Chapter 5
Grape Breeding

Phyllis Burger, Alain Bouquet, and Michael J. Striem

5.1 Introduction

Grapevine is one of the most widely grown crops in the world and covers about
7,955 million hectares. In 2003 the world wine production was 2,667 million hec-
tolitres with France, Italy and Spain the leading producer countries. Table grape
world production was in the order of 174 million metric ton. China is the lead-
ing producer country, but the bulk of the Chinese crop is consumed locally and
little of the Chinese table grape industry is known to the Western world. The
largest exporter of table grapes is Chile, followed by Italy (OIV statistics for 2003,
http://www.oiv.int/). It is generally believed that Vitis vinifera, originated in the
Middle East and that cultivation of the grapevine began during the Neolithic era
(6,000-5,000 BC) along the eastern shores of the Black Sea in the region known as
Transcaucasia in the areas south of the Caspian and the Black Sea (Mullins et al.
1992). From its centre of origin, the grapevine traveled with man to other parts of
the world and in ancient Egypt mention was made of grapevine growing and wine-
making. The domesticated grapevine reached European and North African Mediter-
ranean countries, first with the Phoenician and Greek trade routes and later with
the Romans, who spread it through their Empire. From Europe, the domesticated
grape spread globally with settlers to the more temperate climates in the Americas,
South Africa, Australia and New Zealand. V. vinifera grows in temperate climates
and flourishes in Mediterranean climates, can be cultivated in tropical climates and
with careful mangement and pruning may produce two crops a year (Possingham
et al. 1990).

Of the 17 genera belonging to the family Vitaceae, that developed its own identity
inside the Eudicots at the end of the Cretaceous period about 100 million years ago
(Ingrouille et al. 2002), it is only the genus Vitis that produces edible fruits. Planchon
(1887) divided the Vitis species between two sub-genera namely Euvitis (bunch
grapes) and Muscadinia (muscadine grapes). Muscadinia has a genome of 2n = 40,

P. Burger (=)
ARC Infruitec-Nietvoorbij, Private Bag X 5026, Stellenbosch, 7599, South Africa
e-mail: burgerp @arc.agric.za

S.M. Jain, PM. Priyadarshan (eds.), Breeding Plantation Tree Crops: Tropical Species, 161
© Springer Science+Business Media, LLC 2009



162 P. Burger et al.

similar to the one of several other genera of Vitaceae (Ampelopsis, Ampelocissus,
Parthenocissus), while for Euvitis it is 2n = 38. Though some researchers (Olmo
1986; Mullins et al. 1992) argued that Muscadinia should be elevated to generic
level as is supported by morphological, anatomical and karyological characteristics,
it has not achieved general acceptance. Muscadinia is endemic to the southeastern
states of the USA and among the three species known, only Vitis rotundifolia Michx.
is of commercial value (Olien 1990).

Great genetic diversity is found in grapevines and they are adapted to differ-
ent soils and climates. The majority of the table and wine grapes grown commer-
cially are from V. vinifera origin. In the USA, some other Vitis spp. are grown
commercially and were of local economic importance (Hedrick 1908). A number
of American Vitis spp. were used in the past and are still being used in breeding
programmes, especially in developing phylloxera resistant rootstocks, but also dis-
ease resistant wine and table grape cultivars. Of these, the following are of highest
importance: V. labrusca, V. aestivalis and V. rupestris Vitis spp. native to tropical
America, like V. smalliana, V. caribaea and V. shuttleworthii are included in breed-
ing programmes to develop cultivars adapted to climatic conditions of the tropics
(Camargo, 2000). In the Eastern European and Asian countries, V. amurensis is often
included in breeding programmes to introduce cold hardiness and disease resistance.

Man’s interest in grape growing evolved by selection from wild vines bearing
fruit with desirable eating or other superior characteristics. The origins of many of
the well-known wine and some table grape cultivars are still shrouded in mystery.
They probably originated from chance seedlings or as sports of old cultivars and
were easily propagated by cuttings and grown for centuries. Though the use of
deliberate crosses was likely since the Middle Ages (Boursiquot et al. 2004), it
is only since the late nineteenth century that such crosses are well-known. Some
important wine grape cultivars were developed from these crosses (e.g. Alicante
Bouschet in France that was bred by Louis and Henri Bouschet between 1829 to
1855 (Snyder 1937), Miiller-Thurgau in Germany that was bred by Miiller-Thurgau
in 1882 (Dettweiler et al. 2000) and Pinotage in South Africa that was bred by
Perold in 1925 (Orffer 1979)). Although grapes for wine-making were grown from
antiquity, table grape production only became an important enterprise by the end of
the nineteenth century (Einset and Pratt 1975).

5.2 Flower Types and Flower Structure

Oberle (1938) published a comprehensive study on flower types and the inher-
itance of floral morphology. He recognized three flower types: functionally
hermaphroditic, functionally pistillate and functionally staminate and found that
only one type of flower normally occurred on any one individual. In staminate
types, which are functionally male, the pistil is incompletely developed and
non-functional, while functionally pistillate or female types have non-functional,
reflexed stamens. Perfect or hermaphrodite types have flowers in which both
the stamens and pistils are functional. American species bear male and female
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flowers on separate vines, while most European grape cultivars of V. vinifera
origin bear hermaphrodite flowers (Snyder 1937; Olmo 1943). Various breeders
postulated different hypotheses for the inheritance of flower type (Einset and Pratt
1975).

In perfect flowers, the pistil is normally surrounded by five stamens, although
the number may vary from five to more on individual flowers of the same flower
cluster. The fused corolla encloses the above-mentioned flower parts. At flow-
ering it becomes loosened at the base and comes off like a cap (Snyder 1937).
After fertilisation has taken place, the ovary develops into a seed in seeded
cultivars or rudimentary seed in most of the ‘seedless’ types. For a review on
anatomy and development of the reproductive organs of the grapevine, see Pratt
(1971).

5.3 Flowering and Pollination

Grapevine is either self-pollinated or pollinated by wind, but honeybees and some
other insects may also be active pollinators (Bronner and Wagner 1997). Olmo
(1943) found honeybees to play an active role (at least in some seasons) in the
cross-pollination of the table grape Almeria with reflexed stamens. Kimura et al.
(1998) showed that insects contributed more than wind in the pollination of the
dioecious V. coignetiae.

Not all the flowers on a bunch open simultaneously and some of the varieties are
cleistogamous (self-pollination takes place before opening of flowers). The percent-
age of flowers in which cleistogamy occurred varied greatly among cultivars and
appeared to be a genetic trait (Barbagallo et al. 1988; Staudt 1999). Heazlewood
and Wilson (2004) also found that anthesis occurred before cap fall and found
pollen to be viable, although pollen tube growth only started after cap fall. Further-
more, pollen remained viable for several days after cap fall. Bronner and Wagner
(1997) found pollination to be highly influenced by temperature, relative humidity
and stigma receptivity. Breeders may find the work of Staudt (1999) on flower-
ing cycles, on the influence of temperature on pollen germination and the tempo
of pollen tube growth (Staudt 1982) helpful in deciding on the best time of day
for cross-pollination. Some fungicides and other chemicals sprayed in the vineyard
against Botrytis may have an effect on pollen germination and pollen tube growth
(Heazlewood et al. 2005).

5.4 Controlled Cross Breeding

Grape breeding is based primarily on hybridisation. Self-pollination as breeding
method has been poorly worked out and most of the attempts were unsuccessful due
to strong inbreeding depression. However, Pospisilova (1974) crossed inbred gener-
ations (I;) of the V. vinifera cultivars Traminer and Veltliner and obtained higher
productivity in the progeny compared to the cross between these two cultivars.
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Bronner and Oliveira (1990) isolated from the sixth self-pollinated generation of
Pinot noir, a homogeneous progeny, which they considered as a ‘quasi pure line’
usable for genetic studies. Finally, Todorov (2000) is the only breeder who obtained
a commercial table grape cultivar (Velika) by self-pollinating a genotype selected in
the progeny of a Bolgar x Ribier cross.

5.4.1 Emasculation and Pollination

Since the flowers of most of the commercial grape cultivars are hermaphroditic, it
is necessary for breeders to emasculate flowers before self-pollination takes place.
Emasculation is done by removing the cap and stamens, usually with a fine-point
forceps (Fig. 5.1). Emasculated clusters are pollinated by hand and covered with
paper (or other suitable) bags to prevent contamination by ‘foreign’ pollen. Some
breeders use a small brush and dust stigmas with pollen (Snyder 1937), while others
simply put a flowering cluster in the paper bag with the emasculated cluster and
shake the bag or simply tap a flowering cluster of the chosen pollen parent against
the emasculated cluster; Barrett and Arisumi (1952) described a home-made ‘pollen
atomizer’ or ‘duster’ used for pollination.

5.4.2 Pollen Collection and Storage

Pollen can be collected in bags in the vineyard by covering clusters before anthesis
and removing these after flowering or clusters may be harvested and dried indoors.
In the latter case, clusters are collected when the first flowers start opening, taken
indoors and stripped from the cluster and spread in a thin layer on glass sheets.
These are placed in a warm, dry area free of air currents where pollen is left to dry
for approximately 24 h. Dried flowers are scraped off the glass, rubbed through a
sieve and pollen collected by scraping it off the glass plate into a suitable container
(Barrett and Arisumi 1952). Equipment and hands need to be cleaned with alcohol
to prevent contamination when working with more than one cultivar (Barrett and
Arisumi 1952). Dried pollen are stored in a desiccator at —16°C with silica gel
(Bronner and Wagner 1997). These authors also found that germination percentages
of pollen exposed to UV radiation rapidly decreased.

Breeders usually prefer to use pollen as soon as they are collected or within the
same season, but under optimal conditions it may be stored for a limited number
of years. It is advisable to do germination tests before using stored pollen. Olmo
(1942) reported that pollen showing a germination percentage of as low as 6% gave
as good a set in the field as fresh pollen. Bronner and Wagner (1997) found optimum
temperatures for germination to be between 22 and 26 °C and added 20% sucrose
to the medium as well as boric acid (5 mg/l) and agar (20 g/1). Agarwal (1983) used
various organic solvents to store pollen at 4-6 °C. Ganeshan and Alexander (1990)
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Fig. 5.1 Grape flowers (fop) and emasculation of clusters (below)

obtained viable progeny when pollen stored for up to 64 weeks in liquid nitrogen
was used in crosses, but seed yield was reduced after 5 years in storage.

5.4.3 Seed Germination

Grapevine seeds are dormant and therefore are stratified in moistness under con-
trolled temperatures (usually around 4 °C) for 2—3 months, followed by germination
at around 25 °C (see Einset and Pratt 1975 for references).

Researchers have investigated the use of chemicals to aid in seed germination.
Spiegel-Roy et al. (1987) reported the efficiency of cyanamide in overcoming dor-
mancy. Manivel and Weaver (1974) used various treatments and only gibberellic
acid was partially effective. Ellis et al. (1983) proposed the following procedure
for grapevine seed germination: a 24 h soak in H,O, (0,5M) a further 24 h soak
in 1,000 ppm GA3, followed by a 21 day pre-chill at 3-5 °C with germination in a
diurnal alternating temperature regime of 20-30 °C (16/8 h).
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5.5 Breeding for Specific Characteristics

Characteristics most desirable vary depending on whether grapes are produced for
winemaking, juice, fresh consumption, raisin production or for use as rootstocks
for grape propagation. For table grapes, preferences differ between markets and
countries. In general, these include seedlessness, large natural berry size, good eat-
ing quality and other unique characteristics. In some grape growing countries, cold
hardiness is very important and for table grape producers in countries far from the
world-markets, cold storage is extremely important. With high costs incurred to pro-
tect the crop from major fungal diseases and a higher awareness of environmental
issues amongst consumers, the production of disease resistant cultivars that would
also comply to the other criteria for table, wine and raisin grapes are very important.

5.5.1 Fruit Characteristics

5.5.1.1 Seedlessness

Worldwide, seedless table grapes are high in demand and, therefore, many breeders
focus much of their efforts on the creation of new seedless cultivars. From a con-
sumer’s perspective, seedless grapes would be those with undetectable rudimentary
seeds (seed traces), while from a botanical viewpoint only parthenocarpic cultivars
would be truly seedless. Breeders regard seedlessness to be of two types. Seeds
are never formed in the parthenocarpic cultivars like Black Corinth, but rudimen-
tary seeds (which may contain viable embryos) develop in the stenospermocarpic
cultivars like Sultanina and are the result of embryo and/or endosperm abortion.
When parthenocarpic cultivars were used as pollinators of various seeded cultivars
no seedless progeny was obtained (Stout 1937), while seedless progeny could be
obtained when stenospermocarpic cultivars were used to pollinate seeded cultivars
(Stout 1937; Weinberger and Harmon, 1964). It is thus clear that breeders would
focus on the stenospermocarpic cultivars.

Rudimentary seeds vary in size, and lignification and classification of offspring
into seedless and seeded individuals varied greatly amongst researchers. Some based
their classification on detectability of the rudimentary seed (Loomis and Weinberger
1979; Spiegel-Roy et al. 1990a). Ledbetter et al. (1994) used sinker frequency,
relative seed mass (sinker frequency multiplied by average sinker mass) and seed
ratio (total seed weight divided by total fruit weight) as parameters. Ramming et al.
(1990a) viewed 25 mg fresh weight as the division between seeded and seedless
genotypes, but placed the maximum seed trace size for consumer acceptance around
10 mg fresh weight. Striem et al. (1992) used four categories for seed/seed trace size
and regarded hardness of the seedcoat and the degree of endosperm development as
sub-traits of seedlessness. Furthermore, the perceptibility of the seed traces was
not necessarily correlated to size, but rather to the hardness of the seed-coat. To
complicate matters, rudimentary seed size may differ from year to year and also
seem to be influenced by vine age and rootstock (Christensen et al. 1983).
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The seeded:seedless ratios in progeny of crosses between seeded and stenosper-
mocarpic seedless cultivars varied greatly and, thus, led to various hypotheses to
explain the inheritance of the stenospermocarpic trait. Weinberger and Harmon
(1964) and Loomis and Weinberger (1979) regarded seedlessness to be controlled by
complex recessive genes. Ramming et al. (1990a) supported this view and concluded
the seedless trait not to be controlled by a single recessive gene, since all seedless x
seedless crosses had some seeded offspring. Spiegel-Roy et al. (1990a) postulated
two complementary recessive genes. The hypothesis of Bouquet and Danglot (1996)
stated that inheritance of seedlessness was based on a complex system whereby
the expression of three independently inherited recessive genes was controlled by a
dominant regulator gene.

5.5.1.2 Other Fruit Characteristics

The heritability of a number of quantitative traits has been studied, including berry
characteristics and ripening (Fanizza and Raddi 1973; Firoozabady and Olmo 1987,
Eibach 1990; Wei et al. 2002).

Some breeders investigated the inheritance of berry skin colour, a relevant trait
influencing both table grape and wine making quality. Barritt and Einset (1969)
proposed two pairs of genes for fruit colour inheritance. A gene for black (blue)
colour (B---) dominant, epistatic to that for red and white fruit and with red fruit
(bbR-) dominant to white (bbrr). Recently Kobayashi et al. (2004) indicated that
variation for berry skin colour is associated with the presence of a retrotransposon
in the promoter region of a transcription factor that is involved in skin colouration
and probably corresponds to the gene B.

Researchers also reported on the inheritance of aromas, mostly the V. vinifera
muscat flavour. Wagner (1967) proposed that three to five complementary genes
and a modifying gene were involved. Eibach et al. (2003) identified three aroma ter-
pene compounds — namely Hotrienol, Trans-p-Linalooloxide and Terpendiol II — in
offspring from a cross between a muscat and non-muscat parent. With regards to the
V. labrusca (foxy) flavour, Reynolds et al. (1982) proposed a three-gene, dominant
and complementary system for methyl anthranilate (MA) and a two-gene system for
total volatile esters (TVE). Fisher et al. (1990) confirmed the previous hypothesis
for TVE, but suggested a more complex environmentally influenced system for MA.

5.5.2 Resistance to Pests and Diseases

V. vinifera evolved in mild climates and without the presence of the economically
most damaging pathogens, like the downy mildew (Plasmopara viticola), powdery
mildew (Uncinula necator Syn. Oidium tuckeri and Erysiphe necator) and insects
like phylloxera (Daktulosphaira vitifoliae). The vinifera grapevine is often very sus-
ceptible to these biological factors as it became clear when, for example, it was
exposed to these stress factors in the USA. By the end of the nineteenth century,
pests and diseases introduced from North America, caused havoc in the European
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grapevine industry. Powdery mildew appeared in 1845 in France and by 1851 it had
spread to all the vineyards in Europe. Phylloxera found its way to Europe shortly
hereafter in 1865 and was followed by downy mildew (1878) and black rot (Guigar-
dia bidwellii) in 1885 (Krul and Mowbray 1984).

5.5.2.1 The Use of Euvitis Species in Resistance Breeding

The introduction of American species resistant to phylloxera (mainly V. riparia,
V. rupestris and V. berlandieri) and intensive breeding programmes saved grapevine
production in many regions of the world (Pouget 1990). Among the resistant
species, only V. berlandieri was adapted to the highly calcareous soils, but could
not be used in its pure form and hybridisation was necessary to develop root-
stocks resistant to lime-induced chlorosis. Rootstocks were also bred for resistance
against nematodes like Meloidogyne spp. (Cousins et al. 2003) and Xiphinema spp.
(Meredith et al. 1982).

Although chemical sprays (sulphur and copper) were rapidly effective against
the fungal diseases, these are still difficult to control and costs are high. Very
early, numerous European breeders made crosses between V. vinifera and resistant
American Vitis spp. like V. rupestris, V. labrusca, V. riparia and V. aestivalis to
combine their resistance with the fruit quality of V. vinifera. Although hundreds
of so-called ‘direct producer hybrids’ were introduced to the French wine industry
during the first half of the twentieth century, they are not of commercial impor-
tance today, but some of them (Villard blanc, Chambourcin, Seyval) were inten-
sively used in modern breeding programmes for disease resistance (Kozma 2000;
Eibach and Topfer 2003). Resistance to powdery mildew was also found in the
wild Chinese species V. bryoniifolia, V. davidii and V. piasezkii (Wang et al. 1995)
and to downy mildew in the Asiatic species V. amurensis (Korbuly 2000). Other
fungal diseases apart from the mildews, that breeders endeavour to develop resis-
tance against, include anthracnose (Mortensen 1981) and Botrytis, while resistance
against bacterial diseases include Pierce’s Disease (PD), of importance in the USA
(Mortensen 1968; Krivanek et al. 2005).

In Euvitis, Boubals (1959) postulated resistance to downy mildew to be depen-
dent on two genic systems: a single gene for the hypersensitive reaction at the time
of infection and several genes for the inhibition of growth of the fungal mycelium.
Boubals (1961) postulated resistance to powdery mildew to be dependent on a poly-
genic system. Li (1993) also viewed resistance to powdery mildew to be of a poly-
genic nature and found minor resistance genes in V. vinifera. Eibach (2000) found
different genes to be responsible for resistance to downy and powdery mildew and
that no marked linkage seemed to exist between those genes.

5.5.2.2 The Use of Muscadinia in Resistance Breeding

Muscadinia is native to the southeastern United States and is a useful source for
genes of resistance to phylloxera, nematodes, PD and fungal diseases. Often, these
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genes have a high degree of dominance (Olmo 1986). This was confirmed by
Bouquet (1983) who found a high degree of resistance to phylloxera in Muscadinia.
Bouquet (1981) found the muscadines resistant to Xiphinema index the vector of
grapevine fanleaf virus (GFLV), but not to the virus itself and also confirmed a large
degree of dominance of this resistance (Bouquet et al. 2000a). By back-crossing a
resistant F; hybrid to the rootstock cultivar 140 Ruggeri, a new rootstock resistant to
virus spread has been selected (Bouquet et al. 2004). In Muscadinia, the same author
also identified a dominant gene called Run 1 that confers resistance to powdery
mildew and which he introduced in advanced back-cross progenies with V. vinifera
(Bouquet, 1986; Bouquet et al. 2000b). It appeared that genotypes carrying the Run
1 gene also showed partial resistance to downy mildew due to the Rpv 1 linked gene
(Merdinoglu et al. 2003). Current strategies being developed in European countries
aim at combining genes of resistance from Muscadinia and Euvitis (Kozma and
Dula 2003).

5.5.2.3 Resistance to Abiotic Stress

In breeding programmes for some wine grapes and rootstocks, tolerance to abi-
otic stress factors is also important. Rootstocks of V. rupestris x V. berlandieri
ancestry were found the most tolerant to drought in greenhouse conducted tests
by Carbonneau (1985). Pouget (1980) bred a new rootstock cultivar highly resis-
tant to iron chlorosis by inter-crossing rootstocks of V. vinifera x V. berlandieri
ancestry. Further work, using inter-crossing rootstocks of V. riparia, V. rupestris
and V. berlandieri ancestry led to another new cultivar well adapted to acid soils
(Pouget and Ottenwaelter 1986).

Cold tolerance is found in V. riparia, V. labrusca and V. amurensis (Reisch and
Pratt 1996) and was largely used in breeding programmes for wine grapes in the
USA (Hemstad and Luby 2000) and Eastern Europe (Korbuly 2000). For discussion
on resistance breeding against other fungi, bacteria, insects and abiotic stress factors,
see Mullins et al. (1992) and Reisch and Pratt (1996).

5.6 Tissue Culture Techniques

The value of conventional methods in grapevine breeding is limited by long genera-
tion intervals, the highly heterozygous nature of the vine and inbreeding depression.
Furthermore, few traits of viticultural importance are controlled by single genes
with dominant alleles. Thus, researchers have embarked on investigating biotech-
nological tools in grapevine improvement. Tissue culture techniques are used for
micro-propagation by shoot tip culture, production of virus-free clones, protoplast
culture, embryo rescue, organogenesis, callus induction, somatic embryogenesis and
genetic transformation.
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5.6.1 Micro-propagation

In practice, micro-propagation is mostly applied for the production of virus-free
plant material. The technology for micro-propagation of shoot tip culture is well
established and the resulting plants appear to be genetically identical to the mother
plant. According to Bouquet (1989) the role of tissue culture in commercial propa-
gation is likely to be limited because standard propagation systems based on grafting
are well established. However, this author identified five possible situations where
tissue culture could be of benefit: (1) Rapid multiplication of newly bred or imported
cultivars, rootstocks in particular, (2) propagation, maintenance and international
exchange of virus-free plants, (3) maintenance of germplasm under slow-growth in
vitro conditions, (4) application of thermotherapy to obtain virus-free plants and
(5) testing in vitro for resistance to biotic and abiotic stress factors.

This chapter will not deal with in vitro multiplication and micro-grafting tech-
niques and their use in the production of virus-free material, since reviews were
published elsewhere (Krul and Mowbray 1984; Monette 1988; Gray and Meredith
1992; Reisch and Pratt 1996; Torregrosa et al. 2001; Bouquet and Torregrosa 2003).
These publications also address other biotechnological techniques not discussed
here or only touched on, like organogenesis, haploidy induction, etc.

5.6.2 Embryo Rescue

The development of embryo rescue techniques enabled breeders to develop off-
spring from two stenospermocarpic seedless parent cultivars. Although labour inten-
sive, these techniques are applied routinely in the majority of table grape breeding
programmes as the proportion of seedless progeny in such crosses are much higher
than in conventional seeded x seedless crosses. Cain et al. (1983) reported the
first successful embryo rescue of grapevine, followed soon after by Emershad and
Ramming (1984) and Spiegel-Roy et al. (1985).

Genotypes, media composition, culture dates (days after pollination), effect of
cold treatments and various interactions were studied in numerous publications.
For instance, Gray et al. (1987) compared the effect of liquid medium to that of
solid medium. In general, higher germination rates were obtained when rudimen-
tary seeds were cultured at a later date, though some researchers found no or little
correlation. Correlations between size of the rudimentary seed and the presence
of viable embryos were found by Bouquet and Davis (1989) and Spiegel-Roy
et al. (1990b). Although embryos are able to germinate directly from the rudi-
mentary seeds, researchers found it necessary to dissect rudimentary seeds after
two to three months in culture and remove the embryos for maximum recovery of
plants (Cain et al. 1983; Ramming et al. 1990b). Gray et al. (1990) reported that
embryos appeared to be dormant. Varying results were obtained when cold stratifi-
cation and plant growth regulators were investigated to break dormancy of embryos
(Emershad and Ramming 1984; Bouquet and Davis 1989; Gray et al. 1990). Seed
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from early ripening seeded cultivars usually have low germination rates and embryo
rescue techniques were successfully applied to develop seedlings from such culti-
vars (Ramming et al. 1990b; Goldy et al. 1989).

Since the seedless trait is only found in Euvitis, embryo rescue techniques were
also employed to develop plants from crosses between Euvitis and Muscadinia.
Although it is difficult to regenerate progeny from such crosses, Ramming et al.
(2000) reported the first V. vinifera x V. rotundifolia seedless seedling. Some
researchers investigated the application of chemicals in the vineyard to aid in
embryo rescue. Kender and Remaily (1970) were able to produce viable seeds from
seedless cultivars by applying ethephon. Bharathy et al. (2003) found pre-bloom and
bloom sprays of BA beneficial for in vitro embryo and plant recovery, while Ponce
et al. (2002) found putrescine to increase the number of embryos.

5.6.3 Screening for Resistance to Biotic Stress

Classical selection methods include screening of plants in vineyards or greenhouses.
Aldwinckle (1978) found a correlation between field resistance and plants selected
in greenhouses for powdery mildew resistance. However, Eibach (1994) found that
powdery mildew infection on leaves and berries may vary considerably and that
screening for resistance by using leaves was not necessarily applicable to berries.
Leaf discs were also used to evaluate various accessions of Vitis spp. and hybrids
for downy (Staudt and Kassemeyer 1995) and powdery mildew (Peros et al. 2006).
Stein et al. (1985) found a good correlation between the development of powdery
mildew on leaf discs and on vines in the field and the greenhouse. With downy
mildew the correlation was not as good.

In vitro dual culture gives researchers the opportunity to study host/parasite inter-
actions without the interference of environmental factors. Heintz et al. (1985) and
Klempka et al. (1984) developed in vitro dual culture methods for powdery mildew
and V. vinifera cultivars, while Sparapano et al. (2001) determined grapevine suscep-
tibility to esca-associated fungi in micro-propagated shoots and callus. Following
earlier studies, Bessis et al. (1992) suggested the use of phytotoxic polysaccharides,
produced by Botrytis to select in vitro for resistance. However, Fanizza et al. (1995)
found a low correlation between the response of in vitro assayed cultivars to Botrytis
and bunch susceptibility under field conditions.

Mauro et al. (1988) found that the fungus Eutypa lata, which causes eutypa
dieback (dead arm disease), produced toxic metabolites that induced typical symp-
toms on in vitro grapevines. Following this research, Soulie et al. (1993) developed
in vitro tests to screen in vitro propagated plants and micro-cuttings of V. vinifera
cv. Ugni blanc for tolerant clones. Jayasankar et al. (2000) selected plants resistant
to anthracnose by exposing embryogenic masses of V. vinifera cv. Chardonnay to
culture filtrate of the fungus.

Techniques to screen potential parent cultivars and seedling populations include
phytoalexin production and the stilbene oligomers, e-viniferin and a-viniferin,



172 P. Burger et al.

which were found to be closely associated with resistance to downy mildew
(Langcake 1981; Dercks and Creasy 1989) and also Botrytis (Sbaghi et al. 1995).
However, Barlass et al. (1987) found the production of the phytoalexin precursor,
resveratrol, highly sensitive to environmental changes and its usefulness for screen-
ing limited. Kortekamp and Zyprian (2003) found a correlation between peroxidase
activity and resistance to downy mildew.

Vitis and Muscadinia spp. were grown in in vitro dual culture with phyl-
loxera by Forneck et al. (1996) and Grzegorczyk and Walker (1998) to study
grapevine/phylloxera interaction. Kellow et al. (2002) confirmed the value of
in vitro screening for resistance and determination of phylloxera biotypes. Van
Mieghem and Goussard (1987) induced reproduction of the nematode Meloidogyne
Jjavanica on in vitro Chenin blanc plants, while Franks et al. (2003) could clearly
distinguish between resistant and susceptible cultivars when grown in vitro in dual
culture with M. javanica. Bavaresco and Walker (1994) described techniques for
the in vitro dual culture of grapevine and X. index.

5.6.4 Screening for Resistance to Abiotic Stress

In vitro techniques were developed by Bavaresco et al. (1993) and Netzer et al.
(1991) to screen grapevines for tolerance to lime-induced chlorosis. Apart from
lime-chlorosis, salt-tolerant rootstocks are also important as the grapevine is easily
affected by salinity. Lebrun et al. (1985) used single cells for in vitro selection of
tolerance in V. rupestris. Barlass and Skene (1981) and Troncoso et al. (1999) found
in vitro techniques suitable for the selection of salt tolerance in various rootstocks.
However, Skene and Barlass (1988) stressed the need for verification under field
conditions. Some rootstocks are known to be susceptible to magnesium deficiency
and Bouquet et al. (1990) investigated the possibility of in vitro selection.

5.6.5 Somatic Embryogenesis

Somatic embryogenesis is the process of embryo initiation and development from
cells that are not the direct product of gametic fusion and is of great importance
in the improvement of grapevines. Researchers have used these techniques for the
development of in vitro screening systems for resistance to stress factors, virus elim-
ination, germplasm conservation and introduction of foreign genes by genetic trans-
formation. Various organs, for example, unfertilised ovaries, flower clusters, anthers,
tendrils, petioles and leaves from greenhouse or in vitro cultured plants, were used as
explants to initiate callus. Though the response varied greatly, embryogenic cultures
were established for various grapevine cultivars and species. The first reports of
somatic embryogenesis were made by Mullins and Srinivasan (1976) who obtained
plants via somatic embryogenesis from unfertilised ovules of Cabernet Sauvignon
(V. vinifera) and Hirabayashi et al. (1976) who employed anther culture to develop
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shoots from V. thunbergii. Since these early reports, numerous studies reporting suc-
cessful somatic embryogenesis or organogenesis and plantlet formation were pub-
lished. Successful plantlet development via somatic embryogenesis was achieved in
many Vitis spp. and inter-species hybrids. For a review see Martinelli and Gribaudo
(2001), Bouquet and Torregrosa (2003) and also references mentioned under genetic
transformation.

The most recent and spectacular application of somatic embryogenesis in
grapevine was the separation of the chimaeric periclinal L; and L, layers in
V. vinifera Pinot meunier and the obtention of plants with phenotypes different
from the original plant (Franks et al. 2002). Pinot meunier has a L; cellular layer
responsible for its characteristic hairiness and also carrying a mutation in a gene
homologous of the Arabidopsis GAI (Gibberellin inhibitor) gene. The mutation of
this gene gives the plant a dwarf phenotype in which all the tendrils are converted
into inflorescences, capable of flowering and bearing fruit after a few months (Boss
and Thomas 2002). These characteristics confer considerable interest in future
grapevine genetics and breeding on this genotype.

5.6.6 Protoplast Culture

A number of researchers studied protoplast culture, but encountered difficulties
to regenerate plants. The first report of success was from Reustle et al. (1994)
who regenerated plants from protoplasts derived from embryogenic material
of the hybrid cultivar Seyval blanc. Zhu et al. (1997) obtained plants through
somatic embryogenesis from protoplasts of cv. Koshusanjaku (V. vinifera). See also
Papadakis et al. (2001) for a review on protoplast technology in grapevine.

5.6.7 Somaclonal Variation

In the wine grape industry, where many of the most prominent cultivars are of
ancient origin, somatic mutations have undoubtedly taken place over the long period
of vegetative propagation as can be seen in the many clones of established cultivars
that were selected and are cultivated today. This somatic heterogeneity provides
sources of variation that could be exploited by researchers to increase variability
in existing cultivars, thus thwarting genetic erosion induced by clonal and sanitary
selection (Bouquet 1989) and select for specific traits, particularly for resistance
to biotic and abiotic stress. Schneider et al. (1996) presented the first molecular
evidence for somaclonal variation in grapevine. Three plants with altered pheno-
type derived from protoclones of Seyval blanc showed modified RAPD profiles.
Popescu et al. (2002) confirmed somaclonal variation in anther-derived grapevines
at the molecular level by using AFLP (Amplified Fragment Length Polymorphism)
techniques. See Predieri (2001) for a review of somaclonal variations and in vitro
induced mutagenesis and see also Torregrosa et al. (2001).
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5.6.8 Genetic Transformation

It is not possible to introduce specific characteristics or desirable traits into an
existing cultivar by hybridisation without destroying its originality. Therefore, the
alternative approach of using direct gene transfer is very promising for grapevine
improvement. Researchers need to be able to select transformants from non-
transformants and to confirm whether stable introduction of a foreign gene into
Vitis has taken place. Most commonly the npfII and hpt genes conferring antibiotic
(kanamycin or hygromicin) resistance have been used as selectable marker genes,
while the uidA gene conferring 3-glucuronidase (GUS) expression and the gfp gene
conferring green fluorescence were used to confirm transformation. However, the
use of antibiotics in the selection process is not widely accepted by the public.
Reustle et al. (2003) investigated the possibilities of using mannose instead of
antibiotics in a selectable marker system. However, none of the regenerated plants
was transgenic. These results were confirmed by Kiefer et al. (2004) who found
mannose as well as xylose unsuitable for use in selection systems for transformation.

Though some researchers use efficient biolistic (micro-projectile bombard-
ment) transformation systems (Vidal et al. 2003), the majority make use of the
Agrobacterium-mediated transformation system. This technology is based on the
ability of Agrobacterium to insert genes into plant cells during the infection process.
Although A. tumefaciens causes crown gall in grapevine, disarmed strains that do
not induce crown gall are used for genetic transformation. The most suitable
plant material for co-cultivation with Agrobacterium is embryogenic cell lines, of
which the quality and developmental stage have a strong effect on transformation
efficiency. The first report of researchers who obtained transformed plants were
from Mullins et al. (1990) with V. rupestris ‘St. George’. Please see Perl and
Eshdat (1998) and Bouquet et al. (2006) for techniques and protocols for genetic
transformation in grapevine.

5.6.8.1 Rootstock Transformation

GFLV is transmitted by the nematode X. index. Dangerous chemicals are used for
soil disinfection and, therefore, many researchers put their efforts into producing
transgenic plants with coat protein mediated protection. Krastanova et al. (1995)
obtained V. rupestris and 110 Richter plants transformed with the coat protein of
GFLYV, while Mauro et al. (1995) obtained 41B and SOy plants also transformed with
GFLV-CP. From 18 independent transgenic grapevine lines established in a naturally
infected vineyard, 3 did not show reaction to GFLV infection 3 years after planting
(Vigne et al. 2003). Bouquet et al. (2003a) found that transgenes (npfIl, uidA and
GFLV-CP), introduced into 110 Richter and V. rupestris du Lot rootstocks and trans-
mitted by hybridisation in X. index resistant rootstocks developed by conventional
cross-breeding, expressed normally with a mendelian segregation in offspring.

Le Gall et al. (1994) transformed 110 Richter with the coat protein of Grapevine
Chrome Mosaic Virus (GCMV-CP). Torregrosa and Bouquet (1997) co-inoculated
in vitro grown plantlets of the rootstock Gravesac with a mixture of wild
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A. rhizogenes and A. tumefaciens carrying plasmids containing GCMV-CP genes.
Transformed hairy root cultures were initiated from excised root tips. Plant regen-
eration was not achieved, but the authors mentioned the possibility to graft in vitro
transgenic roots to non-transformed shoot systems. Radian-Sade et al. (2000) cloned
the gene encoding the coat protein of Grapevine Virus A (GVA-CP) and used this
gene to transform the rootstock 41B and tobacco. Martinelli et al. (2002) reported
stable transformation of V. rupestris with the movement protein of GVA.

Guillen et al. (1998) purified a NADPH-dependent aldehyde reductase from
Vigna radiata that converts eutypine, the toxin that is involved in eutypa dieback,
into non-toxic eutypinol. Grapevine (V. vinifera) cells transformed with the gene
(Vr-ERE) encoding the eutypine-reducing enzyme showed in vitro resistance to the
toxin. Transformed plants were established only for the rootstock cultivar 110R
(Legrand et al. 2003) and were not affected by relatively high concentrations of
eutypine, whereas growth of untransformed plants were highly inhibited.

5.6.8.2 Scion Transformation

Mauro et al. (1995) reported the first transformed plants of a scion cultivar
(V. vinifera cv. Chardonnay) with a gene of agricultural value, namely the GFLV-CP
gene, while Gambino et al. (2005) reported transformation of cv. Nebbiolo with the
same gene. Scorza et al. (1996) reported that by combining particle bombardment of
somatic embryos with Agrobacterium co-cultivation produced Thompson seedless
plants transformed with the lytic peptide Shiva-1 or the tomato ringspot virus
(TomRSV) coat protein genes.

Chitinase is one of the hydrolytic enzymes, which can degrade fungal cell wall
components. Because of this characteristic, hydrolytic enzyme coding genes are
very attractive for researchers in their efforts to improve disease resistance. Neo
Muscat (V. vinifera) plants transformed with a rice chitinase gene showed enhanced
disease resistance to powdery mildew and anthracnose (Yamamoto et al. 2000).
Harst et al. (2000) obtained Riesling plants transformed by antifungal genes (glu-
canase and chitinase), while Bornhoff et al. (2005) obtained transgenic Seyval
blanc plants carrying genes for chitinase and RIP (ribosome inactivating protein).
Although the foreign DNA was stably integrated, there was no visible improvement
of field resistance against downy and powdery mildew. Agiiero et al. (2005) obtained
Chardonnay and Thompson Seedless plants transformed with the pear polygalactur-
onase inhibiting protein (pPGIP) gene. Plants were evaluated for tolerance to PD
and Botrytis and delay in the development of PD was observed in some transgenic
lines with increased pPGIP activity. Chardonnay plants, transformed with an anti-
microbial peptide gene by using biolistics, were evaluated for resistance to crown
gall and powdery mildew (Vidal et al. 2006).

Mezetti et al. (2002) used a novel approach based on organogenesis to introduce
the gene DefH9-iaaM that conferred parthenocarpic fruit in tomato, eggplant, straw-
berry and raspberry in grapevine. See also Perl and Eshdat (1998), Thomas et al.
(2000), Kikkert et al. (2001), Martinelli and Mandolino (2001), Colova-Tsolova
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et al. (2001) and Bouquet et al. (2003b) for applications and prospects of genetic
transformation in grapevine.

5.7 Molecular Studies

Since about fifteen years, the availability of inexpensive and easy-to-use molecular
markers has considerably facilitated research in Vitis genetics and breeding. It is
now possible to create unique DNA profiles for each genotype, to map the grapevine
genome, to tag specific genes for breeding purposes, marker-assisted selection and
gene cloning. For a general review on molecular markers, see Reisch (2000).

5.7.1 Fingerprinting and Diversity Assessment

Cultivar naming is a major problem in viticulture. Often the same cultivar is grown
under different denominations or different cultivars are sometimes grown under
the same denomination. Molecular markers have been widely applied in grapevine
for cultivar identification. They include successively random fragment length poly-
morphisms (RFLP), random amplified polymorphic DNA (RAPD), amplified frag-
ment length polymorphisms (AFLP) and single sequence repeats (SSR), also called
micro-satellites. Standard sets of micro-satellite markers have been proposed (This
et al. 2004) and they are now commonly applied to solve problematic naming (Dangl
et al. 2001), for genetic diversity assessment (Sefc et al. 2000) and for parentage
analysis (Bowers et al. 1999). For a review on micro-satellite markers, see Sefc et al.
(2001). Other techniques for DNA fingerprinting are currently in development, such
as retrotransposon-based molecular markers (Pelsy et al. 2003) or single nucleotide
polymorphisms (SNP) (Salmaso et al. 2004).

Bowers and Meredith (1997) determined the parentage of Cabernet Sauvignon,
while Bowers et al. (1999) investigated the origin of Chardonnay, Gamay noir and
other important cultivars. Boursiquot et al. (2004) identified a number of synonyms
for Gouais. Though not of importance today, this cultivar was widespread in Europe
in the past and the authors underline the important role it played in the parentage of
many of modern-day prestigious French and European cultivars.

However, the relationships between cultivated vines and wild vines have not yet
been clearly established. Some results indicate the absence of links (This et al. 2001;
Carrefio et al. 2004). In contrast, other results suggested that local domestication of
wild vines predominated over introduction of cultivars from other regions (Sefc et al.
2003; Grassi et al. 2003). Vine domestication has resulted in a radical change in vine
biology, such as the change from dioecism to hermaphroditism. In their wild state,
due to a strict allogamy, all the species of the Vitis genus are dioecious and, therefore,
have a high level of heterozygosity that meets in cultivars or wild populations of
Vivinifera and is revealed by micro-satellite studies (Sefc et al. 2000; Aradhya et al.
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2003). The high heterozygosity of V. vinifera cultivars was also confirmed by the
first studies investigating SNPs (Salmaso et al. 2004).

5.7.2 Genetic Mapping and Marker-Assisted Selection

Suitable screening methods for fruit quality and disease resistance are necessary
for maintaining efficient breeding programmes. Some of these screening techniques
were already discussed, but one of the most exciting techniques is the fairly recent
development of Marker Assisted Selection (MAS). These techniques enable breed-
ers to make sophisticated decisions regarding which parents to choose for crosses
and also to pre-screen seedling populations for certain traits and discard those indi-
viduals with the undesirable characteristic, before establishment in the vineyard.
Strong linkage between molecular markers and the genes (alleles) responsible for
the expression of these traits has to be established. Genotyping the gene-pool of
potential parents and identifying those carrying the desired alleles to be combined
would enhance the efficiency of the breeding process.

Since many agronomical important traits are quantitatively inherited in
grapevine, it is difficult to control them in breeding programmes. By establishing
associations of these traits with linked molecular markers, molecular maps may
be produced and genetic factors involved localized as quantitative trait loci (QTL).
Once the correlation between a specific phenotype and molecular marker has been
established, the inheritance of a trait can be scored in the progeny at very early
stages of plant development. To find good correlation between molecular markers
and the measured trait, a combination of several markers will be necessary (Striem
et al. 1996).

In 1997, grapevine researchers founded the International Grape Genome Pro-
gramme (IGGP) (http://www.vitaceae.org). Among the interests of the IGGP was
development of a reference linkage map resulting from individual mapping projects
and as a resource for physical mapping. Such a map is also useful for targeting
genomic regions for more intensive mapping efforts, such as for localizing QTLs
or for gene cloning. Researchers combined various markers in developing genetic
maps, using essentially and successively RAPD, AFLP, and SSR markers. Twenty
research groups of 10 countries worked cooperatively in the Vitis Microsatellite
Consortium (VMC) to develop a large number of micro-satellite markers. Several
linkage maps were constructed from inter-specific hybrid populations (Lodhi et al.
1995; Dalbé et al. 2000; Grando et al. 2003; Fischer et al. 2004; Doucleff et al.
2004; Lowe and Walker 2006) or V. vinifera populations (Doligez et al. 2002; Riaz
et al. 2004 and Adam-Blondon et al. 2004). An integrated SSR map based on five
mapping populations was recently published (Doligez et al. 2006).

Several large-insert comprehensive genomic libraries have also been developed
for the grape genome using the bacterial artificial chromosome system (Tomkins
et al. 2001; Adam-Blondon et al. 2005). The connection between genetic maps and
a physical map based on a Cabernet Sauvignon BAC library is currently under way
(Lamoureux et al. 2006).
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5.7.2.1 Mapping for Seedlessness and Other Berry Characteristics

Striem et al. (1994; 1996) described a number of sub-traits of seedlessness and
found RAPD markers with significant effects on several of these sub-traits. These
authors could exclude most of the seeded individuals of the progeny by using a
two-step process of marker assisted selection. As was already discussed, Bouquet
and Danglot (1996) proposed three complementary recessive genes regulated by
a dominant inhibitor gene, which they identified as the Sdl gene. This work was
followed-up by a number of publications on marker assisted selection for seedless-
ness (Lahogue et al. 1998; This et al. 2000; Adam-Blondon et al. 2001; Doligez et al.
2002). Lahogue et al. (1998) used a bulk segregant analysis with RAPD markers,
and developed a SCAR (sequence characterised amplified region) marker linked to
the SdI gene. This marker (SCC8) explained a large part of the phenotypic variation
of seedlessness components traits. Doligez et al. (2002) constructed parental and
consensus genetic maps from a F; population derived from a cross between two
rudimentary seedless genotypes. They found QTLs for several sub-traits of seed-
lessness and berry weight. In an independent study Meija and Hinrichsen (2003)
developed another highly assertive SCAR marker potentially useful to assist selec-
tion for seedlessness.

The gene controlling sex in grapevine was placed by Dalbé et al. (2000) on a link-
age group corresponding to the LG 2 of the V. vinifera consensus map. Placement
of the sex locus was confirmed by Lowe and Walker (2006). A major gene for berry
colour was also placed on LG 2 (Doligez et al. 2002). Fischer et al. (2004) identified
QTLs for véraison (onset of berry ripening) and berry size. Fanizza et al. (2005),
using a table grape progeny Italia (seeded) x Big Perlon (seedless), detected QTLs
for different components of fruit yield such as berry and cluster weight. Marino
et al. (2003) detected several QTLs for free aroma volatile components on the
map derived from the cross V. vinifera Moscato Bianco x V. riparia (Grando et al.
2003). Eibach et al. (2003) identified QTLs for three aroma terpene compounds in
a progeny from a cross between a muscat and non-muscat parent.

5.7.2.2 Mapping for Disease Resistance

As mentioned Bouquet (1986) introduced powdery mildew resistance from Mus-
cadinia into V. vinifera and found resistance to be conferred by a dominant allele
at a single locus designated Runl. Pauquet et al. (2001) developed genetic markers
tightly linked to the Runl locus. Donald et al. (2002) described the mapping of
resistance gene analogs (RGAs) to the Runl locus. Barker et al. (2005) using a
bacterial artificial chromosome (BAC) library described the construction of compre-
hensive genetic and physical maps spanning the Runl locus, that enabled cloning
of the resistance gene. Fischer et al. (2004) developed a map from progeny of a
cross between a disease resistant and a susceptible cultivar. Regent, derived from
the French hybrid Chambourcin, has a complex parentage, involving a number of
wild Euvitis species and shows high field resistance to powdery and downy mildews,
while Lemberger is susceptible. The authors found that resistance to the two fungal
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pathogens relied on independent genetic factors. One major QTL region was iden-
tified for powdery mildew resistance, while a major QTL and a less pronounced
“minor” QTL for resistance to downy mildew were found in Regent. In another
preliminary study, Zyprian et al. (2003) constructed a partial map by using two
downy mildew resistant parents (Villard blanc and Ga-47-42, derived from the
French hybrid Seyval). The authors postulated that resistance to downy mildew in
the two segregating populations was determined by different genetic factors. Marino
et al. (2003) also identified two different QTLs for resistance to downy mildew in
the V. vinifera x V. riparia map constructed by Grando et al. (2003).

Dalbé et al. (2001) constructed a genetic map from inter-specific cultivars and
developed a marker for powdery mildew resistance. Doucleff et al. (2004) con-
structed linkage maps from a cross between two half-sib genotypes V. rupestris x
V. arizonica that carry resistance to Pierce’s Disease (PD) and X. index. A pri-
mary resistance gene to PD, Pdrl was identified and mapped by (Krivanek et al.
2006). Lowe and Walker (2006), using a progeny from a cross between Ramsey
(V. champini) and Riparia Gloire (V. riparia) developed the first linkage map of
rootstocks and presented it as a valuable tool for studying the genetics of many
rootstock traits including nematode resistance, lime and salt tolerance, and ability
to induce vigor.

5.8 Conclusions

Biotechnological techniques made great impact on grapevine improvement in the
recent past, especially the past decade by the development of successful genetic
transformation systems and stable insertion of foreign genes of agricultural impor-
tance into grapevine. The use of molecular markers and the creation of genetic maps
have contributed to a better understanding of grapevine genetics. Though biotech-
nological and molecular tools are making a big impact on the efficiency of breeding
programmes, the grapevine community should appreciate the great history and cul-
ture of the grapevine.
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