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Abstract

Consequences of climate change are becoming markedly worrying, since average surface
temperatures are constantly going up and extreme climatic events are getting more frequent
and intense, posing a considerable threat to worldwide viticulture. Among different abiotic
stresses, drought is the factor that has a greater influence on plant physiology with a drastic
impact on grape yield and quality. To overcome the deleterious effects of drought, plants
adopt a multitude of physiological, biochemical and molecular mechanisms at cellular and
systemic levels. Therefore, understanding the complexity of plant’s response to water deficit
represents a major challenge for sustainable winegrowing. Especially, the development of
strategies to reduce water consumption and to improve water-use efficiency (WUE) in vines
will be fundamental in future years. Furthermore, the regulation of water use is particularly
influenced by rootstocks, on which cultivars are generally grafted to cope with phylloxera
infestations. The adaptation to drought indeed seems to be a cooperative action between
scions and rootstocks, by means of hydraulic conductivity, chemical signalling and exchange
of genetic material. However, a very few number of works were focused on identifying the

genetic regions of grape rootstocks responsible for drought tolerance mechanisms.

In this regard, the present research aimed to identify genetic determinism of phenotypic
traits associated with drought tolerance. A genome-wide association study (GWAS) approach
has been applied on an ‘ad hoc’ association mapping panel including different Vitis species, in
order to dissect the genomic bases of transpiration-related traits and to identify genetic
regions of grape rootstocks involved in drought tolerance, thereby potentially relevant for
crop improvement. The panel was first genotyped with the commercial GrapeReSeq Illumina
20K SNP array and infrared thermography has been applied to estimate stomatal
conductance values and to assess water status during progressive water stress and re-watering
in two years. Some significant marker-trait associations were detected and a good list of

candidate genes with a feasible role in drought response were identified.

The physiological responses to drought were further investigate in four commercial
rootstocks, 101.14 Millardet et de Grasset (V. riparia x V. rupestris), Selection Oppenhiem 4 (V.
riparia x V. berlandieri), no Richter (V. rupestris x V. berlandieri) and Riparia Gloire de
Montpellier (V. riparia). Differences were observed among genotypes and between water
stress experiments that were performed in pots and in hydroponics. Furthermore, the

application of osmotic stress in a hydroponic system has proved to be a useful method to



evaluate the short-term stress response, especially for a rapid screening of stomatal

sensitivity.

In addition, a pilot study on a reduced subset of Vitis sylvestris genotypes exposed to water
deficit treatment was carried out to evaluate their drought tolerance, because they represent a

source of natural genetic diversity that could be exploited for future breeding programs.

Taken together, a step forward to understand the basis of genetic variability of the response to
water deprivation in grape rootstocks has been done in the present research. Moreover, it has
been proved that different phenotyping approaches may help to dissect a highly complex trait

such as water stress response.



CHAPTER 1

1.1 Plant abiotic stresses

Our climate is changing and strongly influencing human life and natural systems.
Consequences of global warming are becoming particularly alarming, since the average
surface temperature has increased by about 1 degree Celsius in the past 50 years, according to
the National Oceanic and Atmospheric Administration (NOAA) and National Aeronautics
and Space Administration (NASA) data (NOAA, 2016; GISTEMP Team, 2018). In addition, the
Intergovernmental Panel on Climate Change (IPCC) predicted that atmospheric CO2
concentration will reach to 720-1000 ppm by the end of this century, which could rise average
surface temperatures by 3.5 °C. Besides, it is very likely that extreme climatic events will
occur more often and become more intense in many regions with a drastic impact on crop
production worldwide (IPCC report, 2014; Tollefson, 2018). Abiotic stresses, including
drought, flooding, freezing, radiation (UV-B and UV-A) and heat waves adversely affect plant
physiology. At first, they alter plant growth limiting vigour and vegetative development below
optimum levels, but if stresses are prolonged, they lead to decline or death of shoots
(Bechtold & Field, 2018). It is therefore crucial for plants to employ an efficient acclimatory
response to survive in challenging environments. Adaption to abiotic stresses is a dynamic
process including multifarious mechanisms, which are mostly determined by genetic
plasticity (Bartels & Sunkar, 2005). In fact, plants are generally exposed to a combination of
these stresses, such as drought and heat, which causes a very specific response (Suzuki et al.,
2014; Zandalinas et al., 2017). To ensure their survival in the natural environment and to
maintain growth, plants induce a multiplicity of physiological and biochemical signaling
pathways that may interact and inhibit one another. Moreover, they activate many stress-
related metabolic and gene regulatory networks (Nelson et al., 2007; Cramer et al., 2011
Yoshida et al., 2014; Zhu, 2016) and different type of molecules act as signal transducers such
as reactive oxygen species (ROS) (Mittler et al., 2004), calcium (Bowler & Fluhr, 2000),

hormones (Xu et al., 2006; Kazan, 2015; Vishwakarma et al., 2017) and sugars (Jossier, 2009).



1.2 Drought stress in plants

Water supply will pose one of the most relevant threats to the world, both in advanced and in
developing countries. Climate models indicate that droughts will become more intense, more
frequent, and longer, combined with an increased net irrigation requirement (NIR) (Zhao et
al., 2015). The report of the World Resources Institute (WRI) estimates a substantially
reduction of water resources across several regions, including the Mediterranean, within 2040
(Luck et al., 2015). Drought is the factor, among the different abiotic stress, which mostly
reduces crop productivity worldwide (Boyer et al., 2013). Therefore, understanding the

complexity of plant’s response to water deficit poses a major challenge for researchers.

To overcome the deleterious effects of water stress and to complete their reproductive cycle,
plants have adopted several adaptive strategies. Following deficit recognition they can cope
with drought maintaining high tissue water potential (drought avoidance), withstanding at
low water potential (drought tolerance) or limiting their life cycle to wet periods (drought
escape) (Bohnert et al., 1995). Mechanisms underlying drought avoidance include reduction
of stomatal conductance (Martin-StPaul et al., 2017), development of extensive root systems
(Bengough et al., 2006), decrease in transpiration area (Blum et al., 1996) and improvement of
xylem water capacity (Chaves & Oliveira, 2004). On the other hand drought tolerance is
usually characterized by adaptive traits, which consist of accumulation of osmoprotectants
(Peters et al, 2007), biosynthesis of epicuticular waxes (Shepherd & Griffiths, 2006) and
remobilization of stem water-soluble carbohydrates (WSC) (Gupta et al., 2011). In the initial
phase of stress, plant growth is rapidly inhibited (“acute response”) whereas the subsequent
period (“adaptation response”) is characterized by the recovery of growth rate and by the
adaptation to the constraints (Skirycz & Inzé, 2010). Basically, the limitation of growth is not
only an adverse effect of resource shortages, but also an important process of water deficit

adaptation (Levitt et al., 1972).



1.2.1 Physiological, molecular and biochemical mechanisms to tolerate

water constraints

Plant drought stress resilience is the result of complex and dynamic physiological,
biochemical and molecular processes at cellular and systemic levels (Figure 1). First and
foremost, water deficit causes cellular dehydration and growth repression. As a consequence
of external water potential reduction, water leaks out from the cells, causing a decrease in cell
volume and of turgor pressure. Furthermore, the concentration of solutes inside the plasma
membrane determines deformation of the cell wall and can lead to irreversible damages
including protein denaturation (Feng et al., 2016). Aquaporins activity plays a prominent role
in the regulation of water flow during the stress, reducing water uptake into the expanding
cells and, consequently, inhibit plant growth (Javot et al., 2003). Drought stress also affects
cell wall composition causing the deposition of phenolics and lignin monomers, which form
covalently cross-links with cell wall glycoproteins. These mechanisms are attributed to
expansin activity and cause cell wall inextensibility (Moore et al., 2008; Tenhaken, 2014).
Inhibition of plant growth is also mediated by DELLA proteins that are in turn regulated by

the plant hormones gibberellins (GAs) (Zentella et al., 2007; Navarro et al., 2008).

A fundamental mechanism to avoid plant dehydration is represented by stomatal closure
(Martin-StPaul et al., 2017). Stomata constitute the first barrier to limit excessive decreases in
water potential maintaining adequate tissue water content, without exceeding the hydraulic
system capacity, to prevent wilting and stem embolism (Bartlett et al., 2016). The aperture of
stomata is regulated by a pair of specialized epidermal cells called guard cells, which
surround stomatal pores. Drought conditions cause a drop in the turgor pressure of the guard
cells that release potassium ions and water through osmosis, thereby resulting in stomata
closure (Ache et al., 2010). The phytohormone abscisic acid (ABA) plays a pivotal role in the
stress signal transduction and transmission to leaf guard cells. ABA is synthetized in
mesophyll cells of water stressed leaves (McAdam et al., 2018) and is transported on the
epidermal layer, by specific transporters (Kuromori, 2018), to elicit stomatal closure. ABA also
modulates the osmotically induced release of water from guard cells by activating plasma
membrane-intrinsic proteins (PIPs) (Grondin et al., 2015). Moreover, Takahashi et al. (2018)
recently identified a small signalling peptide, CLAVATA3/EMBRYO-SURROUNDING
REGION-RELATED 25 (CLE25), which transmits water-deficiency signals from roots to leaves
through vascular tissues, and regulates stomatal closure by modulating ABA biosynthesis.

These findings elucidated the mechanisms of root-to-shoot signaling under drought. Xylem
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tissue is in fact strongly involved in the water stress response and in the regulation of leaf
transpiration rate (Comstock, 2002). In addition to improving water uptake from the soil, the
xylem system perceives soil water status reducing leaf water potential, and thereby stomatal
conductance. Stomata response to changes in hydraulic conductivity in turn allows to
maintain water supply and prevent xylem cavitation (Jones & Sutherland, 1991), which may

result in leaf and plant mortality.

Stomata also adjust the uptake of carbon dioxide and oxygen to optimize the respiration
under water scarcity. Thus, the net photosynthetic rate strongly decreases together with
stomatal conductance. The early phases of stress are characterized by changes in the cellular
carbon metabolism with a reduction in the contents and activities of photosynthetic
enzymes, such as ribulose- 1,5-bisphosphate carboxylase/oxygenase (RuBisCO) (Lawlor et al.,
2002) or phosphoenol pyruvate carboxylase (PEP-case) (Boyer et al., 1997). Prolonged drought
stress results in the down regulation of photosystem II (PSII) activity which leads to a
substantial loss of photosynthetic pigments together with the degradation of thylakoid
membrane structure (Reddy et al., 2004). Consequently, photochemical efficiency is reduced,
the rate of O2 photoreduction increases and reactive oxygen species (ROS) (Oz-, H202, OH)
accumulate in chloroplasts. These oxygen free radicals cause several oxidative damages such
as protein denaturation, phospholipid peroxidation and oxidation of DNA (Noctor & Foyer,
1998). The anti-oxidative defense system preventing excessive damages caused by ROS
accumulation includes non-enzymatic and enzymatic components (Mgller et al., 2007). The
non-enzymatic antioxidants are divided in ROS-scavengers (ascorbic acid (AsA), reduced
glutathione (GSH), a-tocopherol) and pigments (carotenoids, flavonoids and phenolics) (Das
& Roychoudhury, 2014). On the other hand, the major antioxidant enzymes are superoxide
dismutase (SOD), catalase (CAT), peroxidases (APX, GPX) (Mittler et al., 2004). The
accumulation of protective compatible solutes represents one of the most valuable
mechanisms adopted by plants to reduce ROS production, thereby limiting the deleterious
effects of water stress (Hare et al., 1998; Taji et al., 2002; Van den Ende & Valluru, 2009). These
compounds, also known as osmoprotectants, are divided in three categories: betaines, sugars/
polyols, and amino acids. The more representative group is composed by trehalose and
raffinose family oligosaccharides (RFOs) sugars, such as sucrose, galactinol, raffinose,
stachyose, mannitol and myo-inisitol (Bachmann & Keller, 1995; Nishizawa et al., 2008). In
addition to their antioxidant function, these compounds are involved in the osmotic
adjustment process, which consist in concentrating osmotically active substances inside the

cell: in vacuoles, cytosol, and chloroplasts. This leads to a reduction of osmotic potential that
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reestablish cell turgor, hence stabilizing the protein structures and maintaining the
membrane integrity (Sanders & Arndt, 2012). Moreover, these carbohydrates constitute an
alternative energy resource that can be accumulated without affecting primary metabolism

and promote the process of dehydration recovery (Peters et al., 2007; Egert et al., 2015).

Finally, when water stress reaches intolerable levels, the last resort practiced by plants is the
induction of programmed cell death (PCD) (Petrov, 2015). This senescence mechanism is
usually mediated by ROS and involves some proteases, such as cysteine proteases, which are
drought-specific and do not take place under natural aging (Khanna-Chopra et al.,1999). Leaf
senescence represents an adaptive strategy to save water and to redistribute nutrients stored

in older leaves to growing plant tissues (Munné-Bosch & Alegre, 2004).
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et al., 2003)



1.2.2 Gene pathways involved in the drought stress response

A well-structured network of plant’s response pathways confers adaptation and tolerance to
the water constraints. Genes taking part in these mechanisms can be essentially divided in
two categories: functional and regulatory genes. Functional genes are directly involved and
their products are proteins and enzymes with predominant roles in protecting cell structures,
reducing water loss, reestablishing osmotic homeostasis and repairing damage. On the other

hand, regulatory genes contributes to drought signal perception and transduction.

A large part of functional genes codify for primary and secondary metabolites, which
participate in osmoprotection by osmotic adjustment and free radical scavenging. Polyamines
(PAs) (Cappell et al., 2004), glycine betaine (GB) (Quan et al., 2004) and proline (Vendruscolo
et al., 2007) synthases were modulated during drought and confer stress tolerance. Moreover,
as already mentioned in the previous chapter, genes involved in the biosynthesis of trehalose
(Nuccio et al., 2015), RFOs (Taji et al., 2002), mannitol (Abebe et al., 2003) and antioxidant
enzymes (Diaz-Vivancos) limit the deleterious effects of water stress and of ROS
accumulation. Some functional genes directly reduce transpirational water loss inducing
stomatal closure, eg. SLAC1 that codify for an anion channel (Geiger et al., 2009), NADPH
oxidases (AtrbohD and AtrbohF) (Kwak et al., 2003) or CaDIL1 that synthesize a late
embryogenesis abundant (LEA) protein (Lim et al., 2018). Finally, it is important to emphasise
the role of the aquaporin gene family, which regulates the movement of water through plant

compartments and could improve the ability to save water (Zhou et al., 2012).

Drought regulatory network involves several families of transcription factors (TFs), cis-acting
elements, protein kinases, receptor-like kinases and plant hormones. Regulatory genes could
be subdivided in a ABA-independent and in a ABA-dependent signal transduction pathway
(Yamaguchi-Shinozaki and Shinozaki, 2006) (Figure 2). Indeed, the hormone abscisic acid
(ABA) plays a fundamental role in regulating drought-induced gene expression. Furthermore,
the limiting step in its biosynthesis is controlled by 9-cis-epoxycarotenoid dioxygenase 3
(NCED3) (Qin & Zeevaart 1999), whose expression is promptly induced by water stress. Then,
the Ser/Thr protein kinases Casein Kinase 2 (CK2) and Sucrose Non Fermenting Kinase 2
(SnRK2) (Yoshida et al., 2002; Vilela et al., 2015), the phosphatases PP2C (Komatsu et al., 2013)
and the pyrabactin resistance 1-like (PYL) receptor (Park et al., 2009) mediate first phases of
ABA signaling after stress perception. This enzymatic complex activate the bZIP-type
transcription factors ABA-responsive element (ABRE) binding protein 1 (AREB1) and ABRE-
binding factor 2 (ABF2) by phosphorylation (Fujita et al., 2005; Furihata et al., 2006; Yoshida



et al., 2015), which in turn regulate several downstream genes containing ABRE cis-regulatory
element (CRE) (PyACGTGG/TC) in their promoter regions. Many of these stress-responsive
genes are TFs involved in the regulation of many processes in plants: MYb/MYc (Cominelli et
al., 2005; Zhao et al., 2014), NAC (Hu et al., 2006), WRKY (Jiang et al., 2012), and NF-Y
(Nelson et al., 2007; Li et al., 2008). An alternative ABA-independent signal transduction
pathway regulate the expression of other drought responsive genes, which contain
dehydration-responsive element binding protein (DREB) in their promoter regions
(Nakashima et al., 2009). The main regulons of this pathway are Dehydration-responsive
element binding protein 1 (DREB1)/C-repeat binding factor (CBF) and DREB2 (Liu et al.,
1998). They recognize a 9 bp long (TACCGACAT) conserved cis-element DRE and activate the
expression of several downstream genes (Maruyama et al., 2009; Cheng et al., 2012). However,
TFs and stress-responsive genes activated by ABA-independent and ABA-dependent
pathways could interact with each other, hence they constitute a highly complex network that

has not totally revealed yet.
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ABA-dependent and ABA-independent pathways under drought stress. (Source: Joshi et al., 2016)



1.3 Grapevine response to water deficit

Grapevine is considered to be a relatively drought tolerant plant, thus the impact of climate
change on viticulture sustainability is subject of lively debate (Hannah et al. 2013; Van
Leeuwen et al. 2013; Mosedale et al. 2015; Charrier et al. 2018). Global warming could expand
the grape production in new areas, and on the contrary, some of the main wine-growing
regions may suffer negative economic consequences owing to lower grape yield. However,
data collected during several seasons in two of the most important worldwide wine regions,
Napa Valley and Bordeaux, showed that grapevines hardly reach drought stress level result in
significant embolisms and leaf mortality (Charrier et al. 2018). What is certain is that
strategies to reduce water consumption and to improve water-use efficiency (WUE) in vines

are fundamental for the viticulture sustainability (Dos Santos et al., 2003).

Grapevines are mostly cultivated in drought prone areas and therefore manifest specific
physiological responses and morphological changes under water constraints. Shoot and leaf
growth is recessed in the first phases of stress, thereby limiting the vegetative development of
the vines (Simonneau et al., 2017). Consequently, there is a decrease of evaporative surfaces
and of water demand. Moreover, stressed grapevines exhibit drought avoidance mechanisms
such as reduction in the stomatal conductance (Chaves & Oliveira, 2004; Hochberg et al.,
2017) and in the xylem hydraulic conductivity (Lovisolo et al., 2002). A quick stomata closure,
with the consequent decline of transpiration allow to prevent embolisation together with an
increase in WUE and a decrease in carboxylation efficiency. Stomatal movements in response
to water deficit is controlled by abscisic acid (ABA), which is accumulated in the stomatal
guard cells. A transcription factor of MYB family, VVMYB60o, was demonstrated to have a
prominent role in this mechanism in grapevine (Galbiati et al., 2010). And several ABA
biosynthetic genes, such as NCED1, NCED2 and ABA 8-hydroxylase (Hyd1), were expressed in
different grape tissue (roots, xylem sap, and leaves) in response to water deficit (Speirs et al.,
2013). Furthermore, the expression of genes related to ABA metabolism and signalling could
differentiate Vitis genotypes on the basis of their drought tolerance level (Rossdeutsch et al.,
2016). However, as reported in the previous chapter, plant mechanisms of water deficit
perception and ABA root-to-shoot signalling are not yet completely understood (Zhu et al.,

2016).

These drought-avoidance physiological responses are associated with a decrease of plant
water potential, in order to maintain water conductivity and photosynthetic activity, in
consequence of soil drying as negative soil water potential arises (Chaves et al., 2010).
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Nevertheless, different cultivar apparently exhibit distinct behaviors in response to the water
potential decline. Some grapevine genotypes adopt a near-isohydric behaviour, which allow
them to maintain a higher water potential under stress condition by means of a promptly
stomatal closure. On the other hand near-anisohydric varieties tend to keep their stomata
open despite strongly reductions in water potential (Schulz, 2003; Chaves et al., 2010).
However, the separation of grape genotypes in these two stress-responsive categories is still
controversial, since some cultivars can display contradictory behaviors depending on the
environmental conditions (Lovisolo et al., 2010; Rogiers et al., 2012; Tomas et al., 2014; Lavoie-
Lamoureux et al. 2017). Although, the genetic variations in the two responsive categories were
widely investigated (Coupel-Ledru et al., 2014; Dal Santo et al., 2016), and more recently,
Charrier et al. (2018) even belied the different stomatal regulation under moderate drought
stress between the more representative anisohydric and isohydric varieties, respectively,

Syrah and Grenache.

As drought stress becomes more severe the photosynthesis rate is drastically limited. More

specifically, the net CO» assimilation (Ap) is inhibited and Rubisco activity is impaired

(Flexas et al., 2002), which cause an increase of intracellular reactive oxygen species (ROS)
(Carvalho et al., 2015). The accumulation of inorganic ions and compatible solutes
counteracts the deleterious effects of ROS in grapevine as osmoprotectants (Pillet et al., 2012)
in addition to antioxidant enzymes (Vidigal et al., 2014) and metabolites, such as flavonoids
or stilbenoids (Krol et al., 2014; Houillé et al., 2015). Furthermore, osmolytes maintain the cell
turgor under drought by means of osmotic adjustment mechanisms (Conde et al., 2015).
Therefore, the expression of several grapevine sugar transporter genes, e.g. VvHT5, VwvSUCu

and VGIN2, was enhanced in leaf tissue during water stress (Medici et al., 2014).

A valuable long-term response to improve the water uptake and WUE under drought
conditions is represented by deep rooting, which involved expansins (Lovisolo et al., 2010)
and aquaporins (AQPs) activities (Vandeleur et al., 2009). Root development is strongly
influenced by soil type, but mostly depend on rootstock genotype (Bauerle et al., 2008).
Conversely, AQPs have a prominent role in water transport from roots to leaves and their gene
expression and functions was widely studied in response to water deficit (Perrone et al., 2012;

Pou et al., 2013).

Water stress, obviously, has also a drastic impact on fruit quality limiting berry size and
production yields. Moreover, grape berry composition is significantly affected in both primary
and secondary metabolites content (Deluc et al., 2009). Several studies investigated the effect

of drought on sugars (Gaudillére et al., 2002), phenolics (Ojeda et al., 2002; Castellarin et al.,
10



2011; Santesteban et al., 2011) and terpenoids (Song et al., 2012) concentrations. Lastly, Savoi et
al. (2017) highlighted, through a multi-omics approach, genes, metabolites and signal
transduction pathways involved in berry metabolism under drought. Nevertheless, it should
be emphasized that a mild water deficit could be beneficial for wine quality. Regulated deficit
irrigation (RDI) promotes the accumulation of sugars in fruit inhibiting lateral shoot growth
(Chaves et al., 2010) and enhances the production of flavour compounds (Ripoll et al., 2014).
On the contrary, excessive irrigation might affect fruit pigments and sugar contents, thereby
decreasing the quality of wines (Medrano et al.,, 2003). Thus, an accurate and
fine modulation of water usage could improve fruit characteristics. Furthermore, the
regulation of plant water balance is strongly influenced by rootstocks, which exhibit a large
variability in WUE, therefore the selection of an appropriate scion-rootstock combination is

crucial.
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1.3.1 Role of rootstocks in the regulation of water use

At the end of the 19'™ century the spread of phylloxera devastated European vineyards. To
cope with this plague vines were grafted on phylloxera-resistant American Vitis species and
almost all vineyards over the world are still grafted (Granett et al.,, 2002). Therefore,
rootstocks influence the vigour of scions, the production yield (Stevens et al., 2010) and their
berry composition (Ruhl et al., 1988; Cortell et al., 2007). The effect of rootstock was also
investigated in the regulation of water use (Gambetta et al., 2012) and in the adaptability to
stress conditions (Keller et al., 2012; Meggio et al., 2014). Regarding drought tolerance, a
considerable variability was observed among rootstock genotypes (Serra et al., 2014) and also
stomatal control of scions is strongly influenced by rootstock (Marguerit et al., 2012;
Tramontini et al., 2013; Peccoux et al., 2017). So the adaptation to drought seems to be a
cooperative action between scions and rootstocks, which control hydraulic conductivity and
transmit chemical signals to the scions that in turn regulate stomatal conductance. The
efficiency in soil water extraction during drought period may differ between rootstock
genotypes (Bauerle et al., 2008) and a prominent role of aquaporins (VvPIP2-1, VVvPIP2-2) in
root hydraulic management was demonstrated (Gambetta et al., 2012). Therefore, drought
tolerant rootstocks showed an enhanced hydraulic conductivity in response to water deficit
(Barrios-Masias et al., 2015) together with a different production of ABA (Rossdeutsch et al.,
2016). On the other hand, as regard scion transpiration, Marguerit et al. (2012) identified
some rootstock genomic regions associated with stomatal movements during drought.
Furthermore, rootstocks are also involved in the recruitment of bacterial communities
associated with the rhizosphere (Marasco et al., 2018), among which plant growth promoting

(PGP) bacteria that may protect plants from drought (Rolli et al., 2014).

Transcriptomic studies investigated the effect of rootstocks on root, leaf and berry
metabolism in water stressed grapevines (Berdeja et al., 2015; Corso et al., 2015). However,
genetic bases of drought response in rootstocks are largely unknown at present and very few
works investigated if rootstocks alter the gene expression of scions (Cookson et al., 2013;
Chitarra et al., 2017) or if there is an exchange of genetic material between them (Yang et al.,
2015; Pagliarani et al., 2017). This is probably due to difficulties in experimental conditions,
which must take account of the synergic interaction of soil, rootstock and scion on the overall
drought response (Zhang et al., 2016). Finally, from an agronomic point of view, a drought
tolerant rootstocks should protect itself from stress damages and at the same time

maintaining productivity and yields in scions. Therefore, all the factors that contribute to
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water stress resilience in this absolutely complex rootstock-scion interaction have to be

deeply investigated and it is going to be a pivotal point in the next years.
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Figure 3 Schematic representation of various mechanisms through which rootstock influences scion
behavior under drought. (Source: Zhang et al., 2016)
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Objectives

Grapevine responses to water stress are controlled by complex regulatory events mediated by
physiological, biochemical and molecular processes as well as environmental factors.
Additionally, understanding the genetic determinism of traits valuable for drought stress
tolerance in grapevine is quite complicated; especially for its highly heterozygous genome and
for the unrevealed mechanisms of interactions between cultivars and rootstocks on which
scions are usually grafted in viticulture. Therefore, the present research aims to provide
further information on the genetic basis of water stress response in grapevine rootstocks and

has been structured as follows:

- in Chapter 2 the aim of the study is to identify genetic regions associated with
stomatal regulation involved in drought tolerance through a Genome Wide

Association Study on an association mapping panel including different Vitis species.

- in Chapter 3 the aim is to deeply investigate the function of a drought-associated
candidate gene, formerly identified in GWAS, and to accurately characterize the
physiological responses to drought in four commercial rootstocks differentially

adapted to drought.

- Chapter 4 aims to evaluate the exploitation of V. vinifera subsp sylvestris genotypes for
drought tolerance related traits, through a pilot study on a reduced subset of
accessions, currently maintained ex-situ at the (Edmund Mach Foundation) FEM

grape repository.
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CHAPTER 2

A genome-wide association study to uncover the genetic
basis of drought response in grapevine rootstocks

Introduction

Revealing novel mechanisms for water stress resilience in natural populations could be an
efficient strategy for crop improvement to face daunting climate change challenges. Selective
breeding deeply influenced the genetic diversity of modern crops over the past years. Natural
variations were selected from crop germplasm, wild species or plants adapted to survive in
extreme ecological niches (Mickelbart, 2015). Nevertheless, the genetic basis of phenotypic
variations associated with drought tolerance mechanisms, such us stomatal regulation
(Buckley, 2005), water-use efficiency (Tuberosa, 2012) or osmotic adjustment (Hare et al.,
2008), are generally poorly understood. Currently, fundamental advances are made in plants
genomics with the availability of reference genomes and high-throughput sequencing
technologies (1001 Genomes Consortium, 2016). This prompted plant scientists to deepen the
study of plant genetic diversity (Huang & Han, 2014), detecting genetic regions associated
with drought tolerance (Harris et al., 2007; Uga et al., 2011; Yu, 2017; Dittberner et al.,2018)
and identifying genes and regulatory elements within these regions (Nelson et al, 2007; Mao
et al., 2015). Among the various approaches for identifying genes involved in phenotypic
traits, quantitative trait loci (QTL) mapping (Takeda & Matsuoka, 2008) and genome-wide
association study (GWAS ) (Aranzana, 2005) are the most adopted. The main difference
between QTL and GWAS strategies is that the former is applied to populations obtained by
controlled crosses in order to dissect the co-segregation of phenotypic traits with molecular
markers, whereas the latter is based on populations of unrelated individuals and at least
ideally aims to genetically explain a large portion of species-wide variation (Bazakos et al.,
2017). QTL mapping studies allow the detection of rare variants in comparison with GWAS
studies, as long as those alleles are carried at least by one parent and segregate in the progeny.
On the other hand, the resolution of QTL intervals is usually low and might include over a
hundred genes, due to the scarcity of recombination events occurred (Esch et al., 2007). On
the contrary, GWAS exploit a multitude of recombination events happened during the history
in natural population. Therefore, this provides higher mapping resolution and smaller
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haplotype blocks that could be associated with phenotypic traits of interest in species with a
fast linkage disequilibrium (LD) decay, such as grapevine (Platt et al., 2010). Moreover, GWAS
is usually preferable to identify significant genotype-phenotype correlations for polygenic
traits, even though there are some limitations such as the missing heritability of traits and the

population stratification (Korte & Farlow, 2013).

Several studies were conducted on grapevine to identify genetic regions, and major genes
within them, involved in fruit quality traits (Battilana et al., 2009; Costantini et al., 2015), in
agronomic traits (Houel et al., 2015; Tandonnet et al., 2018), in tolerance to biotic (Teh et al.,
2015; Sapkota et al, 2018; Smith et al., 2018) and abiotic stresses (Marguerit et al., 2012;
Coupel-Ledru et al., 2014; Henderson et al., 2017). However, GWAS approach was rarely
applied (Chitwood et al., 2014; Marrano et al., 2018) on account of limitations in designing an
adequate association panel, which should represent much genetic diversity as possible,
without complex patterns of population stratification or cryptic relatedness (Nicolas et al.,
2016). Moreover, GWAS requires a sufficient number of Single Nucleotide Polymorphisms
(SNPs) to ensure the coverage of most genomic regions and a reasonable power to identify
variants associated with phenotypic traits, particularly in crop species with low level of LD.
Genotyping-by-sequencing (GBS) is a useful and cost-effective method to discover a large
number of SNPs, thanks to advances that has been made in Next Generation Sequencing
(NGS) technology (Elshire et al., 20o11). Although, the low coverage of sequencing and the
difficulties in handling high amount of raw sequences may result in several genomic region
with missing data. Alternatively, SNP arrays rely on the prior production of sequence
information, following by the identification and validation of polymorphisms (Myles et al.,

2010; Le Paslier et al., 2013).

Drought tolerance in plants is substantially due to a complex and dynamic response that
involves numerous plant tissues and biological pathways. Therefore, correct and accurate
phenotyping plays a pivotal role in the dissection of genetic basis of drought response
(Tuberosa, 2102). The main difficulties encountered in grape phenotyping are the large sizes
of vines, their perennial nature, as well as the long juvenile phases; in addition some methods
for evaluating water stress status, such as water potential (W) measurement, are invasive
(Hsiao, 1973; Campbell, 1985). Spreading of new high-throughput and high-resolution
phenotyping tools, which collect phenotypic data with precise, non-invasive and non-
destructive methods, facilitate the record and the repeatability of measurements (Furbank &
Tester, 2011). The application of chlorophyll fluorescence, RGB, near infrared (NIR) and

hyperspectral imaging to assess grapevine phenotypic traits has become more common in
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recent years (Ghozlen et al., 2010; Kicherer et al., 2017). In particular, infrared thermography
has been successfully used to monitor stomatal conductance and water status in vineyards
(Costa et al., 2012; Gago et al., 2017; Diago et al., 2018; Gutiérrez et al., 2018; Bianchi et al.,
2018). Infrared thermography can detects subtle differences in surface temperature by
measuring emitted infrared radiation, which is dependent on the rate of transpiration and

could be a valuable indicator of stomatal conductance and of water stress severity (Jones,
1999).

In the present research the application of infrared thermography allowed to evaluate the
grapevine rootstocks response to water deficit in an ad hoc core-collection, reducing the time
for collecting phenotypic traits, and thus allowing the screening of numerous genotypes. A
GWAS approach was adopted to dissect the genomic bases of transpiration-related traits and
aimed to identify genetic regions involved in drought resilience potentially relevant for crop

improvement.
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Materials and methods

Definition of a genetic core collection

The association population consisted of 100 grapevine (Vitis spp.) accessions, including non-
vinifera Vitis species (Rootstocks) and interspecific hybrids (Hybrids). This genetic core
collection was created in order to maximize the genetic diversity within a germplasm
collections and was based on a set of 22 SSR and 384 SNPs markers as described by Emanuelli
et al. 2013. To construct the genetic core collections the Maximization (M) method (Schoen &
Brown, 1993), which is implemented in the MSTRAT software (Gouesnard et al., 2001), was
applied. The M strategy selects specific combinations of accessions while maximizing the
number of observed alleles at each marker locus and the MSTRAT uses iterative procedures to
select samples with the highest allelic diversity. The final number of iterations per MSTRAT
run was 200, while the number of repetitions for core sampling was 100. Putative core
collections exhibiting the same allelic richness were ranked using Nei’s diversity index (Nei,
1987). The accessions that were most often present in the 100 replicates were retained as the
final core collection. The genetic structure of the association panel was analyzed with
STRUCTURE software vi.o (Pritchard et al.,, 2000), which uses a variational Bayesian
framework for approximate inference of subpopulations (Falush et al., 2003). A number of
ancestral genetic groups (K), ranging from 1 to 10, was tested by 10 independent iterations for
each K. The most likely K value was chosen running the algorithm for multiple choices of K
and by plotting the marginal likelihood of the data. The software CLUMPP v1.1.2 (Jakobsson
& Rosenberg, 2007) was used to find optimal alignments of the independent runs and the
output was used directly as input into the program for cluster visualization DISTRUCT v1.1

(Rosenberg, 2004).

SNP genotyping

The commercial GrapeReseq 20K SNPs array, which contains 15022 SNPs from Vitis vinifera
genotypes and 4978 SNPs from Vitis species, was used to genotype the whole population with
the Infinium technology following the manufacturer’s instructions (Illumina, Inc., San Diego,
CA, USA). The genomic DNA of the Pinot Noir cultivar was used as control. The raw SNP data
generated were clustered and automatically called using the Genotyping Module V1.9 of the
[llumina GenomeStudio Data Analysis software. SNPs with a Call Freq score o and a GenTrain

score < 0.6 were filtered out. Markers with a Cluster Sep score < 0.4 were visually inspected
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for accuracy of the SNP calling. SNPs with R mean score > 0.3 and with clusters not

overlapped were retained.

Plant material and drought stress experiment conditions

All plants were multiplied vegetatively to give six replicates and were grown in a greenhouse
under partially controlled climate conditions. The vines grew in a 5-L pot filled with a
substrate composed of sandy loam soil and peat (4:1 in volume). Soil water content (SWC)
was determined by gravimetric method from the difference in weight between the wet and
the dry soil (Black, 1965). Two irrigation treatments were established. Three plants were
irrigated maintaining the 9o% of SWC (control plants) and three plants (water stressed
plants) were subjected to a gradual drought stress: a moderate stable water deficit (50% of
SWC for 7 days), following by a severe stable water deficit (30% of SWC for 7 days) and lastly a
recovery period (9o% for 5 days). The experiment was repeated for three successive years:

2012 (1° year), 2013 (2° year) and only on a small subset of population in 2014 (3° year).

Thermal indices and stomatal conductance estimation

The physiological response to drought was evaluated over 30 days. To evaluate the effect of
water stress thermal images of the grapevine leaf canopies were elaborated using the software
InfReC Analyzer (NSg500LT). Stomatal conductance was estimated from two different

thermal indices: crop water stress index (CSWI) (Eq. 1) (Idso et al., 1981) and thermal index

(Ig) (Eq. 2) (Jones, 1999).

Tdry - Tcanopy (2)
T

canopy Twet

canopy ~ Twet (1) 1G =
-T

wet

CWSI =
Tdry

where Teanopy (°C) was the temperature deduced from the thermal images of six sun-exposed
mature leaves per vine, Tary (°C) and Tye: (°C) are the temperature detected on the “reference
surfaces” made with cardboard.

Stomatal conductance (g;) and transpiration were measured with a steady state porometer

(Licor Li-1600) in the third experimental year.
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Association analysis

Genotype-phenotype associations were tested using the average value of each trait in each
year separately. If the phenotype scores were not normally distributed they were
transformed using the logarithm function. GWAS was performed applying three models
which account for different confounding factors to prevent spurious marker-trait associations.
The first model applied was the General Linear Model (GLM), which considers the
population structure calculated with STRUCTURE as a cofactor. The GLM can be described

by the following matrix notation:

yi=p+xif+ Qv+e(1)

where yi is the phenotypic value of it sample, p is the model intercept, B is a vector of SNP
effects, v is a vector of population effect and ¢ is a vector of residual effects, Q is the matrix
from STRUCTURE which presents the individual probabilities to belong to a subpopulation.
The second model employed was the Mixed Linear model, which extends equation (1) taking
also into account a kinship matrix (K) to determine the degree of genetic covariance between
pairs of individuals (Yu et al., 2006). Using TASSEL v. 5.2 (Bradbury et al. 2007) a centered
identical-by-state K matrix was estimated with the method of Endelman and Jannink. The
third model (Q+K model) including both a fixed effect as the population structure matrix (Q)
and a random effect as the kinship matrix (K). A quantile-quantile (Q-Q) plot was drawn to
determine the model which better accounts for population structure and familial relatedness
in the marker-trait association. P-values adjustment for multiple testing was adopted: in
addition to the Bonferroni-corrected critical p-values, q-values were also calculated based on
their corresponding p-values to identify significant associations between a trait and the SNPs.
The g-value is a measure of significance in terms of False Discovery Rate (FDR) (Benjamini &
Hochberg, 1995) that limits the false positive results while offering a more liberal criterion
than Bonferroni correction factor. A q value of 0. was used as significant association
threshold (Benjamini & Yekutieli, 2005). GWAS results were visualized with Manhattan plots

that were yielded from the qgman and CMplot packages of R software (Turner, 2014).
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Results

Construction of a genetic core collection of rootstocks

The study was conducted on 100 Vitis spp accessions included in a genetic core collection. A
two-steps procedure was applied in order to define a restricted set of genetically highly
diverse Vitis accession to be used as an ad hoc association panel. Firstly, a core collection was
created from non-vinifera Vitis species and interspecific hybrids used for fruit production
maintained at Fondazione Edmund Mach in grape germplasm collection (Emanuelli et al.
2013), to maximize the allelic diversity among wild Vitis, rootstocks and hybrids accessions
based on microsatellites. Thus, based on M-method, 98 accessions (out of 231) were sufficient

to capture all 412 alleles (Figure 1).
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Figure 1: Redundancy curves developed for genetic core collections using the M-method (in blue) and
random sampling (in red) with standard deviations, captured in ten independent sampling runs. Plot shows
the accumulation of allelic diversity with increasing core size.

Later, 41 rootstock accessions deriving from the breeding program of the University of Milano
and six commercial rootstocks (1103 Paulsen, Kober 5BB, Selection Oppenhiem 4, 41 B
Millardet et de Grasset, 101.14 Millardet et de Grasset and 140 Ruggeri) were included to
obtain a panel of 145 individuals. To better understand the genetic structure of the analyzed
population, the clustering algorithm implemented in STRUCTURE software was used by

exploring different possible numbers of subpopulations.
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FEM FEM FEM Milan
wild rootstocks hybrids rootstocks

Figure 2: Population structure of the genetic core collection using the model-based program STRUCTURE.
Barplot of admixture proportions of FEM wild and rootstocks, FEM hybrids and Milan rootstocks
subpopulations, as estimated by STRUCTURE at K = 3. Each individual is represented as a single vertical bar,
reflecting assignment probabilities to each of the three groups. K1: yellow bars; K2: green bars; K3: blue
bars. Black line separates individuals of four predefined groups.

The AK criterion suggested by Evanno et al. (2005) gave the highest value at two groups
distinguishing hybrids, which are interspecific crosses with several backcrosses on V. vinifera,
and non-vinifera accessions (rootstocks and wild species). However, an additional peak of AK
was found also at K=3, resulting in the separation of the rootstocks and wild individuals from
the FEM germplasm in a subgroup, whereas rootstocks of the University of Milano clustered
together in a third separated group (Figure 2). In order to obtain an association panel easy to
handle, which adequately capture much genetic diversity as possible with a minimum of
repetitiveness, it was further reduced to 100 samples based again on the M-method. A this
step the 6 commercial rootstocks and 4 rootstock selections derived from Milano University’s
breeding program (M1, M2, M3, M4) were arbitrary forced to be included. In the final
association panel, the number of different alleles (A) retained by the SSRs was 422. The
observed and expected heterozygosity were 0.77 and 0.87, respectively. While considering the
two groups (Rootstocks and Hybrids) separately the diversity parameters were different.

Statistics of genetic variation and origin of samples are summarized in Table 1 and in Figure 3.
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Table 1: Summary statistics of genetic variation at 22 SSR loci in the genetic core collection. A: number of
different alleles; He: unbiased expected heterozygosity; Ho: observed heterozygosity.

Group n° genotypes A Ho He
Rootstocks 74 374 0,75 0,86
Hybrids 26 265 0,82 0,84
Total 100 422 0,77 0,87

® Rootstocks Milan
® Hybrids FEM
Wild FEM
® Rootstocks FEM
® Commercial Rootstocks

Figure 3: Origin of 100 grapevine accessions included in the final genetic core collection.

Genetic core collection was genotyped using the commercial GrapeReseq 20K SNPs array.
After removing low quality loci, the filtered data set was made up of 16.562 SNPs. Moreover,
after the identification of missing genotypes, SNPs with a minor allele frequency (MAF) lower
than o.1 were removed constituting a final number of 7132 SNPs. A pairwise distance matrix
derived from a modified Euclidean distance for all polymorphic SNPs was calculated to
construct neighbor-joining tree using MEGA V5.0 software (Tamura et al., 2011). As a result,
the 100 accessions could be clustered into three groups, which contained 44, 28 and 28

accessions, respectively (Figure 4).
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Figure 4: Neighbor-joining tree of the genetic core collection constructed with SNPs of GrapeReseq
20K SNPs array (stringency of 500 bootstrap-replicates). Branches are highlighted in different colors
according to the assumed pedigree of individuals: violet (V. vinifera), light blue (V. riparia), blue (V.
riparia x V. rupestris), red (V. berlandieri x V. rupestris), green (other American Vitis spp) and dark
green (V. berlandieri x V. riparia).

Stomatal conductance of rootstock population under drought stress

To evaluate the transpiration rate under drought stress in the association population, vines of
the 100 accessions were subjected to deficit irrigation or were maintained in well-watered
conditions for 30 days in two years. Drought stress treatment resulted in a significant
decrease of stomatal conductance (I), and thereby stressed plants exhibit higher crop water
stress index (CSWI) values (Figure 5). Statistically significant differences were observed
between control (WW) and water stressed (WS) plants in both years (Table 2). In the first
year experiment, WS vines were monitored for or a week at well-water condition before
undergoing the water stress (three timepoints of evaluation Ti-T3). Unexpectedly, a
significant decrease of transpiration compared to WW plants was observed at T2 maybe due
to a mistake in daily watering. However, this difference disappears in the next detecting point

(T3) with WS and WW plants being fully comparable before the beginning of the stress.
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Figure 5: Comparison of stomatal conductance and crop water stress indices between well-
watered (WW) (in blue) and water stressed plants (WS) (in yellow) during the water stress
experiments in the two years
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Table 2: Descriptive statistics of the phenotypic data from control (WW) and water stressed plants
(WS) in each year of phenotyping. Asterisks denote significant differences according to Mann-
Whitney U test between WS and WW on the same time point. *, **, and *** indicate significantly
different values at p < 0.05, p <0.01, and p < 0.001.

. Field Ig CwWsSI
Year T"f“e Treatment capacity
points (%) Mean SD Mean SD

wWw 90 0,410 0,159 0,727 0,088
™ WS 90 0,402 0,156 0,738 0,067
ww 90 0,490 0,206 0,704 0,083
& WS 90 0,424 * 0,234 0,739 *** 0,083
ww 90 0,487 0,236 0,710 0,080
™ WS 90 0,418 0,169 0,733 0,070
wWw 90 0,379 0,140 0,747 0,066
™ WS 50 0,264 *** 0,104 0,807 *** 0,059
ww 90 0,576 0,284 0,681 0,089
™ WS 50 0,318 *** 0,153 0,785 *** 0,074
. Ww 90 0,623 0,295 0,655 0,088
' 1 WS 50 0,365 *** 0,146 0,755 *** 0,067
wWw 90 0,513 0,307 0,705 0,095
v WS 30 0,184 *** 0,088 0,859 *** 0,054
ww 90 0,615 0,357 0,667 0,117
™ WS 30 0,205 *** 0,132 0,850 *** 0,066
ww 90 0,765 0,467 0,614 0,111
™ WS 30 0,247 *** 0,117 0,821 *** 0,066
WWwW 90 0,625 0,317 0,660 0,103
o WS 90 0,352 *** 0,345 0,779 *** 0,097
ww 90 0,571 0,282 0,675 0,093
T WS 90 0,325 *** 0,222 0,776 *** 0,093
ww 90 0,627 0,183 0,639 0,068
™ WS 90 0,623 0,191 0,639 0,067
. WWwW 90 0,926 0,384 0,566 0,090
? 1 WS 90 0,763 ** 0,300 0,612 *** 0,074
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WW 90 1,540 0,510 0,443 0,075

T S 50 1,172 *** 0,343 0,503 *** 0,069

WW 90 1,220 0,623 0,518 0,089

s WS 50 0,847 *** 0,309 0,589 *** 0,079

WW 90 0,798 0,442 0,615 0,110

™ WS 30 0,372 *** 0,174 0,759 *** 0,079

WW 90 0,947 0,466 0,570 0,123

] o WS 30 0,410 *** 0,185 0,738 *** 0,094
2 WW 90 0,651 0,281 0,649 0,094
v WS 30 0,289 *** 0,108 0,795 *** 0,062

WW 90 0,782 0,438 0,621 0,125

™ WS 90 0,659 0,393 0,653 0,130

WW 90 0,513 0,242 0,699 0,092

™ WS 90 0,458 0,201 0,715 0,083

Genome-wide associations

The genome-wide association study (GWAS) was conducted for the transpiration traits
related to stomatal conductance using both GLM and MLM methods. The GLM + Q was
chosen as the best model based on Quantile-Quantile plots comparisons for associations
found for most of the trait under investigation. The MLM + K model was instead preferred at
T6 and Tio. Marker-trait significant associations were identified for stomatal conductance
(Ig) values at time points T5, T6, T7 and Tio in water stressed plants in the first year
experiment (Figure 6). In Table 3 are reported SNPs that had significant p-values after
Bonferroni or False Discovery Rate (FDR) corrections (suggestive). Among these the most
significant markers were the SNP chr17_10497222_C_T that showed a significant association
during severe water stress (T7), two SNPs (chri3_ngs50617_C_T, chr8_ 13519938 _C_T)
statistically significant under moderate water stress (T6) and two SNPs (chr3_7009222_A_G
and chri6_2122534_A_G) that were significantly associated with transpiration during stress
recovery (T10). Other 13 suggestive associations that did not pass Bonferroni correction were

detected during moderate stress (T5, T6) and recovery (T10).
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Figure 6: Manhattan plots and respective quantile—quantile (Q-Q) plots of association analysis between
stomatal conductance (Ig) values and all SNP sites at time points T5, T6, T7 and T10 of first year experiment.
The log10 P-values are plotted against the position on each of the 20 chromosomes. The horizontal blue and
red lines indicate respectively the Bonferroni-corrected p-value and False Discovery Rate (FDR) significance
threshold.
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GWAS with phenotypic data collected during the second year experiment did not identify any
significant association after Bonferroni correction (Figure 7). However, suggestive marker-
trait association based on significant q-values (FDR corrections) could be found at T1 and To,
respectively before and after water stress (recovery), when plants were at 90% of field

capacity.
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Figure 7: Manhattan plots and respective quantile—quantile (Q-Q) plots of association analysis between
stomatal conductance (lg) values and all SNP sites at time points T1 and T9 of second year experiment. The
log10 P-values are plotted against the position on each of the 20 chromosomes. The horizontal blue and red
lines indicate respectively the Bonferroni-corrected p-value and False Discovery Rate (FDR) significance
threshold.

A circular Manhattan plot (Figure 8) summarizes all the association results of both
experiments. For example, on chromosome 13 it is possible to identify shared association
signals between timepoints T6 (1° year) and Tg (2° year). Similarly, the statistically significant
association signal on chromosome 17, which was detected at T7 during the first year, recur at

Ts (1° year) and a Tg (2° year) although they are under the threshold of significance.
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Figure 8 : Circular Manhattan plot of association analysis between stomatal conductance (lg) values and all
SNP sites at time points T5 (aquamarin, violet), T6 (dark yellow, salmon), T7 (blue, orange), and T10 (azure,
light blue) of first year experiment and time points T1 (dark green, pink) and T9 (green, yellow) of second
year experiment. The red and black dots indicate respectively significant values according to the Bonferroni-
corrected p-value and False Discovery Rate (FDR).
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To identify potential candidate genes, the associated SNPs were examined. Firstly, it was
considered whether polymorphisms would be localized in genic regions. Out of the 24
significant SNPs 15 were located within genes, while the remaining SNPs were in intergenic
regions. For those markers located outside gene regions or in genes functionally non-
annotated, the 20 kilobases surrounding them were scanned, since Linkage Disequilibrium
(LD) decay rapidly in grapevine (Nicolas et al., 2016). The 14 candidate genes for their

biological functions related to water stress response or for their position are listed in Table 4.

Table 3: SNPs significantly associated to stomatal conductance (Ig) values, with the corresponding p-values.
SNPs significantly associated according to the Bonferroni-corrected p-value are reported in the first lines. R2:
the proportion of phenotypic variance explained by the marker. Positions are referred to V1 annotation of
the Vitis vinifera genome (http://www.genoscope. cns.fr).

Trait  Year SNP Chr  Pos P value o R?
effect
lg T6 1 chr13_11950617_C_T 13 11950617  7.80E-06 A/D 0.39
lg T6 1 chr18_13519938_C_T 18 13519938  8.30E-06 D 0.38
lg T7 1 chr17_10497222_C_T 17 10497222 6.07E-07 D 0.25
lg T10 1 chr3_7009222_A_G 3 7009222  2.34E-07 A/D 0.50
lg T10 1 chri6_21122534 A G 16 21122534  5.24E-06 A 0.56
lg T5 1 chr6_13441720 C_T 6 | 13441720 4.82E-05 A 0.22
lg TS 1 chr11_18012075_T C 11 18012075  3.28E-05 A 0.22
lg TS 1 chr13_10652062_A G 13 10652062  3.64E-04 D 0.17
lg TS 1 chr13_4177522_C_T 13 4177522 | 2.29E-05 A 0.24
lg TS 1 chr13_1833944_A_G 13 1833944 | 1.27E-05 A 0.18
lg T6 1 chr7_17388970_A_G 7 17388970 = 9.99E-06 A/D 0.40
lg T6 1 chr13 11952742 G T 13 | 11952742  1.01E-05 A/D 0.40
lg T6 1 chr5_2431422 C_T 5 2431422  1.24E-05 A/D 0.41
lg T6 1 chrd_18754964 C_T 4 18754964 = 1.60E-05 A/D 0.37
lg T6 1 chr3_235211 C_T 3 235211 1.60E-05 A/D 0.36
lg T6 1 chr13_ 2031649 T C 13 2031649 = 1.73E-05 A/D 0.36
lg T10 1 chr10_1989600_G_T 10 1989600 = 4.71E-05 A/D 0.42
lg T10 1 chr13_2751641_A C 13 2751641  5.51E-05 A/D 0.40
lgT1 2 chr14_3096968_G_T 14 3096968 = 9.96E-06 A 0.25
lg T1 2 chr13_4177522_C_T 13 4177522 | 4.98E-05 A 0.22
lg T9 2 chr7_17388970_A_G 7 17388970  3.78E-05 A/D 0.23
lg T9 2 chr7_20777757_C_T 7 | 20777757  4.36E-05 D 0.27
g T9 2 chr9_553031_C_T 9 553031 2.04E-05 A/D 0.27
Ig T9 2 chr13_11950617_C_T 13 11950617 6.57E-05 A/D 0.23
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Table 4: List of candidate genes functionally annotated in the genome V1 stored in the GENOSCOPE

database.

Trait Candidate gene Description Chr Start Stop

g T6 VIT_18s500019g15390 Peroxidase 18 13521135 13522636
lg T7 VIT_17s0000g08960 Raffinose synthase 17 10494444 10498141
Ig T10 VIT_03s0091g00570 Transcription factor 3 6998808 6999512
lg T10 VIT_1650098900780 laa-amino acid hydrolase 16 21120452 = 21126524
lg T10 VIT_16500989g00760 Transcription factor 16 21111871 | 21115426
lg TS VIT_0650009901570 Serrate rna effector molecule 6 13438002 13465222
g TS VIT_11500529g00570 Auxin-induced protein 5SNG4-like 11 18007469 18008509
lg TS5 VIT_ 1350106900790 Mevalonate diphosphate decarboxylase 13 10642954 = 10652636
lg T5 VIT_1350019903040 Quercetin glucosyltransferase 13 4177111 4179273
lg T6 VIT_0550020900540 B-xylosidase/a -arabinofuranosidase 5 2435691 2438632
lg T10 VIT_ 1050003900760 Glutamate receptor protein 10 1992263 1998191
lgT1 VIT_1450128900480 Eukaryotic translation initiation factor 3 14 3092047 3097166
lg T9 VIT_0950002900810 peroxisomal (S)-2-hydroxy-acid oxidase 9 547420 552404
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Validation of GWAS results

To validate the marker-trait association found for SNP within gene VIT 1750000908960, 10
rootstock varieties homozygous and 6 heterozygous for that polymorphism were selected for
a further water stress study. Transpiration rates of WW and WS plants were measured
throughout the experiment (Figure 9) with a steady state porometer. Significant differences
between the two groups were found at the beginning of stress (T1) in WW plants and at
moderate water stress (T3) in WS plants (Table 5). Furthermore, rootstocks heterozygous for
SNP exhibited a reduced transpiration rate compared with other varieties also during severe

stress (T4, Ts).

Transpiration rate (3° Year) . Aaviw
. . ) AA WS
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90% /90% 90%/50% 90%/50% 90%/30% 90%/30% 90%/30% 90%/90% 90% /90%
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Figure 9: Comparison of transpiration rate of plants homozygous for the chr17_10497222 C_T SNP
(WW light blue, WS yellow) and plants heterozygous for the SNP (WW blue, WS dark yellow)
during the water stress experiments in the third year.
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Table 5: Descriptive statistics of transpiration of plants homozygous and heterozygous for the chrl7_10497222 C T
SNP. Asterisks denote significant differences according to Mann-Whitney U test between plants on the same time point
and under the same treatment at p < 0.05.

Time Field SNP chr17_10497222_C_T Transpiration rate
oints Treatment capacity (%) (CT overdominance eFfe;t)
P pacity {“ Mean SD
TT/CC 10,58 3,19
WW 90
cT 6,81 * 2,50
T1
TT/CC 8,49 4,15
WS 90
cT 6,97 1,90
TT/CC 10,11 3,43
WW 90
cT 9,76 4,65
T2
TT/CC 7,95 3,68
WS 50
cT 8,75 4,40
TT/CC 8,16 3,78
WW 90
cT 7,36 3,05
T3
TT/CC 7,27 3,42
WS 50
cT 4,44 * 0,98
TT/CC 7,60 3,86
WW 90
cT 7,21 2,21
T4
TT/CC 2,98 1,32
S 30
cT 2,25 0,59
TT/CC 6,74 3,04
WW 90
cT 5,87 1,85
5
TT/CC 3,47 1,31
S 30
cT 2,57 0,91
TT/CC 5,34 2,55
WW 90
cT 4,94 1,31
T6
TT/CC 3,55 0,99
S 30
cT 3,74 0,81
TT/CC 5,86 1,89
WW 90
cT 5,98 0,91
17
TT/CC 4,71 2,21
S 90
cT 4,05 1,14
TT/CC 7,03 2,29
WW 90
cT 6,76 1,51
T8
TT/CC 4,95 1,99
S 90
cT 5,76 1,50

34



Discussion

Water deficit poses a threat to the sustainable viticulture with serious economic
consequences for producers. Therefore, there is a pressing need to extend our understanding
of the intricate nature of drought tolerance in grapevine. Breeding grape rootstocks for
resilience to water deficit is an achievable strategy to improve water use efficiency (WUE)
(Tomas et al., 2014), maintaining the desirable varietal characteristics of scions (Serra et al.,
2014). Thus, increasing the availability of genetic determinisms related to tolerance traits
could improve the efficiency of this method, in particular using recognizable tags (molecular

markers) to target stress-responsive genes (Duchéne, 2016).

The existing grape germplasms are valuable genetic resources that could be examined for
seeking phenotypic variations in drought tolerance mechanisms. Constructing a genetic core
collection has proved to be an adequate strategy to obtain a optimal number of rootstock
genotypes, which represents the whole genetic diversity and captures all the most frequent
alleles of a large germplasm, similarly to previous studies of genetic core collection
development in grapevine (Le Cunff et al., 2008; Emanuelli et al., 2013; Nicolas et al., 2016).
Furthermore, the use of genetic core collection for marker-trait association studies was
applied in several plant species with excellent results (McKhann et al., 2004; Zhang et al.,

2014; Campoy et al., 2016).

Grapevine WUE under droughts is strongly influenced by plant transpiration rate, which is
therefore considered as potential target for its improvement. (Chaves et al., 2010). Thermal
infrared imaging was confirmed as very suitable tool for the estimation of stomatal
conductance. During all the three experimental years, rootstocks exhibited significant higher
canopy temperatures in comparison with their controls when were subjected to water stress,
reflecting their water status. Moreover, it was demonstrated that I; and CWSI parameters
deduced from thermal images are significantly correlated with water stress indicators, such as
leaf water potential (WL), non-photochemical quenching (NPQ) or efficiency of light use by
the photosystem II (PSII) (Matese et al., 2018). This approach allowed a fast assessment of the
transpiration rate in whole rootstock population (600 vines) on the same day and during a
specific time window to limit environmental influence, which would have been impossible
with a porometer. In fact since the initial development of the thermography method by Blum
et al. (1982), water status of different kind of crops has been widely studied in diverse research
works, including grapevine (Bellvert et al., 2014; Sepulveda-Reyes et al., 2016; Gago et al.,

2017).
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GWAS studies are currently a valuable approach to detect plant genes involved in phenotypic
traits, particularly for those with polygenic inheritance, such as drought tolerance. Although,
these analyses are not widely carried out in grapevine (Fodor et al., 2014; Chitwood et al.,
2014; Tello et al., 2016; Marrano et al., 2018; Laucou et al., 2018). According to Nicolas et al.
(2016) the ideal association panel for GWAS in grapevine should combine limited relatedness
with minimal structure. The panel designed for this study was composed by hybrids, wild
vinifera and rootstocks varieties that include the main American Vitis species, such as V.
riparia, V. berlandieri and V. rupestris, in their pedigree. Therefore, it ensures a large genetic
variability and additionally exhibited unexplored variations for biotic and abiotic stresses

resilience (Carbonneau, 1985; Boso et al., 2014).

However, GWAS analysis identified few SNPs associated with studied phenotypic traits,
which passed the Bonferroni significance threshold. The decrease of statistical power would
be caused by the rapid decay of linkage disequilibrium (LD) in grapevine (Nicolas et al., 2016;
Marrano et al., 2017; Laucou et al., 2018) that might require a large number of SNPs to evenly
cover the genomic region. Furthermore, drought tolerance is a trait with complex
polygenic determinism and with a strong environmental interaction. Hence, its marker-trait
association analysis may necessitate highly precise phenotypic data, and an experimental

panel including more individuals and replicates, in order to detect minor effect QTLs.

The prominent role of rootstocks in regulating scion stomatal conductance under water
deficit has been demonstrated in different studies (Soar et al., 2006; Koundouras et al., 2008;
Tramontini et al., 2013; Peccoux et al., 2017), but on the other hand, a very few number of
works investigated the genetic determinisms involved in the stomatal regulation. Marguerit
et al. (2012) identified, through a QTL analysis, rootstock genetic regions linked to the
transpiration control of scions, evaluating drought response of a single scion genotype grafted
on 138 individuals from a V. vinifera cv. Cabernet-Sauvignon x V. riparia cv. Gloire de
Montpellier cross. Later, Coupel-Ledru et al. (2014) dissected the genetic basis of stomatal
sensitivity between iso- and anisohydric grapevines in a progeny (Vitis vinifera L.
cvs. GrenachexSyrah) again with a QTL approach. Nevertheless, until now these remain the
only ones studies focused on identifying the genetic regions responsible for stomatal control

under water stress.

The association mapping approach adopted in this study detected significant genotype-
phenotype associations during the various stages of drought stress experiment. The most
interesting significantly associated SNP marker was identified under severe water deficit

condition in first year experiment ( at 30% of field capacity). Moreover, other association
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signals for the same marker, which not exhibited significant p-values after multiple testing
corrections, were found in the first year (at 50% of FC) and in the second year (at recovery
stage). Additionally, the association of SNP chri17_10497222_C_T with a different rate of
transpiration under drought was validate in a small group of rootstock varieties in a third year
experiment. Indeed, genotypes with heterozygous SNP (CT) exhibited a significant reduction
of stomatal conductance compared with genotypes carrying homozygous SNP (CC or TT) at
50% FC. The SNP chr17_10497222_C_T is located in the coding region of VIT 17s0000go896o0,
which codes for a raffinose synthase. The raffinose family of oligosaccharides (RFOs) has a
fundamental role in protecting plants against abiotic stresses (Sengupta et al., 2015). These
proteins confer tolerance against drought stress acting as signaling compounds through the
phloem, and as storage of additional energy resources. Moreover, they have a ROS scavenging
function and stabilize cellular membranes and photosynthetic apparatus. Indeed, the
accumulation of these carbohydrates improved the water stress tolerance in several plants,
such as Arabidopsis thaliana (Taji et al., 2002; Nishizawa et al., 2008; Sun et al., 2003),
Medicago sativa (Kang et al., 2011), Xerophyta viscosa (Peters et al., 2007), maize (Gu et al.,
2016), coffee (Dos Santos et al., 2015) and apple (Falavigna et al., 2018). Furthermore, it has
been reported a role of osmolytes in the regulation of stomata aperture (Daloso et al., 2016).
The involvement of VIT 17s0000g08960 in drought response mechanisms, including ABA-
mediated signalling, is confirmed by transcriptomic studies in grapevine. It was differentially
modulated in the leaves of isohydric and anisohydric varieties under water deficit (Dal Santo
et al., 2016) and it was up-regulated both in transgenic grape cells overexpressing VvABF2
(Nicolas et al., 2014) than in berries after ABA treatment (Pilati et al., 2017). Among the other
significantly associated markers, the SNP chri8_13519938 C_T is positioned within the
promoter region of another drought responsive gene, VIT 18soo01g15390, which encodes a
peroxidase protein. Peroxidases are antioxidant enzymes that prevent excessive damages
caused by ROS accumulation and their concentrations are highly modulated under abiotic
stresses (Barcelo et al., 2003; Mittler et al., 2004). The other three statistically significant
polymorphisms after Bonferroni adjustment, chr3_7009222_A_G, chri6_21122534_A_G and
chr1i3_11950617_C_T, map near a TF involved in transcription initiation, in the intronic region
of a iaa-amino acid hydrolase and in a non-annotated gene prediction, respectively. Since
these genes could not be considered directly related to water stress response, surrounding
genomic regions were scanned without finding credible candidate genes. The Bonferroni
correction test is the most applied for assessing the threshold value of associations. However,
it is often too conservative and some signals may not pass its stringent criteria. Thus,

suggestive SNPs were also considered to detect other marker-trait associations base on False
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Discovery Rate (FDR). Among them, all markers identified were found only during one stage
of stress, except chri3_4177522_C_T. This SNP, located in the coding region of a quercetin
glucosyltransferase protein (VIT_13s0019g03040), was found significant both under moderate
water deficit and well-watered condition. This enzyme is responsible for a late step in
grapevine anthocyanin biosynthesis, which serve to mitigate the effects of water stress in
leaves (Chalker-Scott et al., 1999). Lastly, marker chri3_10652062_A_G was found associated
in vines under moderate drought stress and is positioned in the coding region of mevalonate
diphosphate decarboxylase (MVD) (VIT_135s0106g00790). This is a limiting enzyme of
mevalonate isoprenoid pathway (Bach, 1995) responsible for the formation of sterols, which
play an essential role in maintaining membranes structure and in preventing oxidative stress
damages (Posé et al., 2009). Make a comparison of these results with published genetic
studies of the transpiration under drought (Marguerit et al., 2012; Coupel-Ledru et al., 2014) is
quite complex. Even though they performed a comprehensive characterization of the
population over the course of the water treatment, the low density of markers limited the
resolution of QTL confidence intervals, which included large chromosomic regions. However,
the large part of significantly associated SNPs identified in this study colocalized in those
QTL regions and indicated more restricted positions. Therefore, valuable approaches to
dissect multiple complex traits, such as drought stress response, will consist in the integration

of QTL mapping and GWAS for identifying useful candidate genes.
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Conclusions

This study used an association mapping panel, including different Vitis species, to identify
genomic regions associated with stomatal regulation in response to drought stress. This
represent an important tolerance trait, whose genetic determinisms are far from being
completely understood. Phenotyping with thermal infrared images has proved to be a useful
method to evaluate the drought responses of large population. Significant marker-trait
associations were detected, despite the complexity of the trait under investigation and its
polygenic inheritance. In particular, the association of an SNP in a gene of the raffinose family
of oligosaccharides (RFOs) with reduced transpiration rate during drought, was validated in a
further water stress experiment. This and other candidate genes identified with GWAS
analysis will be evaluated in more controlled conditions, considering also the interactions

between rootstock and scion.

39



CHAPTER 3

Evaluation and characterization of a candidate gene involved in
water stress response

Introduction

Water deficit strongly affects many physiological features of plants. For instance, the excess of
light energy, not convertible into biochemical energy, leads to a dramatic accumulation of
reactive oxygen species (ROS) (Li et al., 2009). To overcome oxidative damages caused by
these chemical compounds, plants have developed a complex and dynamic defense system
involving enzymatic and non-enzymatic antioxidants (Noctor & Foyer, 1998; Chaves et al.,
2003). Among the latter, compatible solutes or osmolytes are small organic molecules, which
stabilize membranes and proteins, maintain cell turgor and reestablish cellular homeostasis
(Yancey, 2005). Compatible solutes are divided into three major groups: (1) sugars (e.g.
glucose, sucrose, trehalose, and raffinose) (Taji et al., 2002); (2) sugar alcohols or polyols (e.g.
mannitol, glycerol, and sorbitol) (Conde et al.,, 20m1); (3) amino acids and ammonium
compounds (e.g. proline, methionine and glycine-betaine) (Einset & Connolly, 2009).
Osmolytes, in addition to their key role as osmoprotecants, are involved in other regulatory
processes of plant adaptation to drought stress, such as osmotic adjustment (Chen & Jiang,
2010), carbon storage, signal transduction (Rolland et al., 2006) and also in the regulation of
stomatal conductance (Kelly et al., 2013).

The raffinose family oligosaccharides (RFOs) is one of the most important class of soluble
carbohydrates, which are synthesized by specific a-galactosyltransferases with the
subsequent addition of galactosyl moieties (Keller & Pharr, 1996). Galactinol (Gol) is formed
from UDP-galactose (UDP-Gal) and L-myo-inositol by the activity of galactinol synthase
(GolS), raffinose synthase (RafS) synthesizes raffinose (Raf) by transferring a galactosyl
moiety from Gol to sucrose, and finally stachyose (Sta) is produced starting from Raf using
Gol as galactosyl donor in a reaction catalyzed by stachyose synthase (StaS). Increased
synthesis of RFOs in response to abiotic stresses are reported in several plant species, such as
arabidopsis (Taji et al., 2002; Nishizawa et al., 2008), tomato (Downie et al., 2003), maize (Gu
et al. 2016), rice (Maruyama et al., 2014), coffee (Dos Santos et al., 201), cucumber (Gu et al.,

2018) chickpea (Salvi et al., 2018), medicago (Kang et al.,, 20m; Zhou et al., 2013),
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Craterostigma (Egert et al., 2015) and Ajuga reptans (Bachmann & Keller, 1995). Little is
known about RFOs metabolism in grapevine and their physiological relevance in the plant,
but Pillet et al. (2012) reported an accumulation of these carbohydrates in berries after heat
stress exposure and high concentrations of RFOs is associated with cold tolerance in Vitis

amurensis (Sun et al., 2018).

Genetic engineering is a valuable approach for improvement drought tolerance in plants
(Parmar et al., 2017). Significant advances have been made in this technology through the
application of systems biology approaches to elucidate and characterize gene combinations
and genomic regions involved in the complex mechanisms of water stress response (Cramer
et al., 2om1). Plants that exhibit increased drought resilience were generated by the expression
of regulatory genes (Tsai-Hung et al., 2002; Fyjita et al., 2005; Oh et al., 2005; Hu et al., 2006;
Nelson et al., 2007; Jeong et al., 2013), metabolic genes (Iuchi et al., 2001; Chen & Murata,
2002; Park et al., 2005; Karim et al., 2007; Sato & Yokoya, 2008; Wang et al., 2008; Faize et al.,
2011; Yue et al., 20u1; Estrada-Melo et al., 2015) and genes associated with post-translational
regulation (De Block et al., 2005; Ning et al., 2010; Zou et al., 2010; Hozain et al., 2012).
Furthermore, the overexpression of RFOs genes confers enhanced drought tolerance in
Arabidopsis (Taji et al., 2002; Sun et al., 2013), and rice (Selvaraj et al; 2017). As regards
grapevine, very few genetic transformation studies, which aimed to improve abiotic stress
tolerance, are reported (Jin et al., 2009; Zok et al., 2010; Tillet et al., 2012; He et al., 2018).
Interestingly, the overexpression of a stress responsive MYB related transcription factor,
which regulates RFOs synthesis, enhances cold tolerance in grape transgenic calli (Sun et al.,
2018) and Daldoul et al. (2017) demonstrated that E.coli bacterial colonies, overexpressing the
stress-responsive grapevine gene a-galactosidase Vv-a-gal/SIP, showed higher tolerance to

abiotic stress.

For this reasons the function of a drought-associated raffinose synthase gene
(VIT_17s0000go8960), formerly identified by means of a Genome-wide association study
(GWAS) for water stress tolerance in grapevine rootstocks, has to be more deeply
investigated. Moreover, this and other genes involved in RFOs metabolism could be efficient

targets for grapevine water deficit resilience.
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Materials and methods

Gene amplification and resequencing

Genomic DNA of 85 rootstock genotypes was extracted from freeze-dried leaf tissue, after
grinding with mortar and pestle, using the DNeasy® Plant Mini Kit (QIAGEN, Hilden,
Germany), DNA concentration and purity were checked both by agarose gel electrophoresis
and by the the spectrophotometer NanoDrop ND-8ooo (NanoDrop Technologies,
Wilmington, DE, USA). The VIT _17s0000g08960 gene was directly sequenced. Gene-specific
primers were designed using Primer 3 software (Rozen and Skaletsky, 2000) and were
synthesized based on the genomic sequence of V. vinifera gene annotation v2.1 hosted on
http://genomes.cribi.unipd.it/grape (Vitulo et al., 2014). A total of 3678 bp of the
VIT _17s0000go8960 locus, from the initial ATG start codon to the TGA stop codon, was
resequenced. Both strands of four partially overlapping amplicons were sequenced and
assembled in a contiguous sequence. Primers used to amplify PCR fragments were also
employed for the resequencing and are listed in Table 1, Polymerase chain reactions (PCR)
were performed in a final volume of 20 pl contained 20 ng of genomic DNA, 2 of pl 10x PCR
buffer (Roche, Indianapolis, IN, USA), 0,2 mM of each dNTP, 0,6 uM of each primer, 1,5 mM
MgCl2 and 0,4 unit of FastStart Tag DNA Polymerase (Roche). Thermocycling consisted of an
initial denaturation of the template DNA at 95°C for 15 min, followed by 11 cycles of 95°C for
45 s, 65°C (touch- down step from 65°C to 60°C) for 45 s and 72°C for 1 min, and another 24
cycles of 95°C for 45 s, 60°C for 45 s and 72°C for 1 min, with a final extension of 10 min at
72°C. Amplified products were analyzed in 1,5% agarose gel. PCR products were purified with
ExoSAP-IT™ PCR Product Cleanup Reagent (Amersham Pharmacia Biotech, Uppsala,
Sweden) and sequenced in both directions with the Big Dye® Terminator v 3,1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, CA, USA). After precipitation, the
sequencing products were mixed with 15 pl of HiDiTM formamide and subjected to capillary
electrophoresis in an ABI PRISM 3130x] Genetic Analyzer (Applied Biosystems). Sequences
were processed with the Sequencing analysis v 3.7 software (Applied Biosystems), finally

STADEN package v2.0.0 (Staden, 1996) was used to analyze the DNA sequences.

Nucleotide polymorphisms and diversity

The estimation and frequency of polymorphisms were defined using the DnaSP software
(Librado et al., 2003), based on the SNPs and INDELs detected in VIT_17s0000g08960 cDNA.

Nucleotide diversity was evaluated with the parameter m (Nei et al., 1979), which is the

42



average number of nucleotide differences per site between two sequences. The neutral
mutation parameter 6 (Watterson et al., 1975) was calculated from the total number of
mutations. Tajima’s D test and Fu and Li’s D test implemented in DnaSP were used to
estimate neutrality of the SNP polymorphisms, taking the dataset as a whole and the
rootstock and hybrid groups into consideration separately. Prediction of tolerability of amino
acid substitution at all positions was calculated with the software tool
PROVEAN (Protein Variation Effect Analyzer) (Choi & Chan, 2015). The hypothesis of neutral
polymorphisms was tested using Tajima’s D (Tajima, 1989) and Fu and Li’s D (Fu & Li, 1993)

tests.

Cloning SO4 rootstock full-ORF VIT_17s0000g08960 cDNA
The VIT 17s0000g08960 cDNA, lacking its stop codon, was amplified using a Phusion® High-

Fidelity DNA polymerase (New England Biolabs, Ipswich, MA, USA) with the primer pair
(Table 1), and the resulting amplicon was purified from agarose gel using QIAquick Gel
Extraction Kit (QIAGEN) and was cloned into an entry vector pENTR™/D-TOPO®
(Invitrogen, Carlsbad, CA, USA). The sequence-confirmed entry vector was recombined into
pK7WGz2 plant binary vector (Karimi et al., 2002), under the control of 355 promoter, using

LR ClonaseTM II enzyme mix (Invitrogen).

Embryogenic callus induction of four rootstock genotypes
Plant material of rootstock genotypes: 101.14 Millardet et de Grasset (101.14 Mgt)(V. riparia x V.

rupestris), Selection Oppenhiem 4 SO4 (V. riparia x V. berlandieri), no Richter (110R) (V.
rupestris x V. berlandieri) and Riparia Gloire de Montpellier (RgM) (V. riparia) was harvested
from field germplasm collection of Edmund Mach Foundation (San Michele all’Adige, Italy).
Inflorescences of grape flowers were collected at the developmental stage 55 of BBCH-scale
(Lorenz et al., 1994), when they are swelling but not completely separated. After a brief rising
with tap water, inflorescences were sterilized in a sodium hypochlorite solution (5%) for 20
min. Then five rinses were performed in distilled water and they were stored for 2 days at 4 °C.
Under binocular microscope, the anthers were separated from ovaries and were plated with
the adaxial face on the culture medium B (Murashige & Skoog-based (MS) medium added
with 2,4-dichlorophenoxyacetic acid (2,4D) 1 mg/l, 6-benzylaminopurine (BAP) 1 mg/l and
0,4% phytagel) (Perrin et al., 2004) and were maintained in darkness at 24°C. Subsequently,
anther or ovary-derived calli were sub-cultured, according to Perrin et al. (2001), on MPMo1
(Nitsch and Nitsch-based (NN) medium modified added with 2,4D 1 mg/l and BAP 0,25 mg/
1) and MPM1 (MPMo1 added with 0,7 g/l MES) media. When embryogenic calli were obtained

43



they were maintained and alternately transferred every 4o days to the GS1CA ad PIV media

(Franks et al., 1998).

Agrobacterium-mediated transformation of rootstock genotypes

Gene transfer was performed during co-cultures of 10114 Mgt, SO4, RgM and 10R
embryogenic calli with the Agrobacterium tumefaciens strain EHAio5 (Hood et al., 1993)
containing a pK7WG2 plant binary vector (Karimi et al., 2002), with the VIT_17s0000g08960
cDNA under the control of the CaMV-35S promoter, according to Dalla Costa et al. (2014).
After several months of selection on GS1CA medium supplemented with 1 g/L Timentin and
150 mg/L kanamycin in the dark at 25 °C, the more developed embryos were transferred to
NN medium supplemented with kanamycin 25 mg/L at 25°C and 16 h-light photoperiod for
embryo differentiation and germination. Subsequently they were transferred into WP

medium (Lloyd and McCown, 1981) for root and apical growth.

Plant materials and water stress treatment conditions

The experiment was conducted on one-year-old potted (9 L) rooted cuttings of four grapevine
rootstock genotypes (101.14 Mgt, SO4, RgM and 110R) in a semi-sealed greenhouse (Figure 2).
Twelve vines for each rootstock genotype were subjected to water stress by completely
suspending irrigation for 15 days (water stress group, WS), while other six vines were
maintained at about 90% of maximum water availability (well watered group, WW). The
growing medium was composed of a sand-peat mixture (1:1 in volume) with a field capacity of
35% [(vol water/vol soil) x 100]. The volumetric soil moisture content per pot was monitored
with a ML3 ThetaProbe Soil Moisture Sensor (Delta-T Devices, London, UK). The pot surface
was covered with a plastic film to avoid soil water evaporation. The experimental plan was

completely randomized.

Water stress experiment in hydroponic culture with Polyethylene glycol
(PEG)

Grapevine rootstock genotypes, 101.14 Mgt, SO4, RgM and 110R were in vitro propagated on
half MS medium, supplemented with indole-3 butyric acid (IBA) o.1 mg/l, and were grown
under a photoperiod (8 h dark, 16 h light) at 25 °C for 1 month. After a period of acclimation
36 ex vitro plantlets of each genotype with heights of 4-6 cm were transferred to 1/2 Hoagland
nutrient solution modified in hydroponic pots (5 L) with continuous aeration at temperature

(25°C day, 23°C night), 50% relative humidity and photoperiod (8 h dark, 16 h light) for two
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weeks. A 2% concentration of PEG-6000 was added into the solution to decrease water

potential for mimicking drought stress.

Physiological measurements

Physiological measurements were carried out on two healthy adult primary leaves grown
between the 6th and the 10th node of the primary shoots. One fully expanded leaf of each
water stressed vine was collected and immediately frozen in liquid nitrogen and stored at —-8o
C° to be used in gene expression experiments. Chlorophyll fluorescence parameters:
maximum quantum efficiency of PS Il photochemistry (Fv/Fm) and Performance Index (PI)
were measured using fluorimeter Handy PEA (Hansatech, Kings Lynn, UK). PI parameter

(Strasser et al., 2000) was according to the equation:

_1-(F/R) F—F 1-V,
" MY, F, v,

PI

Fo= fluorescence intensity at 50 ps; Fj= fluorescence intensity at 2 ms; Fy= maximal
fluorescence intensity; V= relative variable fluorescence at 2 ms calculated as Vj = (Fj - F,)/
(Fm — Fo); Mo=initial slope of fluorescence kinetics, calculated as M, = 4* (F300 ps — Fo)/(Fum —
F,). Dark adaption was achieved by covering the sample area with a leafclip for at least 15
minutes. Leaf chlorophyll content was measured with a Chlorophyll Meter SPAD-502 (Konica

Minolta Sensing Inc,, Osaka, Japan). Stomatal conductance (g,) was measured with a

portable porometer (SC-1 Leaf porometer, Decagon Devices, Pullman, WA, USA).

Statistical analyses

All statistical analyses were performed using R packages ‘stats) ‘agricolae’ and ‘companion’
v3.5.1 (R Core Team, 2013). For mean comparisons, several tests were used depending on
homoscedasticity pre-tests. Parametric Student’s ¢-test (one parameter) or one-way ANOVA
were performed to data displaying a normal distribution and equal variance between
treatments. Otherwise, non-parametric Mann-Whitney U test (one parameter) and one-way
Kruskal-Wallis were performed. For classification tests, a comparison of least-square means
at a 0.05 significance level and a Fisher’s Least Significant Difference (LSD) or Dunn’s tests

were performed.
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Table 1: List of primers used for cloning and sequencing VIT 1750000908960 coding region.

Primer name Sequence
SIP1cDNA fw CACCATGGCTCCCAGCTTGAGCAAAGG
SIP1cDNA rv GAACAAGTACTCTACAATTGACA
AMP1 fw CGCGTTCCCATGTCTTAGC
AMP1 rv GGTTGTCTCCTACGTGCATG
AMP2 fw AGCCGGGAGAAGACGACAAC
AMP2 rv ATTGCAGCCGAGAGTGGAG
AMP3 fw CTATFFAGGATTTGGCCGTG
AMP3 rv ACATGGGTGGGTGGATTGAA
AMP4 fw CCGAACGGCACATTTTGG
AMPA4 rv ACTTGAACCCCAACCGTATG

46



Results

Description and nucleotide diversity of the candidate gene
VIT_17s0000g08960

Candidate gene and nucleotide diversity observed through analysis of 2343 bp of the
VIT _17s0000g08960 coding sequence among the 85 rootstock genotypes are shown in Table
2. VIT 1750000908960 gene contains 4 exons and this structure corresponded to the gene
prediction deposited on Grape Genome Database. A total of 134 SNPs were identified and
then named and scored according to their position on VIT _17s0000g0o8960 ORF of V. vinifera
gene annotation v2.1. SNP variation among the 85 rootstock accessions corresponded to an

average of one SNP every 17 bp. Only one INDEL was found in exonic regions.

Nucleotide polymorphisms and prediction of tolerability of amino acid
exchanges in the candidate gene VIT_17s0000g08960

Genetic variation at the nucleotide level was estimated from mean nucleotide diversity (r =
0,007) and the number of segregating sites (8 = o0,011) Nucleotide diversity was not equally
distributed among site categories since m value was three times higher for synonymous sites
than for non-synonymous sites (Table 3). Besides, nucleotide variation and diversity were
separately estimated (Table 4) by grouping the accessions into different phenotypic classes
(rootstock and hybrid). The rootstock class has higher frequency of polymorphic sites (one
every 21 bp) than the hybrid class (one every 33 bp) but it has also reduced nucleotide
diversity (m = 0,006, 6 = o,0o1) compared with the hybrid class (t = 0,007, 6 = 0,007).
Neutrality tests were estimated using two values, Tajima’s D value and Fu and Li’s F value.
Both tests indicated that the polymorphisms did not reveal any significant deviation from

neutrality in the dataset as a whole and in the subsets of rootstocks and hybrids.
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Table 2: Nucleotide diversity of VIT 1750000908960 protein coding region in grape rootstocks population.

Parameters

Varieties
Genomic ATG-TGA
Full-ORF cDNA
Predicted protein
Exons
Introns
Number of polymorphic sites
SNPs
INDELS
Frequency of SNPs
Frequency of INDELS
Synonymous changes
Non-synonymous changes

Synonymous vs hon-synonymous mutations

Table 3: Overall polymorphisms in the VIT 1750000908960 gene.

All

Synonymous
S Tt 0 S Tt
134 0,007 0,011 65 0,015

Overall
85

3678 bp
2343 bp
780 aa
4
3
135
134
1
1 per 17 bp
1 per 2343
65
70
0,9:1

Non Synonymous

S T

70 0,005

The impact of non-synonymous substitutions on biological function of protein was predicted

for all 70 mutations detected, hence 17 showed a PROVEAN score below -2,5 that indicates a

probable structural alteration of protein (Table 5). Additionally, some of these deleterious

mutations occur in a significant proportion of the rootstock population.
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Table 4: Comparison of VIT_17s0000g08960 nucleotide diversity in different phenotypic classes.

Parameters

Varieties

Number of
polymorphic sites
Frequency of
polymorphic sites
Synonymous changes

Non-synonymous
changes
Synonymous vs non-
synonymous
mutations
Mean nucleotide
diversity (rt/0)
Mean Tajima D

Fu and Li’'s D
Shared mutation

Mutation
polymorphic only in
one group

Table 5: Prediction of tolerability of amino acid exchanges.

Site
57
67
68
74
91
136
139
143
161

212
217
227

Overall
85

135
1:17

65
70

0,9:1

0,007/0,011

-1,25 ns
0,29
52

49

Rootstocks
48

109
1:21

49
54

0,9:1

0,006/0,011

-1,36
-1,21

64

Amino acid -
change Provean score Prediction
Q19H -0,473 Neutral
S23A -0,345 Neutral
S23L -0,979 Neutral

T25I -2,617 Deleterious
F31l -0,114 Neutral
146F -3,167 Deleterious

V47M -1,000 Neutral
A48V 0,521 Neutral
S54| -0,581 Neutral
A71V -1,556 Neutral
E73Q -1,165 Neutral
S76N -2,181 Neutral

Hybrids
37
71

1:33

36
34

1,1:1

0,007/0,007

-0,06
0,27

20

Frequency

1/85
1/85
1/85
2/85
5/85
1/85
16/85
50/85
64/85
4/85
16/85
34/85



230
238
244
266
266
320
340
347
358
380
451
469
478
494
500
547
570
610
642
646
685
687
709
736
796
798
806
863
904
907
916
946
947

R77L
\%:{0]
V82|
P89R
P89L
T107S
H114N
T116N
1120L
G127D
D151N
V157L
G160C
R165P
S167F
E183K
K190N
E204Q
F214L
W216L
E229K
E229D
G237S
G246C
D266N
D266E
G269D
E288A
Q302E
E303K
M306V
E316K
E316V

-4,161
-0,095
0,696
5,105
-0,338
0,285
-0,508
-4,558
0,286
-0,352
-1,896
-0,43
-8,205
-1,325
-2,615
-0,821
-2,914
-1,791
-5,509
-11,936
-1,701
-1,211
0,663
-3,552
-1,031
-0,423
-1,118
-5,362
0,394
-0,573
-1,393
-0,299
-3,985
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Deleterious
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral

Deleterious
Neutral
Neutral
Neutral
Neutral

Deleterious
Neutral

Deleterious
Neutral

Deleterious
Neutral

Deleterious

Deleterious
Neutral
Neutral
Neutral

Deleterious
Neutral
Neutral
Neutral

Deleterious
Neutral
Neutral
Neutral
Neutral

Deleterious

1/85
1/85
25/85
18/85
11/85
3/85
11/85
1/85
2/85
2/85
1/85
2/85
10/85
6/85
1/85
6/85
6/85
4/85
1/85
1/85
45/85
8/85
40/85
4/85
1/85
5/85
8/85
2/85
6/85
4/85
4/85
2/85
1/85



967
1016
1031
1183
1231
1378
1382
1402
1643
1643
1687
1759
1768
1768
1835
1858
1871
1878
1964
1986
2039
2076
2147
2219

To evaluate the evolutionary relationships of VIT_17s0000go8960, it was conducted a
phylogenetic analysis based on full-length protein sequences of Raffinose family
oligosaccharides (RFOs) proteins of grapevine and other representative sequenced plant
species. Neighbor-joining-tree (Figure 1) showed that the raffinose synthase (RAFs) protein
GSVIVTo1007681001 codified by VIT 17s0000g08960 has close evolutionary relationship with
RAFs proteins of Arabidopsis thaliana (AT5G40390), Oriza sativa (Os01go7530.1) and
Cucumis sativus (Cucsa.098650.1). AT5G40390 protein is the solely responsible for raffinose

accumulation in Arabidopsis leaves under drought stress (Egert et al., 2013). Moreover, there

V323L
N339S
P344L
S395pP
M411L
T460S
1461T
D468N
T548S
T548|
A563S
L5871
Y590N
Y590H
K612R
T620A
L624S
N626K
E655G
K662N
T680I
N692K
E716A
E740A

-2,569
-0,021
-2,591
-3,334
-0,961
-0,744
-1,472
-4,847
0,325
-2,445
-1,429
-1,155
-5,534
-2,978
-0,721
-1,015
1,004
-0,634
-0,536
-1,504
-4,523
-0,118
-1,347
-1,619
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Deleterious
Neutral
Deleterious
Deleterious
Neutral
Neutral
Neutral
Deleterious
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Neutral
Deleterious
Neutral
Neutral

Neutral

9/85
4/85
5/85
1/85
1/85
1/85
26/85
1/85
13/85
1/85
2/85
4/85
9/85
3/85
4/85
16/85
2/85
1/85
1/85
29/85
8/85
12/85
1/85
1/85



is a distinct separation between the three enzymes of raffinose family oligosaccharide (RFO)

pathway.
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Figure 1: Phylogenetic relation of VIT_17s0000g08960 (marked with with red dot) with Raffinose family
oligosaccharides (RFOs) proteins of grapevine and other species (Arabidopsis thaliana, Arabidopsis lyrata,

Brassica rapa, Cucumis sativus, Glycine max, Medicago truncatula, Oriza sativa, Zea mays). Neighbor-joining
tree was constructed using MEGA 6.0 with stringency of 500 bootstrap-replicates. Clustering of RFOs
proteins into different subgroups are indicated with different colors: galactinol synthases GOLs (green),

raffinose synthases RAFs (violet) and stachyose synthase STs (blue). Proteins are named according V. vinifera
gene annotation v2.1 hosted on http://genomes.cribi.unipd.it/grape and Phytozome annotation for other

species.
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Water stress experiment on potted rootstocks

To investigate the effects of drought stress on plant physiology four rootstock genotypes
(SO4, 101.14Mgt, 110R and RGM) were subjected to stress by withholding water. These
genotypes were selected both to represent putatively different classes of response to WS and

based on the SNP chr17_10497222_C_T at the candidate gene (Table 6).

Table 6: Roostock classification based on response to drought in field (1)( Fregoni, 1977) and in greenhouse
(2)(Carbonneau, 1985) and on the SNP chr17_10497222 C_T.

WS response class SNP
Genotype .
(Serra et al., 2014) (CT overdominance effect)
SO4 (V. riparia x V. berlandieri) sensitive (1) / resistant (2) CT
101.14Mgt (V. riparia x V. rupestris) sensitive (1,2) T
110R (V. rupestris x V. berlandieri) highly resistant (1,2) T
RGM (V. riparia) very sensitive (1,2) CcC

Volumetric soil water content was determined throughout the experiment to monitor the
stress evolution. Plants of water stress group (WS) showed a a continuous decrease in soil
water content (Figure 3a) with a substantial decline at five days from the beginning of the
experiment. Interestingly, starting from 9 days after stopping irrigation, water content was
significantly higher in SO4 compared to other genotypes. In well watered group (WW) soil
moisture was maintained around 30% during the entire experimental period (Figure 3b).
After withholding water for two weeks the leaves of SO4 remained almost green and turgid,
110R and 101.14 showed some signs of plant stress and RGM vines were considerably damaged

(Figure 4).
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Figure 2: Grape rootstock plants that were subjected to drought stress in 2018.
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Figure 3: Volumetric soil water content throughout the progression of the drought stress experiment of
water stress group (a) and of control group (b). Values represent average measurements = SE of twelve
replicates (WS) and six replicates (WW). Data were analysed using one-way ANOVA with LSD post-hoc test,
and letters indicate significant differences between genotypes on the same day at p < 0.05.
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110R WW

Figure 4: Richter 110, Riparia Gloire de Montpellier, 101.14 Millardet et de Grasset and SO4 Selection
Oppenhiem rootstocks of water stress group (WS) and well watered group (WW) at the end of the
experiment.
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Physiological effects of drought stress on potted rootstocks

Stomatal conductance (gs) is consider a reference parameter of plant status in response to
drought. In plants of water stress group (WS) transpiration was significantly reduced by water
deficit in all the rootstocks (Figure 5). A significant genotype effect was observed at the
beginning of the experiment and five days after withholding irrigation (Figure 6). Initially
110R showed the highest stomatal conductance values, whereas SO4 had higher transpiration
rate than other genotypes during drought progression. At the end of the experiment no
significant differences in transpiration were observed among rootstock genotypes with a
nearly complete closure of the stomata (Figure 6). Surprisingly, transpiration was significantly
reduced after 12 days also in control plants (Figure 7 and Table 7). Chlorophyll fluorescence
parameters reflect the maximum efficiency of PSII photochemistry (Fv/Fm) can be taken as
indicator of drought stress. Plant subjected to water stress showed different levels of stress
tolerance between genotypes (Figure 8). In RGM stressed plants Fv/Fm values significantly
decreased in comparison to their control plants after 7 days withholding water, in 110R
drought treatment had a relevant impact on photosynthetic efficiency at day 9, whereas
101.14Mgt and SO4 showed a similar patterns with a significant decrease of Fv/Fm after 15

days.
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Figure 5: Stomatal conductance of water stressed (WS) and well watered (WW) 101.14Mgt (red), 110R
(blue), RGM (green) and SO4 (yellow) throughout the experiment. Values represent average measurements
+ SE, n = 12 (WW) and n=24 (WS). Significant differences between treatments on the same day were tested
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with Mann-Whitney U test, and asterisks indicate significantly different values at p < 0.05 (*), p < 0.01 (**),
and p £0.001 (***).
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Figure 6: Boxplots of stomatal conductance measured on 101.14Mgt (red), 110R (blue), RGM (green) and
S04 (yellow) water stressed plants at 1, 5, 7 and 12 days from the beginning of experiments (n=24).
Significant differences between genotypes on the same day were tested with with Kruskal Wallis Test, and
letters indicate significantly different values at p < 0.05 according to Dunn'’s test.
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Figure 7: Stomatal conductance of well watered (WW) 101.14Mgt (red), 110R (blue), RGM (green) and SO4
(yellow) throughout the experiment. Values represent average measurements + SE (n = 12).
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Table 7: Stomatal conductance of well watered (WW) 101.14Mgt, 110R, RGM and SO4 at 0, 1, 5, 7 and 12
days from the beginning of experiments. Values represent average measurements * SD (n = 12). Significant
differences within genotypes throughout the experiment were tested with with Kruskal Wallis Test, and
letters indicate significantly different values at p < 0.05 according to Dunn'’s test.

DAY 101.14Mgt 110R RGM S04
0 375,8+90,4 a 594,2+42,0a 429,8 +140,9 a 436,6 +122,1a
1 440,1+187,1a 582,9+54,5a 346,9+151,5ab  419,1+170,3a
5 369,8+162,8a 5549+111,1a 217,379 be 421,5+112,9a
7 402,5+178,7 a 570,3+151,4a 307,6+119,5ab 412,0+117,6a
12 163,2+395b 111,6 +39,8b 123,5+57,4c 144,2+77,6 b

Regarding Performance Index (PI), which is essentially an indicator of sample vitality that
considers the concentration of photosynthetic reaction centers and the force of the light and
dark reactions, a substantial decrease of these parameter was observed in 101.14Mgt, 110R,
RGM after 12 days of water stress treatment. On the other hand PI of SO4 stressed plants was
significantly reduced in comparison to their controls only at the end of the experiment
(Figure 9). Chlorophyll content was also checked for both experimental conditions (WW and
WS) during the experiment by SPAD measurements (Figure 10). Stressed plants of 101.14Mgt
and RGM showed a significant decrease of SPAD values at the last day of stress while SO4 leaf
chlorophyll content differ from controls after 12 days. On the contrary no variation in this

parameter was registered for 110R.

58



Fv/Fm

——  101-14WS
B 10114 WW

—— 110RWS

@ 11RWW

12 15

0 5 7 9 12 15
Day Day
. * . *% %k : o
g | Tt ; £
< Sk <
>, ) S .
= \ o
0 5 7 9 12 15 5 7 9 12 15
Day Day

Figure 8: Maximum quantum vyield of PSIl (Fv/Fm) in water stressed (WS) and well watered (WW)
101.14Mgt (red), 110R (blue), RGM (green) and SO4 (yellow) throughout the experiment. Values represent
average measurementst SE, n = 12 (WW) and n=24 (WS). Significant differences between treatments on the
same day were tested with Mann-Whitney U test, and asterisks indicate significantly different values at p <

0.05 (*), p <0.01 (**), and p < 0.001 (***)
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Figure 9: Relative values of the photosynthetic performance index (Plass) of water stressed (WS) and well
watered (WW) 101.14Mgt (red), 110R (blue), RGM (green) and SO4 (yellow) throughout the experiment.
Values represent average measurements = SE, n = 12 (WW) and n=24 (WS). Significant differences between
treatments on the same day were tested with Mann-Whitney U test, and asterisks indicate significantly
different values at p £ 0.05 (*), p < 0.01 (**), and p < 0.001 (***)
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Figure 10: Chlorophyll content (SPAD index) of water stressed (WS) and well watered (WW) leaves of
101.14Mgt (red), 110R (blue), RGM (green) and SO4 (yellow) throughout the experiment. Values represent
average measurements + SE, n = 12 (WW) and n=24 (WS). Significant differences between treatments on
the same day were tested with Student’s t-test, and asterisks indicate significantly different values at p <
0.05 (*), p<£0.01 (**), and p < 0.001 (***)
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Water stress experiment in hydroponics

The physiological responses of the same rootstock varieties RGM, 101.14Mgt, SO4 and 110R
were evaluated in a hydroponic culture system (Figure 11). It was developed an effective
method to mimic the water stress condition by adding polyethylene glycol (PEG) at the
nutrient solution. After the exposure to this simulated water stress for 7 days, 101.14Mgt plants
showed the highest survival rate compared to other genotypes (Figure 12). This experiment

was repeated two times and proved to be a useful method to ascertain the drought tolerance

level of grapevines in a simplified and strictly controlled way.

Figure 11: Grape rootstock plants grown in a hydroponic system.
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Physiological effects of drought stress in hydroponics

Stomatal conductance was significantly reduced in SO4, 10R and RGM under PEG stress
compared with their controls in both the experiments. More specifically, in SO4 and 110R the
treatment resulted in statistically significant stomatal closure after 1 or 2 days, whereas RGM
plants diminished their transpiration only ofter 2 or 3 days. On the contrary 101.14Mgt showed
a transpiration rate very similar to control also 3 days after stress imposition (Figure 13). No
statistically significant effect of PEG treatment on the photosynthetic efficiency and the
chlorophyll content was observed in all the four genotypes throughout the experiments
(Table 8). But among the varieties, 10R exhibited the highest values of Fv/Fm, Plags and

SPAD index at all time points measured and in both the experiments. Likewise, 101.14Mgt

plants showed always the lowest values in these physiological parameters.

110R

Figure 12: SO4, 110R, RGM and 101.14Mgt rootstocks after exposure to PEG-induced drought stress for 7
days
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Figure 13: Boxplots of stomatal conductance measured on 101.14Mgt, 110R, RGM, and SO4 throughout the
experiments; first experiment (left) and second experiment (right) n=12 (CONTROL) and n=24 (+PEG).
Significant differences between treatments on the same day were tested with Mann-Whitney U test, and
asterisks indicate significantly different values at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***)
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Table 8: Maximum quantum yield of PSIl (Fv/Fm), relative values of the photosynthetic performance index
(Plass) and chlorophyll content (SPAD index) measured on 101.14Mgt, 110R, RGM, and SO4 throughout the
two experiments in hydroponics, n=12 (Control) and n=24 (+PEG).

Fv/Fm Pl Index SPAD

Experiment Day Genotype Treatment
Mean SD Mean SD Mean SD
101.14Mgt Control 0,376 0,187 0,101 0,150 18,8 2,6
RGM Control 0,779 0,035 0,864 0,306 29,2 15
0
S04 Control 0,714 0,039 0,680 0,577 27,3 3,2
110R Control 0,795 0,019 1,548 0,349 32,3 1,8
+PEG 0,404 0,231 0,063 0,069 19,1 3,7
101.14Mgt
Control 0,415 0,285 0,143 0,260 20,1 4,2
+PEG 0,762 0,076 0,973 0,514 30,3 2,0
RGM
Control 0,791 0,020 0,938 0,308 30,5 2,2
1
+PEG 0,699 0,107 0,613 0,350 26,9 3,0
SO4
Control 0,615 0,173 0,440 0,473 26,1 3,1
+PEG 0,798 0,027 1,481 0,468 32,5 1,9
110R
Control 0,812 0,005 1,685 0,432 32,2 2,7
+PEG 0,438 0,248 0,132 0,244 179 3,6
101.14Mgt
Control 0,586 0,182 0,146 0,206 21,2 3,0
1
+PEG 0,759 0,044 0,765 0,336 30,6 2,3
RGM
Control 0,798 0,022 1,041 0,332 30,3 2,6
2
+PEG 0,715 0,075 0,554 0,305 27,4 2,8
SO4
Control 0,678 0,124 0,531 0,398 27,2 2,0
+PEG 0,776 0,031 1,113 0,372 31,6 2,4
110R
Control 0,787 0,024 1,229 0,500 32,2 24
+PEG 0,431 0,246 0,042 0,060 19,0 3,3
101.14Mgt
Control 0,515 0,225 0,095 0,131 20,9 2,7
+PEG 0,748 0,048 0,564 0,327 30,0 2,7
RGM
Control 0,778 0,024 0,869 0,368 29,2 2,6
3
+PEG 0,710 0,081 0,520 0,299 279 29
SO4
Control 0,743 0,053 0,700 0,394 26,5 1,8
+PEG 0,750 0,052 0,882 0,479 31,1 2,3
110R
Control 0,776 0,029 1,136 0,466 30,9 2,5
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Experiment Day Genotype

101.14Mgt
RGM
S04

110R

101.14Mgt

RGM

SO4

110R

101.14Mgt

RGM

SO4

110R

Treatment

Control
Control
Control
Control
+PEG
Control
+PEG
Control
+PEG
Control
+PEG
Control
+PEG
Control
+PEG
Control
+PEG
Control
+PEG

Control
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Fv/Fm

Mean
0,682
0,777
0,764
0,807
0,606
0,654
0,783
0,787
0,767
0,745
0,822
0,820
0,489
0,533
0,735
0,773
0,740
0,703
0,788

0,787

SD
0,078
0,020
0,045
0,016
0,175
0,109
0,035
0,054
0,025
0,068
0,004
0,015
0,164
0,202
0,054
0,024
0,050
0,066
0,017

0,036

Pl Index SPAD

Mean SD Mean SD
0,232 0,218 229 1,6
0,665 0,165 27,4 1,1
0,625 0,301 23,6 1,7
1,126 0,353 28,0 2,5
0,189 0,218 21,8 27
0,193 0,204 22,6 2,0
0,786 0,249 269 11
1,009 0,388 28,2 1,1
0,584 0,501 23,4 4,6
0,682 0,365 24,3 1,4
1,652 0,410 284 22
1,543 0,447 29,2 21
0,096 0,082 21,5 28
0,110 0,124 222 23
0,370 0,211 26,7 1,2
0,520 0,365 27,8 1,4
0,420 0,261 23,1 3,7
0,317 0,214 243 2,0
0,620 0,489 28,2 2,6
0,941 0,621 289 1,8



Embryogenic callus induction in four rootstock genotypes

Starting from explants of about one hundred inflorescences of RGM, 101.14Mgt, SO4 and 110R,
embryogenic calli were obtained for all the four varieties (Figure 14). In each plate anthers of
five inflorescences were detached from the calyx, taking care not to damage filaments, and
were plated together with their ovaries. After about 2 months non embryogenic dry, non

embryogenic watery and pre-embryogenic calli were grown from anther cultures. The latter

were transferred and embryogenic calli development occurred in 6-8 months.

110R 101-14

SO4

RGM

» Ty
- B W
’., %
-

Figure 14: Embryogenic calli derived from anthers cultures of RGM, 101.14Mgt, SO4 and 110R. An
enlargement of 110R’s callus is depicted in the centre.

66



Discussion

GWAS identified a statically significant association between stomatal conductance and a SNP
in the RFO gene VIT 17s0000go8960. This could be a suitable candidate gene for controlling
drought functional traits based on its biological significance (Sengupta et al., 2015).
Therefore, its entire coding region has been sequenced in 85 rootstock genotypes in order to
detect a potential causative variant. The nucleotide diversity of VIT 17s0000g08960 (1t =
0,007) is higher than the average values observed in grapevine gene regions that are reported
in literature ( = 0,0040-0,0051) (Owens, 2003; Lijavetsky et al., 2007; Le Cunff et al., 2008;
Fernandez et al., 2014), which is consistent to the complex nature of the highly diverse
association panel that includes different Vitis species and hybrids and thereby presenting a
large genetic variability. Interspecific hybrids, which all include V. vinifera in their pedigrees,
showed a lower frequency of polymorphic sites compared with other rootstock genotypes. On
the other hand, if mutations in the non-coding portions of the genome are considered, the
genetic diversity in grapevine is substantially higher both in wild and cultivated varieties
ranged from 1 = 0,015 and m = 0,014, respectively (Zhou et al., 2017). Although a recently
published whole-genome resequencing of 472 Vitis accessions revised downwards these
estimates, reporting nucleotide diversity values of m = 0,0035 for wild and m = 0,0055 for
domesticated cultivars (Liang et al., 2019).Unfortunately, none of the non-synonymous
changes of VIT _17s0000g08960 coding region proved to be in LD with the associated variant
identified in GWAS. Thus, putative causative mutation in LD with the significant
synonymous SNP could be located in genomic regions that have not been investigated and
sequenced in the present experiment; cis-regulatory sequences can be localized in intragenic
(introns) or intergenic (promoter and enhancer) regions closely surrounding the gene and its
associated SNP and need to be further investigated. Nevertheless, the effect of some non-
synonymous substitutions, especially those that might have a negative impact on biological
function of protein and that are widespread in sequenced varieties (e.g. G160C and Y590N),

may be characterized in further functional studies.

Phylogenetic analysis of the protein codified by VIT 17s0000g08960 has demonstrated that it
is closely related to RAFs proteins of other plant species. Among these, stress-inducible
protein RS5 (AT5G40390) of Arabidopsis has proved to be the solely responsible for raffinose
accumulation in leaves under water stress (Egert et al., 2013). Additionally, the role of
VIT _17s0000g08960 in drought stress response was also supported by the in silico analysis of

its promoter, which identified several ABA-responsive elements (ABRE) and dehydration-
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responsive element binding (DREB) motifs (ACGTG, RYACGTGGYR, YACGTGGC, ACGTGKC,
ACCGAC) (Iwasaki et al., 1995; Kang et al., 2002; Dubouzet et al., 2003; Narusaka et al., 2003;

Simpson et al., 2003).

Four rootstock genotypes, RGM, 101.14Mgt, SO4 and 110R, which had different variations in
the associated SNP chr17_10497222 C_T, were selected to deeply investigated their
physiological responses under drought. Differences were observed both among studied
genotypes and the two experimental settings applied. As soil water content decreased, SO4
vines exhibited the highest water use efficiency (WUE) in pot stress experiment. However, the
drought tolerance degree of this genotype varies greatly depending on experiment conditions.
Carbonneau (1985) described SO4 vines, which were subjected to water deficit in small
containers, as high tolerant, whereas some water stress experiment studies in vineyards
considered them drought-sensitive (Southey, 1992; Dry et al. 2007). Interestingly, Tramontini
et al. (2013) reported that different grapevine genotypes grafted on SO4, grown under water-
limiting condition in small pot, preserved the soil water in a more efficient way compared
with the same varieties grafted on high tolerant rootstock, 140 Ruggeri. In accordance with
literature (Carbonneau, 1985) the rootstock genotype that exhibited the lowest drought
tolerance in our pot experiment was RGM. It showed an early reduction of transpiration rate,
a strongly impairment of photosynthetic efficiency and extensive physical damage. On the
other hand, the higher drought tolerance of 110R (Flexas et al., 2009) might not have been
completely expressed, because the limited volume of pots does not allow of exploiting its
capability to develop extensive root system. Stomatal regulation results are substantially agree
with other studies, which report that as drought stress becomes more severe transpiration
level is drastically reduced in all the grapevine genotypes, including near-anisohydric
varieties, and significant differences in stomatal conductance among them are not detected
(Lovisolo et al., 2010; Lavoie-Lamoureux el al., 2017; Charrier et al., 2018). Regarding the
unexpected strong decrease of transpiration in well-watered plants on the last day of
measurements, possible signals between neighboring plants exposed to abiotic stresses with
chemical warnings exchange have been already hypothesized in other studies (Vickers et al.,

2009), although the underlying mechanisms are unknown.

The application of osmotic stress in a hydroponic system has proved to be a useful method to
evaluate the short-term stress response of different grapevine genotypes in strictly controlled
condition as reported by Tattersall et al. (2007) and Su et al. (2015). Particularly, it was
possible to classify the genotypes according to their stomatal sensitivity with great precision

and reproducibility. Therefore, it should be applied for a rapid screening of genotypes with
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different stomatal responses under drought, but on the other hand this method is not
completely appropriate to evaluate the actual tolerance to water stress, in fact 101.14Mgt,
generally considered to be drought-sensitive under field and pot conditions (Carbonnneau,

1985; Alsina et al., 2011), showed the highest survival rate keeping stomata open.

In the GWAS experiment described in the previous chapter, SNP chri7_10497222_C_T
resulted significantly associated with stomatal closure in drought stress conditions with an
overdominance effect, in fact heterozygous (CT) genotypes showed lower stomatal
conductance in comparison with homozygous genotypes (CC or TT). In this respect,
commercial rootstocks that are representative of the three phenotypic classes were deeply
characterized. SO4 was the only heterozygous one and its performances were compared with
other individuals. Therefore, it has proved to be the genotype more able to preserve soil
moisture in the pot experiment and at the same time showed the quicker stomal closure,
together with 110R, in the hydroponic experiment. Additionally, Tramontini et al. (2013)
observed that scions grafted on SO4 showed an improved WUE in comparison with same
varieties grafted on 140 Ruggeri. Although, testing other rootstock varieties carrying the same
SNP would definitely enable to evaluate its overall effect, particularly on different genetic

backgrounds.

Finally, a functional study of VIT 17s0000g0o8960 has been planned in the same four well-
characterized rootstock varieties. According to Bouquet et al. (1982) and Perrin et al. (2004)
a satisfactory rate of callogenesis was obtained from isolated anthers of all the varieties. Gene
transfer experiments aimed to test VIT_17s0000g08960 function were performed and plants

regenerated from transgenic calli must be verified to ensure the transgene integration.
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Conclusions

This study proposes VIT _17s0000go8960 as candidate gene for drought stress tolerance in
grapevine. Its coding sequence has shown to be not so conserved among Vitis species, in
addition some non-synonymous mutations were identified and further studies are required to
assess their functional effects. Furthermore, phylogenetic analysis of VIT_17s0000g08960
protein sequence and examination of promoter’s cis-acting regulatory elements have proved
its role in water stress response. The characterization of four rootstock genotypes with
different phenotyping approaches helped to dissect the complex physiological regulation of
drought response, in particular stomatal closure. Further studies will be required to validate
SNP chr17_10497222_C_T as molecular marker associated with stomatal control, thereby it
will be implemented into breeding strategies. Indeed, the selection of vines that promptly
limit their transpiration in response to water deficit represents an opportunity to increase
WUE. Moreover, further insights of VIT 1750000908960 function are expected from ongoing

gene expression and genetic transformation studies.
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CHAPTER 4

Physiological characterization of V. vinifera subsp. sylvestris
genotypes under drought stress

Introduction

The wild grapevine, V. vinifera subsp sylvestris, is considered as the ancestor of the cultivated
grapevine (Vitis vinifera L.) and represents the only endemic species of the Vitaceae in Europe
(Arroyo-Garcia et al., 2006). These wild relatives of modern grape cultivars are widely spread
in several European countries (Heywood & Zohary, 1991) and some germplasm collections
were created for their preservation and characterization (Maul et al., 2012). Currently,
scientists show an increasing interest in V. sylvestris genotypes, owing to their valuable
genetic resources of natural stress tolerance, including abiotic (Askri et al., 2012; Cambrollé et
al., 2014; Cambrollé et al., 2015) and biotic (Duan et al., 2016; Guan et al., 2016) resilience
factors. Therefore, strategies for sustainable agriculture might consider the re-introduction of
these traits in cultivated grapevines. Furthermore, ongoing challenges in viticulture, caused
by climate change and by limitations of pesticide use, have made root system as a major target
to improve grapevine productivity. Undeniable benefits for the scions, such as better
compatibility and higher yield, could be imparted by innovative rootstocks obtained from the
wild grapevines. Indeed, compatibility between rootstock and scion is the primary factor that
prevents the failing of grafting (Aloni et al. 2010). Additionally, some studies investigated the
susceptibility of the different accessions of V. sylvestris to phylloxera from this perspective

(Ocete et al., 2011; Campus et al., 2014).

This is a pilot study to evaluate the feasibility of exploiting V. sylvestris genotypes for some

drought tolerance related traits and eventually characterize them in larger scale study.
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Materials and methods

Plant materials and water stress treatments conditions

The experiment was conducted on one-year-old potted (9 L) rooted cuttings of eight Vitis
sylvestris accessions, which were selected from the germplasm collection of Edmund Mach
Foundation (San Michele all’Adige, Italy), in a semi-sealed greenhouse. Nine or twelve vines
for each rootstock genotype were subjected to water stress by completely suspending
irrigation for 21 days. The growing medium was composed of a sand-peat mixture (1:1 in
volume) with a field capacity of 35% [(vol water/vol soil) x 100]. The volumetric soil moisture
content per pot was monitored with a ML3 ThetaProbe Soil Moisture Sensor (Delta-T
Devices, London, UK). The pot surface was covered with a plastic film to avoid soil water

evaporation. The experimental plan was completely randomized.

Physiological measurements

Physiological measurements were carried out on two healthy adult primary leaves grown
between the 6th and the 10th node of the primary shoots. One fully expanded leaf of each
water stressed vine was collected and immediately frozen in liquid nitrogen and stored at -8o
C° to be used in gene expression experiments. Chlorophyll fluorescence parameters:
maximum quantum efficiency of PSII photochemistry (Fv/Fm) and Performance Index (PI)

were measured using fluorimeter Handy PEA (Hansatech, Kings Lynn, UK). PI parameter

(Strasser et al., 2000) was according to the equation:

1-(FR/FR) Fy-F 1-V,

Plas M, /V F \Y%
0 J 0 J

Fo= fluorescence intensity at 50 ps; Fj= fluorescence intensity at 2 ms; Fm= maximal
fluorescence intensity; V= relative variable fluorescence at 2 ms calculated as Vj = (Fj - F,)/
(Fm — Fo); Mo=initial slope of fluorescence kinetics, calculated as M, = 4* (F300 ps — Fo)/(Fum —
F,). Dark adaption was achieved by covering the sample area with a leafclip for at least 15
minutes. Leaf chlorophyll content was measured with a Chlorophyll Meter SPAD-502 (Konica

Minolta Sensing Inc,, Osaka, Japan). Stomatal conductance (g,) was measured with a

portable porometer (SC-1 Leaf porometer, Decagon Devices, Pullman, WA, USA).
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Statistical analyses

All statistical analyses were performed using R packages ‘stats) ‘agricolae’ and ‘companion’
v3.5.1 (R Core Team, 2013). For mean comparisons, several tests were used depending on
homoscedasticity pre-tests. Parametric Student’s t-test (one parameter) or one-way ANOVA
were performed to data displaying a normal distribution and equal variance between
treatments. Otherwise, non-parametric Mann-Whitney U test (one parameter) and one-way
Kruskal-Wallis were performed. For classification tests, a comparison of least-square means

at a 0,05 significance level and a Fisher’s Least Significant Difference (LSD) or Dunn’s tests

were performed.
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Results

Water stress experiment on potted V. sylvestris genotypes

Eight V. sylvestris genotypes were subjected to stress by withholding water for three weeks
aiming to determine the level of drought tolerance in grapevine wild species (Figure 1).
Volumetric soil water content (SWC) was determined throughout the experiment to monitor
the stress evolution (Figure 2 and Table 1). After three and seven days from the beginning of
the experiment, three accessions (F, G, H) showed a significant decrease of SWC in
comparison with the other genotypes. However, this difference disappeared as water stress
became more severe. At the end of the experiment some genotypes exhibited a great tolerance
to the stress imposed and their leaves remained almost green and turgid, whereas other vines

showed a widely leaf senescence and additional drought damages (Figure 3).

Figure 1: One of the Vitis sylvestris accession that was subjected to water stress
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Figure 2: Volumetric soil water content throughout the progression of the drought stress experiment.
Values represent average measurements + SE of twelve replicates (A, C, E, G, H) and nine replicates (B, D, F).

Table 1: Volumetric soil water content of V. Sylvestris plants during drought stress experiment. Data were
analysed using one-way ANOVA with LSD post-hoc test, and letters indicate significant differences between
genotypes on the same day at p < 0.05.

SWC (%)
Day Genotype

Mean SD
A 30,0 1,3
B 29,9 1,3
C 29,3 1,3
D 29,9 11

1
E 29,3 0,9
F 29,4 1,1
G 29,1 10
H 30,0 1,2
A 159a 2,0
B 15,6 a 3,4
C 14,8 a 2,0
D 152 a 2,5

3
E 14,4 ab 1,7
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21

76

11,6 ¢
10,8 ¢
12,2 bc
7,4a
8,1a
6,7 abc
7,1 ab
7,2a
5,1 bc
5,2 bc
4,8 c
34
3,7
2,7
2,7
3,3
2,9
2,8
2,7
1,0
0,9
0,8
0,7
0,8
0,6
0,6
0,6

3,5
3,5
3,5
1,6
3,2
2,1
2,6
2,0
2,3
2,8
1,4
1,1
0,9
1,4
1,5
1,4
1,1
1,3
0,7
0,5
0,5
03
0,3
0,5
0,2
0,2
0,2



Accession “E” Accession “G”

Figure 3: V. sylvestris accession “E” and “G” at the end of the experiment.

Physiological effects of drought stress

Stomatal conductance was measured during the progress of drought experiment. Differences
among genotypes were observed after 3 days, when accession H exhibited the highest
stomatal conductance values (Figure 4). Conversely, accession E had higher transpiration
than other genotypes at day 7 and 14. No difference in stomatal conductance was observed

between plants when the soil content was close to o after three weeks without irrigation.
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Figure 4: Boxplots of stomatal conductance measured on 8 different V. Sylvestris genotypes, A (green), B
(orange), C (blue), D (gold), E (violet), F (pink), G (dark green) and H (light blue), 3, 7, 14 and 21 days after
withdrawal of irrigation (A, C, E, G, H n=24; B, D, F n= 18) . Significant differences between genotypes on the
same day were tested with with Kruskal Wallis Test, and letters indicate significantly different values at p <
0.05 according to Dunn’s test.
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Regarding the photosynthetic efficiency, both the maximum efficiency of PSII
photochemistry (Fv/Fm) than Plags, which represents the overall PSII photochemical
performance, varied a lot among studied V. sylvestris accessions throughout the various
phases of stress (Figure 5 and Figure 6). In particular, differences in Fv/Fm values between
genotypes were statistically significant at at all time points measured (Table 2), whereas Plags
values at day 14 did not reveal any differences (Table 3). Accessions A and E showed the
greatest drought tolerance level with higher values in both parameters, compared to other

plants, after three weeks without irrigation. On the other hand accession G resulted the less

tolerant genotype and a showed a strongly drop of photochemical performances.
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Figure 5: Maximum quantum yield of PSIl (Fv/Fm) of V. Sylvestris genotypes throughout the experiment.
Values represent average measurementst SE, n =24 (A, C, E, G, H) and n=18 (B, D, F).

Chlorophyll content was highly differentiated among these wild grapevine, but this parameter
did not vary much in response to stress (Figure 7). Leaves of accession H had the greatest
amount of chlorophyll, while the lowest SPAD values were measured in leaves of accession G

(Table 4).

78



Table 2: Maximum quantum vyield of PSIl (Fv/Fm) measured on V. Sylvestris genotypes throughout the
experiment (A, C, E, G, H n=24; B, D, F n= 18). Significant differences between genotypes on the same day
were tested with with Kruskal Wallis Test, and letters indicate significantly different values at p < 0.05

according to Dunn'’s test.

Fv/Fm
Day Genotype
Mean SD
A 0,798 a 0,037
B 0,763 bc 0,040
C 0,787 ab 0,045
D 0,783 abc 0,039
' E 0,765 bc 0,055
F 0,783 ab 0,069
G 0,746 ¢ 0,060
H 0,782 ab 0,044
A 0,811 a 0,023
B 0,795 abc 0,019
C 0,801 ab 0,017
D 0,805 ab 0,029
’ E 0,763 d 0,032
F 0,788 bc 0,032
G 0,757 d 0,026
H 0,772 cd 0,037
A 0,756 ab 0,063
B 0,725 ac 0,062
C 0,761 abc 0,031
D 0,756 abc 0,045
’ E 0,748 abc 0,046
F 0,763 b 0,058
G 0,707 c 0,084
H 0,775b 0,032
A 0,787 a 0,036
B 0,771 ab 0,044
C 0,775 ab 0,035
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D 0,788 a 0,019

14
E 0,784 a 0,029
F 0,778 ab 0,037
G 0,744 b 0,051
H 0,780 a 0,038
A 0,767 a 0,040
B 0,686 b 0,146
c 0,693 b 0,121
D 0,708 b 0,062

21
E 0,767 a 0,048
b 0,710b 0,085
G 0,521¢c 0,184
H 0,648 b 0,177
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Figure 6: Relative values of the photosynthetic performance index (Plass) of V. Sylvestris genotypes
throughout the experiment. Values represent average measurements+ SE, n =24 (A, C, E, G, H) and n=18 (B,
D, F).
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Table 3: Relative values of the photosynthetic performance index (Plags) measured on V. Sylvestris
genotypes throughout the experiment (A, C, E, G, H n=24; B, D, F n= 18). Significant differences between
genotypes on the same day were tested with with Kruskal Wallis Test, and letters indicate significantly
different values at p < 0.05 according to Dunn’s test.

Performance Index

Day Genotype
Mean SD
A 1,753 a 0,656
B 1,226 bc 0,720
C 1,778 a 0,705
D 1,582 abc 0,612
' E 1,282 abc 0,595
F 1,649 ab 0,750
G 1,098 ¢ 0,470
H 1,331 abc 0,492
A 1,821a 0,500
B 1,338 bc 0,394
C 1,835 ad 0,637
D 1,53 abd 0,488
’ E 1,125 ce 0,557
F 1,383 bed 0,493
G 0,963 e 0,256
H 1,194 bce 0,533
A 1,204 a 0,368
B 0,833 b 0,361
C 1,361a 0,622
D 1,171 ab 0,773
’ E 0,994 ab 0,447
F 1,515a 0,880
G 0,801 b 0,531
H 1,322 a 0,438
A 1,3 0,556
B 1,174 0,656
C 1,483 0,752
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Figure 7: Chlorophyll content (SPAD index) of V. Sylvestris genotypes throughout the experiment. Values
represent average measurementst SE, n =24 (A, C, E, G, H) and n=18 (B, D, F).
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Table 4: Chlorophyll content (SPAD index) measured on V. Sylvestris genotypes throughout the experiment
(A, C, E, G, Hn=24; B, D, F n= 18). Significant differences between genotypes on the same day were tested
with with Kruskal Wallis Test, and letters indicate significantly different values at p < 0.05 according to
Dunn’s test.

SPAD
Day Genotype

Mean SD
A 38,4a 19
B 38,4a 2,1
C 38,6 a 1,6
D 36,1b 1,4

1
E 39a 2,2
F 38,5a 1,8
G 349b 2,3
H 41,7 ¢ 2,4
A 39,0 ab 2,0
B 38,7 ab 1,8
C 40,1a 2,2
D 37,8 bc 1,3

3
E 39,9a 2,0
F 399a 2,2
G 36¢c 1,9
H 43,2 d 58!
A 39,4 ab 2,0
B 39,5 ab 1,9
C 42,3 cd 3,0
D 38,4 ae 1,9

7
E 39,8 ab 2,1
F 40,4 bc 1,8
G 36,5e 2,4
H 43,8 d 2l
A 39,3 ab 2,4
B 38,6 ac 1,7
C 40,6 b 18
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14

21

84

37,2 cd
40,3 ab
38,6 ac
35,5d
41,4 b
38,4 ab
35,6c¢
36,6 ac
35,3 cd
39,2b
36,5 ac
32,7d

39,3b

2,2
1,9
2,6
3,2
4,8
2,0
3,2
2,8
1,9
3,0
3,1
3,0

5,5



Discussion

The domestication process of the cultivated V. vinifera subsp. sativa from the wild ancestor V.
vinifera subsp. sylvestris, which was focused on trait selection for yield improvement and
rapid growth, caused an unintentional loss of resilience factors. Therefore, the genetic
diversity of natural wild grapevine populations could be exploited for identify genetic factors
that confer tolerance to drought stress. Especially since, they have to survive in adverse
environmental conditions of their natural habitats without relying on human intervention.
Moreover, a recent study (Marrano et al., 2018) identified genomic regions, corresponding to
genes involved in abiotic stresses response, with divergent allele frequencies between wild
grapevines and cultivated varieties. However, insufficient information on performances of V.
sylvestris under water stress conditions restricts their use for resilience breeding strategies.

This preliminary investigation on eight different V. sylvestris genotypes has proved that there
are variations in the physiological responses to drought among wild grapes. Besides a
different stomatal regulation during the various phases of stress, some wild grape varieties
exhibited a photosynthetic activity substantially unaffected despite the severity of the stress
imposed. Genotypic variations of chlorophyll fluorescence, including of the maximum
quantum efficiency of PSII photochemistry, provide a valid assessment of plant tolerance to
severe water stress (Baker & Rosengvist, 2004). The more tolerant V. sylvestris varieties
showed Fv/Fm values, after an extreme water deficit (3 weeks without irrigation), similar to
those that are measured in different Vitis genotypes subjected to a less intense drought stress
(Guan et al., 2004). Hence, the evaluation of the photosynthetic performance and stomatal
conductance of other V. sylvestris genotypes under stress conditions, could provide valuable
information by which to rank them according to their tolerance and consequently identifying
genetic determinism for drought stress tolerance. Furthermore, the most promising
individuals might be implemented into breeding strategies targeted to next-generation
rootstocks production, which should combine resilience to abiotic stresses (drought, salinity)
(Askri et al., 2012), phylloxera tolerance (including new strains that are able to break the
resistance of American Vitis species) (Walker et al., 2014) and improved compatibility with

the scions (Pina & Errea P, 2005).
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Conclusions

This preliminary screening of drought tolerance in V. vinifera subsp. sativa demonstrated that
some water stress resilience factors might be identified in these plants. However, additional
studies are needed to evaluate their physiological responses to drought stress in comparison

with well watered plants or with other Vitis species subjected to the same treatment.
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General conclusion

Grapevine water use efficiency is becoming a key issue for sustainable viticulture to deal with
climate change. The present research has provided valuable information on water stress
response in several Vitis genotypes, and has identified alternative approaches to investigate

this matter.

Regarding the assessment of water deficit effects, different phenotyping methods were
employed, among which thermal infrared imaging and osmotic stress treatment in
hydroponics. As result, physiological responses were divergent depending on stress
imposition system. Infrared thermography has proved to be appropriate to evaluate the
drought responses of large population while Polyethylene glycol (PEG)-induced osmotic
stress in hydroponics was useful for a rapid screening of the short-term stress response,

especially stomatal regulation.

GWAS revealed limits that should be taken into account, such us as the low number of SNPs
evaluated and the rapid decay of linkage disequilibrium (LD), but on the other hand some
associations were found despite the complexity of the trait, characterized by polygenic
inheritance and strongly influenced by environmental conditions. Based on marker-trait
association results, a list of candidate genes was assembled which deserve further
characterization. Especially, the characterization of a raffinose synthase genes under drought
showed encouraging results, even if no causative mutation was found. Therefore, further
studies are required to assess its functional effect, including gene expression analysis and

investigations on interactions between rootstock and scion.

The evaluation of water stress response with different phenotyping approaches on four
rootstock genotypes, differentially classified based on adaptation to drought, helped to reveal
this complex physiological regulation, in particular stomatal closure. Commercial rootstocks
SO4 notably showed an interesting response to water deficit, which is consistent with
observations detected in GWAS for genotypes heterozygous for the SNP
(chr17_10497222_C_T). Although, future studies on different rootstock/scion combination are

necessary to clarify their role in stomatal regulation during drought stress.

Taken together, these results represent a step forward in the dissection of grape rootstocks
mechanisms of drought tolerance. In addition, a preliminary screening of drought stress

tolerance in V. sylvestris genotypes has proven that some resilience factors from the ancestors
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of cultivated grapevines could be identified and exploited in view of a sustainable agriculture.
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