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Climate change is modifying the environmental conditions in all the vineyards across the world. The expected effects on grape and wine production can be positive in some grape growing regions, but under warmer or drier conditions the volume and quality of the wines produced can be decreased. Adaptation to new climatic conditions may include changes in the cultivation areas, changes in the vineyard or cellar practices, or use of new rootstock × scion combinations. The present article provides an overview of the possible effects of climate change on grapevine physiology and berry quality and describes the more important traits and the genetic variability that can be used in the adaptation process. We also present the modern techniques that can be used by researchers to identify the links between genomic information and plant performances in the field. Finally, we discuss on the existing opportunities in the present grapevine collections and on the strategies that can be used by breeders to create new varieties.

Introduction

There is no doubt that climatic conditions have changed all around the world during the past decades, and simulations with different scenarios of greenhouse gas emissions (GHG) show that the observed tendencies will continue during the present century (IPCC, 2014). Agricultural production in general is very responsive to environmental conditions. Destabilization of grape and wine production due to climate change can have not only significant direct impacts on farmers' incomes [START_REF] Moriondo | Framework for high-resolution climate change impact assessment on grapevines at a regional scale[END_REF] and employment in the wine industry, but also indirect impacts on land use, landscapes, tourism activities and rural life in numerous regions.

Because CO 2 is the elementary molecule at the origin of plant biomass, the expected increase in atmospheric CO 2 concentration can have direct effects on the physiology of the plants. However, the most studied effects of this increase are the possible impacts on climatic conditions. The Intergovernmental Panel on Climate Change (IPCC) forecasts an increase of temperatures across the globe (IPCC, 2014) and changes in precipitations, with more contrasts between wet and dry areas and wet and dry seasons, and more extreme precipitation events (IPCC, 2014). The last IPCC report predicts specific regional changes but does not confirm a general tendency of increased drought risks.

Adaptation of the grape and wine industry to climatic changes can be envisaged at different geographical scales, by moving cultivation areas, at different time scales or by changing the profiles of the wines produced. Here, we will consider that a successful adaptation to climate change is one that allows maintaining the same volume and quality of wine for a given area in the future. This goal can be achieved by changes in the vineyard or cellar practices or by local adjustments of the location of the vineyards using the existing smallscale variability [START_REF] Bonnefoy | Temporal and spatial analyses of temperature in a French wine-producing area: the Loire Valley[END_REF]. Here, we will focus on how grapevine genetics can help in the adaptation process.

Before describing the genetic variability and how it can be used, an overview of the expected impact of climatic change on grapevine is necessary.

Expected effects of climate change 1. A shift in developmental stages

The first effect of climatic change is an advance of developmental stages, observed worldwide [START_REF] Duchêne | Grapevine and climatic changes: a glance at the situation in Alsace[END_REF][START_REF] Petrie | Advancement of grapevine maturity in Australia between 1993 and 2006: putative causes, magnitude of trends and viticultural consequences[END_REF]. The link between grapevine phenology and temperatures is so tight that it has been used, on the one hand, to assess temperatures from the past centuries [START_REF] Chuine | Historical phenology: grape ripening as a past climate indicator[END_REF] and, on the other hand, to propose models for predicting developmental stages in the future [START_REF] Duchêne | The challenge of adapting grapevine varieties to climate change[END_REF][START_REF] Fila | A comparison of different modelling solutions for studying grapevine phenology under present and future climate scenarios[END_REF]. These models forecasted an advance of two to three weeks by 2050 when compared to the last 30 years [START_REF] Duchêne | The challenge of adapting grapevine varieties to climate change[END_REF][START_REF] Moriondo | Framework for high-resolution climate change impact assessment on grapevines at a regional scale[END_REF].

As a consequence of earlier veraison dates, berry ripening will occur earlier in summer, under higher temperatures, and this can have a significant impact on berry quality.

Effects on grape and wine quality

High temperatures accelerate the decrease of grape acidity, mainly because of a faster degradation of malic acid [START_REF] Kliewer | Effect of day temperature and light intensity on concentration of malic and tartaric acids in Vitis vinifera L. grapes[END_REF][START_REF] Sweetman | Metabolic effects of elevated temperature on organic acid degradation in ripening Vitis vinifera fruit[END_REF]. Grapevine varieties containing high quantities of tartaric acid should be less sensitive to climate change because the quantity of tartaric acid per berry is stable during berry ripening [START_REF] Debolt | Altered light interception reduces grape berry weight and modulates organic acid biosynthesis during development[END_REF].

An increase of berry sugar content or alcohol concentration in wines during the past decades was frequently reported [START_REF] Alston | Too much of a good thing? Causes and consequences of increases in sugar content of California wine grapes[END_REF][START_REF] Duchêne | Grapevine and climatic changes: a glance at the situation in Alsace[END_REF][START_REF] Neethling | Change in climate and berry composition for grapevine varieties cultivated in the Loire Valley[END_REF]. Although the role of changes in management techniques can be discussed, early dates of veraison and better ripening conditions have a key role in this increase. Harvesting earlier is not an appropriate solution because grapes would not have the correct phenolic maturity [START_REF] Palliotti | Influence of mechanical postveraison leaf removal apical to the cluster zone on delay of fruit ripening in Sangiovese (Vitis vinifera L.) grapevines[END_REF][START_REF] Sadras | Elevated temperature decouples anthocyanins and sugars in berries of Shiraz and Cabernet Franc[END_REF].

High temperatures also impair the accumulation of anthocyanins in the berries [START_REF] Mori | Loss of anthocyanins in redwine grape under high temperature[END_REF], but increasing radiation can have opposite effects [START_REF] Teixeira | Berry phenolics of grapevine under challenging environments[END_REF]. There are indirect results showing that increasing temperatures are generally unfavorable to wine quality [START_REF] Jones | Climate change and global wine quality[END_REF][START_REF] Moriondo | Framework for high-resolution climate change impact assessment on grapevines at a regional scale[END_REF][START_REF] Tonietto | A multicriteria climatic classification system for grape-growing regions worldwide[END_REF], but, until now, there are no convincing data on the effects of high temperatures on aroma compounds. [START_REF] Bureau | The aroma of Muscat of Frontignan grapes: effect of the light environment of vine or bunch on volatiles and glycoconjugates[END_REF] studied the effects of the light environment on aroma compounds by comparing bunches exposed to the sun, bunches shaded by leaves and bunches shaded by black cloths. They quantified molecules of the terpenol family that participate in muscat-like aromas. The highest terpenol content was observed in the naturally shaded bunches and the lowest terpenol content in the artificially shaded bunches. The authors suggested that these differences could be related to a modification of the red/far red radiation ratio and/or to the temperatures recorded around the bunches.

Climate change is, first of all, the result of an increase of atmospheric CO 2 concentrations. In FACE experiments, elevated CO 2 concentrations had few effects on the concentrations of primary metabolites of the berries, i.e. sugars and acids [START_REF] Bindi | Free Air CO 2 Enrichment (FACE) of grapevine (Vitis vinifera L.): II. Growth and quality of grape and wine in response to elevated CO 2 concentrations[END_REF][START_REF] Gonçalves | Effects of elevated CO 2 on grapevine (Vitis vinifera L.): volatile composition, phenolic content, and in vitro antioxidant activity of red wine[END_REF]. However, [START_REF] Gonçalves | Effects of elevated CO 2 on grapevine (Vitis vinifera L.): volatile composition, phenolic content, and in vitro antioxidant activity of red wine[END_REF] showed that elevated CO 2 concentrations can modify the profile of secondary metabolites in wines.

Uncertainties about yield

Besides effects on grape quality, climate change can have quantitative effects on grape production. Increasing concentrations of CO 2 and higher radiation levels are expected to increase biomass production [START_REF] Bindi | Free Air CO 2 Enrichment (FACE) of grapevine (Vitis vinifera L.): II. Growth and quality of grape and wine in response to elevated CO 2 concentrations[END_REF][START_REF] De | Adaptation du modèle STICS à la vigne (Vitis vinifera L.). Utilisation dans le cadre d'une étude d'impact du changement climatique à l'échelle de la France[END_REF][START_REF] Moutinho-Pereira | Effects of elevated CO 2 on grapevine (Vitis vinifera L.): physiological and yield attributes[END_REF]. However, the increase in total biomass expected in the future might be limited by rainfall distribution and water availability, especially at the end of the growth cycle [START_REF] De | Adaptation du modèle STICS à la vigne (Vitis vinifera L.). Utilisation dans le cadre d'une étude d'impact du changement climatique à l'échelle de la France[END_REF]. The effects of climate change on fruit biomass, i.e. yield, are more difficult to anticipate. With mechanistic models, conclusions tightly depend on the regions studied (Garcia de Cortazar Atauri, 2006) and on the climatic datasets used [START_REF] Bindi | Modelling the impact of future climate scenarios on yield and yield variability of grapevine[END_REF]. The overall tendency in the South of France and in Italy is a decrease in yield potential in the future [START_REF] Bindi | Modelling the impact of future climate scenarios on yield and yield variability of grapevine[END_REF][START_REF] De | Adaptation du modèle STICS à la vigne (Vitis vinifera L.). Utilisation dans le cadre d'une étude d'impact du changement climatique à l'échelle de la France[END_REF][START_REF] Moriondo | Framework for high-resolution climate change impact assessment on grapevines at a regional scale[END_REF].

The number of flowers determines an upper limit for the final number of berries per plant or per m 2 [START_REF] Duchêne | Elaboration du nombre de baies par m 2 pour le pinot noir et le chardonnay en Alsace, Bourgogne et Champagne[END_REF]. This variable depends, on the one hand, on the number of flowers per inflorescence and, on the other hand, on the number of inflorescences per shoot. Climate change can affect both variables. Indeed, it has been demonstrated that the higher the temperatures around budburst, the lower the number of flowers per inflorescence [START_REF] Keller | Spring temperatures alter reproductive development in grapevines[END_REF]. Frost damage around budburst can also reduce the number of inflorescences, but [START_REF] Molitor | Late frost damage risk for viticulture under future climate conditions: a case study for the Luxembourgish winegrowing region[END_REF] demonstrated that, in Luxembourg, the risk of frost around budburst should decrease in the future.

High temperatures and high light intensity during the floral initiation process can increase the number of inflorescences [START_REF] Buttrose | Fruitfulness in grape-vines: the response of different cultivars to light, temperature and daylength[END_REF], but a water deficit during this period can have strong opposite effects [START_REF] Buttrose | Fruitfulness in grape-vines: effects of water stress[END_REF][START_REF] Matthews | Reproductive development in grape (Vitis vinifera L.): responses to seasonal water deficits[END_REF]. Water deficits also negatively affect berry weight, especially when applied before veraison [START_REF] Intrigliolo | Yield components and grape composition responses to seasonal water deficits in Tempranillo grapevines[END_REF]. In addition to the effect of water deficit, [START_REF] Guilpart | Grapevine bud fertility and number of berries per bunch are determined by water and nitrogen stress around flowering in the previous year[END_REF] showed that nitrogen availability around flowering is also a driver of grape fertility in the following growing season. It is possible that decreasing soil humidity due to climatic change can reduce soil nitrogen mineralization, and consequently indirectly affects bud fertility.

The role of atmospheric CO 2 concentrations on flower number has not been investigated yet. It is likely to be positive because bud fertility increases with vine vigor [START_REF] Huglin | Biologie et écologie de la vigne[END_REF], which is higher under elevated atmospheric CO 2 concentrations [START_REF] Bindi | Free Air CO 2 Enrichment (FACE) of grapevine (Vitis vinifera L.): II. Growth and quality of grape and wine in response to elevated CO 2 concentrations[END_REF].

It is difficult to forecast the consequences of climate change on grape yields because of the numerous yield components and climatic factors involved, including CO 2 concentrations. However, the main risk, arising more from experts assessment than from crop modeling [START_REF] Pieri | Modelling the future impacts of climate change on French vineyards[END_REF], is that yields will be limited by water availability, especially in summer.

The frequency of extreme events (heat waves, heavy precipitations) is expected to increase with increasing global temperature (IPCC, 2014). This qualitative information is difficult to integrate in an adaptive approach, but it is necessary to keep it in mind.

Several authors have attempted to predict the evolution of pests and diseases in the future. The tolerance/resistance of grapevine varieties to pests and diseases will not be discussed here.

How to use the genetic variability?

Thanks to the use of molecular markers, the history of grapevine evolution is now well described [START_REF] Bacilieri | Genetic structure in cultivated grapevines is linked to geography and human selection[END_REF]. In this respect, 12,314 different accessions of Vitis vinifera are referenced in the Vitis International Variety Catalogue (http://www.vivc.de, February 2016). They result from two main sources of genetic variation: mutations and sexual reproduction.

Grapevine plants are reproduced by vegetative propagation. New features can appear spontaneously in a bud after accidental modifications in the DNA, which is the physical support of genetic information, during the process of cell division. These modifications include single base mutations (Single Nucleotide Polymorphism, SNP), insertion or deletion of small DNA fragments, and insertion of transposable elements (large DNA fragments). These natural and spontaneous events do not always induce visible effects, but when they do, the new plant can bear interesting traits: white color, muscat-like aroma or erect habit for example. This emergence of genetic variability is still going on and leads to «clonal variation»: within a variety, slightly different plants can be identified and their characteristics can be transmitted by vegetative propagation. The mutations sometimes affect only some of the cell layers of plant tissues, creating what is called «chimeras». Pinot gris [START_REF] Hocquigny | Diversification within grapevine cultivars goes through chimeric states[END_REF] and Pinot meunier [START_REF] Franks | Chimerism in grapevines: implications for cultivar identity, ancestry and genetic improvement[END_REF] are examples of chimeric grapevine genotypes.

The existing clone collections can be explored to detect any phenotypic variation that could be useful in adaptation to climate change.

The other major source of genetic and phenotypic variation is sexual reproduction. Many famous cultivars such as Cabernet-Sauvignon [START_REF] Bowers | The parentage of a classic wine grape, Cabernet Sauvignon[END_REF], Chardonnay [START_REF] Bowers | Historical genetics: the parentage of chardonnay, gamay, and other wine grapes of northeastern France[END_REF] or Merlot [START_REF] Boursiquot | Parentage of Merlot and related winegrape cultivars of southwestern France: discovery of the missing link[END_REF] are descendants of other known varieties. Sexual reproduction, due to chance or directed by man, is a major driver of genetic diversity in cultivated grapevine.

Researchers use different methods to detect the relationships between the genetic information on chromosomes and the features of grapevine plants. The first one is based on the generation of genetic variations through sexual reproduction: crossing two parents, chosen for some traits of interest, creates hundreds of individuals. The variation in genetic information among all the individuals of the progeny is revealed by the use of molecular markers. The number of molecular markers can vary from 100-200 to thousands with modern techniques [START_REF] Barba | Grapevine powdery mildew resistance and susceptibility loci identified on a high-resolution SNP map[END_REF]. In parallel, some traits of agronomical or enological interest are measured on the same plants and statistical methods are used to detect the relationships between the presence of some alleles at a precise locus on the genome and the trait of interest. When allelic variation in a chromosomal region correlates with variation of a trait of interest, this region is described as a «Quantitative Trait Locus» or QTL.

QTL detection has been extensively used in grapevine (review by [START_REF] Martinez-Zapater | Grapevine genetics after the genome sequence: challenges and limitations[END_REF]. The availability of the grapevine whole genome sequence [START_REF] Jaillon | The grapevine genome sequence suggests ancestral hexaploidization in major angiosperm phyla[END_REF] is very useful for identifying the genes involved in the variations of the trait of interest.

Another method is to characterize the genome and a trait of interest for a large population of unrelated grapevine genotypes. The basic idea is the same as for QTL detection: finding associations between DNA information and the values of a trait of interest. This method, named «Genome Wide Association», has been successfully used for the detection of alleles linked to the aroma [START_REF] Emanuelli | A candidate gene association study on muscat flavor in grapevine (Vitis vinifera L.)[END_REF] or anthocyanin content in grapevine berries [START_REF] Fournier-Level | Quantitative genetic bases of anthocyanin variation in grape (Vitis vinifera L. ssp sativa) berry: a quantitative trait locus to quantitative trait nucleotide integrated study[END_REF].

Once a strong link is found between a variation in the DNA and a variation in a trait of interest (even if it is only statistical), breeders can use this knowledge for creating new grapevine varieties efficiently. Molecular markers are used to select the plantlets bearing the desired alleles. The number of molecular markers used will depend on the number of traits under selection and the genetic architecture of the trait. For example, for selecting a genotype with a muscat-like aroma (high linalool content), two specific alleles, one from chromosome 5 and one from chromosome 10, are necessary [START_REF] Duchêne | A grapevine (Vitis vinifera L.) deoxy-d-xylulose synthase gene colocates with a major quantitative trait loci for terpenol content[END_REF]Duchêne et al., 2012a).

Currently, QTLs and markers related to disease resistance are routinely used in Marker-Assisted Selection (MAS) programs [START_REF] Eibach | The use of molecular markers for pyramiding resistance genes in grapevine breeding[END_REF].

Breeding programs are currently more oriented towards tolerance to disease than adaptation to climate change. There is, however, increasing information on the genetic determinism of traits playing a role in adaptation to climate change.

Genetic variability for adaptation to climate change

In addition to changing cultivation zones and training systems, using different or even new genotypes, for both scion and rootstock, is a potentially powerful means of adaptation. Finding scion × rootstock × training system combinations able to produce commercial quality wine is a reasonable goal in many grape growing areas. It is, however, difficult to guarantee that the volume of production will be the same as today.

Phenology

The first intuitive idea is to use clones or varieties ripening later than the ones currently used. The variability for flowering and veraison time among existing genotypes is well described [START_REF] Parker | Classification of varieties for their timing of flowering and veraison using a modelling approach: a case study for the grapevine species Vitis vinifera[END_REF], and models are able to predict the developmental stages in the future using climatic data (see Fila et al., 2014 for example). Numerous QTLs for phenology have been identified [START_REF] Costantini | Berry and phenology-related traits in grapevine (Vitis vinifera L.): from Quantitative Trait Loci to underlying genes[END_REF]Duchêne et al., 2012b;[START_REF] Fechter | QTL analysis of flowering time and ripening traits suggests an impact of a genomic region on linkage group 1 in Vitis[END_REF][START_REF] Grzeskowiak | Candidate loci for phenology and fruitfulness contributing to the phenotypic variability observed in grapevine[END_REF], and this information can be used to test the adaptation of virtual genotypes in different grape growing areas for the future. However, we have shown that it is likely impossible in the future, even with late ripening varieties, to encounter the same cool ripening conditions that we experience today [START_REF] Duchêne | The challenge of adapting grapevine varieties to climate change[END_REF]. Indeed, there is a continuously increasing gap between a «cool ripening period», shifting later and later in fall, and the onset of ripening, moving towards the warmest period of summer. This analysis does not apply when ripening starts before the peak of high temperatures in summer. We should pay as much attention to the ability of genotypes to maintain some required characteristics under warm conditions as to phenological stages.

Water use

The crop water use efficiency (WUE) is a key parameter of adaptation to the expected drier summers in the future. There are many ways to define this parameter (see [START_REF] Flexas | Improving water use efficiency in grapevines: potential physiological targets for biotechnological improvement[END_REF] for a review). From a practical point of view, which can be the one of vine growers, it is the amount of water needed to produce one kilogram of mature grapes.

Many studies have compared the behaviors of different grapevine genotypes under water restriction, and classifications have been proposed [START_REF] Bota | Genetic variability of photosynthesis and water use in Balearic grapevine cultivars[END_REF][START_REF] Gaudillère | Carbon isotope composition of sugars in grapevine, an integrated indicator of vineyard water status[END_REF][START_REF] Tomás | Variability of water use efficiency in grapevines[END_REF]. The understanding of the genetic determinism of traits relevant for water stress tolerance is, however, still in its infancy, the first difficulty being to choose a relevant trait to study.

Classification into isohydric or anisohydric behavior is one of the methods proposed for describing cultivar response under water restriction. Isohydric cultivars are characterized by a high capacity to maintain high leaf water potential during the day, while the leaf water potential of anisohydric cultivars in the same conditions will drop significantly. The genetic basis for this trait was recently studied through a QTL approach on 186 genotypes (Figure 1), obtained from a reciprocal cross between Syrah and Grenache [START_REF] Coupel-Ledru | Genetic variation in a grapevine progeny (Vitis vinifera L. cvs GrenachexSyrah) reveals inconsistencies between maintenance of daytime leaf water potential and response of transpiration rate under drought[END_REF].

The authors identified many QTLs for traits such as specific transpiration rate, specific hydraulic conductance or minimal daytime leaf water potential. Exploration of the correlations and co-localizations between QTLs of these traits suggested that (an)isohydry may be ruled by a dual control from hydraulic conductance and stomatal closure, rather than a unique role of the stomatal control of transpiration. Finding the best combination of alleles from different loci, leading to the optimal behavior under water restriction in the field, will require further progress in crop modeling [START_REF] Tardieu | Virtual plants: modelling as a tool for the genomics of tolerance to water deficit[END_REF].

There is also a large variability among rootstocks in water stress tolerance, from 110 R (tolerant) to Riparia Gloire de Montpellier (not tolerant) (reviewed by [START_REF] Serra | Review: the interaction between rootstocks and cultivars (Vitis vinifera L.) to enhance drought tolerance in grapevine[END_REF]. [START_REF] Marguerit | Rootstock control of scion transpiration and its acclimation to water deficit are controlled by different genes[END_REF] have detected many QTLs related to transpiration rate, δ 13 C values in leaves, transpiration efficiency and water extraction capacity by studying the responses of Cabernet-Sauvignon plants grafted on 138 genotypes from a Cabernet Sauvignon × Vitis riparia cv. Gloire de Montpellier cross (Figure 2). This study showed that scion transpiration rate and its acclimation to water deficit is controlled by the rootstock. Rootstocks can therefore also be bred to improve plant tolerance to water stress.

Berry quality

A high variability in berry sugar content can be found when comparing genotypes on the same date (Duchêne et al., 2012c) or, conversely, on the date when the sugar content reaches a given value [START_REF] Costantini | Berry and phenology-related traits in grapevine (Vitis vinifera L.): from Quantitative Trait Loci to underlying genes[END_REF]. However, these values depend, on the one hand, on the climatic conditions between veraison and harvest and, on the other hand, on the fruit to leaf ratio of the plants. It has been shown in a progeny from a Riesling × Gewurztraminer cross that when taking into account the genetic variability for veraison dates and fruit to leaf ratio, the residual genetic variability for sugar metabolism was low (Duchêne et al., 2012c). Nevertheless, classical breeding has already created varieties with low sugar content producing wines with no more than 10-11% alcohol [START_REF] Escudier | Vins de qualité à teneur reduite en alcool. Colloque de clôture du programme national de recherche en alimentation et nutrition humaine[END_REF]. Possible driving factors can be high fruit to leaf ratio, late veraison dates or berry physiology. The actual genetic variability for sugar metabolism, and the underlying QTLs, remains to be explored.

Higher temperatures during ripening are responsible for a faster decrease of berry acidity, due to the degradation of malic acid [START_REF] Sweetman | Metabolic effects of elevated temperature on organic acid degradation in ripening Vitis vinifera fruit[END_REF].

Tartaric acid concentration in berries is far less sensitive to high temperatures than malic acid concentration [START_REF] Kliewer | Effect of day temperature and light intensity on concentration of malic and tartaric acids in Vitis vinifera L. grapes[END_REF]. Indeed, the quantity of tartaric acid per berry is generally constant throughout berry ripening [START_REF] Debolt | Altered light interception reduces grape berry weight and modulates organic acid biosynthesis during development[END_REF]. Grapevine varieties with a high tartaric/malic ratio should be better adapted to warmer climatic conditions. As shown in Figure 3, there is genetic variability for the ratio between tartaric acid concentration and malic acid concentration in grapevine genotypes [START_REF] Duchêne | Genetic variability of descriptors for grapevine berry acidity in Riesling, Gewu rztraminer and their progeny[END_REF]. QTLs for pH and tartaric acid concentration have already been detected [START_REF] Chen | Construction of a high-density genetic map and QTLs mapping for sugars and acids in grape berries[END_REF], which opens the gate for breeding varieties able to keep a correct level of acidity in the warm conditions of the future.

Regarding secondary metabolites, the decrease in anthocyanin content under high temperatures certainly differs among varieties [START_REF] Kliewer | Effect of controlled day and night temperatures on grape coloration[END_REF]. Understanding the genetic variability responsible for the profiles of phenolic compounds [START_REF] Fournier-Level | Quantitative genetic bases of anthocyanin variation in grape (Vitis vinifera L. ssp sativa) berry: a quantitative trait locus to quantitative trait nucleotide integrated study[END_REF][START_REF] Huang | Dissecting genetic architecture of grape proanthocyanidin composition through quantitative trait locus mapping[END_REF] can be of great help to breed new varieties whose color would be less affected by high temperatures. Up to now, there is no information on the possible different reactions of aromatic varieties to high temperatures.

Conclusion

Climate change will significantly modify the environmental conditions in most, if not all, vineyards in the world. The impacts on wine production will depend on the region and on the type of wine produced, but they will not always be negative: a warmer climate is a guarantee of ripeharvested grapes every year and it will offer new opportunities for some currently cool grape growing regions.

The main risks are, on the one hand, a decrease of yields due to water scarcity and, on the other hand, the production of unbalanced wines with high alcohol content and low acidity. The consequences of new climatic conditions on the final concentrations of secondary metabolites (phenolic compounds, aromas) in wines are uneasy to anticipate. For anthocyanins for example, the positive effects of increasing solar radiation can, at least partly, counterbalance the negative effects of increasing temperatures in temperate climates. The possibility to delay harvest dates can also compensate for a lack of anthocyanin synthesis. Because grape anthocyanins will be impacted by concomitant variations of several factors, the final concentrations at harvest in future conditions are very difficult to predict. If vine growers are able to better control the sugar content and the acidity of the grapes in the future, they will have more degrees of freedom for choosing the harvest date when the balance between sugars, acidity and aromas or anthocyanins is optimal.

Vineyard management techniques and cellar practices can be modified in the short term. New training systems need to be developed and experimented first, and could be implemented in the middle term.

Adaptation of plant material can take place at several levels. Clone collections already exist and finding new clones for a given variety with higher acidity or lower sugar content can be achieved quite rapidly. A good point for clonal selection is that new clones can be cultivated without modifications of the regulation rules in the existing grape growing regions, including Experiment was performed on potted plants in a greenhouse where soil water potential (bold grey line and black points in a and b) was controlled to decrease to common target values in about 5 days for all plants. Ψ leaf schematically oscillated each day between predawn values, in equilibrium with soil water potential (black points in a and b), and midday values (white points in a and b). The difference in midday Ψ leaf between last day under water deficit conditions (Ψ WD ) and first day under well-watered conditions (Ψ WW ) characterizes the degree of iso-or anisohydry reported in c [START_REF] Coupel-Ledru | Genetic variation in a grapevine progeny (Vitis vinifera L. cvs GrenachexSyrah) reveals inconsistencies between maintenance of daytime leaf water potential and response of transpiration rate under drought[END_REF]. <=->;"?"6$!!7:"
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The next strategy is to test already existing varieties.

Grapevine is already cultivated in warm regions and there are thousands of cultivars available in the genetic resources collections around the world. Except for grape growing regions already at the warm limit of the grape cultivation area, it should be possible to find scion × rootstock combinations able to grow in most of the present grape growing regions.

Finding the appropriate combination from both an agronomical and enological point of view is, however, a goal for the middle term. The acceptance of new varieties will be all the more easy as the typicity of wines will be preserved.

In the long term, the ultimate goal is to breed new varieties. This can be necessary if no scion × rootstock combination gives satisfactory agronomical results or if the requirements for wine typicity are not met. We have increasing knowledge on the genetic determinism of traits related to phenology, water use and berry quality, but we are still lacking ideotypes.

In other words, the objectives for breeders are not straightforward. Even with efficient breeding techniques, it takes about 10 years between obtaining a seed and releasing a variety, and even longer for this variety to be cultivated on significant areas.

Certainly for the first time in the history of breeding, the environmental conditions can change between the time varieties are evaluated and the time wine growers use them. There is a need to anticipate the behavior of genotypes in new environmental conditions. This requires not only reliable models for predicting future climatic conditions but also crop models able to integrate allelic variations and responses to environmental data. Using such models, breeders would be able to identify the best allele combination for a given set of climatic conditions before starting a breeding program using all modern techniques for revealing the genetic information in progenies.

Climate change is likely to modify wine production in many parts of the world. As of today, grapevine genetic diversity allows grapevine cultivation and wine production in a wide range of environmental conditions across the world. In the future, the existing variability can be used, or extended by sexual reproduction, to provide solutions for adapting grapevine production to climate change. 
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Figure 1 .

 1 Figure 1. Schematic representation of the difference between isohydric (a) and anisohydric (b) response of leaf water potential (Ψ leaf ) to soil drying, and distribution of iso-to anisohydric responses observed within a Syrah × Grenache progeny composed of 186 offspring (c).

Figure 2 .

 2 Figure 2. Phenotypic distributions of the traits of interest of the mapping population CS×RGM1995-1: total transpirable soil water (TTSW) in (a) 2008 and (b) 2009; coefficient µ of the normalised transpiration rate response curve to the fraction of transpirable soil water (FTSW) equation in (c) 2008 and (d) 2009 (from Marguerit et al., 2012).

Figure 3 .

 3 Figure 3. Variability of the ratio between tartaric acid concentration and the sum of malic and tartaric acid concentrations in progeny from a Riesling × Gewurztraminer cross (120 genotypes). Means of data from 2006 to 2009. Organic acid concentrations were measured 230 degree-days (dd) after veraison for each genotype in the INRA experimental vineyard in Bergheim (Duchêne et al., 2014).

07-Duchêne_05b-tomazic 04/08/17 14:14 Page2