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RIASSUNTO

La vite (generéV/itis) rappresenta una delle principali specie coltivate su scafaliale ,
con una produzione che si avvicina ai 70 milioni di tonnellate e unafisigpenpltivata di
oltre 7 milioni di ettari . Tra le 60 specie all'interno dehereVitis, Vitis vinifera L.é la
pit utilizzata per la produzione di vino e distillati. Prima laleflevastazione della
viticoltura europea causata dall'introduzione del parasditaddra dal Nord America, le
varieta diV. vinifera usate per la produzione di vino in Europa non erano innestate.
Successivamente, l'utilizzo di portinnesti di origine ame&daa permesso di fornire una
maggiore resistenza al parassita e ad altre malattie stavano seriamente
compromettendo la viticolture Europea. | portinnesti piu usati cauialmente derivano
da incroci di svariate specie di vite, tra ®uiberlandieri, V. ripariae V. rupestris e, oltre

a migliorare la resistenza alla fillossera e altriogahi, conferiscono caratteristiche di
tolleranza a stress abiotici (come siccita, elevata takniFe-carenza), regolano la crescita
dell’acino, contribuiscono alla maturazione e alla qualita defifpossono alterare alcuni
aspetti legati alla qualitd in post-raccolta dell’acino.

| risultati presentati in questa tesi di dottorato sono partgrantée di un progetto multi-
disciplinare chiamato SERRES (selezione di nuovi portinnestitdiresistenti a stress
abiotici attraverso lo sviluppo e la validazione di marcatotieswari) e finanziato dalla
fondazione Ager. La selezione e la caratterizzazione di podsii che conferiscano un
maggiore grado di tolleranza agli stress abiotici € esseng@l lo sviluppo di modelli
agricoli sostenibili e, allo stesso tempo, per l'induzionardrapporto equilibrato tra fase
vegetativa e produttiva, una progressione diversa della maturaditinesa, cosi come,
differenze a livello qualitativo. Migliorare la conoscenzielle basi molecolari,
biochimiche e fisiologiche della resistenza allo stress éequisito fondamentale per la
selezione di genotipi in grado di far fronte alle condizioni di stsenza conseguenze
negative su crescita vegetativa e produzione di uva aduatda.

Lo stress idrico ha un impatto enorme sulla produzione agricolattijiné uno dei
principali fattori che limitano la produttivita delle piante auisano una grave riduzione
della resa. Sulla base dei modelli climatici globali, prevedono un aumento delle aree
aride nel prossimo futuro, la carenza idrica puo diventarenitipale fattore limitante per

la coltivazione. In questo contesto, i portinnesti potrebbenmnas® un ruolo importante
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nel limitare la perdita di raccolto migliorando l'efficienzdl'deo dell'acqua, il potenziale
di sopravvivenza della pianta e la capacita di crescitéruked in presenza di condizioni
avverse come siccita ed elevata salinita del suolo ¢shsotici). Lo stress idrico porta a
molti cambiamenti morfologici e fisiologici, tra cui ridotéspansione della parte aerea,
limitazione della crescita radicale, diminuzione della tragpine fogliare e
dell’efficienza fotosintetica, accumulo di ioni e osmoliti, \&tione di processi di
disintossicazione e parallelamente la regolazione a divediscrizionale di un elevato
numero di geni. In seguito allo stress idrico, si innesca unosss&ondario legato
all'laccumulo di specie reattive dell'ossigeno (ROS), qual,HO”, -OH, *O, e NO. Le
ROS sono responsabili della maggior parte dei danni ossidativistems biologici e
nelle componenti cellulari. Un rigoroso controllo dei livellildeROS é obbligatorio per
la sopravvivenza delle piante e il cross-talk tra I'accunaulBOS lo stato redox e parte
integrante di un preciso controllo omeostatico che gioca un ruolo font@Emeella
risposta agli stress. Le piante innescano svariati meocadisriduzione del livello di
ROS (ROS-scavenging) volti all'induzione dell’espressione di geaicodificano per gli
enzimi superossido dismutasi (SOD) , catalasi (CAT), astmiierossidasi e glutatione
perossidasi.

Recentemente e stato condotto uno studio di caratterizzazionella bigchimico e
fisiologico di M4 [(V. viniferax V. Berlandier) x V. berlandiericv Resseguier n.1], un
nuovo genotipo di vite candidato ad essere utilizzato come portingaststo genotipo,
studiato dal 1985 dal gruppo di ricerca DiSAA dell'Universita dstyldi di Milano, e
stato selezionato per la sua alta tolleranza allo stres® i(WS) e salino (SS). Se
confrontate con il genotipo commerciale 101.14, le piante di M4 sottopalstfcit idrico
hanno mostrato una maggiore capacita di tolleranza e una piteedtigta fotosintetica
anche in condizioni di stress gravi.

Nella prima parte di questa tesi sono stati osservauitati ottenuti da un’analisi
trascrittomica condotta su larga scala (RNA -Seq), effieitga foglie e radici dei
portinnesti M4 e 101.14 campionati in condizioni di stress idrico pesgro (5 time-
points). Le analisi fisiologiche sono state effettuate sulletpiiattate (deficit idrico, WS)
e di controllo (irrigate, WW) lungo tutto il campionamentardlisi multifattoriale, che e

stata condotta sui dati mMRNA-Seq, ci ha permesso di valitageso di tre diverse

14



componenti sulla risposta allo stress: genotipo ( R : 101.14 e tifpb )i stress imposto
(Trattamento, T : WW e WS) e time-point considerato (TR : T4 ). Con questa analisi
stato inoltre possibile identificare i geni differenzialmergpressi (GDE) legati all’'azione
specifica 0 combinata di questi fattori (R:T , R:P , TIR:EP). In WS radice si &€ sempre
osservati un numero maggiore di GDE rispetto alla foglia. prnima osservazione
generale confrontando i risultati delle analisi multifatioeseguite su foglie e radici, €
che nel tessuto radice il "trattamento” sembra essemariabile che ha un impatto
maggiore sull’'espressione genica, mentre nel tessuto fogliapeso del genotipo
(portinnesto) sembra essere il piu elevato. Questa osservazmme sorprendente,
considerato che il sistema radicale & il primo organo aepgeclo stress causato dalla
carenza idrica e quello principale atto alla risposta. In questo € chiaro che il tipo di
trattamento imposto rappresenta la variabile principalerdheenza I'espressione genica
mentre I'effetto del genotipo € meno determinante. Con iRMA-seq e stata eseguita
una “Differential Cluster Analysis” (DCA), che si basa sohfronto delle correlazioni tra
le espressioni dei trascritti di un organismo “referencdl’ en “target”. Questa analisi Ci
ha permesso di identificare i pattern di co-espressioneay€énicT4) conservati e pattern
non-conservati tra M4 e 101.14. Per quanto riguarda gli ormoni vegetadhta osservata
un’induzione dei geni legati ad auxine, jasmonati ed etilene ragliei di M4 sottoposte a
stress, mentre una sovra-regolazione degli stessi traécsithta osservata in 101.14. La
categoria metabolica piu interessante, emersa dallanlzd, e quella legata ai
metaboliti secondari. Infatti sono stati individuati diversi GBgati a questa categoria sia
in radice che in foglia di M4, indotti in condizioni di stress, estata evidenziata una
forte specificita di espressione tra i due tessuti. Infatticondizioni di carenza idrica,
radici e foglie del genotipo tollerante M4 mostrano rispettivaemeima maggiore
induzione dei geni legati agli stilbenid. STS) e ai flavonoidig.g. CHS, F3H, LDOX,
FLS). Il ruolo di questi geni potrebbe essere legato al contradlobdanciamento delle
specie reattive dell’ossigeno (ROS), in aggiunta ai classécicanismi di ROS-scaveging
(meccanismi antiossidanti primari). In presenza di stidgso, M4 potrebbe attuare
meccanismi differenziali in radice e foglie che portano pitaduzione di molecole, come

resveratrolo e flavonoidi, correlate ad un sistema antiossigaatendario presente solo
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nel portinnesto piu tollerante. La maggiore tolleranza allostdego di M4, in confronto
a quanto osservato in 101.14, potrebbe essere relativo a oyeedti e

Nella seconda parte di questa tesi, € stato valutatettefflei portinnesti M4 e 1103P su
sviluppo, maturazione e qualita delle bacche di Cabernet Sauvi@®n Per questo
esperimento sono stati campionati da piante di CS/M4 e CS/1103Rn&eing 45, 59 e
65 giorni dopo la piena fioritura (GDF). Successivamente la ioaggrte delle bacche di
CS/M4 avevano raggiunto l'invaiatura, si & quindi deciso di sepdyucce e polpe per i
campionamenti successivi, condotti a 72, 86 e 100 GDF. Sulladeaggmrametri fisici
(volume e colore) e chimici (solidi solubili totali, SSCyue portinnesti hanno mostrato
una diversa influenza sulla cinetica di sviluppo e maturaziofie dacche di CS. Per
identificare le stesse fasi di sviluppo dei frutti raccodi @S/1103P e CS/M4, ¢ stato
condotta un’analisi di espressione preliminare, mediante sisteshéime PCR, sui geni
coinvolti nella biosintesi di fenoli, zuccheri e acidi organiQuesto approccio ha
permesso di identificare la fase verde a 45 DAFB in entrdenbembinazioni d’'innesto,
mentre linvaiatura é stata individuata a 72 e 86 DAFB risgattente per CS/M4 e
CS/1103P. Le analisi mRNA-seq e micro-RNAseq sono state ueffietsulle bacche in
fase di pre-invaiatura (45 GDF), invaiatura (72 GDF per CS/8 &DF per CS/1103P)
e epoca di raccolta tradizionale di CS (100 GDF). Le an#dissiche sono state condotte
sui dati RNA-seq confrontando il rapporto tra i dati di espreesihrCS/M4 e CS/1103P
ad ogni punto della cinetica e per entrambi i tessuti. Le adalislusterizzazione” e di
arricchimento hanno evidenziato la presenta di un elevato nume@DHi legati a
metabolismi auxinici. Le auxine hanno un ruolo fondamentale durastiglippo e sulla
maturazione della bacca, si € quindi deciso di concentrarestaa attenzione su questa
classe ormonale e di eseguire una caratterizzazione e Isnfogenetica delle famiglie
geniche ARF e AUX / IAA sul genoma di PN40024. Il ruolo delle mexin questi
processi € stato studiato anche in un altro un altro lavoronpa¢sen questa tesi, durante
il quale & stato dimostrato che un trattamento sugli aciniadiovfase di pre-invaiatura
con l'auxina sintetica NAA causa un ritardo nella maturaziohe,st manifesta a livello
fisiologico e di espressione genica, parallelamente alleé §usthta osservata I'induzione
di un elevato numero di trascritti atti a controllare 'omeastefle auxine. Le analisi
condotte con il software HORMONOMETER hanno suggerito che ilupem
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omeostatico atto a portare i livelli del’'ormone a concentrazimmo elevate e avvenuto a
soli 7 giorni dal trattamento. Questa ipotesi € fortemente sw@b@odalla sovra-
regolazione di geni coinvolti nella coniugazione (GH3 -like) dambne ( IAA4 e IAA3L
-like) delle auxine. Considerando questi risultati, le diffeeensservate tra CS/M4 e
CS/1103P durante lo sviluppo e la maturazione della bacca potrelsbere eollegate ad
una diversa regolazione dell’auxina. Infatti, i dati di espoags(mRNA-seq, microRNA-
seq e PCR) evidenziato importanti differenze nel metabolismo ieoxira le due
combinazioni dinnesto. | nostri dati suggeriscono un coinvolgimento i@upiert
dell'ormone nel controllo dello sviluppo/maturazione della baccaigyal’ espressione di
legati, da un lato all’'azione delle auxine (ARF e AUX/IA&))dall'altro , allomeostasi di
guesto ormone attraverso trascritti coinvolti nella coniugaziGittd) e nel trasporto (PIN
e ABCB). In questo contesto , anche i miRNA hanno un ruolo importangarticolare
esercitando un controllo sulla trascrizione dei geni ARF (eiB160 e miR167). In fase
di pre-invaiatura, le auxine hanno un’azione positiva sulla tz@ce dei geni che
controllano le dimensioni della bacca (e.g. espansine) endilegati alla famiglia delle
ARF (ad esempio VVARF8A e VVARF1A ). Parallelamenteiralizione di geni che
appartengono alla famiglia ARF, e stata osservata I'induziotragtiritti che controllano i
livelli (e.g. VWVGH3-1) e l'azione (VVIAA9, VVIAA15A, VVIAA16) dell’ormone,
suggerendo un’accurata regolazione dei livelli auxinici in quesieirfgmortanti dello
sviluppo del frutto. Inoltre, il controllo dei livelli di auxina telbacca d’'uva sembra
essere legato anche ad altri meccanismi legati all'iodezdi geni legati al trasporto
ormonale durante le fasi precoci (ABCBs) e tardive (PIN)adelaturazione del frutto.
Tenendo conto delle differenze osservate tra CS/M4 e CS/1103Bspedbsione di
trascritti legati al metabolismo dell’auxina, questo ormormabsa esercitare un’azione
negativa su alcuni geni legati alla maturazione della baeca flavonoidi), ma la sua
induzione nella fase di pre-invaiatura potrebbe essere neeegsarifar scattare altri

processi metabolici coinvolti nella maturazione dell’acino d’uva.
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SUMMARY

Grapevine represents one of the major economic crop species ollwid@iscale, with a
world production approaching 70 million of tons and a harvest area of7owaiflion
hectares. Amongst the 60 species within s genus,Vitis vinifera L. is the mostly
used for the production of wine and distilled liquors. Before thesiatran of European
viticulture caused by of the introduction of phylloxera from North Aoservarieties o¥.
vinifera used commercially for wine production in Europe were traditiorgibwn on
their own roots. Subsequently, the use of rootstocks from the pdgtiswas introduced
to provide resistance to this and other deleterious diseases awe tihs fate of European
viticulture. Rootstocks have been bred from a number of Vitis speeispeciallyy.
berlandieri V. riparia, and V. rupestris and are known, in addition to the enhanced
resistance to phylloxera and other pathogens, confer tolerance ta@ abiesese(g.
drought, high salinity and Fe-deficiency), regulate the sizéhefscion, affected fruit
development/ripening, contribute to fruit quality and can alter iBpeaspects of
postharvest fruit quality of a scion.

Results presented in this Ph.D thesis are a part ofex lamgjti-disciplinary project called
SERRES (Selection of new grape rootstocks resistant to alsimdsses through the
development and validation of molecular markers) granted by Agedftion. Selection
of resistant rootstocks is crucial for the development of isadile agricultural models
and, at the same time, for inducing a balanced vegetatidelgtive ratio, a different
ripening progression in grape berries and, as well as, diffesein their global quality.
Improving the knowledge about the molecular, biochemical and physioldusals of
stress resistance is an absolute requirement for the selaftigenotypes able to cope
with stress conditions without any negative consequences on th@atieggrowth and
production of high quality grape.

Drought has an enormous impact on crop production, indeed, it is dme o&jor factors
limiting plant productivity and cause a severe yield reducBased on the global climate
models, which predict an increase in the aridity in the nextdutwater deficit may
became the major limiting factor. In this context rootstockg pday an important role in
limiting crop loss by improving water use efficiency, potaintior survival, growth

capacity and scion adaptability to stress conditions. Wateicitdééads to many
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morphological and physiological changes across a range of spadidémporal scales,
including reduced expansion of aerial organs, maintenance of roothgrdecrease in
transpiration and photosynthesis, accumulation of osmotic compounds andivasioa
of detoxifying processes and, in parallel, the transcriptice@lation of a large number
of genes. Oxidative stress is related to the accumulatiogactive oxygen species, such
as HO,, O, -OH, '0,, and NO. These ROS are responsible for most of the oxidative
damages in biological systems and cellular components. Thusgctacsimirol of ROS
levels, throughout the expression of genes coding for superoxide dism(&3B3,
catalase (CAT), ascorbate peroxidase and glutathione peroXRIB® scavenging
enzymes, is mandatory for plant survival and the cross-talikeleet ROS accumulation
and redox state is integrating part of a fine homeostasis ctimitgblays a pivotal role in
the plant response to stresses.

Recently, a biochemical and physiological study of the M4 [{Nifera x V. berlandieri)
x V. berlandieri x cv Resseguier n.1] novel candidate genotype tesed as rootstock in
grapevine was performed. This genotype, established from 198%HyiSAA research
group operating at the Milan University, was selected fdrigh tolerance to water deficit
(WS) and salt exposure (SS). In comparison with the 101.14 commgzaiatype, M4
un-grafted plants subjected to water and salt stress showedtargrapacity to tolerate
WS and SS maintaining photosynthetic activity also under sew&ss conditions and
accumulating, especially at the root level, osmotic compoumdigoas.

In the first part of this thesis were reported results obtafrmd a large scale whole
transcriptome analyses (RNA-seq) performed on root (whole appeasathiteaf tissues of
101.14 (drought susceptible) and M4 plants sampled in progressive drowghtir(fe
points). Physiological analyses were performed on treate@rstess, WS) and control
(well-watered, WW) plants over all the sampling. Thdtifactorial analysis , which was
performed on mMRNA -seq data concerning to both the analyzed tissaésrfd root),
allowed us to evaluate the relative weight of the genotyp&@R 14 and M4), of the type
of stress imposed (Treatment, T: WW and WS) and of the piaint considered (P: T1-
T4), and to identify Differentially expressed Genes (DE®Gaj are affected in a specific
way or the combined action of these factors (R:T, R:P, T:PRafidP). In WS root

dataset, all considered components (R, T and P) were found ¢bthfeéhigher number of
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genes in comparison to other dataset (WS leaf). A firstrgedservation comparing
results of the multifactorial analyses performed on leawesraots is that in root tissue
the “treatment” seems to be the main variable explainingréiftial gene expression
depend on the kind treatment imposed, whereas in leaf tissueeiplt of the genotype
(rootstock) appear to be the highest. This observation is not sugpre®nsidering that
the root system is the first organ perceiving the water ddjmivatress and the main one
actively responding to it. In this case it's clear the kintreditment imposed represent the
main variable influencing expression whereas the effect of gleotype is less
determinant on differential expression of genes. RNA-seq datauserketo performed a
Differential Cluster Analysis (DCA), which is based upon panson of correlation
between genes expression of a “reference” and a “target” ermgaand allowed us to
identify conserved and diverged co-expression patterns betweerd retgenisms. This
analysis allowed us to compared the transcriptomic responses4ofardd 101.14
rootstocks. As concerns plant hormones, it was showed an induction of ddgiand
GAs related-genes at the beginning of the stress kinetic in fddsed roots, whereas a
up-regulation of these transcripts in unstressed root was obsenddd.iv. The most
interesting metabolic category was the “Secondary metabolmme” because several
DEGs belonging to these metabolisms were founded in both root angpleafws, but
with a strong specificity of DEGs expression among two considmgahs. Indeed, upon
WS, roots and leaves of the tolerant genotype M4 exhibit an highetiomdof stilbenes
(i.e. STS) and flavonoidse(g. CHS, F3H, LDOX, FLS) biosynthetic genes, respectively.
We hypothesized the role of these genes in the control and &&&s levels, in addition
to the others well known ROS scavengers. In presence of stedes, M4 rootstock may
acts differential mechanisms in root and leaves which leadthdoproduction of
molecules, such as resveratrol and flavonoids and these eventbemaglated to a
secondary antioxidant system in this rootstock. The higherassesiof M4 rootstock to
water stress, in comparison to what observed in 101.14, sheuklated to these events.
In the second part, in order to evaluate the effects of the dokssbn grape berry quality
and development/ripening, an RNA-seq experiment on Cabernet Sauyg8pgrafted
onto M4 and 1103 Paulsen rootstocks was carried out. Whole berriesoNected from
CS/1103P and CS/M4 bunches at 45, 59, 65 days after full bloom (DARB)
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correspondence to the end of lag phase. At this moment most of ligapes reached
véraison, the other samples (separating skin and pulp) weeztedllat 72, 86 and 100
DAFB. On the basis of physical (volume and colour) and chen{8aluble Solids
Concentration, SSC) parameters, the two rootstocks seem toeinaudifferent
development and ripening pattern on CS berries. To identify the siwvelopmental
phases of berries collected from CS/1103P and CS/M4, the expressfda of genes
involved in phenols, sugar and organic acids metabolisms werapped. This approach
allowed to establish that the green phase occurred at 45 DAFB hncbaotbinations,
while véraison happened at 72 and 86 DAFB for CS/M4 and CS/11G3fectvely. An
MRNA-seq and a microRNA-seq experiments were carried out obe€@&s sampled at
pre-véraison (45 DAFB), véraison (72 and 86 DAFB for M4 and 1103P, tesggcand
traditional CS vintage date (100 DAFB). For the statistanelyses on RNA-seq data a
pairwise comparisons between M4 and 1103P genotypes were acceahlistach time
point and a large numbers of DEGs related to auxin metabolismsideéfied with
enrichment and clustering analysis. It is well known the importae of auxins on grape
berry development, so, it was decided to focus our attention on dhisohe and to
performed a characterization of grape ARF and AUX/IAA gémmilies. Indeed, in
another work presented in this thesis, we showed that an NAsfmeat just before
véraison caused delayed grape berry ripening at the transcripindaphysiological
level, along with the recovery of a steady state of itedaifular concentration. Hormone
indices analysis carried out with the HORMONOMETER tool satgyéhat biologically
active concentrations of auxins were achieved throughout a homeostaiiery. This
occurred within 7 days after the treatment, during which the plogsiall response was
mainly unspecific and due to a likely pharmacological effedi&A. This hypothesis is
strongly supported by the up-regulation of genes involved in auxin corgud@&td3-like)
and action IAA4- and IAA31-like. Considering these results, the differences observed
among CS/M4 and CS/1103P in grape berry development and ripening shoulakdx re
to a different regulation of auxin metabolism. Indeed, all traptsémiRNAs analyses
performed (RNA-seq, microRNA-seq and gqPCR) highlighted importiéerehces in the
auxin metabolism among the two scion/rootstock combination. Our slaggest an

important involvement in the control of grape berry developmentirgeof genes that
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are related, on one hand to auxin actiBRF and AUX/IAA) and, on the other hand, to
homeostasis of this hormone through the expression of genes involverhjugation
(GHJ) and transportRIN and ABCB). In this context, also miRNA have an important
role, especially by controllindRF-related genese(g. miR160 and miR167). In the case
of fruit ripening, auxin acted as a positive regulator of gendsctrdrol grape berry size
(e.g. expansin-related genes) before the véraison stage; iindaed observed the up-
regulation at the pre-véraison stage, which was different 8 M@ and CS/1103P, of
transcripts that control auxin-responsive genesy.(VVARF8A and VVARF1A. The
induction of genes that belonged AdRF family was paralleled by the expression of
transcripts that control auxin levelg. VvVGH3-1)and action (VVIAA9, VVIAA1SA,
VVIAALH, suggesting that an accurate regulation of auxin homeostagiape berries at
these phases. Moreover, control of auxin levels in grape beerpspass through other
mechanisms which involved control of transport-related gendzirearly (ABCBs) and
late (PINs) phases of berry development. Taking into accountsath@immercial CS
harvest, CS/M4 berries berries were showing differences ire qmocesses ripening-
related €.g flavonoids metabolism) and a different regulation of auxin metahs)
when compared to those of CS/1103P, auxin seems to act as neggtildors on some
genes related to grape berry ripening but its induction at theépagson stage could be

necessary to triggers other metabolism involved in ripepingesses.
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1. Grapevine rootstocks

Grafting, which involves the combination of two different vaéstor species to form a
plant with new characteristics, is a technique extensivelg unsthe cultivation of several
horticultural species, such as grapevine, apple and peachnGtafthnique involves the
areal part, called scion, which is grafted onto the basaloportialled rootstock, of the
plant (Arrigo and Arnold, 2007; Leet al, 2010). So, the new-formed individual is made
up by two bionts (scion and rootstock), which are characterizedwby different
genotypes. Grafting has two parameters of importance: eageafting and affinity
between scion/rootstock combination (Gregaty al, 2013). To obtain a successful
grafting the vascular cambium, responsible for cell divisidriyath bionts has to be in
contact in order to connect xylem and phloem (Margusrial, 2012). In viticulture,
practice of grafting was already widespread in ancient timéshe principal reason for
the widespread use of grafting in viticulture wasitadtulosphaira vitifoliagphylloxera)
epidemic. Phylloxera, native to North America, was introdun&m Europe at the end of
the nineteenth century and destroyed around four million of vineyard éecldrere are
some evidences that a Bordeaux grower called Leo Lalimantheadirst to advise
grafting European grape vineditis vinifera onto rootstocks fronVitis species originate
from North America. The higher resistance to this pests wbden the American species
is related to their co-evolution with phylloxera, which leads to deeelopment of
resistance mechanisms that still are not completely unders®vogder sanitation may
reduce the risk of phylloxera infestation, but it is no guarantestgits spread. The
potential economic loss from phylloxera infestation is so glestglanting on resistant
rootstocks is recommended even in regions where phylloxera is nptegsnt (Arrigo
and Arnold, 2007).

In addition to the enhanced resistance to phylloxera, the growthaaol mlants in
cultivated systems is profoundly affected by selection of apprepmabtstocks.
Rootstocks have been bred from a numbeYité species, especially. berlandieri, V.
riparia, and V. rupestris,and are known to confer resistance to various pathogens,
tolerance to abiotic stressesd. drought, high salinity and Eedeficiency), regulate the
size of the scion, affected fruit development/ripening, coute to fruit quality and

further they can alter specific aspects of postharvest dquality of a scion (Arrigo and
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Arnold, 2007; Leeet al, 2010; Gregoryet al, 2013; Margueritet al, 2012; Fisaraki®t
al., 2001; Grant and Matthews, 1996; Walkérl, 2002, 2004).

1.1 Influence of rootstocks on grapevine abiotic st resses tolerance

In addition to their ability to helped scion to cope with biotiesdes, rootstocks can
confer also tolerance to a large range of abiotic stre8sesng these, drought and high
salinity have an enormous impact on crop production, indeed, theyoweseof the major
factors limiting plant productivity and cause a severe yiettlicgon (Crameret al,
2007). So, breeding of crop varieties that use water more eftficis a key strategy for
the improvement of agro systems (Marguetital, 2012). Based on the global climate
models, which predict an increase in the aridity in the next fuDeg, 2013), water
deficit may became the major limiting factor. In this contedtstocks may play an
important role in limiting crop loss by improving water use @ficy, potential for
survival, growth capacity and scion adaptability to stress dondit(Margueritet al,
2012).

Rootstocks exhibit differential degrees of tolerance in resptmsieought, for example
101-14 and Schwarzmann are considered less tolerant, while Lider 1R&+66ey, 1103
Paulsen, 140 Ruggeri, Kober 5BB and Richter 110 confer to scion hdybeght
tolerance (Flexast al, 2009).

The ability of these rootstocks to confer high tolerance to vetitess depend on several
factors. For some perennial crop species, altered scion vigaurbéen linked to
differences in hydraulic parameters of the root system. Géandieal. (2012) hypotized a
pivotal role of aquaporins proteins in relation to grapevine rootstagksir and control
of water use during drought. In this study they showed th&IR& expression was
consistently higher in high-vigour rootstock and demonstrate tbér in control of
rootstocks vigour. The hydraulic capacity of a root system toetelmater scion is related
to the increase in Lpr (per root surface area or per biomasdjor whole-root-system
surface area. Indeed, (Alsirgt al, 2011) found that grapevines grafted onto 1103P
rootstock (high vigour) exhibited greater whole-root-system hydraocbnductance
compared to 101-14 (low vigour) resulting from continued growth ategrelapth during

the warmer and drier summer months.
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Stomata have another important role in regulating water lossygdukiater stress
(Marguerit et al, 2012), and stomatal closure is one of the earliest responsemstdn w
deficit (Damouret al, 2010). So, grapevine rootstocks which increased the efficiency of
stomatal closure control and water use efficiency induced alsja tolerance to water
stress.

Salt stress is another environmental perturbation which nelyatafeects grapevine
growth and yield. High salinity cause problems in water uptaie availability of
micronutrients, increasing toxic-ion concentration and degradatisailagtructure (Ismail
et al, 2013).Vitis viniferais moderately sensitive to high salinity in the soil and dawag
caused by this stress are primary related to the chloride Tbesinhibition of grapevine
growth and C@ assimilation in relation to high salinity is mainly due to clen
stomatal conductance (similarly to what observed for watesst electron transport rate,
leaf water potential, chlorophyll, fluorescence, osmotic potentzad leaf ion
concentrations (Cramest al, 2007). Together with these physiological problems, salt
stress causes, at molecular level, formation of reaottygen species (ROS), membrane
disorganization, metabolic toxicity and reduced nutrient acquisit®nyedl as induction
of several genes related to plant hormomreg. &bscissic acid and jasmonates) (Craster
al., 2007; Ismailet al, 2012). Grapevine responses to salinity depends on sevdmkfac
such as soil type, rootstock—scion combination, irrigation systehtkmate. Grapevine
are more sensitive to Ctoxicity than N4 toxicity (Cramer 2007). Rootstocks obtained
from wild Vitis species differ widely in their ability to exclude Ein reducing ordew.
rupestris, V. cinerea, V. champiandV. berlandier), and consequently in their capability
to higher tolerate salinity; so, response efficiency of thensin presence of salt soils vary
in relation to the comparative exclusion of sodium versus chlddiae genotype of the
root system (Fisarakist al, 2001). Fisaraki®t al. (2001) showed that there is a great
variability in the uptake and accumulation of Na+ and Cl amongstooks. In this work
they showed tha¥. berlandieri specie had a great ability for Cl and/or Na+ exclusion,
although this ability is reduced in hybrids haviigviniferaas parent. This explains the
reduced ability for Cl exclusion of 41BM\.berlandierixV.viniferd compared to other
rootstocks. Salinity, as well as water stress, negatatcts grapevine yield. In Walker

et al. (2002) was shown a strong influence of rootstock on scion production upon salt
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stress. In particular they observed that rootstocks inmgartiost vigour at high salinity
(e.g.Ramsey, 1103 Paulsen and R2), determined by the weight of anelgiepruning
wood in each year also produced a higher number of bunches per both #te medium
and high salinity treatments.

Iron chlorosis is further physiopathology that affects grapevine growsalcareous soil.
Iron (Fe) deficiency chlorosis, associated with high leeélsoil bicarbonate is one of the
main nutritional disorders observed in sensitive grapevine gersotiypedeficiency causes
a reduction of grapevine longevity and productivity, affected graamith reduced yield
(Covarrubias and Rombola, 2013). Grapevine upon iron chlorosis stresscentihe
activity of Fe-reductase enzyme and increase the releasprotdns and organic
compounds in roots. This result in a lower pH and higher solubilityedfil}-and is
known as strategy | (Jiménez al, 2007). In this context bicarbonate concentration is
particularly important, indeed bicarbonate is one of the matorf&acausing Fe chlorosis
in strategy | plants but mechanisms of its involvement in ghisss are still not clear
(Covarrubias and Rombola, 2013). Severalvinifera cultivars are subjected to stress
induced by calcareous soils, however the use of selected rootstacksolve this
problems. For example, Bavaresco and Lovisolo (2000) showed that eudiffer
scion/rootstock combinations among three Pinot blanc cultivars antbbigiocks (SO4
and 3309C) lead up to different results in response to iron chlorosisylgtrelated to the
chlorophyll content and vegetative growth which were correlateth wpecific
conductivity in scion/rootstock surface. In another work, Bavarestical. (1993)
compared the response of 140 Ruggeri and 101.14 rootstocks to iron chaasisgsthat
the iron-efficient rootstock (140 Ruggeri) did not induce chlorosis vgnewing on the

calcareous soil, while the opposite occurred with the iron-ziefft rootstock (101.14).

1.2 Rootstocks widely used in viticulture and chara cterization of new
genotypes with OMICS techniques

Widely used grapevine rootstocks are individuals derived from & asfseavo or more
species belonging to the genvtis. In particular, the majority of commercial rootstocks

used in viticulture belong tv¥'. riparia, V. berlandieri and V. ruprestrigybrids (Arrigo
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and Arnold, 2007), leading torearrow genetic variability. Indeed, 90% of cultiedtvines
are grafted onto less than terotstock.

This situation may cause several risk, such as tisetoof pathogens, nematodes

insects mutations which leads these sp to overcome resistanaé the root syster An
example is the AxR1 Califormerootstock Y.vinifera x V. rupestris which is no longe
used for effectiveness lo§Srant and Matthews, 19¢.

Currently, non-viniferarootstocks, which exhibit an higher toleranc phyloxera anc
nematode infestation, in comparisonVitis vinifera confer moreresistance to the pla
to these pests, but they canpoéventthe proliferation of the aphid. A scheme of

widely used rootstocks and their parental is regzbim Figure :

| Vitis riparia I\ 101.14 ‘/{ Vitis rupestris|
3309C

l Schwarzmann l

Kober 5BB Vitis berlandieri 1103 Paulsen
S04 110 Richter
420A l,

140 Ruggeri
161-49C 775 Paulsen
5C 41B 779 Paulsen

f

| Vitis vinifera |

\ A /

Figure 1. Widely used rootstock in Italian viticultu

The developmentfaew rootstocks able to confer tolerance to biatid abiotic stresse
and contribute to grape quality and ripening/depealent, is an important step for t
future of viticulture.

In the lasts years,igificant efforts have been dorfor the selectionof the optima
rootstock/scion combinations to satisfy spe grape growing need¢Hamdan an
Basheer-Salimia, 2010; Komat al, 2010; Koundouragt al, 2009).The selection ¢
new rootstocks was initially carried out by phemityand genetic techques. In order ti
better characterize new rootstocks and give insighto the mechanisms which allc

them to have the desired characteristics, we neex raccurate information than t
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phenotypical one. Actually, the developmente of themics” science, such as
transcriptomic, proteomic and metabolomic approadbecame essential to functione
characterize the selected rootstocks and to uradetshe effect of these rootstocks on
scion (Delucet al, 2009; Grimple et al, 2009a; Grimplegt al, 2009b; Rodrigue-Celma
et al, 2013; Wanget al, 2009.

A multi-disciplinary approach was carried out with the ACGSERRES projec

(http://users.unimi.it/serres/index.h). The aim of the SERRES¢lection o new grape

rootstock esistant to abiotic stresses through the developamhvalidation of moleculz
markers) project waso create the basis | a new sustainable viticulture, which
currently limited bythe low availability of rootstockable to confer more tolerance
adverse growing conditions, such as water scagdtnity r excess of limestone. With
this project, the adaptive responses to environahesttessesi.e. drought, high salinit
and calcareous soils) of new puta-tolerant rootstocks, selected by the University
Milan and named “M series”, and the effect of thematstock<on vegetativ growth and
qualitative profiles of grapbkerries were evaluated by using an omics app. A scheme
of all selected rootstockihat belongs to the “M” series, were showed inriggR

Jffs
in
]

8

Vitis riparia > M1 €—— Vitis rupestris

N 4

N I

M3 € Vitis berlandieri

i

2 €————— Vitis vinifera —> M4

M1 M2 M3 M4

Figure 2. Grapevine rootstocks of the M series and theirgat:

31



Improving the knowledge about the molecular, biochemical and physialdgases of
stress resistance is an absolute requirement for thaiselef genotypes able to cope
with stress conditions without any negative consequences on thatixeggtowth and
production of high quality grape. The eco-physiological techniquasalysis, together
with genomic, transcriptomic (the subject of this thesig)tgmmic and metabolomic
approaches used in this project may give a valuable contribiatithe understanding of
the syndrome kinetics, as well as the progressive detéoiomaitplant performances

paralleling the onset of the stress.

2. Study of genes expression by using a transcripto mic approach

In order to evaluate the grapevine responses to abiotic stiesese a whole-genome
approach at transcriptomic level.

In the field of functional genomics, transcriptome analysis veayal played a central role
in the studying of gene expression at a whole-level and to unraved-rietworks
regulation (Nookaewet al, 2012). In order to study expression levels of thousands of
genes simultaneously, in 1995 the microarray technology was introd8ckdnaet al,
1995). A DNA microarray is a collection of microscopic DNA spattached to a solid
surface. Each DNA spot contains pico-moles of a specifiA Bi@quence, known as
probes. These can be a short section of a gene or other DNAntlémat are used to
hybridize a cDNA sample (called target) under high-stringermditions. Probe-target
hybridization is usually detected and quantified by detection of fluorephsiiver-, or
chemiluminescence-labeled targets to determine relalvendance of nucleic acid
sequences in the target.

However, microarray technology has some limitations: (i) backyl levels of
hybridization (.e., hybridization to a probe that occurs irrespective of the quoresng
transcript’s expression level) limit the accuracy of expressieasurements; (ii) probes
differ considerably in their hybridization properties; (iii) hybralion results from a
single sample may not provide a reliable measure of theveelexpression of different
transcripts; (iv) arrays are limited to interrogatingiseripts with relevant probes on the

array (Marioniet al, 2008).
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In recent years Next Generation Sequencing (NGS) technologgh wéia novel high-
throughput sequencing technology producing millions of sequences perssqgiencing
run, has emerged (Fat al, 2009). Among NGS technigues, RNA-seq is the most used for
transcriptomics studies. This is due to the fast developwfetite technology, together
with the decrease in the running cost and the possibility to uncovel tnamscriptional-
related events.

RNA-seq gave us several advantages: (i) analysis of naucripts, small RNA and
alternative splicing events; (ii) the higher resolution in camspa to the microarray
technology; (iii) definition of quantitative level of genes expi@ss(iv) less technical
variation; (v) permit to avoid the problem of the “false positivobserved with the
microarray probes (Nookaeet al, 2012; Fuet al, 2009). A detailed comparison among

RNA-seq and other transcriptomic methods is given in TaBlgahget al, 2009).

Technology Tiling microarray cDNA or EST sequencing RNA-Seq
Technology specifications

Principle Hybridization Sanger sequencing High-throughput sequencing
Resolution From severalto 100 bp Single base Single base
Throughput High Low High
Reliance on genomic sequence Yes No In some cases
Backaraund noise High Low Law
Application

Simultaneously map transcribed regions and gene expression  Yes Limited for gene expression  Yes

Dynamic range to quantify gene expression level Uptoafew-hundredfold Not practical >8,000-fold
Ability to distinguish different isoforms Limited Yes Yes

Ability to distinguish allelic expression Limited Yes Yes

Practical issues
Required amount of RNA High High Low

Cost for mapping transcriptomes of large genomes High High Relatively low

Tablel Advantages of RNA-Seq compared with other trépsmmics methodsModified from Wang et al.,
(2009)

After an RNA-seq course, reads have to be mapped onto a gefbere. are two
strategies to do that: the first one involve the alignmeR®NA-seq reads onto a reference
genome (Trapnelét al, 2010) (Figure 3), the second one is a de novo assembly of the

short reads and is used when an annotated genome is absents@aieit, 2010).
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Transcript inspect mapping
annotation
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Data structures, Step 14

normalization,
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2-group differential GLM-based differential
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Inspect and save
results /

v

Additional sanity
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Step 15

Figure 3. Count-based differential expression pipeline for Réeq data using edgeR and/or DESeq.
Modified from Anders et al. (2013).

In order to statistically analyze RNA-seq data and identifieEzntially Expressed Genes
(DEGS), several statistical methods have been developed. Athese, edger (Robinson
et al, 2010) and DEseq (Anders and Huber, 2010) methods are the mosiThssd.
methods take similar strategies to perform differentialyaisafor count data. However,
these R packages differ in the strategies to estinmetedispersion: edgeR moderates
feature-level dispersion estimates toward a trended mean amgrtovdhe dispersion-mean
relationship, while DESeq takes the maximum of the individualedsspn estimates and
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the dispersion-mean trend. In practice, this means DESeq isaessful, whereas edgeR
is more sensitive to outliers. Recent comparative studies highlighted that no single
method dominates another across all settings (Areteals 2013) (Figure 3).

3. Grapevine and its genome

Since 2000, forty-nine plant species have been sequenced and &ftyehomes have
been published (Figure 4).
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Figure 4. Published plant genome statistics. (A) Number ainplgenomes sequenced since Arabidopsis
thaliana in 2000 by year. (B) Published plant geacsize distribution with insert focused on median
genome size between 77 and 2300 Mbdified by Michael et al. (2013).

Publications of these genomes allowed the scientific commuoitywvestigate about
intriguing aspects of plant genome biology. These observations waiéed not only by
high quality genome assemblies but also by a greater number of geacaieble for
comparisons (Michael and Jackson, 2013). The large amount of prodtcadaiion,
helped to define the roles of hundreds of genes and provided accesguence-based
markers for breeding.
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As concerns grapevine, the complete genome sequence was obt#0ed {fTable 2) by
two independent projects (Jaillebal, 2007; Velascet al, 2007). The availability of the
genomic sequence gave the opportunity to conduct several genometwdids $ocused
on different aspects of grape biology such as berry developmentspahse to different
biotic and abiotic stresses (Bottcharal, 2013; Castellariret al, 2007; Chavest al,
2010; Ziliotto et al, 2012; Vannozzet al, 2012; Dal Santet al, 2013; Fasoliet al,
2012), as already described in the above chapter.

Paper Size Assembled Assem gene repeat scaffold NSO contig NS5O Sequencer PMID
(Mb) (Mb) (%) (#) (%) () (kb) types
Jaillon et al. (2007) |475 487 103 30,434 (41 2,065 66 Sanger 17721507
Vel tal. (2007) |505 |47 95 20,585 (27 1,330 18 Sanger. 15004749
elasco et al. (2007) g g Roche/4454

Table 2. Grape published genomes. Abreviations: kb, kiéglsaMb, megabases; Chr, chromosome; PMID,
PubMed ID.

The sequencing of the grapevine genome represented the fourth gentbmél@ivering
plants, the second one among wood plants and the first one conceuiigdducting
plants (Michael and Jackson, 2013). The French-italian sequereaiitigr(et al, 2007)

was obtained by the selection of the PN40024 line, a partiditaot Noir clone
characterized by a high degree of homozygosity (approximately &4#b)obtained
through multiple auto-fecundation cycles in order to by-pass the highokggosis that
characterize grapevine. The other grape genome, published stiiete of S. Michele
all’Adige (IASMA, Velascoet al., 2007), was obtained by sequencing the heterozygous
clone ENTAV115 of Pinot Noir cultivar.

The actual genome sequence available on line is the 12X assemnblage of PN40024

(http://genomes.cribi.unipd.it/grapethe last annotation of the genome was carried out by

the CRIBI institute (University of Padova, Italy) by usinigta retrieved from the
PN40024 clone.

As concern PN40024, the genome size is approximately 475 Mb and 30,43shgeaes
been identified. On the other hand, genome sequence obtained by Th& EN clone,

is slightly larger, with a size for the haploid genomenested at 505 Mb and a total
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number of 29,585 gene predictidmttp://genomics.research.iasma.it/gb2/gbrowse/gyape/
More detailed information about PN40024 and ENTAV115 are indicat€dble 2.

The public release of these genomes represents a remarkablbug@dso a formidable

starting point for a vast range of studies aimed at improvingkoowledge about gene
function and genetic variability in this species. Transfer emerpretation of results
obtained in model organisms on molecular mechanisms involvea idettermination of
important agronomical characters is now feasible together gtiméw opportunity for a
molecular breeding in grapevine.

The advent of high-throughput re-sequencing technologies (Bentley, 2006xvee
entered an exciting era in which we can finally learn whié¢rginces are found among
individuals within a species at the DNA sequence level. iRedata obtained from
different plant species have shown us how plastic, dynamic andleagkant genomes
are. Comparison of genomic sequences related to differeivacuf Vitis viniferaspecies
highlighted the presence of a core genome containing genes thmeseat in all strains
and a dispensable genome composed of partially shared and stidiic-E¢A sequence
elements. Morgantet al(2007) introduced this new concept called ‘pangenome’ (from
the Greek word pan, meaning whole).

In recent years, the number ¥itis vinifera cultivar and othenon-vinifera species re-
sequenced has significantly increased, due to the lower costhankigher speed of
analysis of new generation sequencer (e.g. SOLID, IlllumReche/454, Proton)
(citazione). This should allow us to extend the concept of pan-getwthe genu¥itis,
by indentifying a core genome which contains genes shared avhongiferaandnon-

vinifera speciesd.g.V. rupestris, V. berlandieri, V. riparia and intra-speckfybrids).
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1. Introduction

Before the devastation of European viticulture caused by ohtfzeluction of phylloxera
(Daktulosphaira vitifoliag¢ from North America in the nineteenth century, varieties of V
vinifera used commercially for wine production in Europe were toaditly grown on
their own roots. Subsequently, the use of rootstocks from the pegtiswas introduced
to provide resistance to this and other deleterious diseases awe tihes fate of European
viticulture. Although, at first, the replacement of the entwet system of “vinifera”
varieties with “non vinifera” or “American” species was 3@ a sort of contamination of
the purity and quality of wine, subsequently, the use of grapewotstocks spread also
over those countries where viticulture constituted a young and ndlengeand where
phylloxera did not represent a menace yet (Arrigo and Arnold, 200goGret al,
2013). The explanation of this trend relies on the fact that theofuseotstocks was
quickly found not only to confer resistance to diseases, but to imfdyger range of
advantages, altering numerous physiological processes at thleofewscion such as
biomass accumulation (Gregaeyal, 2013), fruit quality (Walkeet al, 2002, 2004), and
the ability to respond to many biotic and abiotic stresses (Meggal, IN PRESS;
Margueritet al, 2012). In fact, apart from conferring resistance to phylloxex@tstocks
were found to have many other desirable attributes, such amtdei@ calcareous soils
(Covarrubias and Rombola, 2013), salinity (Fisar&kial, 2001), nematodes (McCarthy
and Cirami, 1990) and drought (Marguegital, 2012; Gambettat al, 2012). All these
characteristics make the use of rootstocks and the develowhemw genotypes of
crucial importance in the contemporary viticulture.

Water availability is one of the major environmental factanstemporary viticulture has
to cope with (Flexagt al, 2009; Crameet al, 2007; Chavegt al, 2010). Most of the
word’s wine-producing regions are subjected to seasonal droughhasad] on the global
climate models, which predict an increase in the ariditthe next future (IPCC, 2007),
water deficit may became the major limiting factor inngviproduction and quality.
Moreover, the enhanced pressure on water resources incteasgobal perception of the
need to reduce the “water footprint” for irrigated crops (Coriretl al, 2013) and in
addition to a product enjoyable in all sensorial aspects, consuxpstavines to be
healthy and produced in an environmental sustainable manner (Bissaky 2002).
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Grapes are well adapted to semi-arid climate such as thiktediterranean and are
generally considered relatively tolerant to water defitite large and deep root system,
together with physiological drought avoidance mechanisms, suchraatataontrol of
transpiration, xylem embolism (Tramontimt al, 2013) and the ability to adjust
osmotically, make these plants able to grow also in sub-optmasér conditions.
However, considering that a large proportion of vineyards are n@ateld@n region where
seasonal drought coincides with the grapevine growing seasamrttiened effect of soil
water deficit, air temperature and high evaporative demand is kteVimit grapevine
yield and to delay the vintage date (Walke¢al, 2004; Flexa®t al, 2009; Chavest al,
2009), with a negative effect on grape berry and, consequevittg quality. Water
deficit leads to many morphological and physiological changes aarmmsge of spatial
and temporal scales (Chavesal, 2002), including reduced expansion of aerial organs
(Crameret al, 2007), maintenance of root growth (Sharp and Davies, 1979), dedneas
transpiration and photosynthesis (Chaves al, 2010), accumulation of osmotic
compounds and ions (Cramet al, 2007), activation of detoxifying processes and, in
parallel, the transcriptional regulation of a large number okggCrameet al, 2007;
Tattersallet al, 2007; Tillettet al, 2011). Stomata closure is one of the early plant
physiological responses upon moderate to mild water deficits conditiods this
phenomenon is often related to a metabolic limitation (Chawvak 2002): CO2 diffusion

is lowered by stomata closure and thus results in a lower ofateet carbon (C)
assimilation. In grapevine, it has been reported that photosynthetaess is quite
resistant to water stress (Chawtsl, 2009; Souzat al, 2003). Under low to moderate
deficit irrigation, maintenance of the activity of the Calhdycle and of the maximum
rates of carboxylation and electron transport has generally beervetdySouza et al.
2005a). However, as the water stress becomes seve@OAetssimilation (An) and other
metabolic processes operating in the mesophyll are inhibited/ated use efficiency thus
declines. The imbalance between the light capture and iigatibh results in a down-
regulation of photosystem Il (PSIl) activity, phenomenon known lastopinhibition
(Reddy et al., 2004) and the changes in the photochemistry of chlésaplésaves result
in the dissipation of excess light energy in the PSII coreaatehna with the generation
of active oxygen species (ROS) such as H202, O2-, -OH, 102, @ndise ROS are
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responsible for most of the oxidative damages in biological syqiepes and Hirt, 2004)
and cellular components. Thus, a strict control of ROS lewelmandatory for plant
survival (Kar, 2011) and the cross-talk between ROS accummlaid redox state is
integrating part of a fine homeostasis control that plays@adivole in the plant response
to stresses (Suzulat al, 2012). Together with the accumulation of ROS scavenging
compounds and related genes, such as superoxide dismus&¥Bs ¢atalase CAT),
ascorbate peroxidase and glutathione peroxidase (Kar, 2011; Mia@(#?2), the
photorespiration provides an important strategy to cope with tleetedf light energy
excess as observed in a recent expression study conducted t®r €ran(2007).
Phytohormones play a central role in the ability of plants tetamtaabiotic stresses by
mediating a wide range of adaptive responses, which often gate expression by
inducing or preventing the degradation of transcriptional regulatarghe ubiquitin—
proteasome system (Kelley and Estelle, 2012; Peleg and Blam@@l1; Santner and
Estelle, 2009). Abscisic acid (ABA) is one of the most studiggssiresponsive hormone
in plants, especially as concerns the plant response to dediigt (Fujitaet al, 2011; Qin
et al, 2011). Its synthesis is one of the fastest plants responsaBidiic stresses,
triggering ABA-induced gene expression and inducing stomatal clésweduce water
loss and eventually limiting cellular growth (Peleg and Blundwa011). Physiological
studies showed that under abiotic stresses, especially dramghtsalinity, plants
accumulate high levels of ABA accompanied by major transcriptdmeages, including
(Qin et al, 2011) genes involved in its sensiYR/RCAR signal transduction (type 2C
protein phosphatase®P2Cs SnRK2skinases), regulation (e.(AREB/ABFs DREB,
MYB), and response (e.g. response to dehydration-Rd&like LEA proteins; HI$
(Fujitaet al, 2011; Qinet al, 2011; Novikoveet al, 2009).

Although ABA remains the best-studied hormone for plant stress respangrowing
number of studies are revealing that many other hormones, sualxias, a&thylene,
jasmonates (JAs), gibberellins (GAs), Salicylic acid \S#ad Brassinosteroids (BRs) are
involved in the plant response to water stress (Peleg amdviglld, 2011). Thus, plant
adaptation to water limiting conditions, as well as other absttesses, has to been seen
as the concerted action of all the above cited plant hormones thraugtoe tuned

cross-talk (Kohliet al, 2013). JA, for instance, accumulates, together with Jperesve
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genes, under many types of stress conditions including drougktwakiobserved in soy-
bean (Creelman and Mullet, 1999jnus pinaster(Pedranzaniet al, 2007), tomato
(Pedranzangét al, 2003) and rice (Kiribuchet al, 2005). Although the precise function of
JA in drought response is still unclear there are strong evidentes afoss-talk between
JAs with ABA and other plant hormones. In rice, the ectopic sspe ofAtJMT,a gene
which converts JA to MeJA, not only let to an higher accumulatioMajA in young
panicles, but also to a dramatic loss in grain yield substantetase in ABA levels,
suggesting a cross-talk between the two hormones. Moreover tHdQIASTE ZIM-
DOMAIN (JAZ) protein, a repressor of the MYC2 transcriptiontéa@nd thus of the JA-
signaling pathway, was recently found to interact with othernpestbeside MYC2,
including the GA-signaling gend3ELLAS suggesting also a synergic JA-GA cross-talk
(Wasternack, 2007). Plant hormones highlight an interesting cribsalsa with ROS,
which act as secondary messengers of these regulator2(K4s). It is well known that
H,O. regulates ABA-mediated stomatal closure by acting ofi [sels and inactivating
PP2Cs (Meinharet al, 2002). Stomatal closure is also mediated by ethylene via ETR1,
an hormone receptor, which is involved inQ3-sensing (Desikaet al, 2005). Finally,

in Joo et al. (2001) is reported an induction of ROS in roots mediated by auxins,
suggesting a role downstream of transport in auxin signaling andrgpism.

The decrease of osmotic potentia) {n response to water stress is another well-known
mechanism by which many plants adjust to drought conditions. Apet ine passive
solute concentration resulting from dehydration, plants can accunsaites in an active
and genetically regulated manner. The compounds involved in thistameént widely
between species: in the majority of perennial woody species ey to be organic
compounds as observed in peaches, apples and cherries, which ateusaubitol
(Escobar-Gutiérrez and Gaudillére, 1994; Wanal, 1996; Arndtet al, 2000), or in
Morus alba which accumulate amino acids (Ramanjeiual, 1994).V. vinifera cv
Cabernet Sauvignon shoot tips of water-deficit-treated plants feeind to accumulate
malate, proline and glucose concentration.

Recently, a biochemical and physiological study of novel candigatetype to be used as
rootstock in grapevine was performed (Meggb al, IN PRESS). This genotype,

designed as M4 [(V. vinifera x V. berlandieri) x V. bexd#eri x cv Resseguier n.1] and
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established from 1985 by the DiSAA research group operating at ithea Mniversity,
was selected for its high tolerance to water deficit (Vi8)l salt exposure (SS). In
comparison with the 101.14 commercial genotype, M4 un-grafted plabjected to
water and salt stress showed a greater capacity to ®lgv& and SS maintaining
photosynthetic activity also under severe stress conditions anthalating, especially at
the root level, osmotic compounds and ions. Here we report resuliseabteom a large
scale whole transcriptome analyses performed on leaf andiseoés of both M4 and
101.14 genotypes under the same WS experimental conditions exposed in Btegjgio
(2013). The absolute novelty of this study relies on the fact difé&¢ring from previous
studies performed on plants subjected to an instantaneous dechager availability, in
our experiment, water deprivation was accomplished graduallyingias far as possible

those conditions that might occur in field
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2. Materials and methods

2.1 Experimental design and plant material.

Two-years-old glass-house grown plants of the susceptible andnblgrapevine
rootstocks under study, respectively the widely used 101.14 gendtyp@dria x V.
rupestrig and the experimental M4 oné/((viniferax V. berlandier) x V. berlandiericv.
Resseguier n. 1), were subjected to drought stress with thedfaimderstanding the
genetic determinism of tolerance and susceptibility in both gpastyA total number of
108 glasshouse-grown plants from each genotype were subdivided intogtbrges:
plants grown under well-watered (WW) conditions, plants grown undeeridaficit
conditions (WS, Water-Stress) and plants grown under high sgl8fity Salt-Stress), not
discussed in the present paper. WW plants, which were used assémtnohter stress,
were grown in pots with a water-availability equal to the 8if%he field capacity. The
water-stress treatment (WS) was imposed by growing 101.14 anplavits in limited
water-availability conditions in respect to the control. Thasvaccomplished gradually
decreasing the water-availability in pots from 80% to theimmim level of 30% of field
capacity. The whole drought experiment had a duration of 10 days dunict, leaf
physiological measurements were performed on fully expandedsleawnenediately
before sampling. Leaf water potentil{z) was determined using a Scholander-type
pressure chamber (model PMS-1000, PMS Instruments, CorvaikgoQ USA), net
assimilation rateA,) and stomatal conductance)(gieasurements were performed using
a LI- 6400 portable photosynthesis system (Li-Cor Inc. Lincoln, &Kar, USA), as
reported in Meggio et al. (2014). In addition, we hereby report unpebligata of leaf
transpiration rateH, mmol HO m?s?), performed in the same experimental conditions:
600 mol of photons Mis?, a CQ concentration of 380mol mol*, 1.5 kPa of vapor
pressure deficit (VPD) and a block temperature of 25 °C.

Both the genotypes experienced a similar degree of wat@itdefllowing a robust
comparison of their physiological and molecular responses as rejpoiédeggio et al.
(IN PRESS). Four time points, designed as T1 to T4 were coedider both leaf and
root tissues sampling. Five leaves and root tissues weeetsall from pools of at least 6
plants for each genotype (101.14 and M4) and each condition (WW and W&)tiesly
at 2 (WS-T1), 4 (WS-T2), 7 (WS-T3) and 10 (WS-T4) days afebtginning of drought
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treatment. The starting point of the kinetic (TO), consideredoasmmn for both the
treatments, was constituted by 101.14 and M4 plants grown in WW cond#iotie
beginning of treatments. All samplings were performed in twdogical replicates
producing a total of 40 samples originated from leaves and 40 saong@ating from

roots for a total of 80 samples.

2.2 Whole transcriptome analysis.

Total RNA was extracted from frozen grapevine tissues usiag$pectrumTM Plant
total RNA Kit” (Sigma) according to manufacturer instructiomfRNA was extracted
from the total RNA using the Dynabeads mRNA Direct kit (Invilogon 610.12). A
variable quantity of mRNA ranging from 0,4 to 1,6% respect tatheunt total of RNA
was obtained. Samples for Ligation Sequencing were preparedliaccto the SOLID
Whole transcriptome library preparation protocol (pn 4452437 Rev.B)sdingles were
purified before RNase IlI digestion with Purelink RNA micro é@lumns (Invitrogen, pn
12183-016), digested from 3' to 10' according the starting amount of mRNA;
transcribed, size selected using Agencourt AMPure XP beadskr(d@ Coulter pn
A63881) and barcoded during the final amplification. Obtained libravese sequenced
using Applied Biosystems, SOLID™ 5500XL , which produced paired erdbsrea75
and 35 nucleotides for the forward and reverse sequences reslye&eads were aligned
to the reference grape genome using PASS aligner, a progranogideform several
alignments on a sequence subset trying different parametens tihe low quality bases
and select for those values that maximize the number of dligragls (Campagnet al,
2009). The percentage identity was set to 90% and one gap wasdaliddweeas the
guality filtering parameters were set automatically bySBAMoreover, a minimum reads
length cutoff of 50 and 30 nt was set for the forward sequenceseardseé reads
respectively. The spliced reads were identified using the guoeedescribed in PASS
manual (http://pass.cribi.unipd.it). The forward and the reveesads were aligned
independently on the reference genome. We used PASS-pair progréme PASS
package to perform the pairing between the forward and theseekeads and we selected
only those sequences that are uniquely aligned. As gene mHemenused the v1 grape

gene prediction available at http://genomes.cribi.unipd.it/geaquehtseq-counts program
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(http://www-huber.embl.de/users/anders/HTSeqg/doc/count.html)  to ntifjua gene

abundance.

2.3 Multifactorial and pairwise statistical analysi  s.

DEseq R package (http://www.r-project.org/) was used to perfbe statistical analyses
for discovering differentially expressed genes (DEGs) by usat a multi-factor and a
pairwise-comparison approaches (Matal, 2013). In order to evaluate the single effects
of the genotype (R: 101.14 and M4), of the type of stress imposedtient, T: WW,
WS, and SS for control, water stress and salt stress exggyinespectively) and of the
time point considered (P: T1-T4 and T1-T3 for WS and SS, resphgtion gene
expression, a multifactorial analysis was carried out bgguihe multi-factor designs
method of DEseq R package (Anders and Huber, 2012,
http://bioconductor.org/packages/release/bioc/html/DESeq.hithis method allows to
evaluate the weight of each factor considered in the angRsi§ and P) and its impact
on gene expression and, consequently on DEGs, according to a $alseedy rate (FDR)
< 0.05 for both experiments and tissues. This procedure consist ofltherfg passages:
create a count data set with multiple factors (with the tboeeponents described above),
estimate size factor and dispersions of the data, fit gezestdinear models (GLMs)
according to the two models (full model regresses the genes'ssigmr on both the library
type and the treatment condition, the reduced model regressesttie on the library
type), and then compare them in order to infer whether the @ualitspecification of the
treatment improves the fit and hence, whether the treatnasnsignificant effect (Anders
and Huber, 2010).

Pairwise tests (Anders and Huber, 2010) between stressed (W3hstnessed (WW)
tissues were also performed. In this case the analysip&réarmed considering each

genotype, tissue and time point singularly.

2.4 Ontology and Differential Clustering Analyses (  DCA).

In order to functionally classify the genes affected by drougtatrivent, the Gene
Ontology (GO) terms were retrieved, imported in the BlastaBfbvare v2.5.0 (Gotet
al., 2008) and increased of about 16% by means of the Annex function (Mylale
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2006) as previously reported by Bottenal. (2008). DEGs resulted from multifactorial
analysis, which were affected by the effect of all compon@atmmon DEGs between R,
T, and P) and those ones in common between rootstock and treatmeoheaots, were
associated to GO categories. Within the more representa@iveategories, those DEGs
associated to GO terms related to plant hormones, second@tyolism, sugars, stresses,
cell wall and transcription factors (TFs) were selected thar following Differential
Clustering Analysis (DCA).

The DCA analysis was performed by using an R script, which sightly modified
version of the original method carried out by Ihmetisl. (2005), Lelandaigt al. (2008)
and Coheret al. (2010).

The DCA analysis is carried out in three steps that welojeveere. (i) The correlation
values of all DEGs belonging to the GO categories relatedeference rootstock (rr) and
a target rootstock (tr) were initially calculated with ther’ R function. (ii) Correlation
values of the rr were subsequently clustered by applying theatkshdR function. The
number of clusters related to the rr were selected in acamdaran average correlation
value, which was heuristically chosen higher than 0.65 for eactecldhe same order
chosen for the rr was used to arrange the tr DEGs of thee@tted categories. Hence,
the transcripts from each cluster were co-expressed in {eerrelation > 0.65) but not
necessarily in the tr one. (iii) DEGs related to each etust the tr were subsequently
grouped into two sub-clusters (a and b) by using a hierarchical radgstaethod (with
‘hclust’ R function). The average of the correlation values béhgntp each sub-cluster
(Ca and Cb) and the average of the correlation values betweéndalw®usters a and b
(Cab) were eventually calculated.

Correlation values of tr and rr matrices are graphicallyesented in white, yellow and
red colors for strongly correlated, weakly correlated andi-cantelated genes,
respectively. DCA results were finally presented as a urdcgiance matrix between gene
expression measurements in which rr and tr rootstocks were tigspjecepresented in
rows and columns. Clusters of each rootstock were comparedsaighed to “full”,
“partial”, “split” or “no” conservation categories after comparCa, Cb and Cab values
with the threshold T, which is chosen equal to 0.5 in this stuggcifically, if (Ca and

Cb) < T the cluster was assigned to the “no conservationfjaateif (Ca or Ch) > T the
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cluster was assigned to the “partial conservation” cate@oi@a and Cb) > T and Cab <
T the cluster was assigned to the “split conservation” categuiif (Ca, Cb and Cab) >

T the cluster was assigned to the “full conservationggaty.
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3. Results

3.1 Physiological traits analyses

The present study was performed in order to shed light into theigeeétrminism of
tolerance and susceptibility to water stress in two grapewaoestocks characterized by
different levels of tolerance. The water-stress treatnféf) was imposed gradually
decreasing the water-availability in pots from 80% to theimmim level of 30% of field
capacity whereas well-watered (WW) plants, which were asezbntrols for water stress,

were grown in pots with a water-availability equal te 80% of the field capacity.
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Figure 1. Average + SE values of net CO2 assimilation (An) &af transpirationE) for water stress
plants. Results are expressed as a percentagatoblcd1-4 represent sampling time points throughbe
experimental period after control (T0). Values gaded with the same letters do not significantlffedi

according to Duncan'’s test (P < 0.01).

E measured in WW conditions was 2.73 + 0.3 and 2.4 + 0.2 mp®tfs™ for M4 and
101.14 genotypes and maintained similar values throughout the whole exqtei@n the
other hand upon WS, as drought gradually proceeded leading to segegecsinditions
(around 30% of field capacity), 101.14 plants showed an almost congiteteatal

54



closure, whereas a transpiration rate of approximately 20 Borespect to its control was

maintained in M4 (Figure 1).

3.2 mRNA-seq sequencing and mapping of reads to the grapevine

genome

To gain a better understanding of the molecular mechanisms undethe drought
tolerance of the M4 genotype compared to the susceptible 101.14mmmeRNA-seq
analysis using Next Generation Sequencing (NGS) technologiespgrésrmed. The
whole transcriptome sequencing was performed on a Solid 5500XL plafftve analysis
was accomplished on all the 80 samples previously describediantorobtain a detailed
screenshot of the transcriptome changing of the two rootstocks wlighientire stress
kinetics. The whole experiment produced approximately 4.8 billion of (paind reads
(75 and 35 bp length for forward and reverse reads respectivély)the total number of
reads produced for each time point ranging from 29 to 82 million paitddeads and a
median of 45 million reads. An average percentage of 90% af teads passed the
quality control test (filtered based on reads length after theming of the low quality
bases) and were mapped to the PN40024 12Xv1 reference genonoa gtadl, 2007)
producing a number of unique mapping reads ranging from 10 to 37 mili@mdi&g on
the sample.

3.3 Multi-factor design and discovering of differen tially expressed

genes

For the evaluation of Differentially Expressed Genes (DEGS) u@ader stress in the two
rootstocks under study, a main step in the statistical analgsi€stimating the influence
of different independent componenise( variables) on transcriptome. Amongst these
were the effect of genotype, indicated as “R” (101.14 and M4 ctsely), the type of
treatment imposed, indicated as “T” (well watered, WWtewatress, WS) and the time
point considered during the kinetic of stress, indicated a§TP"T2, T3, T4).

Thus, a multi-factor analysis was carried out on mRNA-seq sketis obtained from WS
root tissues and WS leaf tissues, in order to evaluate bothryelssi (R, T, P) and

combined (R:T, R:P, T:P, R:T:P) impacts of each component ogddEs according to a
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p-value lower than 0.09'he Venn diagrarshown in Figure 2Aummarizes the impact
each component indicating theumber of genes specifically influenced by a sit
component and those ones influenced by more than \ariabl. In root tissue:
undergoing water stress treatment, the total amotiDEGs influencedy each singl
component R, T and P was 7408, 7905 and 5839, atbagly (Figure 2A), whereas i
leaf tissues, DEGs were 3794 for R, 3476 for T 2284 for P componenFigure 2B). In
other words, considering for example WS roots (FAg, 2887 genes vre differentially
expressed only because of the effect of rootstioekof the different genotype, regardls
of the effect of treatment (WW or WS) and time paionsidered (T-T4). Conversel
2077 genes were exclusively influenced by the apfibn oftreatment, independently |
the genotype (101.14 or M4) and the time point mmred (T:-T4). Finally there wer
only 551 genes which appeared to change their sgjome just because of thdect of the

experiment kinetic.

A ROOT WS B LEAF WS
Rootstock Treatment Rootstock Treatment
(7408) (7905) (3794) (3476)
/ x \ | X 1158\\‘
|

2887 ;“ 989 \ 2077\ [ 2541 (421
| ‘ ‘ | |

NV R
\551 / \286/

Period (5839) 16437 Period (2284) 21620

Figure 2. Venn diagram wittDEGs resulted from Multifactorial analyses carrgaed on root and leaf tissu
upon WS treatment, in according to a p<. Total number of DEGs influenced by each componeg&

given in bracket.

The multifactorial analysis highlighted a strong inflice of the organ considered (root
leaf) on the final number of DEGs. Indeed, WS rslmbwed a significantly high numb
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of DEGs, with 11792 transcripts, whereas in WS leaf the amotinDEGs was
approximately 50% less, with 6404 transcripts.

Interestingly, whereas in roots the treatment (T) componemeskéo have the major
influence on expression, showing the highest number of DEGs (7905) in ceomptarall
the other components, in leaves, the genotype (R) appeaasdadite highest impact on
the modulation of transcripts, with 3794 DEGs. As concerns the eff¢loe stress kinetic
on DEGs, its influence appeared to be less important for botharmbteaf tissues. In
addition to the Multifactorial analysis, a pairwise comparisetween WS and WW data f
both tissues and genotypes was carried out from T1 to T4. Taking ictoracthat
treatment and genotype were the variables showing the majortiofpac transcriptome
pairwise comparisons, performed separately for the two gersotypder study (101.14
and M4), were accomplished between the water stressed tisssigsctively leaves and
roots, and the non-stressed ones at each time point (T1-T4) (Bigéyeart from M4 leaf
tissues, which showed a peak of DE genes at T2 (4 days aftes smmeosition, DASI)
followed by a decrease (T3) and a new increase at T4, alt otimparisons revealed an
increased amount of differentially expressed genes withinirdte7fdays (T1-T3), with a
peak at T3 probably related to the increasing stress levigisréF3A, B). Except for M4
leaf tissues, T4, which corresponds to 10 DASI, showed a sewfsbiease in the number
of DE genes respect to T3 (Figure 3A, B). This could be due téatiehat all plants
undergone a sort of pot-effect depression or, in the case of ttepshbke genotype, that
the plant metabolism is inhibited because of the stresssiAgiéneral observation is that,
in both 101.14 and M4 rootstocks, water deficit affected an higher numHE®S in
root tissue (Figure 3B) in comparison to the leaf one (Figve

Regarding the leaf tissues, there was a relatively lowuaitnof DEGs between stressed
and control plants on day 2 (T1), when stress levels were wer{Higure 3A). This was
observed both in 101.14 and in M4 rootstocks, with respectively 29 and 44eids g
detected. As the stress increased with time, so did the nuaofibsiress-responsive
transcripts. Indeed, on day 4 (T2) there were massive chamggne expression with
over 1200 transcripts, which increased or decreased significartilyth genotypes (1232
DEGs in 101.14 and 1223 DEGs in M4) (Figure 3A). As previously mentidoedyS

leaf data, a first macroscopic difference between the twetamis (for WS leaf) was
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detected at T3 (7 DASI), with an increased number of DEG81rl4 in comparison to
T2 (1475 DEGs at T3) and a drastic decrease of M4-related P&EGsDEGS; Figure
3A). Amongst those DEGs identified at each time point, there wenes found to be
common to both 101.14 and M4 rootstocks and other genes, which appeared to be
genotype-specific.

As concerns data related to leaf tissue at 4 DASI (Thigyetwere 619 DEGs common to
both 101.14 and M4 that were significantly different from thetikeacontrol and 604
specific genes that were up or down regulated exclusively inrdd#stock (613 were
101.14-specific). Indeed, 4 days after the imposition of stressythgenotypes appear to
respond in a quite similar manner, at least based on the remgctiptional data.
Interestingly, at T3, the number of M4-private DE genes dsed with only 168
accessions that were significantly different from the abranly in M4 and a much higher
number (966) of 101.14-private DEGs. The opposite pattern was observddwith a
higher number of M4-private genes (715) against those (300) register@@l.14.
Approximately 21% to 31% of 101.14 rootstock genes were significaritbrelit from
controls both at T2 and T3 and T4 whereas 21% to 44% of DE genes wear®edor
T2-T3-T4 in M4 (data not showed).
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Figure 3. Pairwise statistical analyses. DEGs were ideutifialculating the log2-ratio (WS versus WW) of
the counts detected for each gene in M4 and 10tabdstocks. The pairwise comparisons were
accomplished at each time point, in according pe@.05.

When compared with the root tissues expression data, thedeattiptome appeared to

be less drought-responsive, which might reflect, in part, the higéesitivity of an
actively growing tissue to water deprivation, as alreadymes! in other plant species
such as poplar (Cohen et al., 2010). Figure 3B showed the numbereoémditilly up-

and down-regulated genes detected in pairwise comparisons betwessed (WS) and
unstressed (WW) root tissues. T1 was characterized hych higher response in 101.14
genotype compared to M4, with up to 748 DE genes in the first one cetnfwaBl2 in

the latter. Similarly to what observed in leaves, as tlesstseverity increased so did the
number of DE genes in both the rootstocks, reaching a peak at 7(D&Shwith 3737

DE genes detected in 101.14 and 3674 in M4. An interesting observatibn tha

characterizes both the roots and leaves of stressed tisdinas the susceptible genotype
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always appears to modulate the expression of more trangbaptshe tolerant one, which
might reflect the minor degree of perturbation undergone byltheotstock.

A subgroup of DEGs we considered of particular interest were thioss influenced by
both the effect of the rootstock and of the treatment, furthédated by pairwise
analyses, and by the effect of all the three components. dncisie, common DEGs
between R and T were 989 and 421 for WS roots and WS leaves iredpeuthereas
common ones between R, T, P were 3083 for WS roots and 731Siteaes (Figure 2).
These two groups of DEGs were associated to their respeGi@eterms. Genes
considered were 4072 and 1152 for roots and leaves gene-set, rebpeGtiy terms were
grouped into different macro-categories as followplafit hormones *“antioxidant
responses “sugars, “cell wall’, “secondary metabolishand “transcription factor$
(TFs) (Figure 4).

Amongst those macro-categories related to root tissStranscription factors was the
one counting the highest number of DEGs, with 307 genes corresponding/oco? &l
DEGs considered (4072 in total). As far as concesesdndary metabolisendsugars,
DEGs related to these category were 209 and 223, respectivelgsponding to 5.1%
and 5.5%. A lower number of DEGs was associategbent hormones “cell wall” and

“antioxidant responségategories, corresponding to 3.7%, 3.3% and 3%.

B WSroot @OWS leaf

307
(7.5%)

223

(5.5%) 209

(5.1%)

150

135
3.7%
(8.7%) - (3.3%)
(3%)
73
(6.3%) 54 56
31 2 26 (4.7%) (4.9%)
(2.7%) (1.8%) (2.3%)
Plant Antioxidant Sugars Cell Wall Secondary TFs

hormones responses metabolism

Figure 4. Ontologies analysis of plant-hormones, antioxideedponses, sugars, cell wall, secondary

metabolism ant TFs —related GO terms. Number anepeof DEGs belonging to each category are given.
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On the other hand, DEGs identified in WS leaves highlighted ardiff weight of
ontology categories in comparison to the root tissue. In this kbaddghest percentage of
transcripts was related testigars, with 73 DEGs (6.3%). Transcription factors and
“secondary metabolishcategoriesvere less represented, with respectively 56 (4.9%) and
54 (4.7%) genes. FinallyPlant hormone$§, “antioxidant responsésand “cell wall’
categories showed 31 (2.8%), 21 (2%) and 26 (2.3%) DEGs, respedtgekach tissue
and ontology category, a DCA analysis was carried out.

To better investigate these common DE gene subsets, an addimadgis (DCA) was
carried out in order to identify those transcript that showed diftdvehavior between M4
and 101.14 rootstocks.

3.4 Differential cluster analysis (DCA)

Results obtained from the multifactorial analysis and the pmenanalyses were used
together in a Differential Cluster Analysis (DCA). Previagiadies have demonstrated
that generally, genes belonging to the same GO category aridgsaasimilar function,
are significantly co-expressed (Eisenal, 1998; Kimet al, 2001; Ihmelset al, 2004)
showing high level of pair-wise correlation. Neverthelessnmarison of transcriptomes
belonging to different organisms can highlight differences inpierns of gene co-
regulation within individual GO categories. These differences lkely to reflect
differences in the physiology, or in the adaptation to different emvients. To better
capture differential expression patterns between 101.14 and M4, apdtéonatically
characterize the conservation or divergence of co-expression heperes with a related
function, we implement and used a recently developed approactedtdbifferential
Cluster Algorithm (DCA). This analysis was performed on germums defined by
membership in the same GO categories previously descrileedh(@se ones detected in
the subgroup of R-T and R-T-P common DEGs by the multifactorialysiepl by
correlating their expression values obtained from the pairwialysis (provided as lag
of the ratio between read counts obtained from WS and WW t)sJuresDCA algorithm
allowed us to identify co-expression clusters embedded withire these sets and to

assign each of these clusters to one of four categories inditia¢ingvel of conservation
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between the two genotypes: “full”, “partial”, “split”, or "abnt”. A full conservation class
is supposed to contain DEGs which are co-regulated in a simdamen in both
genotypes, whereas a “partial conservation class” or a “splitservation” class
identifies, together with subsets of genes that show simiaregulation in the two
genotypes, also sub-clusters of genes which display independenteorirexersely
correlated patterns. Those clusters that showed the mosisiimgrresults both in root and
leaf tissues are reported in Figures 5 and 6. Again, roots anelsidighlighted different
responses upon stress.

In root tissue, the most interesting results concerfiB@nscription factors and
“secondary metabolisrh ontologies. Within TFs category (Figure 5A), reference BEG
(101.14) were subdivided into three primary clusters designedTdsLRR-TF2 and R-
TF3. Each of these clusters were uniformly co-expressed in 10h.béntrast, in M4
they were split in two distinct secondary clusters, one of whash similar in both 101.14
and M4 indicating a “partial conservation”, the other one showidifferent behaviour of
several genes. Amongst them, of particular interesting theise belonging to th&/RKY
family for what concerns cluster R-TFYB family for R-TF2 and\NAC family for R-
TF3. In Figure 5A we listed these genes together with thétienpaof expression within
the whole stress kinetic in both the genotypes considered. Loakihg picture it's clear
that the totality of WRKY TFs show a different behaviour betwdentwo genotypes,
being strongly up-regulated at T2 (4 DASI) limitedly to the Métstock. Regarding the
other gene families belonging to the TFs ontology which highlightadicplarly
interestingly results, clusters R-TF2 and R-TF3 embed fivéBM and three NACs
transcription factors that were induced at T1 (2 DASI) in M4 amhversely were
significantly down-regulated in 101.14 (Figure 5A). It is wortbynbte thatvvMYB14
(VIT_07s0005g03340) andAC83-like(VIT_14s0068g01490) TFs, which do not belong
to the primary clusters R-TF1, R-TF2 and R-TF3 (the listigsranary clusters identified
is reported in Supplementary table Z), have been includedeirligh since they are
particularly interesting, in fact although highly expressed in duthgenotypes analysed,
they show patterns of expression totally different between theilYBl4showed an
high induction in stressed M4 roots at T2, T3 and T4 whereas-itsguation in 101.14
was limited to T2 (Figure 5ANMVNACS83was induced at T2 only in M4 WS roots, while
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in 101.14 it showed an unchanged expression from T1 to T3, and a significamt dow
regulation at T4.

As previously mentioned, “secondary metabolism” (SM) is anath&ggory which gave
interesting results for DCA (Figure 5B). Within this ontologwpst transcripts were
related to the stilbene synthase (STS) and gluthatione-S-trasesf@GST) gene families
(clusters R-SM4, 2 and 3). Based on the nomenclature proposed by Veastralz{2012),
WSTS12 (VIT_16s0100g00800), VvSTS24 (VIT_16s0100g00940), VvSTS13
(VIT_16s0100g00810), VWSTS16 (VIT_16s0100g00840), WSTS17
(VIT_16s0100g00850), VvSTS18  (VIT_16s0100g00860)  and \VWSTS27
(VIT_16s0100g00990) were found to be significantly up-regulated in only istid4sed
roots at T2, whereas they were generally down-regulated in 10dofst (Figure 5B) for
both R-SM4 (no conservation) and R-SM3 (partial conservation) cludiagarding
GST-related transcripts two distinct gene expression kinetiee vdentified. Indeed,
VWGST29-likgVIT_0150026g01380) andvGST8(VIT 05s0051g00110) showed an up-
regulation at T1 only in M4 stressed roots (cluster R-SM2, partinservation) and
VWGST7-like(VIT_07s0005g04890) and\avGST-likegene (VIT_14s0060g02170) were
strongly induced in M4 WS root at the second time point (Cl\&t#3).

The last category considered for DCA analysis on roots is theralated to plant
hormones (PH). For this category two interesting primary alstere identified: R-PH1
and R-PH2: R-PH1 belongs to the “no conservation” classand contairseripts that
were up-regulated only in M4 at T1. R-PH2 primary cluster, whidplay a “split
conservation” contains genes induced exclusively in 101 at3and T4 (Figure 5C).
R-PH1 counts for genes related to auxin transport (Pin-forrRéd]), auxin signal
transduction (Small Auxin Up RNA genesSAUR-lik@, jasmonates biosynthesis
(jasmonates-O-methyltransferase-like]AOMe-likg and gibberellins (GA) signal
transduction (GA-Insensitivé3All; Repressor of Gal-3-Like RGL]. As concerns R-
PH2, it is noteworthy that two abscisic acid 8'-hydroxylase te@lgenes were present in

this cluster.
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Figure 5. Differential cluster analysis results of root tissFor correlation matrix (DCA), white (value = 1),
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respectively, among transcripts. As concerns tabl#slist of considered genes, red and blue repreap-

and down-regulation, respectively, of genes uponti@&ment.

Leaf tissue highlighted different results in comparison to fiesti¢. Within all considered
categories, sugars (L-SG), secondary metabolism (L-SMjrandcription factors (L-TF)
showed the most interesting results in the DCA. As previouslyridesl in the ontology
analyses, sugars category is the most represented in terdE®@$. Six transcripts
contained in L-SG1 (partial conservation) cluster (Figure 6A) skownteresting
expression kinetics. In particular the enolase, Pyruvate KinaséPK-like) and1,3- -
glucananase sugar-related genes were slightly induced at Tstrandly up-regulated at
T2 in M4 stressed leaves. On the other hand, Glucose-1-phosgkatdyéiransferase 1-
like (AGPase 1-likg and 2,3-bisphosphoglycerate-dependent phosphoglycerate mutase -
like (PGK-like) showed a severe induction in both T1 and T2 time points in the M4
rootstock. Finally, sugar transporter 13-liKJC 13-likewas induced in M4 leaf at time
points T2 and T3 (Figure 6A). On the contrary, these genes wernerégwlated over all
the kinetic in 101.14 leaves, considering,l¥gS/WW values (Figure 6A).

The second considered category in the DCA analysis is secondtalgatism. This group
highlighted very specific results if root and leaf tissuesencompared. As previously
described, root tissue —related clusters contained segeras mainly belonging to
stilbene synthase and gluthatione-S-transferase familiesoritrast, leaf tissue L-SM4
cluster included 12 interesting genes related to the flavonoid mietggadhway, which
were all induced at T1 and strongly expressed and induced at T& MtBstressed leaves
(Figure 6B). It is worthy of note that these genes arelwaxd in most of the reactions
which start from phenylalanine and lead to the biosynthesisadribls and anthocyanins
—related compounds. Specifically L-SM4 (partial conservation)terlusontained: (i)
Phenilalanine Ammonio Lyas®AL), Chalcone Synthag€HS and Chalcone Isomerase
(CHI) genes, that catalyzed the early reactions of the phenylpropanolusagat(ii)
flavonoid 3-hydroxylase-related gends3(5’'H 2-like and twoF3H-like); (iii) Flavonol
Synthase 4 HLS4 and FLS5 which lead to the flavonols biosynthesis; (iv)
Dihydroflavonol 4-ReductaseDFR 4-like, Leucoanthocyanidin DioxygenaseDOX)

and Anthocyanidin Reductas&NR), which lead to the anthocyanins biosynthesis.
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respectively, among transcripts. As concerns tabl#slist of considered genes, red and blue repreap-

and down-regulation, respectively, of genes upontiW&ment

The third relevant category which comes from DCA is relatquliant TFs (L-TF). Within
this category, MYB family was the most represented gendyfavhich showed opposite
expression kinetic among M4 and 101.14. In L-TF2 (partial conservatiosier (Figure
6C) four MYB TFs were identified, which were induced 2 and 4 dafysr stress
imposition (T1 and T2) only in M4 rootstock. On the contrary all thése Showed an
higher expression in the 101.14 unstressed leaf in comparisoa stréissed one (Figure
6C). In addition to these genes, L-TF2 cluster contained &DiixbA (DD1A-like) gene
and another gene with unknown function, which were both up-regulatediatM4 leaf
subjected to water stress. Transparent test@aT24ke) and NAC 71-likegenes, that
belongs to L-TF1 (partial conservation) cluster, were both up regulia M4 (log
WS/WW) until 7 days after stress imposition (T3), while, IndumieCBF expression 1
(ICEQ1) stress-related genes was strongly induced in M4 rootstock tvireakinetic
considered in this experiment (Figure 6C).

Finally, the last considered category was the antioxidant respfingER). Interestingly,
in this group (split conservation) there were three genes belotwihg Laccase (LAC)
family that highlighted an induction in M4 leaves in the early plrafter water stress
imposition (T1) (Figure 6D).
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4. Discussion

In this study the transcriptome profiles obtained from leaves aot$ of a drought-
tolerant and a susceptible grapevine rootstock upon water stressamgpared in order to
clarify the molecular mechanisms explaining, at least attthnscriptional level, the
different degrees of susceptibility observed. The novelty optasent work relies on two
main aspects: firstly, to our knowledge this is the first repbra comparison between
transcriptomes of a susceptible and a putative-tolerant gregpesdtstock, secondly, this
work also introduces a comparison between the basal (roots) aadrtake(leaves) parts
of the plants upon stress.

In order to reproduce as accurately as possible real opendiaditions and thus study an
adaptive instead of a shock response to water stress, droughitiomp@as progressively
applied to M4 and 101.14 plants by gradually reducing water addictionsiedidield
capacity from 80 % to 30 % during a 10 days treatment (Figuréhig.was a different
experimental design compared to what observed in Cratmal (2007), where authors
completely stopped water addiction from the beginning of vaitess experiment.

During the first stages of water deprivation leaf physiologpsiameters decreased in
both 101.14 and M4 genotypes, but after 6 days, when the stress becaensevere
(30% of field capacity), leaves transpiration was almost cdelplénhibited in 101.14
plants, whereas maintain&dvalues of about 24% with respect to its control in M4 (WW
plants). In the same experimental condition, Meggioal. (IN PRESS) observed a
concurrent decrease gf andA, in both genotypes in the early stages of WS,, but at later
time points, a different physiological response to water ssti@sk place among the two
genotypes. Indeed, an almost complete inhibition of both assonilahd transpiration
rates was observed in 101.14 as stomatal conductance drop toofafugs with respect
to its control. On the contrary M4, maintaining \alues of 20 % with respect to its
control, allowed higher transpiration rates (24 %) partialljoveced A, to values of
approximately 60 % compared to control.

All these data indicates that, after a concurrent decreaak jpiiysiological parameters
observed in both genotypes in the early stages of drought (Meggiq IN PRESS), as

stress conditions became severe, M4 was able to maintainerhranspiration and net
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assimilation rates demonstrating a much better ability thnaatize in comparison to the
susceptible genotype.

RNA-seq analysis helped us to clarify the molecular mechanishich explain these
differential responses. Aligning reads obtained from transcrigonheriving from
different grapevine species such\agiparia, V. rupestris V. BerlandieriandV. vinifera

to the reference genome obtained from a high homozygous Pinot noircdinkel, be
hazardous since structural variation and variability had been lbledoegven within the
vinifera species, as observed by Ventumtial. (2013) aligningV. viniferacv Corvina
against the PN40024 12v1 reference genome. Citing other examplésrge acale study
in which the assemblies of 18 genomes coming from 18 naturtidalianaaccessions
were compared (Gaet al, 2011), was demonstrated that one-third of protein-coding
genes predicted in Col-0 are disrupted in at least one of llee atabidopsis accessions
and in some way restored under the form of alternative gene snddeteover it was
shown that gene expression of different ecotypes in the same condiffers for nearly
half of expressed genes and is associatedaistiariants due to SNPs (approximately 0.5
to 0.8 MiIn between Col-0 and the other ecotypes) and irdbeu¢ 1,2 Min).

Based on these observations seems to be necessary sequenced andtedaeach
individual genomes to avoid bias interpreting the consequence ofiqggasation and
expression. Nevertheless, despite alignment of 101.14 and M4 ipamis&s against that
PN40024 reference led to a “lost” of a remarkable number of rehit did not map to
any prediction within the reference genome (approximately 50%), d¢imetimioughput of
the instrument used for sequencing allowed to reach a suitabéeagevof the grape
transcriptome ranging from approximately 20 to 60 fold. Moreoveweasvere dealing
with a comparative approach, aligning reads to a common refegemcene rather than
making de novo assemblies for each single genotype was considseadiad to establish
comparisons and relations between transcriptional data obtainedHeotwo genotypes.
In these sense the PN40024 reference genome was utilized as af £ommon
denominator for interpreting a part of the phenotypic variahilityerved between the two
rootstocks.

Multifactorial analyses (Figure 2) on the whole leaf and roabscriptome datasets

allowed us to better define the weight of the genotype the rootstock) and of the
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treatment on the transcriptome layout and to filter out those D&sgs&hose expression is
only liked to the contribute of a single component. In other word wWeided those genes
which are differentially expressed just because of diffeerammongst genotypes or
because of treatment and we only consider those ones which wectedffey the
contribute of both the variables (McCartbtyal, 2012).

A first general observation comparing results of the muttiféal analyses performed on
leaves and roots is that in root tissue (Figure 2A) the ftreat’ factor seems to be the
main variable explaining differential gene expression (7905 DE@pgnd on the kind
treatment imposed) whereas in leaf tissue (Figure 2B) tamghiv of the genotype
(rootstock) appear to be the highest (3794). This observation is nassgpconsidering
that the root system is the first organ perceiving the wiprivation stress and the main
one actively responding to it. In this case it's clear the kfriceatment imposed represent
the main variable influencing expression whereas the effedhefgenotype is less
determinant on differential expression of genes. The opposite isrrtiee aerial part of
plants: in leaves, the genotype factor appeared to have a efi@cr when compared to
the other components. Frensehal. (1997) observed that in maize plants undergoing
water deprivation, roots and leaves use different strat@gieesponse to stress and there
is a preferential growth of root system in respect to shosd Heferential responses were
partially explained by the “cable theory”, according to whiahdlongation zones in roots
and shot are hydraulically separated and use different strategieatrol water potential
gradients. A possible explanation of this event is that, a&tdirst stress perception
mediated by roots, secondary signals which caused perturbationpaveeived by leaves
and the effect of the genotype in countering these perturbatiofipisnary importance.
As a general observation, the number of DEGs in roots wasyslhigher compared to
leaves, as reported in Figure 2, showing the Venn diagramsnettdrom the
multifactorial analysis, but also in Figure 3 showing the pagvdomparison within each
timepoint considered. If we only compare those DEGs considerethdéopntologies
analysis (those ones common to R-T, and R-T- P components)winerd072 DE genes
detected in roots and only 1152 in leaf.

In root, TFs category was the most represented one with 7.58tbDEGs belonging to

it. On the other hand, in leaf tissue, the majority of@3Ebelong to “sugars” category.
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This is not unexpected considering that sugars accumulation during ostnetises has
been reported in numerous species and tissues (Wingler and Ra@6&y,Sunet al,
2010; Castellarirt al, 2007; Valluru and Van den Ende, 2008).

As concerns plant hormones category, it was showed an inductiuxiof JAs and GAs
related-genes at T1 in M4 stressed roots (Figure 5C), wherapgegulation of these
transcripts in unstressed root was observed in 101.14. Regardingndtabolism,
VVvJAOMe-like (VIT_04s0023g02200) is a key enzyme in jasmonates biosynthet
pathway and is involved in the formation of methyl jasmonatelJlé&om jasmonic acid
(Wasternack, 2007; Seet al, 2001). MeJA mediates diverse developmental processes
and defence responses against biotic and abiotic stresses & (pdamtil et al, 2012).
Some authors showed, in rice and chickpea (root), a strong cametesiween drought
and MeJA biosynthesis and they hypothesize its role in wates strediated response.
They speculate that plant produced MeJA in response to wateityscauitich in turn
stimulated the production of the “stress hormone” ABA (De Dootegii al, 2012).

In figure 5C was observed an induction at T1 in M4 WS root of GAHLRGL1, which
are essential components of GAs signal transduction. It Ik kmewn that, under
environmental stresses, DELLA protein, such as RGL1, wenemadated and conferred
more tolerance to plants (Achagtlal., 2008). Acharcet al. (2008), showed that DELLA
have an important role in oxidative stress responses by reducedfROE€s; indeed, they
observed that DELLAs delayed B;-induced cell death, thereby promoting stress
tolerance (Acharet al, 2008).

On the other hand, in leaf, DEGs related to sugars were ts mapresented in the
ontology analysis (Figure 4) and they were strongly up-regulatbttiteaves upon WS,
conversely to what observed in 101.14 (Figure 6A). Among this categuAGPasel-
like (VIT_03s0038g04570) where highly induced in M4, indeed it showed an expressi
which is three and ten times higher upon WS at T1 and T2, resggdfFigure 6A).
AGPase is a key enzyme in starch biosynthesis and its expréesselated to threalose
accumulation (O’Harat al, 2013). InArabidopsis thalianaKempaet al. (2008) showed
that, in presence of osmotic stress, ADP-glucose pyrophospho(&deasel and 2),
which provides ADP-glucose, were induced. In addition they hypotesinée of genes

belonging to both starch mobilisation and starch synthesis procebsesplants were

71



subjected to osmotic stresses (Kenapal, 2008). In addition, Gamret al. (2011) found
that AGPase activity was increased after infection obeyame leaves with the oomycete
Plasmopara viticola together with accumulation of trehalose and the induction of
trehalase.

Another category which showed particularly interesting resulis w¥he “antioxidant
responses” one (Figure 4), in particular genes belonging to toask family were
strongly induced at T1 only in M4 stressed leaves (Figure Gixcdse are part of another
large family of enzymes, called the multicopper enzymesy &he present in both plants
and fungi but their role in stress responses are still uncleaygivand Staples, 2002). As
concerns abiotic stresses, Liang et al. (2006) demonstratethalied LAC1 expression
was enhanced upon high salinity and they suggested an involvemémis aflass of
enzymes in response to salt stress (Liaingl, 2006).

“Secondary metabolism” ontology category was the only one innmmmmamong
considered organs but involved different responses between root aes. I#as worthy

of note that root (Figure 5B) and leaf (Figure 6B) highlightetrang specificity of DEGs
expression kinetics, as observed in DCA analysis. In partjcmavi4 root tissue was
observed a strong up regulation of sev&@abtranscripts (e.g. VVSTS18/24/27) after 4
DASI (T2) and an induction of four GST-related genes at TIT@&hd 29) and T2-T4
(GST25 and GST-like). It is well known that genes involved ineesrol biosynthesis
(STS} increased their expression in response to several biotic aoiit airesses (UV,
high salinity, drought) but their role in these processesllisrsttter of debate (Versagt

al., 2001; Hdllet al, 2013; Vannozzet al, 2012). Stilbene and resveratrol synthase were
expressed in several organs in response to abiotic stressesnd titsue specificity of
resveratrol synthase was observed in peanut plants during developnusad this
compound was present at relatively high levels in both roots and pods dogé at below
the detection limit in leaves (Chureg al, 2001). As concerngitis species, an induction
of STSs genes in response to treatment was observétisimotundifolia hairy root after
H.O, treatment (Nopo-Olazabat al, 2014). Hydrogen peroxide is a ROS which have
been suggested to play a key signaling role in plant responseseti@lsabiotic stresses
(such as extreme temperatures, drought, radiation, ozone, and wourehtggent. In the

above described work they highlighted a strong specificity in tssue of these
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transcripts in response to abiotic stresses perturbations (Nopab@lat al., 2014). As
showed by Wanet al. (2010), stilbenes synthases expressions were higher in both young
root and leaves of¥itis viniferacv. Cabernet sauvignon, but STS was highly expressed
only in leaves when an UV treatment was carried out. In themresper it was reported
for the first time inVitis a strong specificity o5TSsgenes expression in root tissue after
water stress treatment, considering the induction of thassdripts observed in various
and specific organs in response to other kind of abiotic (UV lightriticpkar) and biotic
stresses (Vannozeit al, 2012; Nopo-Olazabat al, 2014; Wanget al, 2010; Shiet al,
2014) we can hypnotized that the expression of this class of trasstisigd in figure 5B,
should be strongly related to drought treatment. In addition to $3GGSTs transcripts
(figure 5B) showed an up-regulation in M4 roots. Plant GSTs hése lang been
associated with responses to biotic and abiotic stress, hormodesiexelopmental
change; GSTs role in response to abiotic stress is due to épabitity of normalizing
ROS level (Kar, 2011; Dixoat al, 2010).

On the other hand, in leaf tissue expression of genes relatetdadsry metabolism
highlighted different responses to what observed in root. In thisicases observed a
strong induction in M4 stressed leaves at T1 and a strongly inducfich(bbg; WS/WW

of 2-4) of transcripts leading to flavonoids biosynthesis, such as EBt§ FLS, LDOX

and other genes involved in this pathway (Figure 6B). The up-remulaititranscripts and
metabolites in response to drought in the aerial part of gra@ewd other species were
reported in other studies (Castellaghal, 2007; Ramakrishna and Ravishankar, 2011).
Castellarinet al. (2007) showed that the majority of genes committed to the flavonoid
pathway (e. CHS, F3'5'H, F3'H and UFGT) showed patterns of increased trgoscr
accumulation in WS plants. In addition, drought often causes oxiddte®ssand was
reported to show increase in the amounts of flavonoids and phenoliciacd8ow
(Pisum sativumn leaves (Chalker-Scott, 1999) and it was observed that plaoegiss
containing anthocyanins are usually rather resistant to drougtsofh, 1988).

As previously described, upon WS, roots and leaves of the tolenaottyge M4 exhibit

an higher induction of stilbenes and flavonoids biosynthetic genggctegly. But, why
plants choose to synthesize these compounds which are metabolicalhsieapeA

possible explanation is related to their roles antioxidant compounds.
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Water stress, which can be define as “primary stress”, @giine accumulation of several
compounds and increase the production of reactive oxygen specie2@Ka), Indeed,
metabolic pathways in plant organelles are sensitive to chaigeenvironmental
conditions (such as drought and other stresses), and metabolic icelsatzm induce a
“secondary” oxidative stress, which caused oxidation of celletanponents and may
damage organelle integrity (Apel and Hirt, 2004; Suatkal, 2012; Mittler, 2002). It is
clear that ROS control and scaveging is mandatory for plant alimipresence of abiotic
stresses. To protect themselves against oxidative damagmaindl ROS levels, plants
evolved defence mechanism to scavenge ROS by producing a largerswhmolecules
which acts as scavengdre( SOD, CAT, APX) (Kar, 2011; Sozulat al., 2012). In
addition to these scavengers, there are other compounds with anti@dtiaity in plant.
Stilbenes and flavonoids are claimed to have this importantidmniot these processes.
Stilbenoids (resveratrol in particular) are a powerful dedeantioxidant molecules
founded in several species and their accumulation is particllagher in grapevine
species (Tillettet al, 2011; Hdllet al, 2013; Vannozzet al, 2012; Stuart and Robb,
2013). The chemistry of stilbenes in grape compounds is very conplese antioxidant
compounds act as phytoalexins, synthesized by plants in response ¢oahabtabiotic
stress (Flaminet al, 2013). Their antioxidant activity was extensively studied indmsn
(de la Lastra and Villegas, 2007; Hosataal, 2013) but how stilbenes act as antioxidant
in plants are still object of experiments. Also flavonoids, whiehe significantly induced
in M4 leaves upon WS (Figure 6B), have been suggested to playpartamt function as
antioxidant in plant response to oxidative stresses (RamakrisithRavishankar, 2011,
Brunettiet al, 2013).

Indeed, they contrast the oxidative stress related to asertexcitation energy in the
chloroplast by absorb solar wavelengths (Agatl, 2012). Oxidative damage is strongly
induced by environmental perturbations which limit G8similation and its diffusion to
the carboxylation sites (Brunett al, 2013; Agatiet al, 2012; Hernandeet al, 2009).
These events are exacerbated when plants were subjectedromme@vital stresses, such
as drought or high salinity. This function of flavonoids may reduce aittevity of
enzymes which are claimed to acts as “primary” ROS scavdng. SOD and CAT) in

the chloroplast (Brunettet al, 2013; Mullineaux and Karpinski, 2002). In addition,
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flavonoids were capable of quenchingdd and other free-radicals species and to protect
the chloroplast membrane from oxidative damage thanks to thpebidity to stabilizing
membranes that contain non-bilayer lipids (Agdtal, 2012).

Taking into accounts the above discussed data, transcripts relagtitbenoids, together
with GSTs and DELLAs related-genes (figure 5B, 5C), andoflaids (figure 6B)
biosynthesis have, respectively, a root and leaf tissue-spegfression upon drought. In
presence of water stress, M4 rootstock may acts diffatemechanisms in root and
leaves which leads to the production of molecules, such as agsVeand flavonoids.
These events may constitute a secondary antioxidant systemsen pifaat tissues. The
higher resistance of M4 rootstock to water stress, in congpats what observed in
101.14, should be related to these events. Indeed, a possible egplén#tiat grapevine
species which are drought-tolerant act, in addition to “primaryhargsms” of ROS
scaveging, also other “secondary mechanisms” which leads bioenthesis of different
secondary compounds in root and leaves. In this way, M4 (liker gffapevine stress-
tolerant genotypes) have a greater capability to control ROS:d&iasis and prevent
oxidative damages than the susceptible genotypes.

M4 and 101.14 showed an interesting differential regulation of flavolstildenoids-
related genes in root and leaf, but how is regulated the tramscript these gene?
Transcription factors could have an important role in these praceRsde of stress-
responsive TFs is well documented, they interact withelements in the promoter
regions of several stress-related genes and thus up-reghdatexpression of many
downstream genes resulting in imparting abiotic stress tole(Ageewal and Jha, 2010).
Transcriptomic data suggest that plant TFs are involved inga lammber of metabolic
processes in response to abiotic stresses and that controlledpttession of a large
number of genes by an intricate regulatory network (katd, 2011).

As showed in figure 5A, in root, three classes of TFs showedm#jer changes in
transcript abundance between M4 and 101.14 in response to watdr WeR&Y, MYB
and NAC families. Among these, WRKY were the most repredeméRKY proteins
represent an important class of transcriptional regulatmslved in plants biotic and
abiotic stress (e.g. drought, high salinity, UV) induced pathwiyshis experiment, a

relatively large group o¥vVWRKYgenes were strongly induced in M4 root 4 days after
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stress treatment, these includéadWRKY 24 Despite what observed by Wang et al., (IN
PRESS), which hypotized a role WWWRKY24nly in response to cold stress, it was one
of the most expressed in our dataset in response to drought. Intgyedti et al., (2010)
showed thaAtWRKY54which is ortholog to ou¥vVWRKY25Figure 5A), is significantly
induced by cold and drought treatments, ané byecatorinfection. These result suggests
thatVVWRKY25nay mediating plant defense respons¥.viniferaand also play a role in
abiotic stress responses.

In our work, VVWRKY24/28/29/37/4é&xybith a co-expression with STSs genes (figure
5A), indeed they were all strongly induced at T2 only in M4, althoaghnhcessary more
evidences,, it is might hypothesized that some WRKY are agtinvolved in the
regulation of STSs gene expression . In addition to the WRKY Yamito VVvMYB14
transcript were strongly induced in M4 stressed roots and itsgyation paralleled those
observed for STSs genes. As already observed bydid@l. (2013), VVMYB14(figure
5A) control the expression of grapevindvSTS25/27/29nder UV-C and wounding
conditions. In our experimental conditions the co-expression anatgsisals a
cooperation between thatSTS27/2@nd VVMYB14(Figure 5A) suggesting for the latter
a possible role also in drought stress response. ExceyvkdyYB2(Figure 5A), whose
Arabidopsisortholog cooperate witthtMYC2 as transcriptional activators of genes (as
rd22) able to increase tolerance to drought (&bel, 2003), the other stress-induced
MYBsare not already indicated as stress-related TFs. Howievenvorthy of note that
they are co-expressed wiBST29-likeandGST8-like(Figure 5B), two genes involved, as
described above, in the response to oxidative stress.

In WS root, last identified family of TFs in DEGs (Figure)5#vas that of NAC . Within
this family, the involvement oNAC2 (Figure 5A) in the regulatory network governing
responses to stresses is well documented. In transgenic riaats plfor
0s01g66120/0OsNAC2/@ene were showing an enhancement of drought tolerance
(Nakashimaet al, 2007) orAtNAC2play a central role in the cross-talk among several
hormonal metabolisms in response to salinity strese(tdg 2005).

In leaf tissue were observed a lower number of DEGs TEgekl compared to root
tissue, and most of them belong to the MYB-family. As weliraroot, also in leaf MYB

TFs are known to control several pathways in response to stresgkhtthe activation of a
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large number of stress-responsive genes (ledtal, 2011; Ambawatet al, 2013;
Czemmelet al, 2012). In this work, alMYBsidentified as DEG were induced at T1 and
T2 (Figure 6C) in the putative-tolerant rootstocks and their esioregparalleled that
observed for DEGs coding for flavonoids biosynthetic enzymes (FigBje A strong
connection between MYB and flavonoids is well documented (for awesee Czemmel
et al, 2012). R2R3-MYB proteins have been identified to be the keyrdet@nts in
regulatory networks controlling not only the allocation of specdene expression
patterns during flavonoid biosynthesis, but also diverse aspectsvefopment and
responses to biotic and abiotic stresses which are not relateddiacpon of secondary
metabolites (Ravagliat al, 2013; Strackeet al, 2001). AmongvVvMYB genes (Figure
6C), VWMYBPA1-likewas one of the most abundantly expressed (Figure MEBPA
genes are known to induce the expression of biosynthetic ggh&s CHI, DFR, LDOX
and ANRinvolved in proanthocyanidins (PA) biosynthetic pathway, indeed PA
accumulation has been shown to be regulate by the preseiéBfAland MYBPA2
(Czemmelet al, 2012). Together witVvMYBPA1-likealsoMYB12is known to enhance
the expression of several flavonoids biosynthetic genes, suCH&sCHI, F3HandFLS
(Ambawatet al, 2013), which are all induced at T1-T2 in M4 WS leaf (Figure. 6B)
FurthermoreMYB2 gene, which also is reported in our datasefrabidopsisis known

to be induced upon dehydration or salt stress (Ambawak, 2013). In order to confirm
the differences observed among M4 and 101.14 in the control of seconefaiyolism —
related genes by TFs, the next step in this work will be tiadysis of the cis-elements
present in the promoter region of both genotypes.

In this work we exhaustively described the transcriptomic respdosdsought of two
genotypes in root and leaf tissues. Despite to what obserwettieén studies (Crameat
al., 2007; Tattersalet al, 2007; Tillettet al, 2011), we did not considered responses to
water stress which were in common among susceptible and tolésais fe.g. ABA,
photosynthetic and sugars —related genes) but only the expresstars®fgenes which
were strictly related to the tolerant rootstock. This allbwe to identify novel putative
gene networks carried out by grapevine which showed an higheanesisto osmotic
stress. In the near future, the expression of selected genés basvaluate on a large

range of genotypes which showed differential responses upon drought intorder
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understand if these genes can be used as functional marké&k&Sttolerant grapevine

plants.
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1. Introduction

Grape berry development exhibits a double-sigmoid pattern chazadiday two phases
of rapid growth separated by a lag phase, during which little oravatly occurs (Coombe
and McCarthy, 2000). The onset of ripening (hamed véraison) ocches etd of this lag
phase and involves the accumulation of sugars (hexoses) in the gaofioteesocarp
cells, anthocyanins in the berry skin, catabolism of organtsaaend the development of
other compounds related to flavour and aroma (Catdd, 2007; Symongt al, 2006;
Kuhn et al, 2013). Several hormones may participate and interplay in the cohyape
berry development and ripening, such as ethylene, auxin, absdagic (ABA),
gibberellins (GAs), cytokinins (CKs) and brassinosteroids (BRs\vies and Boéttcher,
2009). The early stages of berry development, from fertilizatotne formation of the
fruit (fruit set), are mainly driven by auxins, CKs and GAg giramote cell division and
expansion. Although these hormones have a pivotal role in grape beetgmiaent, they
are produced mostly by the seeds (Giribaldal, 2010). The changes occurring from pre-
véraison to full ripening are accompanied by significant ineeas ABA content, this
hormone claimed to be a ripening determinant in non-climactarits fsuch as grape
berry (Kuhnet al, 2013; Giribaldiet al, 2010; Sunet al, 2010). In addition to ABA,
endogenous levels of BRs and ethylene transiently increase-atrpison and véraison,
respectively. Exogenous applications of these hormones positively at®domany
ripening-related processes such as the accumulation of aninegyanost likely by
enhancing the transcription 6HS, F3H, UFGTandMYB1lgenes (Symonst al, 2006;
Giribaldi et al, 2010; Cherviret al, 2008; Jeongt al, 2004; Ziliottoet al, 2012). These
treatments can also induce the uptake and storage of sudaeshberties (Giribaldet al,
2010; Bdttcheret al, 2011). On the other hand, it is well known that exogenous
application of auxin at the pre-véraison stage cause a shifaje drerry ripening and a
repression of several ripening-related genes (Ziliettal, 2012; Daviest al, 1997).
Several studies pointed out that auxin levels increase duringutlyedevelopment of the
grape berry (pre-véraison), and then decrease at the véraigen Bhe decrease of auxin
content is necessary, as demonstrated by the exogenous applifaiotn at véraison
that negatively affected the expression of genes encoding enzgtag=l to sugars and
anthocyanins@HS, F3'Hand UFGT) biosynthesis and caused a delay in the reduction of
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chlorophyll and acidity (Davies and Béttcher, 2009; Ziliattoal, 2012; Boéttcheet al,
2011). However, it was also observed that treatments with thisohermre positively
correlated with the induction of genes related to ethylene biossgist (ACC-oxidase,
ACQO, and ACC-synthaseACS (Ziliotto et al, 2012). This effect was not unexpected
taking into account that high levels of auxin are required fotrémsition to auto-catalytic
ethylene biosynthesis, the key event in the ripening of climadit (EI-Sharkawyet
al., 2010; Tatsuket al, 2013).

Bottcher et al. (2010) speculate that auxin levels might be atl@atr throughout
conjugation by GH3 proteins; in particular they showed that GH3 pro&aiyzed auxin
conjugation to amino acids, such as aspartate, and they obdeavdadvt levels of free
auxin content correspond to high levels of conjugated auxinscfi&itt al, 2010).

Despite the obvious economic implications of controlling these presedgse mechanisms
that regulate auxin homeostasis and its control during graperining remain unclear.
In order to clarify this aspect, it is necessary to welegtigate the molecular control of
auxin homeostasis based on genes involved in biosyntAdg®¥P$, conjugation GH3),
action ARFandAUX/IAA) and transportRIN). In a previous paper (Ziliotto et al., 2012),
it was hypothesized that exogenous application of the synthetic Béncaused an
excessive availability of auxin, most likely counterbalancedhdayeostatic mechanisms
which are activated after the treatment.

As above described, grape berry ripening is regulated by a epmggulatory networks in
which also microRNA (miRNA) play a pivotal role. miRNAs aeclass of non-coding
RNA molecules with an important role as negative regulatogeié expression. In recent
experiments (Carrat al, 2011; Carraet al, 2009; Wanget al, 2012; Wanget al, 2011),
several conserved and novel miRNA, which showed a tissue spgcidimd have a
putative role in grape berry ripening, has been characterizegpit® the large number of
information given in the last years, miRNAs’ roles in tlegulatory network linked to
grape berry ripening are only partially understood.

In addition to endogenous signals (i.e. hormones and miRNAS), graperipeming is
modulated by exogenous stimuli such as environmental factors. Ligter availability
and temperature severely affect grape berry ripening andyquaid may cause a shitf in

the date of vintage (Kuhet al, 2013). Among these, water deficit has been the most
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studied for its negative impact on grapevine yield and wine gu&@iaveset al, 2010;
Qin et al, 2011). Generally, drought cause an accumulation of secondary
(phenylpropanoids, especially anthocyanins and stilbenoids) and primaggrgsand
organic acids) metabolites and their related transcriptsaipegberries (Castellarit al,
2007; Delucet al, 2009). Grapevine responses to water deficit are hedfégtad by the
genotype; indeed, as observed by Deluc et al. (2009), under stadss, Cabernet
sauvignon (CS) grape berries showed an higher accumulation of tees“stormone”
abscissic acid (ABA) and better responses to drought, in compddghe white cultivar
Chardonnay.

In order to counteracts these problems, in lasts years thefusmtstocks and the
development of new genotypes has assumed greater importance im maiidelture
(Corso et al., chapter | of this thesis). Rootstocks provideatute to exogenous limiting
factors, both biotic (e.g., soilborne pests) and abiotic (ealinity, water or oxygen
deficit), while influencing the ecophysiological behaviour of #@on and its berry
guality (Tramontiniet al, 2013).

As above mentioned, an acceleration of ripening may nedgataffect grape berry and
wine quality. Consequently, further investigations about rootstanokisgenotypes with
improved tolerance to abiotic stresses are essential.

In order to evaluate the effect of rootstock on grape bernjitguaid development, a
detailed investigation was performed at the transcriptomicl I[¢wveRNA-seq and
microRNA-seq) on development and ripening of berrie¥ité viniferaL. cv Cabernet
Sauvignon (CS) grafted either onto the “commercial” (i.e. st commonly used)
rootstock 1103P or onto a new rootstock, called MA {(iniferax V. berlandier) x V.
berlandieri xcv Resseguier n.1], the latter showing high tolerance torvaetiécit and
salinity. Results pointed out differences in terms of berpening kinetics and a
differential regulation of genes involved in auxin action (ARF and ARKX),
conjugation (GH3) and transport (PIN) among CS/M4 and CS/1103P.
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2. Materials and methods

2.1 Plant Material and experimental design

Experiments were performed dfitis viniferaL. cv Cabernet Sauvignon (CS) grafted onto
1103P and M4 rootstocks (Pasqua vigneti e cantine, Novaglie Vi, [Bhpevines were
grown in well-watered conditions.

Whole berries were collected from both CS/1103P and CS/M4 bunthis, 59, 65 days
after full bloom (DAFB). During this phase most berries heacvéraison. Additional
samples (skin and pulp separately) were collected at 72, 86 andAHER (Bigure 1). All
tissue samples were immediately frozen in liquid nitrogen anddstar-80 °C until use.
Two biological replicates were collected, each made up of one lubdrees collected
from fifty bunches (two berries per bunch) and chosen according to IR@ @dex
proposed by Carrefio et al. (1995) at the same position within theerclgsedian
position). Sampling was performed in 2011 and 2012.

Véraison Véraison
CS/M4 CS/1103P

Days After Full Bloom (DAFB)

r 2+t 1 t 7
59| |e5] |72

45 86 100
| J \ J
| |
Whole Berries Skin and Pulp

Figure 1. Schematic representation of experimental trial. S&mpling dates of both CS/rootstocks berries
were at 45, 59, 65, 72, 86 and 100 DAFB. Véraisb@®/M4 (72 DAFB) and CS/1103P (86 DAFB) are

also indicated.

Physical (berry diameter and volume) and biochemical (Tobdlb® Solids, Brix®)
parameters were determined on 80 berries at each timecposidered in the experiment.
In order to better define grape berry ripening evolution in the tworoGStock

combinations, colorimetric analyses were performed on 100 bextid5, 59, 65, 72 and
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86 DAFB, using the CR-10 colorimeter (Konica-Minolta Holdings Idf@kyo, Japan).
Color was measured according to the L*a*b* space, defining brighth&sfom white

to black) and the chromatic coordinates (a*, from red torgree from yellow to blue).

2.2 RNA-seq and gPCR analyses.

Total RNA for both mMRNA-seq and real-time PCR experimentsextraicted from either
whole berry samples or from skin and pulp separately, using tcblpete method as
reported by Ziliotto et al. (2012). Small RNAs for microRNA-sa@lyses were extracted
from all samples following the CTAB method (Charey al, 1993), with few
modifications.

MRNA was purified from the total RNA using the Dynabeads mRDNikect kit
(Invitrogen pn 610.12). A variable quantity of mRNA ranging from @41.6% with
respect to the total RNA was obtained.

Samples for Ligation Sequencing were prepared according to thaDS®@ihole
transcriptome library preparation protocol (pn 4452437 Rev.B). Samypbee purified
before RNase Il digestion with Purelink RNA micro kit columnsvirogen, pn 12183-
016), digested from 3 to 10 minutes according the starting amounR&fA, reverse-
transcribed, size selected using Agencourt AMPure XP beadskr(d@ Coulter pn
A63881), and barcoded during the final amplification. Obtained librarezs sequenced
using Applied Biosystems SOLID™ 5500XL , which produced paired-esdsref 75 and
35 nucleotides for the forward and reverse sequences, respedieads were aligned to
the reference grape genome using PASS aligner, a softideeto perform several
alignments on a sequence subset, trying different parameteirs the low quality bases
and select the best ones to maximize the number of alignésl (@ampagnat al, 2009).
The percentage identity was set to 90% with one gap allowed ghtbreguality filtering
parameters were set automatically by PASS. Moreovemiawm reads length cut-off of
50 and 30 nt was set for the forward sequences and reverse nesgmstively. The
spliced reads were identified using the procedure described inS P/A&@nual
(http://pass.cribi.unipd.it). Forward and reverse reads wéegaeal independently on the
reference genome. PASS-pair was used from the PASS pattkggeform the pairing

between forward and reverse reads and select only those seqtlaicase uniquely

94



aligned. The version 1 of grape gene prediction available at
http://genomes.cribi.unipd.it/grape was used as a referamm®rg, whereas htseq-counts
program (http://www-huber.embl.de/users/anders/HTSeq/doc/count wasl}adopted to
guantify gene transcripts abundance.

RNA-seq was carried out in three specific phases of berrylajeuent: pre-véraison,
véraison and maturity. Specifically, pre-véraison. (45 DABRBJ traditional CS harvest
date (100 DAFB) were the same for both combinations, while &kigon stage was at
72 and 86 DAFB for CS/M4 and CS/1103P, respectively (Figure 1). An&N small
RNA pre-véraison (whole berries), véraison and harvest (skih mip) for both
CS/rootstocks combinations were used for mRNA-seq and microRNAasalysis,
performed at CRIBI, University of Padova.

For quantitative real-time PCR analysis (QPCR), cDNA wws#thesized using 2 pg of
total RNA, 2.5 uM (dT)s primer, 200 Units of M-MLV Reverse Transcriptase (Promega
and 1 Unit of RNAguard (Amersham Biosciences), at 37°C for 9tutes in a final
volume of 20 pL. gPCR was carried out in triplicate on two biokdgieplicates for each
sample with StepOne Plus Real-Time PCR System (Appliedy&®mm®s) by using
specific primers listed in Supplementary table 1.

For microRNAs quantification, cDNA synthesis and gPCR experimgate carried out
using the TagMan® MicroRNA Assays (Life Technologies) accordiing the

manufacturer’s instructions.

2.3 Statistical and bioinformatics analyses on mRNA  -seq and

microRNA-seq data

The R package DEseq (Anders and Huber, 2010) was used for tecsiatinalyses of
both mRNA-seq and microRNA-seq data. A false discovery r@&])©f 0.05 was set up
as a threshold for identifying differentially expressed geimeduding those encoding
mMiRNAS). A pairwise comparison between M4 and 1103P genotypes waspltshed
for each couple of samples at each time point (Pre-véraigoaisén, Harvest).

In order to cluster together transcripts and microRNAs with cemehtary behaviors, a
Time Course Cluster analysis using the Mfuzz R package (KamérFutschik, 2007)

was performed.
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The Gene Ontology terms were retrieved and imported in the28&® software v2.5.0
(Gotz et al, 2008). Enrichment analysis was performed for each set drdadiffially

expressed genes with the built-in Fisher's exact test functiltmRv 0.01 and FDR
correction.

2.4 Phylogenetic analyses of ARF and AUX/IAA auxin-related gene

families

A characterization of grape ARF and AUX/IAA gene familiesd athe consequent
association with the gene expression data were carried out.

For the characterization of these gene familiesSallitnum lycopersicorindArabidopsis
thaliana ARF (Guilfoyle et al, 1998; Kumaret al, 2011) and AUX/IAA (Reed, 2001;
Wu et al, 2012) proteins were blasted and aligned agafitist viniferaPN40024 12X v1
proteome littp://genomes.cribi.unipd.it/DATA/ by using MEGA4 software

(http://www.megasoftware.net/megadlo confirm the presence of the protein domains
related to ARF (B3 + ARF + AUX/IAA domains, the last oseoptional) and AUX/IAA
(AUX/IAA domain), all putative proteins related to these fisasiwere checked by using

InterProScan software hitp://www.ebi.ac.uk/Tools/pfal/iprscgn/ To check sequence

similarities and genetic distance betwe¥itis vinifera Solanum lycopersiconand
Arabidopsis thalianaARF and AUX/IAA families. The ARF and AUX/IAA aminoacids
sequences of tomato, Arabidopsis and grape were aligned by ugagwase (Gap
opening penalty = 10; gap extension penalty = 0.1) and a multiple (Gamgpenalty =
10; gap extension penalty = 0.2) alignments with ClustalW (MEGoftware; Tamurat
al., 2007). The phylogenetic tree was constructed by using the neighbioigjaiethod of
MEGAA4 software. Finally, expression level of the respediigascripts were checked on
the mRNA-seq data.
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3. Results

3.1 Physical and biochemical analyses

In order to evaluate the differences in grape berry ripening anidyquerameters between
CS/1103P and CS/M4, physical (volume and color) and chemical (Sofdiids
Concentrations; SSC) parameters were determined (Figure 2).akkasurements were
carried out on one hundred berries collected from fifty bunches (twiedbeer bunch)
sampled in 2011 and 2012.

-©-CS/1103P A -©-CS/1103P R T Versison

- 1 -
| cs/M4 ¥ - L i l b 20 | @CsM4 X .
16 7 e W A Véraison
E / % 15 2 : i CS/103P
14 ; ? .
A

40 50 60 70 80 90 100 40 50 60 70 80 90 100

DAFB DAFB

Figure 2. Berry volume and soluble solids content in CS/1108Rle) and CS/M4 (square) throughout
fruit development. Solid and dotted arrows indice¢eaison of CS/M4 and CS/1103P, respectively. Bars

represent the SD.

Grape berry volume followed different kinetics in CS/1103P compar&5{M4 (Figure
2). At pre-véraison (45 GDF), the volume of CS/M4 (xcherries was greater than that
observed for CS/1103P (0.8 &mwhile in the subsequent stages (52-65 GDF) there were
no significant differences among rootstocks. At 72 DAFB, when wio&S/M4 berries
reached véraison, volume values measured for CS/M4 wereicagtly higher (+0.35
cm®) compared to those observed for CS/1103P. These differencesnaattained up to
86 DAFB, when CS/1103P berries showed a significant increase umgolAt harvest
time (100 DAFB) volume was similar in both rootstocks, indicaéimgartial recovery for
CS/1103P berries.

The above mentioned differences among CS/rootstock combinationseveéiened also
for SSC (Soluble Solids Concentrations) values (Brix°) (Fig)reSSC measurements
indicated that, at the pre-véraison stages (45-65 DAFB), doafeiotal soluble solids
(related to the sugars content) was similar between rootstboks 72 DAFB, CS/M4
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displayed a higher increase for SSC. CS/1103P berries incrdasiedsdluble solids
content at 86 DAFB (18.55), when it reached values closed to those/Merries at
véraison (72 DAFB; brix° = 18). Thereafter, SSC contents wsnglar between

CS/rootstock combination, although CS/M4 showed slightly higheesa

Concerning the colorimetric measurements (Figure 3), at pegse@rall samples were in
the same situation in terms of ripening evolution (diamond indicatti)e later on there
were different kinetics related to pigmentation evolution betw&&03P and M4
rootstocks, as also observed in terms of berry volume. Indeedyr&®d on 1103P
showed a delay, in terms of pigmentation evolution, in comparisomhdo other

CS/rootstock combination (square indicator). At post-véraison écinatlicator) all

samples reached the same pigmentation levels, confirmingettweary of CS/1103P

showed also for volume and SSC parameters (Figure 2)

+45DAFB A T72DAFB
m86 DAFB 100 DAFB

. CS/M103P

Figure 3. Colorimetric analyses, conducted on four time fmif CS/1103P and CS/M4 rootstocks,

corresponding to different development conditions.

Considering these results, rootstocks seem to induce a diffgrening kinetics, affecting
the degree of pigmentations and physical/chemical parametensaswolume and sugars

content (SSC). Thus, to better evaluate the effect of ro&tstacberry ripening is
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mandatory to “synchronize” ripening onset in the two CS/rootstocksbioations. For
this goal among samples collected in 2011 were identified two comimases (indicated
as pre-véraison and véraison) between CS/1103P and CS/M4, by conyihgsigal,
chemical, colorimetric data and a preliminary expression pefihalysis, performed via
gPCR technique (Figure 4), of key genes of flavonoid (chalcone sgntBia CHSS3;
flavonol synthase 1, FLS1; Leucoanthocyanidin reductase 1 and 2, LAR1A®R?2) and
flavone and flavonols (UDP-glucose:flavonoid 3-O-glucosyltransfetdB&T) pathways
(Figure 4) to perform RNA-seq analyses. An additional trapsmrie analysis was
performed close to the commercial CS vintage date (100 DAFEByatuate how the
expression of genes related to late ripening phase was evolvee iwd combinations.
This sampling date was chosen taking into account that at the eromahwvintage no
significant differences (p< 0.05) for traditional ripening paremree (brix°, pH and
titratable acidity) were observed between the CS/M4 and CS/ldip8Pberries. No
significant statistical differences (p <0.05) at commé¢rCia vintage were observed also
when the analysis of traditional ripening parameters was esdetodan historical series of
seven years (data not showed). However, samples collectedtaltise commercial CS
vintage can give us information about differences, still mtesat transcriptomic level
between the two combinations.

Considering these findings, pre-véraison was confirmed to ooctnoth rootstocks at 45
DAFB, while véraison appeared to be different for CS/M4 (72 DA&f) CS/1103P (86
DAFB) and full ripening was the same for all samples (100 BAF

Samples of both CS/rootstock combinations corresponding to pre-véreésaison and
full ripening phenological phases were chosen for the following mR&bjA-and

microRNA-seq analyses.
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Figure 4. PreliminarygPCR analyses conducted on all samples duringritiee @ipening phase. Graphs
related taPAL3like, CHS3 LAR2 FLS1andUFGT genes are shown. Bars represent standard error.

PAL3-like (Figure 4A),CHS3(Figure 4B),LAR1(data not showed) anid\R2 (Figure 4C)
showed similar expression kinetics. In particular, a peak of ssiore was observed at 72
DAFB in CS/M4 showed and at 86 DAFB in CS/1103P, confirming, sudsed above, a
delay in ripening inception and skin pigmentation evolution for therlabmbination. For
FLS1 (Figure 4D) andJFGT (Figure 4E) genes, only M4 showed a peak at 72 DAFB
(Figure 4D, 4E).

3.2 Differentially expressed (DE) genes, DEmIRNA an  d time course
clustering analyses

As previously described, mRNA-seq and microRNA-seq analyses penformed on
CS/1103P and CS/M4 berries at pre-véraison, véraison and harvess.phadetailed

description of samples used for these analyses was givablénl.
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Table 1. Samples used for mRNA-seq and microRNA-seq analyOAFB, sampling date, phenological

phases and sampled tissues are given. Two biologipdicates of all samples were used for RNA-seq

analyses

DAFB [Date |Phenologycal phase Sampled tissue
45 13-lug |Pre-véraison Whole berry
72 09-ago |Véraison CS/M4 Skin and pulp
86 23-ago |Veraison CS/1103P Skin and pulp
100 06-set |Harvest Skin and pulp

As concerns statistical analyses, the pairwise comparisongedre M4 and 1103P
genotypes were accomplished at each time point (Pre-véraigmaisdh, Harvest), in
according to a p<0.05. Differentially expressed genes (DE@)ifferential expressed
miRNA (DEmiRNA) were identified calculating the lpgatio (M4 versus 1103P) of the
counts detected for each gene (or miRNA) in CS/M4 and CS/1103P coimiéna@tmong
comparisons, DEG were: 662 at pre-véraison; 3603 and 3412 at véraskim amd pulp,
respectively; 738 and 2618 at harvest in skin and pulp, respgctiveklassify DEGSs in
relation to their molecular function and cellular processeSeme Ontology (GO) term
enrichment analysis was performed (data not showed). As regemds more expressed
in CS/M4 combination (positive lggatio), DEGs belonging to "photosynthesis"
(G0O:0015979), "photosystems” (G0O:0009521 ), "thylakoids" (GO:0009579), " eéll w
organization and biogenesis" (G0O:0071554) and "pectate lyasetydc{®i0:0030570)
were over-represented in both tissues at véraison stage (72)DWhBreas at harvest
(100 DAFB) this over-representation was observed only in pulp tigsueoncerns plant
hormones, at véraison several significant GO categoriese vieund in CS/M4,
specifically the GO terms "response to ethylene stim@E0:0009723, GO:0009873),
"responses to auxin stimuli " (GO:0009733), "auxin signaling” (GO:000097 34) over-
represented in pulp. At harvest, GO categories relatedalscisic acid -mediated
signaling pathway" (GO:0071215) and "cellular responses abscisit (&Ri0009738)
were over-represented only in pulp.

Among DEGs observed in skin and pulp of CS/1103P berries (negativeatim),
sampled at pre-véraison and véraison stage, were overaef@eshat annotated in GO

categories related to “cell wall organization and modice’ (GO:0005618,
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GO0:0071554, GO:0042545). As regards transcripts related to secondabplisataan
over-representation of GO terms related to “metabolism andyrilessis of
phenylpropanoids and flavonoids” (GO0:0009698, GO:0009699, GO0:0009812
G0:0009813) was observed at pre-véraison and harvest in pulp tissegoriest related
to stress responses, such as "response to biotic stimulusOQ@®B07), "defenses
responses” (G0O:0006952) and "response to stress" (G0O:0006950), wefeasityi
over-represented at pre-véraison. At harvest, it was wix@n over-representation of GO
terms related to plant hormones, specifically those relatédellular responses to auxin
stimuli" (GO:0071365) and "signal transduction pathway auxin medi&Bd:0009734).
For what concerns miRNA-seq, only 30 novel and conserved DEmiRNA mentified
(in at least one time-point) with statistical analysidisTresult is not unexpected
considering that the analysis was carried out with a to®#l D miRNA.

In order to shed light about differences in CS/M4 and CS/1103P ripeaqgdation
mediated by miRNA, DEmIRNA and the respective target gevere identified in pulp
and skin gene datasets. To obtain this information, firBllyGs and DEMIRNA,
separately for each tissue, were subjected to a Time €@&luster analysis, using the
Mfuzz R package (Kumar and Futschik, 2007).,. This analysis edlayg to identify six
and seven clusters for the DEG with different kinetic in skid pulp, respectively, and
six clusters for differentially expressed miRNA in both skin angb.plihe last step step
was to identify target genes of differentially expresseBMA and to check if these
targets were significantly differentially expressed in oyregiment.

In skin tissues, miRNAs that showed an opposite behaviour in cmopato the
respective genes-target were associated with metabédigaraes mainly related to plant
growth (figure 5A). In particular miR396, which has Growthtriating factor 9 GRF9
as target, showed a significant up-regulation at véraiadrharvest in CS/M4 berries.

On the other hand, in pulp tissue genes which seem to show a cordraleddy miRNA
belonged to growth regulation, auxin transcription factors, Homeohwkake zipper
transcription factors and detoxification -related metabolic grates. Indeed, miR167
(figure 5B) and miR166 (figure 5E) were strongly up-regulated ifM@Sat harvest, and
their relative gene-targ&RF3/ARF6/ARF&NdREVOLUTA-PHABULOSAanscription

factors (TFs), were down-regulated at the same phenologics¢ pAmong pulp-related
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clusters, other miRNAs showed an interesting behaviour; in paticoiR160 (figure
5C), which represseARF10Aand ARF16 and miR171 (figure 5D), which control the
expression of SCARECROW 6 (SCL&nd SCL-like transcripts, where both down-
regulated at pre-véraison and significantly induced at véraitages The last two
considered miRNA were miR172 and miR159a (figure 5F, G). Thiedims repressed an
AP2-like transcription factor (TF) showed and high up-regulation in CS/M4 aiisasr
and a slightly induction at harvest; conversely, the second oneeased in CS/1103P
at pre-véraison and véraison stages and negatively regulatecextiression of
GLIOXALASE 1 (GLX1)From these results and available literature (Ziliettal, 2012;
Davieset al, 1997) is emerging the critical role of auxin in the modulatiogrape berry
ripening thus we decide to analyse in deep genes involved irethaation of auxin

action.
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Figure 5. Expression pattern of miRNA (microRNA-seq data) &meir respective genes target (MRNA-seq
data. Expression values of RNA-seq data were &ngas log (M4/1103P) ratio. Bars represented SE.
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3.3 Characterization and phylogenetic analyses of g rape AUX/IAA and

ARF auxin-related families

In order to characterize AUX/IAA and ARF putative grapevine ggmta phylogenetic
analysis was carried ouAUX/IAA family is characterized by the AUX/IAA protein
domain, whileARF proteins contains B3, ARF and the optional AUX/IAA domainss It i
well known that aux/iaa inactivate arf proteins, with the foromabf an heterodimer. All
putative proteins which exhibit the typical domains of arf and saxjiteins were
blasted again family members previously identifiedhmbidopsis thalianand Solanum
lycopersyconfSupplementary figures 1 and 2).

In total were identified 18 and 21 proteins of grape belongirgRB andAUX/IAA gene
families (figure 6A, B), respectively; all proteins segces contains domain related to
these gene families, so it can be concluded which they are goddlates to be member
of these categories of auxin transcription factors. In a previous, 26 grape AUX/IAA
putative proteins were identified (Caldt al, 2013). Given the different results obtained,
in this work we re-checked all the putative proteins identifiethe other experiment and
we found several identified sequences which contains with B3 afddédRhains, typical
of the ARF proteins and not of the AUX/IAA ones. So, it can becluded that the
previous analysis conducted by Cakir et al. (2013) was not exhaustivwatained some
mistakes , thus we decided to use our phylogenetic charatiteriza

Arf putative proteins were distributed among 13 chromosomes and highlighvaried
sequences length among its members. Indeed, the longest sequeend 155 aa-longer
(VVARF19) and the lowest was 623 aa-longer (VVARF16) (Figure €B).the other
hand, aux/iaa putative proteins were characterized by ebdistn among a fewer number
of grape chromosome (eight in total) and more uniform length. Betweese family, the
length of the sequences were lower in comparison to those observeF family, with
an average of 254 aa (Figure 6B). Expression data derived fradArsBg analyses were
associated to annotated ARF and AUX/IAA putative transcrigstified in the version
V1 grape annotation. In order to selected the transcripts fGRg&periments, each
transcript was associated with the number of RNA-seq comatsaa heat-map with all

values (log M4/1103P) was created (Supplementary figures 3 and 4).
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Figure 6. A. Phylogenetic tree of all putative aux/iaa and aotgins.B. List of arf and aux/iaa putative
proteins. V1 12X identifier (V1 12X), protein narfame), length (aminoacids; aa), chromosome (Gia) a

domain(s) were given.
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3.4 CS/1103P and CS/M4 berries highlights different ial regulation of

auxin-related genes.

Expression patterns of some selecAdRF and AUX/IAArelated genes were investigated
along the whole berry developmental kinetic by using gPCR (Figurén @ddition to
those, some selected transcripts belonginGH3 (Bottcheret al, 2011)PIN andABCB
gene families were also tested by qPCR.

These analyses highlighted that transcripts expression was lgtraffigcted by the
scion/rootstock combination, tissue and grape berry ripeningdifiegure 7, 8, 9).

As concern ARF gene family, gPCR analyses were conducted \WARF1A
(VIT_18s0089g00910), VVARF5 (VIT_18s0001913930), VVARF8A
(VIT_12s0028g01170),  VVARF8B (VIT_04s0079g00200),  VVARF10A
(VIT_06s0004902750), VVARF10B (VIT_13s0019g04380) (Figure 7A-F).

A first general observation is that ARF-related genes Wigitdy induced in CS/M4 at 45
DAFB (pre-véraison stage), in comparison to what observed iblOSP. This is true for
all ARF transcripts, except f(fvARF5which showed a slightly induction at 45 DABF in
CS/M4 (figure 7B). On the other hand, in CS/1103P berries was ellsardelay in the
induction of these transcripts, indeed a peak was registe6&d2AFB. This observation
was true for the most of ARF studied, in particularfeARF1A, VVARF5/vVARF8Aand
VVARF10B(Figure 7A, B, C, F). In the sequent developmental stages @& DAFB)
1103P caused a general induction of these genes in CS berriesiparison to M4, with
some differences related to the timing and the analyzacet{s&in or pulp). In particular,
VVARFS5 (figure 7B) was induced in CS/1103P at 86 and 100 DAFB in both tissues,
highlighting a involvement for this genes in the late phasespehing. Expression of
VVARF8B (figure 7D) was related to tissue and developmental stagdeed it was
slightly induced at 72-86 DAFB and strongly up-regulated at 100 DARIB in pulp
tissue of CS/1103P. In addition, this transcript was induced in iskinet of CS/M4 only

at 86 DAFB.VVARF8A(figure 7C) showed an expression-specificity which is related to
tissue, stages and CS/rootstock combination, with an earliectioduin the skin of
CS/M4 (72 DAFB) in comparison to that observed for CS/1103P (86 DARBAlly, it is
worthy of note thatVvARF10B(figure 7F) transcript was always induced by 1103P
rootstock in both CS tissues and during the entire grape lyegenjing kinetics.
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Figure 7. Expression pattern, evaluated by qPCR, of gerateteto Auxin Response Factors (ARF).
Expression pattern, evaluated by gPCR, of follovangin-related genes: VVARF1A (VIT_18s0089g00910,
A), VVARF5 (VIT_18s0001g13930, B), VVARF8A (VIT_106828g01170, C), VVARF8B
(VIT_04s0079g00200, D), VVARF10A (VIT_06s0004g0275), VVARF10B (VIT 1350019904380, F) in
CS/1103P (grey) and CS/M4 (white) berries. Trapsckevels are measured as means of normalized

expression +SE of three technical replicates. Tiwtogical replicated were considered for this anily

The second analyzed category of regulators of auxin actiothe@asUX/IAA one. In this
case the expression ®MvIAAL (VIT_07s0141g00270Q)VVIAAG (VIT_09s00029g05150)
WIAA9  (VIT_18s0001g08090) VVIAALSA (VIT 11s0016g04490) VVIAA15B
(VIT_09s0002g05160) andvIAA16(VIT 14s0081g00010) was evaluated by qPCR in all
samples (Figure 8A-F).
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Figure 8. Expression pattern, evaluated by qPCR, of gerateteto AUX/IAA transcription factors.
Expression pattern, evaluated by gPCR, of followangin-related genes: VvIAAL (VIT_07s0141g00270,
A), WIAA6 (VIT_09s0002g05150, B), VVIAA9 (VIT_184W1g08090, C), VVIAA15A
(VIT_11s0016g04490, D), VVIAA15B (VIT_09s0002g05168) and VVvIAA16 (VIT 14s0081g00010, F)

in CS/1103P (grey) and CS/M4 (white) berries. Tcaips levels are measured as means of normalized

expression +SE of three technical replicates. Tistogical replicated were considered for this asiy

On the contrary to that reported f&RF, AUX/IAArelated genes showed an higher
expression in CS/M4 in comparison to what observed in the othen/mmtstock
combination, with some exceptions. In particular in CS/M4, theraatation ofVVIAA9
(figure 8C),VVIAA15A(figure 8D) andvvlAA16(figure 8F) transcripts slightly peaked at
45 DAFB, therefore at the beginning they were co-expressed hétimgjority of ARF-
related genes (figure 7). These AUX/IAA genes were induce@Sfv4 also in the
subsequent phases of grape berry development, especially at 72 andAEBOf®
VVvIAAl6andVvIAA9genes, respectively, in skin tissue (figure 8C and/#AAL(figure
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8A), VVIAAG (figure 8B) andvvlAA15B(figure 8E) showed the higher differences among
rootstocks in the last phases of grape berry ripening (86-100 DARB) behaviour was
particularly evident forVvIAA6 (figure 8B) andVVIAA15B (figure 8E) being their
significantly up-regulated at 86 and 100 DAFB in skin tissue of @S§®times higher in
comparison to CS/1103PYVIAAL (figure 8A) showed a strong induction at a specific
time-point and tissue for both rootstocks, with differences rekmdtie developmental
phase. Indeed, the expression of this gene was induced in skia &s86 DAFB in
CS/M4 (20 times higher in comparison to CS/1103P), while it was sirongly induced
(10 times higher) in CS/1103P but at the last stage of grapertpEmning (100 DAFB).

The last two considered categories wéi¢3 andPIN —related transcripts (figure 9).

Figure 9. Expression pattern, evaluated by gPCR, of geratetkto auxin conjugation (GH3) and transport
(PIN). Expression pattern of following auxin-reldtgenes: VVGH3-1 (VIT_03s0091g00310, A), VVGH3-8
(VIT_07s0104g00800, B), VvPIN4-like (VIT_01s0011§80, C), VVvPIN-like (VIT_05s0062g01120, D),

VVABCB-like A (VIT_04s00449g01860, E) and VVABCB-kkB (VIT_07s0031g02200, F) in CS/1103P
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(grey) and CS/M4 (white) berries. Transcript levele measured as means of normalized expressio&SE

three technical replicates. Two biological repkhtvere considered for this analysis.

For these categories transcripts correspondingveH3-1(figure 9A), VVGH3-8(figure
9B), VVPIN2 (figure 9C),VVPING (figure 9D),VVPIN9 (figure 9E) andvVvPINL1O (figure
9F) were monitored along the berry ripening by gPCR.

GH3 genes, involved in auxin conjugation and homeostasis, showed diffgmatsion
kinetic among the two CS/rootstocks combinationd/GH3-1 (figure 9A) was
significantly induced in CS berries grafted onto M4 rootstocthénfirst phases of grape
berry development, in particular at 65 and 72 DAFB. Convergedirowed a delayed and
lower induction in CS/1103P (86-100 DAFB)JvGH3-8(figure 9B) exhibited a different
expression pattern in comparisorMeGH3-1, in particular it was strongly induced in skin
tissue at 86 and 100 DAFB in CS/M4 and CS/1103P, respectively. @3uty indicate
again a strong specificity in the expression of genes belonging e theily, with a
delay observed for CS/1103P.

Also PIN-related genes, responsible for auxin transport, were diffelfgntegulated
among rootstocks. In fadBIN-related transcripts were accumulated earlier and at highe
level in CS/M4, as already observed for the other BdX/IAAandGH3 genes) negative
regulators of auxin-related metabolisms. In both rootstd¢kBIN4-like (figure 9C)
showed an interesting double peak but with some differencesdrédatiee developmental
phase. Indeed, this genes was induced in CS/M4 at 45 and 86 (skeh Dg€eB, and in
CS/1103P at 59, 65 and 100 (skin tissue) DAFB. Analysis gene expressoRIN-like
(figure 9D) highlighted similarities to what observed YuPIN2 but only at last stages..
ABCB-like A (figure 9E) was significantly induced only in CS4Mn the last phases of
pre-véraison (59 DAFB).The last studied transcript was ABC8-Bk(figure 9F), which
was strongly induced by M4 rootstock, up to 65 DAFB.

The above described results highlighted interesting differemmisced by grapevine
rootstocks in the regulation of genes belonging to several awegabolisms. In the next

paragraph we will investigate about some microRNA which eggdlauxin-related genes.
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3.5 Effect of rootstock on miRNA expression and the ir control of auxin
metabolisms.

In order to dissect the effect of microRNA on auxin metabolduring grape berry
ripening, some selected miRNAs and their targets (alreadyilespreviously, figure 5)
were selected and validated by qPCR.

Selected miRNAs were miR160 (figure 10A) and miR167 (figure 10Bjch have as
target VWVARF16 and VVARF3 respectively; and miR171 (figure 10C) and its targets
SCL6-like and another SCARECROW-like (data not showed), twnegeegulating both
shoot branching (Wangt al, 2010) and control cell division and auxin transport in root
and leaves of several species (Dhcetddl, 2010; Gacet al, 2004).

Figure 10. Expression pattern, evaluated by qPCR, of miRNAG their respective genes targets related to
auxin signal transduction and transport. Exprespiaitern of following auxin-related miRNAs and gsne
A. miR160 and VWARF16 (VIT_08s0040g0181®; miR167 and VVARF3 (VIT_10s0003g0042a},
miR171 and VvSCL6-like (VIT_02s0154g00400). Tramstsr and miRNAs expression was evaluated in
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CS/1103P (grey) and CS/M4 (white) berries. Expmrsdevels are measured as means of normalized

expression =SE of three technical replicates. Tistogical replicated were considered for this assy

mMiR160 and miR167 have an important role in the contrédlRiF and consequently in the
control of auxin action. As showed in figure 10A and 10B, expressiohdévke above
cited miRNAs at 45 DAFB was higher in CS/M4 (2 times highergomparison to that
observed for CS/1103P. On the other hand, the expressiwARRF16andVVARF3was
significantly lower in CS/1103P in comparison to that observed insmoreling CS/M4
samples (figure 10A and 10B), as already described in the prepmagraph. As
concerns CS/M4, at 86 DAFB the accumulation of miR160 was signify induced in
pulp tissue and parallel a decreas®whARF16transcripts amount occurred (figure 10A).
mMiR167 seems to have an earlier induction, with some differeamoesg CS/rootstock
combinations. Indeed, it was induced at 72 and 86 DAFB in pulgetissCS/1103P and
CS/M4, respectively; the/vVARF3 target, after an initial induction in CS/M4, was
repressed in both rootstocks during all the kinetic (figure 10B).

The last considered miRNA seems to have a major eftectS8S/1103P berries. Indeed,
when the expression levels of miR171 were significantly lower intdsne (100 DAFB),
target transcriptSCL6-likewere strongly induced. As concerns the other considered time
points, miR171 was expressed at high level in both CS/rootstocKsir@tions and the

target was consequently repressed (figure 10C).
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4. Discussion

In this work, for the first time the effect of two grape¥irootstocks on CS grape berry
guality and development/ripening was evaluated by using a whole gdramseriptomic
approach (mMRNA-seq and microRNA-seq).

It is well known that rootstocks, in function of their ability retnutrients (like potassium
or nitrogen) uptake, can significantly affected grape berry dpwetnt and fruit
composition (Gambettat al, 2012; Walkeret al, 2000; Stockert and Smart, 2008). The
first massive use of rootstocks in viticulture was a consegueaicthe accidental
introduction of phylloxeralaktulosphaira vitifoliag, a root-feeding aphid, to Europe in
the 1800s. Phylloxera epidemic was counteract by grafting grapedfities specie¥itis
vinifera, including international varieties as Cabernet Sauvignon anddQiaay, on
American wild type grapes. Later on rootstocks were used for gilvposes as the
increment of vine performance or the adaptation to specific tgpds and adverse
environmental conditions (Gambetit al, 2012; Covarrubias and Rombola, 2013;
Gregory et al, 2013; Meggioet al, IN PRESS). The impact of rootstocks on fruit
composition and, therefore, on wine organoleptic propertiessis déear but can be
important to such an extent that grafting is desirable eveheirabsence of the above-
mentioned stresses. Rootstocks can have a direct effect ren quiality influencing
content in nutrients, sugars and anthocyanins of the grape beray indirect effect by
controlling vigour and thus affecting berry size and as wellwsripening time (Cortell
et al, 2007a, b). Generally speaking, rootstocks that are able to catuaé vigor also
can induce an acceleration of fruit ripening. However, in scases very vigorous
rootstocks were found to advance fruit maturation. In this work we eshdhat berry
development and ripening of CS grapes was deeply altered whegi@hs were grafted
onto 1103P and M4 rootstocks. Indeed, 1103P delayed the véraison ofri@éS (@drout
14 days) from the date recorded for M4. These results wereandaeg to that reported in
the literature, indeed, it is well known that 1103P is a veggrous rootstock which has a
long vegetative cycle and delays ripening (Gambettal, 2012; Koundoura®t al,
2008), while M4 is considered a medium or high vigorous rootstock (Mexigab, IN
PRESS) but to a lesser extent in comparison to the 1103P one. This shouldlypartia

explained the differences observed in terms of grape berry ripamdgdevelopment
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among the two CS/rootstocks combinations (Figure 2). One of theimmasrtant factors
in determining the quality of the wine is the heterogeneity apgrripening progression at
the bunch level. At véraison the level ripening asynchronyramgly influenced, beside
the cultivar and the environmental conditions, by the hormonal co(Dehtc et al,
2009). In this context, the relationship between plant hormones aneffédogés of the
hormonal treatments on grape berries have been extensivelydsttidiee transcriptomic
levels (Symonst al, 2006; Davies and Boéttcher, 2009; Cherginal, 2008; Ziliotto et
al.,, 2012), while transcriptomic studies regarding the effect ofrtlo¢stock are almost
absent.

Physical and biochemical analyses carried in this work réid), showed differences in
terms of ripening kinetics among two CS/rootstocks combinations. tticydar, the
véraison for CS/M4 was identified at 72 DAFB, where samples sti@a\8SC of about 18
brix°. In CS/1103P berries the same SSC value was reachedwankyeek later (at 86
DAFB) . These results were in according to those reported by atitleors that recorded a
significant delay in developing berries of Shiraz when grafted 103P instead of onto
other less vigorous rootstocks (Walletral, 2000).

MRNA-seq results, enrichment analysis and gPCR (Supplemergarg %) pointed out
an early induction of genes involved in sugar metabolism in CSH&kose sugars
accumulation begins at véraison (Grimpgéetl, 2007), whereas in the earlier stages these
solutes are not stored in the vacuoles but metabolised (Daviddoimtson, 2000). Flow
of solutes from the phloem cells to the berry mesocarp oocgarapoplastic and is
mediated by transporters (named HT1 and HT2) ,that allow theradation of hexoses,
in particular fructose and glucose (Grimpéttal, 2007), in vacuoleHT1 expression in
CS/M4 skin was similar to what observed by Fillion et al. (1999) Badies and
Robinson, (2000). In particular two peaks were observed, at 59 and B8 mAich
correspond to pre and post —véraison stages, respectively (aepaey figure 5C).
VVGIN1 (supplementary figure 5A) andvGLU-INV (supplementary figure 5B), two
genes coding for a vacuolar invertase involved in the hydrolysisabse to fructose and
glucose, were expressed both in CS/1103P and CS/M4 at pre-véstagmn (45-65
DAFB), as already reported by Davies and Robinson, (2000), but gmificsintly higher

level in CS/M4 berries. All these data indicate that inMZBA higher accumulation of
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soluble solids accumulation and sugars-related genes transcaptghidt observed in
CS/1103P occurred (Figure 2; Supplementary figure 5).

Sugars concentration is positively correlated with the amounttifoayanins during
grape berry ripening and negatively correlated with others plesrmdmpounds because
the latter offer another substrate for synthesis of anthocyanaste(@rinet al, 2011,
Gambettaet al, 2010; Lianget al, 2011). Genes involved in phenylpropanoids
biosynthetic pathway were expressed earlier and to a higharite€S/M4 (Figure 4).
This pattern was in according with the earlier véraison (14)dalyserved in CS/M4
berries (Figure 3). Indeed, it is well known that accumulawbranthocyanins and
induction of genes involved in their biosynthesis are strongly celaiethe onset of
ripening in grape berries (Kutet al, 2013; Grimpletet al, 2007; Cheret al, 2006). The
early expression of genes related to anthocyanins pathwagoip@aditively related to the
greater intensity of colour observed in CS/M4 berries in cosgato that observed in
CS/1103P (data not showed), as already suggested by other autharsV{&gaeio and
Gonzalez-San José, 2004; Ryan and Revilla, 2003).

Expression ofPAL3like genes (Figure 4A) was higher in skin tissue as observed by
Grimpletet al. (2007) and Castellariet al. (2011). As concernBAL gene YVvPAL3-likg

we observed a strong correlation between its expression and Istaiigisg intensity.
This fact was expected considering that PAL is the firsymezof phenylpropanoid
pathway and is therefore producing also precursors for the of pheasiwoands, thus
PAL is indicated as one of responsible for rate-limiting sie@sthocyanins biosynthesis
(Guillaumie et al, 2011). Similarly, the increased expressiorVeCHS3and VVUFGT
genes (Figure 4B, E) had a positive impact on anthocyanins acciomylaang et al,
2011; Lijavetzkyet al, 2012) The increase of anthocyanins-related genes occurred
during the ripening phase was paralleled by anthocyanins accumulatithre iberry
(Davies and Robinson, 2000). The same trend was also observed gentheoding for
the synthesis of flavonol$=ILS1 Figure 4D), while thde.AR2 gene (Figure 4C), which
encodes for an enzyme involved in tannins biosynthesis, showed a indnci&iM4 at
pre-véraison (45 DAFB) and in both rootstocks at véraison (72 and 86 MAEB/M4

and CS/1103P, respectively). The increased expressiguL#R2at pre-véraison should
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be linked to an induction of tannins accumulation that, as observéatimplet et al.
(2007), were typically produced in the first phase of berry drowt

The above discussed data showed significant differences in dmmyosition when CS
scions are grafted onto M4 or 1103P and support the fact that réetstoert a strong
influence on berry development and ripening-related processes. Bt are the
molecular mechanisms that control these events? A possible dimiacauld be related
to auxin metabolism. Considering the large numbers of DEGs deiatauxin identified
using Mfuzz cluster and enrichment analyses, and the relenlandfrauxins during grape
berry development(Ziliottet al, 2012), a characterization of grape ARF and AUX/IAA
gene families and the consequent association with the genessigprelata was carried
out (Figure 6; supplementary figures 3 and 4). Level of the synidexin indole-3-acetic
acid (IAA) reached its maximum in flowers and young berrggsl then decreased until
véraison (Bottcheet al, 2012). The decrease in IAA levels is thought to be a prisiezu
for the onset and progression of ripening in a large range of fngiuding grapes
(Ziliotto et al, 2012; Boéttcheret al, 2011; Davieset al, 1997; Schafferet al, 2013;
Symonset al, 2012). In this work, we observed that the delayed véraison dflG3P
berries was paralleled by a delayed induction and a lower axpnesf VVGH3-1gene
(Figure 9A) when these two events were compared to those occinrib§/M4 ones.
These results were in according to that observed by Bottlan(2010 and 2011), which
demonstrate that the increasing levels of conjugated fori@Afin grapes might be
linked to the low levels of active IAA recorded at, and aftee onset of ripening.
Conjugation of IAA to amino acids, catalyzed by GH3, have goortant role in the
control of auxin homeostasis and the pivotal role of GH3 prot@insontrol of fruit
ripening is still under investigation (Pattisen al, IN PRESS). As already observed in
rice, GH3-8 is linked to the repression of expansin-related gerkthair expression is
skin-tissue specific (Dinget al, 2008). Also the induction o¥vGH3-8 (Figure 9B)
detected at post-véraison phase of CS/M4 (86 DAFB) and CS/1103MDARB) was
paralleled by a decrease in expansin-related transcripts expressalready observed by
Ziliotto et al.,2012.

ARFs and AUX/IAAs genes regulation was essential for sevashbolisms related to

grape berry development and ripening. Our data highlighted that AR€sgwhich are
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actively involved in the auxin action, showed an earlier inductigrexvéraison stage in
CS/M4 berries (figure 7; supplementary figure 3), when auxin i@ahed its maximum
(Davieset al, 1997). As concerns CS/1103P most of ARF transcipt8,RF8A/10Bn
particular (Figures 7C, F), reached a peak (65 DAFB) irr thepression later than
occurred in CS/M4. Taking into accounts the differences observe@dr®t@S/rootstocks
combinations in the regulation of ARF transcripts, a role ip@rfauit development of
these transcripts was suggested. Several genes belonging tarthily were showing
similar expression kinetic indicating that their function can layperduring fruit
development, as already observed in tomato (Kwrhai, 2011). In particular expression
of VVARF8A(Figure 7C) suggested, in both CS/M4 and CS/1103P, its involveiment
fruit development and ripening. An involvement of ARF8 in fertiimatand fruit s et was
suggested (Goetet al, 2007; Seymouet al, 2013), but its role during fruit ripening is
still unknown.VVARF1AandVVARF10A(Figures 7A, E) were significantly induced at the
pre-véraison stage, especially in CS/M4, suggesting a funictioell expansion during
berry green phase and thus a role in the early phases afdwaitopment. Indeed, a recent
work demonstrated a role of tomato ARF10 in the regulation ofiteeand shape of the
fruit (Hendelmanet al, 2012). As concerns ARF1, it was observed an induction at the
mature green phase in tomato, suggesting its involvemeffituith development too
(Kumaret al, 2011).

VVARF5 was the only one highly expressed in the latter phases of beewirmg,
especially at 86-100 DAFB period. Its high expression during fruinimgewas already
observed by Kumaet al. (2011), in tomato fruit, but role of this genes during fruit
developmental processes is still unknown.

Several AUX/IAA-related genes showed an earlier and highercimuthroughout all
grape berry development in CS/M4 samples (Figure 8; supplemdigtary 4). It is well
known that in absence of auxin, AUX-IAA sequester ARF by preteatein interaction
and inhibit the binding between the latter and the promoter region afi-easponsive
genes. In this context AUX/IAA genes have been claimed asategsilof auxin response
during fruit development and ripening (Pattisenal, IN PRESS; Wanget al, 2005;
Woodward and Bartel, 2005).
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Among this family,VvIAA9 andVVIAA15Awere more induced during the green phase of
grape berry development (Figure 8C, D), as already observeomatd by Audran-
Delalandeet al. (2012), so, their expression can be related to the control of auxin
responsive genes in the early phases of berry ripening. Convafeegi6andVvIiAA15B
(Figure 8E, F) were significantly induced in CS/M4 at 86-100 BAEggesting their role

in control of auxin responsive genes in the latter phases of twepg ripening. It is
worthy of note thatVvlIAAl showed a strong tissue specificity in both CS/rootstocks
combinations, with differences among rootstocks related to theessipn pattern, as
already described in the results section (Figure 8A).

Genes coding for cellular auxin transporter enzymes, were tiseolas considered in this
experiment (Figure 9). Auxin concentration in fruit, as welliraother organs, is strictly
related to its polar transport, which contributes to the formatidocal auxin maxima and
minima that control various aspects of fruit development anchirigedevelopment
(Pattisoret al, IN PRESS). Auxin efflux is mainly due to PIN and ABCB enzgmehile
auxin influx is controlled by AUX/LAX proteins (Pattisat al, IN PRESS; Geisler and
Murphy, 2006). mRNA-seq (data not showed) and gPCR (Figure 9) anhigbdighted
interesting expression patterns in these genes familieshéwed in figure 9C and 9D,
PIN-like genes were mainly expressed in the final phases of graperlpening in skin
tissue, with an early induction in CS/M4 in comparison to what obdeirv CS/1103P.
ABCBlike genes were expressed in the pre-véraison stage (45-65)ahEBshowed an
higher expression in CS/M4 (Figure 9E, PIN and ABCB genes were suggested to
control auxin intracellular levels and homeostasis in differertgispend tissues (Carraro

et al, 2012; Forestaret al, 2012; Pattison and Catald, 2012). Our results suggest a
specific tissue and temporal -expression of bBtN and ABCB families and their
involvement in the reduction of auxin levels and control of auxin horagiesin grape
berries.

Taken together, these data suggest an important involveméra aontrol of grape berry
development/ripening of genes that are related, on one hand tosagynah transduction
(ARFand AUX/IAA) and, on the other hand, to homeostasis of this hormone through the
expression of genes involved in conjugatidBH@) and transport RIN and ABCB.

Analysis of the expression patterns of genes involved in auxin trarssmbrnetabolism
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are an important first step to elucidate the control of auxeldeand gradients in the fruit,
and are being performed in an increasing number of various peties (Ziliottoet al,
2012; El-Sharkawyet al, 2010; Dal Cinet al, 2009; Kanget al, 2013). In addition to
these mechanisms, miRNAs seems to be important in the cohfralt development and
ripening and their role is currently emerging (Caetaal, 2011; Wanget al, 2012). An
important role in the modulation of auxin-related genes after présvérastage was
indeed played by miR160 and miR167 which represgedRF16 and VVARF10
respectively, at véraison stage (Figure 10). The higher estpresf miR160a/b-1, which
corresponds to those considered in this word (figure 10A), during eatliate stages of
grape berry ripening was reported also by Wang et al. (2014), winered an induction
of this miRNA at young and mature berry of the table grape8oenmer Black’. Despite
what observed by Carra et al. (2009), which hypotized a role of ontyrebejrape
ripening, we can speculate about its involvement also during tlesviiog phenological
phases. As observed for miR160, also miR167a (Figure 10B) expresaminguced
during ripening, this should be related to its role in the repressigertds involved in
growth and development, which were expressed in the pre-véraiseaspfiau et al,
2012). Another important issue of transcriptional control medibyethiRNA, is related
to their mobility. Indeed, in this study it was observed changesimserved miRNA
expression, together with the presence of novel miRNA genotypeifisp(data not
showed), which is probably due to a production of these miRNA in theooetand their
transport to the aerial part. Long-distance

transport of small interfering RNA and microRNA has been proveevaral studies. For,
example, Yoo et al. (2004) showed that small RNA corresponding tordgiathegulatory
RNAs (siRNA and miRNA) can enter and move through the phloem \@raleplant
species. Furthermore,

these authors identify a novel protei@ucurbita maximaPHLOEM SMALL RNA
BINDING PROTEIN1 (CmPSRP1), and show that it likely playsk in trafficking of
small RNA through

the phloem. So, in both leaf and root development, miRNAs estabiitercellular
gradients of gene expression that are essential for cell iaadet differentiation

(Gursansckyet al, 2011) but their translocation from the basal (root) to the laeria
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(leaves/berries) part of the plant has still to be proverthérefore, remains a distinct
possibility that proteins may facilitate or inhibit the movemeihsmall RNAs not only
from cell to cell, but to distal locations in plants via gidoem.

In another paper, we observed that, after an NAA-treatmethe pre-véraison stage,
Merlot grape berries counterbalanced the excessive avigylabiauxin controlling auxin
homeostasis through the modulation of genes involved in biosynthesis, breakdow
conjugation and transport (Zilioteet al.,2012). Data presented here confirmed that auxin
level (in this case due to different scion/rootstock combinatian)be a key factor in the
onset and progression of grape berry ripening. The ability of root$toakduce high
auxin levels in scion buds was postulated Sorce et al. (2006) to etiEgmositive effect

of vigorous peach rootstocks on scion branching. In the case afifiening, auxin acted
as a positive regulator of genes that control grape bemeysg. expansin-related genes)
before the véraison stage; it was indeed observed the up-reguddtihe pre-véraison
stage, which was different for CS/M4 and CS/1103P, of transdhptscontrol auxin-
responsive geneg.g.VVARF8AandVVARF1A. The induction of genes that belonged to
ARF family was paralleled by the expression of transcriptsdbatrol auxin levelsd.g.
VVGH3-1, WIAA9, VVIAAL5A, VVIAALGighlighting an accurate regulation of auxin
homeostasis in grape berries at these phases. Moreover, adrdrotin levels in grape
berry seems pass through other mechanisms involving the contrinsport-related
genes in early (e.g. ABCB) and late (PIN) phases of lwewvelopment (figure 9).

Although several studies emphasize the function of auxin asessgprof genes involved

in the ripening process (Daminagd al, 2013; Sundberg and Ostergaard, 2009), a more
complex role of auxin regulating this process is currently emeffgimg studies carried
out both in climacteric fruit as peach (Tatsekial, 2013; Trainottiet al, 2007a) and in
climacteric-suppressed fruit as plums (El-Sharkaety al, 2010). These studies
demonstrated that auxin can play an autonomous role in the ripeningtathe, same
time, to govern the ripening interacting with ethylene (Trainettial, 2007b). The
interaction between auxin and ethylene in the controlling of ripesisgpported by the
ability of auxin treatment to restore a correct progressiorpehing in fruit in which this

event is partially impaired as in Stony-Hard peaches (Taful, 2013) and on Shiro, a
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suppressed climacteric plum (El-Sharkaety al, 2010). These results suggest that a
scarcity of auxin might negative affect the levelsaofocatalytic ethylene production.

In the case of grape, auxin treatment performed at véramhrced the expression of
genes involved in the ethylene biosynthesis although the ripeningepsian was deeply
delayed (Ziliottoet al, 2012). In this contest, auxin acted as negative regulators aan som
genes related to grape berry ripening but its induction at theépagson stage could be
necessary to triggers other metabolism involved in ripening eseAuxin seems to be
accumulated rapidly and in higher levels in CS berriesegtadhto the M4 genotype and
high levels of ripening-related genes resulted in the eartgitran of the green fruit into
the ripening stage as already observed in other fruit (Ek8hg et al, 2010; Pattison
and Catald, 2012; Trainott al, 2007b; Exposito-Rodriguest al, 2011).
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1. Introduction

A large number of physiological and molecular events are known to docung grape
berry ripening, but the regulatory mechanisms controlling this afitievelopmental
phase are still poorly understood. The onset of ripening (termat®gy is accompanied
by significant changes, at both physical (pulp firmness) and chefameumulation of
sugars and flavor compounds, synthesis of anthocyanins and reduction rot @agds
concentration) levels (Nunan et al., 1998; Robinson et al., 2000), cemdyrwith the
modification of the transcription rate of a large number ofteelayenes (Deluc et al.,
2007; Pilati et al., 2007). Auxin, ethylene, abscisic acid (ABAJ brassinosteroids (BRS)
are actively involved, throughout a complex network of interactioitis @ther mobile
signals, in the regulation of grape berry ripening (Davies.eR@09). Interestingly, the
highest levels of auxin are observed at early berry developitiemt,its concentration
decreases rapidly before véraison, becoming undetectable aftewaeks (Deytieux-
Belleau et al., 2007; Bottcher et al., 2010).

On the other hand, another study showed no dramatic changes in aogéenttation
during berry growth and development (Symons et al., 2006). Applicatisyrahetic
auxins before véraison delays ripening, as seen in severalngpexiated physiological
processes (Davies et al., 1997; Bottcher et al., 2010a; Bodtlae, 2010b), and heavily
modifies the transcription of key genes involved in the sugatalmlism, cell wall turn-
over and biosynthesis of phenylpropanoids (Jeong et al., 2004). Amonattére the
expression of genes encoding chalcone synthase (CHS), flavanonexyssi (F3H),
UDP-glucose:flavonoid 3-O-glucosyltransferase (UFGT), and MiMBScription factors
(Davies et al., 1997; Davies et al., 2009;) is negativdigcedd by auxin. Davies et al.
(1997) showed that treatments with the synthetic auxin BTOA (benzol&id-oxyacetic
acid) were able to modify the hexose accumulation mechanismgebp@ithe expression
of the related genes. NAA applications at véraison also tekiltjenes belonging to cell
wall structure, such as GRIP4 coding for a proline-rich protein,nagatively affected
ABA metabolism (Davies et al., 2009). Endogenous levels of ezirylABA and BRs
increase at véraison, and exogenous applications of these hormoeéeradecthe
initiation of the ripening phase, concurrently stimulating thecuenulation of
anthocyanins, most likely by enhancing the transcription of CHS, BB&T, and MYB1
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genes (El-Kereamy et al., 2003; Jeong et al., 2004; Symons 20@&; Chervin et al.,
2008; Giribaldi et al., 2011). These treatments can also induagptake and storage of
sugars by berries (Giribaldi et al., 2011). In addition, low slaffeethylene at véraison
stimulated grape berry expansion, enabling cell elongation in pulpkamdaad inducing
genes encoding aquaporins (AQUAPORIN1 and AQUAPORIN2) and well
hydrolase/esterase, such as Polygalacturonase (PG1) Expansjra(@XPectin-methyl
esterase (PME) (Chervin et al., 2008; Sun et al., 2010).

Since mutants with impaired ripening are not available in giapethe best alternative
way to investigate the role of hormones during berry developmenistoirsaltering the
specific process by means of exogenous applications of plant gnagtiators.
Transcriptome studies dealing with the effects of exogenous hormeaménts in
grapevine have focused on ethylene (Chervin et al., 2008);imgf¢o the pivotal role of
this hormone in the transcriptional regulation of its biosynthasd signal transduction
during grape berry development. In particular, ethylene treatmemts shown to induce
the transcription of ARF8 (auxin response factor) and NCED (9-cisepmtgnoid
dioxygenase) genes, the latter encoding a key enzyme of AB&riiesis (Chervin et
al., 2008). Auxin treatments were also investigated, showingaease in ethylene due
to the stimulation of the expression of genes encoding its biosynkiey enzymes (Chae
et al., 2000; El-Sharkawy et al., 2008) and signal transductiomealts (El-Sharkawy et
al., 2009).

In order to shed light on the hormone interactions occurring at véraasapgecific
transcriptomic study was carried out on NAA treated berfiéss study confirms the
capacity of NAA to delay grape berry ripening at the trapsional level. The duration of
this delay may be associated with the recovery of a steatdyaftauxin concentration. In
the presence of altered levels of auxin, the crosstalk betin@emones involves diverse
specific mechanisms, acting at both the hormone response and Ibéssyrievels, thus

creating a complex network of transcriptional responses.
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2. Materials and methods

2.1 Plant materials and treatment

Experiments were performed on Vitis vinifera L. cv. Merlotrries collected at a
commercial vineyard (Vini e vigne, Monselice PD, Italyhechundred bunches from fifty
homogeneous plants (two bunches per plant) were treated in planta syiithetic auxin
(naphtalenacetic acid, NAA, 200 mg/L; SIGMA-N640) at the pFesison stage
corresponding to fifty-three days after full bloom (DAFB), sagjgested by Jeong et al.
(2004). Whole berries from treated and untreated bunches were ableé&é, 60, 70, 95,
and 110 DAFB (see Additional file 10), and either immediately useddiochemical
analyses or frozen in liquid nitrogen and stored at -80°C for RMN#atisn and
transcriptomic evaluations. Because of a delayed ripening wasseipon the treatment,
additional samples were collected from NAA-treated bunches u6@DAFB. The
sample at 148 DAFB was chosen ex post as being representathve ludirizest date of
treated berries, according not only to the Color Index for Re@e5(@IRG), but also to
the biochemical parameters that were similar to the corgmpkes at harvest (see Results
section for a detailed description). At each time-point, thielodical replicates were
sampled for the biochemical analyses and two for transcriptassessments. Each
replicate was collected from five to seven bunches and wake mp of at least fifty
berries chosen according to the CIRG index proposed by Carrefi¢1o8) at the same
position within the cluster (median position). The juice from eagiticate was used to
assess the biochemical indicators (titratable acidity,tptiaric acid, malic acid, soluble
solids) using a WineScan FT 120 multiple-parameter analy$283$F Denmark), while
anthocyanin content was determined as described by Mattiki @086). A colorimetric
index was chosen since gene expression analyses in individual gras loewring
ripening initiation revealed that pigmentation intensity couldassumed as a valid

indicator of developmental staging within the cluster (Lund.e280D8).

2.2 RNA extraction, microarray analysis and quantit  ative real time
PCR
Total RNA for both microarray and real-time PCR experiments exdracted from whole

berries stored at -80°C using the perchlorate method as reportidziyi et al. (2009).
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Microarray experiments were carried out using the grape ARQA platform
(http://www.operon.com), as described by Rizzini et al. (200Bg fbllowing samples
were hybridized: NAA-treated berries at 60 DAFB versus urdteherries at 60 DAFB
(N1/C1), NAA-treated berries at 110 DAFB versus untreatedidsemt 110 DAFB
(N2/C2), and NAA-treated berries at 148 DAFB versus untreatatebeat 110 DAFB
(N3/C2). For each of the three comparisons, three slides mdridized using targets
corresponding to two biological replicates (at least one biologeglicate was dye-
swapped, except for the N1/C1 comparison for which both replieses dye-swapped
and thus four slides were hybridized). Raw hybridization data wgasdity-filtered,
background subtracted, and intra-array normalized with the loe#®odneThe above
calculations were all carried out with the package limma ahérabasic statistical
functions of R for Mac OS X v2.13.1 (http://www.r-project.org/heTsame package was
also used for discovering differentially expressed genes by mééms kinear modelling
approach (ImFit) and the empirical Bayes statistics (eBape#) implemented in limma
(Smyth et al., 2004). All the experimental procedures comply minimum information
about a microarray experiment (MIAME) standards for array (Btazma et al., 2001).
Gene expression data have been submitted to Gene Expression OmnibDy (GE
(accession no. GSE37341) at NCBI (https://www.ncbi.nlm. nih.go/JgFor quantitative
real-time PCR analysis (QPCR), cDNA was synthesizeathus g of total RNA, 2.5 M
(dT)18 primer, 200 Units of M-MLV Reverse Transcriptase (Prahemd 1 Unit of
RNAguard (Amersham Biosciences), at 37°C for 90 minutes inah ¥iolume of 20 L.
gPCR was carried out in triplicate, on two biological replicdtgseach sample, with
StepOne Plus Real-Time PCR System (Applied Biosystems) Inyg @giecific primers
listed in Additional file 11. The specificity of amplificationa assessed as indicated by
Botton et al. (2011). Data were acquired, elaborated, and edpaite the StepOne
Software version 2.1 (Applied Biosystems), whereas all tied @alculations were carried
out with the automated Excel spreadsheet Q-Gene designed by Si@@#) (sing the
modifications of the delta cycle threshold method suggested §l PZ801). Gene
expression values were normalized to the housekeeping gene UkIBiFuifin
Conjugating Factor; CF203457) already used by Castellarin et al. (2@@87#eported as

arbitrary units of mean normalized expression, using equatdr2Gene.
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2.3 Microarray annotation and enrichment analysis

The sequences of the oligos spotted onto the AROS V1.0 microarraymatched by

means of the Blastn algorithm against the transcripts of the ggme assembly
obtained at the CRIBI Centre of the University of Padova andgbullvailable at the

website http:// genomes.cribi.unipd.it/. The Gene Ontology tevers retrieved, imported
in the Blast2GO software v2.5.0 (Go6tz et al., 2008) and inateafsgbout 16% by means
of the Annex function (Myhre et al., 2006) as reported by Bottah ¢€2008). Enrichment

analysis was performed for each set of differentially expeegenes with the built-in
Fisher’s exact test function with P0.01 and FDR correction.

2.4 HORMONOMETER analyses

The HORMONOMETER tool (Volodarsky et al., 2009; http://gename&mann.
ac.illhormonometer/) was used by following the same pipeline atidptgpeach by
Bonghi et al. (2011). Since this bioinformatic tool accepts onlpbfiopsis gene
expression data, the probes spotted onto the grape microarraynatteed against the
12X genome assembly as reported above and, in turn, the genesepredithe latter
release were matched with those of Arabidopsis by blastingrabgective protein
sequences against each other (grape deduced proteins vs TAIR1spratehis way, an
association ‘array probe-grape gene-Arabidopsis gene’ was obtaili@ging to use as
input data for HORMONOMETER the grape gene expression data cowitledhe
respective locus names and Affymetrix probe IDs of the put#@tradidopsis orthologs.
In the case in which different grape genes matched a singlbidapsis gene, their
expression values were averaged and considered just once. In atdditienwhole set of
grape genes spotted onto the microarray, three subsets were ttetibrio
HORMONOMETER: i) genes with hormone-specific responsiveniess that are not
multiple targets of hormones), ii) hormone-responsive genes encaaingcription
factors (TFs), and iii) genes encoding TFs with hormone-spe@Bponsiveness (an
intersection between the two previous groups). A short descriptitre basic principles
of functioning of the HORMONOMETER tool is given by Bonghi et(2011).
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3. Results

3.1 Biochemical analyses

Physical (berry volume) and chemical (total anthocyanins contmiyble solids
concentration, titratable acidity) parameters were asdess both control and NAA-
treated berries (Figure 1), in order to verify the dadffécacy of the treatment.

Untreated berries showed an increase of volume after theofithe treatment (53 Days
After Full Bloom, DAFB) until reaching a temporary lag ph&sem 60 to 70 DAFB)
during which this parameter did not vary significantly. Thereafie increased and
reached its maximum at harvest (110 DAFB). The volume of NA#gdeberries showed
a significant increase up to 70 DAFB, when their lag phasarbeft this time, the
volume of treated samples was about half that of the controkedwer, the lag phase of
NAA-treated berries was more than 50% longer (from 70 to 95 DAW® respect to the
control. Thereafter, the volume increased, until reachingaatest (148 DAFB), a value
similar to that observed in untreated samples (Figure 1A).

Anthocyanins content of whole berries in control samples increasgdagdly up to five
days following the lag phase, and then gradually decreased ungkh&110 DAFB). The
accumulation of anthocyanins was significantly inhibited in NAdated berries to almost
undetectable levels up to 80 DAFB. Thereafter, a constant gecwas observed until
harvest (148 DAFB), finally reaching a level similar to tma¢asured in the control
(Figure 1B).

Soluble solids concentration (SSC) of control berries constantlyasedethroughout the
whole experiment, especially during the lag phase of berry groM#A treatment
showed an inhibitory effect also on this parameter, similar toofrenthocyanins. In fact,
no increase of SSC was observed up to 80 DAFB, whereas a corstams measured
thereafter, reaching at harvest the same values as thel¢éigure 1C).

In control berries, a constant decrease of titratabletgcwell correlated with both malic
and tartaric acid degradation, was observed during ripening evol@iothe other hand,
NAA-treated berries always showed significantly higher e total acidity than the
control, except for samples at harvest, whose acidity wasas to that assessed in

untreated samples. However, in treated berries a cleaglatoon was observed only
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between titratable acidity and malic acid content. Additiopallgignificant increase of
tartaric acid was observed immediately after the NAAttreent (65 DAFB), followed by

a constant but less rapid decrease compared to contrdHiguire 1D).

Figure 1. Biochemical analysis. Evolution of physical (bemglume) and chemical (anthocyanins content,
solid soluble concentration, titratable acidity)rgraeters in control (circle) and NAA-treated (seg)ar
berries throughout fruit development. NAA treatmgrrow) was performed at 53 DAFB. Data concerning
volume are the average of values obtained by bfyries. Soluble solid concentration, tritatablédiay,
malic acid, tartaric acid and anthocyanin contearts given by the average values of three biological

replicates. Bars represent the SE.

3.2 Differentially expressed genes and enrichmenta  nalysis

Three comparisons were carried out by means of microarray exques. The samples to
be compared were chosen in order to achieve as much informationsdsdepabout the
effect of the auxin treatment at the transcriptional llet& duration, and the implications
in terms of physiological changes and technological relevancé\(s#gonal file 1A and
B). The first comparison was carried out between NAA-treated! control fruits at 60
DAFB (N1/C1) in order to identify genes differentially expesat 3 days after the auxin
treatment, in correspondence with the onset of véraison in the cohtrel.second

comparison was made on NAA-treated and control berries at 11BOANR2/C2) in
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correspondence of the harvest of untreated berries, to pointeogiféicts of the treatment
on ripening evolution. The third comparison (N3/C2) highlighted trapisonal
differences present in treated berries, which had biochemicgblarbtypic parameters
similar to the control at harvest.

Among the three comparisons, genes with significant (P < 0.0®relifial expression
were 1,511 in N1/C1, 1,016 in N2/C2, and 1,136 in N3/C2 (see Additidaa)fiAmong
the genes differentially expressed in N1/C1l, N2/C2, and N3A32, (15.8%), 289
(28.4%), and 74 (6.5%) genes, respectively, showed a fold-chanigéion of at least 2-
fold in terms of down- or up-regulation. It is noteworthy thaated samples at harvest
(148 DAFB) showed an almost complete transcriptional recovetly mispect to the
control at 110 DAFB.

Microarray data were validated by means of gPCR experimenisrmed on a subset of
selected genes, revealing similar expression patternordgnoed by the significant
correlation (Pearson coefficient = 0.77; P = 0.0007) pointed out eetwem (see
Additional file 3).

In order to functionally classify the genes affected by theraugatment, Gene Ontology
(GO) term enrichment analysis was performed, as describ8tlithygen et al. (2004) and
Botton et al. (2008), in each of the three comparisons againshitble array background.
A complete list of the enriched GO terms resulted frorhd¥is exact test can be found in
Additional file 4, Additional file 5 and Additional file 6. In th&dt comparison (N1/C1),
no significant enrichment was found when a Q < 0.05 was considsr@threshold value,
although GO terms related to protein synthesis (ribonucleoprotein contgaaslation,
ribosome, ribonucleoprotein complex biogenesis, ribosome biogenesisturstt
constituent of ribosome) were significantly over-represe(fed 0.01). It is noteworthy
that also the terms “protein transport” and “establishment okiprddcalization” were
those with a higher significance and shown to be under-represeitteitie second
comparison (N2/C2), few terms showed a significant Q. Howenarsidering the P <
0.01, terms related to the cell wall (external encapsulatingture organization, cellular
cell wall organization or biogenesis) appeared to be overrepees@xdditional file 5). In
the last comparison (N3/C2), GO terms related to developrderelppmental process,

anatomical structure development, multicellular organismal |dprent) were
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significantly over-represented with Q < 0.05. It is wortbynbte that among the terms
with a significant P value, particularly enriched are thodated to 1,3—glucan (1,3-
beta-glucan biosynthetic process, beta-glucan metabolic proceggubatabiosynthetic
process, 1,3-beta-glucan metabolic process, 1,3-beta-glucan ssyrattivity, 1,3-beta-
glucan synthase complex). Among the hormone-related terms, themofj&s acid

mediated signaling pathway” was overrepresented.

3.3 MapMan analysis

To investigate the main metabolic pathways affected by the Mé#&tment, a MapMan
analysis (Thimm et al., 2004) was performed on N1/C1 comparisond basen
differentially expressed genes chosen according to P < 0.084, whickhean to be an
acceptable threshold according to array validation analae®d out with gPCR. This
specific threshold was chosen in order to enlarge the numbenes$ ¢e be used as input

data for the Map- Man software.

Figure 2. MapMan analysis. MapMan visualization of differeacin expression of genes involved in

metabolic processes. Classification into bin categowere done by using a mapping file of the grape

140



AROS V1.0 platform (http://mapman.gabipd.org/weldpat maps show genes with statistically significant
(P value < 0.084) differential expression identifieg comparing NAA-treated and control berries at 60
DAFB (N1/C1). A conventional red-to-green scale wased to indicate up-regulation (red) or down-

regulation (green).

MapMan pointed out that several metabolisms were down-regulatedAtidated
berries, such as those involving cell wall metabolism, caudiralgs, lipids, secondary
metabolites, and amino acids, with the only exception of the ligictioms pathway that
showed a general up-regulation (Figure 2).

The cell wall and secondary metabolism bin categories, whicé lvked to the above
described biochemical parameters, were investigated.c€&hewall category included
genes coding for pectin methyl esterase, endo- transglycosplalggalacturonase, and
expansin-like protein (Figure 2), whereas the secondary metabatisluded genes
encoding alcohol dehydrogenase, phenylalanine ammonium lyase (phenylproenbids
phenolics pathway) and chalcone synthase (flavonoid pathway)inWitis secondary
metabolism category, genes coding for 3-carotene hydroxylager(es pathway) and
cynnamoyl-CoA reductase (flavonoid pathway) showed an up-regulation Atiéated
berries (Figure 2). Expression patterns of key genes involveckllnexpansion and
phenylpropanoids pathway were validated in gPCR experiments carriedalusamples
(see Additional file 7). This validation analysis pointed out thatexpression profiles of
selected genes (anthocyanins: CHS1, Vv_10010748; CHS3, Vv_10004167; F3H,
Vv_10003855; UFGT, Vv_10004481, MYB31, Vv17s0000g06190 and MYBA4,
Vv4s00239g03710; cell wall metabolism: PG1, Vv_10003791, and EX1, Vv_10000426;
water uptake: TIP;2-like, Vv_10003817 and AQUA1, Vv_10003711), paralleled the
kinetics of anthocyanins content and berry volume (Figure 1), shawirgrly inhibitory
effect of the auxin treatment, followed by a recovery atdsty when the treated samples
showed transcripts levels similar to the control.

A detailed list of genes with the respective bin codes belongirgth MapMan category

is reported in Additional file 8.
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3.4 HORMONOMETER analysis

To understand the hormone-related transcriptional response of ffye tbbethe auxin
treatment, a HORMONOMETER analysis was carried outnglypon putative hormone
indexes whose transcript levels were measured by means afithearray. This tool
allows to describe, in terms of correlation (or anti-correlatiahge similarity (or
dissimilarity) between a query transcriptional response andnactiptional response
typically assessed upon a certain hormone treatment as defin&dolayn hormone
indexes in Arabidopsis. Separate runs of this tool were carrieditiutlifferent subsets
of genes as input, as performed by Bonghi et al. (2011). The subset§ all the
hormone indexes (H), ii) genes with hormone-specific responsive(s¥s), iii)
hormone-responsive genes encoding TFs (TFs), and iv) genes encodingvifhF
hormone-specific responsiveness (sTFs). Along with this analpse&an log ratios
(weighted according to the P level of significance) of genesnbe&lg to biosynthesis
(BS), metabolism (MET), transport (TR), perception (PERna transduction (ST) and
hormone-responsiveness (HR) categories were calculated fooktwh eight hormones
considered by the HORMONOMETER. The categorization was raaderding to the
Arabidopsis Hormone Database 2.0 (AHD) web site (http://ahdpdi.edu.cn/). Both
analyses were carried out in the three comparisons made wittoamays and the
resulting heat maps were focused on hormones involved in graperipemng with a
primary role (i.e. auxin, ethylene, abscisic acid and brasgroids) (Figure 3).

The proportion of hormone responsive genes in Arabidopsis ranges bhé\8eend 9.4%
of the whole transcriptome (TAIR 10 version; 27,416 genes) accotditite hormone
considered, whereas in grape the percentage ranges béhiemmd 10.1% of the whole
gene set (12X genome assembly, see Materials and Methodm}kegs far as the grape
microarray is concerned (14,562 genes), the proportion of hormonasesapgenes are
similar to that of Arabidopsis, ranging from 4.3 to 8.9% with valfer each hormone
comparable to those calculated for Arabidopsis (See Additionad¥ild minimal bias
may therefore be assumed to exist when grape expressiorardatssed as input for
HORMONOMETER, as hypothesized in a recent work on peach (Benglhi 2011).
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Figure 3. HORMONOMETER. Heat maps showing the expressiom\idD subcategories (top) and the
HORMONOMETER results (down). A. The heat map wasdpced by considering the genes encoding
elements of hormone biosynthesis (BS), metabolist&ET), transport (TR), perception (PER), signal
transduction (ST), and response (HR), for auxin XA\Uethylene (C2H4), abscisic acid (ABA) and
brassinosteroids (BR), which are the hormone pilgnainvolved in grape berry ripening.
HORMONOMETER data were grouped into hormone-respengenes (H), genes with hormone-specific
responsiveness (sRG), hormone-responsive genediegcdFs (TFs), and genes encoding TFs with
hormone-specific responsiveness (sTFs). For eachdre, the following comparisons have been anatyzed
N1/C1, N2/C2, and N3/C2. See the Materials and bthsection for a detailed description. B. Colour
codes for the two heat maps. For the AHD subcaiegjored and green represent up- and down-regajatio
respectively. In the HORMONOMETER, orange (valuel): white (value = 0), and blue (value = -1)
indicate a complete correlation, no correlation aati-correlation, respectively, in terms of difeotand

intensity of the hormone index with the queriederkpent.

Within the AHD subcategories related to auxin, significamtatins in genes encoding
TR and ST elements were observed. In the first compariso€)lthe auxin treatment
repressed the transport of the hormone, at least at the iptiosal level, along with the
significant up-regulation of its ST elements. The other AHD atdgories did not show
any significant variations. These data were paralleled bybatantial correlation in the
HORMONOMETER results, more significant when only the TFsenensidered in the
analysis, especially the auxin-specific ones (sTFs). Tlense comparison (N2/C2)
reflected a situation typical of an auxin related transcriptioraponse. The AHD
subcategories indicated that the BS elements were sligiftgssed and that both the TR-
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and ST-related genes were significantly up-regulated. Thisbmanyterpreted as a typical
homeostatic response, confirmed by the HORMONOMETER resultshwndicated a
general unspecific correlation between auxin target expressionatypibal auxinrelated
transcriptional response. In the last comparison (N3/C2), the éai&gories were very
stable and the HORMONOMETER analysis still pointed out aiveadtanscriptional
response to auxin, with a significant correlation for the TFs aRg subsets, suggesting
that the response to the hormone may have involved mainly auxiricpeiscription
factors.

As concerns ethylene, interesting data were observed regardifg thet AHD
subcategories and the HORMONOMETER results. As far abitsynthetic genes are
concerned, a strong up-regulation was found in the second comparB@2Nwhereas
data in the other two cases were less significant. Theeldled transcription showed a
significant variation in all comparisons, being stimulatedhmn first and second (N1/ C1
and N2/C2, respectively), and repressed in the third (N3&ighificant variations were
observed also in the HR genes, which were down-regulateddasabs except the N3/C2
comparison. The HORMONOMETER analysis showed a strong and bro@gd an
correlation in all situations when all genes and the ethydeeeific ones (sRG) were
considered. An almost reversed situation was observed in tiee stbsets (TFs and
sTFs), except for the first comparison (N1/C1) that dtitlveed an anti-correlation and no
correlation, for TFs and sTFs, respectively. In N2/C2r@nger correlation was found for
sTFs than for TFs, whereas in the third comparison no correlaienfound for the
hormone-specific TFs.

Genes coding for BS elements of abscisic acid (ABA), vdenen-regulated at N1/C1
comparison, while in the N2/C2 comparison they were up-regulafedweak
transcriptional repression was found for genes encoding PER dtenmerthe first
comparisons, although with low significance. A stimulation afigcaiption was found in
ST-related genes that paralleled that of BS. The HORMOBEDER showed a general
correlation in all subsets and all situations, without, howearey ABA-specificity.

The brassinosteroids category showed significant data in both the emndlsiD
subcategories and HORMONOMETER). BS-related genes vsigadicantly in all three

comparisons, with a down-regulation trend in all cases. Slight, not significant,
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variations were also observed with respect to the genes agdd@&T elements. A down-
regulation was reported for genes coding for PER elements inhitte comparison
(N3/C2). Genes related to ST were down-regulated in N1/C1 aadyclg-regulated in
all the other cases. Finally, the HORMONOMETER analgsidenced an extensive anti-
correlation, with the only exceptions of all TFs and sTFs in #worsd and third
comparisons, respectively. In particular, the latter casetqmbirout a significant

correlation.

3.5 Expression of auxin-, ethylene-, and abscisica  cid related genes

Expression patterns of selected auxin-, ethylene-, and ABA-releteels were validated
by gPCR experiments. As far as the former genes are cedc@rigure 4), the NAA
treatment negatively affected the expression of Tryptophanh&satbeta-subunit 1
(TRYPS-like, Figure 4A), a gene involved in the biosynthesisrygtophan, an auxin
precursor. The treatment also induced the accumulation, up to 95 ,ARRNSscripts of
genes responsible for auxin perception (Transport inhibitor respondR1LJiRe; Figure
4B), polar transport (PIN3-like; Figure 4C) and irreversiblejugetion (Indole-3-acetic
acid amido synthetase, GH3-like; Figure 4D). Concerning the Istgarasduction, two
AUX/ IAA genes (IAA4-like and IAA31-like; Figure 4E and F) andudn response
factor 8 (ARF8-like; Figure 4G) were upregulated in treateddseaone week after NAA
application (60 DAFB), whereas later on and up to harvest the atation of their
transcripts was higher in control berries.

ACC synthase (ACS6) and ACC oxidase (ACO2) genes, encoding thenkgynes of
ethylene biosynthesis, were strongly up-regulated in treatedededuring véraison
(Figure 5A and B). Two genes encoding ethylene receptors, thgleBe insensitive 4
(EIN4-like) and Ethylene response sensor 1 (ERS1-like), had siexifaession levels in
both control and NAA-treated fruits until the inception of ripeningthe control (60
DAFB), when a significant increase was registered edrlientreated berries than NAA
treated ones (Figure 5C and D). Three Ethylene response factes (G8RF3-like, ERF-
AP2-like and ERF5-1), involved in the regulation of ethylene respavese, all positively
affected by the NAA treatment, although with differentitigs (Figure 5E, F and G).
Since the HORMONOMETER analysis showed some significanatiams also in the

expression of abscisic acid (ABA) targets, two ABA-ralagenes were also investigated.
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The 9-cis-epoxycarotenoid dioxygenase3 (NCED3), which is a key geoleed in ABA
biosynthesis, was significantly down-regulated in NAA-treatadpdas one week after
the treatment (60 DAFB) (Figure 5H) and Abscisic acid insems8i (ABI3), involved in
ABA perception, was down-regulated in NAA-treated berries bt®AFB. Thereafter,
its MRNA levels in NAA-treated samples reached those oédeirv untreated samples
(Figure 5I).

Figure 4. Expression pattern, evaluated by qPCR, of genesivied in auxin biosynthesis, conjugation,
transport and signal transduction. Expression pattevaluated by qPCR, of the following auxin-retht
genes: TRYPS-like (Vv_1007514, A), TIR1-like (Vv @087, B), PIN3-like (Vv_10007217, C), GH3-
like (Vv_10007966, D), IAA4-like (Vv_10002615, E)AA31-like (Vv_10000794, F), ARF8-like
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(Vv_10003009, G). Transcript levels in NAA-treatéstjuare) and control (circle) berries are shown as

means of normalized expression +SE.

Figure 5. Expression pattern, evaluated by gPCR, of genesviead in ethylene and ABA biosynthesis and
signal transduction. Expression pattern, evaluéed)PCR, of the following ethylene- and ABA-related
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genes: ACS6 (Vv_10001614), ACO2 (Vv_10004370), Eliké (Vv_10010357), ERS1-like

(Vv_10007917), ERF3-like (Vv_10001775), ERF-AP2eliVv_10000332), ERF5-1 (Vv_10001287),
NCED3 (Vv_10009127), ABI3 (Vv_10001065). Transcripiels in NAA-treated (square) and control
(circle) berries are shown as means of normalizpdession +SE.
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4. Discussion

A ripening delay caused by the application of auxins has been previeasiyled both in
climacteric and nonclimacteric fruits (Cohen et al., 1996; i&awt al., 1997). In
grapevine, a ripening delay induced by the application of naturalynthetic auxins,
including NAA, to berries before véraison was observed in gelaange of cultivars
(Jeong et al., 2004; Detyeux-Belleau et al., 2007). Resultergess in this study
confirmed that NAA, applied at the prevéraison stage, styaigjays ripening inception
in cv. Merlot (Figure 1). All the parameters used to moniter ripening progression (in
particular berry volume, SSC, and titratable acidity}hvine exception of the initial delay
occurring in the treated berries, showed overlapping kinetics intteatted and untreated
fruit. These data suggest that the auxin treatment cgused shift in the initiation of
ripening, as already hypothesized by Boéttcher et al. (2010). Thisnaitien is also
confirmed by the microarray data analysis, which showed a d@tgemumber of
differentially expressed genes throughout the experiment (see dxddifile 2). At the
véraison of control fruit (60 DAFB), MapMan analysis clearlyows that NAA
application down-regulated genes involved in cell expansion (cellmetiabolism and
water uptake) and secondary metabolism, in particular theg®nsible for flavonoids
biosynthesis (Figure 2), consistently with the biochemicalyaral This repressive effect
remained well evident up to 110 DAFB, whereas a partial regowars observed
thereafter, as already reported by Davies et al. (1997) amd) & al. (2004). At harvest
of NAA-treated berries (148 DAFB), the transcription levelgeines involved in the
flavonoids biosynthetic pathway was still enhanced with respetité control fruit at
harvest, while a full recovery was observed for those involveeli wall metabolism and
water uptake (see Additional file 7). These observations shaviNga is more effective
in counteracting the accumulation of flavonoids rather than bexgansion, as
demonstrated by Béttcher et al. (2011).

Both in control and treated fruits there is a clear coordinatfothe transcriptional
regulation of genes determining cell expansion (i.e. EX1 and PG1luegat (i.e. Pipl),
in agreement with the model for cell expansion proposed by Cos(t69&), especially
during the early post-treatment phases and up to 95 DAFB. Duringliage, the NAA
treatment clearly repressed the genes involved in both procegseh, was consistent
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with the berry volume measures and thus reflecting an almoktsese transcriptional
control of berry expansion. An inversion of this trend and a completwvagcto the
levels of the control was observed thereafter (after 95 DABRB)ough not correlated
with the faster volume increase occurring in treated betoe®ach a final volume at
harvest equal to that of the control fruits. This may be dudifferent mechanisms
controlling berry expansion other than the auxin-controlled transcriptiost hkely at
posttranscriptional level, as previously demonstrated for aquespasihose gating
behaviour can be affected by phosphorylation, heteromerization, pe, @ressure,
solute gradients and temperature (Chaumont et al. 2005). RegutdHtiaguaporin
trafficking may also represent a way to modulate membraner parmeability. Taken
together, these data indicate that the berry expansion processlas the control of
multiple regulatory pathways, involved according to a well-defidegelopmentally-
programmed chronological sequence.

To shed light on the role of auxin and its cross-talk with other horsnionde regulation
of berry ripening, a specific analysis was carried out on boearelated genes by using
the HORMONOMETER bioinformatic platform (Volodarsky et al., 200%his was
paralleled by a merged analysis of specific gene categagethe AHD categories). This
approach allowed to set up a hypothetical model describing what happetexchs of
auxin-related response after the NAA treatment (FigureThg application of NAA
caused an excessive availability of auxin, most likely countembad by homeostatic
mechanisms involving synthesis, breakdown, conjugation and trangpentrot-
Rechenmann and Napier, 2005; Woodward and Bartel, 2005). However, at @B DA
auxin biosynthesis and metabolism gene categories did not diffeficagtly between
control and treated samples, transport was generally repremsgédan auxin-specific
transcriptional response was seen along with a general awiivaft signal transduction
elements. Therefore, it is likely that the homeostatic nmeshes had already been
activated within the first 7 days after the treatmehis hypothesis is supported by gPCR
expression data, especially those related to GH3-like, 1AKe}l-laind IAA31- like genes
(Figure 5D, E, F). In NAA-treated berries at 57 DAFBe tiirst of these three auxin-
related genes was expressed 6-fold higher compared to the ctmdrolits expression
decreased to just 2.5-fold at 60 DAFB, followed by a constaeityedising trend leading
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to the same levels measured in the control at 95 DAFB. GH3dl@&n Hagen 3) genes,
specifically those belonging to group Il (Staswick et al., 20@bhcode enzymes that
conjugate IAA to amino acids. Interestingly, it has beenmcshown that GH3.1 plays
a role in the formation of IAAAspartate at the onset ofpgrderry ripening, and it
positively responds to the combined application of ABA and sucrosetoaathylene,
linking it to the control of ripening processes (Bottcher et28111). Nevertheless, both
the IAA genes showed well-correlated diverging trends from 57 60 ©AFB, with the
highest differences pointed out in the latter time point, coincidisg with the highest
level of their expression in NAA-treated berries. Also thiRF8-like gene showed the
largest divergence at 60 DAFB and the HORMONOMETER dataatelia very active
transcriptional control compatible with an auxinspecific respohise.expression patterns
of these four genes along with the HORMONOMETER data and thralbghysiological
response indicate that biologically active concentrations of awwéme achieved
throughout a homeostatic recovery occurring within 7 days after ¢aéntent, during
which the physiological response is mainly unspecific and dudikelg pharmacological
effect of NAA. During this period, conjugation and transport maytribute to a decrease
in the auxin levels, leading to the same range of concentrét@rcan be found before
ripening inception, thus generating a developmental block. Tiiskblks most likely
mediated by a primary auxin signaling, whose main players incluaéAihs and the
ARFs, as their expression patterns indicate. At 110 DAFB, an lbvemession of
biosynthetic genes along with a stimulation of those coding forrntRSA elements was
observed in NAA-treated samples.

The HORMONOMETER indicates the activation of specific geargets that were not
auxin-specific, although they were compatible with still biolafiicactive auxin levels.
In this phase, a likely secondary homeostatic response wasiogcuanainly at the level
of biosynthesis as shown by the repression of upstream auxin BSsymheas TRYPS-
like. The primary transcriptional response achieved within 110 DAfdRjered the
recovery cascade that was active also thereafter, a®ndéated by biochemical
parameters. However, at this stage the biological meanitigediomeostatic recovery is
different from that occurring before 60 DAFB. It is likely thie early homeostatic

reaction was just aimed at detoxifying from high auxin concentratishereas that
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occurring at 110 DAFB was a symptom of a normal ripening progresss@ambling the
natural ripening inception during which auxin levels were shown to aeer@ottcher et
al., 2011). Some auxin-specific targets, mainly TF encoding sleown to be active up
to 148 DAFB, most likely triggering the transcriptional regulatibigenes, such as CHS1
and F3H that were shown to be down-regulated (see Additional fAeand C). At this
stage, however, the overall transcriptional response vasessince berry ripening was
definitely accomplished, as shown by the physiological and broidal parameters.
Fluctuations in auxin levels and response were shown to be correldtedipening
progression and a possible mechanism was hypothesized to explaihehbertty reacts
to the NAA treatment, but how does auxin action link to other hormouels,as ethylene,
ABA, and brassinosteroids, that are known to regulate the damatopmental processes?
The HORMONOMETER analysis may help to explain this asgsptecially considering
the first comparison (N1/C1), in which the existence of angtrantagonistic effect
between auxin and ethylene and, to a lesser extent, a subswmeigism’ between
auxin and ABA were shown. Both these aspects were quite méokdabth the whole
subset of transcriptional indexes (H) and the specific ones)(SR@ transient positive
effect of NAA on the transcription of ACS6 and ACO2 genes (Figéreand B), already
measured in other fruits (Barry et al., 2000; Trainotti et 2007; El-Sharkawy et al.,
2008), may be interpreted as a part of the secondary homeostationeto the auxin
treatment, as described above. As such, the transiemiaserof ethylene biosynthesis
specifically induced by biologically active auxin concentratiovsuld counteract the
excess of auxin by activating downstream mechanisms, in this reteted to the
biosynthesis of the hormone (i.e. the TRYPS gene), thus irdettse berry from the
developmental block.

According to the Arabidopsis model of ethylene signaling, reduce@ssipn and activity
of receptors increase sensitivity to ethylene, whereasasetdereceptor expression and
activity decrease sensitivity (Lin et al., 2009). It iscaknown that ethylene receptors act
in cooperation, according to mutual, but often unique roles, thusetiffally regulating
ethylene responses and giving diverse outputs according to the recepipiex
combination (Liu et al., 2012). Furthermore, in Arabidopsis, EIN4 stesvn to have a
unique role in ethylene signaling (Heaal., 1998; Canceét al.,2002) and a synergistic

152



effect on ersl function, as it is required to maintain ethylasensitivity in an ersl
background (Liu et al., 2012). Taking into account these data,vam¢l®le during grape
berry ripening may be played by the putative AtEIN4 orthologugh@sorresponding
gene was expressed in a ripening-dependent manner, with increastsgdfter véraison,
measured both in the control and NAA-treated samples (FigureAd&t).an ERS1-like
gene showed similar expression patterns, although shifted aheade(BD). Similar
transcriptional behaviors were reported also by Deluc et al. (20@i7/Chervin and Deluc
(2010) along with a peak of ethylene biosynthesis, and may be consvitera higher
sensitivity to the hormone at véraison (delayed by the auxitmes#), which decreases
thereafter throughout ripening.

The effect of auxin on genes involved in ethylene response wasveal; as seen in both
the AHD and the HORMONOMETER analyses (Figure 3), with tkeeption of an
ERF5-1 gene, which was significantly up-regulated at 60 DAFRBu(E 5G). A
significant correlation was observed between the expressiorrngatté this gene and
ACS6, leading to the hypothesis that ERF5-1 may mediate the -imaiced up-
regulation of ethylene biosynthetic genes in grape. This hypotmsesisrrently being
investigated with dedicated experimental trials in ordeshed light on the crosstalk
between these two hormones, which is crucial for grape demgiopment and ripening.
Although the NAA treatment caused a general stimulation of extieybiosynthesis and
action, a negative effect on the transcription of genes iadaiv flavonoids biosynthesis,
cell wall metabolism and water uptake, previously shown to be estbykelated (El-
Kereamy et al., 2003; Chervin et al., 2008), was observe@r&estudies have examined
the interactions between auxin and ethylene at the transcriptievell and different
models were proposed (Stepanova et al., 2007; Lewis et al., 2011y Mudh, 2012).
Taking into account this information, the effect of NAA may hhypassed the primary
level of crosstalk between the two hormones, resulting into tlnatioh of only some
targets in common with ethylene that may belong to the secondestalk. Consistent
with this possibility, the upstream regulatory regions of mameg induced by auxin and
ethylene were shown to contain putative auxin response element (AaxidEthylene
response element (ERE) sequences, which are sites for AREINSIEIL binding,

respectively (Lewis et al., 2011). Future studies should speltyfaddress this aspect.
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The existence of a synergism between auxin and ABA was unexpddteglitdo account
the opposite roles previously claimed for these hormones in géati®n of grape berry
ripening (Davies et al., 2009). These data, however, may atedidhat the
HORMOMETER analysis is able to reveal a previously unajguest selectivity of auxin
towards the regulation of ABA-related processes, as alregutyted by Volodarsky et al.
(2009) for salicylic acid and auxin. In fact, data presented herdgedobut that auxin
down-regulated the genes involved in ABA biosynthesis (Figure 5H)ewhe signal
transduction pathway elements were substantially unaffectesuiated (see Additional
file 2). These ambiguous outcomes were already pointed out ipsestudies revealing
that ABA and auxin signaling pathways belong to a very complexatgylnetwork with

unexpected features (Nemhauser et al., 2006).

154



5. Conclusions

Taking into account the available data concerning the hormonahtegubf the ripening
syndrome in grape and tomato, a putative model was herein asdetobleetter

understand the hormonal cross-talk occurring during our experifiégtse 6).

Figure 6. Hypothetical model summarizing the interactioncuwdng between the hormones mainly
involved in the regulation of ripening inceptiondaprogression. A. Brassinosteroids and ethylene may
trigger the first molecular events associated wijilening inception, with the latter hormone invalvia the
developmental shift preceding véraison. Ethylenald/@also negatively regulate auxin action by regires

its biosynthesis and trigger ABA-related genes lideo to enable the progression of ripening-assediat
biochemical changes. A direct positive effect diyegne on ripening may also be postulated based upo
available data. Conventional symbols are used soridee positive and negative interactions. Thekiéss

of the lines indicates the preferential ways oéfattions determining ripening inception and presgien,
whereas dotted lines indicate possible feedbaekantions. Interactions occurring between auxin AB&

are complex and still under investigation. B. Hypical model explaining auxin-related events ogogr
upon the NAA treatment (+NAA). This model was assktitbased upon the expression of auxin-related
genes. The yellow-shaded area indicates a likelgeaf auxin concentration compatible with its bgital
activity. Three main responsive phases were idedticcording to this model: phase | (53-60 DAFB),
during which the berry displays a primary homedstagesponse most likely due to an unspecific
pharmacological reaction; phase Il (60-70 DAFBY)imly which a biologically active concentration afxén

is recovered and a secondary homeostatic respsrisgdered, and phase Il (70-148 DAFB), in whih

normal ripening progression is observed.

155



According to this working model, which is currently being validatedssinosteroids
(BR) may start the cascade of events leading to ripening bgasiag ethylene levels, as
reported in tomato (Vardhini et al.,, 2002). It is known that a dianiatrease in
endogenous BR levels occurs at the onset of fruit ripening in ¢&ymeons et al., 2006)
and that also an ethylene peak is measurable just before véri@tsenvig et al., 2004).
Moreover, ethylene seems to repress BR-regulated genes ipecéng is triggered
(Tonutti et al., unpublished data), thus indicating a possible fekabachanism allowing
a time progression of the syndrome through the coordination of the deamsgavents.
According to this view, ethylene may play a central roleipening inception. On one
hand, it acts independently and directly on the activation ofingeassociated processes,
such as those related to cell wall modifications (Chervin.e2808), and on the other
hand it cooperates with ABA to indirectly trigger several bamltal changes associated
with ripening, such as berry coloration (El-Kereamy et al., 2808; et al., 2010). It also
represses auxin biosynthesis, thus releasing the berry from tledopl@ental block
exerted by this hormone (Béttcher et al., 2010). When the NAAmerd was performed,
the berry was most likely undergoing this developmental shift altedr by ethylene,
which was still reversible. Therefore, the transient iaseein auxin levels imposed by the
exogenous treatment caused a reversion by counterbalancing thepdesmtial control
exerted by ethylene, thus leading the berry back to the pre-vératage with a

consequent delay of the ripening progression.
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Chapter V — General conclusions

Viticulture and wine producing are important practices for the @ognof several
countries in Europe, and also in others continents. Despite its anpertglobal wine
production decreased 6% in 2012 to 252 million hectolitres (Figure dantnation of
Vine and Wine, OIV, 2013).

Figure 1. Global wine production 2000-2012, source OIV

This was partially due to a lower harvest in Europe during gesiss but also a longer
term trend. France, ltaly, and Spain are still the biggestymers, while it is worth
noticing that China, Chile, and New Zealand recorded the lairgastases in production
over the last years. In spite of the downward trend in vinecgrrdrea, grape production
underwent an upward trend over the last few years (Feagh 2012).

Viticulture and winemaking are influenced by a large number abfs, among which
climate, soils, and grown varieties/genotypes are the masiriemt (Fragaet al, 2012).
Climate is a key factor in the present viticulture (Feg@). Grapevine physiological
change, together with grape berry development and ripening,giredhated to the clime.
As showed in Figure 2, the inception and the duration of each phenolstacgs is

mostly related to environmental conditions (Jones and Davis, .2000)

163



Figure 2. Vegetative and reproductive cycles and vine phagicid stagesModified from Fraga et al.
(2013)

The duration of the growing season of a particular cultivaffescted, together with the
climate which strongly influences the development of this crop bed/ield and wine
guality, also by the combination of these factors: soil moisairdemperature, and crop-
management practices (Weleb al, 2012). Within this context, climate changes is the
most important factor in which the viticulture have to copin\{iHannahet al, 2013). As
described in the first chapter of this thesis, breeding of nepegime genotypes, which
can better deal with the environmental changes, is essémtidialian and European
viticulture. Indeed, development of new grapevine rootstocks amthigher tolerance to
environmental stresses, drought in particular, should be assiigcstrategy to overcome
climate limitations (Hannalet al, 2013) and maintain the traditional Mediterranean
grapevine growing area. This strategy have several adyentaompared to the breeding
programs associate to grape cultivar, mainly related to @hneihess to confer desired
carachteristic (e.g. drought tolerance) to the vine. Takingaotount results presented in
this thesis and in another work (Meggt al, IN PRESS), M4 rootstock well comply
with this requisite. Indeed it showed an higher resistance to hirangcomparison to
101.14 susceptible genotype, acting different strategies relatetiet regulation of

different metabolism and pathways (e.g. plant hormones, sugarsmndlids and
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stilbenes). In addition to their capability to overcome clanéinitations, grapevine
rootstocks greatly influenced grapevine reproductive performaficmsndouraset al,
2008; Kidmanet al, 2013) fruit development, ripening and quality (Walkéral, 2002,
2004). So, together with the induction of an higher tolerance tooemvéntal disturbance
to the scion, viticulture need new rootstocks which did not altditgjoé grape berry and
wine or, better, which increase their qualitative chiaréstics.

The second part of this thesis showed that M4, in addition to the higleeance to
drought, did not significantly alter grape berry quality of Caltesaeivignon cultivar.
Indeed, it was showed that it cause an advance in the ongpémihg in comparison to
the 1103P rootstock, which is a more vigorous rootstock (Gamétesta 2012). Within
this background, M4 not only enhance water stress tolerance, $mt palsitively
influenced grape berry development and ripening throughout the contiffefent
metabolism, among which auxins seem to play a pivotal role.

So, considering new scenario for the European and lItalian vine granthghe climate
changes which can alter quality of grape berries and wine on d gla, development
of new rootstocks with desirable traits, together with th@denging to the “M series”, it

will be one of the main goal of the future viticulture.
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1. Introduction

At ripening Raboso Piave grape berries have high acidity lamdl an unbalanced
polyphenols profile, in which condensed tannin precursors (e.g. catechiprominent
(De Rosso et al., 2009). These two features cause the aasiera (De Rosso et al.,
2010; Mattivi et al., 2006), which is the main contributor in the @gnprofile of the
Raboso Piave wine.

To alter the composition of the berries, and consequently improwee quality, viticulture
strategies can be adopted based on a delay of traditionabh@r using Late Harvest
(LH) or withering carried out both on- or off-plant. LH produces sigant changes in
wine composition by inducing levels of proline, sugar, alcohol andaotdlcontent in the
decanted must and base wine (Guillaumie et al., 2011). Off-pldhénwvig causes the
accumulation of abscisic acid (ABA) and proline, as well asinerease in alcohol
dehydrogenase (ADH) and lipoxygenase enzyme activity (Costahthi, 006). As an
alternative to these techniques, a new practice called “PoMaituration Raisonnée”
(DMR) has been developed (Cargnello G., 1995; Cargnello et al.,.ZD0B) consists of
a type of on-plant withering in which the heads bearing fruit arstioots are cut in a
reasoned or well thought out, manner. In fact, cutting the cane p®duo cluster
populations: the first is located above the cut where the coonduatitween cluster and
vine is still active, while the second is located below thieand is composed of clusters
for which any connection with the trunk is severed. In the fiogtulation, the profile of
metabolites is similar to that observed in LH berries asascwar connection is
maintained and over-ripe processes are not always charagtésizenajor dehydration
events (Guillaumie et al., 2011). In contrast, significantlmaaical changes do occur in
the second population, and these changes are primarily relatedeioless (e.g. a strong
increase in sugar content caused by the cellular juice concen}ras has been described
previously in berries subjected to withering (Rizzini et2009). In addition, polyphenols
are “more mature” in DMR berries, titratable acidity rémsahigh because malic and
tartaric acid catabolism is slowed, and the susceptiliitpathogen attack is reduced
(Carbonneau A., 2008). All these changes improve sensorial paranwtthe wine

obtained from DMR berries.

168



Metabolic profiles observed in LH and withered-berry techniquesparalleled by
significant changes in the expression of genes involved in key mgpemiocesses
(Guillaumie et al., 2011; Rizzini et al., 2009; Bonghi et al., 2@E2nboni et al., 2010).
These genes belong to functional categories involved in abiadidmtic stresses (e.g.
desiccation, pathogen susceptibility), primary and secondatabulisms (e.g. sugars,
aroma and polyphenols biosynthesis and transport) as well as ceguhdevelopment
(e.g. hormones and transcription factors). The effect of viagsron berry transcriptome
is strongly dependent

on genotype; however, it is well documented that water loss $frafépcts the
expression of several genes involved in the phenylpropanoids pathwasariVer al.,
2001) and causes the accumulation of phenols (e.g. stilbenebptlgabeen assumed as
putative biomarkers of the withering process (Bonghi et al., 2042bani et al., 2010;
Versari et al., 2001; Zamboni et al., 2008). Similarly, thev@tgncene synthase gene,
encoding an enzyme involved in sesquiterpene biosynthesis, has beer@rappstative
marker of LH berries because its expression was up-regufatedh white (Chardonnay)
and red (Cabernet Sauvignon) cultivars (Guillaumie et al., 20Adgh informations are
already available concerning changes in must sensory profiles amemical indicators
of the grape ripening processes (Carbonneau A., 2008) in berriestedbdp®MR, but
molecular data are totally lacking.

The goal of this research was to evaluate, by using a miayoapproach, the impact of
LH and DMR technigues on Raboso Piave berry transcriptome, focusergiat on
differentially expressed genes related to sensory and biocHepaicanmeters. Our data
demonstrated that DMR Raboso Piave berries subjected to DM®®iparison to TH
and LH, maintained high titratable acidity and showed re-equildoraif polyphenols
profile, mainly due to an increase of flavonol and a reductionmofitigprecursors. These
modifications were accompanied by significant changes in the tiptisc of genes

involved in primary and secondary metabolism.
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2. Materials and methods

2.1 Plant Material, treatment and biochemical analy  sis

The experiments were performed on Vitis vinifera L. cv. Raliiawee berries collected in
a commercial vineyard (Giorgio Cecchetto), located in Reve DOC area (Treviso,
Italy) in 2008. One-hundred bunches from sixty homogeneous plants wereetbiés
different times to form six thesis: a) Traditional Harvédtl), usually performed at the
end of October (in this case at October 29th), b) Late haiivd¥tberries over-ripened on
the plant and harvested 20 days after TH (DATH), and c) DidRies collected from
clusters located both above (DMR-A) and below the cut (DMR-&héarvested at 36
and 45 DATH. Every week representative berries were sepiirgo two groups: the first
was used for biochemical and sensory analyses, the othérsbemre frozen in liquid
nitrogen and stored at -80 °C.

In order to evaluate biochemical parameters, the juice fiftyrhbmogenized berries was
used to measure total acidity (g/L), malic and tartaric égfd), pH and sugar content
(°brix) , using a WineScan™ Basic (FOSS, Italia) analyabowing the manufacturer’s
instructions.

Total phenolic content in the grapes was determined using the Golalteu
colorimetric method modified by (Yargt al, 2004). Anthocyanins content was evaluated
using the protocol described by (Ribéreau-Gagoral, 2006), while high-performance
liquid chromatography (HPLC) was used to determine skin flavon@atechin and
quercitin) and stilbenes (cis-piceids, cis-resveratrol ands{raesveratrol) amounts,
following the protocol of (Suet al, 2006).

Biochemical data were statistically analyzed (one-way XXR@nd post hoc LSD test) by
using the software package SPSS release 14.0 for Windows (8S&hicago, IL,
USA).

Sensorial analyses were conducted on musts obtained from TH-,OMR-A- and

DMR-B berries using the protocols described by (Cargnello, 2009).
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2.2 RNA extraction, microarray analysis and gPCR

Total RNA for both microarray and real-time PCR experimeras &xtracted from whole
berries using the perchlorate method as described by {@iébal, 2012).

Microarray experiments were conducted using the grape AROS Vhtiorpi
(www.operon.com), as described by (Rizzatial, 2009). The following samples were
hybridized: LH versus TH, DMR-A versus TH and DMR-B versus dily for the 36
DATH.

For each of the three comparisons, three slides were hybridizegl tasgets obtained
from two biological replicates.

Raw hybridization data were quality-filtered and background-subtracsaty TIGR
Spotfinder software (www.tm4.org/spotfinder) as described(dilotto et al, 2012).
Resulting data were intra-array normalized using the medethod (Yanget al, 2002).

MeV software (www.tm4.org/mev) was used for discovering dfiéal gene expression
among the comparisons (t-test) and a Venn diagram with eliietly expressed genes
(DEG) among three comparisons was created using GeneVenn software
(www.genevenn.sourceforge.net).

Gene expression data have been submitted to Gene Expression OmniEQ¥ (G
(accession no. GSE43385) at NCBI (https://www.ncbi.nlm.nihggm/).

PageMan software (Usadet al, 2006) was used to perform an enrichment analysis based
on a Fisher exact test. This analysis was conducted on eachcaehmibn and specific
differentially expressed genes among three comparisons, w#0.85 (z > 1.96).

In order to find patterns and highlight similarities and diffeesnn data, a Principal
Component Analysis (PCA) (Soumya Raychaudhuri, 2000) was performed on
biochemical and transcriptomic data, and metabolites. For biachlieemd metabolites
PCA analysis, a log2 ratio of LH and DMRs versus TH were @asedput data. For
transcriptomic data, gene ontology (GO) categories relatedcidity, sugars and
phenylpropanoids metabolism were identified. Later on, transaviptee grape AROS
V1.0 platform related to each category were mediated and ssegt data. For gPCR
data, a PCA analysis with log2 ratio of LH and DMRs versHsof transcripts studied

with real-time PCR were used as input data.
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cDNA synthesis and quantitative real-time PCR (gPCR) aeslysere performed
following methods described by (Ziliottet al, 2012). Primers used in qPCR experiments

are listed in Supplementary Table 1.
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3. Results and discussion

3.1 Biochemical and Sensorial Analysis

FOSS analysis of berries subjected to LH, DMR-A and DMRaB;amparison to those
sampled at TH, showed statistically significant differeniceterms of titratable acidity,
malic and tartaric acids as well as sugar content and potgphenols (Table 1). In
particular DMR-B berries, maintained a titratable acidityilar to that observed in TH-
berries (reduction of 9%), while DMR-A and LH berries showeeduction of 18 and
21% in comparison to TH-berries, respectively, as has pesously observed in other
grapevine cultivars subjected to a late harvest dehydrationlgd@uik et al, 2011,
Bellincontroet al, 2004). The malic acid content in DMR-B berries was \snyilar to
TH berries; while in DMR-A and LH there was a decreask98b and 32%, respectively.
In contrast, none of the late harvest techniques used significaifisted tartaric acid
content.

Variations of tartaric and malic acid levels in grapeibsried to a significant increase in
pH only in LH-bunches (+0.26% in comparison to TH), while significardnges were
not observed for DMR berries (+0.1% for DMR-B). These dataaestrated that DMR
was effective in maintaining the titratable acidity meadun Raboso Piave berries at TH.
This positive effect was absent when DMR berries wereelséed later (45 days after TH,
data not shown). In this case, a 40% and 45% reduction in malic aeidMas observed
in DMR-A and DMR-B, respectively. This strong reduction coulddoe both to an
increase in malate oxidation and its transformation into solublessugs suggested by
(Terrier, 2001). To confirm this hypothesis it is necessary tidy\é the increase in sugar
content in DMR berries is due simply to dehydration or ifsitaiso a result of the
catabolism of malic acid.

Total Soluble Solids (TSS) and total polyphenols were higher in IIMR{A and DMR-B

in comparison to TH berries (Tab.1). This result was expesiadidering that a xylem
backflow occurs in berries subjected to a delay in harved, twith the concomitant
reduction in the functionality of phloem leading to weight (Watess (~7% of berry
volume per day) (Tilbrook and Tyerman, 2009). The altered water taragnifies the
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changes occurring during ripening, in particular those concerningger goncentration,

organic acid evolution and aroma and polyphenols profiling.

Table 1 — Tritatable acidity, malic acid, tartaric acidi,psugar content and total polyphenols changes in
must obtained from 200 Raboso Piave berries aftivadl harvest (TH), late harvest (LH), Double
Reasoned Maturation 36DATH above (DMR-A) and be(®@MR-B) the cut. Data are the average of three
biological replicates. x: average; SD: standardat®n; ns: not significant; average values follawy the
same letter, in the same column, are not signifigaifferent (LSD, 0.05).

* Significant (p < 0.05).

** Highly significant (p < 0.01).

*** \Very highly significant (p < 0.001).

Harvest Titra?a.bl Ma!ic Tartqric oH |Sugar Total
e acidity| acid acid polyohenolg
TH X | 12.15a 7.34a 5.93a|] 3.07b 16/)5c 4.63d
SD| 0.61 0.37 0.29 0.05 0.8p 0.38
LH X | 9.63bc 5.06¢ 4.66b| 3.31a 17.6b 5.82¢
SD| 0.32 0.25 0.33 0.04 0.9b 0.19
DMR-A X | 10.05b 6b 498b| 3.11b 18.9b  6.18bdg
SD| 0.49 0.3 0.28 0.07 0.7 0.49
DMR-B X | 11.06a 7.06a 5.34ah 3.17b 20)9a 6.944
SD| 0.67 0.35 0.26 0.08 1.1p
effect_ harvest - - ns. Yk sohe
time

Sensorial analyses of Raboso Piave musts obtained from TH, LHDBIRE berries
revealed significant organoleptic differences among the tkeebniques (Fig. 1), in
accordance with the biochemical parameters. DMR musgs {El, D), in comparison to
those obtained from TH (Fig. 1A) and LH (Fig. 1B) berriestentess snappish and angry,

more well-rounded and exhibited better phenolic maturity.
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Figure 1. Sensorial analysis. Evaluation of sugar/acidityorasmoothness, angry, harmonic, phenolic
maturity, aggressive sensorial parameters of RaPisee berries at TH, LH, DMR-A and DMR-B. For

each category a score is given (100 is the maxiscore).

3.2 Transcriptome profiling of TH, LH and DMR berri  es

LH, DMR-A and DMR-B transcriptome profiles were compared to ehoistained from
berries sampled at TH. Among LH/TH, DMR-A/TH and DMR-B/Edmparisons, genes
differentially expressed were 662, 1000 and 1556, respectvelylfe <0.05) (Figure 2).

Figure 2. Venn diagram of differentially expressed genecBjr and common differentially expressed
genes (p < 0.05) resulting from statistical analg$isH/TH, DMR-A/TH and DMR-B/TH comparisons.
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A list of common and specific genes can be found in Supplemenable 2.

Microarray data were validated by gPCR techniques performégdanset of 12 random
genes, showing similar expression patterns among microarragR@R techniques (r=
0.56; R2=0.75) (Supplementary Figure 1).

The Venn diagram (Fig. 2) showed that 12 significant genes, belongimdy to primary
metabolism and stress responsive gene networks, are in common &meorlgree
comparisons (Supplementary Table 2). It is well known that grapg tehydration is
paralleled by an accumulation of abiotic and biotic stress refetascripts, as well as an
up-regulation of sugar-related genes (Dedtial, 2009).

To identify significantly overrepresented metabolic pathway®ageMan analysis was
performed on common and specific genes. Metabolic pathways wergorizee by
applying the MapMan ontology vocabulary and the complete list ofriiehed BIN (i.e.
functional classes) terms resulting from Fisher's exactcwstbe found in Supplementary
Table 3. No significant enriched BIN terms were found in Pagedfelysis performed on
LH/TH comparison.

For PageMan enrichment analysis, BIN terms related to simpknols (secondary
metabolism.simple phenols, BIN 16.10) were significantly opgesented in both DMR-
A/TH and DMR-B/TH up-regulated genes. In the BIN category 1@Hmajority of up-
regulated genes are coding for laccase (data not shown), atkssymes responsible
for flavonoids oxidation, which is involved in plant protection from lgicdnd abiotic
stresses (Bonghet al, 2012; Zamboniet al, 2010; Pourcekt al, 2007). Taking into
account that the laccase family is, along with other polyphenobseidiene families,
massively expanded in grapevine with respect to Arabidopsis (&&sde V. vinifera
against 17 in Arabidopsis) (Micaet al, 2009) it is worthy to note that
VIT_18s0001g00680 and VIT_18s0117g00550 were up-regulated in both DMR-bunches,
while the transcription of VIT_18s0122g00420 was induced only in DMR-B bunches
(Supplementary Table 2).

Among down-regulated genes, a significant over-representatiorobgsved for genes
belonging to the BIN category related to water transport (tranfaor Intrinsic
Proteins.PIP, BIN 34.19.1), in particular aquaporins, in both DMR4fand DMR-B/TH
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comparisons. Aquaporins are a family of transmembrane proteinslemtsito be largely
responsible for the high permeability to water exhibited by plasrmbranes thus the
down-regulation of aquaporins transcripts during ripening or LH has siegyested as a
strategy for reducing water loss (Guillauneieal, 2011). In this work, we observed that
an higher number of aquaporin isoforms (six isoforms) were down-teduia DMR-B
bunches, on the other hand only two isoforms were differentiallyatgl in the DMR-A
ones (two isoforms) (Supplementary Table 2). This difference cbealdexplained
considering that ripening grape berry is not hydraulically iedl&rom the parent plant by
xylem occlusion but, rather, is “hydraulically buffered” by watelivered via the phloem
(Choatet al.2009). In the case of DMR-A bunches (still attached to the plém),
delivery of excess phloem water could be related withekg humber of down-regulated
aquaporin isoforms.

For DMR-A/TH comparison, specific down-regulated genes belongingategories
regarding cell wall (cell wall.cell wall proteins.LRRBIN 10.5.3 and cell
wall.degradation.mannan-xylose-arabinose-fucose, BIN 10.6.2) i@l metabolism
(lipid metabolism.exotics.methylsterol monooxygenase, BIN 11.§@, thetabolism.FA
synthesis and FA elongation.acyl coa ligase, BIN 11.1.8)ewaverrepresented.
Metabolisms related to cell wall degradation and reductionpal biosynthesis (mainly
sterols) were stimulated in the case of a prolongation of ligeying on the plant (Le
Furet al.,1994). Concerning terms related to up-regulated genes those ashtaiatell
wall.modification” and lignin biosynthesis (secondary
metabolism.phenylpropanoids.lignin biosynthesis, BIN 16.2.1) wererepresented.
Activation of the lignin pathway is likely a reaction of skinlsg¢b an advanced stage of
dehydration (Guillaumieet al, 2011; Bonghiet al, 2012; Zambonket al, 2008), which
could represent a barrier for the gas exchange between aellsthe surrounding
environment. In still metabolically active fruit tissueigs in particular), this stress
condition activates specific reactions aimed at stress adapiand the minimization of
microbial attacks. It has already been reported that the applicof DMR is particularly

effective in indirect grey mold control on grapevine (Cargnedlal, 2006).
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For DMR-B specific genes, terms related to fermentatiormatation.aldehyde
dehydrogenase, BIN 5.10) and stress (stress.abiotic.touch/woulMg20.2.4) were

significantly overrepresented in the up-regulated genes.

Among BIN categories over-represented in DMR-A/TH and DMRHB/comparison,

those related to sugars/acidity and polyphenols were selectedhicin the GO terms
were retrieved to implement the information present in thpNi& ontology vocabulary.
These GO categories were used to perform a PCA analysistter mentify those

specifically affected by the application of different harvesthniques (Fig. 3). For
sugars/acidity (Fig. 3A) and polyphenols (Fig. 3B), most of thet&@s were separated
by the first principal component, with a variance of 58.8% and 83.@8pectively, while

second principal component showed a variance of 28.4% and Ire&séctively.
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Figure 3. PCA analysis of sugar-acidity and polyphenols G@&garies PCA analyses with sugar-acidity
and phenylpropanoids GO category using LH/TH, DMR4A and DMR-B/TH microarray data; number of
described GO terms are given in brackets. A. PCAlyais of following sugar/acidity GO terms:
transcription activator activity ATHB-12 (1), citeatransport (2), malate metabolic process (3%tfse 2,6-
bisphosphate metabolic process (4), galactose wiatgiyocess (5), alcohol dehydrogenase (NAD) #gtiv
(6), gluconeogenesis (7), pyruvate metabolic prmcésnarate metabolic process, phosphoenolpyruvate-

dependent sugar phosphotransferase system, beteffmanosidase activity (invertase), sucrose nadiab
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process, sucrose biosynthetic process, glucoseboiietaprocess, sucrose transport, nucleotide-sugar
transport. B. PCA analysis of the following polyploés GO terms: L-phenylalanine catabolic proce3s (1
leucoanthocyanidin reductase activity (2), naringeinalcone synthase activity (3), L-phenylalanine
biosynthetic process, laccase activity, flavonoid,5'3wydroxylase activity, anthocyanidin 3-O-
glucosyltransferase activity, flavonol synthasevégt leucocyanidin oxygenase activity.

As shown in figure 3, DMR-B/TH, DMR-A/TH and LH/Tldomparisons exhibited different distribution of
microarray transcriptomic data. Specifically, DMR¥BI data were located on the left side in both gsap
(Fig. 3A, B), data regarding LH/TH were on the ogip® side and DMR-A/TH showed an intermediate
position (between the DMR-B/TH and LH/TH comparispn

For sugars/acidity categories, PCA data calculated as atiweulexpression of genes
belonging to “malate metabolic metabolism” (GO:0006108) obtained DdMR-B/TH
berries were clearly separated from those of DMR-A and IsHighlighted also in the
PageMan results (Supplementary Table 3). These results cdahfitrmalate metabolism

is a process specifically affected in the grape clustetéocbelow the cut of the vine,
when the DMR technique is applied. As pointed out by biochemicahpers (Tab. 1),
malate content in DMR-B berries showed levels similar toelaiserved in TH berries,
highlighting a slowing down in its catabolism. On the other handngd®s in
malate/tartrate ratios and the rapid consumption of maikcaliserved in LH and DMR-

A berries reflect the modulation of the metabolism that iactssponse to the decrease in
cell water potential (Bellincontret al, 2004; Tonutti and Bonghi, 2013).

For sugar metabolism, LH/TH “fructose 2,6-bisphophate metabolic epsdc
(GO:0006003, nr. 4), “galactose metabolic process” (GO0:0006012, nr. 5) and
“gluconeogenesis” (GO:0006094, nr. 7) GO terms were separatediosm of DMR/TH

by the first principal component for GO:0006003 and by both components for
G0:0006012 and GO:0006094. In DMR/TH comparison, genes belonging to frustbse a
galactose metabolic GO categories showed a slight up-regylaticomparison to LH.
DMR/TH comparisons showed different regulation of genes belongingld¢ohol
dehydrogenase (AHD), the enzyme which catalyzes the conveifsewetldehyde into
ethanol. Indeed GO category “alcohol dehydrogenase (NAD) att{@§:0004022, nr.

6) of DMR/TH data was separated by the first principal compoffemh LH/TH
comparisons, emphasizing modification of sugar metabolism. Aloddioydrogenase 1

(ADH 1) transcripts was up-regulated in DMR/TH berries,comparison to LH/TH
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(Supplementary Table 2), due to an activation of the fermeatatathway, already
observed in several experiments with an increase in ethamblaeetaldehyde levels
following dehydration (Bellincontreet al, 2004; Chkaibaret al, 2007; Cirilli et al,
2012). The induction of aerobic fermentation is probably relateahtexcess of sugars
concentration, which may also be the case for DMR berriesskimaved higher levels of
total soluble solids in comparison to LH berries (Table 1). Indhge increasing levels of
ADH 1 may be a necessary step in removing acetaldehydedrafatan increasing
concentration of sugars. In PCA analysis, GO terms relateddar transport (nucleotide-
sugar transport, GO:0015780, and sucrose transport, GO:0015770) did not show
significant differences among three comparisons. It is well krtbansevere water stress
affects phloem unloading, inhibits the accumulation of sugars andivedgaegulates
sugar transporters in grape berries (WABIGI, 2003), as evidenced for genes coding for
sugar transporters that showed low expression values (data net)show

Taken together, these data highlighted that dehydration did not influsmgars
biosynthesis and transport; therefore it can be concludedhthatdrease in sugar levels
in DMR grape berries is due to the excess of concentratiachwagicurs after grape berry
dehydration.

For the polyphenols category, DMR/TH “L-phenylalanine catabolic psice
(GO:0006559) terms, related to the Phenylalanine ammonia-lyase) @ene, were
significantly separated in the LH/TH comparison. Besidesgg that act in the next steps
of the phenylpropanoids pathways (“naringenin-chalcone synthaseyéctd®:0016210,
and “leucoantocyanidin reductase activity”, GO:0033788) also showé&eredi
distribution in PCA graphs of DMR/TH and LH/TH comparisons. These kigthlighted
significant differences between samples in the regulation pb&nylpropanoids
metabolism, with the adoption of different routes in DMRs and Lkid®e This category

will be discussed in more detail in the next section.

3.3 Phenylpropanoids metabolomics and transcriptomi c analysis

Biochemical and sensorial analyses pointed out that DMRs grapesbeeached a
balanced polyphenols profile (Table 1) and complete phenolic matkigyré 1), two of

the major factors affecting red wine quality. Metabolitedymmarevealed that the amount
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of polyphenols in DMRs berries is significantly higher than thatsuoeed in berries
harvested at TH and LH (Supplementary table 4).

To better understand changes in polyphenols metabolism, a PCA anedgsperformed
on data related to the content of resveratrol, quercitirechat and anthocyanins,
normalized against TH berries values, measured in LH, DM&4 DMR-B berries
(Figure 4A). Quercitin and catechin of DMRs were signifioasttparated from LH data
by the first principal component accounting for 96.8% of varian@nsFresveratrol value
was also separated among the three delayed harvests bysthgificipal component, in
this case with more marked differences. Instead, cis+r@sgkof LH was separated from
DMR-A and DMR-B by the second principal component accounting for 3.2%rance.
Anthocyanins data did not show significant differences among thee tiwarvest
techniques.

Detailed data on metabolites quantification in TH, LH and DM#&s listed in
Supplementary Table 4.

Transcript amounts of the main genes involved in polyphenols biosyht{issed in
Supplementary Table 1) were analyzed using the procedure desfoibetktabolites
(Figure 4B).

PCA analysis highlighted that most of data can be explainedhdyfinst and second
principal component, with a variance of 97.0% and 2.0%, respécti

Data distribution observed for PAL gene (Nr. 2) was the santkaa®bserved for PCA
conducted with GO terms data (Figure 3) The ratio betweereted df PAL transcripts
measured in DMR-B- and TH berries was clearly sepafabed that recorded for DMR-
A and LH samples by the first principal component with aarare of 97.0%, confirming
the existence of a different regulation of PAL gene expressioong the three harvests.
Stilbene synthase gene (STS, nr.1) is involved in resverptoaluction and showed
significant differences between DMRs and LH. PCA pattern shbw STS transcripts

parallels those obtained for trans-resveratrol in the P@dyais conducted using phenol
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Figure 4. PCA analysis of polyphenols metabolomics-gPCR dathheat map of gPCR genes expression
PCA analyses using LH/TH, DMR-A/TH and DMR-B/TH pphenols metabolomics and transcriptomic
data; number of described terms are given in btackk PCA analysis of the following polyphenols
metabolomics data: trans-resveratrol (1), cis-negwel (2), quercitin (3), catechin (4), trans-pietotal
polyphenols. B. PCA analysis of following polyphé&qPCR genes: STS (1), PAL (2), MYB-B (3), FLS 1
(4), LAR 2 (5), LAC (6), F3H, PPO2, UFGT, CHS3, MY® LAR1-1, LDOX. C. qPCR visualization of
genes involved in polyphenols metabolisms. Heat shegwing LH/TH, DMR-A/TH and DMR-B/TH genes
expression. Black (4) and White (Unchanged) indicaspectively maximum and unchanged log?2 ratio of

the gPCR genes of the experiment.
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metabolites (Figure 3). Similar results, although to a lees&nt, were obtained for
flavonol-synthase 1 (FLS 1, nr. 4) and MYB-B (nr. 3), involvedlavdnol biosynthesis
and its regulation, respectively, and leucoanthocyanidin-resRI@4LAR2, nr 5), which

is involved in catechin biosynthesis. No significant differsneere observed for the
expression of genes involved in anthocyanins synthesis (e.g. lelcogemidin oxidase
and UDP-glucose:flavonoid 3-O-glucosyltransferase) as welllaa®roids catabolism
(e.g. polyphenol oxidases and laccases) by comparing the #mashstrategies.

Taken together, metabolites and transcripts analyses revialedhere are different
regulation mechanisms of polyphenols metabolism in DMR and LH sampl®IR
showed high expression of PAL gene (Figure 4C), confirming thatgémne is strongly
activated during both over-ripening and postharvest dehydration (Riziai, 2009;
Bonghi et al, 2012; Zamboniet al, 2010). However, two members of the PAL gene
family were shown to be down-regulated in withering Raboso Riexées (Bonghet al,
2012). This suggests that the expression regulation of the numerous mehbesr V.
vinifera PAL multigene family is complex and may represekew step in the multiple
physiological responses to postharvest stress. The increagiigbility of polyphenols
precursors was used for synthesizing stilbenes and some cateagfoileevonoids. As far
as stilbenes are concerned, DMR and LH berries, showed hagment of trans-
resveratrol (e.g. 3 times more in DMR-B than in TH, Supple¢argiTable 4), as already
reported by (Carbonneau A., 2008), paralleled by an up-regulatioh®fL$)ene (more
than 40 times higher in DMR-B than that observed in TH, Fig. 4@is fesult was not
unexpected, indeed senescence (Vannetzal, 2012) and abiotic stresses, such as
dehydration, are able to induce STS expression (Batgili 2012; Zambonet al, 2010;
Versari et al, 2001). Among flavonoids, the application of DMR-B induced the
accumulation of quercitin, a flavonol-related metabolites (Suppieane Table 4), while
catechin was significantly reduced. These trends were canisisith the induction of
transcripts encoding for FLS 1 and MYB-B in comparison to Thj.(BC) suggesting a
shift in DMRs samples (DMR-B in particular) towards a flavopaithway and a
concomitant repression of tannins biosynthesis. To the contraky lerries flavonoids
composition remained almost similar to that registered in Tiddsecharacterized by a

low level of quercitin and FLS1 transcripts as well as an aatation of catechin and
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LAR 2 mRNAs (Fig. 4C), which means that the LH technique ieas efficient than
DMR in the reallocation of dehydroquercitin toward quercitin téad of
leucoantocyanidin and then catechin. The increase of quercitiervelosin DMR-B
berries has an important impact on quality parameters considéwaghis flavonol
contributes to the bitter taste and color of red wine by staiglianthocyanin pigments
(Cheynieret al, 2006). The decrease of catechin results in reduced syntlidarmns.
This event is correlated to the reduction of astringency s¥gibtin Raboso Piave musts
obtained from DMR berries, as demonstrated by sensorialsssialy decrease in total
anthocyanins was observed for DMR berries, in comparison to TH arfuetiés. This
could be due to the diversion of a common precursor towards flavonotadnsf
anthocyanins.

In DMR berries harvested later (45 days after H), thetigeseffect on polyphenols
balance disappeared (data not shown). This event, associatec wibp in titratable
acidity (Tab. 1), suggests that an excessive delay in thrediaof DMR berries negatively
affects the global quality of Raboso berries.

The unique traits of wines obtained from overripe and/or dehydrateédarg the result
of processes and events, some of which are strictly regulatedria of gene expression.
Several pathways, related to wine quality traits, appear tpolkdively modulated by
delaying the harvest and, in particular, when berries undergo DiNtRvever, the
effectiveness of DMR is strongly influenced by the tecHrézpertise of the wine grower,
who should modify the duration of DMR in relation to climate and perfeemsorial
analyses on grapes in order to establish the best vintageTiraeDMR technique can
successfully modify grape berry quality only when these factoes taken into

consideration in a well thought out manner.
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