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The remarkable propagative aptitute of grapevine is one of the key factors contributing to its success as a cultivat­
ed species and to the spread of the domesticated grapevine, establishing it as one of the most important fruit species 
worldwide. Today there are some 8 million hectares of vineyards across the world. It is therefore titting that the suc­
cessful implementation of the powerful technology of gene manipulation in grapevine is to a large extent reliant on 
this regenerative ability. Currently, several varieties of grapevines have been successfully genetically transformed, 
largely by employing somatic embryogenesis to generate highly regenerative target material. Especially attractive 
in the wine industry is the possibility of improving grapevine varieties by the addition of genes that confer useful 
traits, such as resistances against biotic and abiotic factors and manipulation of certain metabolic functions. In 
principle, gene transfer technology allows for the directed manipulation of a specific trait without altering the char­
acteristic nature of the cultivar, permitting the improvement of the traditional cultivars while maintaining their 
established varietal characteristics. For the most part, targeted traits currently include disease resistance and 
improved berry quality. The promise of this technology is threatened by worldwide resistance to genetically modi­
fied organisms, and in the wine industry by complications surrounding the property rights and naming of trans­
genic vines. If it is not possible to maintain the varietal name when a transgenic vine has the same properties as the 
original well known variety, the significant advantages of gene technology over traditional breeding programmes 
are to a large extent lost. If these and other complications can be overcome, the integration of this powerful tech­
nology with traditional breeding programmes, and with other initiatives such as the study of the grapevine genome, 
will ensure a new era in the cultivation of this ancient species. 

INTRODUCTION 

The grapevine is as old as time and due to its remarkable regen­
erative properties has become known as a symbol of life, fre­
quently referred to as the tree of life. Wine, its major product, has 
been reported in the oldest of historical chronicles and writings. 
Desirable traits in vines have been identified through the ages as 
critical discriminatory factors in the making of a superior wine. 
Once such a wine and its style has found favour with winemak­
ers and consumers, winemakers and grape growers would resist 
improvements to the cultivar through breeding and/or cultivation 
practices if it is perceived that these desirable traits would be 
threatened. Frequently, these traits are polygenically inherited 
and under the control of groups of genes of minor effect (Mullins 
et al., 1992), complicating traditional breeding programmes. The 
demand of the grapevine industries to preserve the desirable char­
acteristics of certain cultivars while generating improved yield, 
disease and pest resistance, etc. in plant material accentuates the 
shortcomings of traditional breeding programmes (Robinson 
et al., 1999). 

The last century has witnessed several milestones in agricultur­
al improvements, most notably the post-World War II Green 
Revolution that caused explosive growth in the sustainable yield 
of agriculturally important crops. Exhaustive breeding pro­
grammes often spearheaded initiatives to maximise the yield on 
available resources and together with, for example, agrochemi-

cals, revolutionised the way crops were cultivated. These pro­
grammes raised agriculture to new levels, but to significantly 
improve on these efforts and to alleviate the negative effect of 

agriculture on the environment, new initiatives and approaches 
are needed. 

In the biological and agricultural sciences, the ability to genet­
ically manipulate species through recombinant DNA technology, 

as well as the extensive drive to characterise the genomes of agri­
cultural important species through genomics, initiated the New 
Green Revolution, that has already had a great impact in several 
agricultural sectors. The grapevine industries stand to benefit sig­

nificantly from this technology and much progress has already 
been made in establishing the groundwork that will lead to a new 

era in grapevine cultivation. The aim of this review is to provide 

a perspective on the usefulness of genetic improvement of 
grapevine, to note what has been accomplished thus far, and to 

establish what potential this and related technologies hold for the 
future. To put the new technology and its future application in 
viticulture in perspective, it is imperative to touch on the origins, 

classification and characteristic features of grapevines as current­
ly understood. The processes, specific problems and challenges 
linked to grapevine biotechnology, together with the importance 

of integrating classical and new technologies, are also discussed. 
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6 Genetic Improvement of Grapevine 

GRAPE SPECIES AND VARIETIES 

The genus Vitis 

Grapevines are classified in the genus Vitis, which together with 
11 to 13 other genera form part of the Vitaceae family that typi­
cally occurs tropically and sub-tropically and exhibits a climbing 
habit (Pongnicz, 1978). The genus Vitis, however, occurs mainly 
in temperate climates and consists of two sub-genera, Euvitis and 
Muscadinia. The former comprises most of the species associat­
ed with the genus Vitis; only three species are grouped in the sub­
genus Muscadinia: M. rotundifolia, M. munsoiana and M. pope­
noei. (Mullins et al., 1992) (Fig. 1). The species of the two sub­
genera are quite distinct: some of the most notable characteristics 
of Euvitis are a shedding bark, small lenticels, branched tendrils, 
elongated flower clusters and pear-shaped seeds. Muscadinia spp. 
in contrast, exhibit a non-shedding bark, large lenticels, 
unbranched tendrils, small flower clusters and boat-shaped seeds 
(Bailey, 1933; Rives, 1975; Olien, 1990). 

The observed phenotypic differences in the two sub-genera of 
Vitis are confirmed by differences in chromosome composition. 
Euvitis spp. typically have 38 chromosomes, whereas 
Muscadinia spp. have 40 (Antcliff, 1992; Mullins et al., 1992; 
Jackson, 1994). Crosses between these two sub-genera are feasi­
ble, but the resulting progeny typically has poor fertility, proba­
bly due to imprecise meiotic pairing and separation of the chro­
mosomes. Species within each sub-genus, however, hybridise 
readily to form vigorous and fertile progeny, a trait extensively 
used by breeders. 

Vitis species 

The classification of Vitis spp. using the criteria usually employed 
to define a biological species, is often confounded by character­
istics such as cross-fertility, similar chromosome numbers and 

Order 

Family 

Cissus Clematicissus Ampelocissus 

overlapping geographical distributions (Jackson, 1994). It has 
been suggested that Vitis spp. are still evolving into distinct 
species and should rather be considered as ecospecies, represent­
ing populations of grapevines that are the result of a series of 
adaptations to specific environmental conditions (Mullins et al., 
1992; Jackson, 1994). It has been shown that the quantitative dif­
ferences observed among species are typically strongly influ­
enced by environmental conditions, and as such are not reliable 
taxonomic descriptors. Variation within Vitis spp. could possibly 
best be established on the genetic level, and new technologies of 
genome analysis will most definitely aid the taxonomic classifi­
cation of these species (see later sections). 

Ancestral Vitis spp.: It is suspected that the ancestral forms of 
Vitis were bushy plants that preferred sunny locations, and only 
later developed a climbing habit when the vegetation changed 
and forestation occurred. To maintain its exposure to sunlight, the 
ancestral Vitis developed characteristic tendrils that allowed it to 
improve its climbing ability (Jackson, 1994). The evolution, geo­
graphical origins and spread of Vitis spp. have been actively 
investigated, but remain inconclusive. Whatever the cause and 
circumstance, a single Vitis sp., V. vinifera, is found in Europe, 
whereas more than 30 species have been found in China and 
approximately 34 species have been characterised in North and 
Central America (Rogers & Rogers, 1978; Fengqin et al., 1990). 
It seems that the formation of the continents as we know them 
today caused a natural distinction in the characteristics of the Vi tis 
spp. that were grouped together with the separation of the land­
masses during the Quaternary period (Mullins et al., 1992). The 
V. vinifera spp. are by far the most cultivated of the species, either 
in pure or in hybrid form and will be discussed in more detail. 

Vrtaceae Rhamnaceae Leaaceae 

Rhoicissus Parthenocissus Pterosperma 
Genus Cyaratia Tetrastigma Pterisanlhus Ampelopsis Acareosperma 

Subgenus 

Species 

Subspecies 

Proles 

(Eulopean) 

Vitis vinifera 

I 
sylvestris 

Ewitis 

Vitis 

<AnJ•rican) 
I I I --

v. riparia V. barlandieri V. aastivalis 

Musrlnia 

v.~~~ 
V. rupestris V. labrusca V. mansoiana 

I 
sativa 

panties occidantalis orientalis 

FIGURE 1 

Condensed classification scheme of Vitis vinifera (adapted from Mullins et al., 1992). 
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Vitis spp. other than V. vinifera: The Vitis spp. from Asia have 
not been extensively studied; slightly more information is avail­
able on the North American species. The most well-known 
American spp. include V: labrusca, V. aestivales, V. riparia, 
V. rupestris, V. Berlandieri and V: cinerea. Characteristically, 
these species have small berries with excessive seeds and strong 
pungent flavours (Antcliff, 1992). Potentially, they could be very 
valuable as hybrids with V. vinifera, especially due to their strong 
resistance against certain biotic and abiotic factors. 
Unfortunately, the exploitation of these gene pools has not been 
realised in breeding programmes with V. vinifera due to several 
complicating factors such as the extensive backcrosses needed to 
eliminate some unfavourable characteristics of the American spp. 
On the other hand, hybrids originating from crosses between the 
various American spp. have proven to be very valuable as root­
stock material, and form the bulk of the rootstocks used today. 

Vitis vinifera: Most of the cultivated grapevine species belong to 
the European grape V: vinif era and, together with the important 
rootstock varieties, comprise the majority of the genetic material 
used in most viticultural countries (Antcliff, 1992). 

The domestication and spread ofV. vinifera: The domestication 
of V. vinifera probably occurred as early as 5000 BC in Europe, 
based on the presence of semi-wild seed in areas associated with 
human activities. A distinction is sometimes made between wild 
vines of V: vinifera, designated subspecies sylvestris, and domes­
ticated species, designated subspecies sativa. Some believe that 
this distinction between wild and cultivated is merely domestica­
tion, and that the wild vines are just the spontaneous forms of the 
cultivated vines. The seeds and pollen of wild vines are, howev­
er, distinguishable from those of domesticated vines and form the 
basis of interpreting fossilised remains (Jackson, 1994). 

Unlike many other crop plants, domestication occurred with 
relative ease in grapevine. Several attributes of grapevines, such 
as the natural ability to climb, made it possible to cultivate it 
together with other crops with minimal attention. Also, due to its 
minimal requirements for minerals and water, it could survive 
and grow well in shallow and marginal soils unsuitable for other 
crops. Another attribute of grapevine that ensured its success as a 
domesticated crop plant is its impressive propagative aptitude, 
making it easily propagated, but also allowing it to be intensely 
pruned, causing the trailing climber to become a short, shrublike 
plant suitable for monoculture (Jackson, 1994). Perhaps the most 
significant adaptation that occurred in the domestication of 
V. vinifera is the change to functional bisexuality (Carbonneau, 
1983). Typically, wild vines are functionally unisexual and the 
shift to self-fertile flowers significantly improved the prospects of 
the vine as a successful crop plant (Mullins et al., 1992). Other 
distinctive features characteristic of domesticated grapes are a 
significantly lower seed index and larger berry size. 

Grape production and winemaking have always been linked, 
and the role of wine in religious ceremonies provided a powerful 
driving force for the cultivation of grapes and the subsequent 
spread of viticulture. It is generally accepted that winemaking 
had its origins in southern Caucasia, in an area currently repre­
sented by parts of northwestern Turkey, northern Iraq, Azerbaijan 
and Georgia (Jackson, 1994). It is also suspected that V: vinifera 
were domesticated in this area, with a possible independent 
domestication in Spain as well (Stevenson, 1985; Nunez & 

Walker, 1989). From these areas the domesticated grape system­
atically spread to the areas that we currently recognise as cultiva­
tion regions (Fig. 2). It is generally accepted that domesticated 
vinifera grapes were carried westward along with human migra­
tion patterns, and resulted in the establishment of wine produc­
tion in the Mediterranean. Historical records also indicate that 
vines spread to other parts of the world not indigenous for Vitis, 
such as Palestine, Italy, France, Spain, Germany, Africa and 
Australia, due to colonisation. Today there are approximately 8 
million hectares of vineyards across the world. 

The cultivars that were domesticated earlier, and therefore sub­
jected to selection for a longer period, are likely to display more 
recessive traits linked to domestication, such as bigger, juicier 
berries and large branched grape clusters, than cultivars with a 
more recent origin. This forms the basis of the three pro/es culti­
var-grouping system of Negrul (1938), in which pro/es oriental­
is, pro/es pontica and pro/es occidentalis are identified, with the 
former being the oldest and the latter the most recent in evolu­
tionary origin. The orientalis group is found mainly in Central 
Asia, Afghanistan, Iran, Armenia and Azerbaijan, and consists 
mostly of table grape varieties, whereas the pontica group is sit­
uated in Georgia, Asia Minor, Greece, Bulgaria, Hungary and 
Romania and consists mostly of wine grapes with a few table 
grape varieties. The cultivars present in France, Germany, Spain 
and Portugal are of relatively "recent" origin, closely resemble 
wild vines and are placed in the occidentalis group, which com­
prises mostly wine grapes (Negrul, 1938; Pongracz, 1978). These 
groupings are sometimes further refined to "sortotypes"; to group 
varieties that share a geographic origin and a number of morpho­
logical and agronomic descriptors (Negrul, 1938). 

Nomenclature describing grapevine cultivars and clones: In the 
wine industry, the quality of a wine is frequently linked to a spe­
cific well-established varietal name. To this end, and especially 
for the discussion of transgenic cultivars, it is important to define 
the use of the words variety and clone in viticultural terms. As 
referenced by Walter (2000), Boursiquot defined it as follows: 
"the variety is the product of a single seed or individual, multi­
plied by vegetative reproduction. During the reproductive cycles, 
variations may appear and the variety is made up of a set of 
clones that retain the same name (hence clonal selection) as long 
as their phenotype is largely similar. When the variation modifies 
an obvious character or a character with major technological con­
sequences, the clone is said to be a differentiated form of the ini­
tial variety." An example of the different levels of classification 
of V. vinifera is shown in Table 1. 

The word cultivar is a combination of the terms cultivated and 
variety and should be distinguished from the analogous botanical 
variety, which is a population of plants with unique characteris­
tics that occur naturally. It is important to note that although a cul­
tivar is also a unique population of plants, it is artificially main­
tained by human effort and would probably not thrive otherwise 
(Hartmann et al., 1990). 

Cultivar Origins: Despite the relatively "early" domestication of 
grapevine, the scientific record of the origin of cultivars is unfor­
tunately not significantly comprehensive. After the late nine­
teenth century more information is available on cultivar origins, 
but the earlier records are still rather fragmentary. 
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• 6000- 4000 BC e lOOOBC • 1530-1600 
• AsiaMinor • Sicily • Mexico 

■ Caucasus • Italy • Japan 
• Mesoptamia • Northern Africa • Argentina 

• Peru 
• Chile 

• 5000BC • lOOBC e 1600-1800 
• Egypt • Northern India • 1659 South Africa 
• Phoenicia • China • 1697 California 

• 1813 Australia 
New Zealand 

• 2000BC 0 Birth of Christ 
• Greece • Balkan States 
• Crete • Northern Europe 

FIGURE2 
The distribution and spread of vines and wine-making through the ages (from Pretorius, 2000). 

Ampelography as a classification tool for cultivars: 

TABLE 1 

Complicating the tracing of cultivar origins is the fact that mor­
phological comparisons based on ampelographic characteristics 
are only useful when cultivars were derived from a common 
ancestor. Some cultivars have, for instance, developed through a 
specific mutation which introduced a desirable trait maintained 
through vegetative propagation. In these instances it should be 
possible to identify origins through ampelographic analyses. To 
this end, an extensive database of ampelographic characteristics 
has been compiled for a huge variety of cultivars to aid in the cor­
rect identification of cultivars and the study of origins 
(Silvestroni et al., 1996; Roytchev, 1997; Eibach, 1999). 

The different levels of classification of Vitis vinifera (Walter, 
2000). 

Classification level Example 

Species 

Sub-species 

Proles 

Families/sortotypes 

Varieties 

Sub-varieties 

Clones 

V. vinifera 

sativa, sylvestris 

occidentalis, pontica, orientalis 

noiriens, cannenets 

Pinot, Grenache, Traminer etc. 

Pinot noir, Pinot blanc, Pinot gris etc. 

Clone numbers 112, 114, 115 etc. 

As seen in the evolution of taxonomy, the classification method 
of choice at a given point in time reflects available technology 
levels and insight into the discipline at that point. As technologi­
cal advances occurred, the shortcomings of ampelography 
became evident, leading to several technologies being incorpo­
rated into the discipline to enhance its usefulness. One of the most 
promising applications includes the use of artificial neural net­
works to identify grapevine genotypes based on ampelography 
(Mancuso et al., 1998). Other computer-based data acquisition 
methods further improved ampelometrics (Costacurta et al., 
1996a). 

Chemical and biochemical analysis of cultivars: When a cultivar 
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originates from a crossing event, it is highly likely that the mor­
phological characteristics will change from the parents to the 
progeny. Therefore, ampelography cannot be used to deduce the 
origin of the cultivar under investigation; classification and iden­
tification of grapevines are aided by chemical and biochemical 
analyses to complement morphological analyses. Among exam­
ples are chemotaxonomic classification methods relying on 
anthocyanin profiles, where varieties are classified according to a 
few enzymatic indicators involved in anthocyanin biosynthesis. 
These profiles are supposedly genetically inherited and indepen­
dent of environmental conditions (Carreno et al., 1997). 
Combinations of various isoenzymatic activities, such as esterase 
(EC 3.1.1.1), acid phosphatase (EC 3.1.3.2), phosphoglucomu­
tase (EC 2.7.5.1) and glucose phosphate isomerase (EC 5.3.1.9) 
were used in combinations with ampelography to correct some 
errors in existing classification schemes and more accurately 
measure the distance between cultivars (Walker & Boursiquot, 
1992; Eiras-Dias et al., 1996; Abdallah et al., 1998; Eiras-Dias & 
Bruno-Sousa, 1998). 

Genetic marker technology in the identification of cultivars: 
Although valuable, the aforementioned methods all have limita­
tions in establishing the genetic distance between cultivars, root­
stocks and clones, due to their reliance on descriptors that can be 
influenced by the plant's environment and physiological state. 
Methods that analyse genetic diversity directly at DNA level have 
proven highly valuable and have advanced grapevine taxonomy 
significantly. DNA marker technology, including Restriction 
Eragment Length Eolymorphism (RFLP), Random Amplified 
folymorphic L2.NA (RAPD) and Sequence lagged Site (STS), 
caused a revolution in the classification, identification and study 
of genetic diversity of grapevine cultivars and rootstocks 
(Costacurta et al., 1996b; Sensi et al., 1996; This et al., 1996, 
1997; Stavrakakis & Biniari, 1998; Ye et al., 1998; Vidal et al., 
1999). The STS microsatellite marker technology is based on the 
isolation of hypervariable DNA repeat sequences found in the 
grapevine genome, which are flanked by consistent typical DNA 
sequences (Thomas et al., 1996). These invariable flanking 
sequences can be used to define primers for polymerase chain 
reaction (PCR) amplification of the hypervariable regions, which 
are then typically used to analyse multiallelic individual genetic 
loci. This DNA marker type is highly polymorphic and shows a 
co-dominant mode of inheritance, making it ideal in cultivar 
identification, parentage determination, population genetics and 
physical and genetic mapping (Thomas et al. 1994; Regner et al., 
1996; Bowers & Meredith, 1997; Sefc et al., 1997; Grando & 
Frisinghelli, 1998; Sefc et al., 1998a, b; Bowers et al., 1999). 
The co-dominant mode of inheritance of microsatellites also 
allows for the transfer of markers between maps derived from dif­
ferent crosses (Grando & Frisinghelli, 1998). 

The success of this technique is best demonstrated by recent 
examples of parentage analyses of some of the most important 
wine grape cultivars in the world. In an elegant study, Bowers & 
Meredith (1997) conclusively showed that the parents of 
Cabernet Sauvignon were Sauvignon Blanc and Cabernet Franc. 
It was shown that the parent cultivars are genetically quite dis­
similar, since they shared only 12 of 56 alleles at 28 loci studied 
(Bowers & Meredith, 1997). In a recent study, where more than 
300 grape cultivars were analysed, 16 of the cultivars with a long 

association to northeastern France were shown to be the progeny 
of a single pair of parents, namely Pinot (a collective name for 
Pinot noir, Pinot gris, Pinot blanc and Pinot meunier) and Gouais 
blanc (Bowers et al., 1999). These results were based on the 
analysis of 32 microsatellite loci and showed that the progeny 
probably developed through individual crossing events, giving. 
rise to amongst others, Chardonnay, which can be traced back to 
the early Middle Ages. It seems possible that these two parents 
were successful in generating a large progeny because of the sig­
nificant genetic distance between them (as is the case for the par­
ents of Cabernet Sauvignon) (Bowers & Meredith, 1997; Bowers 
et al., 1999). Grapevine is especially intolerant of inbreeding, and 
information regarding genetic distance might significantly bene­
fit modern grape breeding programmes (Bowers et al., 1999). 

A recent application of microsatellite markers is·the authentifi­
cation of V. vinifera grape must (Faria et al., 2000). Four 
microsatellite loci were used to differentiate five of the most 
important port wine producing cultivars; the DNA banding pat­
terns found for the respective grape cultivar leaves were in agree­
ment with the profiles of the corresponding musts (Faria et al., 
2000). With the ever-increasing number of useful microsatellites 
being described, this useful application may soon be available for 
authentication of more varietal musts. 

The cultivars on which viticulture relies: how to improve on 
them?: Historical data of cultivar origins and spread, combined 
with the means to accurately determine the genetic distance 
between cultivars, will significantly improve our current knowl­
edge of the genetic events that led to the current cultivar range, as 
well as redress classification errors and double designations (Sefc 
et al., 1997). Although more than 24 000 names are used for cul­
tivars, it is thought that V. vinifera only comprise approximately 
5 000 true cultivars (Alleweldt, 1988). Most of the V. vinifera cul­
tivars currently in existence probably originated through sponta­
neous crosses between wild vines and cultivars, domestication of 
wild vines or spontaneous crosses between two cultivars (as is the 
case for Cabernet Sauvignon) (Levadoux, 1956). Controlled 
crosses, on the other hand, have yielded very few new commer­
cially viable cultivars. This can be partly attributed to the conser­
vatism of the wine industry regarding new varieties. Also, since 
the developed progeny receive a new cultivar name, producers 
and winemakers lose the marketing advantage of the parental cul­
tivars' names (Meredith, 1999). The use of new cultivars is there­
fore frequently restricted to countries where wine production is 
less established. In South Africa, Pinotage is a highly successful 
commercial cultivar originating from a controlled cross between 
Pinot noir and Cinsaut (Hermitage) that has only recently started 
to gain recognition and acceptance in the international market. 

Some of the earliest deliberate crosses occurred in North 
America and involved native American Vitis species. Several 
crosses also occurred between imported V. vinifera cultivars, 
especially V. labrusca and to a lesser extent V. aestivalis and 
V. rupestris. These cultivars are popularly termed American 
hybrids to distinguish them from the French hybrids, or direct 
producers, which were cultivars originating from crosses 
between V. vinifera, V. rupestris, V. riparia or V. lincecumii in 
France (Antcliff, 1992; Jackson, 1994). The main aim in the 
establishment of the direct producers was to eliminate the need 
for grafting and to combine the resistant phenotypes of the 

S. Afr. J. Enol. Vitic., Vol. 21, Special Issue, 2000 



JO Genetic Improvement of Grapevine 

American cultivars with the vinifera backgrounds. Due to their 
success, they were considered a threat to the indigenous charac­
ter of the French wine industry and all new plantings were banned 
in France, but these cultivars are still widely used in North 
America and other parts of the world (Jackson, 1994). 

The American spp. played an enormous role in controlling the 
phylloxera epidemics (caused by the root-eating insect 
Phylloxera vastatrix I Dactylasphaera vitifolia) that devastated 
the vineyards of several prominent wine- and grape-producing 
countries. These species co-developed with phylloxera in their 
natural habitats and therefore gained varying degrees of resis­
tance. They are used, especially in hybrid form with other 
American spp., to graft the scion cultivars on for protection 
against phylloxera, nematodes and other adverse abiotic factors. 

The reality is that the wine industry relies predominantly on a 
few select and ancient cultivars, of which several erroneous clas­
sifications and designations exist and of which limited reliable 
parentage and origin records are available. The correct handling, 
maintenance and improvement of this ancient and invaluable 
genetic resource is of the utmost importance if the worldwide 
wine industry wants to stay competitive in the new era of tech­
nology, limited resources and environmental pressure. 

TECHNOLOGY MEETS AN ANCIENT GENOTYPE IN 
GENETIC IMPROVEMENT PROGRAMMES USING 
RECOMBINANT DNA TECHNOLOGY 

Definitions 

The use of genetic manipulation in agriculture is generally seen 
as the basis of the new era in agricultural advancement and has 
been labelled the New Green Revolution, or the Evergreen 
Revolution. In principle this technology involves the ability to 
transfer genetic material between living organisms without the 
constraints of genetic incompatibility, species barriers, inbreed­
ing and depression phenomena normally linked to genetic cross­
es in breeding programmes. In Plant Biotechnology, genetic 
manipulation generally involves the transfer of the target gene(s) 
that imparts a specified characteristic to the plant material of 
choice through a specific transformation protocol, and the subse­
quent regeneration and analysis of transgenic plantlets. 

For the sake of clarity, some of the terminology used in Plant 
Biotechnology should be defined. Genetic manipulation refers to 
the processes of genetic improvement through recombinant DNA 
technology, and not to processes characteristic to traditional 
crossbreeding programmes. Almost all plants and animals of 
agricultural importance today are the result of some sort of genet­
ic manipulation through traditional breeding techniques 
(Meredith, 1999), but these processes will not be discussed here. 
The term genetic transformation refers to the process through 
which genes of interest are introduced into the target plant mate­
rial, usually through a direct/physical process such as biolistic 
bombardment or a biological process such as Agrobacterium­
mediated transformation. The reference to a transformed plant as 
transgenic is the technically correct term for a plant that has 
received a new or modified gene through transformation. The 
more general use of genetically modified organism (GM0) is 
used to describe any living organism that has received a foreign 
gene through recombinant DNA technology. 

Processes in Plant Biotechnology 

Generally, three elements are needed to transfer genes into plants: 
(i) isolated and characterised genes of interest encoding useful 
traits; (ii) a reliable and reproducible method to introduce the iso­
lated genes into the cells of the target plant species; and (iii) a sys­
tem to supply suitable target plant tissue to receive the genetic 
material of choice and the ability to regenerate transgenic plants 
from the resultant cells. 

The first transgenic plants were generated approximately 20 
years ago; since then a wide variety of plant species has been 
added to the list of successfully transformed species, including 
crop species such as tomato, potato, lettuce, canola, cotton, soy­
bean, pea, carrot, cabbage, cucumber, strawberry, alfalfa, sweet 
potato, sunflower, flax, lotus, sugar beet, papaya, kiwi, cranberry, 
eggplant, pear, apple, grape, asparagus, rye, corn and rice 
(Fischhoff et al., 1987; Baribault et al., 1989; Delannay et al., 
1989; Hemenway et al., 1989; Baribault et al., 1990; Perlak et al., 
1990; Potrykus, 1990; Brunke & Meeusen, 1991; Hill et al., 
1991; Lee et al., 1991; Potrykus, 1991; Cheng et al., 1992; 
Jongedijk et al., 1992; Murphy, 1992). These successes made it 
clear that huge differences exist between different plant species in 
terms of transformation and regeneration (Robinson et al., 1999). 
Woody perennials, such as grapevine, proved to be especially 
recalcitrant and the first successful transformation events were 
only reported in 1989 and 1990 (Baribault et al., 1989, 1990) 
where transformed calli and chimeric shoots were obtained, 
respectively. The first successful plant regeneration of trans­
formed explants was reported for V. rupestris (Mullins et al., 
1990). Since then several other successes have been reported, 
with a wide variety of explant types and transformation and 
regeneration protocols used (Berres et al., 1992; Hebert et al., 
1993; Le Gall et al., 1994; Martinelli & Mandolino, 1994; Mauro 
et al., 1995a, b; Perl et al., 1996a, b; Franks et al., 1998). In the 
following sections the important factors that have been shown to 
be critical in efficient grapevine transformations are discussed. 

Embryogenesis in grapevine: yielding the most suitable target 
material for genetic manipulation 

Many plant species are capable of inducing embryo formation 
from proliferating unorganised cells through the process of 
somatic embryogenesis. This process is strongly regulated by 
plant hormones such as auxin and is the somatic alternative of 
zygotic embryogenesis, in which the embryo originates from the 
fusion between male and female gametes. Somatic embryogene­
sis typically encompasses two stages, the first being the induction 
of embryogenic potential of somatic cells through the presence of 
auxin. This stage is unique to somatic embryogenesis, since an 
intrinsically embryogenic zygotic embryo does not require the 
exogenous induction of embryogenic competence (Dodeman 
et al., 1997). 

Apart from the hormonal control of the transition from somat­
ic to embryogenic cells, cell polarity and asymmetric cell division 
are also key to the process of somatic embryogenic initiation 
(Dodeman et al., 1997). It is speculated that auxin probably mod­
ifies the cell's polarity by moderating the pH gradients and elec­
trical fields around the cell, leading to the initiation of transition 
(Dijak et al., 1986; Dodeman et al., 1997). The controlled cell 
expansion and asymmetric divisions important in the formation 
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of embryogenic cells are both linked to the heterogeneous parti­
tioning of cytoplasmic determinants subsequent to the formation 
of cell polarity (Dodeman et al., 1997). 

The induction phase of somatic embryogenesis usually ends 
with the formation of groups of 10-50 small, dense cytoplasmic 
cells called proembryogenic masses (PEMs), (Halperin, 1966). 
The second stage of somatic embryogenesis is generally initiated 
when PEMs are transferred to an auxin-free medium and subse­
quently display the characteristic successive stages of embryo 
development of plants (Fig. 3) (Dodeman et al., 1997). The basic 
stages of globular, heart-shaped, torpedo and cotyledonary 
embryo development are evidenced in zygotic and somatic 
embryogenesis, but the comparisons between the two types can 
only be established from the globular stage onwards. 

Apart from the obvious similarities, there are two main differ­
ences between the two types of embryogenic developments, 
namely the absences of endosperm and a normally functioning 
suspensor in somatic embryogenesis. The lack of development of 
a functional suspensor in somatic embryogenesis in tissue culture 
indicates that the suspensor, although sometimes present, is not 
important for embryo development, or that the controlled culture 
conditions render the normal feeding-role of the suspensor obso­
lete (Dodeman et al., 1997; Modhorst et al., 1997). Unlike their 
zygotic counterparts, somatic embryos do not become dormant, 
which explains the absence of endosperm in the latter. Somatic 
embryos do, however, form storage proteins, albeit at an earlier 
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stage in development and at a lower rate, confirming that the 
developmental programme for storage protein accumulation is 
present (Shoemaker et al., 1987). The lack of somatic embryo 
dependence on the endosperm can again indicate its non-essential 
status, or functional substitution by the growth media with 
regards to embryo development. In grapevine, however, the gen­
esis of somatic and zygotic embryos are quite correlated 
(Altamura et al., 1992; Faure et al., 1996a, b). 

Somatic embryo cultures can be linked to many of the reported 
successful transformations of V. vinifera. In principle, it involves 
a system in which individual somatic cells give rise to embryos 
that are able to regenerate into new plants, as reported by a num­
ber of different research groups working on grapevine (Nakano 
et al., 1994; Mauro et al., 1995a; Scorza et al., 1995; Perl et al., 
1996a, b; Scorza et al., 1996; Franks et al., 1998; Martinelli & 
Mandolino, 2000). The highlights of these successes are dis­
cussed in the sections below. 

Explants used in grapevine somatic embryogenesis: Successful 
somatic embryogenesis of V. vinifera was first reported in an 
experiment in which unfertilised ovules of Cabernet Sauvignon 
were cultured in a liquid medium (Mullins & Srinivasan, 1976; 
Srinivasan & Mullins, 1980). Since then several other explant 
types and genotypes have been successfully subjected to somatic 
embryogenesis. These include leaf, petiole and stem segments in 
the interspecific-hybrid Seyval (Krul & Worley, 1977), petioles 
and leaves for V. vinifera and V. rupestris genotypes (Stamp & 
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FIGURE3 
Unique and shared features of zygotic and somatic embryogenesis in grapevine (adapted from Dodeman et al., 1997). 
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Meredith, 1988a; Martinelli et al., 1993; Nakano et al., 1994; 
Scorza et al., 1996) and ovules and zygotic embryos for various 
cultures of V. acerifolia and cultivars of V. vinifera (Gray & 
Mortensen, 1987; Stamp & Meredith, 1988b). 

Anther-derived tissues are undoubtedly the most widely used 
explant types in generating somatic embryos for various root­
stock varieties, cultivars of V. vinifera and other hybrids 
(Rajasekaran & Mullins, 1979; Bouquet et al., 1982; Rajasekaran 
& Mullins, 1983a, b; Mauro et al., 1986; Gray & Meredith, 1992; 
Le Gall et al., 1994; Krastanova et al., 1995; Mauro et al., 1995a, 
b; Perl et al., 1995; Faure et al., 1996a, b; Kikkert et al., 1996; 
Franks et al., 1998). Somatic embryogenesis from anther tissues 
seems to be genotype dependent and usually requires extensive 
optimisation of culture conditions before a suitable induction pro­
tocol for a specific genotype is established (Perl & Eshdat, 1998). 
Although the rate of initiation of embryogenic cultures is notori­
ously low, several treatments such as explant chilling, collection 
of anthers near first pollen mitosis and experimentation with hor­
mone treatments overcame some of the problems (Perl & Eshdat, 
1998). These improvements led to reports such as those of 
Bouquet (1989), stating that somatic embryos and regenerated 
plantlets have been obtained for 22 genotypes of V. vinif era, four 
interspecific hybrids and 12 rootstocks. 

It seems that the callus tissue with embryogenic potential orig­
inates from the anther filament at the site where it attaches to the 
anther head (Franks et al., 1998). The cultures therefore originate 
from diploid filament (somatic) tissue and not from haploid 
anther cells. From histological analysis it was evident that the 
polarity of the somatic embryo was established at the first divi­
sion, since the developing embryo was already asymmetric at the 
bicellular stage, exhibiting a large basal cell and a small apical 
cell (Faure et al., 1996b). As the apical cell underwent further 
embryonic cell divisions, it was possible to distinguish between 
suspensorial and embryonic cells, which became increasingly dif­
ferentiated during PEM-formation (Faure et al., 1996b). 

A 

Description of the most useful cell-line types: Several 
researchers have stated that the type and quality of the embryo­
genie cell-lines have a direct positive correlation with the out­
come of the genetic transformation. Successful transformation 
events have been reported from both somatic embryogenic cell­
lines maintained in suspension and on plates. Perl & Eshdat 
(1998) concluded that the most useful embryogenic cell-lines 
comprise two types. The first type described, is arrested through 
the use of auxin at an early state in the embryogenic development, 
and the cultures consist of very fme, pre-embryogenic cells. Very 
high transformation frequencies and selection efficiencies are 
obtained from these highly regenerative cells. The other cell-line 
type described, multiplies by secondary embryogenesis from 
somatic embryos arrested at a more advanced state of develop­
ment, and has proven to be more difficult to transform, select and 
regenerate. These cell-lines and slight variations thereof, corre­
spond to the bulk of the suspension cultures successfully used by 
various other researchers. 

Franks et al. (1998), on the other hand, described embryogenic 
lines maintained on solid medium with which they obtained 
excellent results in transformation experiments (Fig. 4). These 
plated cultures were also anther-derived and consisted of either 
callus which was covered on the surface with globular embryoids 
(type I), or a culture that frequently originated from type I callus 
and consisted of somatic embryos at various stages of develop­
ment (type II). The type I callus was preferred for the transfor­
mation experiments and reproducibly yielded significant num­
bers of transgenic plants, whereas the type II callus yielded few 
transgenics (Franks et al., 1998; Robinson et al., 1999). This 
strategy for grape genetic transformation is based on the ability of 
isolated somatic embryos to produce secondary embryogenesis; 
this also allowed the defmition of an efficient protocol for a sta­
ble and no-chimeric insertion of the foreign gene in V. rupestris 
plantlets (Martinelli & Mandolino, 1996). 

The most important prerequisites for a useful cell-line are 
genetic stability and uniformity. It has been shown that grapevine 

B 

FIGURE4 

Somatic embryogenesis in grapevine. (A) An isolated immature anther on callus induction medium, undergoing callus 
formation (B) a synchronous cell-line consisting of pre-embryogenic masses. 
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somatic embryos are of single cell origin and are therefore genet­
ically uniform (Faure et al., 1996b). In an attempt to investigate 
the probability of somaclonal variation in somatic embryogenic 
cultures, the "true-to-typeness" of 87 transformed Sultana indi­
viduals, regenerated from somatic embryos, was evaluated by 
DNA microsatellite analysis at six loci (Franks et al., 1998). The 
results of these experiments showed that somaclonal genetic 
changes, somatic meioses and the induction of callus from hap­
loid tissue does not occur or is rare in grapevine cultures (Franks 
et al., 1998; Robinson et al., 1999). Other important characteris­
tics of useful cell-lines for transformation experiments include 
the ability to maintain the cultures over long periods without the 
loss of regenerative ability and efficient selection schemes to 
eliminate chimeras (Perl & Eshdat, 1998). 

Regeneration of grapevine after somatic embryogenesis: One 
of the classic problems experienced in the somatic embryogene­
sis of grapevine was the difficulty in manipulating the develop­
ment of the embryos to the cotyledonary stage and regenerating 
normal plantlets from them. Typically, the cultures arrested at the 
globular or heart-stage of development or produced abnormal 
embryos and plantlets (Rajasekaran & Mullins, 1979; Srinivasan 
& Mullins, 1980; Faure, 1990). In a morphological, histological 
and histochemical analysis of V. rupestris somatic embryos, it 
was noted that only 3% of the embryos could develop into 
plantlets. The rest displayed several abnormalities such as acqui­
sition of giant and teratologic organs, highly regenerative capac­
ity of superficial cells, starch and tannin accumulation, etc. in 
comparison with zygotic embryos (Faure, 1990). It was suggest­
ed that the high humidity conditions typical of in vitro cultures 
might inhibit germination, accounting for some of the problems 
experienced. 

A few elegant histological studies confirmed the similarity of 
grapevine somatic and zygotic embryo development from the 
globular to the torpedo stage. It was also shown that somatic 
embryos displayed two apical meristems from the end of the 
globular stage onwards to the torpedo stage. The low conversion 
rate into plantlets is therefore not due to the absence of a shoot 
meristem in the developing embryo (Faure et al., 1996a). 
However, it was clear from this analysis that embryo bilateral 
symmetry was not established, as evidenced by the irregular 
crown-like cotyledon development around the shoot meristem. 
As referenced by Faure et al. (1996a), Liu et al. (1993) proposed 
the possibility that this phenomenon could be due to disruption of 
the normally polarised auxin transport in the young embryo. 
Moreover, it seemed that the shoot meristem, present until the tor­
pedo stage, differentiated and became non-meristematic as suc­
cessive stages of embryogenesis occur, probably leading to the 
generalised observation that somatic embryos lack shoot meris­
tems (Mullins & Srinivasan, 1976; Krul & Worley, 1977). The 
abnormal development of the somatic embryos giving rise to the 
giant structures is thought to be due to precocious germination, a 
process that has been attributed to continuous and simultaneous 
expression of embryogenic and post-embryogenic development 
programmes (Faure & Aarrouf, 1994; Faure et al., 1996a). 

Several approaches have been adopted to circumvent and/or 
manipulate these problems typical of somatic embryogenesis to 
successfully regenerate normal grapevine plantlets. It seems that 
daily subculturing to fresh medium and low cell densities are 

optimal to manipulate PEMs through the embryo development 
phases to yield mature plants (Coutos-Thevenot et al., 1992a, b; 
1993; Maes et al., 1997). It was shown that extracellular proteins 
in the culture media modulate embryo development and that 
some of the proteins have an inhibitory role. Some of the proteins. 
identified in the culture medium of arrested embryo cultures 
included various glycoproteins, a cationic peroxidase and a lipid 
transfer protein (Coutos-Thevenot et al., 1992b). The suggested 
daily subculturing and the low inoculation rates relieved the 
inhibitory effects of the identified extracellular proteins, leading 
to a marked improvement in the regeneration capacity of normal 
plantlets (Coutos-Thevenot et al., 1992a). The addition of pro­
teases and protease inhibitors to cultures confirmed the notion 
that extracellular proteins modulate somatic embryogenesis, and 
provided evidence for a proposed extracellular proteolitic mech­
anism during somatic embryo development (Maes et al., 1997). 

Several other adaptations have been employed to improve nor­
mal plantlet development. These include chilling, section of 
cotyledons, addition of cytokinins and dehydration, which all 
improved the low conversion rates. Perl et al. (l 995) succeeded 
in high percentages of germination with cultivar Sultana, but 
observed equally high (80-90%) rates of abnormal plantlets. 
These plantlets could be induced to form normal shoots when 
transferred to medium containing a-naphthaleneacetic acid 
(NAA) (Perl et al., 1995). 

It was also observed that transformed as well as untransformed 
plantlets regenerated from somatic embryos had atypical Sultana 
features (Franks et al., 1998; Robinson et al., 1999). These 
included lobed leaves with red veins and anthocyanin accumula­
tion in stems and petioles (Franks et al., 1998), and are consid­
ered a departure from trueness to type. Evidently, these symptoms 
correspond with phenotypes of grapevines grown from seed and 
most probably constitute a juvenile phenotype which is presumed 
to be replaced by the adult phenotype once the plant bears fruit 
(Robinson et al., 1999). 

Transformation of grapevine 

The plant biotechnology era swung into full motion after the pos­
siblity to use the natural plant pathogen, Agrobacterium tumefa­
ciens, as a plant transformation tool was first reported (De Block 
et al., 1984). Grapevine had generally been regarded as recalci­
trant to genetic transformation due to the initial difficulties expe­
rienced in the introduction of foreign genes and the selection and 
regeneration of transformed cells in this species (Perl & Eshdat, 
1998). Five years passed after the initial report on tobacco trans­
formation before Baribault et al. (1989) showed that cultured 
grapevine cells could be transformed with A. tumefaciens, the dis­
armed transformation agent of herbaceous annual plants. Several 
excellent and comprehensive reviews have been published (Perl 
& Eshdat, 1998), or are currently in press (Martinelli & 
Mandolino, 2000), on the advances made in grapevine transfor­
mations, and therefore the sections below only briefly summarise 
the important concepts regarding the methods of transformation 
as well as the problems of tissue-necrosis and selection of trans­
formed grapevine cells. 

Agrobacterium-mediated genetic transformation of grapevine: 
A. tumefaciens, the workhorse of plant biotechnology, belongs to 
the Rhizobiaceae family, which also includes the species A. rhi-
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zogenes, A. vztzs (previously A. tumefaciens biovar 3), 
A. radiobacter and A. rubi. Characteristic of these species is their 
ability to transfer a discrete part of their plasmid DNA (T-DNA) 
into plant cells to cause crown gall or hairy root disease (in the 
case of A. rhizogenes) of several dicotyledonous plants (Ophel & 
Kerr, 1990; Hooykaas & Schilperoort, 1992; Yanagi & Yarnasato, 
1993). Most of the successful transformation protocols utilising 
Agrobacterium as a transformation agent use disarmed A. tume­
f aciens (biovar 1) strains, and the wide host range of this species 
establish it as an excellent transformation agent. 

During the Agrobacterium-infection process, DNA transfer is 
preceded by an intimate association between the bacterium and 
the plant cell based on chernotaxis and chemical recognition 
(Spencer et al., 1990). This, in overly simplified terms, forms the 
basis of the host range of Agrobacterium and relies on the induc­
tion of the virulence (vir) genes by plant phenolic compounds. It 
has been found that certain strains of A. tumefaciens (biovar 3 
strains) exclusively form crown galls on cultivars of V. vinifera, 
and these strains have been elevated to species level to comprise 
A. vitis (Tornashow et al., 1980). These strains cause crown gall 
and root decay of grapevine and the most predominant group (the 
octopine-cucurnopine strains) can be divided into wide host range 
(WHR) and limited host range (LHR) strains, based on their 
oncogenic ability towards host plants other than grapevine 
(Paulus et al., 1991). The WHR strains are turnourogenic on 
grapevine as well as on tobacco and tomato hosts, whereas LHR 
strains form tumours only on grapevine (Paulus et al., 1991). It 
has also been observed that some strains of A. tumefaciens cause 
a hypersensitive response on leaves, sterns and petioles, but fail 
to form tumours on grapevine (Yanofsky et al., 1985; Pu and 
Goodman, 1992, 1993). The fact that Agrobacterium is in fact a 
pathogen of grapevine has complicated its use as a transformation 
agent for this crop, since the plant responds defensively to the 
presence of the bacterium. 

The first successful transformations of grapevine (Baribault 
et al., 1989, 1990; Mullins et al., 1990) have proven that dis­
armed A. tumefaciens strains, harbouring either a co-integration 
or a binary plasmid, can stably introduce a foreign gene into the 
grapevine genome. These and other attempts to establish direct 
organogenesis as the basis of transformation protocols failed to a 
large extent in grapevine. Several singular reports (which could 
never be repeated) appeared on the successful regeneration of 
transformants from infected apical rneristerns (Hung & Mullins, 
1989) and petiole explants (Mullins et al., 1990). Baribault et al. 
(1990) observed that transgenic shoots regenerated from infected 
fragmented shoot apices were chimeric in nature. This problem, 
as well as the inhibitory effect of the selective agents on plant 
regeneration, formed the basis upon which direct shoot organo­
genesis was essentially dismissed as a reliable and reproducible 
method for Agrobacterium-mediated transformation of grapevine 
cultivars (Perl & Eshdat, 1998). It was shown by anatomical and 
histochemical analyses that although regenerating leaf explants 
displayed high rates of adventitious shoot formation (70-90% for 
the cultivars tested), no transgenic shoots were observed (Colby 
& Meredith, 1990; Colby et al., 1991). As explained by Perl & 
Eshdat (1998), this could be attributed to the fact that 
Agrobacterium commonly transforms cells in the cut surface of 
the petiole, an unregenerable region. From these and other stud-

ies, it became evident that the recalcitrance of grapevine towards 
genetic transformation can be attributed mostly to the need for 
relatively high concentrations of the selection agents and the con­
comitant inhibitory effect of these agents on regeneration in 
direct organogenesis schemes. 

Agrobacterium-based transformations of grapevine utilising 
somatic embryo cultures were much more successful, and sever­
al high efficiency and reproducible transformation protocols are 
currently in use. The proernbryogenic cell-lines described in the 
previous sections are excellent target material for co-cultivation, 
and when combined with liquid cultures, are optimally suited for 
production of numerous transgenics of single cell origin. Both 
Vitis rootstocks and V. vinifera cultivars have been successfully 
transformed utilising co-cultivated somatic embryos (Le-Gall 
et al., 1994; Martinelli & Mandolino, 1994, Krastanova et al., 
1995; Martinelli, 1995; Mauro et al., 1995b; Perl et al., 1996a; 
Franks et al., 1998). Apart from the critical role the quality of the 
cell culture plays in grapevine transformation, the following gen­
eralisations pertain to most of the protocols used: (i) wounding of 
the ernbryogenic cells is not necessary for optimal DNA transfer, 
but the addition of acetosyringone improves the virulence of the 
Agrobacterium-transformation agent; (ii) the length of cocultiva­
tion, together with the cell density of the Agrobacterium culture 
may influence the necrotic response of the tissue and the trans­
formation efficiencies; and (iii) the effects of the cells towards the 
transformation and the selection agent are significantly influ­
enced by the genotype of the tissue (Le-Gall et al., 1994; 
Martinelli, 1995; Krastanova et al., 1995; Perl & Eshdat, 1998). 

The problems of necrosis and selection in Agrobacterium 
genetic transformation of Vitis: It is now well established that 
Agrobacterium infection and gene integration are not the limiting 
factors in grapevine transformations, but problems linked to tis­
sue necrosis, selection and regeneration still limit the number of 
successfully transformed grapevine cultivars. 

Necrosis: Two types of necrogenesis have been observed in the 
association between grapevine tissues and Agrobacterium strains. 
The first type has been observed on whole plant grapevine 
explants such as leaves, petioles and sterns when inoculated with 
strains of Agrobacterium spp. A spreading hypersensitive-type 
reaction develops after approximately seven days at the point of 
infection (Pu & Goodman, 1992). This characteristic reaction 
was observed for most Agrobacterium spp. and varied in severi­
ty in a cultivar-specific manner (Pu & Goodman, 1992). It was 
later shown that this type of tissue decline relies on the presence 
of the T-DNA within the infecting strain, since in the absence of 
T-DNA, the strains lost both the ability to induce tumours and 
necrosis (Deng et al., 1995). 

The second type of necrogenesis is observed when grapevine 
somatic embryogenic cell-lines are exposed to A. tumefaciens 
transformation strains, and is strictly cultivar specific in the 
severity of the reaction. This type of tissue necrosis is a limiting 
factor in achieving success with transformation and regeneration 
of several grapevine cultivars. The necrosis typically occurs 48 h 
onwards after cocultivation and can in some cases be so severe 
that the target material never becomes proliferative again. Perl 
et al. (1996a) showed that the necrotic response could be attrib­
uted to an oxidative burst and that peroxidases and other defence­
related proteins are involved in the response. Similar results were 

S. Afr. J. Enol. Vitic., Vol. 21, Special Issue, 2000 



Genetic Improvement of Grapevine 15 

obtained when the defence response of grapevine cells towards a 
fungal elicitor was analysed (Calderon et al., 1993, 1994). 
Interestingly, this type of necrosis is not dependent on the pres­
ence of the T-DNA in the infecting strain and is caused by 
A. tumefaciens (biovar 1) strains, but not A. vitis strains (Fig. 5) 
(Perl et al., 1996a; Joubert et al., 2000). Based on the fact that 
embryogenic cell-lines in a more advanced stage of embryo 
development exhibited more severe tissue necrosis than cell-lines 
consisting of mainly PEMs, it has been suggested that the necro­
sis phenomenon is not only cultivar specific, but also develop­
mentally regulated (Perl & Eshdat, 1998). It is now known that 
the response is most probably initiated by an Agrobacterium 
genome-encoded protein (Perl & Eshdat, 1998) that has similari­
ties to a harpin protein. 

Fortunately, several advances have been made in understanding 
and manipulating the necrotic effect observed on cell-lines after 
cocultivation with A. tumefaciens strains. A combination of 
antioxidants have been found optimal in limiting necrosis of 
embryogenic material and improving plant viability (Perl et al., 
1996a, b ). The addition of polyvinylpolypyrrolidone and dithio­
threitol as antioxidants to the cocultivation and tissue prolifera­
tion media dramatically decreased, or abolished, necrosis and tis­
sue death (Perl et al., 1996a). Moreover, it was confirmed that 
these treatments did not adversely affect either the infection rate 
or Agrobacterium virulence (Perl et al., 1996a; Torregrosa et al., 
2000). By using PEM cultures instead of more differentiated 
embryo cultures, it is also possible to limit necrosis (Perl & 
Eshdat, 1998). 

Uninfected control 

A. tumefaciens infected 

A. vitis infected 

FIGURE5 

The different effects regarding necrosis of Agrobacterium tume­
f aciens and A. vitis on grapevine somatic embryos (Joubert et al., 
2000). 

Another possible approach to extend transformation of 
grapevine to more cultivars without the problems of necrosis is to 
use disarmed A. vitis strains as transformation agents of 
grapevine. These strains do not induce tissue necrosis of 
grapevine embryogenic material and are naturally very efficient 
pathogens of grapevine. Disarmed A. vitis strains might therefore 
prove to be more effective in their ability to attach to and colonise 
a vast range of grapevine cultivars, as well as not inducing necro­
sis of the embryogenic target material. To this end Joubert et al. 
(2000) has isolated and characterised an A. vitis strain as a possi­
ble transformation agent. The disarmed strain is currently being 
evaluated for its inability to form tumours and necrosis as well as 
improved transformation efficiency relative to A. tumefaciens 
transformation agents (Joubert et al., 2000). 

Selection: Several conflicting reports appeared regarding the sen­
sitivity of regenerating grapevine tissues toward selection agents 
such as kanamycin and hygromycin. In some instances, high 
resistance toward regenerating explants were noted (Hung & 
Mullins, 1989), whereas other workers found extreme sensitivity 
of the same explant type toward the selective agent (Baribault 
et al., 1990). These and other conflicting reports have confirmed 
that the resistance of regenerating material to selective agents 
varies with explant and cell-type, cultivar, culturing method and 
selective agent used (Colby & Meredith, 1990; Mullins et al., 
1990; Colby et al., 1991). Complicating the selection of trans­
formed grapevine tissue even further is the fact that pre- and post­
transformed tissue differ in their base-line sensitivities toward the 
introduced selective agent. 

Optimal selection and regeneration seems to occur with mini­
mal elapsed time between the transformation event and the onset 
of regeneration under selection; this has been achieved in a liquid 
culture system consisting of PEMs after cocultivation selection 
commenced immediately with frequent changing of the medium 
(Perl & Eshdat, 1998). As soon as embryo formation progressed 
to the cotyledonary stage, the cultures were plated on selective 
germination medium. Very good results were obtained with paro­
momycin or kanamycin as selection agents, but the former is pre­
ferred since it is capable of inducing cell-death in non-trans­
formed tissues in approximately three days (Mauro et al., 1995b; 
Perl & Eshdat, 1998), thereby providing a very efficient selective 
system. Recent results showed that this method is also very effec­
tive in co-transformation and co-selection protocols. By using 
Agrobacterium-mediated genetic co-transformation, employing 
two vectors carrying two different selectable marker genes, 
respectively and three disease resistance genes, transgenic 
plantlets could be regenerated and confirmed to contain the intro­
duced genes (Colova-Tsolova et al., 2000; Perl et al., 2000). It is 
clear from the significant advances made in Agrobacterium­
mediated transformation of grapevine varieties that gene technol­
ogy is becoming a feasible reality in viticulture. 

Biolistic bombardment: The biolistic bombardment process 
relies on the acceleration of inert nucleic-acid coated heavy metal 
particles such as gold or tungsten to specific velocities able to 
penetrate the target biological material (Klein et al., 1987). The 
fact that this method relies on a physical process rather than a bio­
logical interaction simplifies its extension to theoretically any 
regenerable tissue or cell. It has therefore found wide application 
in the transformation of bacteria, filamentous fungi, yeast, algae, 
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animal cells and organs and higher plant cells, tissues and 
organelles (Sanford et al., 1993; Birch, 1997). In the Plant 
Kingdom, the primary application of this system has been the 
transformation of species resistant to the conventional 
Agrobacterium methods, and is widely used in the transformation 
of monocotyledonous plants (Birch, 1997). It has also been 
extended to grapevine in an optimisation study where diverse 
parameters such as optimal particle size, microprojectile travel­
ling distance, helium pressure and DNA concentrations were 
studied (Hebert et al., 1993). Due to the successes obtained in this 
study and the availability of refined protocols for the regeneration 
of bombarded embryogenic material (Hebert-Soule et al., 1995), 
it was possible to regenerate transgenic grapevine plants express­
ing a bacterial ~-glucuronidase gene (GUS) (Kikkert et al., 
1996) as well as a chitinase gene of Trichoderma (Kikkert & 
Reisch, 1996). 

The technical equipment and expertise required, the degree of 
optimisation involved in the establishment of a suitable bom­
bardment protocol for a specific cultivar, and the difficulties of 
selection and regeneration of grapevine tissues has limited the 
wide application of this technology in grapevine transformations. 
Biolistic bombardment has also been used in combination with 
Agrobacterium-mediated transformation to generate transgenic 
table grape plantlets (Scorza et al., 1996). The bombardment was 
used as a wounding mechanism and was followed by cocultiva­
tion with a disarmed A. tumefaciens strain. The main objective of 
the pre-cocultivation bombardment was to increase transforma­
tion efficiencies, but due to a limited numbers of regenerants 
obtained, it was difficult to reach a conclusion on the importance 
of the wounding-step. Biolistic bombardment remains a versatile 
technology that is also very useful for monitoring transient 
expression of transgenes, rendering it very attractive for genetic 
studies such as promoter analysis or in planta testing of vector 
constructs before the more lengthy process of stable transforma­
tion is attempted (Birch, 1997). 

Targeted traits in the genetic improvement of grapevine 

The two main areas of study in grapevine biotechnology are 
undoubtedly disease management and berry ripening. Most 
groups aiming at enhancing these aspects also study the various 
processes of pathogenesis, cell wall structure and morphogenesis, 
plant-pathogen interactions, signal transduction of infection stim­
uli and sugar-acid metabolism. In-depth knowledge on these and 
other related subjects is key to the successes obtained in the 
manipulation of these processes. The biotechnological applica­
tions therefore rely heavily on the availability of fundamental 
knowledge as well as technologies to identify, isolate and charac­
terise target genes and useful promoter sequences (Robinson 
et al., 1999). 

Enhancing disease resistance: Plants have evolved a number of 
mechanisms to curb attacks by pathogenic fungi, bacteria, virus­
es and insects. These include structural barriers, such as waxy 
cuticles or strategically positioned hydrolysing enzymes and/or 
antimicrobial compounds that function to prevent colonisation of 
the tissue (Agrios, 1997). Plants also use induced or active cellu­
lar defence mechanisms to prevent further colonisation of the tis­
sue when the structural barriers of the host have been breached. 
Active defence responses are induced by all classes of plant 
pathogens and typically follow a cascade effect. The primary 

response is usually elicited in the cells directly in contact with the 
pathogen, subsequently leading to a secondary response in sur­
rounding cells due to diffusible elicitor molecules originating 
from the primary responses. The final stage of the active defence 
response is associated with systemic acquired resistance hormon­
ally induced throughout the plant (Agrios, 1997). 

Fungal resistance: Most of the strategies employed to manipu­
late disease resistance in plants involve up-regulation of one or 
more of the aforementioned defence strategies. Proteins present 
at low levels in healthy plants that are more abundantly produced 
during pathogen attack have been termed 12athogenesis-[elated 
(PR) proteins (Jach et al., 1995). This diverse group of proteins 
includes hydrolytic enzymes such as chitinases and ~-1,3-glu­
canases. Several classes of plant glucanases and chitinases have 
been identified and their suspected antifungal activities have been 
confirmed by in vitro tests. These proteins are able to break down 
the structural polysaccharides in fungal cell walls and their 
encoding genes have therefore been targeted as antifungal genes 
in various genetic manipulation procedures (Oppenheim & Chet, 
1992; Zhu et al., 1994; Jongedijk et al., 1995; Busam et al., 1997; 
Kikkert et al., 2000). 

Similarly, in grapevine, a direct correlation between the activi­
ty of ~-1,3-glucanases and chitinases and the resistance rating of 
different grape genotypes to powdery mildew (Oidium tuckerii) 
has been found (Giannakis et al., 1998). Glucanase and chitinase 
enzymes purified from leaves of a resistant cultivar showed inhi­
bition to powdery mildew in a bioassay, confirming their antifun­
gal properties (Giannakis et al., 1998; Robinson et al., 1999). 
Since a number of chitinase and glucanase-encoding genes from 
grapevine have been isolated (Derckel et al., 1996), their regula­
tion and mode of action are currently being studied (Robinson et 
al., 1997, 1999). 

Genes encoding chitinase and/or ~-1,3-glucanase proteins from 
various sources have been overexpressed in several plant spp., 
resulting in increased resistance to fungal pathogens in the trans­
genic plants (Oppenheim & Chet, 1992; Zhu et al., 1994; 
Jongedijk et al., 1995; Busam et al., 1997). This approach has 
also been used in grapevine, and several transgenic lines contain­
ing either plant or fungal-derived PR proteins are currently under 
evaluation and/or in field trials (Kikkert et al., 1996; Perl & 
Eshdat, 1998; Bornhoff et al., 2000). In vitro tests with various 
glucanase and chitinase proteins from the yeast Saccharomyces 
cerevisiae have also shown very good inhibition of spore germi­
nation and hyphal growth of Botrytis cinerea (Fig. 6). These 
potential yeast derived PR-proteins are currently being evaluated 
in planta as antifungal agents against Botrytis and other fungal 
pathogens (Vivier et al., 2000). 

Other antifungal strategies in grapevine include the use of the 
stilbene synthase and phenyl ammonia-lyase genes from 
grapevine (Melchior & Kindl, 1991) and ribosome! inactivating 
proteins (RIP) (Perl & Eshdat, 1998; Bornhoff et al., 2000). 
Another possible strategy under investigation involves the use of 
genes encoding antifungal peptides that are active against fungal 
pathogens. Several plant spp. use antimicrobial peptides against a 
range of pathogens, primarily by disruption of membrane func­
tion. In a study to evaluate the effectiveness of peptides isolated 
from plant spp. such as Allium (Cammue et al., 1995), Dahlia 
(Osborn et al., 1995), Heuchera (Osborn et al., 1995) and 
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FIGURE6 

Untreated control 
(24h) 

Treated spores 
(24h) 

Treated spores 
(60h) 

The effect of yeast 13-1,3-glucanase and chitinase proteins (in 
combination), secreted by a recombinant Saccharomyces cere­
visiae, on Botrytis cinerea spore germination and hyphal growth 
in an in vitro inhibition assay. Spore disruption and leakage was 
observed after 24 h of incubation, whereas much reduced hyphal 
growth and overall biomass production was observed after 60 h, 
when compared to the untreated control (Vivier et al., 2000). 

Raphanus (Terras et al., 1991), significant hyperbranching and 
inhibition of Botrytis hyphal growth was observed in an in vitro 
bioassay (Fig. 7) (Vivier et al., 2000). The possible effectiveness 
of these proteins in transgenic grapevine plants is currently being 
evaluated. 

One class of plant proteins that is well established in disease 
resistance are the 12olygalacturonase-inhibiting 12roteins (PGIPs) 
(Brown & Adikaram, 1982; Abu-Goukh et al., 1983; Cervone et 
al., 1987). These membrane-bound proteins interact specifically 
with polygalacturonases released by invading fungal pathogens, 
thereby inhibiting the infection process of the fungus (Cervone et 
al., 1986; Leckie et al., 1999). PGIP-encoding genes have been 
isolated from numerous plant spp. and typically constitute a gene 
family (Cervone et al., 1987; Favaron et al., 1994; Stotz et al., 
1994; Ramanathan et al., 1997). These genes form part of the 
broader class of resistance genes in plants, and their expression 
levels are usually induced upon pathogen attack and wounding 
(Yao et al., 1999). Several overexpressed PGIPs have been used 

FIGURE 7 

Untreated control 

Treatecf wii:li 
Heuchera peptide 

Treated with 
Dahlia peptide 

The effect of two antifungal peptides (6 µg/ml) from Heuchera 
and Dahlia, respectively, on Botrytis cinerea hyphal growth in an 
in vitro inhibition assay. Both caused severe hyphal hyperbranch­
ing and overall reduction in biomass when compared to the 
untreated control (Vivier et al., 2000). 

in plant hosts to enhance disease resistance with varying success, 
and it might prove to be a successful strategy in grapevine as 
well. Apart from the manipulation potential of the proteins, the 
encoding genes and their promoters also provide significant 
insight into plant-pathogen interactions, protein-protein interac­
tions and the transducing of infection signals and resistance 
responses. 

Virus resistance: The manipulation of virus resistance in 
grapevine by gene technology has been actively investigated ever 
since transformation protocols were successfully applied to Vitis. 
The importance of virus resistance is evident when considering 
that there are approximately 47 recognised virus and virus-like 
diseases recorded from grapevine (Martelli, 1993; 1999). The 
most harmful viruses on grapevine include the nepoviruses (ten 
different species), closteroviruses (eight different species), 
vitiviruses and grapevine fleck viruses (Martelli, 1999). 
Quantitative studies have confirmed the deleterious effects of 
viruses on grapevine growth and health, including low quality 
and quantity of yield, reduced graft-take and rooting ability of 
propagation material, and reduced production life of the 
grapevine (Walter & Martelli, 1997). 

Once inside a plant, some viruses can be inactivated by heat 
(Goussard & Wiid, 1992). Typically, this involves the dipping of 
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dormant, propagative organs in hot water (35-50 QC) for a speci­
fied time (Martelli, 1993), or the incubation of actively growing 
plants in glass houses or growing chambers at elevated tempera­
tures. These measures, as well as tissue culture techniques such 
as apical- or root meristem cultures and somatic embryogenesis 
can ensure that starting material are essentially virus-free (Minck 
et al., 1998). Unfortunately, due to the fact that viruses can spread 
from plant to plant in a number of ways, including vegetative 
propagation and mechanical transmission through plant sap, seed, 
pollen, specific insects, mites, nematodes and fungi, the possibil­
ity of re-infecting the "clean" material is very high (Agrios, 
1997). 

One of the most successful ways of introducing more perma­
nent resistance in crop plants is through n.athogen-derived resis­
tance (PDR) (Sanford & Johnston, 1985; Prins & Goldbach, 
1996). PDR can be explained as the expression of a pathogen­
derived gene and its encoding product at either an inappropriate 
time, or in an inappropriate form or amount during the infection 
cycle, thus preventing the pathogen from maintaining its infec­
tion (Agrios, 1997). PDR was first shown to be effective in 1986 
(Powell-Abel, 1986) when it was reported that transgenic tobac­
co plants expressing the tobacco mosaic virus (TMV) .c;:oat n.rotein 
(CP) were resistant to subsequent infection with TMV. 

Although coat protein-mediated resistance (CP-MR) has since 
been shown to be effective against more than 20 different virus­
es, the resistance obtained is specific and does not necessarily 
provide protection to related and unrelated viruses. This strategy 
has also been used in grapevine manipulations of rootstock and 
scion varieties to provide potential resistance against some 
grapevine viruses. Normal and mutated coat proteins of 
grapevine fleck virus, nepoviruses, vitiviruses and leafroll clos­
teroviruses have been introduced into scion and rootstock vari­
eties (Krastanova et al., 1995; Mauro et al., 1995b; Minafra et al., 
1997; Xu et al., 1997; Golles et al., 2000). 

At least seven closteroviruses, however, are associated with 
some of the grapevine virus diseases, such as grapevine leafroll 
disease. Grapevine closteroviruses have a genome consisting of 
single stranded sense RNA of approximately 18 000 nucleotides 
in size. Due to this fact, it is important to develop a control strat­
egy that offers broad-spectrum resistance to each of these virus­
es. Movement n.rotein-mediated resistance (MP-MR) has been 
reported to offer resistance to a broad spectrum of related and 
unrelated viruses. However, the level of resistance obtained with 
MP-MR is not as high as can be achieved with CP-MR. Research 
has shown that the best levels of resistance are obtained when the 
movement protein is disrupted to produce a dysfunctional protein 
(Beck et al., 1994; Tacke et. al., 1996; Seppanen et al., 1997). 
The dysfunctional movement protein interferes with the func­
tioning of the wild-type movement protein in a dominant-nega­
tive manner and thus prevents key processes required for mobili­
sation of the virus genome from cell to cell (Soellick et al., 2000). 
This strategy is also currently employed as a possible resistance 
strategy against grapevine viruses such as vitiviruses (Martinelli 
et al., 2000a, b) and grapevine closteroviruses. 

Virus manipulation with gene technology is also benefiting 
from molecular detection methods to accurately and sensitively 
assess the virus status of plants, even if infection is latent or 
symptom-free. Moreover, advances in micrografting techniques 

(Ollat et al., 2000) are ensuring that transgenics plants, contain­
ing one or more of the resistance mechanisms, can be evaluated 
for true resistance much faster. 

The study of grape berry ripening: Berry growth and ripening 
follow a specific growth-pattern after flower set, typically dis­
playing a double-sigmoidal growth curve with three distinctive 
stages. The first stage involves cell divisions with subsequent cell 
expansion, whereas the third phase almost exclusively involves 
cell enlargement (Coombe, 1992). The second phase constitutes a 
lag phase with no real size increase, but exhibits intense meta­
bolic activity and re-programming. In viticultural terms, the end 
of this phase is commonly termed veraison, corresponding to the 
inception of the colour change and signaling the onset of ripening 
in the grape berry. Through these successive stages the berry 
develops into the coloured, soft, juicy, sweet and flavoursome 
fruit that is suitable for winemaking and other purposes (Coombe, 
1992). 

The improvement of berry quality using gene technology 
focuses primarily on aspects of colour development, sugar-acid 
metabolism and seedlessness in table grape varieties. The 
biotechnological application of these aspects is yet to be realised, 
since most of the work being done in this regard is still aimed at 
elucidating the underlying mechanisms. All of these processes are 
intricately controlled and the isolation of genes and promoters 
that are berry-specific, developmentally regulated and expressed 
in certain stages of berry growth and ripening, have significantly 
advanced knowledge of the various underlying molecular mech­
anisms of grape berry ripening (Robinson, et al., 1999). 

Regulation of sugar- and colour accumulation: Major changes 
are observed regarding sugar-acid balances and anthocyanin pro­
duction post-veraison (Coombe, 1992; Davies & Robinson, 
1996). The major solutes accumulating in grape berry vacuoles 
are glucose and fructose, originating from sucrose. The sucrose is 
translocated in the phloem from source organs (leaves and stor­
age organs) to the ripening grape berries (sink organs) (Coombe, 
1992). In grapes, the pathways of sugar loading/unloading are 
still poorly understood and it is still not clear whether phloem 
loading/unloading proceeds symplastically or apoplastically 
(Fillion et al., 1999). It seems that numerous plasmodesmata con­
necting the flesh cells of storage parenchyma in the berry, and 
significant plasma membrane surface area on the phloem/storage 
parenchyma interface, provide scope for either of the loading 
mechanisms (Fillion et al., 1999). 

The flux of sugar transport into a sink organ such as a berry is 
dependent on either sugar utilisation and/or compartmentalisa­
tion. It is still unclear exactly where sucrose hydrolysis occurs 
during the post-veraison hexose accumulation phase. It has been 
shown that the bulk of the invertase activities in berries are solu­
ble. Two vacuolar invertase-encoding genes have been isolated 
from grape berries (Davies & Robinson, 1996) and shown to have 
increased expression levels well in advance of the rapid hexose 
accumulation phase. This result seems to suggest that the synthe­
sis of invertase is not linked to the rapid accumulation of hexos­
es in the berry vacuole, and that other factors probably play a reg­
ulatory role (Davies & Robinson, 1996; Davies et al., 1997). 
Sucrose synthase activity is also low during the maturation of the 
berries (Hawker, 1969), again hinting.at a control mechanism of 
compartmentalisation rather than sugar utilisation or metabolism 
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in the ripening grape berry (Fillion et al., 1999). 

Recently, sucrose and hexose transporter-encoding genes have 
been isolated from grapevine (Fillion et al., 1999; Ageorges et al., 
2000; Atanassova et al., 2000; Davies & Robinson, 2000b) and 
are currently under investigation. A study of one of the hexose 
transporters from grapevine showed that the cDNA sequence 
shared strong homology (70-78% identity) with other hexose 
transporters from herbaceous hosts (Fillion et al., 1999; 
Atanassova et al., 2000). Studies revealed two peaks of expres­
sion in berries, with the first peak at anthesis and the second 
major peak occurring approximately five weeks after veraison 
(Fillion et al., 1999). Another population of hexose transporters 
has been identified that exhibited high expression levels earlier 
during ripening (Atanassova et al., 2000). The fact that plasma 
membrane hexose transporters are expressed during the post­
veraison stage seems to suggest that at least some of the sucrose 
imported into the ripening berry is already hydrolysed before 
accumulation occurs in the flesh cells (Fillion et al., 1999). 

The putative promoter of the isolated hexose transporter also 
revealed several potential cis elements such as ethylene- or 
abcisic acid (ABA)-responsive elements. Promoter deletion con­
structs, using reporter genes, are evaluated in tobacco and 
grapevine transformants to analyse the role of these elements. 
Preliminary results seem to suggest that the hexose transporter 
from grapevine (encoded by Vvhtl) is at least under partial con­
trol of glucose (Atanassova et al., 2000). These approaches, as 
well as analyses of grapevine mutants overexpressing a yeast 
invertase gene targeted either to the apoplast, cytoplasm or vac­
uole (Esterhuizen et al., 2000), should help to clarify some ques­
tions regarding sugar transport and the control of sugar accumu­
lation in ripening grape berries. 

Coinciding with the accumulation of hexoses in the ripening 
berry is the increase in the formation of anthocyanins leading to 
the characteristic skin colour of the berries. There is a range of 
anthocyanins present in grapes with similar basic structures, dif­
fering only in the amount of secondary chemical modifications. 
In grapes, anthocyanins are produced by the flavonoid pathway 
consisting of several successive enzyme reactions which convert 
colourless precursor molecules into coloured anthocyanin com­
pounds (Boss et al., 1996a). Several of the genes involved in 
flavonoid biosynthesis in grapevine have been cloned (Sparvoli 
et al., 1994) and were used to study the control of anthocyanin 
biosynthesis during berry ripening (Boss et al., 1996a, b). 
Although some of the genes in the early part of the pathway were 
expressed in the earlier phases of berry development (without the 
detection of anthocyanins ), all of the genes were induced at verai­
son, coinciding with anthocyanin accumulation (Boss et al., 
1996a). From these studies and expression analyses comparing 
white, red and black grape varieties, it was clear that one of the 
last proteins in the pathway represents a controlling step in the 
production of anthocyanins in grapevine (Boss et al., 1996a, b, c). 
This control step was attributed to UDP glucose flavonoid-3-glu­
cosyl transferase (UFGT) which was not expressed in unpig­
mented tissues of Shiraz berries, nor in the skins of white culti­
vars (Boss et al., 1996b). 

What triggers ripening?: Grapevine is considered a nonclimac­
teric fruit and the exact nature of the signal initiating the ripening 
process in grapes is not yet known. In many fruits the ripening 

signal is hormonally induced, frequently by ethylene. From pre­
vious studies it has been shown that ethylene levels are low in 
grapes and do not increase during the ripening phases (Coombe 
& Hale, 1973; Alleweldt & Koch, 1977). Other hormones impli­
cated in fruit ripening of plant spp. include auxin and ABA. In 
grapes, auxin reaches a maximal level just after anthesis, subse.­
quently decreasing to very low levels post-veraison (Cawthon & 
Morris, 1982). Moreover, exogenous application of a synthetic 
auxin, benzothiazole-2-oxyacetic acid (BTOA), delays the ripen­
ing of grape berries (Davies et al., 1997). In contrast, it seems that 
ABA levels increase in ripening berries and that ripening is 
delayed whenABA-increase is blocked (Hale & Coombe, 1974). 
The synthetic auxin BTOA, was used to evaluate the effect on 
developmentally regulated genes by monitoring the expression of 
a putative vacuolar invertase, a chalcone synthase, UFGT, a chiti­
nase and a ripening-related gene (Davies et al., 1997). From these 
results it was evident that the normal expression of these genes 
was altered by the BTOA. The invertase expression that usually 
decreases with the onset of ripening, extended beyond veraison, 
whereas expression of the other genes, which are usually induced 
at the onset of ripening, were delayed. It was also shown that the 
normal accumulation of ABA levels during ripening was delayed 
due to the BTOA treatments (Davies et al., 1997). These results 
support the case for a hormonal signal controlling the ripening 
process and it hints at the possible linkage of the control of auxin 
and ABA levels. 

Ripening and stress: It seems that the ripening process in grape 
berries is a stress-associated process (Davies & Robinson, 
2000a). Ripening involves the influx of high concentrations of 
sugars as well as the concomitant rapid cell expansion and ripen­
ing-induced softening of the fruit. From a differential screening 
analysis, ripening-related cDNAs not present in unripe fruit were 
isolated and two groups of proteins co1:1ld be identified (Davies & 
Robinson, 2000a). The first group consisted of several examples 
of proteins putatively involved with cell wall structure and 
includes members of the diverse P/HRGP family that are thought 
to be involved in the strengthening of polysaccharide networks in 
cell walls (Sommer-Knudsen et al., 1998). These proteins might 
function in stabilising the rapidly expanding and "softening" cell 
wall during ripening, or alternatively be involved in pathogen 
elimination, since their expression in other species has been 
upregulated by pathogen attack. In grapevine, there also seem to 
be a developmentally controlled defence response during fruit 
ripening as evidenced by coordinate accumulation of antifungal 
proteins and hexoses (Saltzman et al., 1998). 

The other group of proteins identified by the differential 
screening comprise stress-related proteins (Davies & Robinson, 
2000a). As argued by the authors, the adjustment to rapid increas­
es in vacuolar hexose levels during ripening might involve pro­
teins usually employed in stress management. Since ABA levels 
usually increase during ripening, it might be involved in the reg­
ulation of these putative stress-response genes as has been shown 
in many other instances (Bray, 1997). 

Although several issues regarding grape berry ripening still 
need elucidation, these studies and others that will undoubtedly 
follow are rapidly providing a knowledge base that will drive 
suitable gene technology strategies in future. 
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COMPLICATIONS SURROUNDING THE APPLICATION OF 
GENE TECHNOLOGY IN THE VITICULTURAL SECTOR 

Although some technical difficulties regarding grapevine trans­
formation and regeneration are currently limiting factors in the 
application of gene technology to viticulture, they are probably 
temporary and not the biggest impediments to the successful 
implementation of the resulting products. Patents covering many 
of the gene promoters, marker genes, vectors and transformation 
methods commonly used in plant transformations leave scientists 
little freedom to operate, and also limit the subsequent usefulness 
of the generated transgenic plantlets from a commercial view­
point. More importantly, the worldwide public outcry against 
genetically modified organisms has confirmed that this is an area 
where science must proceed with caution (Smeaton, 1999). 
Factors involved in the application of transgenic vines such as 
controversies regarding intellectual property rights and the nam­
ing of transgenic vines are important, but consumer concerns and 
resistance regarding the technology threaten the implementation 
and potential benefits on a much more fundamental level. 

The naming of transgenic cultivars 

The seemingly academic debate as to the description and naming 
of transgenic grapevines has far-reaching implications for the 
field of Grapevine Biotechnology. The outcome of the debate will 
determine not only the procedure for description of genetically 
modified grape varieties, but also to a large extent their accep­
tance by grape-growers and winemakers and/or their commercial 
value in the marketplace. 

It has generally been accepted that the complex issue of nam­
ing transgenic grapevines relies on several factors such as the 
source of the gene(s) introduced, the true-to-typeness of the trans­
genies when compared to the original cultivar/clone and the 
unchanged organoleptic and sensory qualities of the wines pro­
duced from the transgenics. Researchers can only now begin to 
address these issues, since field trials of grapevine transgenics 
has only recently commenced in various countries. 

Transgenic grapevines: new varieties or clones of existing vari­
eties?: New grape varieties are produced by plant breeders who 
combine the genetic backgrounds of existing varieties to achieve 
certain qualitative traits in the progeny. Once evaluated and found 
to be useful, such a grapevine could be classified as a new vari­
ety, always receiving a new name. On the other hand, sponta­
neous genetic variants might also be obtained through clonal 
selection, leading to the naming of a specific clone of the original 
variety, typically specified by clone numbers. Most of these 
clones probably differ from each other by several genes. It is 
important to note that these clones might deviate in general 
appearance as well as organoleptic or sensory characteristics 
from the original variety, but are still appraised as that variety 
(Meredith, 1999). 

As discussed in previous sections, the targeted traits in 
Grapevine Biotechnology are predominantly resistance toward 
pests and diseases, abiotic factors, and/or quality improvements 
of the berries. In most of these cases, a single gene is added to the 
genome of the variety being transformed (Robinson et al., 1999), 
probably affecting less than 0.001 % of the total plant DNA. The 
resulting transgenic can exhibit changes in vine characteristics 
due to the expression of the introduced gene(s) or to changes 

induced by the disruption of gene(s) through the gene insertion 
event. The introduced genes could come from diverse sources 
such as bacteria, fungi, viruses, plants, Vitis spp. other than 
V. vinifera or overexpressed V. vinifera genes. Depending on the 
strategy used, the transgenics could therefore contain either hete­
rologous proteins or increased copies of V. vinifera proteins 
(Eibach, 1999; Walter, 2000). It is clear, however, that the ideal · 
transgenic grapevine will have enhancements in the targeted trait, 
while all other essential and desirable characteristics of the vine 
and the wine of the original variety are retained. 

When considering whether or not a transgenic variety should 
have a new varietal name, or be considered a designated clone of 
the original variety, several scenarios arise, each with a different 
outcome. Central to all these scenarios is the conformity or diver­
gence from a typical reference product; e.g. the original variety or 
characteristic wine, which are used as key decisive factors in the 
naming of the transgenic product (Eibach, 1999; Walter, 2000). 
When a transgenic grapevine has been manipulated to enhance 
disease resistance towards a specific pathogen and the resulting 
wines exhibit the characteristics of the original variety, it could be 
considered to be the same variety, perhaps distinguished by a spe­
cific clone number, or a special designator, e.g. Chardonnay 
"Super" (Meredith, 1999; Walter, 2000). The advantages of a 
recognised varietal name will therefore not be lost if a transgenic, 
disease-resistant version of the original variety is the result. If the 
transgenic grapevine diverges from the original variety and is 
separable in genotypic, phenotypic and product evaluations, it 
should receive a new varietal name. 

When abiotic resistances to adverse environmental conditions 
are successfully manipulated in grapevines, it would be possible 
to establish vineyards of traditional varieties in areas previously 
not suitable for such cultivation, perhaps even without the use of 
rootstocks if engineered disease resistant strategies are success­
ful. This could lead to unique characteristic vine and wine fea­
tures not comparable to the original variety. In these instances 
where it is not only the introduced gene products(s) that influence 
the character of the vine and wine, but also a different environ­
ment, it might be more difficult to follow the simple rule of "con­
formance or divergence" in the naming of the transgenic 
grapevine (Walter, 2000). The same argument could, however, be 
applied to the naming of progeny of traditional breeding pro­
grammes, or clonal selection aimed at abiotic resistances. 

The development of transgenic grapevines with altered fruit 
qualities such as improved colour and flavour compound compo­
sition will probably result in a significantly different wine, and 
might merit a new varietal name (Eibach 1999; Walter, 2000). On 
the other hand, there are existing examples where clones of tradi­
tional cultivars have been selected based on a specific character­
istic without the concomitant assignment of a new varietal name, 
e.g. musky Chardonnay (Walter, 2000). 

It is clear that universally accepted rules are necessary to spec­
ify the methods to be used in the description of clones and/or 
varieties, specifically with regard to the ampelographic (pheno­
typic) versus molecular marker (genotypic) analysis (Eibach, 
1999). Moreover, consensus should be reached as to the limits of 
variation tolerable within clonal and/or varietal designations 
before a new clone or variety should be named (Meredith, 1999). 
All these issues are complicated further by the issue of intellectu-
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al property rights on transgenic cultivars. 

Transgenic grapevines: who owns them?: In traditional breeding 
programmes it is possible to protect the rights of the originator if 
the new variety has been licensed. This necessitates confirmation 
that the proposed new variety is sufficiently distinct from other 
existing varieties, that it is a novel product and is homogeneous 
and stable. The distinctness usually refers to a clearly different 
appearance and/or unique agronomic characteristics such as 
flavour or disease resistance (Meredith, 1999). The traditional 
wine cultivars that originated through spontaneous crosses cannot 
be protected in this way and are considered public domain 
(Eibach, 1999). Though selected clones from these cultivars may 
be certified, their propagation is not protected (Eibach, 1999; 
Walter, 2000). 

Property rights regarding transgenic grapevines remain unre­
solved, but several factors play roles. It is possible that patents 
not registered by the originator of the transgenic variety cover the 
introduced gene(s) as well as the transformation method used. 
These parties would therefore also have claims to the developed 
variety. With regard to property rights of the originator it would 
be beneficial to assign a new name to a transgenic cultivar if it is 
distinct, homogenous and stable, especially if the original variety 
was in the public domain (Eibach, 1999). If the original cultivar 
itself was protected, however, the transgenic grapevine could 
only qualify as a new protected variety if it does not detract from 
the rights of the patent holder of the original cultivar (Meredith, 
1999). 

In the event that the transgenic vine is similar to the original 
variety, it might merely be considered a clone, which is not pro­
tected in most instances, especially if the original cultivar is in the 
public domain. It is clear that these contradictory forces influence 
the naming of transgenic grapevines and could, together with 
other limiting factors such as consumer resistance, inhibit the 
widespread use of transgenic grapes in the wine industry. On the 
one hand, it is important to protect newly developed transgenic 
vines by allocating new varietal names to them if they have dis­
tinctive and stable characteristics. On the other hand, if the trans­
genic vines and derived wines are essentially indistinguishable 
from the original varieties, it would be beneficial to the mar­
ketability of the product if the original varietal name were main­
tained. Meredith (1999) suggested a possible compromise in 
which a transgenic version of a traditional variety is considered a 
new variety for the purpose of intellectual property rights, but for 
commercial purposes, it should be permitted to include the origi­
nal name in the designation of the transgenic vine. 

Consumer resistance 

The concept of genetic manipulation has provoked much debate, 
and invariably, as with any new technology, has been met with 
resistance. This resistance is multifaceted and involves complex 
issues such as moral and ethical concerns about the technology, 
food safety and security, the impact of GMO's on the environ­
ment and biodiversity, and questions about the real benefits of the 
technology (Brown, 1999; Gaskell et al., 1999; Renouf, 1999; 
Robinson, 1999; Skene, 1999; Smeaton, 1999). These topics have 
been extensively reviewed by other authors (Kling, 1996; Barrett 
et al., 1997; Franck-Oberaspach & Keller, 1997; Cavan et al., 
1998; Altman, 1999; Chamberlain & Stewart, 1999; Gaskell et 

al., 1999; Robinson, 1999; Serageldin, 1999; Bizily et al., 2000; 
Polkinghome, 2000; Wackett, 2000) and will not be covered by 
this review. A few perspectives, however, on the potential transi­
tion from consumer resistance to consumer acceptance will be 
raised. 

There seem to be a significant gap at the moment between sci­
entific knowledge and public perception, and although industry is 
driven by the former, the success of the technology is dependent 
on the latter (Renouf, 1999). In the food and beverage sector 
especially, it is the consumer who will make the ultimate decision 
whether to embrace or reject the technology and its products. It is 
therefore of paramount importance to provide full information 
about the technology in an open and transparant manner and to 
address all fears (rational and irrational) and misconceptions 
(Brown, 1999). 

The way in which the debate is handled also has an effect on 
public perception (Gaskell et al., 1999). In Germany consumers 
are extremely negative towards the technology and its products, 
and little progress is being made in resolving the issues. There are 
only a few participants in the debate, and they usually have 
entrenched positions, leading to head-to-head clashes in the 
media (Renouf, 1999). In the Netherlands the debate is handled 
more informally, with a consultative, inclusive approach. This led 
to a mutual understanding and/or respect of the various view­
points on the debated issues. Consumers are regarded as equal 
partners in the debate and as in Denmark, are generally critical of 
the technology, but not vehemently opposed (Renouf, 1999). 

Another factor influencing the perception of the public is the 
availability of legislation on gene technology in a particular coun­
try. The fact that several countries, including South Africa, have 
legislation on this issue is a positive sign. This is beneficial to 
consumers and scientists, since it usually provides a clear frame­
work within which to operate on these sensitive issues. The fact 
is that controlled experiments are the only way to answer some of 
the probing questions being asked about the potential risks of 
transgenic organisms (Skene, 1999; Smeaton, 1999). 

CONCLUSIONS 

The grapevine and wine industries are well established world­
wide and are in the fortunate position of having considerable 
genetic resources available. Currently, however, the wine indus­
try relies heavily on a few select traditional cultivars, partly 
because it seems to be hesitant to introduce new varietal names. 
This brings the industry to a crossroad regarding the global need 
to increase yield of healthy produce without the use of chemicals 
that are potentially harmful to both man and the environment. 

In the past decade, genetic transformation and regeneration of 
transgenic grapevines have been realised, opening new possibili­
ties for the improvement of this ancient and important genotype. 
The advances made in understanding the grapevine genome and 
identifying and classifying grapevine varieties and clones, togeth­
er with the successes in transformation and regeneration of 
grapevine have resulted in innovative approaches to address cur­
rent problems. It is now, for example, possible to tap into the vast 
resources of disease and abiotic resistance of the American spp. 
by incorporating only the beneficial traits into V. vinifera culti­
vars. The isolation and characterisation of increasing numbers of 
genes and promoters involved in specific processes in the 
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grapevine, such as disease resistance and berry ripening, has clar­
ified some aspects of these intricate processes. Similar studies 
conducted on the pathogens of grapevine, their infection of and 
interaction with the hosts, as well as their early and accurate 
detection, are stimulating new initiatives in the manipulation of 
grapevine diseases. 

These examples highlight the need to integrate knowledge 
gained from different approaches. Only with the integration of the 
vast existing, ever-increasing knowledge base on viticulture and 
the new technologies of genetic manipulation will the true poten­
tial of the technology be realised. It should not be a replacement 
strategy, but a value-adding approach. Central to these issues, 
however, is the need to consolidate as scientists, global industries 
and consumers on the pressing and highly controversial issues of 
intellectual property rights, the naming of transgenic vines, and 
the handling of the debate and analyses of genetically modified 
organisms. 
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