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Preface to the Series

Genome science has emerged unequivocally as the leading discipline of this new
millennium. Progress in molecular biology during the last century has provided
critical inputs for building a solid foundation for this discipline. However, it has
gained fast momentum particularly in the last two decades with the advent of
genetic linkage mapping with RFLP markers in humans in 1980. Since then it has
been flourishing at a stupendous pace with the development of newly emerging
tools and techniques. All these events are due to the concerted global efforts
directed at the delineation of genomes and their improvement.

Genetic linkage maps based on molecular markers are now available for almost
all plants of significant academic and economic interest, and the list of plants is
growing regularly. A large number of economic genes have been mapped, tagged,
cloned, sequenced, or characterized for expression and are being used for genetic
tailoring of plants through molecular breeding. An array of markers in the ar-
senal from RFLP to SNP; tools such as BAC, YAC, ESTs, and microarrays; local
physical maps of target genomic regions; and the employment of bioinformatics
contributing to all the “~-omics” disciplines are making the journey more and more
enriching. Most naturally, the plants we commonly grow on our farms, forests, or-
chards, plantations, and labs have attracted emphatic attention, and deservedly so.
The two-way shuttling from phenotype to genotype (or gene) and genotypte (gene)
to phenotype has made the canvas much vaster. One could have easily compiled the
vital information on genome mapping in economic plants within some 50 pages in
the 1980s or within 500 pages in the 1990s. In the middle of the first decade of this
century, even 5,000 pages would not suffice! Clearly genome mapping is no longer
a mere “promising” branch of the life science; it has emerged as a full-fledged
subject in its own right with promising branches of its own. Sequencing of the
Arabidopsis genome was complete in 2000. The early 21st century witnessed the
complete genome sequence of rice. Many more plant genomes are waiting in the
wings of the national and international genome initiatives on individual plants or
families.

The huge volume of information generated on genome analysis and improve-
ment is dispersed mainly throughout the pages of periodicals in the form of review
papers or scientific articles. There is a need for a ready reference for students and
scientists alike that could provide more than just a glimpse of the present status
of genome analysis and its use for genetic improvement. I personally felt the gap
sorely when I failed to suggest any reference works to students and colleagues
interested in the subject. This is the primary reason I conceived of a series on
genome mapping and molecular breeding in plants.

There is not a single organism on earth that has no economic worth or concern
for humanity. Information on genomes of lower organisms is abundant and highly
useful from academic and applied points of view. Information on higher animals
including humans is vast and useful. However, we first thought to concentrate
only on the plants relevant to our daily lives, the agronomic, horticultural and
technical crops, and forest trees, in the present series. We will come up soon
with commentaries on food and fiber animals, wildlife and companion animals,
laboratory animals, fishes and aquatic animals, beneficial and harmful insects,
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plant- and animal-associated microbes, and primates including humans in our
next “genome series” dedicated to animals and microbes. In this series, 82 chapters
devoted to plants or their groups have been included. We tried to include most
of the plants in which significant progress has been made. We have also included
preliminary works on some so-called minor and orphan crops in this series. We
would be happy to include reviews on more such crops that deserve immediate
national and international attention and support. The extent of coverage in terms
of the number of pages, however, has nothing to do with the relative importance of
aplantor plant group. Nor does the sequence of the chapters have any correlation to
the importance of the plants discussed in the volumes. A simple rule of convenience
has been followed.

I feel myself fortunate to have received highly positive responses from nearly
300 scientists of some 30-plus countries who contributed the chapters for this se-
ries. Scientists actively involved in analyzing and improving particular genomes
contributed each and every chapter. I thank them all profoundly. I made a consci-
entious effort to assemble the best possible team of authors for certain chapters
devoted to the important plants. In general, the lead authors of most chapters
organized their teams. I extend my gratitude to them all.

The number of plants of economic relevance is enormous. They are classified
from various angles. I have presented them using the most conventional approach.
The volumes thus include cereals and millets (Volume I), oilseeds (Volume II),
pulse, sugar and tuber crops (Volume III), fruits and nuts (Volume IV), vegeta-
bles (Volume V), technical crops including fiber and forage crops, ornamentals,
plantation crops, and medicinal and aromatic plants (Volume VI), and forest trees
(Volume VTI).

A significant amount of information might be duplicated across the closely
related species or genera, particularly where results of comparative mapping have
been discussed. However, some readers would have liked to have had a chapter on
a particular plant or plant group complete in itself. I ask all the readers to bear
with me for such redundancy.

Obviously the contents and coverage of different chapters will vary depending
on the effort expended and progress achieved. Some plants have received more
attention for advanced works. We have included only introductory reviews on
fundamental aspects on them since reviews in these areas are available elsewhere.
On other plants, including the “orphan” crop plants, a substantial amount of
information has been included on the basic aspects. This approach will be reflected
in the illustrations as well.

It is mainly my research students and professional colleagues who sparked my
interest in conceptualizing and pursuing this series. If this series serves its purpose,
then the major credit goes to them. I would never have ventured to take up this
huge task of editing without their constant support. Working and interacting with
many people, particularly at the Laboratory of Molecular Biology and Biotechnol-
ogy of the Orissa University of Agriculture and Technology, Bhubaneswar, India
as its founder principal investigator; the Indo-Russian Center for Biotechnology,
Allahabad, India as its first project coordinator; the then-USSR Academy of Sci-
ences in Moscow; the University of Wisconsin at Madison; and The Pennsylvania
State University, among institutions, and at EMBO, EUCARPIA, and Plant and
Animal Genome meetings among the scientific gatherings have also inspired me
and instilled confidence in my ability to accomplish this job.

I feel very fortunate for the inspiration and encouragement I have received
from many dignified scientists from around the world, particularly Prof. Arthur
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Kornberg, Prof. Franklin W. Stahl, Dr. Norman E. Borlaug, Dr. David V. Goeddel,
Prof. Phillip A. Sharp, Prof. Gunter Blobel, and Prof. Lee Hartwell, who kindly
opined on the utility of the series for students, academicians, and industry scientists
of this and later generations. I express my deep regards and gratitude to them all
for providing inspiration and extending generous comments.

I have been especially blessed by God with an affectionate student community
and very cordial research students throughout my teaching career. I am thankful
to all of them for their regards and feelings for me. I am grateful to all my teachers
and colleagues for the blessings, assistance, and affection they showered on me
throughout my career at various levels and places. I am equally indebted to the few
critics who helped me to become professionally sounder and morally stronger.

My wife Phullara and our two children Sourav and Devleena have been of great
help to me, as always, while I was engaged in editing this series. Phullara has
taken pains (“pleasure” she would say) all along to assume most of my domestic
responsibilities and to allow me to devote maximum possible time to my profes-
sional activities, including editing this series. Sourav and Devleena have always
shown maturity and patience in allowing me to remain glued to my PC or “printed
papers” (“P3” as they would say). For this series, they assisted me with Internet
searches, maintenance of all hard and soft copies, and various timely inputs.

Some figures included by the authors in their chapters were published elsewhere
previously. The authors have obtained permission from the concerned publishers
or authors to use them again for their chapters and expressed due acknowledge-
ment. However, as an editor I record my acknowledgements to all such publishers
and authors for their generosity and good will.

I look forward to your valuable criticisms and feedback for further improve-
ment of the series.

Publishing a book series like this requires diligence, patience, and understand-
ing on the part of the publisher, and I am grateful to the people at Springer for
having all these qualities in abundance and for their dedication to seeing this series
through to completion. Their professionalism and attention to detail throughout
the entire process of bringing this series to the reader made them a genuine plea-
sure to work with. Any enjoyment the reader may derive from this books is due in
no small measure to their efforts.

Pennsylvania, Chittaranjan Kole
10 January 2006
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Fruit and nut crops make perhaps the largest group of species of economic impor-
tance and they by far outnumber any other major groups of domesticated plants.
However, progress of genetic or genomic researches on fruit and nut crops isindeed
much slower than the pace they deserve. Relatively more importance attached to
the agronomic crops might be one of the reasons. The most important reason, to
our mind, however, is the constraints inherent to the long life cycle, heterozygosity,
space required to raise large populations often required, and difficulty in recording
phenotypic trait data for most of the fruit and nut crops. The common constraints
in most of these crops include too long juvenile period, problems of sterility and
incompatibility, large plant size, the randomness of artificial mutations, limita-
tions of the sexual system to incorporate small changes, the dependence upon
natural origin of variation and the exorbitant costs needed to select, detect, and
evaluate desirable recombinants those lead to the difficulties for genetic analysis
and breeding. Most of these crops invoke for formulating strategies specific to the
above problems and limitations, employment of pseudo-testcross method and use
of SDRF markers, for examples.

Appreciable progress has been made in some fruit crops, mostly temperate,
including say apple, grapes, stone fruits, cherries, citrus fruits. Still many others
remain neglected, particularly the tropical and subtropical fruit and nut crops
grown in the developing countries, litchi, custard apple, guava to name a few.
These ‘orphan’ fruit and nut crops are too many and deserve global attention for
concerted efforts. The presentation of the chapters in this volume, therefore, has
nothing to do with the production statistics and relative economic importance of
the fruit and nut crops at world level, but has been done primarily envisaging the
quantum of works accomplished. We have included 20 chapters in this volume
including seven chapters perhaps with the first time comprehensive review such
as on mango, banana, olive, pineapple, pistachio, persimmon and papaya. How
we wish to have independent volumes on temperate, and tropical and subtropical
fruits and nuts in near future.

Due to some unavoidable circumstances there was delay for this volume to go
to press and obviously the authors had to take pain to rework on the manuscripts
for updating. I remain grateful to them for their co-operations and perseverance. I
am also thankful to them for presenting the most current commentary on genomic
researches on fruit and nut crops.

The former three volumes of this series have earned appreciation from all levels
of readers and we hope this volume also will be liked by them. In that case the
credit must go to the authors and the publishers for their contributions and care. I
take the sole responsibility of all the shortcomings, and look forward to the readers
for their suggestions for improvement in contents and format of this volume in its
future edition(s).

Pennsylvania, Chittaranjan Kole
15 April 2006
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CHAPTER 1

1 Apple

S. E. Gardiner!, V. G. M. Bus?, R. L. Rusholme®, D. Chagné', and E. H. A. Rikkerink*

1 HortResearch, Palmerston North Research Centre, Private Bag 11 030, Palmerston North, New Zealand

e-mail: sgardiner@hortresearch.co.nz

2 HortResearch, Hawke’s Bay Research Centre, Private Bag 1401, Havelock North, New Zealand
3 University of East Anglia, School of Biological Sciences, Norwich, Norfolk, NR4 7T], UK
4 HortResearch, Mt Albert Research Centre, Private Bag 92 169, Auckland, New Zealand

1.1
Introduction

1.1.1
Origin of the Domesticated Apple

The genus Malus belongs to the Rosaceae family
and forms with its closely related fruit (Pyrus and
Cydonia) and ornamental (Amelanchier, Aronia,
Chaenomeles, Cotoneaster, Crateagus, Pyracantha,
Sorbus) genera, the subfamily Maloideae (Challice
1974). This subfamily is believed to be an allopoly-
ploid, that evolved from a hybridization between
a Spiraeoidae (x = 9) and a Prunoidae (x = 8) ances-
tor resulting in the basic haploid number of x = 17
for the Pomoidae (Lespinasse et al. 1999). Most Malus
species are diploids (2n = 34), but a few are triploid
(e.g., M. hupehensis and M. coronaria), or tetraploid
(e.g., M. sargentii), while some species show variable
levels of ploidy (Way et al. 1989). Little information is
available on the karyotype of apple. The lengths of the
chromosomes in haploid M. domestica range from
1.5 to 3.5 um, with 11 of them being submetacentric,
and six being metacentric with respect to the position
of the centromere (Bouvier et al. 2000). The longest,
and possibly a second chromosome carry a satellite.
With the number ranging from eight to about
122 (Robinson et al. 2001; Harris et al. 2002), there
is no agreement among taxonomists as to how many
species this genus comprises. The higher estimates
may also include many interspecifics, as the species
are widely compatible and readily interbreed (Kor-
ban 1986). This characteristic has been deployed in
apple breeding for the introgression of pest and dis-
ease resistance genes. For this reason as well as the
assumed interspecific origin of the eating apple in
general (Korban 1986; Korban and Chen 1992; Robin-
son et al. 2001), it seems appropriate to identify the

domesticated apple as M. x domestica Borkh. How-
ever, more recently it has been argued that the correct
nomenclature is M. pumila Mill. (Korban and Shirvin
1984), and that this species should include the wild
apple identified as M. sieversii (Lebed.) Roem. (Mab-
berley et al. 2001). Vavilov (1951) also referred to the
wild apple as M. pumila when describing the centers of
origin of cultivated plant species, which is in complete
opposition to the view of another well-known Russian
botanist, Ponomarenko, who denied the existence of
this species (Way et al. 1989). However, the related-
ness of the domesticated and wild apples is strongly
supported by the small degree of morphological, bio-
chemical and molecular variation between the two
species (Harris et al. 2002). The same could be said of
the European wild crabapple M. sylvestris. This also
belongs, together with M. sieversii, to M. pumila Mill.
(Westwood, in Way et al. 1989), and may have been
the result of a separate introduction of the wild apple
into Europe. However, the UK research team has not
adhered to its own recommendation in later papers
and refers to the domesticated apple as M. domestica
Borkh., while recognizing M. sieversii from Central
Asia as a separate species (Robinson et al. 2001; Har-
ris et al. 2002). As it suits a purpose of these reviewers,
we adhere to the nomenclature according to Way et al.
(1989), who identify M. domestica and M. sieversii as
separate species.

The domestication of the apple went hand in hand
with the civilization of mankind and has been de-
scribed extensively by Morgan and Richards (1993).
There is evidence of fruit gathering having started as
early as the Neolithic times (Juniper et al. 1999). Cul-
tivation increased with propagation through cuttings
and also with the discovery of grafting techniques
(Morgan and Richards 1993). The fixing of geno-
types had a long-lasting effect on apple production,
enabling varieties to be grown in orchards and pro-
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viding horticulturalists with the possibility of select-
ing the best varieties from the many that would have
only suited processing because of their bitterness and
astringency. Even today, apple production is domi-
nated by cultivars, such as McIntosh (1800s), Jonathan
(1820s), Cox’s Orange Pippin (1830s), Granny Smith
(1860s), Delicious (1870s), Golden Delicious (1890s)
and Braeburn (1940s), which were mostly selected
from chance seedlings over 100 years ago. By this pe-
riod, apple had reached all the corners of the world, as
emigrants from the Old World introduced them into
their new home countries. In Asia, these varieties of-
tenreplaced thelocal varieties selected from the native
species M. prunifolia and its cultivated species M. asi-
atica (Morgan and Richards 1993). It is only recently
that bred cultivars developed in the 1930/40s and in-
troduced in the 1960/70s, such as Royal Gala (Kidd’s
Orange Red x Golden Delicious), Jonagold (Delicious
x Jonathan), Fuji (Ralls Janet x Delicious), and Elstar
(Ingrid Marie x Golden Delicious), have made major
inroads in some countries, even completely replac-
ing existing cultivars. For example, China’s enormous
growth in apple production is entirely due to the in-
troduction of Fuji.

1.1.2
Apple Production and Exports

With the advent of the new bred cultivars, apple
production started to increase rapidly, with several
Southern Hemisphere countries, into which apple was
introduced, starting to develop major apple indus-
tries as they took advantage of the seasons being op-
posed to those in the Northern Hemisphere (Morgan
and Richards 1993). Table 1 shows that in 2004, the
world production of apples was an estimated 59 mil-
lion metric tonnes (MT) produced on 5,280,638 ha of
trees (http://faostat.fao.org). After bananas (71 mil-
lion MT), grapes (65 million MT) and oranges (63
million MT), apples are the fourth biggest fruit crop
in the world and production is more than three times
that of pears (18 million MT). At 20.5 million MT,
China produced over one third of the world produc-
tion, with the USA being a distant second at 4.3 million
MT (Table 1). However, many of the large producers
do not export much of their crops, as they have large
internal markets, with most of the fruit probably be-
ing processed. At 6.2 million MT, about 10% of the
world production of apples is exported.

1.1.3
Breeding Strategy

The traditional method of apple improvement by se-
lecting the best phenotypes from seedlings grown
from open-pollinated seeds was replaced by delib-
erate hybridization about 200 years ago. The science
of breeding started with the first controlled cross-
pollinisation carried out by Thomas Knight early
in the nineteenth century (Brown 1975). However,
initially little progress was made in improving ap-
ple cultivars through controlled crossing, which has
been attributed to poor selection of parents (Janick
et al. 1996). The success of the relatively recent intro-
ductions must be attributed to the selection of par-
ents with good fruit quality. Royal Gala, Fuji, and
Jonagold were selected in the first generation from
the best commercial cultivars, notably Golden Deli-
cious and Delicious, available at the time of cross-
ing.

Table 1. Estimated apple production (for 2004) and exports
(for 2003) (x 1000 metric tonnes) by country (FAOSTAT data)

Country Production Export
China 20,503 609
USA 4,290 546
Poland 2,500 349
France 2,400 804
Iran 2,350 109
Turkey 2,300 19
Ttaly 2,012 708
Russian Federation 1,900 1
Germany 1,600 70
India 1,470 9
Argentina 1,262 200
Chile 1,100 601
Brazil 978 76
Japan 881 17
Ukraine 850 10
Romania 810 0
South Africa 701 326
Hungary 680 8
North Korea 660 0
Spain 614 73
New Zealand 550 323
Mexico 503 0
Uzbekistan 500 4
Egypt 485 0
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Apple is self-incompatible and highly heterozy-
gous, which results in very diverse progeny with only
a few of them being a major improvement on the
parents. As most characters are under polygenic con-
trol, low efficiency in genetic improvement of breed-
ing lines together with a long juvenile period make
breeding in this crop a slow and expensive pro-
cess. Hence most apple breeders cannot afford long-
term breeding strategies based on recurrent selection
achieving incremental gains for a range of charac-
ters in each generation (Bringhurst 1983; Oraguzie
et al. 2004). Instead, the most common breeding strat-
egy in apple is a limited version of recurrent selec-
tion, which is applied to fewer but larger progenies
derived from a limited number of parents, selected
for a few characters to be improved in a new cul-
tivar (Janick et al. 1996). As breeders cannot afford
the time to develop test-crosses to assess the abil-
ity of crossing combinations to achieve the breed-
ing goals (Bringhurst 1983), there will be an aspect
of chance in the parent selection for a high spe-
cific combining ability (SCA) with regard to quan-
titatively inherited traits. The effect of parents with
poor fruit quality is illustrated by the breeding of
scab-resistant cultivars carrying the Vf gene from M.
x floribunda 821, a crabapple with small fruit of low
quality. The first cultivar, Prima (Dayton et al. 1970),
is an F, descendant of M. x floribunda and was in-
troduced about 30 years after the Purdue-Rutgers-
Ilinois (PRI) breeding program started with the spe-
cific objective of developing pest and disease resis-
tant cultivars (Crosby et al. 1992). In spite of an “un-
ceasing, single-minded emphasis on moving the Vf
gene into an adapted type” (Janick et al. 1996), 35
years later there still are no cultivars that have had
a considerable impact on pipfruit production by re-
placing major susceptible cultivars. Breeders have not
been able to make the scab-resistant cultivars “catch
up” with the eating quality expected of new cultivars
today. Nevertheless, the program might have made
still less progress if the breeders had been aiming
to achieve too many breeding objectives at the same
time, which creates inefficiencies as large numbers
of seedlings are required to improve the chances of
meeting all selection criteria (Brown 1975; Oraguzie
et al. 2004).

1.1.4
Breeding Objectives

The principal breeding objective for apple is to in-
crease the marketability of the fruit (Janick et al.
1996). As most breeding programs aim to develop
new cultivars for the fresh market, the emphasis is
on appearance and eating quality meeting the con-
sumers’ expectation of pleasurable fruit consumption,
linked with storability to extend the market window.
Selection criteria for external quality mostly pertain
to skin color, the pattern and amount of fruit cov-
ered with color, and the size and shape of the fruit,
while internal quality is predominantly determined
by flesh texture and flavor (Janick et al. 1996). How-
ever, selection criteria may differ in accent, as dif-
ferent breeders aim to develop new cultivars specific
to the particular market they target (Laurens 1999)
and long-term breeding goals are being increasingly
determined by consumer preference research. For ex-
ample, in reply to an increased consumer interest in
the nutritional value of fruit and vegetables, apple is
currently being investigated particularly as a source
of antioxidants (Davey and Keulemans 2004; Thielen
et al. 2004; Lichtenthaler and Marx 2005), which may
help prevent diseases and ageing (Raskin and Ripoll
2004; Graziani et al. 2005). On the other hand, a health
concern is that apple is a well-known source of aller-
gens. Genetic markers have been identified for genes
controlling development of allergens in apple (Gao
et al. 2005a, b) (see also Sect. 1.3.2.5.6) and ways are
being sought to reduce their negative effect (Hoffman-
Sommergruber and the SAFE consortium 2005).
Breeding for pest and disease resistance comes
aclose second asamajor objective (Laurens 1999). Ap-
ple is host to a wide range of pests and diseases (Way
et al. 1989), many of which need to be controlled in
order for commercial production to be profitable. The
use of plant resistance is widely regarded as the pre-
ferred means of controlling pests and diseases. There
are major socio-economic advantages in using resis-
tant cultivars, because they help reduce production
costs and diminish the effects on the users and en-
vironment because of the reduced requirements for
equipment, labour, and fossil fuels (Way et al. 1989;
Hogenboom 1993). However, while the potential ben-
efits of resistance breeding are large with regard to
the wider impact of pesticide use, the savings to the
grower in the direct costs of disease protection are
only about 4% of the value of the annual crop (Merwin
et al. 1994). The savings also may easily be offset by
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market fluctuations and may be reduced by the emer-
gence of other diseases requiring additional control
(Merwin et al. 1994). Consumer objection to the use
of pesticides was a significant driver for apple breed-
ers to include resistance breeding as a major objective
in the development of new cultivars (Laurens 1999),
but this to date has not translated into consumers
showing a preference for resistant varieties. Although
new resistant selections with improved fruit quality
are available (Crosby et al. 1992; Fischer et al. 1999),
their success in the market place is determined fore-
most by their ability to differentiate themselves based
on appearance and texture in direct competition with
the current susceptible cultivars (Murphy and Schertz
Willet 1991; Merwin et al. 1994). Therefore, the value
of disease resistance to the marketers may prove to
be only incremental, until resistant varieties provide
an opportunity to rapidly reap the financial benefits
of increased demand for fruit produced with reduced
chemical inputs, e.g. in organic production systems.
These gains will be realised in the long-term only if
resistances are durable.

Climatic adaptationis a general breeding objective
that ensures trees are productive, bear regularly, and
produce fruit with minimal defects, and is achieved by
selecting for tree habit, vigor, duration of the juvenile
period,and flowering season (Janick et al. 1996). A few
breeding programs have more specific objectives to
meet the needs of their industries, e.g. adaptation to
cold hardiness for climates with severe winters, or low
chilling requirements for some subtropical climates.
New cultivars often are selected to replace cultivars
occupying certain market windows, but in some cases
the aim is to extend the marketing period by selecting
for very early, or very late maturing cultivars (Laurens
1999).

1.1.5
Molecular Markers and Genetic Maps

Most of the molecular research to date has focused on
identifying genetic markers for pest and disease re-
sistance genes, as apple has proved to be a rich source
of simply inherited resistance genes with major ef-
fects (Table 2). Initially, isoenzymes were used, but
they were rapidly superseded by DNA-based mark-
ers (see Sect. 1.2). Many different types of markers
are available to breeders now, but it has become clear
that highly informative markers, such as microsatel-
lite (SSR) and single nucleotide polymorphism (SNP)

markers are required to identify resistance genes
that are linked or residing in clusters (e.g. Bus et al.
2005b). To date, the primary use of genetic markers
in resistance breeding has been in the application of
marker-assisted selection (MAS) for pyramided re-
sistance genes in seedling progenies, but they also
are an important tool for germplasm screening for
sources of resistance (see Sect. 1.5), in host-pathogen
interaction research, and map-based cloning of re-
sistance genes (see Sect. 1.6). The mapping of resis-
tance gene loci increasingly shows that they are often
linked (Hemmat et al. 2003; Bus et al. 2005a, b), or
form part of a gene cluster (Vinatzer et al. 2001; Xu
and Korban 2002b). Recent research has also shown
that quantitative trait loci (QTL), e.g. for scab resis-
tance, map to the same chromosomal regions as major
genes (Durel et al. 2003; Calenge et al. 2004), which
suggests that these QTLs probably include residual
resistance of “defeated” major effect genes (Peder-
sen and Leath 1988). The same research has shown
that some QTLs are isolate-specific, which suggests
that they conform to a gene-for-gene relationship and
therefore are subjected to the same risk of resistance
“breakdown” as major effect genes (see Sect. 1.4). In
apple, gene-for-gene relationships have been demon-
strated for Venturia inaequalis (Boone and Keitt 1957;
Williams and Shay 1957; Bagga and Boone 1968a,
b); and apple-cedar rust Gymnosporangium juniperi-
virginianae (McNew 1938; Niederhauser and Whet-
zell 1940; Aldwinckle 1975b). The presence of bio-
types overcoming major resistance genes suggests
that gene-for-gene interactions exist for woolly ap-
ple aphid (Eriosoma lanigerum Hausm.) (Giliomee
et al. 1968; Sandanayaka et al. 2003) and the rosy leaf
curling aphid (Dysaphis devecta WIk.) (Alston and
Briggs 1968, 1977). Major gene resistances against
powdery mildew are also common, while resistance to
diseases, such as fire blight and crown rot are predom-
inantly under polygenic control. The same applies
to polyphagous insect species, such as leafrollers, al-
though it recently was shown that the resistance to the
New Zealand native leafroller species Ctenopseustis
obliquana Walk. in Prima is controlled by a major
gene (Wearing et al. 2003).

QTL mapping is becoming more important in ap-
ple breeding as more QTLs are detected not only for
pest and disease resistance characters, but increas-
ingly for fruit and tree characters as well (King et al.
2000, 2001; Durel et al. 2003; Liebhard et al. 2003a, c;
Calenge et al. 2004; Stankiewicz-Kosyl et al. 2005).
Successful mapping of QTL for use by breeders re-
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Table 2. Major genes for resistance or susceptibility” in apple

Gene Species Malus source Reference

Apple scab

Va Venturia inaequalis Antonovka PI172623 (Hough et al. 1970)

Vb Venturia inaequalis Hansen’s baccata #2 (Dayton and Williams 1968)
Ve Venturia inaequalis Cathay (Korban and Chen 1992)
Vbj Venturia inaequalis Malus baccata jackii (Dayton and Williams 1968)
vd Venturia inaequalis Durello di Forli (Tartarini et al. 2004)

\%3 Venturia inaequalis M. floribunda 821 (Hough et al. 1953)

Vfh Venturia inaequalis M. floribunda 821 (Bénaouf and Parisi 2000)
Vg Venturia inaequalis Golden Delicious (Bénaouf et al. 1997)

Vh8 Venturia inaequalis M. sieversii W193B (Bus et al. 2005a)

Vi Venturia inaequalis Jonsib (Korban and Chen 1992)
Vm Venturia inaequalis M. micromalus 245-38 (Dayton et al. 1970a)

Vh2 Venturia inaequalis Russian apple R12740-7A (Bus et al. 2005b)

Vr2 Venturia inaequalis Russian apple R12740-7A (Patocchi et al. 2003)

Vh4 Venturia inaequalis Russian apple R12740-7A (Bus et al. 2005b)

Powdery mildew

Pl-1 Podosphaera leucotricha M. x robusta OP 3762 (Knight and Alston 1968)
Pl-2 Podosphaera leucotricha M. x zumi OP 3752 (Knight and Alston 1968)
PI-8 Podosphaera leucotricha M. sargenti 843 (Korban and Dayton 1983)
Pl-d Podosphaera leucotricha D12 (Visser and Verhaegh 1980)
Pl-m Podosphaera leucotricha Mildew Immune Selection (Dayton 1977)

Pl-w Podosphaera leucotricha White Angel (Batlle and Alston 1996)
Aphids

Er-1 Eriosoma lanigerum Northern Spy (Knight et al. 1962)

Er-2 Eriosoma lanigerum M. x robusta (King et al. 1991)

Er-3 Eriosoma lanigerum Aotea (Bus et al. 2000)

Sd-1 Dysaphis devecta Cox’s Orange Pippin (Alston and Briggs 1968)
Sd-2 Dysaphis devecta Northern Spy (Alston and Briggs 1977)
Sd-3 Dysaphis devecta M. x robusta OP MAL59/9 (Alston and Briggs 1977)
Sm-h Dysaphis plantaginea M. x robusta OP MAL59/9 (Alston and Briggs 1970)
Miscellaneous pests and diseases

Cob-1 Ctenopseustis obliquana Prima (Wearing et al. 2003)

Gb* Glomerella cingulata Golden Delicious (Thompson and Taylor 1971)
Gy-a Gymnosporangium juniperi-virginianae Spartan (Aldwinckle et al. 1977)
Gy-b Gymnosporangium juniperi-virginianae Spartan (Aldwinckle et al. 1977)

Pc Phytophthora cactorum Northern Spy (Alston 1970)

Ps-17 Phyllosticta solitaria Jonathan (Mowry and Dayton 1964)
Ps-2% Phyllosticta solitaria Idared (Mowry and Dayton 1964)

quires appropriate and rigorous phenotyping tech-
niques, as well as maps saturated with markers that
are transportable across genetic backgrounds. The de-
velopment of the genetic marker maps, e.g. Liebhard
et al. (2002, 2003b), perhaps is the easier task, as the
meaningful measurement of some quantitatively in-
herited characters, such as fruit texture (King et al.
2001), is difficult and further complicated by environ-
mental factors (Kearsey and Luo 2003).

In this chapter we describe the advances made in
the development and application of molecular tech-
niques in apple breeding to date. We cover the areas
of genetic map construction, gene mapping, identi-
fication of QTLs, the application of MAS and map-
based cloning, following the gene annotation of Al-
ston et al. (2000). Finally, we will discuss the most
advanced technologies that are being developed, and
future directions of cultivar improvement.
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1.2
Construction of Genetic Maps

1.2.1
Brief History of Genetic Mapping in Apple

The earliest genetic maps of apple were developed in
the USA and took advantage of the ready availability of
Random Amplified Polymorphic DNA (RAPD) mark-
ers during the nineties. They also included a small
number of isoenzyme markers (Hemmat et al. 1994;
Conner et al. 1997). These maps were specific to the
genetic background of the mapping parents because
of the poor transferability of RAPD markers. For that
reason, an international initiative based in Europe
developed a genetic map with a number of codom-
inant transportable markers. These were mostly Re-
striction Fragment Length Polymorphisms (RFLPs)
plus a few microsatellite markers (Maliepaard et al.
1998). The most complete map to date is constructed
with 129 microsatellites, as well as larger numbers
of dominant Amplified Fragment Length Polymor-
phisms (AFLPs) and RAPDs to assist in filling in gaps
(Liebhard et al. 2003b). Such robust polymerase chain
reaction (PCR)-based saturated reference maps are
essential for whole genome scanning and for under-
standing complex traits controlled by several Quan-
titative Trait Loci (QTLs). Several groups worldwide
are currently developing transportable genetic maps
for apple and a fully saturated consensus map of apple
is still required.

1.2.2
First-Generation Maps

Progress in construction of apple genetic maps is
summarized in Table 3. The first map (Hemmat et al.
1994) exhibits isoenzyme, RFLP and RAPD markers
distributed over 21 and 24 linkage groups, for the
cultivars Rome Beauty and White Angel, respectively.
Neither of these cultivars was being used in the Cor-
nell University breeding program at the time. How-
ever, the second set of maps, for accessions Wijcik
MclIntosh, NY 75441-67 and NY 75441-58, that were
being used in that breeding program, also relied heav-
ily on the contribution of RAPD markers, limiting
their usefulness in other progenies. The number of
linkage groups (19, 16 and 18 respectively) had been
reduced to a number closer to that of the chromo-
some number of Malus (n = 17), indicating that these

maps were more saturated than previous ones (Con-
ner et al. 1997).

Because of the low transferability of RAPD mark-
ers between different cultivars and laboratories, sev-
eral groups have developed more specific microsatel-
lite markers (also called SSRs or Simple Sequence
Repeats). These highly polymorphic and transfer-
able markers proved to be the marker of choice. The
first microsatellite markers mapped in apple included
some of those identified by Guilford et al. (1997) and
Hemmat et al. (1997), as well as four developed by
Horticulture Research International (HRI), Welles-
bourne, UK. The use of these markers, plus a number
of codominantly segregating isoenzymes and RFLPs
in a Prima x Fiesta population of 152 seedlings, per-
mitted alignment of the 17 linkage groups and con-
struction of the firstintegrated apple map (Maliepaard
et al. 1998). This initial apple reference map utilized
a small number of AFLP markers as well as RAPDs
to assist in filling the longer intervals. The culti-
vars Prima and Fiesta are used in European breed-
ing programs and as such are central to the succes-
sion of research programs on genetic mapping in ap-
ple situated there: European Apple Genome Mapping
Project (EAGMP), Durable Apple Resistance in Eu-
rope (DARE) (Lespinasse and Durel 1999) and High-
Quality Disease Resistant Apples for a Sustainable
Agriculture (HiDRAS). Information from this collab-
oration, plus that from the mapping of 41 microsatel-
lite markers in the White Angel x Rome Beauty popu-
lation (Hemmat et al. 2003) enabled cross-referencing
of US linkage group numbering with that adopted in
Europe. This Prima x Fiesta population has been used
to map QTL for apple scab (Durel et al. 2003) and fire-
blight (Calenge et al. 2005b) (see Sect. 1.4.2).

The genetic map constructed in a Fiesta x Dis-
covery population of 267 individuals (Liebhard et al.
2003b) contains the largest core of robust PCR based
markers to date, namely 129 microsatellites, includ-
ing loci identified by Gianfranceschi et al. (1998) and
Liebhard etal. (2002). These markers are supple-
mented by 710 dominant RAPDs and AFLPs, en-
abling a good coverage of the 17 linkage groups.
The construction of this map was aided by the use
of a robotic workstation to set up the large num-
ber of PCR reactions required. This reference map
has already been used as the framework for mapping
QTL (Liebhard et al. 2003a, ¢; Calenge et al. 2005a, b)
- (see Sect. 1.4 below) and Resistance gene analogs
(RGAs) that are homologues of nucleotide binding-
site (NBS)/leucine-rich repeat resistance genes (LRRs)



Table 3. Genetic maps of apple

Cross Pop size Number Marker Type Length of map Reference Traits

of markers
Female Male Isoen- RFLPs RAPD AFLP  Micro- Others cM (female, male)
parent parent zyme satellite

Rome Beauty x 56 156 253 34 8 367 - - - -, 950 Hemmat Pl-w

White Angel etal. 1994

Wijcik McIntosh x 114 238 110 6 - 138 - - - 1206 (integrated WM),  Connor Skin color,

NY 75441-67 692 etal. 1997 Vf, columnar

habit, juice pH

Wijcik McIntosh x 172 181 183 6 - 266 - - - 1206, 898 -

NY 75441-58

Prima x Fiesta 152 194 163 17 124 133 9 10 SCAR=1Rf, 842,984 Maliepaard Vf, Sd-1,
BC226 et al. 1998 Ma, SI

Fiesta x Discovery 112 202 227 - - 217 118 914, 1015 Liebhard -

et al. 2002

Fiesta x Discovery. 267 439 499 - - 235 475 129 SCAR =1Rf, 1144,1455 Liebhard -

- - - - - - - - BC226 (F x D integrated 1371) et al. 2003b -

Fiesta x Discovery 44 - - - - - - - 18 RGAs Partial map, based Baldi RGAs

(subset (NBS LRR) on Liebhard et al. 2003b et al. 2004
of 112)

Discovery x TN10-8 149 - - 13 - - 102 62 22 RGAs 1,219 (integrated map) ~ Calenge Vg, scab QTL,
(43 bands et al. 2004, 2005 RGAS
generated by
NBS profiling
mapped)

Telamon x Braeburn 257 259 264 - - - 463 20 1039, 1245 Kenis and For QTL analysis

Keulemans 2005 growth habit
and fruit quality

aiddy 1 1adey)

L
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(Baldi et al. 2004). These RGAs were isolated using
a PCR-based strategy based on degenerate primers
for conserved sequence motifs in the NBS region
and include members of the two major groups of
NBS-LRRs described in plants - those possessing
a toll-interleukin repeat region, and those lacking it.
Eighteen NBS-LRR analogues were mapped as either
cleaved amplified polymorphic sequences (CAPS) or
single-strand conformation polymorphism (SSCP)
markers. These RGAs were distributed widely over
the apple genome, covering 12 linkage groups. Po-
tential clustering and association with loci conferring
pathogen resistance was noted.

Employment of at least two microsatellite mark-
ers per linkage group from this map enabled Calenge
et al. (2004, 2005b) to orientate an integrated map con-
structed in a related Fiesta x Discovery progeny with
regard to the two earlier reference maps (Maliepaard
etal. 1998; Liebhard et al. 2003b). They then used NBS
profiling (Van der Linden et al. 2004) to simultane-
ously amplify and map 23 polymorphic markers with
sequence homology to Malus NBS-LRRs, as well as
20 markers with unrelated homologies (Calenge et al.
2005a). Most of the NBS markers were organized in
more or less extended clusters, as found in other plant
species (Michelmore and Meyers 1998; Young 2000).
An extended cluster comprising 13 markers on Link-
age Group 2 in a region around Vr2 is particularly
noteworthy (Calenge et al. 2005a). Tight clusters dis-
playing no recombination events were observed on
LG 2,LG 10 and LG 17. NBS markers mapped close to
major scab and powdery mildew resistances on LG 2,
LG 8, LG 10 and LG 12 (Vr2, Pl-w, Vd and Vg respec-
tively) and to QTLs for resistance to scab and powdery
mildew identified previously in this progeny (Calenge
et al. 2003, 2004, Calenge and Durel 2006).

The recent construction of a genetic map in
a progeny from Telamon x Braeburn has added a fur-
ther resource for QTL analysis of columnar growth
habit and of fruit quality (Kenis and Keulemans 2005)
Interestingly, this is the first map in Braeburn, a key
cultivar in the New Zealand breeding program, where
apopulation of atleast 600 plants of Royal Gala x Brae-
burn is being developed for mapping of fruit quality
attributes (R. Volz, unpublished). The application of
the planned QTL analyses from the Telamon x Brae-
burn progeny to studies of fruit quality in other pro-
genies would be improved by adding more microsatel-
lite markers, as these are low (20) in comparison to
the Fiesta x Discovery and Discovery x TN-8 maps
(129 and 62) respectively. It has been reported that

in Europe a molecular marker map is already under
construction for Fuji x Mondial Gala, and that one
for Fuji x Braeburn was initiated in 2005 (Costa et al.
2005). These maps in aggregate will provide a valuable
resource that will enable rapid progress to be made in
establishing the genetics of apple fruit quality.

The recent development of large numbers of Ex-
pressed Sequence Tag (EST) sequences for apple
(Crowhurst et al. 2005; Korban et al. 2005; Newcomb
et al. 2006) has given apple researchers access to a new
source of a vast number of potential markers (there
are currently nearly 260,000 Malus sequences in the
public database, GenBank). Polymorphic microsatel-
lite sequences have been identified in great numbers
in the EST databases. These EST-microsatellites are
being added to those previously developed from both
genomic DNA and from the untranslated regions of
apple cDNAs. The first apple genetic map utilizing
EST-microsatellites is under construction in a cross
between Royal Gala and A689-24 (E. Rikkerink et al.,
work in progress). Single Nucleotide Polymorphism
(SNP) markers are also being developed using ESTs.
These markers are present throughout the genome
and can be used directly to map genes that are hy-
pothesized to be involved in the trait of interest (i.e.
are candidate genes). SNPs are already widely used
for genetic mapping and association studies in hu-
man, animals and plants and represent the markers
that will be used in second generation maps in apple.

1.23
Genome Organization and Homeology

There are several hypotheses concerning the allote-
traploid (or amphidiploid) origin of domestic ap-
ple (see Sect. 1.1 and Maliepaard et al. 1998), each
of which imply a certain level of duplication within
the genome. Maliepaard et al. (1998) were the first
to identify the duplication of an entire linkage group
(LG 5and LG 10) by examining the positions of multi-
locus EST-RFLP markers on a molecular marker link-
age map of the cross Prima x Fiesta. An update of
this map (Van de Weg et al., in preparation) identified
additional duplications (Fig. 1). The amount of ho-
mology differed across linkage groups. Some linkage
groups seem to be entirely homoeologous to a sin-
gle other linkage group, such as LG 5 and LG 10, LG
13 and LG 16, and LG 9 and LG 17. Other linkage
groups are composite, with several segments, each
of which is homoeologous to a segment of a differ-
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ent linkage group. For instance, the proximal part of
LG 4 is homoeologous to the proximal part of LG 6,
while the more distal part of LG 4 is homoeologous
to the distal part of LG 12 (Fig 1). While LG 5 and
LG 10 are clearly homoeologous to each other, they
also have some markers in common with LG 9 and
LG 17 (MC109, MC224, CH04c06). Similarly, LG 3 and
LG 17 have two EST-RFLP markers in common, and
thus share partial sequences. These shared markers
may be due to different genes of a gene family that are
dispersed over pairs of homoeologouslinkage groups,
e.g.Mald 1(Gao et al.2005b; and Sect. 1.3.2.5.6) where
Mal d 1 represents a gene cluster of seven genes on LG
13 and nine on LG 16.

The order in map position of markers is some-
times slightly different between homoeologous seg-
ments. It is not clear whether these differences are
real, and arose from genomic rearrangements, or are
artefacts due to tension among marker scores during
the integration of unbalanced maternal and paternal
data sets. For the composite LG 4, LG 6, LG 12 and LG
14, an inversion may have occurred during transloca-
tion events, either for the proximal parts of LG 4 and
LG 6, or the distal parts of LG 6 and LG 14. Based on
these results, Van de Weg et al. (in preparation) pro-
posed to change the Maliepaard (1998) orientation of
LG 2, LG 5 and LG 13 to make them consistent with
that of their homoeologous linkage groups, thus facil-
itating comparative analysis within the apple genome.

1.2.4
Comparative Mapping Across Genera

In comparison to other plant systems, for which com-
parative genome mapping has proven to be a valu-
able approach both to study genome evolution and to
transfer mapping information between genera, only
preliminary studies have been carried out to compare
the genome maps of apple with others.

1.2.4.1

Malus and Pyrus

The first example of comparative genome mapping
between apple and other members of the Maloideae
has been the alignment with the linkage maps of pear.
In the course of developing maps for Japanese (Ho-
sui) and European (Bartlett) pears, Yamamoto et al.
(2004) located 36 apple microsatellite loci (Liebhard
et al. 2002) on the pear map. All pear linkage groups

were aligned to the apple consensus map, suggesting
conservation of genome organization between apple
and pear. This was confirmed in the conservation of
the order of loci and the distances between them,
which is in agreement with the conserved karyotype
between the two genera. An extension of this study
to include 69 apple microsatellites and the pear culti-
var La France confirmed this finding (Yamamoto et al.
2005). In the same way, apple microsatellite markers
from LG 10, 12 and 14 have been mapped in detail on
three pear linkage groups by Pierantoni et al. (2004),
following the characterization of more than 100 apple
microsatellites in four cultivars of pear. For practical
purposes, comparative mapping could help to transfer
genomic information from apple to the less-studied
pear. As a first example, Yamamoto et al. (2005) lo-
cated the Vnk locus for the resistance to pear scab
(Venturia nashicola) on LG 1 of the Japanese pear
cultivar Kinchaku, 33 cM from the map position of
CH-V12, a close marker for the Vf resistance to ap-
ple scab in Malus (Vinatzer et al. 2004). These studies
indicate that further, more detailed map alignment
between apple and pear could help pear researchers.

1.2.4.2

Malus and Prunus

In the first comparison between genomes within the
Rosaceae family, 30 lociin the Prunusalmond x peach
(Texas x Earlygold) reference map were found to have
homologous counterparts in the Prima x Fiesta ap-
ple reference map (Dirlewanger et al. 2004). Gener-
ally one linkage group of Prunus corresponds to two
homeologous apple linkage groups because of the al-
lotetraploid origin of the apple genome, e.g. Prunus
LG 4 with apple LG 5 and LG 10; half of Prunus LG 1
with apple LG 13 and LG 16. As well as these large
collinear blocks, major genome rearrangements were
identified, e.g. the rearrangement between LG 1 of
Prunus and LG 8, LG 13 and LG 16 of Malus. However
the synteny seems conserved between the two species.
Nevertheless, considering the high economic impor-
tance of Malus and Prunus species, and in regard to the
complementarity of the genomic resources for the two
systems (i.e. large characterized EST datasets in ap-
ple compared with physical map and small genome in
peach), a high-density alignment of the two genomes
should be a priority in the next few years, in order to
consider the Rosaceae genome as a single system, as
has been done for cereals (Keller and Feuillet 2000).
Consideration needs to be given to the type of mark-
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ers to be used. Dirlewanger et al. (2004) found that
microsatellite markers were not as useful as RFLPs
and isoenzymes for map comparisons, because only
a small proportion of microsatellites mapped had
more than one copy.

1.3
Gene Mapping

The task of identification of genetic markers for resis-
tances to the economically significant pests and dis-
eases of apple (i.e. apple scab, powdery mildew and
rosy and woolly apple aphid) has been simplified by
the large number of resistances to these pathogens
that are controlled by major genes (Table 2). A num-
ber of major apple resistance genes have now been as-
signed to linkage groups; Vf (Maliepaard et al. 1998)
- to LG 1, Vm to LG 17 (Patocchi et al. 2005), Vr2,
Vh2, Vh4, Vt57, Vbj and Vh8 to LG 2 (Bus etal
2004; Gygax et al. 2004; Patocchi et al. 2004; Bus et al.
2005a,b), Sd-1 and Sd-2 to LG 7 (Maliepaard et al.
1998; Cevik and King 2002a), PI-w plus Er-1 and Er-3
to LG 8 (Maliepaard et al. 1998; James and Evans 2004;
Chagné, Gardiner and Durel, unpublished), Vd to LG
10 (Tartarini et al. 2004), PI-2 to LG 11 (Seglias and
Gessler 1997), Vg plus Pl-d and Vb to LG 12 (Durel
et al. 1999; James et al. 2004; Erdin et al. 2006).

1.3.1
Methods Used to Map Major Genes in Apple

For major gene resistances, the relatively speedy
process of BSA (Bulked Segregant Analysis) suf-
fices, rather than the time-consuming development
of a complete map for the variety in question. This in-
volves identification of markers using pooled DNA
from a number of resistant and susceptible plants
(Michelmore etal. 1991), in order to develop par-
tial maps around resistance loci. The earliest mark-
ers for apple resistance genes were obtained using
BSA with RAPDs and the method is still widely uti-
lized by some groups. The efficiency of gene tag-
ging with anonymous markers has been further fa-
cilitated by the introduction of automation for DNA
extraction from plant tissue, setting up PCR reac-
tions and loading of agarose gels (Cook et al. 2002;
Cook and Gardiner 2004). Reproducibility of reac-
tions using RAPD primers is enhanced by automa-
tion, and a laboratory throughput of 1,200 samples

in a 24-hour period is now possible. RAPD mark-
ers are normally converted to more robust sequence
specific markers (e.g. SCARs, sequence characterized
amplified region), CAPS (cleaved amplified polymor-
phic sequence) for final map construction and use for
MAS.

The publication of the comprehensive micro-
satellite-based framework map of Liebhard etal.
(2003b) has opened up the way to whole genome
scanning in apple. Patocchi etal. (2004, 2005 and
Erdin et al. 2006) first utilized this approach in their
identification of a microsatellite marker linked to
Vr2 and later to locate Vm to LG 17 and Vb to LG 12.
It was successfully modified by James and Evans
(2004) in a screen of bulked DNA from a population
segregating for the Pl-w resistance to enable location
of this gene at the top of LG 8. Later, Rusholme
(unpublished) confirmed the location of PI-2 on
LG 11 in a similar approach, utilizing screening
of bulked DNA of extreme phenotypes with 3-4
microsatellite markers/linkage group. Patocchi et al.
(2005) discuss the significant parameters in setting up
a whole genome scanning experiment. These include
the interdependent parameters of number of plants
and number of microsatellite markers per linkage
group, plus the degree of detail in the microsatellite
map, and polymorphism in the markers. The recent
development of 157 new microsatellite markers brings
the total published markers available to over 300 and
subset of 86 highly polymorphic microsatellite mark-
ers covering 85% of the apple genome with an average
density of one marker per 15 cM have been selected as
a resource for whole genome scanning (Silfverberg-
Dilworth etal; http://www/hidras.unimi.it). EST
databases 2006 are being currently used as a resource
for further microsatellite marker development
(Gardiner and Korban, unpublished).

A drawback of microsatellites is that they are gen-
erally anonymous markers that can be located at large
distances from the resistance genes, and therefore they
may not be the most suitable for MAS in breeding
programs. Another, more recent approach consists of
identifying candidates for the gene, or even the poly-
morphism thatis directly responsible for the observed
phenotype. This approach is commonly termed the
candidate gene approach. Candidate resistance genes
identified by searching EST databases with sequence
or protein motifs from known resistance genes from
model plant systems have proved to be a rich source
of genetic markers for resistance genes in apple. Can-
didates from all known classes of resistance genes
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have proved to generate good markers for apple R
genes (Gardiner et al. 2003). To date candidate gene
markers have been identified for 13 different resis-
tances to apple scab, powdery mildew and woolly
apple aphid. Candidate genes are most economically
screened initially as RFLPs across mini-populations,
and markers mapping as RFLPs close to specific genes
are then converted to PCR-based markers such as
SNPs or SCARs for mapping in large segregating pop-
ulations (Gardiner et al. 2003). Other workers have
found that NBS-LRR homologues generated by PCR
using degenerate primers (Baldi et al. 2004) or from
the new methodology of NBS-profiling (Calenge et al.
2005a) generate effective markers. These frequently
map in the vicinity of known major resistance loci
as well as QTL, accelerating the identification of the
genomic regions where functional resistances are lo-
cated.

1.3.2
Target Traits

1.3.2.1

Apple Scab Resistance Genes

Apple scab resistance genes have received the most
attention by genetic mapping groups, because of the
significance of the economic impact of apple scab on
production. It is also relatively easy to identify mark-
ers for major resistances to apple scab in comparison
with other resistances. This is because of the relative
reliability of phenotypes obtained from glasshouse
screening of very young seedlings from mapping pop-
ulations for response to infection by Venturia inae-
qualis, compared with other pathogens.

1.3.2.1.1 Vf The first report of a marker linked to Vf
was that of the isoenzyme Pgm-1 (Manganaris et al.
1994) (Table 4). In the same year use of bulked seg-
regant analysis (BSA) enabled speedy identification
of a number of RAPD markers linked to this gene
(Durham and Korban (1994) (OPA15), Koller et al.
(1994) (OPUO1, OPM18), Tartarini (1996) (OPC09)
and Yang and Kruger (1994) (OPD20)). DNA for BSA
was extracted from phenotypic extremes, either from
segregating populations, or from varieties. Further
markers linked to Vf were identified by the same
technique and mapped either directly as RAPDs,
or after conversion to more robust SCAR or CAPS
markers (Gardiner etal. (1996) (OPHO1, OPR16);

Gianfranceschi et al. (1996) (OPUO1, OPM18); Tar-
tarini (1996) (OPAM19, OPAL07); Yang et al. (1997a)
(OPAR4); Yang et al. (1997b) (OPK16); and Hemmat
etal. (1998) (S5, B505, S29, P198, B398)). Vf was
mapped to LG 1 of Prima on the reference map of
Maliepaard et al. (1998).

King et al. (1998) and Patocchi et al. (1999a) devel-
oped fine maps around Vf, locating this resistance in
a short interval between OPM18 and OPALO07, thus re-
solving discrepancies among earlier maps concerning
the relationship of these two markers and VY. Later,
the colocation of OPAM19 and OPALO7 reported by
King et al. (1998) was confirmed by Tartarini et al.
(1999). Xu and Korban (2000) constructed a highly
saturated AFLP map around Vf using a ‘narrow down’
bulked segregant strategy and converted these mark-
ers to SCARs (Xu et al. 2001a). These were later em-
ployed to develop a revised higher order fine map
around Vf (Huaracha et al. 2004). The closest SCAR
markers to Vf (ACS 3, ACS 7 and ACS 9) are ex-
tremely reliable for MAS. The first physical map of
the Vf region, constructed by Vinatzer et al. (2001),
located four homologs of the tomato Cf gene family
to a 350 kb region around Vf. Xu and Korban (2004)
have performed detailed pairwise sequence compar-
isons among these and concluded that the 4 paralogs
have arisen by divergent selection on 4 original so-
matic variations.

Recently, bacterial artificial chromosome (BAC)
clones within the contig encompassing Vf have been
successfully employed as a source of multiallelic
microsatellite markers (Vinatzer et al. 2004), termed
CHVf-1 and CHVf-2. Analysis of linkage of the
Vf - coupled alleles, plus Vf markers OPM18 and
AL07SCARs indicates that a clone of M. micromalus,
SA573-3, Golden Gem, M. prunifolia 19651 and
M.A. 16 all carry Vf. The use of these markers
in combination will enable breeders to predict
quickly and economically in germplasm collections,
which scab resistant plants carry resistances other
than Vf.

Gardiner et al. (2003) employed RFLP screening of
amini-population of Royal Gala x A172-2 to identifiy
very close linkage to Vf of a candidate apple EST (Gen-
Bank accession DR033891) derived from a Royal Gala
(susceptible) library. This EST possesses homology to
the Hcr-Vf resistance genes and mapped to the same
region on LG 1 of A172-2 as markers derived from
the candidate genes of Xu and Korban (2002b). Sev-
eral other apple candidate ESTs mapped to Vf more
distantly.



Table 4. Mapping of Vf resistance to apple scab

Progeny No. sdlgs Method Markers (marker/distance) Marker class Reference
(cM from Vf)
A. Initial Jonathan x A849-7 37 Segregation analysis Pgm-1/8 isoenzyme Manganaris et al. 1994
mapping Idared x A679-12 58 - - - -
Prima x Spartan 63 - - - -
Liberty x Royal Gala 39 - - - -
COOP selections, commercial cultivars 15 BSA OPA159g/n.d. RAPD Durham and Korban 1994
M. floribunda 821 7 - - - -
Idared x M. floribunda 821 59 BSA OPUO01400/19.7 RAPD Koller et al. 1994
- - OPM18909/10.6 RAPD -
Susceptible cultivars plus: 10 BSA OPD20ggo/n.d. RAPD Yang and Kruger 1994
Prima x A142/5 (resistant sdlgs), 5 - (25.0, 20.0% recombination - -
M.floribunda, Pillnitz (for BSA) frequency)
81/19-35 x Margol (mapping) 28 - - - -
81/19-35 x 87/7-10 (mapping) 158 - - - -
Granny Smith x A679-2 98 BSA OPHO11190/10 RAPD Gardiner et al. 1996
Royal Gala x A172-2 160 - OPR16490/14, 13 - -
Florina x Nova Easygro 500 Cloning/sequencing OPUO01490/4 RAPD — SCAR Gianfranceschi et al. 1996
Florina x Golden Delicious 100 - OPM18450,230,170/1.9 RAPD — CAPS -
Prima x Golden Delicious 40 BSA OPM192200/0.9 RAPD Tartarini 1996
- - - OPAL07580/0.9 RAPD -
- - - 0C09900/8.8 RAPD -
- - - OPC081100/15.5 RAPD -
- - - OPAB19;430/13.4 RAPD -
COOP selections, commercial cultivars 10 BSA OPAR41400/3.6 RAPD Yang et al. 1997a
81/19-35 x 87/7-10 10 - - - -
- 138 Cloning/sequencing OPAR41400/3.6 SCAR
COOP selections, commercial cultivars 10 BSA OPK167300 RAPD Yang et al. 1997b
81/19-35 x 87/7-10 10 - - - -
- 138 Cloning/sequencing OPK16309/4.3 SCAR -
Prima x Spartan (for BSA) 38 BSA based on S57500/1.3 RAPD Hemmat et al. 1998
Pgm-1 genotype B5051700/7.8 RAPD
Golden Delicious x Prima (mapping) 73 - P198 750/26.8 RAPD -
B398 450/10.8 RAPD
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Table 4. (continued)

Progeny No. sdlgs Method Markers (marker/distance) Marker class Reference
(cM from Vf)
B. Fine Prima x Fiesta 155 Genetic mapping (JoinMap 2.0, OPM192200/0.7, RAPD King et al. 1998
mapping Stam and van Ooijen, 1995) OPAL07580/0.7, RAPD
OPM18940/0 RAPD, RFLP
Florina x Nova Easygro 491 Genetic mapping OPALO07466/0.9 SCAR Tartarini et al. 1999
5 other seedling progenies 125 (JoinMap 1.4, Stam, 1993) OPM19526/0.9 SCAR
Florina x Nova Easygro 521 Genetic mapping OPAL07466/1.1 SCAR Patocchi et al. 1999a
Braeburn x FAW 167 279 (JoinMap 1.4, Stam, 1993) OPM18¢((/0.2 CAPS
Fuji x Ariwa 409
Co-op selections 1-38 38 Narrow-down BSA OPM1845(/0.4 CAPS Xu and Korban 2000
Commercial cultivars 10 - ET9MC3-1/0.4 AFLP -
M. floribunda 821 - - EA2GI11-1, EA12MG16-1, AFLPs -
Resistant Co-op selections 38 Genetic mapping (CRI-MAP v 2.4, EA11MG4-1, ET2MC8-1, - -
Green et al. 1990) ET3MG10-1, ET8MG1-1,
ET8MG7-1/0
Co-op 17 x Co-op 16 203 - OPM19556, OPAL07466/0.2 SCARs -
(resistant seedlings) EA9MCI15-1, EAAMG1-1 AFLPs
Jonafree x III. Del.no.1 227 - EA16MG2-1, ETAMC14-1, - -
(resistant seedlings) ET8MG16-1, ET3MG10-2,
ET10MG8-1/0.2
- - Physical mapping HcrVf1, Her V{2, Her V3, Her V4 Gene Vinatzer et al. 2001
mapped to 350 kb interval around Vf homologs
Resistant Co-op selections 38 Genetic mapping OPM18450/0.4 CAPS Xu et al. 2001a
Co-op 17 x Co-op 16 203 (CRI-MAP v 2.4, Green et al. 1990) ACS-6/0.4, SCAR
(resistant seedlings) ACS-3, ACS-7, ACS-9/0 SCARs
Jonafree x III. Del.no.1 227 - OPM19536, OPAL07466/0.2 SCARs -
(resistant seedlings) ACS-1, ACS-2, ACS-4, ACS-5, SCARs
ACS-8, ACS-10, ACS-11/0.2
- - Physical mapping Vfa 1, Vfa2, Vfa3, Vfad Gene Xu and Korban 2002b
mapped to 200kb interval around Vf  paralogs
Royal Gala x A172-2 160 Screening of ESTs with 2 bands from DR033891 mapped RFLP Gardiner et al. 2003
homology to R genes between Vfa 1,2 and Vfa 3,4
16 Crosses 1412 Genetic mapping ACS-6/0.2 SCAR Huaracha et al. 2004
ACS-7, ACS-9/0 SCARs
ACS-3/0.1 SCAR
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1.3.2.1.2 Vm Bulked segregant analysis with RAPD
markers was employed to identify the OPB12 marker
for Vim, using a population three generations removed
from M. x atrosanguinea 804. OPB12RAPD was con-
verted to a SCAR marker and verified in a second pop-
ulation derived from a selection of M. x atrosanguinea
804. Joint segregation analysis on the combined data
indicated a distance of 6 cM between Vm and OPB12
(Cheng et al. 1998) (Table 5). OPB12 has proved re-
cently to belinked to Vm in the breeding parent X2225
derived from M. micromalus (Richards, Rikkerink,
Bassett and Plummer, unpublished). Recently, Pa-
tocchi et al. (2005) performed a whole genome scan
with three selected microsatellite markers per link-
age group to locate Vm at the end of LG 17, the first
major resistance gene in this genomic region. A new
microsatellite marker that co-segregated with the re-
sistance phenotype (Hi07h02) will be invaluable for
MAS.

OPBI12 is also linked to apple scab resistances de-
rived from Red Sauce o.p. F91-135 A002-100 and Ze-
lenovka Sotchnaya o.p. F91-184 A003-020 (Rusholme
et al. unpublished). The same group used bulked seg-
regant analysis of a Red Sauce o.p. population to iden-
tify linkage of OPAY5 to apple scab resistance and
this marker was transferable into M. x atrosanguinea
804 and Zelenovka Sotchnaya o.p. populations. Mi-
crosatellite Hi07h02 has recently been mapped to the
resistance in the M. micromalus, Zelenovka Sotchnaya
o.p and Red Sauce o.p. populations, indicating a close
relationship, if not the same gene, between Vm and
the resistances from Red Sauce o.p. and Zelenovka
Sotchnaya o.p. (Chagné et al. unpublished).

M. micromalus has been reported to carry both
Vm and a ‘masked gene’ (Shay et al. 1953), that has
been demonstrated to be allelic to Vf (Dayton and
Williams 1968, 1970). This second gene is likely to be
that identified by amplification of the Vf specific alle-
les of the microsatellite markers CHVf-1 and CHV{-2
in DNA from M. micromalus (Vinatzer et al. 2004).

1.3.2.1.3 Apple Scab Resistances from Differen-
tial Hosts 2 and 4 that Map to Linkage Group 2
Several streams of research have contributed to the
knowledge of markers linked to apple scab resistances
mapping to LG 2 in differential hosts 2 and 4 derived
from Russian apple R12740-7A (conditioning stellate
necrotic and hypersensitive reactions, respectively).

1.3.2.1.3.1 Vh2 Bulked segregation with RAPDs was
used to identify marker OPL19 that mapped close to
Vh2 from differential host 2 (Gardiner et al. 1999a;

Bus etal. 2000) (Table 5). The use of its deriva-
tive OPL19SCAR for MAS in a second population
was reported by Bus et al. (2002). At this stage, the
host 2 was mistakenly identified in several publi-
cations as accession TSR34T132 from the Purdue-
Rutgers-Illinois apple breeding program (Bus et al.
2005b). However, the correct identification number
is now known to be TSR34T15 (Lespinasse, personal
communication). Hemmat et al. (2002) reported that
a gene they identified as Vr was closely flanked by
a SCAR marker OPB184,g,, and a more distant mi-
crosatellite CH02b10 reported by (Gianfranceschi et
al. 1998). More recent mapping using CH02b10;31pp,
OPL19433bPSCAR and OPZ13900bPSCAR (Gygax et al.
2004) in the population Royal Gala x TSR34T15 has
indicated that Vr and Vh2 are identical and that the
gene maps to LG 2 (Bus et al. 2005b). This was con-
firmed in a second population Sciglo x A68R03T057
derived from a non-differential accession of Russian
apple R12740-7A. It was therefore proposed that the
gene conditioning stellate necrotic reactions from
Russian apple R12740-7A be known as Vh2, and that
the name Vr be reserved for the original race-non
specific gene from this accession.

1.3.2.1.3.2 Vt57 Vt57 was identified in the Sciglo x
A68R03T057 population through the use of differ-
ential screening of the population with several iso-
lates of V. inaequalis (Bus et al. 2005b). It conditions
a chlorotic resistance reaction, and maps 3 cM from
OPL19SCAR on LG 2 (versus 1 cM for Vh2) (Table 5).

1.3.2.1.3.3 Vh4 Similarly, research has been per-
formed in parallel by teams internationally on the
host 4 derivative of Russian apple conditioning
a hypersensitive response. (Hemmat etal. 2002)
reported the identification of a RAPD marker from
primer S22 that they converted to S22SCAR and
mapped in R12740-7A within 9 cM of Vix (Table 5).
In New Zealand, S22SCAR was mapped at a similar
distance or closer to Vh4 in Royal Gala x TSR33T239
populations (Bus et al. 2002; 2005b). This group also
reported a distant linkage of Vh4to OPB10RAPD (Bus
et al. 2000) and OPB10SCAR (Bus et al. 2005b), but
had been unable to identify new markers closer to
the gene. Boudichevskaia et al. (2004) identified the
linkage of OPAD13gsqp,p to a gene they termed V71 that
segregated in three Regia progenies. However consid-
eration of pedigree, resistance phenotype and linkage
information for all markers, including OPAD13g5qppin
the Royal Gala x TSR33T239 population (Gardiner
et al. unpublished) suggests that this gene is iden-



Table 5. Mapping of major scab resistance genes, apart from Vf, in apple

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
Vm Empire x NY74828-12 59 BSA OPB12457/6.0 SCAR - Cheng et al. 1998
(3 generations from
M. x atrosanguinea)
- Royal Gala x OR45T132 184 Verification by genetic mapping - - - -
(selection of
M. x atrosanguinea 804)
Vm Golden Delicious x Murray 142 Whole genome scan Hi07h02/0 microsatellite LG 17 Patocchi et al. in press
CH05d08y/3.5 microsatellite
Vh2 Royal Gala x TSR34T15 192 BSA OPL19550/2.5 RAPD - Gardiner et al. 1999a,
(F2 of R12740-7A) Bus et al. 2000
Vh2 Golden Delicious x TSR34T15 122 Population screen OPL19433/n.d. SCAR - Bus et al. 2002
(8.2% recombination
frequency [r.f.])
Vh2 Empire x R12740-7A 315 BSA OPB18¢0/n.d. (0.8% r.f.) SCAR - Hemmat et al. 2002
- Population screen CHO02b101;/n.d. (7.8% r.f.) microsatellite - -
- - - - (ex Gianfranceschi - -
et al. 1998)
Vh2 Royal Gala x TSR34T15 192 Comparative mapping CHO02b101,1/8.8 OPZ13999/5.0 = microsatellite LG2 Bus et al. 2005b
(JoinMap v. 3.0, (ex Gygax et al. 2004) SCAR
Van Ooijen and Voorrips, 2001) OPL19433/1.0 SCAR
CHO05e03165/10.0 microsatellite
Vh2 Sciglo x A68R03T057 111 As above CHO02b10121/9.0 microsatellite - Bus et al. 2005b
- - OPL19433/5.0 SCAR - -
- - CHO05e03145/4.0 microsatellite - -
VT57 Sciglo x A68R03T057 111 Single strain inoculation, CHO02b10126/2.0 microsatellite LG2 Bus et al. 2005b
comparative mapping OPL19433/3.0 SCAR
(JoinMap v. 3.0, CHO05e03146/4.0 microsatellite
Van Ooijen and Voorrips, 2001)
Vh4 Royal Gala x TSR33T239 242 BSA OPB10s7000/22.1 RAPD - Bus et al. 2000
Vh4 Empire x R12740-7A 315 BSA $221300/n.d. (9.8% r.f.) SCAR - Hemmat et al. 2002
56800/11.(1. (23% I'f) RAPD -
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Table 5. (continued)

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
Vh4 Royal Gala x TSR33T239 154 Population screen S221300/1.d. (9.8% r.f.) SCAR - Bus et al. 2002
Regia x Pingo 191 BSA OPAD13950 n.d. (15% r.f.) SCAR - Boudichevskaia
Regia x Pinova 188 - - - - et al. 2004
Regia x Delbarestivale 97 - - - -
Vh4 Royal Gala x TSR33T239 242 Genetic mapping $221300/4.0 SCAR LG2 Bus et al. 2005b
- - (JoinMap v. 3.0, CHO02c02a17¢/5.0 Microsatellite - -
Van Ooijen and Voorrips, 2001) OPB1052000/19.0 SCAR
- - - OPAD13950/7.0 SCAR - Gardiner et al.
unpublished
Vr2 GMAL 2473 x Idared 377 BSA EA35MA4156,/0 AFLP LG2 Patocchi et al. 2004
- - - EA37MA39:53/0 AFLP - -
- - - CHO02c02a176/0 microsatellite - -
- - - CHO02{06146/6.9 microsatellite - -
Vr2 Fiesta x Discovery 44 Comparative mapping ARGH37/3.5 ARGH17 3.5 RGA RGA - Baldi et al. 2004
Vr2 Discovery x TN10-8 149 Whole genome scan NBS2M9/2.0 NBS marker - Calenge et al. 2005
- - - Comparative mapping NBS2M10/2.0 NBS marker - -
on another framework map NBS2R9/1.0 NBS marker
NBS3M3/1.0 NBS marker
- - - - NBS2M4/2.0 NBS marker - -
- - - - NBS3M1b/3.0 NBS marker - -
Vbj A722-7 x Golden Delicious 148 BSA OPZ13773/0 SCAR LG2 Gygax et al. 2004
- - OPT06410/5.8 SCAR - -
- - - - OPKO8 743/10.2 SCAR - -
- - - Comparative mapping CH2c06743/0 microsatellite - -
- - - (JoinMap v 2.0, CH5e0315¢/2.1 microsatellite - -
Stam and van Ooijen, 1995) CH3d011;5/8.3 microsatellite
Vh8 Royal Gala x M. sieversii 152 Comparative mapping OPL19433/1.3 SCAR LG2 Bus et al. 2005a
W193B (JoinMap v. 3.0, OPB18¢,5/4.3 SCAR
Van Ooijen and Voorrips, 2001) OPB 18799 (Vh8 SCAR)/5.1 SCAR
CH3d01,,4/18.5 microsatellite
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Table 5. (continued)

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
Va Fortune x PRI 1841-11 and 120 BSA P136700/n.d. (18% r.f) RAPD; SCAR LG 1? Hemmat et al. 2003
primers unpubl.
NY489 x PRI 1841-11 - - B398480/n.d. (16% r.f) RAPD - -
ACS-6/n.d. (24% r.t.) SCAR - -
Vb Empire x Hansen’s baccata #2 140 BSA B220790/n.d. (12% r.f) RAPD; SCAR LG 1? Hemmat et al. 2003
primers unpubl.
- - - OPAM19450/n.d. (24% r.f) SCAR - -
- - - - ACS-1; OPU01490/26% r.£.) SCARs - -
Vb Golden Delicious x 149 Whole genome scan Hi02d05/7.8 microsatellite LG 12, Erdin et al. 2006
Hansen’s baccata #2 Hi07f01/9.7 microsatellite notLG1
vd Durello di Forli x Fiesta 146 Genetic mapping OPAF07g50pp/2.0 RAPD LG 10 Tartarini et al. 2004
- - - - G63Tru91a/2.0 microsatellite -
- Discovery x TN10-8 149 Comparative mapping NBS3M13/2.0 NBS marker - Calenge et al. 2004
on another framework map NBS2M18/1.0 NBS marker
NBS2M12/1.0 NBS marker
NBS3M8/3.0 NBS marker
Vg Prima x Fiesta 149 Single strain inoculation; MC105/3.0 RFLP LG 12 Durel et al. 1999
mapping
Vg Discovery x TN10-8 149 Genetic mapping CHO01d03/0.5 microsatellite - Calenge et al. 2004
Vg Discovery x TN10-8 149 Genetic mapping NBS2M14/5.0 NBS marker - Calenge et al. 2005
NBS3M11/0.7 NBS marker -
Vmis Splendour x 155 BSA OPAS117¢¢/<8.0 RAPD Not Gardiner et al. 2001
MIS o.p. 93.051 G01-048 OPAS07699/<17.5 RAPD determined
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tical to Vh4, and that since the first naming of the
gene takes precedence over later namings, it should
be identified as Vh4. Vh4 has been mapped to LG 2
(Bus et al. 2005b). Screening of EST candidate R genes
using RFLP analysis, followed by conversion to SNPs
has indicated that screening of candidate genes will
be a useful route for developing further markers for
both Vh2 and Vh4 (Gardiner et al. unpublished).

1.3.2.1.4 Other Major Apple Scab Resistances
Mapping to Linkage Group 2 Described below are
three other major apple scab resistances that have
been mapped to LG 2, which possesses the largest
number of resistances to apple scab of any linkage
group. QTL for scab and mildew resistance have also
been identified there - see Sect. 1.4.2, (Calenge et al.
2004; Calenge and Durel, in preparation) as well
as numerous RGAs (Baldi et al. 2004; Calenge et al.
2005a) -see below. This high concentration of active
and potential resistances makes LG 2 of high priority
for an apple genome sequencing initiative.

1.3.2.1.4.1 Vr2 Vr2from GMAL 2473 was reported by
Patocchi et al. (2004). Four markers were obtained by
BSA usingboth RAPDs and AFLPs. Two of these mark-
ers segregated with the resistance (EA35MA41 and
EA37MA39), making their future SCAR derivatives
excellent tools for MAS (Table 5). A fifth marker, a mi-
crosatellite that also co-segregated with the resistance,
was identified by a whole genome scan using selected
markers from the map of Liebhard et al. (2002). This
marker (CH02c02a) enabled the location of Vr2 on LG
2 at about 43 cM from Vh2, which excludes any pos-
sibility that these two resistance genes are identical.
However, the question of the relationship between Vr2
and Vh4 is not yet completely resolved. Uncertainty
about the origin of the Russian apple accession used,
the low number of seedlings with distinctive HR, the
difference in their distances to CH02c02a, and the
absence of data for S22SCAR suggest that they are dif-
ferent. On the other hand, since 65% of the seedlings
of the GMAL2473 x Idared family were resistant (Pa-
tocchi etal. 2004), GMAL2473 may well carry two,
possibly linked, scab resistance genes, one of which
may be Vh4, while the other gene is the true Vr2 gene.
The two-gene hypothesis is supported by the distinct
phenotypes of HR (for Vh4) and chlorotic/necrotic
(for Vr2) resistance reaction. Another reason for the
segregation of Vr2 not fitting a clear R:S ratio may be
segregation distortions, since LG 2 is well-known for
these (Maliepaard et al. 1998; Liebhard et al. 2003b;
Bus et al. 2005a ).

Baldi et al. (2004) located two RGAs within 3.5 cM
of the putative location of Vr2, while Calenge et al.
(2005a) mapped six markers identified by NBS profil-
ing to a genomic region corresponding to 5 cM around
Vr2 and seven more in the next 3 cM in the direction
of Vh4 confirming that the region around Vr2 and
Vh4 is extremely rich in potential resistance genes
and certainly warrants further analysis.

1.3.2.1.4.2 Vbj RAPD markers for Vbj (OPZ13 and
OPKO08) have been identified by BSA and converted
to SCAR markers (Gygax etal. 2004). These were
mapped around Vbj together with three microsatel-
lite markers (CH02c06, CH05e03 and CH03d01) pre-
viously defined as members of LG 2 by (Liebhard et al.
2002) (Table 5).

1.3.2.1.4.3 Vh8 A new scab resistance from M. siever-
sii accession W193B was identified and distinguished
from Vh2 with the aid of a new race of V. inaequalis,
race 8. Although no distinction between Vh2 and
Vh8 could be made on the basis of genetic marker
studies with the original markers for Vh2 (OPL19
and OPB18gspp), the latter marker produced a sec-
ond band of 799 bp that was specific to the Vh8 gene
(Bus et al. 2005a). Sequencing of the products of the
OB18 PCR reaction from both resistant parents en-
abled the development of a second marker (VhA8SCAR)
that could distinguish the two genes as that also exhib-
ited a band in the presence of VA8 that was not exhib-
ited by Vh2. Microsatellite CH03d01 from LG 2 maps
5cM from Vh8 (Table 5). Sequencing of the prod-
ucts of the OPB18 PCR reaction from both resistant
parents enabled the development of a second marker
(Vh8SCAR) that could distinguish the two genes.

Consideration of the mapping data for the Vh2and
Vh4 genes from Russian apple R12740-7A, plus the
information on markers for Vh8 and Vbj and Vr2, en-
abled Bus et al. (2004) to use the then available mark-
ers to delineate a map of LG 2 that locates Vbj, Vh2
and VK8 close to each other, and at a distance from
Vr2 and Vh4 (Fig 2).

1.3.2.1.5 Va Hemmat et al. (2003) employed BSA to
identify linkage of P136RAPD to the hypersensitive
Va resistance from Antonovka PI1762623 and then
developed a SCAR marker (sequence not published)
(Table 5). Screening of their mapping population with
a range of markers for Vf demonstrated that many
markers for this gene map on the opposite side to
P136. These markers include those reported to map
with Vf in a high resolution map (Xu et al. 2001a)
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Fig. 2. Delineation of a scab resistance gene cluster on LG 2 of apple based on the genetic maps for the individual major genes
(A). The diagram on the right is a higher magnification of the diagram on the top left in the area containing several QTL and
major genes. The chromosome regions of LG 2 identified as carrying QTLs for scab resistance in a Discovery x TN10-8 family
(B) have been mapped according to their QTL peaks. (Adapted from Bus et al. 2005b)
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but not all Vf markers mapped in this population.
This indicates that Va may be located on LG 1, with
arecombination frequency of 27% between the Va and
Vf loci. This agrees with Dayton and Williams (1968),
who had earlier concluded that Va and Vf were not
allelic.

1.3.2.1.6 Vb In the same paper as their Va study,
Hemmat etal. (2003) reported the linkage of
B220RAPD to Vb (chlorotic resistance reaction from
Hansen’s baccata #2) and that several markers for Vf
mapped on the opposite side to B220SCAR (primer
sequence unpublished), but in a different order from
that found around Vf (Table 5). Test crosses had
indicated that Vb and Vf were not allelic (Dayton and
Williams 1968). B220SCAR mapped in repulsion to
resistance phenotype in the Va population (above),
and also in material not related to Hansen’s baccata
#2, including M. floribunda, M. prunifolia, M. zumi
calocarpa, David, Liset, Prairiefire, Carmine Crab,
D95-295 Redleaf Crab and AV Redleaf Crab. Hansen’s
baccata #1 amplified fragments with 11 of the 16 Vf
primers tested. M. baccata jackii amplified fragments
from four of the primers. Rusholme and Gardiner
(unpublished) mapped B220RAPD distantly, at 30 cM,
to Vb in a population derived from the GMAL2477
accession of Hansen’s baccata #2 and identified a new
RAPD marker (OPAJ03) mapping inside B220 at
25cM from Vb. They confirmed the finding of M.
Hemmat and S. Brown (personal communication)
that a marker for Vbj (OPZ13;73,,SCAR) mapped
outside B220RAPD. However, the Vf markers re-
ported by Hemmat et al. (2003) were not exhibited by
Hansen’s baccata #2 GMAL2477. A recent conference
report (Erdin et al. 2006) clarifies the issue. A whole
genome scan of plants in a Golden Delicious X
Hansen’s baccata #2 progeny using microsatellite
markers demonstrated that Vb maps to the distal end
of LG 12 and not to LG 1. This result is consistent
with the early test cross results (Dayton and Williams
1968), and demonstrates the power of the whole
genome scan for mapping of major resistances to
linkage group.

1.3.2.1.7 Vd The resistance from the old Italian ap-
ple cultivar Durello di Forli that has been described as
conferring high field tolerance to apple scab (3B type
reaction) and a stellate necrotic reaction in glasshouse
grown seedlings exposed to the EU-D-42 race 6 refer-
ence strain of Venturia inaequalis has been mapped
to one end of LG 10 (Tartarini et al. 2004) using the

microsatellite map developed by this team (Tartarini
et al. unpublished). The markers OPAF073gp, RAPD
and G63Tru91a, that flank Vd closely (Table 5), are in
repulsion phase to the resistance and will need to be
converted to markers linked to the presence of a frag-
ment, before becoming useful for MAS. Four markers
identified by NBS profiling mapped to a genomic re-
gion corresponding to 5cM around Vd in another
apple progeny (Calenge et al. 2005a). The high level
of resistance to race 6 conferred by Vd would make
it a useful reinforcement to the otherwise effective Vf
resistance that has been broken by race 6 (Bénaouf
and Parisi 2000).

1.3.2.1.8 Vg Vg, the major gene derived from
Golden Delicious that confers resistance to apple
scab incited by race 7 of V. inaequalis, breaker of the
Vf resistance from Malus floribunda 821 was first
described by Bénaouf et al. (1997). Screening of the
Prima x Fiesta framework mapping population of
Maliepaard et al. (1998) with differential strains of
V. inaequalis enabled Durel et al. (1999) to map Vg
3 cM from a new RFLP marker on LG 12 (Table 5).
Mapping in a second framework mapping population
(Discovery x TN10-8) enabled location of the gene
0.5cM from the microsatellite CH01d03 (Calenge et
al. 2004). NBS profiling identified two more markers
close to Vg, one 5cM upstream of Vg and the other
flanking the resistance at 0.7cM (Calenge etal.
2005a).

1.3.2.1.9 Vmis Scab resistance segregates from an
open pollinated seedling (93.051 GO01-048) of the
mildew immune seedling described by Dayton (1977)
as being the product of a pollination of a domestic
apple with an unknown crab apple. Initial analysis by
bulked segregant analysis resulted in identification of
two RAPD markers, OPAS07 and OPAS11 (Gardiner
etal. 2001) (Table 5). As the phenotype segregation
data suggested the presence of a second gene, this
analysis has been carried into the second generation,
resulting in the identification of new markers with
flanking markerslocatedina 15 cM span around Vmis
(Gardiner et al. unpublished).

1.3.2.2

Powdery Mildew Resistance Genes (Table 6)
Mapping of resistances to powdery mildew is much
more time consuming than mapping apple scab re-
sistances, because of the need to phenotype seedling
populations over several years to ensure that the adult
resistance phenotype has been attained and that this



Table 6. Mapping of major genes for powdery mildew resistance in apple

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
Pl-w Jester x White Angel Gloster 40 LAP isoenzyme analysis Lap-2an/n.d. Isoenzyme Batlle and Aston 1996
69 x White Angel 80 (2.6 -3.1%
recombination frequency)
Pl-w Prima x Fiesta 152 Mapping of LAP-2 LG8 Maliepaard et al. 1998
Pl-w Katja x White Angel 80 BSA EM MO02 /6.4 AFLP — SCAR - Evans and James 2003,
EM M01/4.6 AFLP — SCAR
Fiesta x 267 Whole genome scan CHO1e12/10 microsatellite - James and Evans 2004
(Gloster 69 x White Angel) CH05a02y/13 microsatellite
Pl-d Fiesta x A871-14 272 Whole genome scan CHO03c02/8.0 microsatellite LG 12 James et al. 2004
- - BSA OPAO019p9/4.0 (repulsion) RAPD -
- - - ETA-CTC/5.0 AFLP -
- - - EM DMO01/9.0 AFLP; SCAR - -
- - Whole genome scan Ch01d03/13.0 microsatellite - -
Pl-1 85/23-2 x 81/19-35 64 BSA OPAT20450/4.0 SCAR Markussen et al. 1995
OPD021000/5.0 RAPD -
Pl-1 Idared x 78/18-4 233 Population screen OPAT20450/7.0 SCAR - Dunemann
- - BSA AU¢ppSCAR/3-4 AFLP; SCAR - et al. 2004
- - - AU.100CAPS /3-4 - - -
Pl-1 - 150 Whole genome scan - - LG 12 Lesemann and
Dunemann 2006
Pl-n X3191 x Novosibirski Sweet 200 Screen of 76 phenotype OPAT20450/9 SCAR Not Dunemann et al. 2004
0.p. 91.117 A01-003 extremes AU199CAPS/9.5 CAPS determined
AUgooSNP trans/9.5 SNP
Pl-2 A679-2 x Iduna 358 QTL analysis OPN18;000/ RAPDs spanning - Seglias and Gessler 1997
OPO04,g00/ a QTL of and Gianfranceschi
OPK151490/ 28 cM et al. 1999
OPAGO02450/
Pl-2 Fiesta x SA572-2 61 Population screen OPAT20900/6 RAPD - Dunemann et
- - - Genetic map construction OPAJ13600/11 RAPD - al. 1999
PI-2 Royal Gala x A689-24 190 Population screen OPN18950/7 RAPD - Gardiner et al. 1999a
PI-2 Fiesta x Discovery and 112 Comparative - - LG 11 Liebhard et al. 2002

A679-2 x Iduna

microsatellite mapping
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Table 6. (continued)

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
Pl-2 Royal Gala x A689-24 190 BSA OPU021700/8 RAPD — SCAR - Gardiner
- - - BSA OPAY17AB16a;100/5.9 RAPD — SCAR - et al. 2003
- - - BSA OPAY17AB16byg/7.1 RAPD — SCAR - -
- - - EST screening GenBank DR033891/closest band 0.9 ~ RFLP - -
- - - - GenBank DR033886/closest band 1.1 RFLP - -
- - - - GenBank DR033892 /closest band 2.9  RFLP - -
- - - - GenBank DR033893/4.1 RFLP - -
- - - - GenBank DR033888/5.4 SCAR - -
Pl-m Fuji x MIS o.p. 93.051 G02-054 174 BSA OPAC20;500/14.4 RAPD Not Gardiner
determined et al. 1999a
Pl-m Fuji x MIS o.p. 93.051 G02-054 - Genetic mapping OPAC201800/0.7 SCAR - Gardiner
et al. 2003
(JoinMap v.2.0, OPN18000/13.5 SCAR
Stam and van Ooijen 1995) OPAY17AB16a;100/5.5 SCAR
- - - - OPAY17AB16by4g0/7.3 SCAR - -
- - - - OPU02,000/8.1 SCAR - -
- - - EST screening GenBank DR033892/closest band 1.1 ~ RFLP - -
- - - - GenBank DR033886/closest band 1.6 ~ RFLP - -
- - - - GenBank DR033888 /5.8 SCAR - -
Pl-a M9 x Aotea 277 Marker screening OPN18;000/11.5 SCAR Not Gardiner
determined et al. 2004
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phenotype is stable. It is necessary to expose the
seedlings to the inciting organism Podosphaera leu-
cotricha in the field, as it cannot be cultured in vitro.

1.3.2.2.1 Pl-w The first markers reported to be
linked to a major resistance to powdery mildew were
isoenzymes linked to the Pl-w gene derived from the
crab apple White Angel (Manganaris 1989; Manga-
naris and Alston 1992; Hemmat et al. 1994; Batlle and
Alston 1996). The closest was Lap-2 (Table 6). Batlle
and Alston also used segregation analysis to identify
a complementary but unlinked gene Rw that was re-
quired for expression of resistance by Pl-w.

A whole genome scan using phenotype bulks
demonstrated that the microsatellites CHOlel2 (lo-
cus 1) and CH05a02y flank Pl-w, at positions 10 and
12 cM, respectively from the gene (James and Evans
2004). These microsatellites both map to LG 8 (Lieb-
hard et al. 2002) confirming the assignment of Pl-w
to this linkage group that was first indicated by the
mapping of Lap-2 to LG 8 by (Maliepaard et al. 1998).
A study employing bulked segregant analysis using
amplified fragment length polymorphisms (AFLPs)
enabled the identification of two markers that map in-
side CHOlel2 at4.6 and 6.4 cM (EM M01 and EM M02,
respectively) (Evans and James 2003; James and Evans
2004). Baldi et al. (2004) located an RGA marker 7 cM
from the putative position of PI-w in the Fiesta x Dis-
covery population and Calenge et al. (2005a) mapped
three NBS-LRR homologs within 2 cM of the putative
position of Pl-w in the Discovery x TN10-8 popula-
tion.

1.3.2.2.2 PI-d This strong mildew resistance is de-
rived from an open pollinated crab apple from the
South Tyrol, Italy (Visser and Verhaegh 1976). Bulked
segregant analysis identified AFLP and RAPD mark-
ers mapping to Pl-d (James et al. 2004) (Table 6). One
of the AFLPs has been converted to a SCAR marker
that maps to one side of PI-d. In the course of the same
study, two flanking microsatellite markers that were
identified in a whole genome scan located PI-d on the
bottom of LG 12, a region where other disease resis-
tance genes have been identified, including Vg (Durel
et al. 1999), and NBS markers (Calenge et al. 2005a).

1.3.2.2.3 PI-1 Markussen et al. (1995) first reported
OPAT20450SCAR as a close marker for the PI-1 mildew
resistance from M. robusta (Table 6). PI-1 was later ver-
ified to map at a distance of about 7 cM from the gene
in a separate population (Dunemann et al. 2004). Two
more markers have been identified using BSA with

AFLPs. One was converted to a SCAR (AU-SCAR) and
also a CAPs marker AU-CAPs (Urbanietz 2002; Dune-
mann et al. 2004) that maps 3-4 cM from PI-1, making
this marker a very valuable tool for selection purposes.
PI-1 has been mapped to LG 12 in the vicinity of Vg
and PI-d following a whole genome scan (Lesemann
and Dunemann 2006).

1.3.2.2.4 Pl-n Screening of a segregating population
derived from a cross between the susceptible breed-
ing parent X3191 and mildew resistant Novosibirski
Sweet0.p. (91.117 A01- 003) demonstrated clearly that
the PI-1 marker AT20,50pp,SCAR is linked to resistance
to powdery mildew infection derived from Novosi-
birski Sweet o.p. (Table 6). Development of a new SNP
marker for this population from AU-CAPs enabled
the mapping of this second PI-1 marker to the mildew
resistance (Dunemann et al. 2004). The relationship
between PI-1 and Pl-n is currently unclear; Pl-n may
be a new gene, perhaps allelic to PI-1.

1.3.2.2.5 PI-2 The earliest molecular markers for
the PI-2 resistance from M. zumi were RAPDs ob-
tained using a QTL mapping approach (Seglias and
Gessler 1997; Gianfranceschi et al. 1999) (Table 6)
but the gene clearly segregated as a single gene in
a Royal Gala x A689-24 family in New Zealand
(Bus etal. 2000). Dunemann et al. (1999) screened
the markers that Markussen et al. (1995) had identi-
fied for PI-1 and found that AT209op, RAPD mapped
at a similar distance from PI-2 as the 450 bp band
had mapped to PI-1. Gardiner et al. (1999a) utilized
the OPN18 RAPD marker from the first study to
construct DNA bulks on the basis of genotype as
well as phenotype and identified a second, flank-
ing marker for PI-2 (OPU02). They reported that
the markers mapped in absence of phenotype were
located less than 12cM apart, making them use-
ful for MAS. Gardiner etal. (2003) reported two
more SCARs mapping inside OPN18SCAR, both de-
rived from BSA with a combination of OPAY17RAPD
and OPABI16RAPD primers (OPAY17/OPABl6a and
b SCARs). They also mapped OPAC15/OPAZ16SCAR
distal to OPU02SCAR and used this map of anony-
mous markers as a framework to locate EST markers
(Gardiner et al. 2003). One hundred and ten ESTs were
mined from an EST database of 30,000 unigene sets on
the basis of sequence homology to recognized resis-
tance genes from other plants and screened as RFLP
probes over mini-populations segregating for a range
of resistances. This enabled the detection of putative
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Fig. 3. Comparison of PI-2
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linkages to PI-2 and other genes. These were then
confirmed in larger subsets of the mapping popula-
tion.

Loci characterized by ESTs mapped to either side
of PI-2 in regions where it had previously proved dif-
ficult to locate anonymous SCAR markers. Of ESTs
mapped as RFLPs within 3 cM of PI-2, a band from
GenBank accession DR033891 showing homology to
HcrV{2 mapped 0.9 cM from PI-2. The closest bands
from GenBank accession DR033886 and GenBank ac-
cession DR033892 (no homology to known R gene
classes) mapped at 1.1 and 2.9 cM, respectively on
the other side of PI-2. A second NBS-LRR homolog
(GenBank accession DR033893) mapped just outside
of GenBank accession DR033892. An EST exhibiting
homology to the NBS-LRR class of R genes (Gen-
Bank accession DR033888) was converted to a PCR
based marker that mapped at 5.4 cM from PI-2, inside
OPUO2SCAR.

It has been noted that GenBank accession
DR033891 also maps close to Vf (Sect. 1.3.2.1.1). It is
interesting to speculate that it might be involved in
the scab resistance QTL located close to PI-2 that was
reported by Liebhard et al. (2003c).

Mapping of a common microsatellite in the A679-
2 x Iduna population of (Seglias and Gessler 1997)
and the Fiesta x Discovery population (Liebhard
etal. 2002) enabled assignment of PI-2 to LG 11.
This has been confirmed by Rusholme et al. (unpub-

" DR033888,,);,SCAR =

253 cM

lished) in a whole genome scan of DNA bulks with
74 microsatellite markers, as well as the framework
map under construction by Rikkerink et al. (unpub-
lished).

1.3.2.2.6 PI-m This strong mildew resistance seg-
regates as a major gene from an open pollinated
seedling (93.051 G07-062) of the mildew-immune
seedling described by Dayton (1977) as being the
product of a pollination of a domestic apple with
an unknown crab apple. The first marker reported
for Pl-m, OPAC20, was obtained using BSA with
RAPDs (Gardiner et al. 2001) (Table 6) and the SCAR
derivative mapped very closely to the resistance at
0.7 cM (Gardiner etal. 2003). Four SCAR markers
previously mapped around PI-2 also mapped to Pl-m
and the marker order around the resistance pheno-
type was conserved. Fragment length was conserved
for three of these anonymous markers and for the
NBS-LRR marker derived from GenBank accession
DRO033888.

Figure 3 shows simplified maps around Pl-m and
PI-2, constructed with the PCR-based markers in
common only. Two other ESTs with no known se-
quence homology to R genes (GenBank accessions
DR033886 and DR033892) also identified markers
for both mildew resistances when mapped as RFLPs.
Whole genome scanning with the same 74 microsatel-
lites used to assign PI-2 to LG 11 did not enable as-



26 S. E. Gardiner et al.

signment of Pl-m to a linkage group, and therefore
the possibility that PI-2 and PI-m may not map to the
same group (Rusholme et al. unpublished) and that
the genomic regions around these two genes may be
homeologous rather than homologous cannot yet be
ruled out. As PI-2 and Pl-m have already been pyra-
mided in a resistance breeding population (Bus et al.
unpublished), test crosses from seedlings with both
genes would provide information on this question,
as would more intensive microsatellite mapping of
Pl-m.

1.3.2.2.7 Pl-a The rootstock Aotea 1 derived from
M. sieboldii (Taylor 1981) has been observed to carry
resistance to powdery mildew, as well as to apple scab
(Vat) and woolly apple aphid (Er-3). When markers
for PI-2 and Pl-m were screened across a population
phenotyped for three years for mildew resistance, it
was noted that two of the markers (OPN18SCAR and
OPUO2;100bpSCARC) mapped to Pl-a (Table 6), indi-
cating that Pl-a may share a positional relationship
with PI-2 and Pl-m (Gardiner et al. 2004).

1.3.2.3
Rosy Leaf Curling Aphid Resistance Genes

1.3.2.3.1 Sd-1 Three very close RFLP markers
(MCo6a, 2B12a and MC029b) mapped within 2 cM
from the Sd-1 gene for resistance to biotypes 1
and 2 of Dysaphis devecta from Cox’s Orange
Pippin (Roche etal. 1997a) in a Prima X Fiesta
population (Table 7). Four RAPD markers mapped
more distantly. The RFLP 2B12a was later converted
into 2b12a;9sp,SCAR (Roche etal. 1997b) and its
linkage with Sd-1 was confirmed through pedigree
analysis. The original mapping population was
later employed to construct the detailed genetic
map of Maliepaard etal. (1998), which located
Sd-1 at the top of LG 7. Repeated phenotyping,
plus fine mapping in over 700 seedlings from six
more families later enabled the co-location of
MCO064a with Sd-1 in a 1.3cM interval between
2b12a;96,pSCAR and microsatellite SASSRa (Cevik
and King 2002a).

1.3.2.3.2 Sd-2 Co-segregation of 2b12a;9SCAR and
SdSSRa in a small population segregating for the Sd-
2 gene from Double Red Northern Spy that confers
resistance to D. devecta biotype 1 only, indicated that
Sd-2 is tightly linked to Sd-1, and is probably allelic to
Sd-1 (Cevik and King 2002a) (Table 7).

1.3.24
Woolly Apple Aphid Resistance Genes

1.3.2.4.1 Er-1 Markers G327 and OPC20RAPD
that flanked the Er-1 resistance from Northern
Spy at 12 and 8 cM, respectively were identified by
bulked segregant analysis (Gardiner etal. 1999a;
Bus etal. 2000) (Table 7) and converted to SCARs
for use in MAS. OP05SCAR, a marker close to Er-3
is linked more distantly to Er-I (Gardiner etal
2004). More recently, mapping of two microsatellite
markers (CH01c06 and CHO02g09) from Liebhard
et al. (2002) made it possible to assign Er-I to LG 8.
Interestingly, CH01c06 was located only 2 cM from
Er-1 (Chagné, Durel and Gardiner unpublished),
which makes it a suitable marker for marker-assisted
selection.

1.3.2.4.2 Er-3 A novel resistance to woolly apple
aphid identified in the rootstock Aotea 1 (Taylor
1981) has been studied in a segregating population
(M9 x Aotea 1) and named Er-3 (Gardiner et al.
1997; Bus et al. 2000). The close linkage of OP05;7¢gbp
SCAR to this resistance (0.8 cM) (Table 7) indicated
that it would be useful for MAS. This was confirmed
by the detection of only four recombinants in a
2nd generation population of 121 plants, using
the modified marker OP05330SCAR constructed to
segregate in this particular population (Bus etal.
2000). Candidate genes developed from ESTs that
mapped to Er-3 include two NBS LRR homologs
(GenBank accession DR033890 and GenBank
accession DRO033887), a receptor protein kinase
(GenBank accession DR033889) and a leucine rich
repeat EST with homology to extensin and tomato
Cf-2 (GenBank accession DR033885). GenBank
accessions DR033885 and DRO033887 have been
converted to PCR based markers and mapped to
Er-1 as well as Er-3 (Gardiner et al. unpublished).
Screening of these two markers in a Discovery X
TN10-8 population enabled the assignment of
Er-1 and Er-3 to LG 8 (Chagné, Durel and Gar-
diner unpublished). This has been confirmed for
Er-3 by mapping of microsatellite CH02g09 12 cM
(Liebhard etal. 2003¢c) from Er3 in the M9 x
Aotea 1 population (Chagné, Durel and Gardiner
unpublished).

1.3.2.4.3 Er-m The same pollinated seedling (93.051
G07-062) that is the source of the Pl-m resistance
(see above) also carries a novel resistance to woolly



Table 7. Mapping of major genes for resistance to aphids in apple

Trait Resis- Gene  Progeny No. Method Markers (marker/distance) ~ Marker class Linkage group  Reference
tance to sdlgs (cM from gene) assignment
1. Rosy leaf Sd-1  Prima x Fiesta 141 Linkage analysis MC029b/2 RFLP - Roche et al. 1997a
curling aphid (JoinMap v.2.0, Stam MCO064a/1 RFLP
(Dysaphis and van Ooijen, 1995)  2Bl12a/l RFLP
divecta) Sd-1 Prima x Fiesta 77 Marker conversion, DAARM; g SCAR - Roche et al. 1997b
pedigree analysis
- Sd-1  Prima x Fiesta 152 Mapping - - LG7 Maliepaard et al. 1998
- Sd-1  Resistant cultivars 9 BSA ETC/MCTT-1/1.4 AFLP — SCAR Cervik and King 2002a
Susceptible cultivars 8
- - 6 segregating families 759 Linkage analysis MC064a/0 RFLP - -
Sd-1located in 1.3 cM
- - - - - interval between 2B12a;9¢ SCAR - -
- - - - and SASSRa AFLP; microsatellite — -
- Sd-2 Double Red 47 Linkage analysis 2B12a196/0 SCAR LG7 Cervik and King 2002a
Northern Spy x Totem SdSSRa/0 microsatellite
2. Woolly apple Er-1 Sciglo x Northern Spy 132 BSA G3271600/11.6 RAPD; SCAR - Gardiner et al. 1999a,
aphid (Eriosoma OPC202000/7.9 RAPD; SCAR Bus et al. 2000
lanigerum) Er-1 Sciglo x Northern Spy 132 Linkage analysis OPO051700/9.6 SCAR - Gardiner et al. 2004
DR0338851500/23 trans SNP
DRO033887900/23 SCAR
- Er-1 Discovery x TN10-8 149 Marker screening DR0338851300 SNP LG8 Chagné et al. unpublished
DR033887750 SCAR
- Er-1 Sciglo x Northern Spy 94 Marker screening CHO01c06/2 microsatellite LG8 Chagné et al. unpublished
- Er-3 M.9 x Aotea 131 BSA OPO0O051700/0.8 RAPD; SCAR - Gardiner et al. 1997
- OPAO01350/3.3 RAPD (trans) - Bus et al. 2000
- Er-3 M.9 x Aotea 277 EST screening DR033885500/9.8; 7.0 RFLP; SNP - Gardiner et al. 2004
- - - - - DRO033890 /closest band 5.7  RFLP - and Gardiner et al.
DR033887750/7.8; 7.0 RFLP; SCAR unpublished
DRO033889 /closest band 8.0  RFLP
- Er3 M.9 x Aotea 277 Marker screening CHO02g09/12 microsatellite LG8 Chagné et al. unpublished
- Er-m  Fuji x MIS 153 BSA OPAO04950/7 RAPD — SCAR Not Gardiner et al.
0.p. 93.051 G02-054 OPZ201200/6 RAPD determined unpublished
- Er-l Prima x Longfield 144 BSA OPADO1g30/13 RAPD; SCAR Not Gardiner et al. 2001
0.p. 93.043 G07-062 determined
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apple aphid that does not map to markers for Er-1 and
Er-3. Flanking markers OPA4SCAR and OPZ20RAPD
have been identified by BSA (Table 7) (Gardiner et al.
unpublished).

1.3.2.4.4 Er-I A single RAPD marker, OPAO1, has
been identified for a novel woolly apple aphid re-
sistance derived from an open pollinated seedling
of Longfield (93.043 G07-062) (Gardiner et al. 2001).
Markers identified to date for other woolly apple aphid
resistances do not map to Erl (Table 7) (Gardiner et al.
unpublished).

1.3.2.5
Other Major Gene Traits

1.3.2.5.1 Self-Incompatibility (S/) Maliepaard
etal. (1998) mapped the self-incompatibility locus
as an allele-specific marker (Janssens et al. 1995) in
the Prima x Fiesta framework map (Table 8). It is
closely associated with AAT-1 isoenzyme and the
RFLP MC038b on the lower end of LG 17.

1.3.2.5.2 Rootsuckers (Rs) Joint segregation analy-
sis of root sucker formation with RAPD markers seg-
regating from White Angel identified linkage of RAPD
P124e with a single locus determining the formation
of root suckers (Rs) (Weeden et al. 1994) (Table 8).
This locus was assigned to a US linkage group that
corresponds to LG 17 in the European numbering
system (Maliepaard et al. 1998; Hemmat et al. 2003).

1.3.2.5.3 Fruit skin color (Rf) Weeden et al. (1994)
found that the isoenzyme marker Idh-2 was closely
linked to red skin color in a Rome Beauty x White An-
gel population. Study of segregation of BC226SCAR
(identified by BSA) in the same Rome Beauty x
White Angel population indicated that the basis for
control of red/yellow skin color was simple (Cheng
et al. 1996) (Table 8). Fruit of progeny with the dom-
inant 1160 bp fragment from Rome Beauty or the
1180 bp fragment from White Angel (or both) were
red skinned, while the recessive 1230 bp fragment
inherited from both parents segregated with yellow
skin. In three other progenies, only the 1160 bp frag-
ment segregated with red skin. A second fragment
of 1320 bp could be associated with yellow skin,
in addition to the 1230 bp fragment. Screening of
56 other cultivars indicated that this marker system
could be used to predict skin color in most cases.
BC226 mapped to the US LG 3 (Conner et al. 1997)

and to European LG 9 between two RFLP markers
in the Prima x Fiesta framework map (Maliepaard
et al. 1998). Comparative DNA sequencing would have
to be carried out to confirm that the BC226 locus
in the Rome Beauty x White Angel cross is allelic
to the BC226 locus amplified in the Prima x Fiesta
framework population, and the putative LG 9 assign-
ment.

1.3.2.5.4 Fruit Juice pH (Ma) Acidity in apple is
mainly due to malic acid and Nybom (1959) demon-
strated that low acid fruit (pH 3.8 and above) was
determined by the presence of homozygous recessive
alleles for the Ma gene, ma ma. Mapping of fruit juice
pH <3.7 in a Wijcik McIntosh x NY75441-58 popu-
lation enabled the identification of a RAPD marker
for ma (S65¢y) (Table 8) (Conner et al. 1997). Acid-
fruited progeny were assumed to have at least one
copy of Ma and both parents (acid fruited) were het-
erozygous Ma ma. Using similar criteria, Maliepaard
et al. (1998) located Ma on the distal end of LG 16,
co-segregating with the RAPD OPT16;qo.

1.3.2.5.5 Columnar habit (Co) The Co gene in
apple that was identified in a mutant of McIntosh
(Fisher 1970) decreases branching, internode length
and plant height, while increasing spur formation.
The columnar character is believed to be controlled
by a dominant allele, but modifiers may be involved
(Lapins 1976). Bulked segregant analysis was used
to identify a RAPD marker for the columnar habit
that contained a repeat of (GA),7 (Table 8) (Hemmat
etal. 1997). This RAPD fragment was converted to
a microsatellite marker (SSR), where the null allele
was linked to Co. Conner et al. (1997) then mapped
two further RAPDs, B347 and B318 to a 5 cM interval
around Co on the US linkage group corresponding to
LG 10 in the EU framework map. SSR®? (designated
USASSR11) was later mapped directly to LG 10 in Fi-
esta (Maliepaard et al. 1998).

1.3.2.5.6 Fruit Allergens (Mal d) Allergies to
fresh apples in Northern and Central European
populations sensitized to birch pollen arise from
four allergens identified to date: Mal d 1 (a Bet
v 1 homologous protein) belonging to a group
of pathogenesis related (PR10) proteins, Mal d
2 (apple thaumatin-like protein), Mal d 3 (apple
non-specific lipid transfer protein) and Mal d 4
(apple profiling) (see Gao et al. 2005a). Knowledge
of the genetics of allergenicity caused by healthy
apple fruit will enable breeding for low allergen



Table 8. Mapping of major genes not involved in resistance, in apple

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
SI Prima x Fiesta 152 Map construction AAT-1/<1 Isoenzyme LG 17 Maliepaard et al. 1998
MCO038b/1 RFLP

Rs Rome Beauty x White Angel 56 Joint segregation analysis P124e/not determined RAPD LG 17 Weeden et al. 1994

Rf Rome Beauty x White Angel 56 Joint segregation analysis  Idh-2/not determined  Isoenzyme - Weeden et al. 1994

Rf Rome Beauty x White Angel 72 BSA, mapping BC2261180/<2 RAPD; SCAR - Cheng et al. 1996

Idh-2/<2 Isoenzyme
Rf Wijcik McIntosh x NY75441-58 172 Linkage analysis BC2261175/0 RAPD (= 1,160 bp - Conner et al. 1997
SCAR fragment above)

Rf Prima x Fiesta 152 Mapping of BC226 SCAR LG9 Maliepaard et al. 1998

Ma Wijcik McIntosh x NY75441-58 172 Map construction S65600/7.1 RAPD - Conner et al. 1997

Ma Prima x Fiesta 152 Map construction OPT161000/0 RAPD LG 16 Maliepaard et al. 1998

Co Wijcik McIntosh x NY5441-67 126 BSA OPA1119g0/? RAPD, trans - Hemmat et al. 1997

— SSRCO microsatellite

- Wijcik McIntosh x NY75441-58 172 Linkage analysis SSR®/6 microsatellite, trans -

Co Wijcik McIntosh x NY75441-58 172 Map construction B347390/1.8 RAPD - Conner et al. 1997
B318440/3.2 RAPD

Co Prima x Fiesta 152 Mapping of SSR® - microsatellite LG 10 Maliepaard et al. 1998

Mald 1 Prima x Fiesta 144 PCR based cloning; - - - Gao et al. 2005b

gene family plus Jonathan x Prima 196 mapping of allele specific
markers for each member
of family (18 members)

Subfamilies , IV - - - Gene specific markers ~ SNP, microsatellite LG 13, -

LG 16

Subfamilies IT, IIT - - - Gene specific markers ~ SNP, microsatellite LG 16 -

Mal d 1.05 - - - Gene specific marker SNP, microsatellite LG6 -

Mal d 2.01A Prima x Fiesta 141 PCR based cloning; Gene specific marker ~ SNP LG9 van de Weg, personal
mapping of allele communication
specific markers

Mal d 2.01B - - - Gene specific marker ~ SNP - -

Mal d 3.01 Jonathan x Prima 196 PCR based cloning; Mal d 3.0101a-JO/0, SNP LG 12 Gao et al. 2005a
mapping of allele

specific markers
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Table 8. (continued)

Gene Progeny No. Method Markers Marker class Linkage Reference
sdlgs marker/distance group
(cM from gene) assignment
Mal d 3.02 Prima x Fiesta 144 PCR based cloning; Mal d 3.0201c-PM/0 SNP LG4 Gao et al. 2005a
plus Jonathan x Prima 196 mapping of allele
specific markers
Mal d 4.01 Prima x Fiesta 141 PCR based cloning; SNP LG9 van de Weg, personal
Gene specific marker communication
-2 copies plus Jonathan x Prima 175 Mapping of allele - - - -
specific markers
Mal d 4.2A - - - Gene specific marker ~ SNP LG2 -
Mal d 4.3A - - - Gene specific marker SNP, SSR LGS -
Md-ACS1 Prima x Fiesta 144 Mapping of gene specific SCAR LG 15 Costa et al. 2005
molecular marker
Md-AC01 Prima X Fiesta 144 Mapping of gene specific - SCAR LG 10 Costa et al. 2005
Fuji x Mondial Gala ? molecular marker
sl-1 6 progenies segregating for Vf Mapping with Vf markers - =+ 14 cM from Vf LG1 van de Weg, personal
communication
sl-2 6 progenies segregating for Vf Mapping with Vf markers - 1-8 cM from Vf LG1 van de Weg, personal

communication
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cultivars for European consumers with this food
allergy.

1.3.2.5.6.1 Mald 1 A number of conserved and spe-
cific primers were designed to obtain all possible Mal
d 1 sequences from Prima and Fiesta. PCR cloning
of fragments, sequencing and genome walking to-
wards the ends of genes enabled construction of allele-
specific SNP and microsatellite primers for 18 Mal d
1 genes that could be classified into four sub-families
according to intron size and presence/absence. These
genes were mapped directly in the Prima x Fiesta
population, as well as a Jonathan x Prima progeny
(Table 8). Seven genes from sub-families I and IV
mapped in a 30-35cM interval between the RFLP
markers MC001 and MC041 on LG 13, and nine on
the homeologous LG 16. One gene mapped to LG 6
and one has not yet been mapped (Gao et al. 2005b).

1.3.2.5.6.2 Mal d 3 PCR-based cloning and sequenc-
ing of DNA from the parents of the Prima x Fiesta
framework mapping population of Maliepaard et al.
(1998) resulted in the identification of two distinct
genes, each with several sequence variants, that en-
code Mal d 3 proteins. SNP markers were constructed
for each of the genes, Mal d 3.01 and Mal d 3.0, and
mapped to homeologous segments of LG 12 and 4 be-
tween two RFLP markers shared in common (MC127
and MC105) (Gao et al. 2005a) (Table 8).

1.3.2.5.6.3 Mald2 Similar techniques have been em-
ployed to map two copies of Mal d 2 to an identical
position on LG 9 (Table 8) (Gao et al. 2005¢)

1.3.2.5.6.4 Mal d 4 Two copies of a Mal d 4 gene
mapped to LG 9 and two single copy genes mapped to
LG 2 and LG 8 respectively (Table 8) (Gao et al. 2005c¢).

1.3.2.5.7 Ethylene Production Shelf life in apple
is a significant factor in determining the economic
value of an apple cultivar, particularly in countries
that rely on shipping of product to distant markets.
In the course of a study examining the role of en-
zymes involved in the biosynthesis of ethylene and
shelf life of apple fruit stored at room temperature
after harvest, two key genes of the ethylene biosyn-
thesis pathway were mapped. Both have proved to be
candidates for marker-assisted breeding, as homozy-
gotes for alleles Md-AC01-1 and MdACS1-2yield fruit
with lowest ethylene production and superior shelf
life (Costa et al. 2005).

1.3.2.5.7.1 Md-ACST The Md-ACS! marker devel-
oped by Harada etal. (2000) mapped to LG 15 in

the Prima x Fiesta framework mapping population
(Costa et al. 2005) (Table 8). Its location is distant
from a known QTL for fruit firmess that was
previously identified in this population (King et al.
2000; Maliepaard etal. 2001). Md-ACSI exhibited
a relatively large effect on ethylene content and apple
fruit shelf life.

1.3.2.5.7.2 Md-ACOT A codominant gene specific
marker for Md-AC01 developed from full-length gene
sequences derived from apple gDNA and mRNA
mapped to LG 10 in two populations (Table 8). The
clear, although small effect of Md-AC01 on ethylene
production, coupled with its location at the border
of the 5% interval for fruit firmness QTL (King et al.
2000; Maliepaard et al. 2001), indicates that the role
of Md-ACO01 in determining shelf life requires further
examination (Costa et al. 2005).

1.3.2.5.8 Sub-lethal Genes (s/) Distorted segrega-
tion ratios have frequently been reported in popu-
lations segregating for the Vf gene (e.g., Yang and
Kruger 1994; Tartarini 1996; Conner et al. 1997; Gar-
diner et al. 1999b; Tartarini et al. 1999; Bus et al. 2002).
Analysis of this phenomenon in six progenies has in-
dicated that these distortions could be explained by
three homozygous recessive sub-lethal genes (sl-1, sl-
2, 51-3). SI-1 mapped about 14 cM from Vf, and sI-2 be-
tween 1-8 cM from Vf. Both genes required the pres-
ence of an unlinked gene, sl-3, for expression (Van de
Weg, personal communication). A good understand-
ing of the role of sub-lethal genes will facilitate strate-
gic choice of parents by breeders to provide progenies
with optimal proportion of seedlings with V.

1.4
QTL Trait Mapping

1.4.1
QTL Identification and Mapping in Apple

‘Quantitative trait’ describes a character for which the
observed variation is due to the segregation of sev-
eral genes and where, for each gene, the effects of the
allelic differences on phenotype are generally small
compared with the effects of the environment for each
gene (Kearsey and Poon 1996). Genetic mapping of
quantitative trait loci (QTL) involves identifying and
determining the degree of association between con-
tinuous quantitative traits and sets of genetic markers.
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The ability to assess complex phenotypes in apple at
the seedling stage, such as tree architecture, fruit tex-
ture, fruit size and susceptibility to storage disorders
using genetic markers would greatly accelerate new
variety development. In addition to the selection of
advantageous traits, markers linked to complex traits
could be used to select against negative characteris-
tics, and could even be used to select the combination
of parents that would give rise to progeny with the
desired genotype.

An essential requisite for accurate QTL identifica-
tion in any plant species is a saturated genetic map
covering the entire genome. If certain regions of the
genome are not adequately represented by genetic
markers, then QTLs located in such regions will not
be reliably mapped, because it will be difficult to de-
termine if the QTL has a genuinely small phenotypic
effect, or is merely weakly linked to flanking mark-
ers (Lander and Botstein 1988). Several genetic maps
have been constructed for apple using a range of ge-
netic markers, such as random amplified polymor-
phism (RAPDs), restriction fragment length poly-
morphisms (RFLPs), amplified length polymorphism
(AFLPs) and isozymes (Hemmat et al. 1994; Conner
et al. 1997; Seglias and Gessler 1997; Maliepaard et al.
1998) (see Sect. 1.2.2). More recently, codominant mi-
crosatellite markers have been employed, and the de-
velopment of 115 new microsatellite markers, mapped
in the Fiesta x Discovery population (Liebhard et
al. 2002; Liebhard et al. 2003b) has established a sat-
urated, robust apple map comprising 1,140 cM and
1,450 cM in Fiesta and Discovery, respectively. This
genetic map has been aligned with the Iduna x A679/2
map (Gianfranceschi et al. 1998) using common mi-
crosatellite loci, demonstrating that existing linkage
maps, such as those published by Conner et al. (1997)
and Hemmat et al. (1994) could easily be enriched and
subsequently aligned and integrated with the Fiesta x
Discovery map (Liebhard et al. 2002, 2003b), provid-
ing a valuable tool for QTL detection and analysis
in apple. Map alignment with a consensus, saturated
map will enable the detailed comparison of QTL po-
sitions between populations (King et al. 2000; Durel
et al. 2003; Liebhard et al. 2003a, b, c; Calenge et al.
2004).

In addition to the classical QTL mapping ap-
proaches, there are other resources that can be utilised
in the identification of QTLs. For example, genetic
markers based on the sequence homology between
the NBS domain in plant resistance genes identi-
fied loci which co-segregated with apple scab and

powdery mildew resistance QTLs previously detected
in a Discovery x TN10-8 population (Calenge et al.
2005a). Since such QTLs could sometimes be the re-
sult of residual resistance encoded by defeated major
resistance genes, this is effectively a candidate gene
mapping approach. Genome synteny between related
species has also been exploited in QTL detection, with
comparative mapping approaches used to identify
QTLs conserved between maize and rice (Chardon
et al. 2004) maize and sorghum (McIntyre et al. 2004)
and maritime and loblolly pines (Chagné et al. 2003),
suggesting that QTLs detected in genomes of other
species belonging to the Rosaceae family, could be
used to aid the identification of QTLs in apple.

1.4.2
Mapping QTLs for Disease Resistance

Most of the disease resistance genes character-
ized to date in apple are single dominant genes
(see Sect. 1.3). Such genes commonly confer resis-
tance to the pathogen in a gene-for-gene manner
and are therefore in theory, easily overcome by the
pathogen’s ability to mutate to virulence (Crute
and Pink 1996). In view of the ease with which
a pathogen can break down single gene resistances,
illustrated by the two recently discovered races of
apple scab, able to overcome Vf (Parisi etal. 1993;
Roberts and Crute 1994), it is likely that durable
resistance to apple pathogens will be established
through the pyramiding of different resistance genes
with different resistance specificities into a single
cultivar. Pathogen resistance conferred by QTLs
would be a valuable addition to breeding portfolios
of major resistance genes, as incorporating QTLs
into a single cultivar is likely to be more effective
than the combining of major genes alone (Parlevliet
and Zadoks 1977). However, it is likely that several
QTLs with significant phenotypic effects would be
required to achieve a level of resistance comparable
to that controlled by major genes (Liebhard et al.
2003c).

1.4.2.1

QTLs for Resistance to Powdery Mildew

Kellerhals et al. (2000) identified two major QTLs for
powdery mildew resistance in the accession A 679-2
(Table 9). One of these QTLs originates from M. zumi,
(PI-2 parent) and the other is linked to the Vf locus
(approximately 16 cM from Vf) and is likely to origi-



Table 9. Summary of QTLs for resistance to powdery mildew

Parents No. indv.? Method of phenotypic assessment Number of QTL detected Reference
Female Male P/T GIT Linkage group (LG or G), LOD score
and percentage of variance explained by QTL®
Iduna A679-2 450 189 Artificial infection in field A 679-2 map: Kellerhals et al. 2000¢
Scored: LG3,5,16
5 point scale Iduna map:
LG2,3,57,8,9
Idared U211 98 98 Assessed: U 211 map: Stankiewicz-Kosyl et al. 20054

3 years in nursery
2 years in orchard
Scored:

5 point scale

Discovery TN10-8 149 149 Natural infection in field
Assessed over 5 seasons
Scored:
10 point scale

G 2: LOD 12.0; 72.1% and LOD 12.1; 71.5%

G 3: LOD 2.6; 37.5% and LOD 8.9; 72.4%

G 4=1LG 12: LOD 9.3; 64.9% and LOD 8.8; 71.9%
and LOD 10.8; 72.0%

Idared map:

G 3=LG2:LOD 3.3; 40.6% and LOD 2.4; 39.4%
G 5=LG15: LOD 7.9; 61.0%

Discovery x TN10-8 map:

LG 2: LOD 3.0-9.01; 7.4%-22.5%

LG 13: LOD 3.74-9.73; 7.5%-27.4%

LG 1: LOD 3.0; 7.4%

LG 8: LOD 5.27-8.45; 8.9%-19.5%

LG 10: LOD 3.99-4.02; 7.9%-8.3%

LG 14: LOD 3.45; 5.7%

LG 17: LOD 4.36-4.64; 8.8%-10.5%

Calenge and Durel 2006¢

2 Number of individuals used in QTL detection, either in phenotyping population (P/T) or in map construction and genetic marker analysis (G/T)

® Linkage groups containing QTL are listed with the prefix LG or G. Where possible, the LOD score of the associated QTL and the percentage of phenotypic variance (PVE) it explains

are included, with the LOD score first. Where several linkage groups are included, the range of associated LOD score and PVE have been included.
¢ Linkage maps not aligned with adopted consensus map (Liebhard et al. 2003b), thus standard linkage group nomenclature not used.

4 Where possible linkage groups have been aligned with those of the consensus map (Liebhard et al. 2003b) and are annotated as such.

¢ Linkage maps have been aligned with the consensus map (Liebhard et al. 2003b), and standard nomenclature is used.
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nate from Malus floribunda 821. Eight other putative
QTLs were also identified, six of which were located on
the genome of the susceptible parent, Iduna. Mildew
infection was assessed in the field using a 5-point
classification scale, and the non-parametric Kruskal-
Wallis test was used to determine the association of
mapped RAPD markers with powdery mildew re-
sistance. Stankiewicz-Kosyl et al. (2005) used MAP-
MAKER/EXP 3.0 and MAPMAKER/QTL 1.1, to anal-
yse data from a limited number of 98 individuals de-
rived from an Idared x U211 cross and map 10 QTLs
involved in powdery mildew resistance (Table 9). Al-
though the genetic maps of Idared and U211 span
only five and four linkage groups, respectively, these
maps were specifically constructed around genomic
regions of interest. Several of the markers used made
it possible to align some of these linkage groups with
those of Maliepaard et al. (1998).

Stankiewicz-Kosyl et al. (2005) assessed trees over
a period of three years in the nursery and two years
in the field. Of the 10 QTLs detected five of them were
associated with powdery mildew resistance in only
one year. QTL U7, mapped on the equivalent of LG 12,
was associated with powdery mildew resistance over
four years and explained between 47.8% and 72.0%
of phenotypic variation. Apple scab resistance genes
such as Vg (Durel et al. 1999) and PIl-d (James et al.
2004) have already been mapped to LG 12, suggesting
the possibility of resistance QTL/gene clusters in this
region.

Calenge and Durel (2006) also assessed the occur-
rence of powdery mildew resistance in a population of
149 individuals derived from a Discovery x TN10-8
cross (Calenge et al. 2004) across five seasons over four
years (Table 9). Using MapQTL software, two QTLs on
LG 2 and LG 13 were consistently identified over all
five seasons and explained between 7.5 and 27.4% of
the phenotypic variation depending upon the season,
making them ideal candidates to select for in marker-
assisted breeding programs. Five other QTLs were also
identified during either one or more seasons on LG 1,
LG 8, LG 10, LG 14 and LG 17 and several of these
QTLs were mapped to the same region as previously
identified major resistance genes, or resistance gene
clusters. Calenge and Durel (2006) hypothesised that
the detection of a range of QTLs over the five seasons
could be the result of environmental effects, such as
climate, tree growth and development, or changes to
the P. leucotrichalocal populations. The fluctuation in
the presence/absence of these five QTLs over the four
seasons indicates that to explain this powdery mildew

resistance fully, assessments over more years will be
necessary. Indeed, Calenge and Durel (2006) plan to
maintain and continue to assess this population be-
yond this study, to determine a key set of QTL that
control resistance to powdery mildew.

1.4.2.2

QTLs for Resistance to Apple Scab

QTLs have been identified for apple scab resistance
using the reference genetic maps (Sect. 1.2.2) con-
structed in the following populations; Prima x Fiesta
(Durel et al. 2003), Fiesta x Discovery (Liebhard et al.
2003c), Discovery x TN10-8 (Calenge et al. 2004) (Ta-
ble 10). A summary of these results plus those from
progenies of Discovery x Prima and Durello de Forli
x Fiesta is presented in Durel et al. (2004).

Durel et al. (2003) used two monoconidial strains
of race 6 to identify QTLs controlling resistance in
both Fiesta and Prima. Detailed QTL analysis using
both MCQTL (Jourjon et al. 2000) and MapQTL (Van
Ooijen 2004) software identified four genomic regions
that were significantly involved in partial resistance,
characterized by areduction in sporulation (Table 10).
One of these regions was located close to the original
Vf gene and it is possible that the observed partial
resistance was due to a closely linked gene, or a result
of a residual effect of the overcome Vf gene (Durel
et al. 2003). The remaining three additional regions
identified on LG 15, 11 and 17 were novel locations for
association with scab resistance.

Liebhard et al. (2003c) carried out extensive as-
sessment of field resistance to apple scab over a three-
year period involving three different geographical
sites. Using MapQTL, eight QTLs were identified that
contributed to apple scab resistance; six for leaf scab
and two for fruit scab (Table 10). Interestingly, al-
though Discovery demonstrated a greater degree of
resistance, most of the identified QTLs were attributed
to Fiesta, the more susceptible parent, indicating
a high degree of homozygosity at the resistance gene
loci in Discovery that prevented their detection in
the progeny because of the lack of segregation. The
high levels of resistance observed in individuals dur-
ing the study confirmed that Discovery was a strong
resistant parent for breeding (Liebhard et al. 2003c).
The strongest scab resistance QTL from Prima x Fi-
esta mapped to LG 17 (Liebhard et al. 2003c), coin-
ciding with a scab resistance QTL that Durel et al.
(2003) identified, and similarly LG 11 was identified
in both studies as possessing a region of interest. One
of the QTLs detected by Liebhard et al. (2003c) that



Table 10. Summary of QTLs for apple scab resistance

Parents No. indv.? Method of phenotypic assessment Number of QTL detected Reference
Female Male P/T GIT Linkage group (LG or G), LOD score
and percentage of variance explained by QTLP
Prima Fiesta 143 143 Glasshouse inoculated: QTLs in four main genomic regions identified: Durel et al. 2003¢
Race 6 strains (strain 302, EU-D-42) LG 1 (isolate specific): LOD 8.2-8.9; 16.0-17.8%
LG 11: LOD 5.4-9.5; 16.5-22.8%
LG 15 (isolate specific): LOD 3.1-3.3; 5.6-6.0%
LG 17: LOD 3.6-5.9; 9.4-13.4%
Fiesta Discovery 251 251 Infected leaves placed in all locations Fiesta x Discovery map: Liebhard et al. 2003c®
and artificial inoculations at Wadenswil Leaf scab:
and Conthey LG6,7,10,11,12,17: LOD 2.3-13.2; 4.0-23%
Detached leaf assay and 9 point scale Fruit scab:
3-4 times/season LG 15,17: LOD 2.8-4.9; 7.0-9.0%
Fruit assessed using 4 point scale
Discovery TNI10-8 149 149 Glasshouse tested Discovery: Calenge et al. 2004¢
Scored: 1LG2,5,12,13,15,17
Infection on 6 point scale TN10-8:
Sporulation on 8 point scale LG 1,2

Discovery x TN10-8 map:

3 major QTL for partial resistance to most isolates:

LG 1,2,17: LOD 3.16-26.59; 5.1-51.1%
QTL for single isolate resistance
LG 5: LOD 5.4-12.57; 12.5-20.8%

2 Number of individuals used in QTL detection, either in phenotyping population (P/T) or in map construction and genetic marker analysis (G/T)

b Linkage groups containing QTL are listed with the prefix LG. Where possible, the LOD score of the associated QTL and the percentage of phenotypic variance (PVE) it explains are

included, with the LOD score first. Where several linkage groups are included, the range of associated LOD score and PVE have been included.

¢ Linkage maps have been aligned with the consensus map (Liebhard et al. 2003b), and standard nomenclature is used.
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accounted for 4% of the phenotypic variability was
located on LG 12 in a position comparable to Vg (Van
de Weg unpublished data).

Calenge et al. (2004) used a panel of eight mono-
conidial isolates to inoculate replicated progeny from
a Discovery x TN10-8 cross, resulting in the identifi-
cation of numerous QTLs across seven linkage groups
(with MapQTL), depending upon the isolate used (Ta-
ble 10). Combining QTLs with overlapping confidence
intervals and close likelihood peaks revealed three
major QTLs on LG 1, LG 2 and LG 17. The region
identified on LG 1 corresponds to the region around
Vf that Durel et al. (2003) identified as contributing
between 16.0% and 17.8% of phenotypic variation,
and the QTL identified on LG 17 (Calenge et al. 2004)
is also in agreement with a QTL mapped in both Fi-
estaand Discovery that explained 23% of the observed
phenotypic variability. Calenge et al. (2004) also de-
tected additional QTLs on LG 5, 13 and 15 to only one
or two isolates and a QTL on LG 2 that appeared to
control more broad-spectrum resistance to apple scab.
This QTL spans a region around the major scab resis-
tances Vbj, Vh2 and Vh8 (Calenge et al. 2004; Durel
et al. 2004). The identification of isolate-specific QTL
indicates that some partial resistance QTL could be in-
volved in a pathogen-mediated recognition response,
similar to major genes.

These reports of detecting QTLs contributing to
disease resistance highlight the importance of pheno-
typing segregating populations over several years and
in different environments. Different infection pres-
sures in different years, especially years with low
disease incidence, can lead to high within-genotype
variability (Liebhard et al. 2003c). Location-specific
pathogen populations are another possible cause of
increased variability, expressed as genotype-location
interaction. This occurs particularly with pathogens
such as apple scab, where the first wave of infection
in a season is often due to ascospores originating
from crosses between fungal strains from the previ-
ous growing season and where it is likely that partic-
ularly effective ascospore-derived progeny can then
multiply asexually as the season progresses. An ex-
ample of this is the QTL detected by Liebhard et al.
(2003c) on LG 10 for leaf scab, as this QTL was only
associated with data gathered at the Widenswill loca-
tion, over three years. Stankiewicz-Kosyl et al. (2005)
identified five QTLs for powdery mildew resistance
that were only associated with resistance for a single
year. A QTL that is detected in a single year is depen-
dent upon the allelic difference at a particular locus,

the interaction of the QTL with environmental fac-
tors and/or the alteration of the expression of the QTL
over time with plant development (Stankiewicz-Kosyl
et al. 2005). Assessment of QTL detection over several
years is one way of independently verifying the pres-
ence of QTL in the same genetic background, which
can in turn minimise additional sources of variation.

1.4.2.3

QTL for Resistance to Fire Blight

Although accessions of apple displaying resistance
to fire blight have been identified, the genetic con-
trol of this resistance is not well understood, and
is thought to have a quantitative, polygenic aspect
(Lespinasse and Aldwinckle 2000). Using two popula-
tions derived from crosses between Prima x Fiesta
and Fiesta x Discovery respectively, Calenge et al.
(2005b) described the first comprehensive identifica-
tion of QTL controlling fire blight resistance in ap-
ple (Table 11). Several QTL were detected in both
progenies, with one QTL on LG 7, derived from
the common parent Fiesta explaining 34.3-46.6% of
the resistance. The identification of this major QTLs
in both populations demonstrated its robustness in
two different genetic backgrounds. Four minor QTL
were also identified on LG 3 (Prima and Fiesta),
LG 12 (Discovery) and LG 13 (Discovery), each ex-
plaining 4.4-7.9% of the variation. Using a different
strain of fire blight, and a different Fiesta x Dis-
covery progeny, Khan et al. (2006) confirmed a QTL
for resistance on LG 7 of Fiesta and demonstrated
the stability of this QTL. The minor QTL identified
by Calenge et al. (2005b) were not detected in this
study.

In addition, Calenge et al. (2005b) utilized a num-
ber of microsatellite markers in common between ap-
ple and pear to compare the location of the QTLs they
detected in apple with QTLs for resistance to fire blight
that had been previously mapped in pear (Dondini et
al. 2004). In two cases, the microsatellite markers de-
tecting loci close to identified fire blight resistance
QTL in apple, also identified loci in pear that mapped
close to fire blight resistance QTLs. Further investi-
gation of these potentially homologous fire blight re-
sistance QTLs could aid the identification of potential
new resistance QTLs candidates in both crops, and
enhance our understanding of the synteny between
pear and apple. Calenge et al. (2005b) also compared
inter-loci interactions for all possible two-way com-
binations of markers to identify potential epistatic
QTLs. The recurrent involvement of certain genomic



Table 11. Summary of QTLs for resistance to fire blight

Parents No. indv.? Method of phenotypic assessment Number of QTL detected Reference
Female Male P/T GIT Linkage group (LG or G), LOD score
and percentage of variance explained by QTLP
Prima Fiesta 144 144 Artificial inoculation in glasshouse Fiesta x Prima: Calenge et al. 2005¢
with strain CFBP 1430 Fiesta map:
Assessed 7 and 14 dpi using a multipoint LG 7: 7 dpi, LOD 18.43; 43.2%
scale 14 dpi, LOD 19.14; 46.6%
Prima map:
LG 3: 14 dpi, LOD 4.09; 7.5%
Fiesta Discovery 188 188 - Fiesta x Discovery:
Fiesta map:
LG 3: 7 dpi, LOD 3.57; 4.4%
LG 7: 7 dpi, LOD 26.82; 42.6%
14 dpi, LOD 13.39, 34.3%
Discovery map:
LG 12: 7 dpi, LOD 3.53; 5.4%
LG 13: 17 dpi, LOD 4.87; 7.9%
Fiesta Discovery 86 251 Artificial inoculation in glasshouse Fiesta x Discovery: Khan et al. 2006¢
with strain Ea610 Fiesta map:
Assessed 6,13,20 and 27 dpi using LG 7; 13, 20, 27 dpi, LOD 7.5-8.1; 37.5-38.6%
a multipoint scale
Idared M. xrobusta 150 150 Artificial inoculation M. x robusta map: Peil et al. 2006¢
LG5

2 Number of individuals used in QTLs detection, either in phenotyping population (P/T) or in map construction and genetic marker analysis (G/T)

b Linkage groups containing QTLs are listed with the prefix LG or G. Where possible, the LOD score of the associated QTL and the percentage of phenotypic variance (PVE) it explains

are included in parentheses, with the LOD score first. Where several linkage groups are included, the range of associated LOD score and PVE have been included.

¢ Linkage maps have been aligned with the consensus map (Liebhard et al. 2003b), and standard nomenclature is used.
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regions indicated putative epistatic QTLs that need to
be confirmed in more detailed future analyses utiliz-
ing larger progeny sets.

A recent report by Peil et al. (2006) has identi-
fied a QTL controlling fireblight resistance on LG 5 of
M. x robusta.

14.3
Mapping QTLs for Tree Growth and Development

Many morphological and developmental traits in ap-
ple are perceived to be under complex genetic control.
When Lawson et al. (1995) compared marker data of
Rome Beauty x White Angel progeny with pheno-
typic data, single loci controlling branching type, re-
productive budbreak and root suckering were iden-
tified using the Microsoft Excel macro, QUIKMAP
(designed by N. F. Weeden and ]. Barnard) and the
program LINKAGE-1 (Suiter et al. 1983). However,
of these three traits only root sucker formation ap-
peared to be under simple Mendelian genetic control
(See Sect. 1.3.2.5.2). Branching type and reproduc-
tive budbreak gave a range of phenotypes for which
the genetic basis was not immediately apparent (Ta-
ble 12). Using only the phenotypic extremes of these
traits, initial genetic analysis enabled loci contribut-
ing major portion of the variation to be identified,
but it became obvious that other genetic loci were
probably involved in the expression of branching and
budbreak (Lawson et al. 1995). However, the ability
to detect other genes in this study would have been
limited, because, although data was available for over
400 markers (isozymes, RAPDs and RFLPs), segrega-
tion data was only available from 56 individuals, and
thus only major gene effects could have been exam-
ined in this population. Limited population size in
QTL detection exercises may lead to an underestima-
tion of QTL number, overestimation of QTL effect,
and a failure to accurately quantify QTL interactions.
Vales et al. (2004) explored the effect of population
size in the estimation of barley stripe rust QTLs and
showed that as population size increased, so did the
number of QTLs detected and that the overestimation
of the percentage of variance explained by the QTLs
was reduced.

Further work by Conner et al. (1998) used a pop-
ulation derived from a cross between the columnar
mutant Wijcik McIntosh and accession (NY 75441-58)
to position additional QTLs influencing tree growth
and development. Maps were constructed for each

parent, consisting of approximately 180 RAPD and
isozyme loci. These maps were aligned using markers
heterozygous in both parents. The positions of these
putative QTLs were established by a range of statis-
tical analyses of marker and phenotype data using
MINITAB. One to eight QTLs were identified as in-
volved in the control of height increment, internode
number and length, base diameter, branch number
and leaf break (Table 12). Most of the regions identi-
fied were associated with a specific trait for one year
and many of the traits assessed were related to each
other, and when mapped appeared to be clustered on
linkage groups. The largest cluster was identified on
LG 10, close to the position of the Co gene (Conner
et al. 1997). Conner et al. (1998) suggested that other
large clusters of marker trait associations could be the
result of single loci with pleiotropic effects. Previously,
Lawson et al. (1995) also hypothesised that vegetative
budbreak, which correlated with the segregation of
the terminal bearing characteristic could be the result
of the pleiotropic effect of this gene.

Using the extensive Fiesta x Discovery linkage
map, consisting of 804 genetic markers (a significant
proportion of these microsatellites) and covering all
17 apple chromosomes, Liebhard et al. (2003a) under-
took a more comprehensive analysis of several quan-
titative physiological traits in apple (Table 12). Both
single parent linkage maps and the integrated map
were used in MapQTL analysis to identify the con-
tributor of the effective allele, map position and effect.
For some traits, data was collected from own rooted
seedling populations as well as grafted individuals.
Three QTLs were detected for seedling stem diameter
and two QTLs for seedling leaf size, but these could
not be detected using the grafted plants, where inde-
pendent QTLs were identified. Liebhard et al. (2003a)
also positioned six QTLs for tree height increment.
As found by others (Lawson et al. 1995; Conner et al.
1998), there were associations among some of these
different growth and development traits. Of the six
regions (Liebhard et al. 2003a) identified for height
increment, four coincided with QTLs for stem diame-
ter, indicating that these traits are related or clustered
in some way. Conner et al. (1998) also reported a cor-
relation between height increment and ‘base diameter
increment’ identifying single markers on two linkage
groups associated with this trait. Investigations into
blooming traits identified five QTLs associated with
blooming characters, located on five different linkage
groups (Liebhard et al. 2003a). Similarly one of these
QTLs for number of flower bunches was located very



Table 12. Summary of QTLs for tree growth and development

No. indv.2
Male P/T G/T

Parents Method of phenotypic assessment

Female

Number of QTL detected Reference
Linkage group (LG or G), LOD score

and percentage of variance explained by QTLY

Rome Beauty White Angel 82 56
(RB) (WA)

Branching habit:

3 point scale and with and without spurs
Vegetative budbreak:

5 point scale, over 3 years

Reproductive budbreak, used phenological
categories of Chapman and Catlin (1976),
over 2 years

Bloom time:

2 dates used

Tree vigour assessed by tree height

Wijcik NY75441-58 172 172

McIntosh and base diam (3 years plus again in year 9)
Branch no. scored after 3rd year of growth
Leaf break scored:

5 times at weekly intervals, 6 point scale
Columnar form:

visual assessment

White Angel: Lawson et al. 1995¢
Terminal bearing (Tb):

LG 6, possible QTL or masked by spurring

Bloom time:

LG1

Wijcik McIntosh x NY75441-58 map: Conner et al. 1998¢
Height increment:
LG6,7,9,10,11, 12,21 (3.9-7.9%)
Internode length:

LG5, 6,9, 10 (4.6-23.1%)
Internode no:

LG 1,5,7,10, 12,21 (4.3-16.8%)
Base diameter increment:

LG 2,7, 10, 14, 16, 21 (4.0-8.5%)
Base diameter:

LG 7,9 (5.5-7.5%)

Branch number:

LG 7,10 (7.1-24.3%)

Leaf break:

1LG3,6,7,9,11,12,15 (3.9-7.3%)

2 Number of individuals used in QTL detection, either in phenotyping population (P/T) or in map construction and genetic marker analysis (G/T)
b Linkage groups containing QTL are listed with the prefix LG. Where possible, the LOD score of the associated QTL and the percentage of phenotypic variance (PVE) it explains are
included in parentheses, with the LOD score first; except for the Wijcik McIntosh x NY75441-58 map where only PVE are listed. Where several linkage groups are included, the range of

associated LOD score and PVE have been included.

¢ Linkage maps not aligned with adopted consensus map (Liebhard et al. 2003b), thus standard linkage group nomenclature not used.
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Table 12. (continued)

Parents No. indv.? Method of phenotypic assessment Number of QTL detected Reference
Female Male P/T GIT Linkage group (LG or G), LOD score
and percentage of variance explained by QTLP
Fiesta Discovery 251 251 Leaf area, stem diameter measured Fiesta x Discovery map: Liebhard et al. 2003a4
on seedlings at one site over 2 years. Seedling:

Stem diam, height increment, blooming,
no. measured over next 3 years in all
locations

Stem diam:

LG 2, 15,17 (LOD 3.1-4.8; 6.0-10.0%)

Leaf size:

LG9, 17 (LOD 3.0-4.2; 6.0-8.0%)

Tree:

Height increment:

LG 3,5,8,11,13,17 (LOD 2.4-6.2; 5.0-11.0%)
Stem diam:

LG1,2,3,8,11,13, 14, 15,17 (LOD 1.7-6.5; 4.0-13%)
Blooming time:

LG 7, 10, 17 (LOD 2.5-3.6; 5-13%)

No. bunches:

LG 8, 15 (LOD 3.6-5.1; 7.0-10.0%)

Juvenile phase length:

LG 3, 15 (LOD 3.2-4.0; 6.0-8.0%)

Fruit harv. date:

LG 3 (LOD 4.7; 16.0%)

d Linkage maps have been aligned with the consensus map (Liebhard et al. 2003b), and standard nomenclature is used.
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close to another QTL for juvenile phase length on LG
15, but on the alternate linkage group of the Fiesta
parent.

QTLs or major genes have been identified for a va-
riety of growth and development characteristics in
apple with a view to using marker-assisted selec-
tion to develop new varieties with shorter juvenile
phase, later blooming to avoid frost injury, and de-
sired branching patterns. Controlling the growth of
the grafted apple scion, through the use of a dwarfing
rootstock, such as Malling 9 (M.9) permits a higher
planting density, which in turn results in an increased
yield per hectare. However, the precise physiological
or genetic mechanism by which a rootstock induces
dwarfing is not well understood. In a similar approach
to that of Lawson et al. (1995), Rusholme et al. (2004)
used bulked segregant analysis (BSA) of the pheno-
typic extremes of a segregating population to identify
genetic markers flanking a single gene, Dw-1, that con-
tributed to the dwarfing effect of M.9. Dw-1I has been
mapped to LG 5 with microsatellite markers (Celton
et al. 2006).This single major effect gene did not ex-
plain all of the variation observed in the segregating
population, indicating that additional genes could be
involved in the control of dwarfing. However, this ini-
tial genetic analysis was based on individuals that had
been assigned to one of four simplified phenotypic
classes. QTL analysis with more detailed phenotyp-
ing on a larger population is required to determine
how many loci are involved in addition to the one
identified. Such a whole genome-based approach, in
addition to identifying QTL involved in dwarfing, will
also enable additional QTL involved in the control of
flowering to beidentified, and hence the postulated re-
lationship between the dwarfing ability of rootstocks
and grafted scion precocity to be determined.

When identifying genetic markers for traits con-
trolled by major, simply inherited genes, it is possible
to use straightforward, accelerated approaches that
are designed to target specific regions of the genome,
such as BSA (Michelmore et al. 1991) or candidate
gene screening (Gardiner et al. 2003) as well as more
detailed genetic analysis of the whole genome. In ad-
dition to identifying markers for major genes, BSA
has also been used to identify QTL for increased yield
in soybean (Yuan et al. 2002) and drought tolerance
in maize (Quarrie etal. 1999) through the analysis
of recombinant inbred lines. In more genetically di-
verse species, such as apple, it is possible that signif-
icantly more individuals would be required in each
bulked DNA sample, to ensure that each allele is rep-

resented in the bulks at the same frequency as in
the population, as several marker alleles are likely
to be present (Quarrie et al. 1999). Although BSA has
been employed as a cost-effective approach to iden-
tify genetic markers for a major locus contributing to
dwarfing of apple scions by the rootstock M.9, genetic
mapping of QTL using whole population analysis is
a more precise method, likely to identify additional
smaller QTL that also impact on phenotype, enabling
full characterization and understanding of the dwarf-
ing trait.

1.4.4
Mapping QTLs for Fruit Quality

In addition to positioning QTLs for a range of growth
characteristics, Liebhard et al. (2003a) also assessed
arange of traits associated with fruit development and
quality. The development of genetic markers linked
to key physiological traits in apple would significantly
accelerate and improve the efficiency of new cultivar
development in apple. Such rapid and non-destructive
marker-based assessment of young seedlings for fruit
characteristics would greatly reduce the number of
generations required for cultivar development, an in-
valuable benefit in a crop with such a long gener-
ation time. Liebhard et al. (2003a) identified a QTL
on LG 3 of the variety Discovery that explained 16%
of the variability associated with fruit ‘harvest date’
and eight QTLs controlling ‘fruit weight’ (Table 13).
It could be predicted that some blooming traits and
fruit traits would exhibit co-segregation. Indeed one
of the three QTLs identified for the ‘number of fruit’
coincided with a QTLs for ‘number of flower bunch-
es’, yet poor correlation was detected (Liebhard et al.
2003a) between the phenotypes of these traits, which
was attributed to other potential QTL affecting the
same traits, or changes in tree behavior with time. It
is recognised that as the tree enters different phases
of development and growth, the expression of cer-
tain traits can change, making accurate phenotypic
assessments difficult. Continued assessment of such
populations is essential to establish true phenotypes
and subsequently identify the genetic loci involved
accurately.

Fruit texture is also a complex character and is
of key importance in the development of new apple
varieties that comply with consumer preference. Sev-
eral quite different aspects of fruit composition can
be assessed to determine fruit texture, such as fruit



Table 13. Summary of QTL for fruit quality
Parents No. indv.2 Method of phenotypic assessment Number of QTL detected Reference
Female Male P/T G/T Linkage group (LG or G), LOD score
and percentage of variance explained by QTLP
Fiesta Discovery 251 251 No. fruit, fruit weight, flesh firmness Fiesta x Discovery map: Liebhard et al. 2003a“
(penetrometer), sugar content, acidity Tree:
measured over next 3 years in all locations No. fruit:
LG 5, 15, 16 (LOD 3.2-4.5; 8.0-10.0%)
Fruit weight:
LG L,3,6,8,10, 12, 15,16 (LOD 2.5-17.0; 7.0-31.0%)
Flesh firmness:
LG 6,11, 12, 14 (LOD 3.6-12.3; 6.0-27.0%)
Sugar content:
LG3,6,8,9, 14 (LOD 3.1-5.1; 3.6-12%)
Fruit acidity:
LG 8, 16 (LOD 4.7-6.2; 42.0-46.0%) (Ma locus on LG 16)
Prima Fiesta 152 152 Fruit firmness (2 penetrometer readings) Prima x Fiesta map: King et al. 2000¢

Stiffness by acoustic resonance

Sensory descriptors (hardness, crispness,
granularity, spongy texture, slow
breakdown, juiciness, overall liking)
scored on scale of 0-100:

Fruit firmness:

LG 1,8, 10 (LOD 4.7-7.4; 16.0-22.0%)
Resonant freq:

LG 10 (LOD 4.6; 21.0%)

Hardness:

LG 10

Crispness:

LG 1,5, 10, 12, 13,16 (LG 16, LOD 6.0; 24%)
Juiciness:

LG 1, 12,16 (LG 16, LOD 14.8; 46%)
Granularity:

LG 2 (LOD 5.1; 24%)

4 Number of individuals used in QTL detection, either in phenotyping population (P/T) or in map construction and genetic marker analysis (G/T)

b Linkage groups containing QTL are listed with the prefix LG. Where possible, the LOD score of the associated QTL and the percentage of phenotypic variance (PVE) it explains are

included in parentheses, with the LOD score first. Where several linkage groups are included, the range of associated LOD score and PVE have been included.
¢ Linkage maps have been aligned with the consensus map (Liebhard et al. 2003b), and standard nomenclature is used.
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Table 13. (continued)

Parents
Female Male

No. indv.?

P/T

G/T

Method of phenotypic assessment

Number of QTL detected
Linkage group (LG or G), LOD score
and percentage of variance explained by QTLP

Reference

Prima Fiesta

130

152

6 fruit per tree sampled, texture:
wedge fracture test, compression test,
cells in fruit cortex analysed

Slow breakdown:

LG1

Sponginess:

LG 1,5, 6,16 (LG 16, LOD 7.7; 30.0%)
Overall liking:

LG 12, 16 (LG 16, LOD 11.3; 38.0%)

Prima x Fiesta map:

Compression:

LG 1,6, 8, 12, 15 (LOD 4.09-8.62; 16.0-27%)
Wedge measures:

LG 1,7, 15, 16 (LOD 4.51-9.83; 15.0-32.0%)
Specific gravity:

LG 6 (LOD 7.99; 28.0%), 16 (LOD 4.54; 15.0%)
Fruit weight:

LG 4 (LOD 4.53; 25.0%)

Stress at first failure (compression):

LG 13 (LOD 3.51)

Work of fracture (wedge fracture):

LG 7 (LOD 4.51)

Circularity of cells:

LG 3 (LOD 3.3)

King et al. 2001°¢

aiddy 1 1adey)
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firmness, crispness and juiciness. These characteris-
tics are in turn determined by several variables such
as cell size or cell wall strength. It is therefore particu-
larly complicated to accurately identify QTLs control-
ling fruit texture, making fruit texture a challenging
candidate for marker-assisted breeding.

King et al. (2000, 2001) carried out a detailed ge-
netic dissection of fruit textural attributes using a pop-
ulation derived from the Prima x Fiesta cross that
had been used earlier for the construction of the first
reference genetic map (Maliepaard et al. 1998) (See
Sect. 1.2.2). Fruit was assessed using a range of me-
chanical measurements and sensory parameters. Us-
ing MapQTL, QTLs accounting for differing degrees
of variation for firmness, stiffness and a number of
sensory attributes were identified on seven linkage
groups (Table 13). This research also provided insight
into the relationship between some of the mechanical
measurements and sensory perceptions (King et al.
2000). Further work (King et al. 2001) extended the
range of mechanical measurements to include com-
pression and wedge fracture tests. The wedge frac-
ture tests identified significant QTLs on LG 16 and
LG 1. The QTL on LG 16 was located in the same
region as QTL identified for certain sensory textural
attributes, such as crispness and juiciness. Linkage
group 16 has also been shown to contain the Ma acid-
itylocus (Maliepaard et al. 1998). King et al. (2001) de-
termined that the apparent association of the Ma gene
with regions contributing to sensory assessments was
unlikely to be the result of ‘perceptual interactions’
with the Ma locus. Four QTLs controlling fruit firm-
ness, measured by penetrometer, were also identified
by Liebhard et al. (2003a) in the Fiesta x Discovery
reference population. The results of this study can
be compared with the previous studies (King et al.
2000, 2001), as both genetic maps were constructed
in part using codominant markers and have the Fi-
esta parent in common. Liebhard et al. (2003a) and
King et al. (2000, 2001) identified three QTLs for fruit
firmness (using penetrometer readings) on the com-
mon linkage groups LG 3, LG 12 and LG 16. How-
ever King et al. (2000) also identified additional QTLs
for fruit firmness, (measured by penetrometer) across
four more linkage groups. Investigations with the re-
lated Fiesta x Discovery population did not detect this
range of QTLs, indicating that expression of Fiesta al-
leles contributing to fruit firmness could be different
in different genetic backgrounds, or that certain al-
leles may only be expressed in certain environments
(Liebhard et al. 2003a).

14.5
Conclusions

There are many favorable complex traits that would be
desirable to select for in the development of new apple
varieties. The studies detailed in this Section, where
many QTLs have been identified for disease resistance,
tree architecture and fruit quality traits, are the initial
steps that will lead to the unravelling of such com-
plex traits, and the development of molecular mark-
ers linked to major QTLs that can be deployed in the
marker-assisted selection of parents and progeny in
apple breeding programs. These broad-ranging stud-
ies emphasise that to develop robust genetic markers
that will be useful to apple breeders, it is essential that
QTL are accurately positioned on the apple genome.
There are many factors that can influence and further
enhance reliable QTL identification, such as the use
of dense genetic maps constructed with codominant
markers and robust, objective phenotyping methods.
Estimates of variance for site-to-site and occasion-to-
occasion variance can be accurately determined by
the inter- and intra-site replication of only a relatively
small proportion of the population (Lynn 1998), and
maximising the number of recombinant individuals
in a population can also enable greater genetic resolu-
tion. If marker-assisted selection is to be successfully
applied to traits controlled by QTLs, it is important to
remember that QTL analysis of a population can de-
tect only differences between the inherited parental
alleles (Liebhard et al. 2003a). Therefore, to fully es-
timate the phenotypic effect of identified QTL alle-
les, they should also be compared with the equiva-
lent and ineffective allele at the same locus (Liebhard
et al. 2003a). Once QTL and associated markers have
been identified, their conserved position in different
genetic backgrounds, such as other cultivars or ge-
netically more diverse germplasm accessions, should
be established to ensure that the genetic markers de-
veloped have the widest applicability to new variety
development.

The continued development of new QTL mapping
models and algorithms designed to extract the max-
imum amount of information about QTL positions
and effects will also aid in more accurate positioning
of QTLs on the apple genome. Unfortunately, a précis
of methods of QTLs detection is beyond the scope of
this review, but of interest is a study by Maliepaard
etal. (2001) that recently compared the more tradi-
tional simple interval mapping and approximate mul-
tiple QTL model mapping with Bayesian multiple QTL
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analysis, in the context of experimental data derived
from a large full-sib family in apple.

New statistical tools and methods are also cur-
rently being assessed in a pedigree-analysis based ap-
proach to QTLs mapping in apple (Van de Weg et al.
2004). Pedigree-analysis is an ideal approach to iden-
tify QTL in data gathered from more complex and
diverse populations, such as those derived from multi-
ple founders or collected from ongoing breeding pro-
grams. This method of QTL identification, originally
used for detecting QTLs in human populations, has
several advantages for plant geneticists, namely: de-
tailed data on QTL variation within relevant breeding
populations will be generated, since multiple alleles
will be present; the context of identified QTL alleles
can be examined; and the cost efficiency of the QTL
mapping exercise will be improved as existing selec-
tion experiments can be utilised (Bink et al. 2002).

1.5
Marker-Assisted Breeding

The advantages and limitations of conventional ver-
sus molecular breeding have recently been discussed
in general terms in a review article by Oraguzie et al.
(2004). A major advantage of the use of markers is
that they increase the breeding efficiency by enabling
early selection for adult traits; simultaneous selection
for multiple traits, including resistance gene pyra-
mids; and selection for traits that are expensive to
phenotype. Strategies can be developed for the effi-
cient marker-assisted introgression of a range of traits
into one cultivar (Servin et al. 2004). In this chapter,
we will discuss marker-assisted breeding (MAB) using
examples of its application, and the potential of whole-
genome selection as part of a fast-breeding strategy
combined with the reduction of the juvenile phase.

1.5.1
Germplasm Screening

Genetic markers linked to a specific gene are an
efficient modern alternative for the screening of
germplasm for the distribution of that gene, com-
pared with the traditional cumbersome allelism
tests (MacHardy 1996). For example, evaluation of
selected germplasm with the OPB12SCAR marker
for Vm showed that it was present in two other
species only, apart from M. micromalus and M. x

atrosanguinea which are the two primary allelic
sources for this gene (Dayton and Williams 1970), out
of 28 species tested (Cheng et al. 1998). However, such
marker data needs to be interpreted with caution, as
presence of a marker does not necessarily mean that
the gene is present, or vice versa, since even if the
marker and gene are in linkage disequilibrium, rare
recombination events can uncouple the association
between the particular alleles of the marker and gene
of interest. Furthermore, as resistance loci in plants
are frequently located in clusters (Michelmore and
Meyers 1998), a marker may well be expected to be
linked to more than one gene. This was demonstrated
with the OPL19SCAR marker, which could not
distinguish the Vh2 and Vh8 genes for scab resistance
(Bus et al. 2005a). As microsatellite markers are very
polymorphic, there is more opportunity for a specific
allele to be linked to a resistance gene than for SCAR
markers. While there are many germplasm sources
with resistances allelic to Vf (Williams et al. 1966;
Williams and Dayton 1968; Dayton and Williams
1970; Dayton etal. 1970), only M. micromalus,
M. prunifolia 19651, and M.A.16 have been suggested
to carry this gene, because all three amplify the same
allele for the two very closely linked CHVf-1 and
CHV{-2 microsatellite markers (Vinatzer et al. 2004).
In the same study, it was shown that the F, selections
26829-2-2 and 26830-2 are not descendants of the
original cross between M. floribunda and Rome
Beauty (Hough et al. 1953), because a CHV{-1 allele
of 137 bp amplified from both accessions was not
present in either of the parents of this original cross.

1.5.2
Marker-Assisted Selection

Genetic markers enable the selection of combinations
of both specific genes and QTLs, which cannot be
identified through phenotypic selection, as epistatic
effects are usually involved. Using the example of
resistance breeding, in the past such combinations
would have been eroded during the breeding process
and eventually led to a loss of the quantitative resis-
tances, which in turn put the major gene resistances
under pressure. This sometimes had disastrous con-
sequences, as was shown with the ‘Vertifolia effect’ of
P infestans on potato (Solanum tuberosum) in spite of
this cultivar carrying two major genes for late blight
resistance (Vanderplank 1984). Hence, the monetary
value of genetic markers to a breeding program goes
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well beyond the replacement cost of traditional phe-
notypic selection techniques (Luby and Shaw 2001)
and should include an estimation of their contribu-
tion to realizing the potential value of durable resis-
tances in food production. The cost of marker assisted
selection (MAS) can be reduced in cases where an ini-
tial phenotypic selection can be performed prior to
MAS. An example can be seen in a glasshouse screen
for scab resistance in a family segregating for genes
conditioning distinctly different resistance reactions,
e.g. Liberty (Vf conditioning chlorotic resistance re-
actions) x TSR33T239 (Vh4 conditioning HR resis-
tance reactions epistatic to Vf). Since we know now
from marker analysis that one of these resistance re-
actions is epistatic to the other, the number of marker
analyses could be halved by discarding the suscep-
tible seedlings and the seedlings showing chlorosis
(Bus et al. 2000). Further cost efficiency of MAS will
be achieved through the development of (semi-) auto-
mated DNA extraction and marker analysis systems.
Robotic systems and the use of marker multiplexes
(Cook and Gardiner 2004; Frey et al. 2004) will reduce
the costs of both labour and consumables.

The success of MAS with one marker is deter-
mined mostly by the linkage distance of the marker
to the gene of interest. If one assumes a recombina-
tion rate of 5% between a marker and a gene, a rate
not met in many breeding families (Bus et al. 2000),
MAS would result in 14.3% of the selected seedlings
not carrying the desired combination of resistances in
the case of three pyramided genes, and 26.5% in the
case of six genes. A recombination rate of 1% for each
marker would see the levels of inaccurate selection
drop to 3.0% and 5.9%, respectively. However, when
using flanking markers, the distance of the markers
becomes much less of an issue, as the rate of inac-
curate selection declines to less than 1%, even if the
recombination rate is 5% for both markers for each of
the three genes, and selection is carried out for one
or both markers for each gene. With recombination
rates of 1%, inaccurate selection becomes negligible.
One issue for some types of markers, such as SCARs,
is that their transportability may be limited, hence it
is prudent to check linkages in a new parent prior to
developing progenies intended for MAS. Once reliable
markers have been developed, a strategy can be devel-
oped to efficiently pyramid the resistance genes from
a number of breeding parents (Servin et al. 2004).
One can also utilise more transportable markers from
previously published apple maps if the position of
the gene of interest in the genome (or failing that the

SCAR marker) has been confirmed. On the other hand
these transportable markers (mainly microsatellites
and RFLPs) are more labour intensive than SCARs.

The application of MAS has been shown to be suc-
cessful in several examples involving epistatic interac-
tions between resistance genes (Bus et al. 2000, 2002).
In the case of the A163-42 x TSR34T15 family, where
Vf (conditioning chlorotic resistance reactions) and
Vh2 (conditioning stellate necrotic resistance reac-
tions) were combined, a number of seedlings showed
an unexpected hypersensitive response. Marker anal-
ysis with the OPL19SCAR and ALO7SCAR revealed
that in 91% of the cases these pin-point lesions were
the result of a synergistic effect between the two genes
(Bus et al. 2002) (Table 14). A similar effect was shown
for Vf with relatively more seedlings showing no or
Class 2 symptoms (sensu Chevalier et al. 1991) when
carrying the genein homozygous state, than those car-
rying it in heterozygous state (Tartarini et al. 2000).

Genetic markers are also an important tool in un-
derstanding the segregation of traits involving seg-
regation distortions. For example, the naming of the
Er-3 gene for woolly apple aphid resistance consistent
with a single gene was based on the R:S = 1:1 segre-
gation in one M.9 x Aotea family (Bus et al. 2000).
When a progeny of this family was crossed with Royal
Gala, only 17% percent of the seedlings were resistant,
which suggested that the single gene model was not
correct. However, MAS with the OPO05SCAR devel-
oped for Er-3 confirmed that there had been a seg-
regation distortion (Table 15) as the marker was also
not segregating 1:1 as expected. In contrast, the con-
sistent discrepancies between the AT20SCAR marker
segregating 1:1, while the phenotypes for the PI-1 pow-
dery mildew resistance gene do not (Dunemann et al.
2004), is consistent with the two-gene hypothesis pro-
posed for this resistance (Alston 1977).

1.5.3
Marker-Aided Introgression

The term MAS usually refers to the introgression of
agene, or alimited number of genes, e.g. in the case of
pyramiding resistance genes. A step up from MAS is
the use of genetic markers to select for a wide range of
traits within one breeding cycle, or for “whole genome
selection” (Pradhan et al. 2003), i.e. the selection of
the genome resembling one of the parents. For exam-
ple, the number of progeny of a backcross between
a crabapple selected for a specific resistance gene and
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Table 14. The segregation data for the Vf and Vh2 apple scab resistance genes and ALO7SCAR
and OPL19SCAR markers in an A163-42 x TSR34T15 family. Adapted from Bus et al. (2002)

Marker Phenotype” Dead Total
L19 AL07 HR SN 3A 3B S
+ + 20 162 13 45 29 7 276
+ - 1 156 0 5 60 37 259
+ 1 11 3 48 15 4 82
- - 0 3 1 1 37 22 64
22 332 17 99 141 70 681

* HR = hypersensitive response, SN = stellate necrosis, 34 and 3B = chlorosis with sporulation,

S = susceptible (scale adapted from (Chevalier et al. 1991))

Table 15. The segregation data for the Er3 woolly apple aphid resistance gene and PO0O5SCAR
marker in a Royal Gala x $26-E290 family. Adapted from Bus et al. (2000)

005 Woolly apple aphid phenotype Segregation” Total

Marker 0 1 2 3 4 5 R S

+ 18 2 0 0 0 1 18 3 21

- 2 0 0 0 13 84 2 97 99
20 2 0 0 13 85 20 100 120

* R = immune (Class 0); S = susceptible (Classes 1-5)

ahigh quality apple cultivar can not only be reduced to
the resistant progeny, but to the number of seedlings
carrying genomes most resembling that of the quality
grandparent(s) as well as the desired resistance gene.
In a crop with a long juvenile period, such as apple,
considerable cost savings in the breeding program
may be achieved by not having to grow seedlings un-
til fruiting and to perform fruit evaluations on them.
Obviously, the larger the number of markers used in
the selection, the more effective this approach will be.
However, the optimum number will be determined
by balancing the extent of selection achieved with the
cost of achieving it. As with MAS, the economics of
this technology is determined for a large part of the
market value of the character(s) of interest (Moreau
et al. 2000).

At HortResearch, the whole genome selection ap-
proach is being investigated in combination with
a technique of reducing the juvenile period in or-
der to develop “fast breeding”. It has been shown that
the juvenile period in apple can be reduced from on
average five years from seed germination, to about
one to one and a half year by growing the seedlings
continuously in the glasshouse (Zimmerman 1971;
Aldwinckle 1975a). The aim of the HortResearch fast

breeding program is to reduce the breeding cycle from
cross to cross from the current six years on average,
to two years. In initial studies involving growing the
seedlings under optimal conditions in a phytotron,
inducing flower bud formation, providing sufficient
chilling, and forcing the seedlings to flower, have
to date shown a success rate of only 15% within 10
months from germination (Bus et al. 2001) compared
with over 68% for glasshouse grown seedlings (Ald-
winckle 1975a). Further research is being carried out
to increase the efficiency of this breeding strategy.

1.6
Map-Based Cloning

In the 1990s several disease resistance genes (Martin
et al. 1993; Bent et al. 1994; Jones et al. 1994; Lawrence
etal. 1995) and a few pest resistance genes (Milligan
et al. 1998; Rossi et al. 1998) were cloned from tomato,
tobacco, Arabidopsis and flax. Because of their dom-
inant nature and major effect, resistance genes have
become the most common plant genes to be targeted
by map-based cloning techniques in recent years and
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apple is no exception to this rule. In fact, all known
apple map-based cloning projects embarked upon to
date have been for disease or pest resistance genes. By
the late 1990s, as detailed in Sect. 1.3, several partial
maps had been constructed around disease resistance
genes in apple with the most detailed maps being
around the Vf locus conferring resistance to apple
scab (Sect. 1.3.2.1 and Table 4). Map-based cloning
projects to isolate the Vf gene were initiated in Europe
by a Swiss/Italian consortium and later in the USA by
the University of Illinois (see references below).

1.6.1
vf

Considerable progress has been made in the last few
years in identifying the Vf gene, the first apple disease
resistance gene to be cloned. Apple BAC libraries have
been developed from at least four different sources
containing Vf. Vinatzer et al.(1998) developed the
first BAC library of almost 37,000 clones from Flo-
rina, a cultivar containing the Vf locus. It has an av-
erage insert size of 120kb and is expected to cover
about five haploid genomes. Xu et al. (2001b) devel-
oped a 31,000 clone library from Malus floribunda
clone 821, the original source of the Vf locus. This
library has an average insert size of 125 kb and is also
expected to cover about five haploid genomes. Subse-
quently Xu and Korban (2002a) constructed a 35,000
clone BAC library with an average insert size of 110 kb
from the Vf containing cultivar GoldRush. This again
represents approximately five haploid genome equiv-
alents. The present authors have developed a 56,000
clone BAC library and a 168,000 clone cosmid library
from an apple breeding parent containing both the Vf
apple scab resistance locus and the powdery mildew
resistance locus PI-2 (Rikkerink et al. unpublished).
These two libraries are each expected to cover nearly
seven haploid genome equivalents.

In reality, the map-based cloning projects that
utilise these BAC resources have relied on a mixture
of pure map-based techniques and candidate gene ap-
proaches made possible by information provided by
other plant systems. Patocchi et al. (1999b) identified
a 550 kb minimal BAC tiling path containing the Vf lo-
cus, based on detailed analysis of markers around the
gene and new markers generated from the BAC clones
intheregion. A similar but somewhat smaller contig of
290 kb around the gene was later developed by Xu and
Korban (2002b), assisted by previous saturation map-

ping with AFLPs (Xu et al. 2000, 2001a). Vinatzer et al.
(2001) continued the work of Vinatzer et al. (1998) and
Patocchi et al. (1999a), using BAC inserts to probe
a large cDNA library combined with partial cDNA
sequencing to identify three putative genes in the Vf
region that showed homology to the cloned Cladospo-
rium fulvum (Cf) resistance genes from tomato. These
cDNA clones were then used to identify the portions
of the BACs that needed to be sequenced to derive
the sequence of the entire open reading frame corre-
sponding to each of these cDNAs. They also derived
partial sequence data from a fourth candidate. These
candidates were named HcrVfI to HcrVf4. Xu and
Korban (2002b) used a slightly different approach,
based on screening BAC subclones with labelled total
cDNA. The BAC subclones containing transcribed re-
gions were then partially sequenced and a full gene se-
quence was obtained by a combination of RACE (rapid
amplification of complementary DNA ends) and fur-
ther sequencing of clones containing resistance-like
sequences. The first candidates identified were also
used to develop additional PCR-based screens for fur-
ther (similar) genes. This yielded an almost identical
set of four candidate genes to that of Vinatzer et al.
(2001) near Vf that they labelled Vfal to Vfa4. Based
on available sequence data Vfal = HcrVfl, Vfa2 =
HcrVf2 and Vfa4 = HcrVf3. It is reasonable to assume,
in the absence of full sequence data, that Vfa3 may
be the same as HcrVf4, although the relative loca-
tion of these four genes does not quite agree between
the two contigs with Vfa4 (i.e. HcrVf3) being the fur-
thest clone from Vfal (i.e. HcrVfI) in one contig, but
HcrVf4 (i.e. presumably Vfa3) being the furthest in
the other contig. This could also be explained if there
are in fact five candidates, and Vfa3 is not the same
as HcrVf4. Recently Belfanti et al. (2004) expressed
one of their candidate genes (HcrVf2) in a susceptible
apple (Gala) under a 35S promoter and demonstrated
that this construct confers resistance against apple
scab. This result may indicate that this candidate is
the Vf gene. However, the interpretation of this result
could be complicated by the substitution of the native
promoter with the 35S promoter that (presumably)
drives higher expression. The same group reported
recently (Silfverberg-Dilworth et al. 2005) that the re-
sistance in these HcrVf2 transformants could be over-
come by a scab race that specifically overcomes the
Vf resistance. This result strengthens the conclusion
that HerVf2 is actually the Vf gene. A contribution to
Vf resistance by another gene in the cluster cannot
be formally ruled out without similar transformation
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data for all the candidates and indeed there is now
transgenic evidence to suggest that in fact two of the
candidates at the Vf locus can each (independently)
confer a degree of resistance to scab (Malnoy et al.
2006).

1.6.2
Sd-1

Cevik and King (2002a) developed a high-resolution
map around the Sd-1 aphid Dysaphis devecta resis-
tance locus. Subsequently, Cevik and King (2002b)
used the abovementioned ‘Florina’ library to develop
a BAC contig around the Sd-1 locus. They identi-
fied several putative NBS-LRR resistance-like gene
sequences within a BAC in this contig (Genbank
AM167520), suggesting the presence of a cluster of
these genes. This library is however not expected to
contain the gene encoding this resistance as the Sd-1
resistance gene is derived from Cox’s Orange Pippin,
which does not feature in the ancestry of Florina.
Cevik and King (2002b) also confirmed that Florina
is susceptible to the aphid. More work using libraries
from an aphid resistant host will therefore be required
to identify the gene(s) responsible for conferring the
resistance present at this locus.

1.7
Advanced Work

1.7.1
Tools Developed: Transformation, ESTs,
Microarrays and Functional Genomics

1.7.11

Transformation

Agrobacterium-based apple transformation was first
demonstrated by James et al. (1989) using a disarmed
Ti-binary vector and has since been demonstrated
in a number of laboratories around the world us-
ing several different apple cultivars ( Sriskandarajah
et al. 1994; Yao et al. 1995; Puite and Schaart 1998).
These transformation events can be stably maintained
(James etal. 1995) in the plant. Initially transfor-
mation was used to introduce various heterologous
(trans)genes largely aimed at providing pathogen or
pest protection, including the attacin family (Norelli
et al. 1994) and T4 lysozyme (Ko et al. 2002) lytic pro-
teins, chitinases (Bolar et al. 2000, 2001) and avidin

or streptavidin (Markwick et al. 2003). More recently,
it has been used to deliver endogenous genes in or-
der to identify their function or effect on pathogen
resistance. These studies have included Vf gene can-
didate HcrVf2 (Belfanti et al. 2004) mentioned above,
introducing an apple homologue of the Arabidopsis
regulatory gene NPRI as well as apple proteins that
are known to interact with the E. amylovora secreted
type Il effector protein DspE (Aldwinckle et al. 2003).
Another strategy for functional analysis attempts to
turn off the genes in order to either identify function
(Dandekar et al. 2004), or modify the plant’s develop-
ment to create a novel phenotype or mimic a useful
phenotype such as dwarfing (Bulley et al. 2005).

Methods for gene knock-down using RNA inter-
ference technology (Wesley et al. 2001) have also be-
gun to be applied in apple (Gilissen et al. 2005). There
is significant scope to extend this list to further genes,
such as other disease resistance genes that are likely
to be identified in the near future, as well as genes that
may play a role in the various defense pathways that
can now be identified in apple EST databases (see be-
low). For example, we have also started investigating
the function of members of several key protein fami-
liesidentified in the EST sequencing effort (Crowhurst
et al. 2005, Newcomb et al. 2006).

Introducing genes by transformation is not only
a useful analytical tool, but also is a way to circum-
vent the difficulty of introgressing useful single genes
into new varieties by pseudo-backcrossing. This effec-
tively becomes equivalent to the true backcrossing-
based introgression that can be performed in selfing
species to recreate existing varieties with new char-
acteristics. The introgression of useful simply inher-
ited characters such as disease resistance from wild
germplasm into commercial varieties is a relatively
standard breeding strategy for autogamous crops. In
such crops, a variety that is very similar to the origi-
nal but containing the introgressed character can be
recreated by repeated backcrossing. Introgression is
not as simple in non-autogamous crops like apple.
The re-creation of a variety with a single introgressed
gene (or more correctly a small region in linkage dis-
equilibrium with this gene) in non-autogamous crops
such as apple by traditional backcrossing is rendered
impractical by the low success rate with traditional
backcrossing, because the resultant apple progeny are
either unviable or much less vigorous. The combina-
tion of various gene cloning/identification methods
and gene transformation now make this possible in
apple. Precautions are required, because of the possi-
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bility of somaclonal variation in plant tissue culture
(Courtial et al. 2001), but the essential character of the
existing variety can be maintained and the new vari-
ety could be marketed essentially as a new sport of the
variety, with an added advantage (e.g. a scab resistant
Gala). In the case of apple, characterization of trans-
formants has only been carried out in containment. It
would be interesting to see whether most transformed
apples perform true to type when they are grown un-
der field conditions for extensive periods of time.

1.7.1.2

EST and Candidate Gene Sequencing

In the last five years a considerable effort has gone
into developing more advanced genomics resources
for apple, in addition to the large insert library re-
sources discussed in Sect. 1.6. An extensive public do-
main EST resource now exists for apple. This is largely
derived from cDNA based single pass sequencing car-
ried out by HortResearch (Newcomb et al. 2006) and
more recently, from a program initiated by a US con-
sortium (Korban et al. 2005). Over 250,000 apple ESTs
are in the public domain at the time of writing and
these probably represent a substantial proportion of
the expressed genes in apple, since they form well over
30,000 non-redundant clusters of sequence. A bioin-
formatic analysis of the combined sequencing efforts
is still needed to get a more accurate measure of the
number of non-redundant sequences that these ESTs
represent. Since they are largely based on single pass
sequencing from one end, it is likely a number will end
up falling into the same non-redundant contig once
complete cDNA sequence becomes available. There
has also been considerable progress in identifying
candidate genes of particular classes by PCR based
approaches. We have recently used this approach to se-
quence parts of over 350 candidate disease resistance
genes (Rikkerink et al. submitted manuscript) and
build on the smaller datasets of these genes already
available from apple (Lee et al. 2003, Baldi et al. 2004).

1.7.1.3

Microarrays

Microarrays are now becoming an important tool
in the global characterization of gene expression in
plants (e.g., Liu 2005). They consist of high den-
sity arrays on glass slides using either PCR-amplified
cDNAs, or long oligonucleotides complementary to
the transcribed part of genes. The expression of alarge
number of genes can be simultaneously assayed by
hybridizing these slides with labeled RNA prepared
from plants subjected to different treatments or from

different tissue types, and looking for hybridization
patterns that suggest a significant change in expres-
sion. HortResearch has also gone on to develop a 5,000
oligonucleotide pilot and a 16,000 oligonucleotide mi-
croarray from their EST data (Crowhurst et al. 2005).
These arrays are based on oligonucleotides of approx-
imately 50 bases in length with a Tm near 74 °C and
have started yielding information on RNA expression
profiles of the corresponding ESTs (Janssen and Schaf-
fer, personal communication)

1.7.1.4

Functional Genomics

Some of the other tools required for any comprehen-
sive functional analysis have also been developed in
apple. These include RNA interference, expression in
apple cell lines, the use of model plant species such
as Arabidopsis thaliana and micro-organisms such
as E. coli or yeasts to express apple genes in order
to develop assays for their biochemical function. Ex-
pression of candidate genes in Arabidopsis thaliana
has helped narrow down candidates for SNP marker
development and subsequent genetic mapping.

1.7.2
Third-Generation Maps: Physical

Currently the only physical maps of apple that exist
are around specific resistance genes that have been
targets for map-based cloning (see Sect. 1.6). Other
novel technologies such as radiation hybrid mapping
have not been developed or applied to accelerate map
development. Given that the apple genome is modest
in size and that the price of whole genome sequencing
efforts are decreasing, it is likely that genome sequenc-
ing (see below) will overtake such strategies and make
them more or less obsolete.

1.8
Future Scope of Work

1.8.1
Association Mapping and Other Ways
to Link Genotype to Phenotype

A major goal of research in the future will consist of
developing faster and better methods to link geno-
type information to both desirable and undesirable
phenotype information. Association mapping, which
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utilises the phenomenon of linkage drag (disequi-
librium) to identify candidate genome regions (and
at its extreme, candidate genes) that show statisti-
cally significant associations between phenotypes and
markers, is likely to be one of these methods. To im-
prove the chance of identifying candidate genes for
any given phenotype by whole genome scans will re-
quire methodology that can generate very dense ge-
netic maps - since the region that stays in linkage dis-
equilibrium (LD) with the phenotype is expected to
rapidly decay because of recombination. Microarray
technology in partnership with SNPs could potentially
generate enough markers and the methodology to si-
multaneously assay a large number of SNPs in a single
genotype. The recently developed EST databases can
be used to identify many of these SNPs. In order to be
able to effectively utilise this tool and to identify the
most appropriate germplasm, we will also need to de-
velop knowledge about the rate of LD decay in various
apple populations and how uniform (or non-uniform)
this decay is across the genome. Other methodologies
such as targeting local lesions in genomes (TILLING)
can now utilise EST sequence data and could poten-
tially rapidly generate much greater variation in plant
phenotypes than exists in the wild (Slade et al. 2005).

1.8.2
Structural Genomics
and Whole Genome Sequencing

When compared with our understanding of the
genome of the model plant species Arabidopsis and
rice, it is clear that apple still lags a long way behind
these plant genomes. Although a certain degree
of lag with respect to these crops is inevitable, the
range of resources identified above indicate that this
gap could be closed significantly during the next
decade. More detailed maps, or the construction of
proper whole chromosome physical maps will be
required before the apple community can realistically
contemplate whole genome sequencing in apple. It
is likely that the existing sequencing effort in the
related genus Prunus will yield both an interesting
start point for comparative analysis of these two
important Rosaceae genera, and some actual leads to
help construct physical maps in apple. As might be
reasonably expected, there is already some indication
of significant levels of synteny between apple and
other Rosaceae genera (particularly with Pyrus,
another member of the Maloideae) (see Sect. 1.2.4).

Even without a whole genome analysis, a pilot
comparative study sequencing BACs around one or
a few homologous loci in several members of the
Rosaceae would be informative in terms of the level
of microsynteny. This sequencing would probably
also yield other useful information, such as the na-
ture of transposable elements, the identity of trans-
poson families present in several of the Rosaceae,
and the gene density in these species. Information
about transcribed transposons could also be deduced
from the EST sequencing efforts. HortResearch has
already identified ESTs in its database that appear
to be interrupted by transposon-like sequences (E.
Rikkerink unpublished), but a more comprehensive
analysis might identify many more of the active trans-
posons in apple. Comparative BAC sequencing might
also begin to cast some additional light on the origin
of the Maloideae as a subfamily within the Rosaceae
(see also Sect. 1.1.1). While genome resources for ap-
ple have come a long way in the last decade, much
remains to be done.

There is a commitment now within the Rosaceae
research community to support the complete genome
sequencing of peach as the first crop in the family.
However, the world-wide economic importance of ap-
ple means that it should follow reasonably quickly
as the next logical Rosaceae member to sequence in
full. This would generate very significant amounts
of comparative data in regions outside the immediate
(transcribed) gene-space, which could play important
regulatory roles. The haploid genome size of mem-
bers of the Rosaceae is not unreasonably large (262 -
743 Mb, Table 16) when compared with the genome
size of other plants like Arabidopsis (145 Mb), rice
(420 Mb) and poplar (550 Mb). Moreover, even if little
is known about the structure of the apple genome,
its relatively small size compared with the complex
and highly-repeated sequence-rich genomes of maize
and pine, and the fact that it is probably an ancient
polyploid suggests that it may have a true haploid size
close to that of peach and be of relatively low com-
plexity. The average physical/genetic ratio for apple
(estimated at 0.51 Mb/cM using the most complete
maps available) is lower than that observed in tomato
(0.77 Mb/cM). Since positional cloning of QTL has
been successfully carried out in tomato, this suggests
that map-based chromosome walking is feasible in ap-
ple. Therefore, whole genome sequencing of many of
the major Rosaceae genomes is well within the realms
of possibility in the next decade. Indeed, the technical
limitations that were encountered by pioneer whole
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Table 16. Genome size and physical/genetic correlation of distance in several plant species

Species Common name Physical Maximum Ratio Status of
size (Mb/C)  genetic (Mb/cM)! genome

length (cM) sequencing
Arabidopsis thaliana Arabidopsis 145 675 0.21 Completed
Populus deltoides Poplar 550 2,300 0.24 Completed
Oryza sativa Rice 420 1,490 0.28 Completed
Lycopersicum esculentum Tomato 980 1,280 0.77 In progress’
Zea mays Maize 2,300 1,860 1.24 In progress
Pinus pinaster Maritime pine 25,700 1,850 13.89 Still impractical
Rubus ideaus Raspberry 280 789 0.35 -
Prunus persica Peach 262 712 0.37 Physical mapping

in progress®

Fragaria spp Strawberry 392 445 0.88 Limited BAC resources
Pyrus communis Pear 496 949 0.52 -
Malus x domestica Apple 743 1,454 0.51 BAC and EST resources*

! Average physical/genetic ratio based on most complete genetic maps

2 Gene space sequencing

3 Physical mapping partially completed and several thousand ESTs also exist

4see above for details

genome sequencing projects in the past (e.g. human
and Arabidopsis genomes) can be easily circumvented
now by the progress made in terms of sequencing
methods and bioinformatics analysis, as well as the
availability of large sequencing facilities. One striking
example is the sequencing of the poplar genome in
less than two years (Brunner et al. 2004).

The alternative (and complementary) way for ac-
cessing genomic information relies on the use of
cDNA libraries instead of BAC genomic libraries. As
detailed above, this approach has been extensively
used in apple where over a quarter of a million
of ESTs have been produced recently. However, as
EST data can only partially compensate for complete
genome data, whole genome sequencing is therefore
still required. ESTs are proving to be a good source
for the microsatellite markers and SNPs (Newcomb
etal. 2006) that should help to generate more de-
tailed maps. Even though most of the ESTs devel-
oped by HortResearch are derived from a single vari-
ety (Royal Gala) SNPs can still be identified at a rea-
sonable frequency (presumably because of the highly
heterozygous nature of apple). These more detailed
maps can then act as a springboard for developing
whole chromosome physical maps. Alternatively, this
could be done by a random strategy relying on BAC
fingerprinting to develop contigs, using new meth-
ods such as overlapping oligonucleotide (OVERGO)

probes (Wesley et al. 2001) or a combination of these
approaches.

If the cost of sequencing goes down significantly,
then the option of assembly from deep sequencing us-
ing a whole genome shotgun (WGS) library approach,
as opposed to a hierarchical shotgun sequencing ap-
proach, becomes feasible for apple. Another alterna-
tive strategy could be to concentrate initial sequencing
efforts on transcribed regions of the genome. In some
species such as tomato there is evidence of reason-
ably sharp demarcation lines between transcription-
ally active and more silent portions of the genome, the
euchromatic regions making up the former perhaps
constituting less than one-quarter of the total genome
(Van der Hoeven et al. 2002). Van der Hoeven et al.
(2002) based these deductions on sequence data from
a set of BACs biased by being selected because they
contained transcribed genes.

There is anecdotal evidence for a higher gene den-
sity on BACs than might be expected by chance based
on the number of times random BAC sequencing iden-
tifies ESTs in the HortResearch database (Rikkerink
et al. unpublished). Sequence analysis of several com-
plete BACs would indicate if concentrating on eu-
chromatic regions is a viable strategy for sequencing
the “more important” parts of the apple genome. Of
course this strategy also suffers from the major draw-
back that it assumes the non-euchromatic regions are
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less important. It is possible that this assumption is
based largely on inability to make sense of the func-
tion of DNA in these regions. This is particularly per-
tinent to remember, now that there is increasing evi-
dence that short transcribed RNAs in fact may some-
times contain very significant regulatory information
and tie in with endogenous RNA interference-based
methods of gene control. While there are many dis-
advantages to apple lagging behind the model crops
in terms of genomics efforts, some of the advantages
include learning important lessons from these model
systems about paying closer attention to the less-well
characterized parts of plant genomes. In these may
well lie the secret to many of the interesting and use-
ful properties of our own favorite plant system.
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2.1
Introduction

The Vitis vinifera L. grape is one of the oldest cul-
tivated plants, and is thought to have originated in
the region between the Mediterranean basin and the
Caspian Sea (Olmo 1976). Grapevines are climbing
perennial plants with coiled tendrils. Under cultiva-
tion they generally require trellising to increase pro-
ductivity and optimize growth and quality. They are
pruned during the dormant and growing season to
enable cultivation and promote fruitfulness and fruit
quality. The fruit, a berry, is essentially an indepen-
dent biochemical factory. It is primarily composed of
water, sugars, amino acids, minerals, and micronu-
trients. The berry has the ability to synthesize other
berry flavor and aroma components that define a par-
ticular berry or wine character. The berry is a com-
mercial source of tartaric acid and is also rich in malic
acid. Cultivation is easiest in a Mediterranean type
climate with hot dry summers and cool rainy win-
ters, however grapevines are grown throughout the
world’s temperate climates. Vitis vinifera cultivars are
heterozygous and are therefore propagated clonally in
order to maintain their distinctive and economically
significant individual characteristics. These cultivars
are typically grown on rootstocks to resist soil-borne
pests and to adapt to adverse soil conditions, but there
are areas of the world where they can be grown with-
out rootstocks.

Grapes are grown in more than 80 countries of
the world with a total of 7,572,237 hectares devoted
primarily to wine grapes, but also including table
and raisin grapes. The countries with the greatest
acreage are Spain, France, Italy, Turkey, China and
the United States of America (FAOSTAT data 2005).
Wine production adds at least $2 for each $1 of farm
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gate value. The leading countries for production
of table grapes consumed as fresh fruit are China,
Turkey, Italy, Chili, the USA, RSA, Spain and Greece
(www.fas.usda.gov/psd/complete_tables/HTP-table6-
104.htm). The leading countries in the production of
raisins, largely sun dried fruit of seedless cultivars,
are the USA, Turkey, Greece and Australia.

2.1.1
Origin and Early History of Domestication

A single Eurasian grape species (V. vinifera) is the
source of the estimated 10,000 cultivars that produce
99% of the world’s wine and table grapes today. This
species has tremendous genetic diversity and an ex-
tremely wide range of variants have been selected over
the millennia. Grape cultivation is a very ancient art.
Legend and tradition favor ancient Armenia as the
home of the first grape (Olmo 1976). Figure 1 indicates
the principle areas of the Old World where viniculture
began. Levadoux (1956) summarized the distribution
of wild and domesticated varieties of V. vinifera as
follows:

- Vitisviniferawas in existence during the final stages
of the tertiary period as evidenced by the fossils in
many locations of Western Europe and the Mediter-
ranean basin.

- During the Pleistocene period fossil evidence sug-
gests that V. vinifera survived in the forests circling
the Mediterranean and south shores of the Caspian
Sea.

- In the Neolithic period, V. vinifera occupied the
same distribution, as at present, however, primi-
tive polymorphism and dioecious nature remained
intact because of heterozygosity.
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Arabian Sea

Fig. 1. The principal areas of the Old World where viniculture began
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- The domestication of V. vinifera began ca. 8000-
6000 BC in Transcaucasia.

- Toward the end of fifth millennium BC, grape cul-
ture began to spread around the Mediterranean.

Although there is no written record describing the
process, there has been sufficient archaeological evi-
dence uncovered to demonstrate the transformation
from wild to domesticated forms (Olmo 1995). Do-
mestication likely started when nomads marked for-
est trees that supported particularly fruitful vines.
Grapevines grow most successfully in areas where
water is readily available. As sedentary agriculture
developed and forests were cleared, fruit trees and
vines were kept in areas where water was available
and plants were protected from the reach of grazing
animals by building mud walls around what became
vineyards and orchards. Neolithic communities of the
ancient Near East and Egypt were permanent, year-
round settlements made possible by domesticated
plants and animals. Given a more secure food supply
and a stable base of operations than nomadic groups
possessed, a Neolithic culture and “cuisine” emerged.
Using a variety of food processing techniques - fer-
mentation, soaking, heating, spicing — Neolithic peo-
ples are credited with first producing bread, beer, and
an array of meat and grain entrées we continue to
enjoy today. A major advance in the development of
winemaking was the creation of pottery vessels about
6000 BC that allowed the production and storage of
wine. Confirmation of the evolution of winemaking
comes from yellowish residue inside a wine storage jar
excavated by Mary M. Voigt at the site of Hajji Firuz
Tepe in the northern Zagros Mountains of Iran (Mc-
Govern 2003, see Plate 1 and 2). The jar, with a volume
of about 10 liters was found together with five similar
jars embedded in the earthen floor along one wall of
a “kitchen” of a Neolithic mud brick building, and
was dated to ca. 5400-5000 BC (McGovern 2003, see
Map 2). Infrared, liquid chromatographic, and wet
chemical analyses were conducted and detected the
presence of calcium tartrate in the jars. Grapes are
the only fruit in which tartaric acid occurs in large
amounts.

Archeological evidence indicates that organized
cultivation of wine grapes was underway in the near
east as early as fourth millennium BC and in Greece
during the first millennium BC (Helbaek 1959). The
westward movement of viticulture fanned out from
Asia Minor and Greece, following the Phoenician sea
routes. Religion was strongly associated with viticul-

ture and winemaking. The Egyptians ascribed wine to
the god Osiris, the Greeks had Dionysus, the Romans
Bacchus, and the Babylonians the goddess Siduri (Mc-
Govern 2003). Wine was associated with the Christian
faith as a necessary ingredient in the consecration of
the Mass during the Roman period. With the decline
of the Roman Empire, Europe plunged into the Dark
Ages, wine’s influence waned, and vineyards became
relegated to monasteries and churchyard plots. Wine’s
influence was revived in 800 AD, and vineyards were
planted along the major river valleys of the Danube,
Rhone, Rhine, Tiber and Douro. Records document
vineyards along the Moselle valley in Germany by 55
AD. In the fifteenth century viticulture became es-
tablished in Madeira and the Canary Islands. Later it
spread to South Africa, Australia and South America.
The V. vinifera grape was introduced to the new World
by Portuguese and Spanish explorers and settlers in
the 1500s. The first recorded introduction of grape
into the USA was in 1621 (Olmo 1976). Grapes were
moved from Mexico into California in the mid 1700s,
and expanded rapidly during the 1850s.

2.1.2
Genetic Diversity

The botanical family Vitaceae is made up of 15 genera
(http://www.ars-grin.gov/) and about 1,000 species.
Only the genus Vitis contains species with edible fruit.
There are about 60 Vitis species in the world, with the
greatest concentration in Asia and North America.
The number of Vitis species is in taxonomic dispute
due to the interfertility of all the species, their sym-
patric nature and the resulting high degree of hybrid-
ity. Some authors separate the species V. rotundifolia
and its related subspecies and species (V. rotundifo-
lia var. munsoniana and V. popenoei) into a separate
genus Muscadinia (Small 1913). Muscadinia species
have 40 somatic chromosomes and are restricted to
the southeastern USA and northeastern Mexico (Win-
kler et al. 1974; Einset and Pratt 1975).
Domestication of V. rotundifolia, the muscadine
grape, pre-dates the arrival of Europeans in the USA
in the 1600s. The rest of the Vitis species contain 38
very small somatic chromosomes that form 19 bi-
valents at meiosis and fertile hybrids with the mus-
cadine species are rare and do not occur naturally
(Jelenkovic and Olmo 1969). Estimates of the number
of Vitis species varies widely depending upon taxo-
nomic opinion. De Lattin (1939) grouped the species



66 S.Riaz etal.

into nine sections, and included 18 North American
species. Bailey (1934) included 28 American species
and his grouping and designation differed from that
of De Lattin. Galet (1956, Vol 1) states that about 20
species of Vitis can be found in America but later re-
ports that there are 28 (Galet 1988). A literature search
covering published reports from 1753 to 1940 revealed
155 species names for American grapes, adding to the
confusion (Rogers and Rogers 1978). This confusion is
largely based on disagreements as to what constitutes
good species, extreme variants and hybrid forms (Lev-
adoux et al. 1962; Barrett et al. 1969; Comeaux et al.
1987). Additional summaries of the family Vitaceae
are found elsewhere (Galet 1988; Alleweldt et al. 1990;
Mullins et al. 1992 Chap. 2). The United States De-
partment of Agriculture Germplasm Resources Infor-
mation Network (GRIN) (http://www.ars-grin.gov/) is
an accepted listing of crop plant germplasm. This list
describes the 15 genera and 43 species, 5 natural hy-
brids and 15 varieties of species in Vitis. Molecular
techniques are being applied to taxonomic relation-
ships within Vitaceae (Rossetto et al. 2001), but more
work is needed. The North American species, includ-
ing V. aestivalis, V. cinerea var. helleri, V. labrusca, V.
riparia and V. rupestris, have been extensively used to
produce rootstocks and fruiting cultivars with fungal
resistance. Among the Asian species, only V. amuren-
sis has been domesticated and used for fresh fruit,
juice, wine and jelly production (Huang 1980). Vitis
vinifera is the most successfully used grape species
with thousands of wine, table and raisin grape culti-
vars grown throughout the world’s temperate zones
(Alleweldt et al. 1990).

2.1.3
Advanced Breeding Objectives

The common objectives of most breeding programs
are to produce locally adapted, high yielding and
quality cultivars adapted to environmental and pest
stresses. In practice these objectives are complex given
the different characteristics needed for table, raisin
and wine grape production. In addition, other de-
sirable qualities are considered when breeding root-
stocks.

Grapes are generally grown in the Northern hemi-
sphere between 20 and 51°N latitude. The most north-
ern extent of V. vinifera cultivation is in Germany’s
Rhine Valley and British Columbia, Canada. The
southern ranges extend into India, but most culti-

vation occurs between 20 and 40°S latitude. The ma-
jor limiting factors to V. vinifera cultivation are the
length of the growing season and water availability,
which must allow both fruit and cane maturation, and
winter cold. Tropical viticulture is practiced with both
V. vinifera cultivars, and with hybrids based on Amer-
ican grape species, in areas where dormancy can be
enforced by a dry season, by withholding water or by
planting at high elevation. Grapes are grown beyond
the winter cold limits of V. vinifera. These cultivars
are hybrids based on northern species particularly
V. riparia, V. amurensis and V. labrusca.

Grape is subject to an array of diseases caused by
bacteria, fungi, mycoplasmas, nematodes and viruses
(Pearson and Goheen 1988). The most damaging
grape pests are indigenous to North America and,
because V. vinifera cultivars have no or little inher-
ent resistance, they created havoc when introduced
into Europe during the nineteenth century. Insects
and nematodes can also act as vectors for diseases
such as Pierce’s disease, flavescence dorée and fan-
leaf degeneration, and cause serious vine decline or
death as in the case of grape phylloxera and root borer.
The most common fungal disease in the world’s grape
growing regions is powdery mildew, caused by Unc-
inula necator. This fungus was unintentionally in-
troduced to Europe from North America before the
1850s (Reisch and Pratt 1996). About 20 years later
downy mildew caused by another fungus, Plasmo-
spora viticola, became a serious problem. Soon after,
black rot (Guignardia bidwellii) appeared in Euro-
pean vineyards. These diseases were all introduced
from North America. A serious disease of warmer cli-
mate is anthracnose, Elsinoé ampelina, perhaps the
first North American grape disease to be imported
to Europe. Sources of resistance to these diseases
are found in many North American grape species.
Barrett (1955) reported that resistance to black rot
is quantitatively controlled. A few forms of resis-
tance to this disease have been identified. Some geno-
types of V. rupestris and V. cinerea transmit high lev-
els of resistance, however, there is great variability
among different clones suggesting quantitative inher-
itance is likely, as reported by Barrett earlier (McGrew
1976).

Several plant parasitic nematodes attack grape
roots, and many commonly used commercial root-
stocks are susceptible (Raski et al. 1965). The root-
knot nematode (Meloidogyne spp.) and dagger ne-
matode (Xiphinema index) cause serious damage to
grape roots and reduce vigor and productivity of the
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plant. Xiphinema index also acts as a vector for grape
fanleaf virus, and this virus/nematode complex cause
one of the most severe grape viral diseases - fan-
leaf degeneration. This disease interferes with nor-
mal fertilization of the flowers, disrupting berry set
and resulting in severe yield losses. Nematode prob-
lems become more severe with time as growers replant
grapes on vineyard sites without regard to fallow or
crop rotation, or plant vineyards on agricultural soils
with high nematode populations. Resistance to ne-
matodes is found in a number of North American
grape species particularly V. arizonica, V. candicans
and its hybrids, V. cinerea and Muscadinia rotundifo-
lig. Table 1 summarizes known sources of resistances
to different pests and diseases in grapes.

214
Classical Breeding Efforts:
Obstacles and Achievements

French scientists, nurserymen and viticulturists first
initiated well-documented grape breeding, when
phylloxera and fungal diseases created havoc in
European grape growing regions. Table 1 presents
the main genetic resources used by European and
North American breeders to incorporate disease,
pest and abiotic stress resistance into V. vinifera
cultivars. Some of these hybrids, Hybrid Direct
Producers or French Hybrids, are still used to combat
fungal diseases and cold winter weather, however
they are generally considered to have inferior fruit
quality compared to V. vinifera cultivars. Breeding
of these interspecific hybrids ceased in Europe
after the creation and utilization of phylloxera
resistant rootstocks took hold. Progress on limiting
the expression of undesirable flavor compounds
was limited because most of them are inherited as
complex polygenic traits (Alleweldt and Possingham
1988). However, new V. vinifera cultivars continue
to be developed. The most successful of these are
seedless table grapes, while wine grapes have been
less successful since their wide utilization is greatly
limited by the demands of winemakers and marketers
to have traditional varieties with well-documented
quality and historical acceptance. New V. vinifera
varieties continue to be released in a number of
countries including Argentina, Australia, France,
Germany, Hungary, South Africa, USA and Chile
(Antcliff 1978).

There are several main constraints to grapevine
improvement. Grape is a relatively long-lived peren-
nial and requires time and space for adequate eval-
uation. It can also be slow to come into bloom re-
sulting in a relatively long generation time. In the
case of wine grapes vinification and wine evalu-
ation must be carried out which further compli-
cates and delays selection. Most wine grape culti-
vars are extremely heterozygous and old varieties
carry deleterious alleles that exhibit pronounced in-
breeding depression after selfing or sibling mating,
although inbreeding affects can vary among culti-
vars (Winkler et al. 1974). The grape breeding effi-
ciency depends on the screening methods used for
fruit quality, yield, disease resistance, winter hardi-
ness and tolerance to other abiotic stresses. Field
and laboratory procedures are often performed in
order to select for horticultural traits prior to de-
termining enological potential. Wine grape evalua-
tion is again more complex because single seedling
vines produce very small amounts of fruit, adding to
the difficulty of judging wine making potential. Fi-
nally, little is known about the inheritance of wine
quality components, which are likely to be quan-
titatively inherited and under environmental influ-
ence.

Improvement of crops through breeding is greatly
facilitated by genetic knowledge of traits under se-
lection. Such genetic information can be used to
calculate heritability estimates, which help breed-
ers to select parents for controlled crosses. Heri-
tability estimates could be derived from parame-
ters of covariance among relatives. One method of
covariance estimation is through factorial sib anal-
ysis, a mating system that is less biased by en-
vironmental covariances than other methods (Fehr
1991; Falconer and Mackay 1996). The design II
mating system consists of a series of male par-
ents each mated to a series of female parents. To
make the calculations simple, selected females are not
mated to each other, selected males are not mated
to each other, and there are no reciprocal or self-
ing crosses. Such factorial designs are particularly
well-suited to a dioecious species such as the wild
species and rootstocks of grape. This design has been
used with wild grape species to study the inheritance
of Pierce’s disease resistance (Krivanek et al. 2005)
and has been used with grape rootstocks to study
root-knot nematode resistance (Cousins and Walker
2002).
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Table 1. Native american species as sources of resistance or tolerance to diseases and biotic stress

Stress factor

Causal agent

Sources
of resistance
or tolerance

References

Fungal Diseases
Anthracnose

Botrytis bunch rot

Black rot

Downy mildew

Powdery mildew

Rust
Bacterial Diseases
Crown gall

Pierce’s disease

Flavescence doree

Elsinoe ampelina [de Bary] shear

Botrytis cinerea Pers.

Guignardia bidwellii
[Ellis]Viala & Ravaz

Plasmopara viticola
Berl. and Toni

Oidium, Uncinula necator
(schw.) Burr.

Physopella ampelopsidis

Agrobacterium tumefaciens

Xylella fastidiosa Wells et al.

Mycoplasma like organism
suspected

V. simpsoni Mun.

V. smalliana Bailey
V. shuttleworthii House.
V. labrusca L.

V. rotundifolia Michx
V. munsoniana Simp ex Mun
V. vinifera L.

V. riparia Michx

V. rupestris Scheele
V. riparia Michx

V. rupestris Scheele
V. candicans Engelm
V. rotundifolia Michx
V. cinerea Engelm

V. riparia Michx

V. rupestris Scheele
V. lincecumii Buckl.
V. labrusca L.

V. amurennsis Rupr.
V. rotundifolia Michx
V. yenshanesis

V. aestivalis

V. cinerea Engelm

V. berlandieri

V. aestivalis Michx

V. cinerea Engelm

V. riparia Michx

V. berlandieri

V. rotundifolia Michx
V. labrusca L.

V. shuttleworthii House.
V. simpsoni Mun.

V. rotundifolia Michx

V. amurennsis Rupr.
V. labrusca L.

V. rotundifolia Michx
V. candicans Engelm
V. champinii P1

V. vulpina L.

V. shuttleworthii House.
V. simpsoni Mun.

V. smalliana Bailey
V. arizonica

V. labrusca L.

V. rupestris Scheele

Mortensen (1981)
Olmo (1986b)

Alleweldt et al. (1990)

Alleweldt et al. (1990)

Jabco et al. (1985)
McGrew (1976)

Alleweldt et al. (1990)
Eibach et al. (1989)
He and Wang (1986)

Alleweldt et al. (1990)
Pearson and Goheen (1988)

Fennell (1948)

Alleweldt et al. (1990)
Pearson and Goheen (1988)
Mortensen et al. (1977)
Olmo (1986b)

Stover (1960)

Pearson and Goheen (1988)
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Table 1. (continued)

Stress factor Causal agent

Sources References
of resistance

or tolerance

Viral diseases
grapevine fan leaf virus

Insects

Rootknot nematodes Meloidogyne Goeldi spp

Dagger nematodes Xiphinema index

Phylloxera Dakyulosphaira vitifolia

[Fitch]

V. arizonica
V. rotundifolia Michx Walker et al. (1985)
V. vinifera L. Walker and Meredith (1990)

V. rufotomentosa Small
V. candicans Engelm

V. riparia Michx

V. champinii Pl Lider (1954)
V. candicans Engelm

V. rotundifolia Michx
V. rufotomentosa Small
V. arizonica

V. rotundifolia Michx
V. cinerea Engelm

V. riparia Michx

V. rupestris Scheele

Olmo (1986b)
Alleweldt et al. (1990)

Bouquet and Danglot (1983)
Meredith et al. (1982)
Alleweldt et al. (1990)

Olmo (1986a)

V. berlandieri

V. rotundifolia Michx

V. cinerea Engelm

V. champinii P

2.1.5
New Genetic Tools for Grape Improvement

2.1.5.1

In Vitro Culture

Tissue culture has greatly increased our knowledge
of plant biology from the cellular (metabolism, dif-
ferentiation) to the plant level (organogenesis, host-
parasite relationships). Successful tissue culture also
led to unconventional methods for genetic improve-
ment. Since early 1960s, grapevine has been the sub-
ject of research aimed at defining the best procedures
for micropropagation.

In vitro culture starts with the excision of a small
piece of contaminant-free plant tissue followed by its
establishment in sterile culture. The choice of plant
material and preparation of sterile explants are crit-
ical, since the tissue must be able to survive the ini-
tial culture and produce expected or experimental
responses. Environmental conditions and the phys-
iological state of the mother plant also need to be
considered. Once the plant material is cleaned with
surface disinfectants [common surface disinfectants

and procedures are reviewed by Street (1977) and Hu
and Wang (1983)], the tissue is placed in an appro-
priate culture media. The major functions of culture
media are (i) to supply the basal nutrients for contin-
ued growth of the isolated explants and its subsequent
propagules; and (ii) to manipulate growth and devel-
opment through the balance of growth regulators. In
vitro development is commonly controlled by the kind
of growth regulator, its concentration and combina-
tion with other growth regulators, and the sequence
in which growth regulators are supplied. Auxins and
cytokinins are most typically used, but gibberellins
and abscisic acid have also been used in specific situ-
ations.

Techniques of in vitro culture are commonly
classified as standard techniques using pre-existing
meristems, and those requiring neoformation of buds
or meristem like structure. The standard method uses
explants bearing intact apical or axillary buds cul-
tured on a growth regulator-free media containing
sucrose, macro and micronutrients with vitamins,
and solidified with a gelling agent. Depending on
the genotype and environmental conditions, an ax-
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illary bud gives rise to a single rooted plant. Sub-
culturing of these plants can generate yearly mul-
tiplication rates of 10* to 10°. Such techniques are
widely used because of their operational feasibility
and ease of plantlet transfer to greenhouse condi-
tions. In addition the culture of small meristems can
often give rise to virus-free plantlets and thus these
methods are specifically used for virus elimination
programs.

Neo-formation techniques require the stimulation
of axillary bud proliferation through the use of cy-
tokinins, plant growth regulators with the ability to
overcome the apical dominance of axillary buds. Cy-
tokinins in the culture medium induce intense shoot
proliferation by the enhanced release of axillary buds.
Axillary bud proliferation is currently considered one
of the most convenient and reliable regeneration tech-
niques for shoot multiplication in many plants, herba-
ceous and woody crop species, and grapevine (Hu
and Wang 1983). Yearly production rates can theoret-
ically reach 10® buds per initial explant. Many research
groups have adapted and improved these techniques
with a wide range of Vitis genotypes (Table 2).

Progress in cell, tissue and organ culture of
grapevine led to the development of other technolo-
gies with great potential for grape improvement
(Mullins et al. 1992; Torregrosa and Bouquet 1993).
Major advances in genetic engineering of grapevine
have been made through the coupling of recombinant
DNA technologies with regeneration from plant
tissue cultures. A brief overview of uses of in vitro
culture in grapevine is present below.

Generation of Virus-Free Grapevines Virus and
virus-like entities greatly hinder grape cultivation
by reducing vine vigor and yields, delaying and ar-
resting berry ripening, changing must composition
and aromatic profiles, and affecting graft compati-
bility (Walter and Martelli 1996). Many viruses af-
fect grape including fanleaf (GFLV), leafroll (GLRaV),
fleck (GFkV), stem pitting (RSPaV), stem groov-
ing (GVA-closely associated) and corky bark (GVB-
closely associated) and are considered to be of major
importance to growers, nurseries and winemakers. In
vitro meristem, shoot apex cultures, and one node ex-
plant culture were developed to eliminate viruses from
grapevines (Barlass etal. 1982; Hatzinikolakis and
Roubelakis-Angelakis 1993; Staudt and Kassemeyer
1994). In recent years, micrografting of scion graft
meristems on hypocotyls of germinating embryos re-
sulted in the advantage of simultaneous virus indexing

(Tanne et al. 1993, 1996). Somatic embryogenesis be-
came a useful tool to eliminate harmful viruses after
methods were developed to establish long-term regen-
eration of somatic embryos in different grape geno-
types (Torregrosa 1995). When combined with heat
therapy, somatic embryogenesis successfully elimi-
nated viruses from vascular and non-vascular tis-
sues (Goussard and Wiid 1992). Researchers in South
Africa have used somatic embryogenesis to estab-
lish V. vinifera cultivars since 1990. It was judged to
be more effective and less expensive than conven-
tional techniques at virus elimination and has not
resulted in somaclonal variation or virus contamina-
tion, as judged by ISEM and ELISA (Goussard and
Wiid 1995).

Establishment of Germplasm Repositories Grape
germplasm is currently maintained in field collections
where two or more plants of each genotype (species,
hybrid, variety and clone) are cultivated. Management
of germplasm in the filed is expensive and subject to
environmental hazards and funding shortages. There
are three basic types of in vitro storage modes for
conservation: (i) standard micropropagation, (ii) in
vitro culture combined with reduced growth rate,
and (iii) suspension of growth (Withers 1992). Be-
cause of the cost and risk of genotype instability, the
first method is unsuitable for long-term conservation
of grapevine. Reducing the growth rate of in vitro
cultures increases the time between subcultures, re-
ducing upkeep costs and risk of subculture mistakes.
Galzy et al. (1990) reported that grapevine plantlets
could adapt to a number of different culture con-
ditions. When culture conditions encourage growth,
plant behavior depends on a number of variables such
as nutrients, carbohydrate source and concentration,
and light, but dry matter remains stable. Conversely,
when growth is restricted by lowering temperature,
dry matter content increases significantly in response
to stress. To compensate for this effect, Galzy et al.
(1990) suggested reducing the carbohydrate content
of the medium. The nutrient content of media has
a strong impact on growth (Torregrosa 1994), and
restricting nutrients, especially nitrogen and potas-
sium, can alter plantlet growth (Moriguchi and Ya-
maki 1989).

Grapevine cryopreservation studies have been
conducted on latent buds taken from in situ canes.
Ezawa et al. (1989) obtained high survival rate with
V. labrusca (V. X. labruscana), and low to no success
with several Vitis species and V. vinifera cv Riesling,
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Table 2. Axillary bud proliferation studies in grapevine

Species Studied factor Reference

V. vinifera Culture vessel size Monette (1983)

Vitis hybrids Vitamins, amino acids, Chee and Pool (1985)
BAP/Kin/Picloram

V. labrusca Adenine/MS strength Reisch (1986)

Vitis hybrids Light spectrum, Mn and KI Chee (1986)

Vitis hybrids Salt formulation Chee and Pool (1987)

V. rotundifolia BAP/IBA Lee and Wetztein (1990)

V. vinifera TDZ Gribaudo and Fronda (1991)

V. rotundifolia

V. vinifera and Vitis hybrids
Vitis x muscadinia hybrids
Vtis hybrids, V. vinifera

MS strength, vitamins

BAP/TDZ/Kin/NAA/ explant length

Mg, Ca, BAP, salt formulation
BAP/2iP/NAA, darkness

Gray and Benton (1991)
Zlenko et al. (1995)

Torregrosa and Bouquet (1995)
Molina et al. (1998)

respectively (Esensee et al. 1990). Plessis (1994) de-
scribed the most comprehensive work while adapt-
ing cryopreservation techniques developed for pear.
In this process, axillary buds from in vitro grown
plantlets, composed of the prompt (lateral) bud with
several leaf primordia and a rudimentary latent bud
are encapsulated in calcium alginate and soaked in
a liquid medium containing 1 M sucrose to reduce
the water content of beads. The coated buds are then
partially dehydrated under sterile airflow and frozen
through two immersion steps in liquid nitrogen. Us-
ing this process, it was found that 24% of frozen buds
from V. vinifera cv. Chardonnay were capable of pro-
ducing viable plants (Plessis 1991).

Utilization of cryopreservation techniques to con-
serve germplasm is an appealing alternative to field
culture. However, cryopreservation of large collec-
tions of genotypes is expensive and time consuming.
Moreover the possibility, even if remote, of propa-
gating plants with genotypic alterations undetectable
under in vitro conditions is problematic. The primary
goal of cryopreservation is to back-up working collec-
tions for short and long terms, but they are not likely
to replace field collections.

In Vitro Embryo Rescue In many table-grape grow-
ing countries, consumers favor seedless table grapes.
In the USA, seedless cultivars make up more than
80% of the total table grape production, and only one
seeded table grape, Redglobe, is a commercial success.
Table grape breeding has been pursued intensively for
more than 70 years in California, and a large number
of new seedless cultivars have been released (Ledbet-

ter and Ramming 1989). Traditional breeding meth-
ods are based on hybridization between seeded female
parents and seedless male parents. The seedlessness
is stenospermocarpic (where fertilization occurs, em-
bryo is viable, but seed development aborts at various
stages, leading to quantitative variation of seed trace
size) with low proportion of seedless plants in the pro-
genies. Since seedlessness is only one of a number of
important traits, the selection process requires grow-
ing a large number of plants. In addition, since grape
seedlings often take 3-4 years to produce fruit after
planting, selection for seedless progeny is further de-
layed.

Through the use of in ovulo and in vitro culture
techniques, it is possible to rescue viable embryos
from seedless x seedless crosses and greatly increase
the number of seedless progeny (Emershad and Ram-
ming 1984, Spiegel-Roy et al. 1985; Bouquet and Davis
1989; Gray et al. 1990; Gribaudo et al. 1993; Garcia et
al. 2000; Ponce et al. 2000). Fertilized ovules are ex-
tracted and placed on media with GAsand IAA fol-
lowed (although not in all cases) by the excision of
the embryos. The success of embryo rescue depends
on many factors, the most important being the vari-
ety used as the female parent, and the harvest time of
the berries and ovules after pollination (Bouquet and
Davis 1989; Ponce et al. 2000). Low temperatures and
treatments with growth retardants have been shown
to improve embryo germination (Agiiero et al. 1995,
1996).

Emershad and Ramming (1994a) showed that pro-
liferative somatic embryogenesis could be initiated
from in ovulo cultured zygotic embryos of seed-
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less grapes. This phenomenon was later shown to
be a demonstration of direct somatic embryogene-
sis occurring from epidermal cells of larger embryos
(Margosan et al. 1994), and was proposed as a sys-
tem to facilitate gene transfer technology in seedless
grapes (Emershad and Ramming 1994b). However,
the seedless character cannot be controlled in the
genotypes of such embryos. Higher proportions of
seedless plants can be recovered through in ovulo em-
bryo culture (Ramming et al. 1990; Spiegel-Roy et al.
1990; Bouquet and Danglot 1996). The limitation of
these procedures is their labor-intensive nature, and
the size of progeny populations must therefore be lim-
ited.

2.1.5.2

Genetic Engineering

Over the last 20 years, advances in plant biotechnol-
ogy have produced new tools for genetically improv-
ing crops. The general aim of molecular grapevine
breeding programs is to develop and apply novel gene
technologies capable of introducing genes in a care-
ful targeted manner. The transfer of a single trait
into a grape variety is almost impossible by classi-
cal methods due to grape’s heterozygous nature. The
potential of genetic engineering would be to make
directed and specific changes in existing grape cul-
tivars, thus modifying disease or pest resistance and
perhaps regulating fruit and wine quality factors. The
use of genetic engineering in the wine, table and
raisin grape industries has high potential because
grapevines are vegetatively propagated. Thus, mod-
ifications to established cultivars by genetic transfor-
mation should, in theory, leave intact the essential
characteristics that make each cultivar unique. This is
especially important in the wine industry, due to the
dependence of wine sales on the use of established
and historic cultivars names. New cultivars result-
ing from classical breeding are assigned new names,
which contributes to their slow acceptance in the mar-
ketplace.

Agrobacterium-mediated transformation of grape
began with the use of leaf disks, petioles, and other
shoot/root explants in the 1980s (reviewed by Grey
and Meredith 1992; Reisch and Pratt 1996). These ef-
forts produced transformed cells, but not transgenic
plants, due to the tissue type used, the competency of
the cells, and difficulties with regeneration. However,
by the mid 1990s, many groups had reported devel-
opment of transgenic grapes including rootstocks and
scion cultivars (Table 3). These successes derived from

advances in embryogenesis, regeneration, and trans-
formation and biolistic methods. The production of
transgenic vines has now become routine in both pub-
lic and private laboratories (Table 3).

Many projects have focused upon pest resistance
including fungal resistance in scion varieties (pow-
dery mildew: Kikkert et al. 2000) and virus resis-
tance in rootstocks (fanleaf degeneration: Mauro et al.
1995). Other studies have also focused on product
quality: changing seeded grapes into seedless grapes
(Perl et al. 2000a, b), and reducing the browning of
raisins (Thomas et al. 2000). While potentially im-
proved forms of important cultivars have been pro-
duced, years of field and product testing are still re-
quired before genetically engineered grapes will reach
the marketplace. Although it may become possible to
target gene incorporation and expression, at this point
transformation events are independent of each other
and require the same evaluation strategies, as would
classically bred grapes.

Field trials in most countries require approval
from the relevant authorities. In France, trans-
genic research is controlled by two authorities: the
Commission de Génie Génétique (CGG), which
oversees research in confined environments such as
laboratories and glasshouses; and the Commission
d’étude de la dissémination des produits issus du
Génie Biomoléculaire (CGB), which is responsible
for field releases. In Germany, license from the
Robert Koch Institute is required for field trials
and the “Gene Technology law” controls trans-
genic research. In Australia, the office of the Gene
Technology Regulator (OGTR) established by the
Federal Government oversees the deliberate release
of transgenic plants for field trials. A legislative
basis for the regulation of GMO’ in Australia
came into force following passage of the Gene
Technology Bill 2000. In the USA, authority to
regulate transgenic plant research resides within
the Animal and Plant Health Inspection Service
(APHIS)- Biotechnology Permits Unit of the United
States Department of Agriculture (USDA). The
web database of field releases in the United States
(http://www.nbiap.vt.edu/cfdocs/fieldtests1.cfm) lists
33 separate release notifications and permits for
grape from both private companies and universities
dating from 1995. Most of these were later withdrawn.
Any plant engineered for fungal, viral or herbicide
resistance would also undergo a required review by
the Environmental Protection Agency, which assesses
the impact upon the environment.
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Table 3. Summary of transgenic plants of Vitis scion and rootstocks

Cultivar Selectable Trait of interest Reference
marker
Rootstocks  110R NPTII Coat protein (GCMYV resistance) Le Gall et al. 1994
110R NPTII Coat protein (GFLV) Krastanova et al. 1995
41B NPTII Coat protein, replicase protein Mauro et al. 1995
S04 NPTII Coat protein (GFLV) Mauro et al. 1995
V. rupestris NPTII Coat protein (GFLV) Krastanova et al. 1995
Freedom NPTII GNA (homopeteran Viss and Driver 1996
insect resistance)
MGT101-14
5C Teleki
V. rupestris, 110R NPTIL Coat protein, antifreeze protein Tsvetkov and Atanassov 2000
V. rupestris NPTII Anti-sense movement protein Martinelli et al. 2000
110R NPTII Coat protein Golles et al. 2000
NPTII Replicase (virus resistance) Barbier et al. 2000
na Eutypa toxin resistance Legrand et al. 2000
3309C NPTII Virus resistance Krastanova et al. 2000
V. riparia NPTII Virus resistance Krastanova et al. 2000
MGT101-14 NPTII Virus resistance Krastanova et al. 2000
5C Teleki NPTII Virus resistance Krastanova et al. 2000
Scion Chardonnay NPTII Coat protein (GFLV) Mauro et al. 1995
cultivars Sultana NPTII Shiva-1 (disease resistance) Scorza et al. 1996
Superior seedless Bar Basta herbicide resistance Perl et al. 1996
Cabernet Franc NPTII Fe-superoxide dismutase Rojas et al. 1997
(freeze tolerance)
Chardonnay NPTII Chitinase (disease resistance ) Kikkert et al. 2000
Sultana NPTIL, HPT  Silencing of polyphenol oxidase Thomas et al. 2000
to reduce browning
Merlot NPTII Chitinase (disease resistance) Kikkert et al. 2000
Riesling, NPTII Glucanase, chitinase Harst et al. 2000a
Dornfelder (disease resistance)
Red Globe na Barnase gene (seedlessness) Perl et al. 2000a
Red Globe NPTIL HPT Seedlessness Perl et al. 2000b
Neo Muscat NPTII Class I chitinase Yamamoto et al. 2000

(disease resistance)

Public perception Education about the environ-
mental and health benefits likely to derive through the
use of gene technology for crop improvement appears
to be the key to public acceptance of transgenic plants.
The year 1999 saw increased media attention paid to
consumer and environmentalist groups opposed to
the use of genetic engineering for the production of
food items. This opposition was particularly strong in
Europe where the matter quickly became a political
and economic issue. Most of ongoing field trials were

discontinued or put on halt in France and Germany.
However, in Australia and the USA, public opposition
to field trials of transgenic grapevines has been much
less vocal. Perhaps an advantage of working on trans-
genic grapes, at least wine grapes is that many years
of field evaluation and wine quality tests are required
before release. Thus, there will be more time for public
education and awareness before transgenic grapes are
used commercially, compared with transgenic cereals,
grains and vegetables.
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2.2
Genome Mapping

The genome size of Vitis is 475 Mbp, 96% of which
is non-coding (Lodhi etal. 1995a). It is about half
the size of the tomato genome (950 Mbp) and equiv-
alent to the rice genome (450 Mbp). There is no sig-
nificant variation for DNA content among cultivars
of V. labrusca, V. vinifera and diploid Vitis hybrids
(Lodhi etal. 1995b). Knowledge of an organism’s
DNA content is essential to allow correlation of ge-
netic and physical mapping distances. In grapes,
1 cM represents on average 300kb in physical dis-
tance.

A genetic linkage map of an organism is an ab-
stract model of the linear arrangement of a group of
genes and markers. The gene can be a traditionally
defined Mendelian factor or a piece of DNA identified
by a known function or by means of a biochemical
assay. The marker can be a cytological marker, a pro-
tein, or a piece of DNA without known function. Be-
cause a genetic map is based on homologous recom-
bination during meiosis, this map is also a meiotic
map.

In plants, some traits are controlled by a single
gene (major gene). The location of the gene control-
ling a trait of interest is deduced by following the
inheritance of the trait relative to the inheritance of
linked molecular markers. Markers that are located
very close to the DNA region controlling the trait are
identified by virtue of co-inheritance with the trait
in the progeny of a cross between two plants differ-
ing in the trait (but not necessarily in heterozygote
species). By identifying two such markers that are very
close and flank the trait of interest (fine-mapping),
a small DNA fragment that contains the gene can
be isolated (positional or map-based cloning). Once
isolated, the DNA sequence can be determined and
the function and organization of the gene can be
studied.

Map-based cloning has been used to isolate dis-
ease resistance genes in many crop plants, for example
the gene controlling resistance to bacterial pathogen,
Pseudomonas syringae, in tomato (Martin et al. 1993).
This gene product was determined to be a protein ki-
nase, and when this gene was transferred to suscepti-
ble plants, they became resistant. A rice gene control-
ling resistance to Xanthomonas oryza was also identi-
fied with the map-based cloning approach (Song et al.
1995). Genome maps have also been used to find genes

controlling various aspects of plant composition and
development that have not been previously described
or isolated. For example, map-based cloning of Ara-
bidopsis has been used to find a gene controlling fatty
acid composition, as well as several genes controlling
developmental response to ethylene and abscisic acid
(Arondel et al. 1992; Chang et al. 1993; Leung et al.
1994).

In plants, many traits exhibit continuous varia-
tion resulting from the action of multiple genes that
are subject to environmental modification, a quan-
titative trait loci (QTL). Determining the location
and number of genes that condition such quantita-
tive traits and estimating the magnitude of individ-
ual gene effects is the focus of quantitative geneti-
cists. Before interval mapping, QTL detection could
be done by variance analysis at individual markers:
Lander and Botstein (1989) provided the theoretical
basis for QTL analysis. The availability of detailed
linkage maps composed of molecular markers and
major genes for traits of interest provided the frame-
work for manipulation of QTL. Once a large number
of markers are available, segregating loci can be cho-
sen to mark most regions of a genome. QTL map-
ping has been used to locate genomic regions con-
trolling aroma in corn (Azanza et al. 1996) and clone
sugar content QTLs from the wild tomato species Ly-
copersicon pennellii (Zamir et al. 2000). In the lat-
ter case, the L. pennellii introgression IL9-2-5 im-
proves sugar content by 22% by increasing fructose
and glucose compared to the controls. This partially
dominant QTL (designated as Brix9-2-5) enhanced
total soluble solids of the fruit in different years,
environments and genetic backgrounds. In a simi-
lar study, another QTL fw2.2 was found to be re-
sponsible for approximately 30% of the difference
in fruit size between large, domesticated tomatoes
and their small-fruited wild relatives. The gene un-
derlying this QTL was cloned and shown to be as-
sociated with altered cell division in ovaries (Frary
et al. 2000). Many QTLs were detected but only few
identified.

Genome maps also provide tools to plant breeders
for marker-aided selection (MAS), allowing them to
optimize selection for a desirable trait. If seedlings
are screened for the presence of a closely linked
molecular marker, there is high probability that
the seedlings carrying the marker will also carry
the desirable trait, allowing them to be selected at
a much earlier stage than would otherwise have been
possible.
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2.2.1
History and Current Status of Grape Genetic
Linkage Mapping

Linkage maps in most plants are obtained from seg-
regating populations derived from crosses between
pure or inbred lines. Because grapes are extremely
heterozygous, their mapping populations are usually
F; and the pseudo-testcross mapping strategy is used
to construct genetic linkage maps of both parents,
which can be then be integrated into a consensus
map with the use of multialleleic codominant mark-
ers with alleles that segregate in both parents (Gratta-
paglia and Sederoff 1994). In the last decade, several
groups have initiated programs to develop molecu-
lar marker linkage maps in grapes. Table 4 summa-
rizes all published maps in grapes. Initial efforts by
Weeden et al. (1988) and Mauro et al. (1992) reported
linkage groups in grape using isozyme and RFLP
(restriction fragment length polymorphism) mark-
ers. However, these molecular markers are limited;
isozymes are restricted to genes encoding soluble pro-
teins, and RFLP markers are mostly limited to cod-
ing regions of the genome. In 1995, Lodhi et al. re-
ported the first detailed genetic linkage map of grape
based on a seedling population from a cross of ‘Cayuga
White’ (a complex hybrid of V. vinifera, V. labrusca,
V. rupestris and V. aestivalis) and ‘Aurore’ (a com-
plex hybrid of V. vinifera, V. rupestris and V. aesti-
valis). The parental maps were based on 422 ran-
domly amplified polymorphic DNA (RAPD) and 16
RFLP and isozyme markers. These maps were devel-
oped by using the double pseudo-testcross strategy
with an average distance of 6.1 cM between mark-
ers. The ‘Cayuga White’ map consisted qof 20 linkage
groups with 214 markers covering 1,196 cM and that
of ‘Aurore’ map consisted of 22 linkage groups with
255 markers spanning 1,477 cM. This mapping pop-
ulation segregated for disease resistance and other
important traits.

A second grape map utilizing interspecific hy-
brids was developed by Dalbo et al. (2000), using
the progeny from ‘Horizon’ (‘Seyval’ x ‘Schuyler’) x
Mlinois 547-1 (V. cinerea B9 x V. rupestris B38).
Parental maps were constructed with 277 RAPD, 25
microsatellite, 4 CAPS (cleaved amplified polymor-
phic sequences), and 12 amplified fragment length
polymorphism (AFLP) markers This map also used
the double pseudo-testcross strategy, and consisted
of 153 markers covering 1,199 cM, with an average
distance of 7.6 cM between markers on the Hori-

zon map and 179 markers covering 1,470 cM with
an average distance of 8.1 cM on the Illinois 547-1
map.

In 2002, Doligez et al. reported the first V. vinifera-
based genetic linkage map. The map was constructed
using a F; progeny of 139 individuals from a cross be-
tween two partially seedless genotypes [MTP2223-2
(Dattier de Beyrouth x Pirovano 75) x MTP2121-
30 (Alphonse Lavallée x Sultanina)]. All the progeny
were produced via embryo rescue (Bouquet and Davis
1989). This consensus map consisted of 301 markers
[AFLP, simple sequence repeat (SSR), RAPD, SCAR
(sequence characterized amplified region)]. This map
consisted of 20 linkage groups and covered 1,002 cM.
In 2003, Grando et al. reported on a map of a Vi-
tis inter-specific hybrid population from 81 progeny
of V. vinifera ‘Moscato bianco’ x V. riparia Wr63.
Three types of markers were used to construct this
map, AFLP, SSR and SSCP (single strand conforma-
tion polymorphism). A total of 338 markers were
assembled in 20 linkage groups covering 1,639 cM
for the maternal map, and 429 loci defined the 19
linkage groups of the paternal map, which covered
1,518 cM.

In 1998, the grape genetics research community
formed the International Grape Genome Program
(IGGP) for the purpose of cooperation and coordi-
nation in increasing knowledge of the grape genome
(http://www.vitaceae.org). The cooperative effort re-
sulted in the Vitis Microsatellite Consortium (VMC),
established to generate a large number of codomi-
nant SSR markers, an effort coordinated by Agro-
Gene S.A. in France. Among the goals of the IGGP
is the creation of reference linkage maps to harmo-
nize linkage groups resulting from individual map-
ping projects, and to serve as a resource for phys-
ical mapping. This map would also be useful for
targeting genomic regions for more intensive map-
ping efforts, such as localizing QTLs and optimizing
MAS.

The first reference map was based on only codom-
inant SSR markers and used V. vinifera ‘Riesling’
(prime name ‘Riesling weiss’) x V. vinifera ’Caber-
net Sauvignon’. Riesling is one of the world’s most
important white wine varieties and is especially im-
portantin cool climates, such as Germany, Canada and
the northeastern United States. Cabernet Sauvignon
is the world’s most widely distributed red wine vari-
ety; it has also been selected by the IGGP as the target
cultivar for cooperative efforts on physical mapping.
This reference mapping population consisted of 153
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Table 4. A list of all published maps in grapes

Population Marker system No. of Average Reference
Genotypes marker
distance (cM)
Cayuga White (Hybrid RAPD, RFLP, 60 6.1 Lodhi et al. 1995
of V. vinifera, V. labrusca, Isozyme
V. rupestris and V. aestivalis) X
Aurora (Hybrid of V. vinifera,
V. rupestris and V. aestivalis)
Horizon (‘Seyval’ x ‘Schuyler’) x RAPD, SSR, 58 7.8 Dalbo et al. 2000
Illinois 547-1 (V. rupestris x V. cinerea) CAPS, AFLP
MTP2223-2 (Dattier de Beyrouth x AFLP, SSR, 139 6.2 Doligez et al. 2002
Pirovano 75) x MTP2121-30 RAPD, SCAR,
(Alphonse Lavallée x Sultanina) Isozymes
Moscato bianco (V. vinifera L.) x SSR, AFLP, SSCP 81 8.1 Grando et al. 2003
V. riparia Mchx
Riesling x Cabernet Sauvignon SSR, EST 153 11 Riaz et al. 2004
V. rupestris and V.arizonica hybrids AFLP, SSR, 116 10.2 Doucleff et al. 2004
RAPD, ISSR
Syrah x Grenache SSR 96 6.4 Adam-Blondon et al. 2004
Regent x Lemberger AFLP, RAPD, SSR, 153 5.9 Fisscher et al. 2004
SCARs/CAPS
Riesling Self SSR 96 6.4 Adam-Blondon et al. 2004

progeny plants. A total of 152 SSR markers and one
polymorphic expressed sequence tag (EST) marker
mapped to 20 linkage groups (Riaz et al. 2004). An in-
tegrated linkage analysis was performed to obtain the
consensus map. The map covered 1,728 cM with an
average distance of 11.0 cM between markers (Fig. 2).

As part of the IGGP an international grape
genomics initiative (IGGI) was proposed to generate
an international consensus genetic linkage map
to integrate the codominant marker data from
different mapping populations. This effort will
combine information from different genetic back-
grounds into one framework map for use in MAS
and the physical mapping of genes. Five different
populations have been chosen for this purpose.
The first population (Al) of 95 full-sib progeny
is the Syrah x Grenache map mentioned above
(Adam-Blondon et al. 2004). The second population
(A2) is the population of 114 progeny obtained by
selfing Riesling as mentioned above (Adam-Blondon
etal. 2004). The third population of 46 full-sib
progeny (DG) is from a cross between Chardon-

nay and Bianca cultivars (Di Gaspero etal. 2005).
The fourth population (D) consists of 139 full-sib
progeny from the cross MTP2223-27 x MTP2121-30
mentioned above (Bouquet and Danglot 1996). The
fifth population (R) consists of 153 full-sib progeny
from the Riesling x Cabernet Sauvignon cross,
mentioned above (Riaz et al 2004). The first two and
the fourth population are being maintained at INRA,
France, the third population is maintained at the
University of Udine (Italy), and the National Clonal
Germplasm Repository, Davis, USA, maintains the
last population.

2.2.2
Mapping and Tagging of Major Genes

Relatively few genes have been isolated in grapes com-
pared to the other major agronomic crop plants and
model organism Arabidopsis thaliana. Two strategies
from “phenotype to gene” and from “gene to phe-
notype” (reverse genetics) have been used to isolate
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Fig. 2. Linkage map of Vitis vinifera ‘Riesling’ x ‘Cabernet Sauvignon’. For each linkage group, parental maps are shown on the
left (‘Riesling’) and right (‘Cabernet Sauvignon’) and consensus map is in the center (Riaz et al. 2004)
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and characterize genes. In Arabidopsis, several com-
bined approaches, such as positional cloning, can-
didate gene approach, and insertional mutagenesis
with either transposons or T-DNA vectors have been
used successfully to isolate genes identified by the
phenotype of their mutant alleles. In grape, it is very
difficult to use reverse genetic approach to tag and iso-
late genes. Multiple genes control most horticultural
traits and no information is available about gene func-
tion and expression. With the availability of molecular
markers, it became possible to map traits of interest
on genetic linkage maps of segregating populations.
The main focus is on disease resistance for different
pests and diseases.

2.2.2.1
Fungal Diseases
Bouquet (1986) introduced a dominant resistance
gene for powdery mildew from Muscadinia rotundi-
folia, Runl, into the Vitis vinifera genome over five
backcross generations (Bouquet 1986). Runl confers
total resistance to the populations of this fungus nat-
urally occurring in Montpellier, France. The segre-
gating population was created in 1995 by crossing
a resistant hybrid carrying Runl in the heterozy-
gous state (VRH 3082-1-42) with Cabernet Sauvignon.
They used the bulked segregant analysis (BSA) ap-
proach with AFLP markers tightly linked to the Run1I
locus to develop alocal map around the gene. Pauquet
et al. (2001) later reported alocal map of AFLP mark-
ers around the Runl gene (Fig. 4a). A BCspopulation
of 157 genotypes was used to select AFLP markers
linked to the resistance gene. A total of 13 mark-
ers were used to develop this local map and 10 of
them co-segregated with the resistance gene. They
also studied the usefulness of these 13 AFLP mark-
ers in a wider set of resistant and susceptible geno-
types. Three markers out of 13 analyzed were absent
in all susceptible genotypes and present in all resistant
genotypes.

Doucleff etal. (2004) reported on a map of
V. rupestris x V. arizonica. This mapping population
segregates for resistance to the dagger nematode
(Xiphinema index) and to Pierce’s disease (PD),
a bacterial disease caused by Xylella fastidiosa.
A total of 475 DNA markers [mostly AFLP, inter
simple sequence repeat (ISSR), RAPD and SSR)]
were used to construct the parental maps with
PGRI (Plant Genome Research Initiative) mapping
program. Maternal and paternal maps covered 756
and 1,082 cM, respectively. Currently, this population

is being re-mapped with SSR, EST-SSR and EST
markers. A total of 240 markers have been mapped
to 19 linkage groups. The main focus is to develop
a high density linkage map around the nematode
and PD resistance loci, and use these tightly linked
markers for MAS in an ongoing grape scion and
rootstock breeding program and initiate map-based
positional cloning of resistance genes.

Fischer et al. (2004) reported on a map of full sib
F; population consisting of 153 genotypes from the
cross of ‘Regent’ x ‘Lemberger’. Parental maps were
constructed with AFLP, RAPD, SSR and SCARs/CAPS
markers. The Regent map covered a total of 1,277.3 ctM
with an average marker distance of 4.8 cM. The Lem-
berger map extends over 1,157.7 cM with an average
marker distance of 7.0 cM.

A second international grape reference map
solely based on SSR markers was published in 2004
(Adam-Blondon et al. 2004). It mapped 96 progeny
from V. vinifera ‘Syral’ x V. vinifera ‘Grenache’. The
Syrah map was constructed from 177 markers (many
VMG, and newly developed VVI within Genoplante,
see Merdinoglu et al 2005) into 19 linkage groups
(1,172.2 cM) and the Grenache map was constructed
of 178 markers into 18 linkage groups (1,360.6 cM).
The consensus map consisted of 220 markers ordered
in 19 linkage groups covering 1,406.1 cM. This was
the first published map that represented the 19
chromosomes of genus Vitis (Fig. 3). In the same
study, a map based on progeny from a selfed Riesling
population consisting of 110 SSR and covering
1,191.7 cM was also reported. Using these maps, the
genome length was estimated to be around 2,200 cM,
which was comparable to genome length estimates
from the first published reference map (Riaz et al.
2004).

A new PCR-based approach for rapid generation
of genetic markers capable of tagging disease resis-
tance genes has been developed and effectively used
in other crops. This approach is based on the obser-
vation that genes conferring resistance from a diverse
range of host-pathogen interactions have a high de-
gree of structural and amino acid sequence conser-
vation. In particular, the majority of cloned resistant
genes, “R genes”, contain a nucleotide binding site
(NBS) and aleucinerichrepeat (LRR) domain (Meyers
et al. 1999; Young 2000). The NBS sequences of these
genes are characterized by the presence of up to seven
conserved domains including the P-loop, Kinase-2,
and GLPL motifs. The presence of these conserved
domains has facilitated the cloning of resistance gene
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analogs (RGA) from diverse species using PCR and
degenerate oligonucleotide primers. NBS encoding
sequences tend to be clustered in the genome and,
in accordance with this, isolated RGAs are frequently
genetically located at, or near, previously identified
resistance loci (Aarts et al. 1998; Collins et al. 1998;
Leister et al. 1999; Mago et al. 1999; Pan et al. 2000).
Therefore, the identification of RGAs represents a po-
tentially powerful strategy to develop new markers
around resistance genes and a good aid for map-based
positional cloning of genes.

In a continuation of the previous work on the
Runl locus, Donald etal. (2002) were the first
grape researchers to utilize the RGA approach in
grapes. They used degenerate primers designed to
conserved regions of NBS motifs within previously
cloned pathogen resistance genes, to amplify RGAs
from grape. Twenty-eight unique grapevine RGA
sequences were identified and subdivided into 22
groups on the basis of a nucleic acid sequence
identity of approximately 70% or greater. Three RGA
markers were tightly linked to the Runl locus. Of
these markers, two RGA (GLP1-12 and MHD 145)
Fig. 3. (continued) co-segregated with the resistance phenotype in the
167 tested genotypes of BC5 population, and the
RGA marker MHD98 was mapped to a position
2.4 cM from the Runl locus (Fig. 4b). As part of the
continuing effort to tag the Runl gene, Barker et al.
(2005) recently published a genetic and physical map
of the gene using a BAC library constructed using
genomic DNA from a resistant V. vinifera individual
carrying Runl within an introgression. This is the
first published report of physical mapping of any
gene in grape. The BAC contig assembly also allowed
the generation of new genetic markers that are closely
linked to the Run1l gene. Initial analysis indicates that
region containing Runl gene contains two multigene
families of RGA.

Luo etal. (2001) also employed BSA with
RAPD and sequence characterized amplified re-
gion (SCAR) molecular markers to tag the downy
mildew-resistance genes of grape derived from
V. quinquangularis. The parents and 60 selected
progeny were tested. Among 280 Operon RAPD
primers tested, 160 gave distinct banding patterns
and one marker, OPO06-1500, was tightly linked to
a major gene for resistance to Plasmopara viticola
(RPv-1). Linkage analysis with Mapmaker deter-
mined the distance between RPv-1 and OPO06-1500
to be 1.7 cM. Marker OP0O06-1500 was cloned and
sequenced to develop a SCAR marker (SCO06-1500),
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Fig. 4. Local map of the resistant genotype VRH3082-1-42 and in Cabernet Sauvignon of the RUN1 region. The 11 loci in brackets
together with RUN1 at the top of the VRH3082-1-42 linkage groups are all co-segregate. Figure 3b shows linkage map of the
resistant locus RUN1 and RGA markers GLP1-12, MHD145 and MHD98 (Pauquet et al. 2001; Donald et al. 2002)

which produces a single band only in resistant
plants.

2.2.2.2

Bacterial Diseases

In spite of the fact that bacterial diseases cause se-
rious losses in grape (Pierce’s disease and bacte-
rial blight of grape), there has been little informa-
tion available for incorporation of bacterial resis-
tance from wild species into V. vinifera except for
the case of Pierce’s disease (PD). All V. vinifera va-
rieties are highly susceptible to PD, which is caused
by the bacterium Xylella fastidiosa. In grape growing
areas, where the bacterium is endemic, the disease
severely limits the cultivation of V. vinifera cultivars.
Symptoms of PD include: leaf scorching, fruit clus-
ter dehydration, uneven maturation of infected canes,
stunting and death within 3-4 years. Resistance to
PD exists in American Vitis species and has been in-
trogressed into many hybrid cultivars, but very little
is known about the genetics of resistance. Krivanek
et al. (2005) reported that a single gene PdR1 with
adominant allele is responsible for PD resistance orig-
inating from a V. arizonica background. An extensive,
grape-breeding program is underway to incorporate
this resistance gene into improved wine, table and
raisin grapes. The PdR1I locus has been localized on
chromosome 14 of a genetic linkage map resulting

from a cross of D8909-15 [ V. rupestris ‘A. de Serres’ x
‘b42-26 (V. arizonica)] and F8909-17 [V. rupestris ‘A.
de Serres’ x b43-17 (V. arizonical V. candicans)] (Kri-
vanek et al. 2006).

2.2.23

Insects and Nematodes

Grape phylloxera (Daktulosphaira vitifoliae Fitch) is
the most important insect pest of grape and continues
to impact the world’s vineyards. It is native to North
America but has spread to every region where grapes
are grown and caused billions of dollars in damage
by its destructive feeding on V. vinifera roots. Native
American grape species are resistant to phylloxera
and rootstocks have been bred and used to control
phylloxera for over 100 years. Very little is known
about the mechanism of resistance or the number of
resistance genes available from the Native American
grape species.

Researchers at the Department of Viticulture and
Enology, University of California, Davis, are attempt-
ing to position phylloxera resistance on a genetic link-
age map of a population from a cross between the
resistant V. rupestris and the susceptible V. vinifera
grape (Roush et al. 2004). It has been hypothesized
that the number and type of root galls formed in
response to phylloxera should be associated with
a plant’s level of resistance. In this study, plants from
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the F; generation were selected for a series of sibling
crosses among resistant and susceptible individuals as
well as backcrosses to V. vinifera ‘Aramon’ and V. ru-
pestris ‘Ganzin’. A subset of the resulting F, progeny
was selected from these crosses and infested to iden-
tify resistant and susceptible plants and to determine
the inheritance of gall formation. Preliminary data
suggests that more than one gene is likely responsible
for gall formation, and hence resistance or suscepti-
bility.

The Department of Viticulture and Enology is
also studying resistance to root-knot (Meloidogyne
incognita) and dagger (Xiphinema index) nematodes.
Two mapping populations have been developed from
progeny segregating for resistance to these pests. The
first is a V. riparia ‘Riparia Gloire’ x V. champinii
‘Ramsey’ population created to map resistance to
root-knot nematode and locate QTLs for salt toler-
ance and rooting angle (Lowe and Walker 2004). The
second is the 9621 population mentioned above on
which X. index resistance is being mapped. Both ne-
matode resistances seem to map as a single dominant
gene, but to different linkage groups.

2.2.24
Other Morphological Traits
Grape, being relatively large, perennial, and heterozy-
gous, is not a good system for classical developmental
genetic efforts to map and tag important horticul-
tural traits that affect plant form, cluster architecture,
factors affecting fruit composition and yield. Thus,
only a few morphological traits have been mapped.
Dalbo et al. (2000) mapped a locus controlling flower
type on linkage group 14 of parental map of ‘Illinois
547-1" that corresponds to linkage groups 2 of refer-
ence map (Adam-Blondon et al. 2004; Riaz et al. 2004).
The probable parental genotypes were homozygous
hermaphrodite, HH (‘Horizon’), and heterozygous
male, MF (II1.547-1). The resulted progeny indicated
1:1 segregation of male and hermaphrodite types. This
confirmed that a single gene controls sex expression
in grapes as previously suggested by Olmo (1976).

In another study, Doligez etal. (2002) mapped
a major gene for berry color to linkage group 3 that
now corresponds to linkage group 2 of the inter-
national reference maps (Adam-Blondon et al. 2004;
Riazet al.2004). Fischer et al. (2004) also reported that
berry color segregated as a simple trait and it mapped
on the linkage group 13 of their population, which
also corresponded to linkage group 2 of international
consensus map.

Seedlessness is another important trait that was
tagged in a study by Bouquet and Danglot (1996).
Analysis of progenies obtained by crossing seedless
genotypes led to a proposed model for the inheritance
of seedlessness (Bouquet and Danglot 1996) and to the
identification of a SCAR marker linked to the seedless
character (Lahogue et al. 1998). The efficiency of ob-
taining seedless progeny can be greatly improved by
the use of molecular markers tightly linked to seed-
lessness and these markers will also help in optimizing
parental selections.

2.2.3
Detection of QTLs

Geneticlinkage maps have facilitated mapping of agri-
culturally important QTLs in grapes, including QTLs
for disease resistance, seedlessness and berry weight.
Using QTL mapping, resistance loci whose alleles ex-
ert smaller effects on the phenotype may be manip-
ulated more effectively (Young 1996). In the case of
disease resistance, an obvious goal would be to de-
velop grape cultivars with resistance alleles at all QTLs
of interest. Establishment of generalized genomic re-
gions that affect a particular trait within inter- and
intra-species grape mapping populations with com-
mon markers will help to clarify the relationships of
QTLs in different genetic backgrounds, and promote
marker assisted selection and breeding.

2.2.3.1

QTLs for Disease and Pest Resistance

There are only a few published reports of QTL stud-
ies in grape and the main focus is powdery (Uncinula
necator) and downy mildew (Plasmopora viticola).
Dalbo etal. (1997) studied the inheritance of pow-
dery mildew resistance in the cross Horizon x Illinois
547-1. Genetic maps based on RAPD markers were
constructed for each parent with a mean distance be-
tween markers of 5.5cM. A major QTL was found
in the resistant parent Illinois 547-1. BSA was used
to screen 203 primers to find additional linked RAPD
markers. A single marker (S25b; LOD = 6.9) explained
44% of the variation. The same marker was present
in V. cinerea B9, one of the parents of Illinois 547-1
and the likely source of resistance. Two other regions
on the Horizon map were associated with powdery
mildew resistance. The markers S25b (from Illinois
547-1) and S35a (from Horizon) could be used to cor-
rectly classify resistance in all but 9 of 60 seedlings.



Chapter 2 Grape 87

Zyprian et al. (2002) reported on the tagging of
resistance to powdery and downy mildew from the
cultivar Regent. An F; population on about 153 in-
dividuals was derived from the cross of the fungus-
resistant Regent x the fungus-susceptible Lemberger.
This population segregates for resistance to both dis-
eases as well as other agronomic traits in a quantitative
manner and AFLP, RAPD and SSR markers were used
in the map. In continuation of this work, Fisher et al.
(2004) reported major QTLs for resistance to powdery
and downy mildew on linkage groups 9, 10 and 16 of
the Regent map that corresponds to group 7 and 11 of
international consensus map. These QTLs explained
up to 69% variation in the tested population.

2.2.3.2

QTLs for Other Traits

Doligez et al. (2002) reported on the detection of QTLs
for traits involved in seed production with the goal
of characterizing seedlessness sub-traits (seed num-
ber, seed total fresh and dry weights, seed percent
dry matter and seed mean and fresh dry weights)
and berry weight in an F; progeny obtained by cross-
ing two partially seedless genotypes (MTP2223-2 x
MTP2121-30, mentioned above) and embryo rescuing
the progeny. QTL detection was performed with two
methods: the non-parametric Kruskal-Wallis rank-
sum test, and composite interval mapping. QTLs with
large effects (R? up to 51%) were detected for all traits
and years at the same location on linkage group X
(which now corresponds with linkage group 18 of the
international reference map, Riaz et al. 2004). Three
QTLs with small effects (R? from 6% to 11%) were
found on three other groups.

Riaz (2001) genetically analyzed different compo-
nents of the grape cluster. Compact cluster architec-
ture is closely associated with bunch rot (Vail et al.
1998), and small berries contribute to loose clusters.
Small berries are also desirable for red wine produc-
tion because the higher skin to pulp ratio is thought
to increase wine color intensity. Cluster form was di-
vided into different components (rachis length, num-
ber of laterals, length of laterals, total cluster weight,
number of berries, berry weight, and cluster den-
sity) in order to study their individual contribution to
cluster architecture and compactness and their rela-
tionship to each other. The QTL analysis was carried
out on a consensus framework linkage map based
on 154 SSR and one EST marker on 153 progeny of
Riesling x Cabernet Sauvignon. QTLs were identified
with two different methods (Interval mapping and

Kruskal-Wallis rank sum test). They were identified
for total cluster weight, average weight of one berry,
berry number per cluster, rachis length, number of
laterals per cluster, average lateral length and clus-
ter density, as well as for fruit composition and young
shoot morphology. Most of the traits that markedly af-
fected cluster architecture showed strong correlation
to each other and QTLs were identified with overlap-
ping intervals. These were preliminary results based
on three years of data on a single plant of each geno-
type and it is very important to validate data with
multi-vine replicates of progeny and parents in dif-
ferent environments. Thus far, three studies on QTLs
associated with berry size have been reported (Riaz
2001; Doligez et al. 2002; Fischer et al. 2004), how-
ever they mapped to different linkage groups in first
two studies (group 17 and group, 18 respectively) and
mapped to linkage groups 3 and 10 of Regent map
(Fischer et al. 2004). Neither of these linkage groups
had SSR markers common to the international refer-
ence map (Riaz et al. 2004). Fischer et al. (2004) also
reported QTLs for veraison and axillary shoot growth.

2.3
Whole Genome Projects

The completion of the human, Arabidopsis and rice
genome sequences in the last five years stimulated
rapid development of genomic technologies and ap-
plications. The functional information accumulating
in Arabidopsis also offers a model system for the
functional analyses of grape genes. These possibilities
provide a framework for a concerted effort to effi-
ciently identify and functionally analyze important
grape genes. The International Grape Genome Pro-
gram was formally announced in January 2002 at the
Plant, Animal, and Microbe Genome X Conference,
in San Diego, California. The main objectives are:
(1) Coordinate the Grape Genome Program. (2) Fa-
cilitate exchange of information and collaboration
with the wider viticulture and enology research com-
munities. (3) Monitor, summarize and communicate
progress of scientific activities of participating labo-
ratories. (4) Identify research areas of benefit to grape
improvement and plant biology and communicate
them to funding agencies of participating nations.
(5) Periodically up-date the goals of the program.
(6) Serve as a primary contact with other plant
genome projects. (7) Interact with an Industry Advi-
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sory Committee to ensure relevance of the research
to industry problems. (8) Act on recommendations
received from the various working groups.

In addition to the International Grape Genome
Initiative, individual genomic efforts are also un-
derway in grape growing countries and are briefly
described below.

2.3.1
Australia

Current research involves a wide range of techniques
from functional characterization of single genes to ge-
nomic approaches including genetic mapping, phys-
ical mapping, gene discovery using ESTs, and gene
expression analysis using microarrays and transgenic
plants. Beneficial outcomes from this research are ex-
pected to increase our knowledge of grape biology,
improved berry and wine quality, and provide resis-
tant or tolerant plants to powdery mildew, botrytis,
nematodes and phylloxera.

Recently, Dupont Genome Sciences in conjunction
with Southern Cross University initiated a large-scale
grape DNA sequencing project. The main focus of
this project is to obtain genetic information to allow
research in areas such as dormancy and bud burst;
fruit quality including sugar content, flavor and color,
and tendril development. The technologies include
large-scale expressed sequence tag (EST) analysis
(Ablett etal. 2000), a 16x BAC library (Tomkins
et al. 2001), and functional analysis of grape genes in
Arabidopsis to advance gene discovery in these areas.
The BAC library was constructed from the cultivar
Syrah and consisted of 55,296 clones with average
insert size of 144 kb.

To date, this project has produced over 45,000
grape (V. vinifera) ESTs or partial gene sequences
from a range of tissues and cultivars. These repre-
sent nearly 19,000 distinct ESTs covering an estimated
two-thirds to three-quarters of the grape genes (based
on an estimated number of 25,000 to 28,000 genes).
New SSR markers with a high degree of transferability
have been developed from the ESTs (Scott et al. 2000).
This was the first report of SSR identification from
grape ESTs. This approach has been used widely in
other plant species. Phenotypic changes produced by
over-expression of novel grape transcription factors
in Arabidopsis, are being analyzed, and cDNA grids
are being used to study gene expression during bud-
burst and berry development.

2.3.2
France

The development of grape genomic resources in
France has been greatly aided since 1999 through
financial support from the Génoplante consortium
(www.genoplante.org) and INRA (www.inra.fr). BAC
libraries have been constructed and will be used in
the development of a physical map of the V. vinifera
genome in collaboration with members of the IGGP
(Chalhoub et al. 2002; Adam-Blondon et al. 2005). The
URGV (Unité de recherche en génomique Végétale)
has been set-up at INRA to work on several BAC
libraries from different cultivated plants of impor-
tance to France and Europe. They have developed
three grape BAC libraries: Cabernet Sauvignon (13 x,
International Grape Genome Program reference li-
brary, www.vitaceae.org), Syrah (8 x) and Pinot noir
(15x), with about 70,000 BAC clones each. The aver-
age size of inserts is 150 Kb. Further work was car-
ried out to develop physical map with the Caber-
net Sauvignon BAC library (http://www.evry.inra.fr/
public/projects/genome/grape). It involved develop-
ment of 3D pools from a 6x subset of the Cabernet
Sauvignon BAC library to anchor with PCR 237 SSR
markers (Adam-Blondon et al. 2004) and 565 ESTs
(from the unigene set used in the Génoplante project
CI2001003). An additional set of 592 ESTs from the
NCBI Vitis Unigene set # 11 was anchored in silico on
the BAC end sequences. These results are providing
access to regulatory regions of genes of interest and
to the position of about 50 new genes on the genetic
map. The fingerprinting of 30,000 BAC clones is now
underway in collaboration with Génoscope and the
University of Udine (M. Morgante).

Recently, emphasis was put on the development of
SSR markers and on a reference genetic map as a tool
for QTL detection of traits such as berry characters
and pathogen resistance. The production of ESTs by
Terrier etal. (2001) will contribute to the develop-
ment of microarrays for the study of the expression,
regulation and signaling control of berry development
genes. In parallel, INRA has been developing meth-
ods for grapevine transformation (transient & stable).
A database for grape genetic resources is available at
INRA and at the European level and several other
databases are under development (EST management
and processing, genetic maps, BAC) (See lists below).
This knowledge should help in the development of
high quality grape varieties resistant to pathogens and
also lead to a better understanding and management
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of grape-environment interactions and their effect on
fruit and wine quality.

2.3.3
Germany

In Germany grapevine genomics started in the early
1990s with the application of molecular marker tech-
nology to questions of cultivar identification, pedigree
analysis, evaluation of genetic resources, and genetic
mapping (also in France). The major focus is on lo-
calization and long-term molecular characterization
of genes involved in pest resistance and fruit quality
traits with the aim of understanding their complex
genetic basis. Different marker systems are being em-
ployed, including SSR markers developed by the Vitis
Microsatellite Consortium (VMC) allowing integra-
tion with the results from other international mapping
projects.

2.3.4
Italy

Since the early 1990s molecular biologists have been
using molecular tools for variety characterization,
disease diagnosis, phylogenetic studies, and genetic
transformation of Vitis species. In the last few years,
the interest in grape genomics has increased enor-
mously and research involves marker-assisted selec-
tion, molecular mapping, and large EST sequenc-
ing, establishing BAC libraries for map-based posi-
tional cloning of genes of economical interest, pest
resistance, and fruit quality. Italy has two large ge-
nomic projects: the first is headed by a public institu-
tion, The University of Udine, focused on developing
tools for molecular breeding and map-based posi-
tional cloning of genes approaches; and the second is
a collaborative project among several universities and
headed by S. Grando, with a focus on the functional
genomics of berry maturation phases.

2.3.5
South Africa

Grapevine genomics research in South Africa started
with participation in the Vitis Microsatellite Consor-
tium (VMC) in 1998. The Institute for Wine Biotech-
nology (IWBT) and the Institute for Plant Biotechnol-

ogy (IPB), are the two major sites for grape genomic
research. Genomics efforts include genetic transfor-
mation, and development of cDNA libraries. The
IWBT generated genomic libraries for the V. vinifera
cultivars Sultana (correctly Sultanina) and Pinotage,
and cDNA libraries from young expanded leaves of the
same two cultivars. Genomic libraries for Chardon-
nay and Merlot as well as cDNA libraries from early
and late berry developmental stages of these culti-
vars were made at the IPB. A consortium including
the Genetics Department, the IWBT, the Department
of Molecular and Cellular Biology at the University
of Cape Town, and the Biotechnology Department of
the University of the Western Cape, have an interest
in studying molecular interactions between grape and
fungal pathogens using microarray technology.

2.3.6
USA

In the USA, grape genomics work commenced in the
early 1990s. Several groups have developed molecular
marker based maps in both V. vinifera and interspe-
cifichybrid populations (Lodhi et al. 1995; Dalbo et al.
2000; Doucleff et al. 2004; Riaz et al. 2004). There are
several labs involved with research on functional ge-
nomics of V. vinifera. The main focus of research at the
University of Nevada, Reno (GR Cramer and JC Cush-
man) is to study the effect of abiotic stresses (e.g. cold,
heat, salinity, drought) on grape. They have initiated
an EST-based gene discovery program focused solely
on stressed vines by constructing cDNA libraries from
mRNA isolated from leaf, root, and berry tissues of
V. vinifera cv. Chardonnay. The growing database of
EST sequence information will allow large-scale gene
expression profiling using microarray technology.

At the Department of Plant Pathology, University
of California, Davis (DR Cook) another EST project
is focused on identifying the transcriptional path-
ways correlated with susceptibility or resistance in
V. vinifera to Pierce’s disease (PD) and with genes
involved in berry ripening (http://cgf.ucdavis.edu/).
This database contains an analysis of all public ESTs
from Vitis, and ESTs are grouped as contigs or sin-
gletons and analyzed for homology to the NCBI Non-
Redundant (NR) database by means of BLASTX. All
contigs and singleton ESTs were also analyzed for the
presence of SSRs and 1000 EST-SSR markers were de-
veloped that are available to grape genetic research
community. The GeneChip® Vitis vinifera Genome
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Array developed by Affymetrix is the first commer-
cially available array to provide comprehensive cov-
erage of the V. vinifera genome. Convenient one-
array views of 14,000 V. vinifera transcripts and 1,700
transcripts from other Vitis species can be examined
(http://www.vitaceae.org/).

A collaborative research project between the
USDA/ARS - Parlier, CA and the Department of
Viticulture and Enology, University of California,
Davis (H. Lin and M.A. Walker) is studying resis-
tance to PD and developing new tools for grape
improvement (Lin and Walker 2004). The goal of
this project is to characterize the molecular events
in grape/Xylella fastidiosa interaction and develop
afunctional genomic approach to specifically identify
the PD-related gene expression profiles from suscep-
tible and resistant responses. About 5000 expressed
genes have been sequenced from PD resistant and
susceptible grape plants. These expression profiles
derived from stem, leaf and shoot of resistant and
susceptible genotypes throughout the course of
disease development will provide informative details
of molecular basis of PD responses.

Lin et al. (2005) used a cDNA-AFLP technique to
analyze the gene expression profile of PD infected
grapevines. In this study, they compared gene expres-
sion of highly susceptible and resistant siblings se-
lected from a segregating population of V. rupestris x
V. arizonica. Comparing the profiles of resistant and
susceptible genotypes identified fragments represent-
ing up- and down-regulated genes. About 100 differ-
entially expressed cDNA-AFLP fragments were col-
lected, sequenced and annotated. These fragments
reflect the differentially expressed genes from vari-
ous tissues at different stages of PD development. To
further study the genes involved in the host-pathogen
interaction at different stages of disease development,
a Tag-Man gene expression assay was developed to
analyze selected genes for their spatial and temporal
expression in response to PD infection. This study will
help identify genes involved in the defense response
and signaling/recognition cascade in PD susceptible
genotypes.

24
Marker-Aided Selection and Breeding

In the last 15 years, the development of molecu-
lar markers has stimulated advances in breeding,
since these markers directly reveal genetic variability

through DNA analysis (Staub et al. 1996), and envi-
ronmental effects do notinfluence their detection. The
primary use of these molecular markers is in marker-
assisted selection (MAS) (Paterson et al. 1991). The
main objective of crop breeding is to obtain new cul-
tivars exhibiting better yield, quality traits, and re-
sistance to biotic and abiotic stresses. In many cases,
these useful traits come from wild and distantly re-
lated species. The traditional approach is based on in-
terspecific hybridization to transfer genes from wild
to cultivated species, followed by selection of hybrids
that combine the “new wild” trait with the cultivated
genetic background. This breeding strategy is primar-
ily achieved by generational backcrossing in which the
selected hybrids at each generation are crossed back
to the cultivated genotype (although the cultivated
genotype may vary in grape to avoid inbreeding de-
pression) with the aim of reducing the wild genome
and its undesirable traits.

Marker-aided selection is one of the most efficient
applications of biotechnology to plant breeding. It is
an effective and efficient breeding tool for detecting,
tracking, retaining, combining, and pyramiding dis-
ease resistance genes in crop species (Kelly and Mik-
las 1998, 1999). The essential requirements for MAS
in a plant breeding program are: 1) the marker(s)
should be closely linked (1 cM or less is probably suf-
ficient for MAS) with the desired trait; 2) an efficient
means of screening large populations for the molecu-
lar marker(s) is key; 3) the screening technique should
have high reproducibility across laboratories, be eco-
nomical to use and user-friendly. Molecular markers
closely linked to the gene controlling the trait to be
transferred allow precocious screening on the DNA
extracted from young leaves without waiting for the
specific developmental stage at which the trait is ex-
pressed. This precocious screening results in large
savings in time and space, and becomes far more valu-
able when multiple traits and many progeny are under
testing. Choosing the most suitable markers for MAS
depends on the ease of their detection, the possibility
of revealing single or multiple loci, their dominant
or co-dominant nature, and their expense. The most
widely used markers for MAS are RFLP, RAPD, AFLP,
and SSR. Their polymorphic nature is based on point
mutations or chromosome rearrangements that ac-
cumulate during the evolution of the species without
negatively influencing survival and reproduction. The
recent surge of development of grape genetic linkage
maps with molecular markers has the potential to
greatly expand use of MAS in grape breeding pro-
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grams. However, until additional work is completed
that tags phenotypic traits with molecular markers,
progress will be limited.

The first published effort to utilize MAS with grape
was tagging QTLs for powdery mildew and black rot
resistance with RAPD and AFLP markers (Dalbo et al.
2001). As mentioned above this effort utilized a segre-
gating population from a cross of Horizon x Illinois
547-1. A major QTL (LOD 6.6) was found for powdery
mildew resistance in the Illinois 547-1 (resistant par-
ent) map and two other QTLs with a smaller effect
were found in the Horizon map. When black rot re-
sistance was mapped, four QTLs were detected, two
in each parent. The three most important QTLs were
located in the same linkage groups as the ones for
powdery mildew. One was also associated with a QTL
for production of the phytoalexin resveratrol. Two
markers (a RAPD and an AFLP) linked to this QTL
were obtained by BSA and then converted into CAPS
markers for testing in four different crosses. In all
cases, the markers were strongly associated with re-
sistance to powdery mildew. A similar approach was
used to find markers that are tightly linked to the pow-
dery mildew resistance gene Runl in a BCspopulation
with AFLP markers (Pauquet et al. 2001).

In another study, Lahogue et al. (1998) used BSA
to identify two RAPD markers tightly linked to the
seedlessness gene SdI, a dominant gene that controls
three recessive complementary genes for seedlessness
in the Sultanina (Thompson Seedless in California,
and Sultana in Australia) grape. The closest marker
was used to develop a co-dominant SCAR named
SCCS8. This latter marker was used to exclude seeded
progeny (scc8-scc8-) and to select seedless individu-
als (SCC8+SCC8+). The SCC8 marker accounted for
at least 65% of the phenotypic variation of the seed
fresh weight, and for at least 79% of the phenotypic
variation of the seed dry matter. SCC8 was further
checked by Adam-Blondon et al. (2001) in a grape
germplasm collection and in other seedling popula-
tions and found out that seeded individuals can be
heterozygous at SSC8 marker. This observation indi-
cated that more understanding of the genetic determi-
nation of stenospermocarpic seedlessness is required
to allow use of molecular markers for efficient MAS
for seedlessness.

Mejia and Hinrichsen (2003) also chose the BSA
approach with RAPD markers to identify markers
linked to seedlessness. They studied a Ruby (Ruby
Seedless) x Sultanina population for different
stenospermocarpy sub-traits. Of the 336 RAPD

primers tested, six fragments were seedless-specific
and one was related to the seeded phenotype.
A RAPD fragment named WF27-2000 was cloned
and sequenced, and then converted into a SCAR
marker. This SCAR, designated SCF27, generated
a specific amplicon of 2.0kb that was present in
all of the seedless individuals, and segregated 3:1
in the population suggesting both parents were
heterozygous for this locus.

2.5
Cultivar Identity

Ampelography is the traditional method of identi-
fying grape cultivars based on morphological differ-
ences of the foliage and fruit. It is accurate and reli-
able, but requires years of training and practice, and
few individuals are sufficiently skilled. Ampelography
is also influenced by environmental conditions, which
can alter leaf and cluster size and influence characters
such as the degree of tomentum, vine vigor and shoot
tip coloration. In addition, the most reliable leaves for
identification are formed in the mid-shoot region and
they may not be available for observation or shipment.
In the case of rootstocks, once they are grafted they
rarely form shoots from below the union. Finally, there
are many thousands of cultivars in germplasm collec-
tions around the world and few have been described
in readily accessible forms, and ampelographers tend
to be experts on cultivars grown within the region
they reside. Thus, alternative identification methods
based on tissue DNA have been developed to over-
come these limitations and produce DNA fingerprints
of grape cultivars.

Molecular identification efforts began with the use
ofisozymes (Stavrakakis and Loukas 1983; Benin et al.
1988; Calo et al. 1989; Walker and Liu 1995), but this
system had limitations. The primary disadvantage was
that expression of certain enzymes was dependent on
developmental and environmental influences, which
restricted the number of available markers and the
consistency of their polymorphisms.

In the early 1990s, it became possible to analyze
grape DNA. The main advantage of the techniques
that were developed was that DNA could be obtained
from all plant material, in any environment and at any
time of year. Restriction fragment length polymor-
phism (RFLP) analysis was used successfully to detect
cultivar specific DNA fingerprints for grapevine and
rootstock varieties (Bourquin et al. 1991, 1992, 1993,
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1995; Thomas and Scott 1993). However, the RFLP fin-
gerprinting method was limited by the nature of their
complex banding patterns, low level of polymorphism
in the coding regions of the genome, and time con-
suming and costly development of probes for analysis.
With the advent of PCR technology, RAPD and later
AFLP systems became popular in efforts to finger-
print grape cultivars (Jean-Jacques et al. 1993; Moreno
et al. 1995; Xu and Bakalinsky 1996; This et al. 1997;
Hinrichsen et al. 2000). Finally, the development of
co-dominant SSR markers surpassed all other marker
systems. The establishment and development of SSR
markers was expensive and time consuming because
of the construction and screening of the required ge-
nomic libraries, prior to design and optimization of
PCR primers. However reproducibility, standardiza-
tion, and transfer and comparison of data among dif-
ferent labs made SSR markers the choice for finger-
printing and cultivar identification.

Thomas and Scott (1993) were the first to report
on the use of SSR markers to identify grape culti-
vars. Their work demonstrated that SSR sequences are
abundant in the grape genome and primer sequences
are conserved among Vitis species and other genera
in Vitaceae. These results generated immense interest
in grapevine SSR markers, leading to the development
of many more markers (Bowers et al. 1996, 1999b; Sefc
et al. 1999) culminating in the development of the Vi-
tis Microsatellite Consortium (VMC) consisting of 21
different grape research groups from 12 countries.
The VMC effort resulted in development of 333 new
markers from SSR enriched genomic libraries. Most of
these markers were later used to develop genetic link-
age maps (Doligez et al. 2002; Adam-Blondon et al.
2004; Riaz et al. 2004).

Many studies made use of SSR markers to
fingerprint and genotype wine, table, raisin grape
and rootstock cultivars (Thomas and Scott 1993;
Cipriani et al. 1994; Thomas et al. 1994; Botta et al.
1995; Bowers et al. 1996; Sefc etal. 1998a, 1998b,
1998¢, 1998d, 1999; Grando and Frisinghelli 1998;
Lin and Walker 1998; Bowers etal. 1999; Lefort
et al. 2000; Sefc et al. 2000). SSR-based fingerprint-
ing has been used to correct synonyms (Cipriani
etal. 1994; Bowers etal. 1996; Sefc etal. 1998a;
Lopes etal. 1999; Lefort et al. 2000), detect clonal
polymorphism (Riaz etal. 2002), and construct
pedigrees for old grape cultivars (Bowers and
Meredith 1997; Sefc et al. 1998; Bowers et al. 1999a;
Lopes etal. 1999; Meredith etal. 1999; Vouillamoz
etal. 2004). There are three public databases that

provide information of grapevine genetic fingerprint
with SSR markers: the grape microsatellite collec-
tion (GMC) database (http://relay.ismaa.it:12164/
genetica/gmc.html) was developed to permit an
easy retrieval of grape nuclear microsatellite profiles
and related information, the Greek Vitis database
(http://www.biology.uch.gr/gvd/) contains nuclear as
well as chloroplast SSR profiles of Greek grapevine
cultivars, rootstocks, Vitis species and hybrids used
as rootstocks.

2.6
Conclusions and Future Prospects

To date grape improvement has been based on clas-
sical breeding and the incorporation of advances in
viticulture and enology to optimize vine growth and
wine production. However, we are now poised to
make rapid advances in grape improvement through
the utilization of molecular genetic tools. The devel-
opment of genomic technologies and their applica-
tion in other crops like Arabidopsis and rice is now
providing the necessary tools and comparative in-
formation for grape biologists to begin understand-
ing the genetic and molecular basis of pest resis-
tance, tolerance to abiotic stresses, and fruit ripen-
ing and quality. The potential of grape genomic re-
search has been recognized by both the public and
private sector in many countries of the European
Union, Australia, the USA, South Africa, and many
other grape growing countries. The coordinated ef-
forts of the Vitis Microsatellite Consortium have gen-
erated a large set of SSR markers, which contin-
ues to be expanded, refined and utilized. Research
groups in many countries are involved in develop-
ing genetic linkage maps focused on resistance and
tolerance to biotic and abiotic stress and fruit and
vine quality. These efforts have resulted in two in-
ternational reference genetic maps based on SSR
markers, and efforts are underway to develop con-
sensus map utilizing populations of different back-
grounds. Coordination of these maps will greatly aid
researchers to identify set of markers linked to traits
of interests (single major genes and QTLs) for use
in MAS breeding programs and gene identification
efforts.

The next phase of genetic research will be the
initiation of the grape genome project to identify
key grapevine genes and understand their functions.
Grape researchers in Europe, Australia, Canada and
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the USA have begun this effort with public and private
sector funding. Most of these projects are combining
a number of technologies including large-scale EST
analysis, BAC libraries, physical map construction,
and functional analysis of grape genes in Arabidop-
sis. The development of EST libraries will greatly aid
the characterization of genes and allow researchers to
study gene expression profiles. Finally, sequencing of
the grape genome would be a quantum leap for the
grape research community and is critical for the real-
ization of molecular genetics potential on grape and
wine production.

2.7
Grape Research Resources on the Web

1. The American Vineyard Foundation (AVE):
(http://www.avf.org/).

2. Bioinformatics.Org: (http://bioinformatics.org/).
Bioinformatics.Org is a non-profit, academe-
based organization committed to opening access
to bioinformatics research projects, providing
Open Source software for bioinformatics by
hosting its development, and keeping biological
information freely available.

3. Grapevine Genomics at the Centre for Plant Con-
servation Genetics: (http://bioinformatics.org/).
Grapevine Genome database is a result of a large-
scale sequencing project carried out at the Centre
for Plant Conservation Genetics.

4. The Cooperative Research Centre for Viticulture
(CRCV): (http://www.crcv.com.au/). The Cooper-
ative Research Centre for Viticulture is a joint ven-
ture between Australia’s viticulture industry and
leading research and education organizations

5. Grapevine Breeding and Genetics Program:
(http://www.nysaes.cornell.edu/hort/faculty/
reisch/grapeinfo.html)

6. CSIRO Plant Industry, Australia - Research
Programs: (http://www.csiro.au/). CSIRO ap-
plies strategic research in the plant sciences to
promote profitable and sustainable agri-food,
fiber and horticultural industries, develop novel
plant products and improve natural resource
management.

7. French Institute for Agrononomical Research:
(http://www.inra.fr/gap/departement/especes/
vigne.htm). INRA (Institut National de Recherche
Agronomique) (site is in French)

8.

10.

11.

12.

13.

14.

15.

Grapevine Biotechnology at the Institute for
Wine Biotechnology (IWBT)
(http://academic.sun.ac.za/wine_biotechnology/
research_programmes.htm): University of Stel-
lenbosch, South Africa - The IWBT is a member
of the “Vitis Microsatellite Consortium” con-
sisting of 20 laboratories world-wide to develop
genetic markers, primers and probes for the
genetic fingerprinting of Vitis vinifera varieties.

. International Grape Genomics Initiative (http://

grapegenomics.ucdavis.edu) — The site (utilizing
frames) provides information in the categories:
Meetings and Conferences, Grape Experts, Grape
Websites, and the Phone Book.

Institute for Grapevine Breeding, Geilweilerhof,
Germany (http://www.bafz.de/baz99_e/baz_orte/
sdg/irz/irz_frmd.htm): The institute’s research
concentrates on: Development of disease-re-
sistant grapevine varieties in consideration of the
wide diversity of varieties in German viticulture;
Selection methods to assess characteristics such
as resistance to noxious agents, resistance to
stress factors (e.g. drought, frost), and the flavor
and taste-determining aroma components.
International Grape Genome Program (http://
www.vitaceae.org/): The primary research focusis
grapevine genomics carried out within the frame-
work of the International Grape Genome Program
(IGGP).

National Clonal Germplasm Repository for
Fruit and Nut Crops at Davis, California (http://
www.ars-grin.gov/ars/PacWest/Davis/): is one
of over two dozen facilities in the National
Plant Germplasm System (NPGS) which collect,
maintain, characterize, document and distribute
plant germplasm from all over the world.
Pomology & Viticulture Program at the University
of Udine, Italy (http://www.dpvta.uniud.it/arb/
Arb_ric.htm#grape): The grape research group
manages a grape germplasm repository, which
includes wild species, international and local cul-
tivars and breeding lines carrying disease resis-
tance genes.

The Institute for Genomic Research (TIGR)
(http://www.tigr.org/): The TIGR databases are
a collection of curated databases containing DNA
and protein sequence, gene expression, cellular
role, protein family, and taxonomic data for
microbes, plants and humans.

Vitis Gene Discovery Program: A Mission to
Explore the Genetic Resources of Native North
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American Grape Species. (http://mtngrv.smsu.
edu/vgdp/). Wild grapes (Vitis species) are able
to thrive in harsh environments and under high
disease and pest pressure conditions. They are
natural sources for genes that confer tolerance to
adverse biotic and environmental conditions.

2.8
Databases

1. EST Database of Grape from Genomics Facil-
ity, College of Agricultural and Environmental
Sciences, University of California, Davis. - This
database contains an analysis of all public ex-
pressed sequence tags (ESTs) from grape. ESTs
are grouped as contigs or singletons and analyzed
for homology to the NCBI Non-Redundant (NR)
database by means of BLASTX.

2. European Network for Grapevine Genetic
Resources Conservation and Characteriza-
tion (http://www.genres.de/vitis/vitis.htm): The
database is collection-oriented, i.e. the same
cultivar/variety appears in the database as many
times as there are participating collections
containing it. Data (IPGRI passport data, pri-
mary and secondary descriptor data) refer to an
individual accession (cultivar) only.

3. Grape Microsatellite Collection (GMC) - A web-
backed database of genotypes at SSR loci ob-
tained from TASMA analysis and literature. GMC
is a database developed to permit an easy retrieval
of grape nuclear microsatellite profiles and related
information. Each record has 8 fields: locus (name
of thelocus), allele 1 and allele 2 (allele size in bp),
cultivar (name of the accession) and finally 3 fields
providing information about authors, references
and fragment analysis method of collected data.

4. Grapevine Genome Database (http://www.scu.

edu.au/research/cpcg/genomics/index.php):
The Grapevine Genome database is a result of
a large-scale sequencing project carried out
at the Centre for Plant Conservation Genetics.
A number of objectives were achieved including
the development of SSR markers from grape
ESTs, micropropagation of table and wine grape
varieties and an analysis of the grape genome
based on 5000 EST sequences.

5. The Greek Vitis Database (http://www.biology.
uch.gr/gvd/contents/index.htm): A multimedia
web-backed genetic database for germplasm

management of Vitis resources in Greece. By
Francois Lefort and Kalliopi A. Roubelakis-
Angelakis, Laboratory of Plant Physiology
and Biotechnology, Department of Biology,
University of Crete, Haralson, Crete, Greece.

6. TIGR Grape Gene Index (VvGI) (http://www.tigr.
org/tigr-scripts/tgi/T_index.cgi?species=grape):
The TIGR Grape Gene Index integrates research
data from international Grape EST sequencing
and gene research projects. The ultimate goal of
the TIGR Gene Index projects, including VvGI, is
to represent a non-redundant view of all Grape
genes and data on their expression patterns,
cellular roles, functions, and evolutionary
relationships.

7. Vitis International Variety Catalogue (http://
www.genres.de/idb/vitis/): All available informa-
tion has been condensed for each cultivar/variety,
i.e. each variety makes a single data set. Data (IP-
GRI passport data, bibliography, morphological
and resistance characteristics
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3.1
Introduction

The cherry is one of the most popular temperate fruit
crops despite of its relatively high price. The fruits are
attractive in appearance, because of their bright, shiny
skin color, and their subtle flavor and sweetness are
appreciated by most consumers. Compared to other
temperate fruits, such as apple and peach, breeding
improvements for cherries have been slow. The long
generation time and the large plant size of cherry trees
severely limit classical breeding. Thus, the integration
of molecular markers in breeding programs should be
a powerful tool. Only a few genetic linkage maps are
available for sweet or sour cherry and quantitative
trait loci (QTLs) were reported only for sour cherry.
Until now, most of the efforts were concentrated on the
use of molecular markers in order to (i) identify the S-
alleles controlling gametophytic self-incompatibility,
(ii) characterize cultivars, and (iii) assess genetic di-
versity.

3.1.1
Brief History of the Crop

Prunus avium L. includes sweet cherry trees culti-
vated for human consumption and wild cherry trees
used for their wood, also called mazzards (Webster
1996). The sweet cherry is indigenous to parts of
Asia, especially northern Iran, Ukraine, and coun-
tries south of the Caucasus mountains. In Europe,
the Romanian and Georgian wild cherry trees ap-
peared to be very differentiated from those of cen-
tral and western Europe (Tavaud 2002). The Geor-
gian wild cherry trees were the most genetically di-
verse suggesting that this area could have been a main
glacial refuge. The ancestors of the modern cultivated

sweet cherries are believed to have originated around
the Caspian and Black Seas, from where they have
slowly spread. This phenomenon was driven initially
by birds. Sweet cherries are now cultivated commer-
cially in more than 40 countries around the world, in
temperate, Mediterranean, and even subtropical re-
gions. Its natural range covers the temperate regions
of Europe, from the North part of Spain to the South-
eastern part of Russia (Hedrick et al. 1915). They pre-
fer regions with warm and dry summers, but require
adequate rainfall or irrigation during the growing sea-
son for production of fruit with appropriate size for
marketing. Rainfall at harvest time may reduce the
commercial potential of the production by inducing
fruit cracking.

Fruit of Prunus cerasus L., the sour cherry tree, are
mainly used for processed products such as pies jam
or liquor. Sour cherry originated from an area very
similar to that of sweet cherry, around the Caspian Sea
and close to Istanbul. While sour cherry is less widely
cultivated than sweet cherry, large quantities of sour
cherries are produced in many European countries
and in the USA. Most of these are used in processing
and processed cherry products are sold worldwide.

Prunus fruticosa Pall., the ground cherry tree,
is sometimes used as rootstocks for other Prunus
species. This species is widespread over the major part
of central Europe, Siberia and Northern Asia (Hedrick
et al. 1915).

The duke cherries, which result from crosses be-
tween P. avium and P. cerasus, are cultivated at a much
smaller scale. Different names have been given to
this species like Prunus acida Dum, Cerasus regalis,
Prunus avium ssp. regalis, but the name used today is
P.x gondouinii Rehd. (Faust and Suranyi 1997; Saunier
and Claverie 2001). Duke cherry trees are intermedi-
ate for their tree and fruit characteristics compared
to their progenitors.
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3.1.2
Botanical Descriptions

All cherry species belong to the Cerasus subgenus of
the Prunus genus, part of the Rosaceae family. The
majority of cultivated cherry trees belong to Prunus
avium L. and Prunus cerasus L. species. Together with
Prunus fruticosa Pall., these species and their interspe-
cific hybrids constitute the Eucerasus section of the
Cerasus subgenus, based on morphological criteria
(Rehder 1947; Krussmann 1978). This classification
and the monophyletic origin of the Eucerasus clade
have been confirmed by chloroplast DNA variation
analysis (Badenes and Parfitt 1995).

A large amount of morphological polymorphism
is observed among P. avium, P. fruticosa and P. cerasus
species. Multivariate analysis on sour cherry revealed
continuous variation between the P. avium and P. fru-
ticosa traits throughout the geographic distribution of
the species. In Western Europe, P. cerasus trees look
like P. avium whereas in Eastern Europe, P. cerasus is
closer to P. fruticosa (Hillig and Iezzoni 1988; Krahl
et al. 1991). This continuum of morphological charac-
teristics makes the species assignation difficult when

Prunus avium
2n=2x=16
AA

Prunus fruticosa
2n=4x=32
FFFF

N

Prunus cerasus
2n=4x=32
AAFF

Prunus x gondouinii
=Prunus acida Dum
2n=4x=32
AAAF

Fig. 1. Relationships and genome constitution among the
species of the Eucerasus section. * P. avium is thought to pro-
duce diploid gametes. A and F are haploid genomes coming
from P. avium and P. fructicosa respectively

considering only phenotypic traits. The sweet cherry
is a deciduous tree of large stature, occasionally reach-
ing almost 20 meters in height, with attractive peeling
bark. The sour cherry is a small tree, or more often
a deciduous bush, which suckers profusely from the
base. It has smaller leaves and flowers than the sweet
cherry. Concerning the fruits, sweet cherries fruits are
usually split into three groups: Mazzards, often wild
types with small inferior fruits of various shapes and
colors: Guignes, Hearts or Geans, with soft-fleshed
fruits and the Bigarreaux with hard-fleshed, heart-
shaped, light-colored fruits. Sour cherries cultivars
are generally classified as Amarelles (or Kentishand)
and as Griottes (or Morellos). Amarelles have pale
red fruits flattened at the ends and uncolored juice.
Griottes have, in contrast, dark spherical fruits and
dark-colored juice. A third group of sour cherry culti-
vars, called Marasca, are characterized by small, very
black-red colored and bitter fruit whose juice is of the
best quality for making maraschino liquor. Marasca
cultivars are sufficiently distinct to have been classi-
fied by early botanists as a subspecies of P. cerasus
(Prunus cerasus Marésca (Reichb.) Schneid, Redhder
1947).

3.1.3
Genome Contents

Prunus avium has a diploid genome (AA, 2n = 2x =
16) and small haploid genome size (338 Mb) (Arumu-
ganathan and Earle 1991) bigger than the genome of
peach (290 Mb) which is the smallest Prunus genome
evaluated to date.

Prunus fruticosa, the ground cherry tree, is
a tetraploid wild species (2n = 4x = 32) believed to
be (FFFF). The genome size is still unknown.

Prunus cerasus is an allotetraploid species (AAFFE,
2n = 4x = 32), with a genome size of 599 Mb, sup-
posed to result from natural hybridization between
P avium (producing unreduced gametes) and P. fruti-
cosa (Fig. 1). This origin was first suggested by Olden
and Nybom (1968) who observed that artificial hy-
brids between tetraploid P. avium and P. fruticosa were
very similar to P. cerasus. Isozyme analysis, genomic
in situ hybridization and karyotype analysis further
confirmed the hybrid origin of P. cerasus (Hancock
and Iezzoni 1988; Santi and Lemoine 1990; Schuster
and Schreiber 2000). The patterns of inheritance of
seven isozymes in different crosses of sour cherry in-
dicated that P. cerasus might be a segmental allopoly-
ploid (Beaver and Iezzoni 1993; Beaver et al. 1995).
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Studies based on cpDNA markers detected two dis-
tinct chlorotypes in P. cerasus which strongly sug-
gest that crosses between P. avium and P. fruticosa
have occurred at least twice to produce sour cherry
(Badenes and Parfitt 1995; Iezzoni and Hancock 1996;
Brettin et al. 2000). Moreover, these works showed
that, most of the time, P, fruticosa was the female pro-
genitor of P. cerasus, but in few cases, P. avium was
the female parent due to the formation of unreduced
ovules. Tavaud et al. (2004) demonstrated that specific
alleles in P. cerasus were not present in the A genome
of P avium and probably came from the F genome
of P. cerasus. Recent analysis with cpDNA and mi-
crosatellite markers show that some P. cerasus share
the same chloroplastic haplotype as some P. fructi-
cosa, and that some microsatellite markers are shared
by both species (A. Horvath, personal communica-
tion). Triploid hybrids through the fusion of normal
gametes of P. avium and P. fruticosa occur naturally
but remain sterile. Due to this sterility and many un-
favorable P. fruticosa traits, these triploids are not
clonally propagated by humans (Olden and Nybom
1968).

P. x gondouinii Rehd is an allotetraploid (AAAF,
2n = 4x = 32) species stemming from the polliniza-
tion of sour cherry by unreduced gametes of sweet
cherry (Iezzoni et al. 1990). These hybrids are often
sterile, due to disturbances during meiosis, but they
are clonally propagated by human.

3.14
Economic Importance

Worldwide, 375,000Ha of sweet cherry and
248,000Ha of sour cherry are cultivated giving
a total production of 1,896,000 Mt and 1,035,000 Mt
respectively (FAO 2005). The main production areas
in the world for sweet and sour cherries are located in
Europe (953,000 Mtand 711,000 Mt), Asia (653,000 Mt
and 208,000 Mt) and North America (228,000 Mt for
sweet cherry and 115,000 Mt for sour cherry) (FAO
2005). However, a huge increase in sweet cherry
hectares in production occurred 10 years ago in
the Southern hemisphere especially in Chile and
Argentina. In Chile, the cultivated area increased by
four times in two years and nearly all the production
is exported to the USA and Europe. In the Northern
hemisphere, sweet cherry production is mainly
located in Europe but major shifts are occurring
in European production. France which was one of
the main producers in Europe (100 to 120,000 tons)

reduced its production by two in 2003 and 2004
(57,000 tons), and at the same time Spain doubled its
production, especially with early maturing varieties.
In the next following years, Turkey may become the
leading world producer of sweet cherries.

3.1.5
Breeding Objectives

The main breeding objectives for sweet cherry are:

- large, attractive and good-flavored fruits,

- short juvenile phase,

- large and constant yields,

- reduced susceptibility to fruit cracking,

- self-compatibility,

- improved resistance or tolerance to diseases, es-
pecially bacterial canker induced by Pseudomonas
mors pv. prunorum and P. syringae.

Regular yields and superior fruit quality are the two
main objectives of sour cherry breeding programs.
Breeding for disease resistance in sour cherry is con-
centrated on resistance to cherry leaf spot caused by
Blumeriella japii.

Yields per hectare vary by the country of pro-
duction, the commercial use (for fresh market or
for industry) and the training system. The average
yield ranges from 8 to 10t/ha in classical orchards
but can reach 30 to 40 t/ha for an intensive industrial
orchard. The highest limitation to the development of
the cherry culture is the high cost required to manu-
ally pick the fruit as manual picking can account for
70% of the production price. The yield of the pick up
can be 6 to 8 Kg/ha and by person in a traditional or-
chard and can be 30 Kg/ha in intensive orchards. Sev-
eral breeding programs led to the selection of new va-
rieties that can be harvested partially with machines,
such as ‘Sweetheart’ and ‘Van’ cultivars that can be
harvested without the stem. In the same time, a better
knowledge of the architecture of the tree led to new
ways of orchards training.

Thanks to classical breeding programs, a large
number of cultivars are now available. Within the last
10 years, 20 new varieties are gaining wide interest in-
ternationally such as ‘Earlise’ (early season), ‘Summit’
(middle season) and ‘Sweetheart’ (late season). Each
of them should be widely cultivated in the next 15 to
20 years.

Classical breeding programs are time consum-
ing, especially for cherry that requires a minimum
of 3-5 years of growth before flowering and fruit pro-
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duction. Prior knowledge of linkage relationships be-
tween marker loci and important flower and fruit
characteristics will facilitate and shorten the selec-
tion of promising individuals. Consequently, marker-
assisted selection would be especially beneficial for
sweet and sour cherry breeding.

3.2
Construction of Genetic Maps

The construction of genetic maps is useful for locali-
sation of important genes controlling both qualitative
and quantitative traits in numerous plant species and,
then, for improving and shortening breeding selection
(Tanksley et al. 1989). In Prunus, many mapping stud-
ies were done on peach (Belthoff et al. 1993; Chaparro
et al. 1994; Rajapakse et al. 1995; Dirlewanger et al.
1998; Lu et al. 1998; Dettoriet al.2001; Yamamoto et al.
2001) or on interspecific crosses between peach and
other Prunus species (Foolad et al. 1995; Joobeur et al.
1998; Jauregui et al. 2001; Bliss et al. 2002; Dirlewanger
et al. 2004a; Quilot et al. 2004). An highly saturated
linkage map including 562 markers, based on segre-
gation analyses of an almond (cv. “Texas’) x peach cv.
(‘Earlygold’) F, population serves as a reference map
for the Prunus scientific community (Dirlewanger
et al. 2004b). Several genetic linkage maps were also
obtained for other Prunus such as almond (Viruel
et al. 1995; Joobeur et al. 2000) and apricot (Hurtado
et al. 2002; Lambert et al. 2004). Despite the potential
usefulness of genetic linkage maps for sweet or sour
cherry, saturated cherry linkage maps have not yet
been constructed.

In the subgenus Cerasus, several maps have
been published using five segregating populations
(Table 1). Until now, only partial maps for sweet
or sour cherry are available. The earliest of them
was constructed in a sweet cherry using random
amplified polymorphic DNA (RAPD) and allozyme
analysis of 56 microspore-derived callus culture
individuals of the cv. ‘Emperor Francis® (Stockinger
etal. 1996). Two allozymes and 89 RAPD markers
were mapped to 10 linkage groups totalling 503 cM.
Interestingly, another map integrating isozyme
genes exclusively, was obtained using data from two
interspecific Fy cherry progenies: P. avium ‘Emperor
Francis’ x P incisa E621 and P. avium ‘Emperor
Francis’ x P. nipponica F1292 (Boskovi¢ and Tobutt
1998). This map, one of the most exhaustive ever

made with isozyme markers in the Plant Kingdom,
included a total of 47 segregating isozyme genes,
from which 34 were aligned into seven linkage
groups.

Another genetic linkage map is in progress in the
INRA of Bordeaux (France) for sweet cherry using
an intraspecific F; progeny including 133 individu-
als from a cross between cultivars ‘Regina’ and ‘Lap-
ins’. These cultivars were chosen as parents for their
distinct agronomic characters and especially because
they differ for resistance to fruit cracking which is
a limiting factor in sweet cherry production. ‘Regi-
na’ is resistant and ‘Lapins’ is susceptible to fruit
cracking. ‘Lapins’ is a self-compatible cultivar as op-
posed to ‘Regina’. Moreover, they differ for several
other characters: blooming and maturity dates, pe-
duncle length, and fruit color, weight, firmness, titrat-
able acidity and refractive index. Preliminary maps of
each parent and their comparison with the referenced
Prunus map ‘Texas’ x ‘Earlygold’ (T xE) is described
by Dirlewanger et al. (2004b). These maps include mi-
crosatellite markers, 30 of which are located in the
‘Régina’ map are anchors marker with TxE map, 28
located in the ‘Lapins’ map are anchors with T x E map.
Only one non-collinear marker was detected but for
all other markers the location in the maps were in
the homologous linkage group. These results are in
agreement with the high level of synteny among the
Prunus genus (Arus et al. 2005). The two sweet cherry
maps will be used for detection of QTLs involved in
fruit quality as soon as the progeny produces fruits,
in 2006.

A sweet cherry genetic linkage map is also in
progress at Michigan State University (US) from a F,
progeny from a cross between a wild forest cherry
with small (~2 g) highly acidic dark-red colored
fruit (NY54) and a domesticated variety with large
(~6 g), yellow/pink, sub-acid fruit ‘Emperor Fran-
cis’ (EF). The F; population is composed of approxi-
mately 700 individuals, 200 of them will be used for
map construction and initial QTL analysis. The re-
maining progeny will be used for fine mapping major
QTL identified. The objective of the study is to iden-
tify QTLs that control fruit quality traits that have
been improved during domestication. In addition,
this cross is fully compatible and progeny segregation
for the S-locus fits the expected 1:1:1:1 ratio (Ikeda
et al. 2005). This population will be used to fine map
the S-locus region due to the large family size and the
absence of skewed segregation that exists in many of
the Prunus mapping populations.
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Table 1. Cerasus linkage maps

Population Type (nb. of Nb. of Marker type Linkage Total Longest ~ Unlinked References
individuals) markers groups distance gap (cM) markers
in the map (cM)
P. avium Microspore- 89 RAPD (90), 10 503 27 3 Stockinger
‘Emperor Francis’ derived calli isozyme (2) et al. 1996
P. avium ‘Napoleon’ x F1 (63) 34 Isozymes 7 174rut!  24ru. 13 Boskovic
P. incisa E621 and Tobutt
1998
P. avium ‘Napoleon® x F1 (47)
P. nipponica F1292
P. avium ‘Régina’ (R) x F1 (133) R: 68 SSRs 11 639 26 1 Dirlewanger
‘Lapins’ (L) L:54 9 495 30 10 et al. 2004b
P. avium NY54 x F1 (200) in progress Iezzoni 2004
’Emperor Francis’
P. cerasus
‘Rheinische F1(86) RS: 126 RFLPs 19 461 19 17 Wang
Schattenmorelle’ (‘RS’) x EB: 95 RFLPs 16 279 20 23 et al. 1998
‘Erdi Botermo’ (‘EB’) Consensus: RFLPs (144) 19 442 17 Canli 2004a
160 SSRs (16)

! Distance is measured in recombination units (r.u.)

In sour cherry, linkage maps were constructed at
Michigan State University (US) from 86 individuals
from the cross of two cultivars; ‘Rheinische Schat-
tenmorelle’ (RS) and ‘Erdi Botermo’ (EB). Since sour
cherry is a tetraploid, informative restriction frag-
ment length polymorphisms (RFLPs) were scored as
single-dose restriction fragments (SDRF) according
to Wu et al. (1992). A genetic linkage map was con-
structed for RS that consists of 126 SDRF markers
assigned to 19 linkage groups covering 461 cM (Wang
et al. 1998). The EB linkage map had 95 SDRF mark-
ers assigned to 16 linkage groups covering 279 cM
(Wang etal. 1998). Due to the limited number of
shared markers between the RS x EB map compared
to other Prunus maps, putative homologous linkage
groups could only be identified in for the Prunus LGs
2,4, 6, and 7. The other linkage groups were arbitrar-
ily numbered from the longest to shortest and there-
fore the sour cherry linkage groups numbers have
not been rigorously aligned with that of the Prunus
consensus map. The RS x EB population was subse-
quently scored using 10 Prunus microsatellite primer
pairs (Canli 2004a) and a consensus map of 442 cM,
less than the previously reported RS map of 461 cM,
was constructed. A total of 16 microsatellite markers
were added to 10 of the 19 linkage groups; however,

the linkage groups were not re-numbered to reflect
these markers. In addition, four of the microsatellite
primer pairs identified duplicate linked markers. This
“double mapping” of a marker is due to the inclusion
of progeny individuals exhibiting tetrasomic inher-
itance for that linkage group. If this correction had
been done by Canli (2004a), it is likely that the num-
ber of microsatellite markers added to the map would
be reduced to twelve.

The difficulty of identifying SDRFs and elimi-
nating progeny that resulted from non-homologous
pairing for the linkage group under study, illustrate
the complexity of linkage mapping in a segmental al-
lopolyploid. Therefore, future work at Michigan State
University will concentrate on linkage map construc-
tion in the diploid sweet cherry.

3.3
Gene Mapping and QTLs Detected

In sour or sweet cherries most of the agronomically
important traits have complex inheritance. Only self-
incompatibility (SI) is controlled by a single locus
(S) with multiple alleles, and fertilization only takes
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Fig. 2. Approximate position of 28 major genes mapped in different populations of apricot (gray background), peach (square),
almond or almond x peach (ring), and Myrobalan plum (rhombus) on the framework of the Prunus reference map (Dirlewanger
etal. 2004b). Gene abbreviations correspond to: Y, peach flesh color; B, almond/peach petal color; sharka, plum pox virus
resistance; B, flower color in almond x peach; Mi, nematode resistance from peach; D, almond shell hardness; Br, broomy plant
habit; DI, double flower; Cs, flesh color around the stone; Ag, anther color; Pcp, polycarpel; Fc, flower color; Lb, blooming date;
F, flesh adherence to stone; D, non-acid fruit in peach, Sk, bitter kernel; G, fruit skin pubescence; NI, leaf shape; Dw, dwarf plant;
Ps, male sterility; Sc, fruit skin color; Gr, leaf color; ¥, fruit shape; S, self-incompatibility (almond and apricot); Ma, nematode
resistance from Myrobalan plum; E, leaf gland shape; Sf, resistance to powdery mildew. Genes DI and Br are located on an
unknown position of G2
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Fig. 3. (continued) LOD scores for ripening
date on linkage groups RS 4 (rpI) (A) and
Group 6 (rp2) (B); fruit weight on linkage
groups EB 4 (fwl) (C) and Group 2 (fw2)
(D); soluble solids concentration on linkage
groups EB 7 (sscI) (E) and RS 6 (ssc2) (F)
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place when the S allele in the haploid genome of the
pollen is different from the two S alleles in the diploid
tissue of the style. In contrast, blooming and ripen-
ing time, flower bud and pistil death and characters
controlling fruit quality are quantitative traits. The
self-incompatibility locus is located in the distal part
of the linkage group 6 in almond (Ballester et al. 1998;
Bliss et al. 2002) and in apricot (Vilanova et al. 2003)
on the same area (Fig. 2; Dirlewanger et al. 2004b).
According to the high level of synteny within Prunus
(Ards et al. 2005), the gene S may be located on the
same place in cherry.

Linkage relationships between molecular mark-
ers and agronomically important quantitative traits
have been extensively studied in many tree fruit
crops. In peach many QTLs involved in fruit qual-
ity (Dirlewanger et al. 1999; Etienne et al. 2002; Quilot
et al. 2004) and diseases resistance (Quarta et al. 1998;
Viruel et al. 1998; Foulongne et al. 2003) have been
reported. However, the only QTL study published to
date in cherry is a QTL analysis of flower and fruit
traits using the sour cherry RS x EB linkage mapping
population (Wang et al. 1998). Eleven QTLs (LOD >
2.4) were identified for six traits (bloom time, ripen-
ing time, % pistil death, % pollen germination, fruit
weight, and soluble solids concentration) (Wang et al.
2000, Fig. 3). The percentage of phenotypic variation
explained by a single QTL ranged from 12.9% to0 25.9%
(Wang et al. 2000). Subsequently, three microsatellite
markers were identified that mapped within the puta-
tive location of the previously described QTLs (Wang
et al. 2000) for bloom time (blm2), pistil death (pd1)
and fruit weight (fw2), respectively (Canli 2004a). Un-
fortunately these three microsatellite markers were
not used in QTL analyses to determine their location
relative to the previously published QTLs.

The identification of bloom time QTL is of partic-
ular interest for cherry breeding as the development
of new cultivars with late bloom would significantly
reduce the probability of spring freeze damage to the
pistils (Iezzoni 1996). Sour cherry exhibits extreme di-
versity for bloom time with many cultivars blooming
exceedingly late in the spring (Iezzoni and Hamil-
ton 1985; Iezzoni and Mulinix 1992). This late bloom
character in sour cherry is likely due to the hybridiza-
tion and continued introgression with the very late
blooming ground cherry, P. fruticosa.

Bloom time in cherry is a quantitative trait; how-
ever its high broad sense heritability (0.91) led to the
identification of two bloom time QTL, blm1 and blm?2,
in the RS x EB population (Wang et al. 2000). Un-

fortunately the genetic effects of these two QTL alle-
les from EB were to induce early bloom. To identify
QTL with alleles conferring late bloom time, a sec-
ond mapping population between the mid-season
blooming ‘Balaton®’ and late blooming ‘Surefire’ was
developed at Michigan State University (US). The
population exhibited transgressive segregation for
bloom time permitting a bulked segregant approach
to identify markers linked to bloom time QTL (Bond
2004). To date, a third QTL for late bloom, named
blm3, was identified using AFLP markers that is sig-
nificantly associated with late bloom using Single
Marker QTL analysis (Bond 2004). This QTL allele
is present in Surefire and confers late bloom time.
We are in the process of determining the linkage
map location of this QTL. Using this same map-
ping population, two AFLP markers were identi-
fied that differed between the early and late bulks
(Canli 2004b). However these markers were never
scored on the ‘Balaton’ x ‘Surefire’ progeny popu-
lation and the marker results described could not be
repeated.

3.4

Marker-Assisted Breeding
for Self-Incompatibility
and Molecular Cloning

3.4.1
Self-Incompatibility

Sweet cherry, like in other Rosaceae species, operates
a strict self-incompatibility system that has been nat-
urally selected to promote out-breeding (De Nettan-
court 2001). This mechanism avoids the fertilization
of flowers of one genotype by its own pollen. As a con-
sequence, commercial fruit set in this species depends
upon the presence of other compatible pollinating
genotypes or on the introduction of self-compatible
cultivars. In sour cherry, self-incompatible as well
as self-compatible genotypes have been identified
(Lansari and Iezzoni 1990; Yamane et al. 2001; Hauck
etal. 2002). Sour cherry is a tetraploid hybrid of
diploid sweet cherry and tetraploid ground cherry,
and thus the self-incompatibility mechanism seems
to be conserved only in some genotypes.

The type of self-incompatibility operating in the
Rosaceae is called gametophytic self-incompatibility
(GSI) (De Nettancourt 2001), and it is shared by
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Fig. 4. PCR amplification
with primers PruT2-SI32, of
cultivars: 1: Summit (515,);
2: Bing (S3S4); 3: Hedelfin-
gen (S3S5); 4: Hartland
(S3S6); 5: Charger (S157);
6: Burlat (S3S9); 7: Orleans
171 (S19S11); 8: Schneiders
(S3S12); 9: Noble (SeS13);
10: Vittoria (S3S,3); 11: Pico
Colorado (S¢Sz4)

other plant families like the Solanaceae and Scrophu-
liaraceae. Self-incompatibility has been extensively
studied at the molecular level (Kao and Tsukamoto
2004). It is now known that GSI is controlled by dif-
ferent genes of one polymorphic locus (S) that de-
termine the incompatibility response of the pollen
and the style (McCubbin and Kao 2000). The incom-
patibility phenotype of the style in sweet and sour
cherryis determined by aribonuclease called S-RNase
(Boskovic and Tobutt 1996; Tao et al. 1999¢; Yamane
etal. 2001) and the specificity of the pollen is now
believed to be determined by the product of the re-
cently identified F-box gene SFB (Yamane et al. 2003;
Ikeda et al. 2004a; Ushijima et al. 2004). These two
factors would interact in an allele specific manner
to give rise to the self-incompatibility reaction. The
mechanism of this reaction is such that the growth of
the pollen tube is inhibited in the style when the S-
allele of the pollen factor matches either of the two
S-alleles of the S-RNases expressed in the diploid
style tissue. Several models have been proposed to
explain in which manner these factors mediate to
produce the incompatibility reaction (Luu et al. 2001;
Kao and Tsukamoto 2004; Ushijima et al. 2004). In
sour cherry there is evidence that a similar mecha-
nism takes place to inhibit the growth of pollen tubes,
but self-compatibility seems to be caused by different
mutations in each genotype, either in the S-RNase,
in SFB or in additional factors involved in the reac-
tion (Hauck et al. 2002). The progress made in the
knowledge of the genetic and molecular basis of the
self-incompatibility reaction has allowed the appli-
cation of molecular techniques in two main aspects
of sweet cherry breeding, the identification of cross-
compatible combinations of different varieties by the
identification their S-alleles and the selection of self-
compatibility.

3.4.2
S-Allele Typing

Self-incompatibility in sweet cherry prevents inbreed-
ing but the same mechanism also prevents cross-
pollination among varieties with the same S-alleles.
This situation makes it necessary to know the S-
haplotypes of each variety to be able to establish which
cultivar combinations are compatible and, thus, to
select which varieties can be inter-planted. Varieties
with the same incompatibility alleles and, therefore,
cross-incompatible, form an incompatibility group.
Until the molecular basis of self-incompatibility were
known, S-allele typing and incompatibility group as-
signment was carried out by controlled pollinations
followed by the recording fruit set (Crane and Brown
1937; Matthews and Dow 1969) or by the observance
of pollen tube growth in the style by fluorescent mi-
croscopy. Since the style S-factor in GSI was known to
be a ribonuclease in Solanaceae (McClure et al. 1989),
it was possible to identify S-alleles in sweet cherry by
correlating known S-alleles with bands obtained from
stylar proteins separated by isoelectric focusing and
stained for ribonuclease activity (Boskovic and Tobutt
1996). Subsequently different bands were correlated to
new incompatibility alleles (Boskovic et al. 1997).
The cloning and sequence characterization of the
S-RNases of sweet cherry (Tao et al. 1999a, b) allowed
the development of PCR and RFLP based methods
to type the sweet cherry S-alleles. Tao et al. (1999c¢)
developed an S-allele typing method based in the uti-
lization of two pairs of PCR primers, designed in the
conserved regions of the sweet cherry S-RNase se-
quences. These S-RNase sequences have two introns
varying in length for each different allele and, conse-
quently, PCR amplification with those primers allows
to distinguish the different S-alleles according to the
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Fig. 5. Schematic represen- Pru-T2 SI-32 Pru-C2 Pru-C4R
tation of genomic DNA of > > <
8 sweet cherry S-RNases.
Boxes represent exons, lines StT76 188 417
represent introns and ar- 295 463
rows represent PCR primers.
PCR primers shown Pru-T2, 83 82 183 426
Pru-C2 and Pru-C4R from 142 478
Tao et al. (1999¢), SI-32 fi
' 366 659
8676 185 411
357 175
S12 82 188 417
256 1362
823 176 188 411
248 314
524 76 182 411
339 175
525 76 188 447
292 1549

size of the amplified fragments (Figs. 4 and 5). Sub-
sequently, other sweet cherry S-RNases were cloned
and other PCR methods based in conserved sequence
primers (Wiersma et al. 2001), allele specific primers
(Sonneveld et al. 2001; Sonneveld et al. 2003), and
PCR followed by restriction fragment analysis (Ya-
mane et al. 2000b) have been developed. Simultane-
ously RFLP profiles have also been used to assign
self-incompatibility alleles to different sweet cherry
genotypes (Hauck et al. 2001). The introduction of
molecular methods in sweet cherry S-allele typing
has allowed a rapid confirmation of the S-alleles and
incompatibility groups of different cultivars reported
previously, the identification of the S-genotype of new
varieties and the identification of putative new S alleles
by their correlation with new PCR products (Table 2;
Tao et al. 1999; Yamane et al. 2000a, b; Hauck et al.
2001; Sonneveld et al. 2001; Wiersma et al. 2001; Choi
et al. 2002; Zhou et al. 2002; Sonneveld et al. 2003;
Wunsch and Hormaza 2004a, ¢, d; De Cuyper et al.
2005; Iezzoni et al. 2005).

3.4.3
Self-Compatibility

The use of self-compatible varieties in sweet cherry
orchards can avoid some of the problems derived

from self-incompatibility, such as the cost derived
from the need to use pollinator varieties and
a more erratic production (Teherani and Brown
1992). As a consequence, obtaining and introducing
self-compatible varieties has been one of the main
objectives of sweet cherry breeding (Brown et al.
1996). Self-compatibility was induced in sweet cherry
by X-radiation, giving rise to several self-compatible
seedlings (Lewis 1949). The variety ‘Stella’ (Lapins
1970), descendent of one of these seedlings (J12420),
is self-compatible and has been widely used as
a progenitor in self-compatible sweet cherry breed-
ing. Most of the self-compatible varieties currently
used derive from ‘Stella’. Self-compatibility in these
genotypes is caused by a pollen function mutation
in the 4’ allele (S4' standing for mutated S4 allele),
(Boskovic et al. 2000). To carry on selection of self-
compatible seedlings derived from these genotypes
it is necessary to differentiate the genotypes that
inherited the S4’ allele. However, since the S4-RNase
in these genotypes is intact, it was not possible
to differentiate genotypes that presented the S4'
mutant allele from genotypes with a ‘normal’ $4
allele, by using S-allele typing methods based on
S-RNase sequence allele diversity. It was not until
the recent finding of the pollen determinant of
GSI in Prunus (Yamane et al. 2003; Ushijima et al.
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Table 2. Incompatibility groups and S-allele genotype of some of the most widely used sweet cherry cultivars. Nomenclature

according to Tobutt et al. (2001). For extensive reviews in sweet cherry S-allele genotypes see Iezzoni et al. (in press) and Tobutt

et al. (2001 and 2004)

Inocomp. Group S-Genotype Cultivar

1 515, Black Tartarian, Early Rivers, Sparkle, Starking Hardy Giant, Summit

1I 51853 Cristalina, Gil Peck, Lamida, Regina, Samba, Sumele, Van, Venus

111 N Bing, Emperor Francis, Kristin, Lambert, Napoleon, Sommerset, Star, Ulster
v $,S3 Merton Premier, Sue, Vega, Velvet, Victor, Viva, Vogue

A% S485 Late Black Bigarreau

VI S356 Elton Heart, Governor Wood, Hartland, Satonishiki, Ambrunesa, Duroni 3
VII 8385 Hedelfingen

VIII $285 Vista

IX $184 Black Republican, Chinook, Merton Late, Rainier, Sylvia, Garnet, Viscount™
X S6S9 Early Lyons, Black Tartarian, Ramon Oliva*

XII 35513 Noble*

XIII $,84 Corum, Deacon, Merchant*, Peggy Rivers, Royalton, Sam, Schmidt, Vic
X1V 5185 Valera

XV S5S6 Colney

XVI S359 Burlat, Moreau, Chelan, Tieton

XVII S4S6 Elton Heart, Merton Glory, Larian

XVIII $1S9 Brooks, Marvin, Earlise

XIX 83813 Reverchon

XXI S48y Inge

XXII S$3812 Princess, Schneiders

XXV $5286 Arcina

SC/O S3 Sfl Newstar, Sonata, Stella, Sunburst, Staccato, Sweetheart

SC/O S 1Sfl Celeste, Lapins, Santina, Skeena

SC: Self-compatible cultivar. O: Universal donor. *: Cultivars also reported with another S-allele genotype

2004;) that has been possible to establish a method
that allows to determine genotypes carrying the
mutated S4’ allele (Ikeda et al. 2004b). This method
is based in the identification of a 4bp deletion in
the SFB sequence of the S4’ allele when compared
with the normal S$4 allele. This deletion has been
used to design molecular markers that identify the
S4' allele by PCR followed by polyacrylamide gel
electrophoresis or restriction digestion (Ikeda et al.
2004b). Additional sources of self compatibility,
that can broaden the genetic base of cultivated
germplasm and that can also be highly useful to
understand the mechanism of GSI, are also being
studied (Wunsch and Hormaza 2004b; Sonneveld
et al. 2005).

3.5
Conclusion and Future Scope
of Works

3.5.1
Genome Mapping and QTL Detection

Genetic mapping and QTL detection efforts will be
continued especially in sweet cherry. Since sweet
cherry is diploid, it is much easier to develop
a linkage map as it avoids the difficulties associated
with tetraploidy in sour cherry, e.g. partial disomic
inheritance, with occasional intergenomic pairing
and pre- or post-zygotic selection. According to the
high level of synteny already demonstrated within the
Prunus, results obtained in sweet cherry will be useful
for sour cherry. For the same reason, we can expect
that cherry will benefit from knowledge generated for
a multitude of Rosaceae genera. A Rosaceae database
(www.genome.clemson.edu/gdr) has recently been
created with the objective of assembling all this
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information and making it available worldwide to
researchers working in this group of species. An
international consortium led by Albert Abbott at
Clemson University (Clemson, SC) has developed
tools for the characterization of the Prunus genome.
The enormous progress made during the last decade
on genetic knowledge of the cultivated species of
the Rosaceae, and particularly of peach as its more
logical model, can be exploited for cherry.

3.5.2
Self-(in)compatibility: Molecular Cloning
and MAS

The identification and characterization in the late 90s
of the S-RNase gene in sweet cherry has accelerated
S-allele genotyping and incompatibility group assign-
ment, as this information can now be obtained using
molecular tools like PCR. Since then, the incompati-
bility group of a great number of varieties has been
confirmed, and the S-genotype of the most widely
used cultivars has been identified. Additionally the
screening of more exotic germplasm has allowed the
rapid identification of new S-alleles. On the other side,
the more recent finding of the SFB gene has led to the
design of PCR markers for the early screening of self-
compatible seedlings carrying S4'.

In sweet cherry self-compatibility is a priority in
commercial varieties and thus the investigation of new
sources of self-compatibility will allow the develop-
ment of molecular markers that permit a more rapid
introduction of this character in elite germplasm.
This is of special importance in this species, where
breeding for self-compatibility has been mostly done
from the same source, with the consequent narrow-
ing of the genetic base. Additionally, the study of self-
compatibility in sweet cherry and the knowledge of
how the mechanism is operating in tetraploid sour
cherry, will help to understand the gametophytic self-
incompatibility reaction, a mechanism, which molec-
ular and biochemical basis are still not fully under-
stood.
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4.1
Introduction

4.1.1
History, Diversity, Domestication, Ploidy Level

According to Rehder (1947), Prunus are divided
into three major subgenera: Prunophora (plums and
apricots), Amygdalus (peaches and almonds) and
Cerasus (sweet and sour cherries). The subgenus
Prunophora is divided into two main sections:
Euprunus which groups the plum species and
Armeniaca which contains the apricot species.
Plums have been domesticated independently in
Europe, Asia and America (Weinberger 1975; Shaw
and Small 2004). In Europe, P domestica L. is
the most important source of fruit cultivars and
has been grown for over 2,000 years. Neverthe-
less, seeds of another European plum, P insititia
L., have been recovered in antiquity ruins and
might be of a more ancient origin. The Myrobalan
plum P. cerasifera Ehrh. probably originated in
the Caucasus and Crimea regions (Eremin 1978).
In Asia, the Japanese plum P. salicina Lindl. orig-
inated from China where it has been cultivated
since very ancient times. Two to four centuries
ago, it has been brought to Japan from where it
has been spread all around the world as Japanese
plum (Hedrick 1911). In North America, the third
plum domestication source, a wide range of native
species such as P. americana Marsh., P. hortulana
Bailey, P. munsoniana Wight & Hedr., P. angustifolia
Marsh. and P. maritima Marsh. (Okie 1987) are
present.

Within the Prunus genus, plums are the most tax-
onomically diverse and are adapted to a broad range
of climatic and edaphic conditions (Ramming and

Cociu 1991; Salesses et al. 1993). Morphological tax-
onomy has long been difficult because species bound-
aries are blurred by interspecific similarities and hy-
bridizations and intraspecific variations. Some plum
species are used for their fruits but a majority is
being used as rootstocks for plum and other stone
fruits. As all the Prunus species, plums have a basic
chromosomic number of 8 and range from diploid
(2n = 2x = 16) to hexaploid (2n = 6x = 48). Most
commercial varieties of plums belong to the European
plums P. domestica and P. insititia, which both are
hexaploid, and to the Japanese plum P. salicina which
is diploid. The diploid Myrobalan plum P. cerasifera
is widely used as a rootstock (Salesses et al. 1994)
and is supposed to have been one of the genomic
components of P. domestica (6x) in association with
P. spinosa (blackthorn or sloe; 4x) and might also be
one of the components of this latter species (Salesses
1975; Reynders-Aloisi and Grellet 1994). As the peach
genome size (diploid) is estimated of 280 Mbp/1C,
diploid plums are expected to have equivalent genome
sizes (what corresponds to twice the value of the Ara-
bidopsis genome) while P. domestica genome size is
estimated of 883 Mbp/1C (Arumuganathan and Earle
1991).

4.1.2
Economic Importance

In 2004, approx. ten billion tons of plums have been
produced in the world of which ca. 3 and 5 billion
tons are grown in Europe and Asia, respectively. Af-
ter peaches and nectarines, this represents the sec-
ond production among Prunus crops at the world,
American and European scales. In Europe, the first
producer is Germany with 450 millions tons (FAO
2005).
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4.1.3
Breeding Objectives

Breeding purposes in plum concern both cultivar and
rootstock. In cultivars, besides the selection for large
and good-flavored fruits and for wide ranges of pro-
duction time, the main objective relates to resistance
to Plum pox virus (PPV), the causal agent of the sharka
disease. PPV, a quarantine pathogen naturally trans-
mitted by aphids, is among the mostimportant Prunus
diseases and is widely disseminated in European plum
orchards, causing significant economic losses. For
rootstock breeding, the remarkable variability of wild
plum species is starting to be exploited to enlarge the
narrow genetic bases of most cultivated plum species
(Rom and Carlson 1987; Ramming and Cociu 1991;
Dosba et al. 1994). Rootstock programs are being con-
ducted that use Myrobalan plum (alone or crossed
with another Prunus species) (Eremin 1978; Salesses
etal. 1993, 1994) for its positive traits such as good
vegetative propagation and adaptation to waterlogged
soils (Okie 1987). Some accessions of this species also
exhibit a high and wide-spectrum resistance to root-
knotnematodes (RKN) Meloidogyne spp. (Esmenjaud
etal. 1994, 1997) or a graft compatibility with most
peach varieties (Salesses et al. 1994).

4.2
Selection for Resistance to PPV

In reaction to the spread of PPV across European
borders, control programs have included the devel-
opment of plum cultivars tolerant or resistant to PPV
infection, and programs of strict eradication. Local-
ization (Hoffman et al. 1997), concentration (Polak
1998) and systemic spread of the virus in the plant
(Ferry et al. 2002) as well as spatial spread at the or-
chard scale (Dallot et al. 2003, 2004) has been investi-
gated in plum and other stone fruit species.

4.2.1
Classical Breeding Approach

Development of resistance to PPV in plum has fol-
lowed the classical approach of searching for natural
resistance and incorporating this resistance into new
varieties (Kegler et al. 1998). Quantitative resistance
has been estimated in a high number of cultivated
plums (Paprstein and Karesova 1998) and a qualitative

factor such as a hypersensitive character (Hartmann
1998; Hartmann and Petruschke 2000) has also been
detected in the European plum cv. Jojo.

Strategies aiming at combining both types of re-
sistances in the hexaploid genome of P. domestica
are being deployed. As an example, three European
plum cultivars, ‘Cacanska najbolja’, ‘Cacanska rana’
and ‘Cacanska lepotica’ (also called ‘Cacak Best’, ‘Ca-
cak Early’ and ‘Cacak Beauty’ respectively) are being
used extensively for the introduction of tolerance and
partial resistance to PPV (Hartmann 1998). A study by
Decroocq et al. (2004) using 10 nuclear microsatellite
markers (simple sequence repeat = SSRs) designed
for apricot and four chloroplastic SSR markers from
dicotyledonous angiosperms (Weising and Gardner
1999) has established that these Cacak accessions were
full siblings and were also half siblings of Jojo. These
results based on a total of 15 European plum cultivars
also showed the cross transportability of the nuclear
markers between two Prunus species belonging to the
same Prunus subgenus (Prunophora) and established
from both nuclear and chloroplastic markers the pedi-
gree of all four cvs, which had always been previously
a matter of discussion (Paunovic et al. 1978).

For a successful identification of the QTLs in the
Prunus resistance sources, genetic studies need to be
associated to the detection of candidate genes. Ana-
logues of virus resistance genes were identified (De-
croocq et al. 2005) in P. davidiana, a wild relative of
peach, that co-localize with genomic regions linked to
PPV in this source.

4.2.2
Genetically Engineered Plums

To control PPV spread in plants, attempts to develop
genetic engineering technology can be regarded as
an alternative approach to the conventional breeding
techniques. For this purpose, Sanford and Johnston
(1985) have proposed the pathogen-derived resistance
as a new strategy to combat viral diseases. Subse-
quently many research teams have focussed their re-
search program in the creation of transgenic plants
resistant to virus infection. Scorza et al. (1994) have
successfully engineered the full-length PPV CP gene
in Prunus domestica. Results about the preliminary
greenhouse testing showed that a transgenic clone
designated as clone C-5 has been identified as resis-
tant (Ravelonandro etal. 1997; Jacquet et al. 1998).
The molecular mechanisms involved have been re-
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ported as the post-transcriptional gene silencing or
PTGS (Scorza etal. 2001). To verify the stability of
PPV resistance in plums, transgenic clones were re-
leased in field conditions. For over five years under
high inoculum pressure, and regardless of the PPV
strains, D or M, the transgenic plum C5 remained
healthy when compared to control clones expected to
show clear PPV symptoms (Ravelonandro and Scorza
2004). Interestingly, cross hybridization of the trans-
genic clone C-5 with other plum species permitted
to show that the virus transgene can be inherited in
the progeny as a single gene trait (Ravelonandro et al.
2001).

4.3
Breeding Efforts for Rootstocks

In plum, no mapping results have yet been used in the
specific objective of breeding varieties and available
data mainly relate to the Myrobalan plum as a cen-
tral species in rootstock programs. Breeding efforts
have been devoted to the introgression of resistance
to root-knot nematodes (RKN) Meloidogyne spp.
from this latter species into rootstocks (Dirlewanger
et al. 2004c; Esmenjaud 2004). Genome mapping and
molecular breeding concern in priority interspecific
crosses also involving, besides Myrobalan plum, the
peach resistance sources Nemared (Ramming and
Tanner 1983) and Shalil (Layne 1987). Major results
have been obtained on the cross Myrobalan plum
‘P.2175” x almond-peach Garfi x Nemared (= ‘GN’).
The objectives of this Prunus rootstock breeding pro-
gram are to provide an efficient alternative to the use
of highly toxic nematicides by developing a new gen-
eration of Prunus rootstocks bearing high resistance
to RKN, using marker-assisted selection (MAS) for
pyramiding Prunus resistance genes, and several ad-
ditional characters such as adaptation to chlorosis and
drought (from almond), tolerance to water logging
(from plum) together with graft compatibility with
peach (from peach) and good rooting ability (from
plum) (Dirlewanger et al. 2004c; Esmenjaud 2004).
The complete characterization of one major resis-
tance gene to RKN (Ma) from Myrobalan plum has
been achieved and the molecular cloning of this gene
is in progress. Recent advances in this work through
the steps of high-resolution mapping, construction of
a BAC library for chromosome landing, isolation of
one BAC clone carrying the gene, detection of can-

didate genes, will be reported in this chapter. As an
introduction to the molecular aspects of these breed-
ing efforts detailed further for RKN resistance, we
develop hereafter the basic knowledge on genetics of
resistance in Prunus sources.

4.3.1
Genetics of RKN Resistance in Prunus Sources

Genetics of resistance to RKN has been studied in
the Myrobalan plums P.2175 and P.2980 and in the
peach sources Nemared, Shalil, Juseitou and Okinawa
(Table 1).

Accessions P.2175 and P.2980 have been shown to
carry one dominant allele (heterozygous) of a sin-
gle resistance gene, designated Mal and Ma3, respec-
tively (Esmenjaud et al. 1996b; Rubio-Cabetas et al.
1998). Each of these Ma alleles confers a high and
wide-spectrum resistance to M. arenaria, M. incog-
nita, M. javanica and M. floridensis (Esmenjaud et al.
1997; Lecouls et al. 1997; Rubio-Cabetas et al. 1999;
Handoo etal. 2004) and to the minor species M.
mayaguensis (Rubio-Cabetas et al. 1999) which over-
comes the resistance of the Mi tomato gene (Fargette
et al. 1996). This Ma resistance was not overcome by
any of the over-30 RKN species and isolates tested (Es-
menjaud et al. 1994, 1997; Fernandez et al. 1994) and
was not modified under conditions usually known as
affecting plant defences to RKN such as high tem-
perature and high inoculum pressure (Esmenjaud
etal. 1996a). Within perennials, where the genetics
of RKN resistance is poorly documented, the Ma gene
from Myrobalan plum is the first genetic system fully
characterized for resistance to a plant pest (Lecouls
et al. 1997, 1999; Lecouls 2000; Claverie et al. 2004a, b;
Lecouls et al. 2004).

Resistance in Nemared peach has been firstly stud-
ied in an F, population derived from self-pollination
of an F; peach hybrid Lovell x Nemared by Lu
etal. (2000) who proposed the Mi and Mij genes
for resistance to M. incognita and both M. incog-
nita and M. javanica, respectively. Resistance in Ne-
mared has also been studied from interspecific crosses
[P. 2175 x (Garfi x Nemared)] segregating both for
Ma and Nemared resistance (Claverie et al. 2004a).
Resistance from Shalil (the peach parent for the
almond-peach GE.557) was established from the cross
P. 2175 x GE557 segregating both for Mal and Shalil
resistance (Claverie et al. 2004a). As those interspe-
cific crosses involving Nemared and Shalil segregated



Table 1. Spectrum and genetics of resistance of main sources to root-knot nematodes used in Prunus rootstock breeding

Subgenus Species Resistance status to Resistance gene and genotype References
arenaria incognita javanica floridensis
(MA) (MI) (MJ) (MF)
Prunophora
Myrobalan plum (P. cerasifera) Ma gene controlling MA, MI, MJ and MF

P.2175 R! R R R (Mal ma) Esmenjaud et al. 1994, 1996, 1997
P.2980 R R R R (Ma3 ma) Lecouls et al.1997
P.20322 st S S S (ma ma) Rubio-Cabetas et al. 1999
P.26462 S S S S (ma ma)
P.16.5% S S S S (ma ma)

Amygdalus

Peach (P. persica)
Nemared R Mi gene controlling MI Lu et al. 2000
and (or) Mij controlling MI and M]
Shalil
GE.557 = almond x Shalil peach Ruiass7 gene controlling MA and MI Esmenjaud et al. 1994, 1997
GE.557 R R S S (RpMias57"Mias57) Claverie et al. 2004a
Nemared RutiaNem gene controlling MA and MI Esmenjaud et al. 1997
Nemaguard R R R/S3 S (RptiaNem RatiaNem) Claverie et al. 2004a
Nemared R R R/S S (RptiaNemRMiaNem) Dirlewanger et al. 2004a
Juseitou R Mia gene controlling MI Yamamoto et al. 2001
and Mja controlling MJ Yamamoto and Hayashi 2002

Okinawa R Mi gene controlling MI race 1 Sharpe et al. 1969

Gillen and Bliss 2005

1 R = resistant; S = susceptible
2 Susceptible control accessions

3 R/S: variable behavior in function of M. javanica isolates
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identically for resistance to M. incognita and M. are-
naria, a single gene controlling both RKN species was
hypothesized and designated, respectively, Rusianem
and Rjgass7 in Nemared and GFE.557 (Claverie et al.
2004a). Resistances in ‘Juseitou’ to M. incognita (gene
Mia) and M. javanica (gene Mja) and in ‘Okinawa’
to M. incognita race 1 (gene Mi) have been stud-
ied in the F, populations Akame X Juseitou (Ya-
mamoto etal. 2001; Yamamoto and Hayashi 2002)
and Harrow Blood x Okinawa (Gillen and Bliss
2005).

4.3.2
Mapping of the RKN Ma Gene in Plum -
Comparison with Peach RKN Genes

Molecular studies concerning Ma have been con-
ducted to develop alocal map of the gene and to locate
iton the plum and reference Prunus maps. The data on
comparative locations of RKN resistance genes from
plum and peach have been firstly reported in Claverie
et al. (2004a) and then confirmed in Dirlewanger et al.
(2004a).

4.3.2.1

Local Map and Marker-Assisted Selection (MAS)
for Ma

Random amplified polymorphic DNA (RAPD) and
amplified fragment length polymorphism (AFLP)
markers have been identified by bulked segregant
analysis (BSA) (Michelmore etal. 1991) using in-
traspecific progenies involving P.2175 (Mal ma) and
several susceptible parents (ma ma). Two reliable
SCAR (sequence characterized amplified region)
markers, SCAL19¢9 (derived from a RAPD marker)
and SCAFLP2,q, (derived from an AFLP marker),
were shown to be linked in coupling phase to the
dominant resistance alleles Mal and Ma3 (Lecouls et
al. 1999, 2004). SCAL19 is located less than 1 cM from
Ma and SCAFLP2 is cosegregating with Ma, as shown
by the analysis of over 1,300 individuals belonging to
diverse intra- and interspecific progenies (Claverie
et al. 2004b).

4.3.2.2

Location of RKN Genes in the Prunophora
Subgenus (Myrobalan and Japanese Plums)

In Myrobalan plum, three RFLP markers among 46
probes distributed all over the Prunus genome, re-

vealed polymorphic fragments between the resistant
and the susceptible bulks. All three RFLP markers lie
on the linkage group G7 of the reference map (Joobeur
etal. 1998) and cover 32 cM. This preliminary posi-
tion of Ma on G7 was confirmed by the detection of
a polymorphism or difference in amplification signal
intensity between bulks for three SSR markers located
on this group, pchgms6, UDP98-405, and CPPCT033.
Genotyping the individuals of the couples of bulks
completed by all other individuals previously charac-
terized for Ma allowed to locate these markers on the
same side of the gene at 2.3, 9.5 and 21.3 cM, respec-
tively. These SSR markers are placed on the other side
of the gene relative to the SCAR markers SCAL19 and
SCAN12 (Claverie et al. 2004a) (Fig. 1).

Additionally, in the Japanese plum, a single dom-
inant gene designated Rj,, was hypothesized from
a segregating progeny of 26 individuals between the
RKN resistant accession ].222 (heterozygous) and the
RKN susceptible accession J.13 (homozygous). The
SCAR markers linked to Ma and all the SSRs avail-
able in the reference map for this G7 region were
evaluated for their polymorphism in parents and all
individuals of the progeny. On this small-sized cross,
the markers pchgms6, CPPCT022 and SCALI19 coseg-
regated with the Rj,, gene (Fig. 1), which shows that
this gene lies on the G7 probably in the same position
as Ma (Claverie et al. 2004a). In Prunophora, differ-
ences in allelism and polymorphism of genetic mark-
ers linked to resistance associated with co-location
of the Ma and Rj,, genes suggest the conservation
of a resistance locus acquired before separation of
the species Myrobalan and Japanese plums. It is
likely that this location is conserved in cultivated
and wild plum species including diploid to hexaploid
species.

4.3.2.3

Comparative Location of Plum and Peach Genes
- Consequences for MAS

All studies concerning peach mapping located the
RKN resistance genes from this species in the link-
age group G2 of the reference Prunus map T x E
(Joobeur et al. 1998, 2000; Aranzana etal. 2003).
The peach genes Rpiass7 and Rpsianem, carried by
two a priori unrelated resistance sources, Shalil and
Nemared respectively (Table 1), were colocalized in
a subtelomeric position on the G2 (Claverie et al.
2004a; Arus etal. 2004). This location was differ-
ent from the more centromeric position previously
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TxE Myrobalan plum Japanese plum
(GT7) P.2175 J.222
SCAN12 CPPCT022
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Fig. 1. Local maps of SSR (in italics) and SCAR (normal letters) markers linked to the Ma gene in the Myrobalan plum P.2175
(b) and to the Ry, gene in the Japanese plum J.222 (c) in comparison with SSR markers located on the linkage group G7 of
the almond x peach reference Prunus map Texas x Earlygold (T xE) (a) (Aranzana et al. 2003). For the Ma gene, distances are
expressed in cM using the Kosambi distance given by the MAPMAKER software version 3 (Lander et al. 1987) with a minimum
LOD score of 3.0. For the Rjap gene, distances are expressed in recombination percentages

proposed by Lu et al. (1999) for the resistance gene
Mij to M. incognita and M. javanica in Nemared
near the SSR pchgmsl and the STS EAA/MCAT10.
By contrast, Ryiass; and Ryianem Were flanked by
STS markers obtained by Yamamoto and Hayashi
(2002) for the resistance gene Mia to M. incognita
in the Japanese peach source Juseitou. Concordant
results for the three independent sources, Shalil, Ne-
mared and Juseitou, suggest that these peach RKN
sources share at least one major gene for resistance
to M. incognita located in this subtelomeric posi-
tion.

The most beneficial and applied result is that Ma
on the one hand and peach genes on the other hand
are independent and can be pyramided into inter-
specific rootstock material. Construction of rootstock
genotypes carrying Ma and peach genes by interspe-
cific hybridization (e.g. Myrobalan plum x Amyg-
dalus) is underway (Dirlewanger et al. 2004c; Esmen-
jaud 2004). These hybrids can thus cumulate favorable
agronomic traits from both origins together with the
complete-spectrum resistance controlled by the My-
robalan Ma gene and the more-restricted spectrum
of Amygdalus genes. Indeed, the pyramiding of sev-
eral genes in the same genotype may limit the risk of
resistance breaking (Johnson 1983; Cook and Evans
1987; Roberts 1995) and thus extend the useful life of
new rootstocks.

4.4

Construction of Maps

for the 3-Way Interspecific Cross
Myrobalan Plum x (Garfi x Nemared)

The mapping results reported here have been
developed in Dirlewanger etal. (2004a). Inheri-
tance and linkage studies were carried out with
SSR markers in an F; progeny including 101 in-
dividuals of the cross between Myrobalan plum
clone P2175 and the almond-peach hybrid clone
(Garfi x Nemared),, (= GN22). The Ma gene from
P2175 and the Rpianem gene from Nemared, are
each heterozygous in the parents P.2175 and GN22,
respectively. Two hundred and seventy seven Prunus
SSRs were tested for their polymorphism. A genetic
map was constructed for each parent according
to the ‘double pseudo-testcross’ model of analysis
(Fig. 2).

4.4.1
SCAR Analysis

SCAL19¢9p and SCAFLP2,j,, the two SCARs tightly
linked to the Ma gene (Lecouls et al. 2004), were ana-
lyzed on the progeny. The five STS markers obtained
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