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Future Prospects

A-F Adam-Blondon,"* M Boulay?and J-M Martinez-Zapater?

ABSTRACT

Viticulture is a very valuable crop in terms of income and still attracts
new producers. However, in order to stay this way, growers will have
to meet several challenges with the help of scientists. First, the use of
pesticides will have to be greatly reduced through the development
of global strategies using fewer chemicals with other methods such as
biological control, genetic resistance and new agronomical practices.
The design of such integrated systems requires in-depth knowledge at
several levels on how the grapevine functions in its biotic and abiotic
environment. This will be achieved using metagenomics strategies to
generate inventories of the Grapevine-Associated Micro-Flora, as well as
transcriptomic, proteomic and metabolomic analyses of both grapevine
and pests and pathogens during their interaction. Modern genome
based approaches will also increase the efficiency in the breeding of
new varieties combining high quality and durable resistance. Second,
viticulture will have to adapt to changing growing conditions due to
global climate changes and to better and more rapidly meet consumer
demands. This will require the ability to model the function of grapevine
in the environment based on a combination of genomics, genetic and
ecophysiologic information as a way to quickly target the relevant
trait and the relevant strategy to address (breeding, training practices,
enology practices, etc.).

Keywords: Pathogen and pest resistance, agrochemicals, global
warming, grapevine breeding, genomics
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14.1 Evolution of Viticulture Around the World

The analysis of viticulture, wine market and consumption around the world
presented in Chapter 1 and summarized in Fig. 1-1 in terms of trends,
shows that Europe has a traditional and strong viticulture and as such still
maintains the largest vineyard areas, together with the largest wine exports
and imports. European consumers still account for most of the worldwide
consumption (Fig. 14-1). However, countries like North America and China
will perhaps compete for this last point in the future. The only exception in
the grapevine-related market is for fresh /dried berries consumption, where
Europe lies just behind Asia (http://faostat.fao.org/; data not shown). During
the last 60 years however, the vineyard areas have decreased roughly by
one-third across Europe with a reorientation towards wine quality: low
quality varieties have been replaced by high-quality ones and low quality
terroirs have been abandoned. After the genetic diversity bottleneck caused
in the European viticulture by the introduction of Phylloxera and fungal
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Figure 14-1 World statistics for the wine sector (from FAOSTAT; http://faostat.fao.org/) (A)
Surface harvested (ha) (B) Wine imports (1000 $). (C) Wine exports in (1000$) (D) Wine
consumption (t).

Color image of this figure appears in the color plate section at the end of the book.
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pathogens in the second half of the 19th century, this market selection
of high quality wines resulted in further reduction of cultivar diversity
across the vineyards (Bouquet and Boursiquot 1999). In parallel, as pointed
out in Chapter 1, drastic changes in consumer habits were also recently
observed, mainly in France, Italy and Spain, with a shift towards less wine
consumption but of higher quality and a progressive disappearance of
regular wine consumers that, as a whole, resulted in a global reduction of
wine consumption (Fig. 14-1d).

The worldwide vineyard area has remained roughly stable despite its
reduction in Europe thanks to a sharp increase of plantations in America,
Asia and Australia (Fig. 14-1a). This expansion has recently been particularly
impressive in China (Fig. 14-2a), with Chinese wine production and
importations (Fig. 14-2b) being completely devoted to supply the large
increase of internal consumption (Fig. 14-2d). This is quite different from
the situation in most of the other producing countries that were expanding
their exports timely with the increase of production (e.g., Australia: Fig.
14-2c), progressively reducing the position of Europe as the major wine
exporter (Fig. 14-1c). All around the world, viticulture is still a very valuable
crop with a total US $22,423 million value for worldwide wine exports and
US $ 4,601 million value for worldwide grape and grape juices exports in
2006 (http://faostat.fao.org/). It may remain the same, provided viticulture
copes with several important challenges in the near future which could be
facilitated by major advances in scientific knowledge.

14.2 Viticulture Will Have to Reduce the Use of Pesticides and
Perhaps to Face the Expansion of New Diseases due Either to
Such Reduction or to Climatic Changes

The first challenge is to drastically reduce the use of pesticides while
maintaining the quality of the production. Until now, except for Phylloxera
pest control, this was mainly achieved through the use of chemicals.
However, it is now widely recognized that this approach is not sustainable
as some pesticide active molecules can have effects on the environment
and on human health. Their use has now become much more restricted in
Europe (http://www.europarl.europa.eu/mews/expert/briefing_page/45150-012-01-
03-20081217BRI145149-12-01-2009-2009/default_p001c004_en.htm), which may
lead to a technical dead-end for current practices. Although it will probably
not be possible to protect the vineyard without using any chemicals, their
use will continue to be reduced. In fact, insecticides have been intensively
reduced by the use of biological control such as Phytoseids or pheromones,
as well as herbicides by inter row under grassing. For fungicides, reductions
are obtained thanks to the increased use of disease forecast models as well
as prophylaxis techniques. Following these already initiated patterns, new
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Figure 14-2 Statistics for the wine sector in Australia and China (from FAOSTAT; http://faostat.
fao.org/) (A) Surface harvested (ha) (B) Wine imports (1,000 $) (C) Wine exports (1,000$) (D)
Wine consumption (t).

grapevine management technologies will probably include the use of fewer
chemicals (more environmentally friendly) in a global strategy together
with methods for biological control, genetic resistance and new agronomical
practices for a more sustainable viticulture. The design of such integrated
systems requires in-depth knowledge at several levels on how the grapevine
functions in its biotic and abiotic environment.

14.2.1 Inventory of the Grapevine-Associated Micro-Flora

The first layer of knowledge, which concerns the complete description of
the microorganisms that live in vineyard soils, but also on leaves, trunks
or berries as epiphytes or in perennial organs such as roots, or trunks as
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endophytes microorganisms is now-a-days a near complete black box. Yet,
some of these microbial populations are known to have the potential to favor
plant growth and adaptation to abiotic stresses, but also to prime defense
responses against pathogens in plants (Ait Barka et al. 2002, 2006; Conrath
et al. 2006; Van Wees et al. 2008), which may lead to the development of new
strategies for pests and pathogens control (McMahan et al. 2001; Schmidt
et al. 2001; Mohamed et al. 2007). However, the use of a living organism
as a pesticide is always more complex than the use of a chemical and the
activation by elicitors of the defense pathways normally switched on by
these beneficial microbes (Zimmerli et al. 2000) does not give a straight
forward solution for field conditions either. These pathways may be
antagonistic to other pathways also important for plant adaptation and in
the molecular “dialog” that represents the host-parasite relationship, the
parasite being at different stages of development under field conditions, may
always have time in advance to the host defence. Therefore, it is important
to better understand the vineyard ecological system in order to develop new
agronomical practices taking into account beneficial microbial populations
(Beckers and Conrath 2007). The first step is to record all the microorganisms
present in the vineyards in/on grapevines or in its immediate environment,
to study the evolution of such communities in different conditions (healthy/
non healthy vine, under abiotic stresses, etc.) and the physiological reactions
of grapevine and of individual microbes in interaction. This will require
metagenomic approaches that are currently under massive development
for instance to better understand human diseases or to find solutions to
polluted environments (Daniel 2005; Ventura et al. 2009), but are still in
their infancy with regards to agriculture (Jiao et al. 2006; Rabosto et al.
2006; Van Elsas et al. 2008).

14.2.2 Inventory of Grapevine Interactions with its Main Pests
and Pathogens with a “Both Sides” Point of View

Another important layer of knowledge concerns the molecular mechanisms
underlying the interaction of grapevine with its major pests and pathogens.
Many laboratories are currently studying grapevine transcriptome changes
under pest stress as a first step (Espinoza et al. 2007; Lin et al. 2007; Roper et
al. 2007; Figueiredo et al. 2008; Fung et al. 2008; Polesani et al. 2008; Polesani
et al. 2010) but it would also be very important to study gene regulation
in pathogens in the same conditions to fully understand the molecular
dialog between the two interacting organisms (e.g., Lambais et al. 2000;
Choquer et al. 2007) as evoked above. For this purpose, it will be important
to develop genomic tools for the main grapevine pests and especially those
responsible for a lot of treatments in the vineyard (e.g., Erysiphe necator,
Plasmopara viticola, Botrytis cinerea) and those for which no control solution
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is available yet (the virus pathogen GFLV transmitted by the dagger type
nematode Xiphinema index, the bacterial pathogen Xylella fastidiosa, as
well as some other viral diseases like GLRaV, leaf roll viruses, etc.). A few
of those pathogens have their genome sequenced [e.g., X. fastidiosa (Van
Sluys et al 2003), B. cinerea (Fillinger et al. 2007) and GFLV (Naraghi-Arani
etal. 2001)] and two others, responsible for the stolbur and the flavescence
dorée are under way (Cimerman et al. 2006; Malembic-Maher et al. 2008).
Unfortunately, so far comprehensive collections of express sequence tags
(ESTs) have only been produced for B. cinerea (Viaud et al. 2005).

14.2.3 Inventory of the Genetic Diversity for Resistance to
Diseases in the Vitis Genus and Grapevine Improvement

Last but not the least, as in other crops, it is important to introduce resistant
varieties in viticulture. These varieties will have to produce high quality
wine given the current trends of the market and the resistance will have
to be durable (plantations have an average duration of 30 years or even
more for high quality red wines!). Regarding resistance durability, it will be
important to characterize the natural pathogen populations, their genetic
diversity, their epidemiology, but also the selective pressures exerted by
their host and the management system (McDonald and Linde 2002). From
the plant side, it will be very important to combine in the resistant varieties
different resistance mechanisms against a given pest (pyramiding resistance;
see Chapter 7 Section 7.3), which supports the interest to characterize genetic
resources in the genus Vitis and to study the genetic basis of their pathogen
resistance mechanisms. The increase of grapevine research in China that will
most probably come with the increase of vineyard areas will probably bring
new such resources from the Asian pool, yet poorly known. The design of
high quality varieties requires enough generations of backcrossing in order
to recover the Vitis vinifera best quality level while retaining the resistance
traits. Many groups are currently working at the development of molecular
markers to facilitate and accelerate such programs (see Chapters 5 and 7)
and some interesting varieties have been produced and are already planted
(see Chapter 1 Section 1.3.2). They will have to prove their worth during the
coming years, both in terms of resistance to diseases and of organoleptic
qualities of their issued wines, before being considered into high quality
production systems. However, if some variety proves in the future to be of
such high interest, it is likely that it will succeed, especially if a technical
dead-end is reached with regards to disease control. It was demonstrated
in the past when the Phylloxera epidemic drew to the general use of
rootstocks from either American Vitis species or hybrids between them and
Vitis vinifera, greatly reshaping the plant production chain (grafted plants
versus own roots).
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14.2.4 Is There a Place for Genetically Modified Grapevine in the
Future?

On the other hand, depending on social acceptance of genetically modified
grapevine, improving grapevine resistance to disease by gene transfer is also
possible. This is particularly true for resistance to viruses or phytoplasms,
where no major resistance sources are known in the Vitis genus and
different transgene-based strategies are developed all over the world for
resistance to GFLV or GLRaV (see for review, Laimer et al. 2009). Another
possibility raised by such an approach is a quicker development of high
quality varieties transformed with Vitis-derived resistance genes (see
Chapter 8). However, the introduction of genetically modified organism
(GMO) in viticulture is still a challenging issue and will necessarily have
to be co-developed within the society (Laimer et al. 2009). In this respect,
an interesting and partly successful initiative has been set up in France
(Joly and Rip 2007).

14.3 Viticulture Will Have to Adapt to New Climatic Conditions
in Many Areas

Another challenge, global climatic change, may lead to changes in the
cultivars planted. The projections for 2100 of the Intergovernmental
Panel on Climatic Change (IPCC; http://fwww.ipcc.ch) include an increase
of the average temperature, a change in the rain regime especially in the
Mediterranean areas with less rain in summer combined with a water
demand increase by plants and a doubling of atmospheric CO, content.
While the change in carbon dioxide concentration perhaps will have no
or few effects on wine quality as demonstrated recently on a Portuguese
red cultivar (Gongalves et al. 2009), temperature increases will have. An
elevation of summer temperatures and a consequent shortening of the
grapevine growing period have already been observed during the last 10
to 15 years and have recorded consequences in viticulture production as
reviewed by Jones (2007). For instance in France, vintages are now taking
place generally one month earlier than 15 years ago. Furthermore, harvested
berries show an increase of their sugar content, a reduction of their acidity
and lower phenolic maturity. The berry ripening phase often occurs now
during the hottest periods, which is not favorable for an optimal aromatic
production. Finally, the increasing water deficit in soils in spring and
summer impairs nitrogen assimilation by grapevine resulting in less free
amino acids content in the berries, which in turn may lead to problems in
must fermentation and wine ageing. An indirect effect of climatic change
may also be the further spreading of pests that were currently stopped by
cold winters (e.g., vector of Pierce’s disease in Europe).
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There is, therefore, a need to better understand the interaction of
grapevine with its physical environment and its consequences on the process
of plant production and berry content. This will need integrated system
approaches combining more powerful phenotypic analyses including
transcriptomic, proteomic and metabolomic studies in different plant tissues
and under different environmental conditions (Castellarin et al. 2007a and
b; Cramer et al. 2007; Deluc et al. 2007; Mori et al. 2007; Pilati et al. 2007;
Vincent et al. 2007; Iandolino et al. 2008; Lund et al. 2008; Zhang et al. 2008;
Bellin et al. 2009; Zenoni et al. 2010; see Chapters 11 and 12). In addition,
this analysis should also integrate the existent genetic variation represented
by the different grapevine cultivars as well as their differential interactions
with the environment. This information will be the basis to develop better
tools for the assessment of quality potential before harvest, to provide better
criteria for the selection of new cultivars or to screen genetic resources
for varieties that were abandoned because of their low potential under
former climatic conditions but that could now be quite acceptable. Yet, the
classification of the grapevine varieties according to their optimal climate
growing conditions proposed by Jones (2007) could be extended to other
genetic resources using appropriate screening procedures (Duchéne et al
2010). Currently, the new available tools derived from genomic information
are generating many opportunities in different wine producing countries
to develop research programs together with the private sector, addressing
these types of viticulture issues.

14.4 Viticulture Will Have to Adapt Better and Faster to
Consumer Demands

Traditionally, the main consumers were located in countries having a
wine culture. This means that they were more or less educated about wine
history or wine culture and were willing and able to choose their wines
among a large diversity of products from wine regions associating different
cultivars, soils and viticulture practices. More recently, some cultivars
have been pushed forward and used throughout the world, sometimes
in association with new enological practices (e.g., use of oak chips) with
the aim to obtain a more standard product, better adapted to a worldwide
demand. This demand is evolving and diversifying for example towards
wines that are more fruity and fresh on one hand or wines that could be
drunk on occasions where they must compete with other beverages like
spirits. In order to answer such diversified demands, the enologists have a
long tradition of improvement of the wine making process (development of
new yeast strains, new extraction methods for aromatic compounds, better
control of fermentation, etc.). However, a better understanding of the whole
integrated process from berry composition and ripening to fermentation
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and enological technologies can allow new approaches in the design of a
desirable type of wine called “reverse engineering” (H. Ojeda, pers. comm.).
Under this approach the design of a new wine would define appropriate
cultivar characteristics, viticulture practices and enological techniques.

Even, if the evolution of the berry composition in water, sugar, acids,
phenolics and terpens is well known (for review see Ollat et al. 2002; Conde
et al. 2007), there is a need for a better understanding of the regulation
of metabolic pathways involved, of their crosstalks and of the molecular
basis of the genetic variation shown by grapevine cultivars. Furthermore,
it is important to understand the genotype environment interactions on
berry composition that will help develop more precise diagnostic tools to
monitor vintages.

As pointed above, genome derived technologies allowed for a more
thoroughly phenotypic description of berry evolution at gene expression,
protein synthesis and metabolic composition and several transcriptome,
proteome and metabolome analyses of developing berries have been
recently published, drawing a first rough sketch of the pattern of
co-regulated genes (see Chapters 10, 11 and 12 for reviews). These
preliminary data will be further completed with future analyses using
either more representative genome microarrays or open expression analyses
methods derived from the new high throughput sequencing techniques now
that the genome sequence is available. Additional studies will also have
to consider different genotypes as well as different growing conditions to
develop a complete picture of berry development and the ripening process.
However, the identification of the key genes responsible for these processes
will only be possible through a combination of system biology approaches
including statistical and mathematical modelling based on these “omics”
data and of genetic approaches. The latter relies on the study of natural or
induced genetic variation. Quantitative trait loci (QTL) detection has been
a quite useful approach in the identification of genetic loci responsible for
quality traits in grapes as well as resistance traits (see Chapters 6 and 7),
although only the gene(s) behind one of these major loci is as yet close
to being identified (see Chapter 8). The study of natural somatic variants
(reviewed in Chapter 3) has been successful in the identification of specific
genes involved in reproductive development and berry color (e.g., Boss
and Thomas 2002; Kobayashi et al. 2004; Ferndndez et al. 2010). However,
if one wishes to generalize such mutant studies, one caveat that has to be
overcome is the production of large mutant collections in grapevine, such
as those which have been developed for tomato (Menda et al. 2004) or pea
(Dalmais et al. 2008) and that are very useful in the assignment of gene
biological function. Limitations relate in this case to the need of space to
maintain the genetic resources and the length of generation time required
for segregation analyses. The difficulties involving these genetic analyses
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and the resources required has led the grapevine community to start the
development of tools and knowledge for application of association genetics
strategies (see for instance Barnaud et al. 2009; Fournier-Level et al. 2009;
Myles et al. 2010 and Chapter 4 for review), as it is been done in human
or animals genetics for similar reasons (Karlsson et al. 2007; Slatkin 2008;
McCarthy et al. 2008). In addition, based on the finding of a natural somatic
mutant derived from Pinot Meunier (Boss and Thomas 2002), short cycling
grapevine genotypes suitable either for transformation or for genetic studies
were recently successfully developed (Chaib et al. 2010). Such lines will be of
tremendous interest as they are dwarf to semi-dwarf, needing therefore less
space, and as they are produce fruits within 6 months (Chaib et al. 2010).

Within agricultural production viticulture and wine production
results from a series of complex interactions between the plant, physical
environment and human environment. The wine as the final product
summarizes this complexity and displays a large diversity representing the
different ways and the different tools and environments that have been used
in human history for its production. The complexity of interactions required
to generate a high quality product have made viticulture and enology to
be considered almost as an art. Understanding the grapevine genome as
well as the genomes of other organisms such as yeast and Oenococcus oeni
bacteria that participate in the process of wine making can help us to more
deeply understand the complexities of berry development and ripening
and wine production. The possibilities to manage large amounts of data
enable us now to address the analysis of more complex processes and this
can help explain scientifically all kinds of interactions taking place in the
vineyard and in the fermentation vat. It is expected that this knowledge
will help in the design of new strategies to cope with some of the described
challenges in viticulture and perhaps other unforeseen ones. It will be
difficult to make better wines than the current ones but the goal is to
maintain this high quality level under the frame of sustainability within a
changing environment.
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