced buncl®sizenaccia et al., 2018;
MartinezDiz et al., 2019 Thesesymptoms can allow the implantation of opportunistic
microorganisms such &idymella negrianawhich iscapable of producing mycotoxirisiu

and Howell, 2021; Stranska et,&022.

Wood bacteria, fungi and mycoviruses with potentiacbintrol activities againstungal
pathogens associat&il Ds havebeen searched fgHaidar et al., 2021; Marais et al., 2021;
Mondello et al., 2018; Rezgui et al., 201Botios et al(2021)analyzed the wood microbiome

of asymptomatic and symptomatic plants in three Greek grapevine varieties, using differential
abundance analysi$éction 3.} and network inference methodse(tion 3.3 Their results
showed thatBacillus and Streptomycesgenera dominated the bacterial microbiome of
asymptomatic plants and hadiegative ceoccurrence pattern with GFpathogens belonging

to thePhaeomoniellaPhaeoacremoniurand Seimatosporiungenera. Thauthors concluded
that these bacted taxa may play a role ithe suppression of GTDs. The suppressive role of
the wood microbiome was also suggeste&hyez et al(2016) as they noticed that pathogenic
and nonpathogenic fungi reach an equilibrium in the functional tissues of oldegras.
Mycoviruses may also play a rdalethe suppression of GTDs. For instance, mycoviruses were
detected ifNeofusicoccum parvuisolates from grapevines without symptoms of Escava

et al., 2019and in hypovirulent isolatg$/arais et al., 202] suggesting that mycoviruses may
reduce the aggressiveness of Biéryosphaeriaceaspecieslt is noteworthy tha viruses could
also behelpful to fight pathogenic bacteria that colonize xylem vesselsXlkalla fastidiosa
(Fig. 3), the causal agent of Pierce's Disease, Agtbphilus ampelinusthe causal agent of
bacterial blight. Biocontrol protocols using virulent phages have been successfully
implementedn plantain Texas, USA, to contraKylella fastidiosa(Das et al., 2016 This
approach is promising, especially since the pathogen is vectored by an insect (theigigsdy
sharpshooterHHomalodisca vitripennjs(Bhowmick et al. 2016)which has the capacity to
uptakeX. fastidiosgphagegClavijo-Coppers et al., 202)L

Future research should therefore continue to decipher-pli@nbbevirus interactions in
grapevine wood, and more specifically the dynamics aitivgeractions in relation the onset

of disease sympton{Section 3.3 For instance, the wood microbiome and microbial networks
could be analyzed just before the appearance of the firstf@gmasymptoms to mswer the
following questions(i) is the onset of the disease marked by an increase in the heterogeneity
ofthemcr obi ome bet ween grapevines, dZnesetdalt ed
al., 20177 (ii) is the onset of the disease markea ldyange in microbiahteraction network3

(ii) i s there a change indHunctional composition of the microbiome, marked by an increase
in the abundance of pathogenic spe@eSome of the tools to answer these questions are
described in the next sectigiection 3.
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B3.LET6S MAKE T HEE RRRIBOME MORE
FUNCTIONAL

This section proposes experimental and computational approaches that could help uncover the
functioning of the grapevine microbiomexperimental designsxploit what we know of the
evolution and dynamics of the grapevine microbiomec(ions 1 and)Zandaim to identify
microbial taxa or consortia that may play a role in vine performance and vineyard ecosystem
health.Molecular toolsandcomputational approachegork together to analyze the grapevine
holobiont as a dynamic, interactive, and functionalesystWe emphasize throughout the need

for culture-dependent approaché&svalidate the effects of specific microbial taxa and functions

on vine performance and vineyard ecosystem functioning. Each subsection sets out research
hypotheses or questions aboutrabiome functioning, describes methodological frameworks

that exist or could be developed to address these questions, and finally suggests how to apply
them to the grapevine system.

1. Field sampling designs and statistical approaches to identifyeneficial
microbial taxa

Grapevine hosts several hundreds of microbial texepp etal., 2021; Morgan et al., 2017;
Zarraonaindia et al., 201and Section 2 of which only a few dozen have known roles and
modes of actionsig. 3). Here we propose field sampling designs and statistical approaches that
could beappliedto metabarcoidng datasets elucidate the links between the presence or
abundance of particular microbial taxa, and functional traits measured at the glant
ecosystenscale. In the current context of climate change and pesticide use dddezaget

et al., 202), we ask, which field sampling desigass statistical approachase suitable to
identify microorganisms enhancing plant tolerance to drought or providing a beffaet
against microbial pathogens?

Question #1: How to identify microbial taxa enhancing plant tolerance to drought or
providing a barrier effect against microbial pathogensfrom metabarcoding data?

To address thisugstion, the composition grapevinemicrobiomesamplescan beanalyzed

using metabarcoding approaches and ttatistically related to measurements of grapevine
physiology or vineyard ecosystem functioning. For example, the microbiome can be related to
ecophysiological traits that indicaggapevine tolerance to drougfibambetta et al., 2020;
Vacher et al., in pre}sor to the frequency and intensity of diseases at the plot level in
epidemiological surveyg_hen et al., 2009 or to more integitive agricultural variables such

as yield potential. The grapevine microbiome can then be considered as an explanatory factor
of the variation in the functional trait of interest (e.g. drought tolerance, disease resistance,
yield). This variation can benalyzed at different teporal and spatial scaleBi(. 4): within

the lifetime of a cultivated vine individuatig. 3), between vines planted in the same fdog.
Darriaut et al., 202] between vineyard plots, between cultivated vines and their wild ancestors
(Section 1.}, or between cultivated nes and diseagesistanVitis species $ection 1.).

Field sampling desigrshould anticipate the statisticahalyses.Grapevine individuals or
vineyard plotscan beselected along a gradient of a previously measured functional trait of
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interest.Pairs of individuals, or pairs of plots, contrast in the functional trait of intejegt
droughttolerant vs. droughsensitive, diseasesistant vs. diseaseisceptible, highvs. low
yielding) while being otherwise similgisame rootstock and scion cultisasimilar plant age,

soil type and farming systerogan also be selecteihese twasamplingstrategiesKig. 4) rely

on spatial variation in the functional trait of interest. The first maximizes the variation in the
trait along the gradient, while thecead reduces the environmental heterogeneity within a pair.
Time serieslongitudinal surveyqFig. 4) complete this picture to highlight joint temporal
variations between the microbiome and the functional trait of interest. This combination is
highly relevant for grapevine given the strong dynamics in the microbiome at multiple
timescales%ectionsl and?).

Several &tisticaltools can then bepplied to metabarcoding damassess the contribution of
microbiome composition to variation ithe functional trait of interest, and identify the
properties of the microbiome that are the most explanatory. Exgsgnatoryproperties can

be the occurrence or abundance of particular microbial daxaicrobial functional groups
(Section 3.3, or aggregted properties at the community or network levaleli as community
alphadiversity or microbial networkconnectanceBar r os o Ber ga)dThe et
compositional dissimilarity matrix between sample®nimunity betadiversity) can be
converted intcexplanatoryvectors using the method of PCNM eityectors, developed for
spatial distance matricé®orcard and Legendre, 200X he statistical model will have the
functional trait of inteest as the dependent variable and the microbiome properties and
environmental factors as explanatory varialjéeg.Asad et al.2022for yield; Cambon et a).
2022for drought tolerance”érezValera etal., 2020for an example gbaired samplgsWhen

the microbiome contributes significantly to the functional trait of interest, identifying which
microbial taxa are the main players can be done using the TITAN2 méthoel et al., 2015

or differential abundance analysigethodgNearing et al., 2022; Weiss et al., 2)IMachine
learning or deep learning methods can also be appliedet al., 202}, for example, the
Random Forest algorithm has been used to identify combinations of microbial taxa indicative
of yield (Yergeau et al., 2030Finally, to test specific hypotheses on the direct and indirect
effects of the explanatory factors (including microbiome) on the functioaidldf interest,
structural equation models (SEM) can be develdpedsey et al., 20).8

For grapevine, SEM would be highly relevantdssessinthe direcieffectsand indirect effects
(through the microbiomejf variety ancenvironmental factors (drought, agricultural practices)
on diseaseseverity and frequencoreover, fatistical identification osubsetof microbial
taxapotentiallyinvolved in disease resistance would be relet@sét up experimental, culture
dependnt approache® analyzethe effects ofmicrobial consortia on grapevirgathoges
(Sections 31
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Figure 4 - Workflow, from field experiments to mathematical models of omics data, to decipher
the complex planmicrobemicrobe inteactions forming the grapevine holobiont and to
identify beneficial microbial taxa. The experimental design sets up the sampling plots, hosts,
compartments and tirqgoints, according to spatial and temporal variations in a functional trait

of interest (e.ggrapevine drought tolerance, disease resistance, yield). Grapevine samples
(roots, trunk, leaves or berries) are then collected, cultivated, amplified and sequenced, and
omics data are processed. Omics approaches can be -tat@e (culturomics), taxdmased
(metabarcoding), gergased (microfluidic qPCR chips, for instance) or functiased
(shotgun metagenomics). Bioinformatic analysis and data integration pipelines resultin multi
omics tables, time series, SynComs or GSMN construction. This dabe cesed as input data

for interaction network inference, species or commuieiyel models and dynamical systems
representing microbial popul ationsd dynami cs
Amplicon Sequence Variant; GSNK&enomeScale Metablic Network; MAG, Metagenome
Assembled Genome®TU, Operational Taxonomic Unit; SynCom, Synthetic Community

2. Molecular tools to uncoverthe functional potential of the microbiome

Microbiome samples collected from contrasted environments following the field sampling
designs described aboy&ection3.1) can be further analyzed using cultumdependent
molecular tools to uncover the microbial genomes present in the sample, anelgrerpbial
functions they carry, estimate precisely variation in their abundance and link this variation with
plant gene expression patterns. We review the molecular tools that could be used to address the
following questions: How to characterize thedtional potential of the grapevine microbiome

27
























