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Preface

The Rosaceae Family is represented by approximately 3,000 species of diverse
plants, primarily confined to temperate climates. The family has a rich variety of
architectural forms and contains herbaceous, tree and shrub species. Many family
members are readily recognizable because of their edible seasonal fruits that are
prized for their unique flavors, colors and nutritious properties (e.g. apple, straw-
berry, raspberry, pear, cherry, plum, apricot, pear), as well as familiar ornamentals
(e.g. roses) and nuts (e.g. almonds).

Today’s rosaceous cultivars have been derived from centuries of careful selec-
tion and breeding, using a palette of some of evolution’s most curious creations.
The careful sculpting that has transformed the germplasm was not trivial, as several
of the most coveted fruit species maintain complicated genomes—in some cases
among the most complex of cultivated plants (e.g. strawberry). Other species in the
family are represented by large perennial tree crops that exhibit substantial juvenil-
ity phases, posing a barrier to standard breeding and genetic analyses. Yet, today’s
superior cultivars feature robust growth, substantial yields and resistance to common
biotic and abiotic stresses; traits fostered by human intervention. When the hurdles
to efficient cultivation, breeding and selection are considered, the quality and quan-
tity of rosaceous plant products derived from traditional breeding techniques is little
short of amazing.

Surprisingly, the breeding practices that have yielded today’s finest cultivars have
remained almost unchanged for the last 50 years. While selection and cultivation
practices have moved forward with only minor revisions, the world has changed
significantly, posing new challenges to sustained and profitable, yet environmen-
tally compatible production. Changes in public policy have limited access to water,
power, labor and land. Effective fumigants and fungicides have fallen from favor and
are now restricted from traditional uses. The pest and pathogen landscape continu-
ally changes, remodeled by variations in climate and spreading human populations.
Meanwhile, consumer demand increases annually for flawless fruit with superior
flavor and health attributes, and for perfect flowers with a long vase life—all the
time at lower cost and in a short time-frame.

This means that new tools and strategies are needed to assist efficient devel-
opment of future generations of innovative cultivars across the Rosaceae. Recent
advances in genome-level analyses have proven a valuable route to deriving an
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understanding of the molecular events that govern plant responses in model systems.
Applying these proven techniques to questions within the Rosaceae will make it
possible to provide new tools to aid selection and enhance production. However, the
Rosaceae research community overall has experienced a dearth of plant and molec-
ular resources in the public domain, a trend that has only recently been reversed.
Today the important crops of the Rosaceae are beginning to enjoy the same benefits
once confined to model plant systems. It is possible to quickly assess linkage rela-
tionships between genes, test the relevance of a gene or genes to traits of interest, and
develop molecular markers to assist traditional selection. Although these concepts
have come a long way in the last decade, genomics-level studies in the Rosaceae
still are in their infancy.

Unlike other genomics texts that feature the products of a decade of high-
throughput molecular and genome-level analyses, our work in Rosaceae is much
more the end of the beginning, rather than the beginning of the end. In the last
two years significant EST datasets have been developed for Malus and Prunus
(∼260,000 and 85,000 ESTs respectively in public databases.) Genomics-level in-
vestigations into the structure of genomes, the physical associations between genes,
and specific roles of given genes in physiological functions of importance are now
emerging. The 3rd International Rosaceae Genomics Conference in New Zealand in
March 2006 initiated broad scale interactions among researchers in the Rosaceae in-
ternationally. These were further developed further at the 4th International Rosaceae
Genomics Conference in Chile in March 2008, with new research investigations
crossing international lines. This reality makes the timing of this volume even more
appropriate, as it marks a starting point for an explosion of genomics investigations
in the Rosaceae. Complete curated genome sequence is expected for apple, peach
and strawberry within the realistic range of finite calendar pages. These sequences
will accelerate the next wave of studies exploring and comparing the form and func-
tion of the many genomes that define the striking differences in form within the
Rosaceae e.g., a herbaceous plant vs. a tree, or a fleshy rather than a dehiscent fruit.
Among the many dividends of this research will be the development of superior
products for consumers, a better understanding of the genetic elements that con-
tribute to agronomic traits of interest, an enhanced vision of Rosaceae evolution, as
well as answers to some of the fundamental questions of plant biology, particularly
around the specification of plant architecture, that may be best answered by species
within this family.

This book covers recent progress in genomic research among the Rosaceae fam-
ily of crops, grounding recent findings firmly in a historical context of genetic
studies. The current status of the application of genomics technologies for crop
development is examined. A general introduction precedes summaries of genomics
research and applications on a crop by crop basis, each authored by a panel of active
researchers on that particular species. This volume will be of considerable value as a
resource for workers in the Rosaceae operating at all levels, from research scientists
in genetics, genomics and breeding, to graduate and undergraduate students.

Palmerston North, New Zealand Susan E. Gardiner
Gainesville, Florida Kevin M. Folta
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Aragon, Avda. Montañana 930, 50059 Zaragoza, Spain

Toshiya Yamamoto
National Institute of Fruit Tree Science, Tsukuba, Ibaraki 305-8605, Japan

Xianghui Yang
College of Horticulture, South China Agricultural University, Guangzhou 510642,
P. R. of China



Introduction

The disciplines of plant genetics and plant genomics are revolutionizing plant
biology research by fundamentally changing the way plant biologists perform re-
search and the way they view and understand plants. Not only are tools and data
sets expanding more rapidly than they can be analyzed and understood, but also
plant biologists must assimilate, assess and interpret data from diverse sources and
in many plant species. No longer can plant biologists focus on a single discipline,
such as physiology, development, or biochemistry - all now depend on each other
and all are deeply rooted in genetics and genomics. As a result, it is often said,
“we are all biologists now!”, meaning that it is no longer meaningful to think of
ourselves as physiologists, biochemists or geneticists, but rather we must think of
ourselves as multidisciplinary biologists, working across and breaking down tradi-
tional disciplinary boundaries. This creates a great need for basic information that is
accessible to all plant biologists, which is the purpose of this series - to bring novel,
fundamental information about genetics and genomics of plants to the entire plant
biology community.

The book series Plant Genetics and Genomics: Crops and Models is designed
to provide current overviews and summaries of the state of the art in genetics and
genomics for all of the major crops or groups of crops, as well as for each major
genetic model system for which a significant need exists. Most volumes will focus
on a single crop, species, group of close relatives, or group of plants with similar
biology (such as Tropical Crops). Other volumes will have a specific disciplinary
or technological focus, such as cytogenetics, comparative genomics, translational
genomics, and epigenomics, encompassing the plant kingdom. In this way, we hope
that all the most important areas of interests to both basic and applied plant scientists
will be covered.

Series Editor, Plant Genetics and Genomics Richard A. Jorgensen
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1. Rosaceae: Taxonomy, Economic Importance,
Genomics

Kim E. Hummer and Jules Janick

A rose by any other name would smell as sweet.
Shakespeare

A rose is a rose is a rose.
Gertrude Stein

The Rose Family
The rose is a rose
And was always a rose;
But the theory now goes
That the apple’s a rose,
And the pear is, and so’s
The plum, I suppose.
The dear only knows
What will next prove a rose.
You, of course, are a rose,
But were always a rose.

Robert Frost

1 Nomenclature and Taxonomy

1.1 Origins

The magnificent simplicity, or to some, the monotonous consistency, of the actin-
iomorphic flowers of the rose family has been recognized for millennia. The origin
of the name rose is summarized in the American Heritage Dictionary (2000):

The English word rose comes from Latin and Old French. Latin rosa may be an Etruscan
form of Greek Rhodia, “Rhodian, originating from Rhodes.” The Attic Greek word for rose

K.E. Hummer (B)
U. S. Department of Agriculture, Agricultural Research Service, National Clonal Germplasm
Repository, 33447 Peoria Road, Corvallis, Oregon, 97333, USA

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 1,
C© Springer Science+Business Media, LLC 2009
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2 K.E. Hummer and J. Janick

is rhodon, and in Sappho’s Aeolic dialect of Greek it is wrodon. In Avestan, the language
of the Persian prophet Zoroaster, “rose” is varda and in Armenian vard, words both related
to the Aeolic form. The Modern Persian word for “rose” is gul.

Soon after Linnaeus published his Systema Naturae (1735), botanists worked to
improve systematic classification. Michel Adanson (1763, 1963) was first to pub-
lish “Rosaceae” as the name for the rose family, although the International Code
of Botanical Nomenclature (ICBN) (2006) now accepts Antoine Laurent de Jussieu
(1789) as the author. The ICBN conserved Jussieu’s names for 76 plant families,
because he combined the Linnaean concept of binominal nomenclature with Adan-
son’s methodology for defining groups based on multiple characteristics.

Recently, controversies and deficiencies in angiosperm classifications
(Cronquist, 1981; Dahlgren, 1980; Thorne, 1992, 2000; Takhtajan, 1997) are
being resolved by phylogenetic approaches based on analysis by the angiosperm
phylogeny group (APG I, 1998; APG II, 2003). The APG system is based
on the analysis of chloroplast and ribosomal coding genes in association with
morphological charateristics.

Fossil record shows that Rosaceae is cogent with ancient dicotyledons (Hey-
wood, 2007). Turonian fossils from 90 million years before the present (mybp)
are attributed to this family (Crepet et al., 2004). Wikström et al. (2001) estimates
that the stem rosaceous group dates to ca. 76 mybp, and crown group divergence
(Rosoideae not included) from 47 to 46 mybp. Rosaceous physiological structure
and anthecology also suggest that it is primitive. Hutchinson (1964) states that
Rosaceae is an offshoot of the ancient woody magnolias, and on a common evo-
lutionary line leading to orders such as Leguminales (Fabales), Araliales (Umbel-
lales), Fagales, and Juglandales, that have more specialized inflorescences.

The APG phylogeny has separated plant orders and families on a linear time scale
into basal angiosperms, eudicots, early diverging dicots, and core dicots. Research
supporting APG (Soltis and et al., 2005) considers the rosids, of which rosales and
its typical family, Rosaceae to be of the core eudicot group. Although the Rosaceae
has great morphological diversity, to the point of being “indefinable” (Dickinson
et al., 2002), the family is robust as along with morphological and chemical assess-
ments (Challice, 1974), analyses of rbcL sequences strongly support the monophyly
of Rosaceae (Fig. 1) (Morgan et al., 1994).

1.2 Morphology

Judd et al. (1999) describe Rosaceae to include herbs, shrubs, or trees, which are
sometimes rhizomatous, climbing, or thorny. Plant hairs are simple or stellate, and
can be present with prickles. Leaves are usually alternate, and are simple to pal-
mately or pinnately compound. Stipules are usually present and flowers are often
showy, bisexual or infrequently unisexual. The hypanthium ranges from flat to cup-
shaped or cylindrical and either free from or adnate to the carpels, often enlarging
in fruit. Sepals are usually pentamerous, sometimes alternating with epicalyx lobes.
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Rosaceae

Barbeyaceae

Dirachmaceae

Rhamnaceae

Elaeagnaceae

Ulmaceae

Cannabaceae

Moraceae

Urticaceae

Fig. 1 Cladogram based on
the rbcL of the Rosaceae
within Rosales (tree
phylogeny from APG II,
APW, 2007, based on Morgan
et al., 1994)

Petals are usually pentamerous, while stamens are usually 15 or more, sometimes
10 or fewer. Filaments are distinct or basally fused to the nectar disk. Pollen grains
are tricolpate. Carpels are 1 to many, and are distinct or connate, though sometimes
adnate to the hypanthium. The ovary varies from superior to inferior depending on
the genus. The styles are present in the same number as carpels. The fruit can be
a follicle, achene, pome, drupe, aggregate or accessory with drupelets or achenes,
or rarely a capsule. Endosperm is usually absent from the seed. The occurrence of
numerous stamens and the absence of endosperm have been key structural apomor-
phies for systematic classification.

1.3 Distribution and Ecology

Rose family distribution is cosmopolitan (Judd et al., 1999) to sub-cosmopolitan, but
is diversified, particularly in the Northern hemisphere. The herbaceous species grow
in temperate forests as understory plants, in salt or freshwater marshes, in arctic
tundra, in old fields, and along roadsides. Woody members are pioneer species, and
are prominent in the early stages of forest succession. Rosaceous trees may also be
minor components of mature mixed deciduous forests.

The Rosaceae is the 19th largest family of plants (APW, 2007). It includes
from 95 to more than 100 genera and 2830−3100 species (Judd et al., 1999;
Mabberley, 1987). Familial synonyms include: Agrimoniaceae Gray, Alchemil-
laceae Martinov, Amygdalaceae (Juss.) D. Don, Cercocarpaceae J. Agardh, Cliffor-
tiaceae Mart., nom. nud., Coleogynaceae J. Agardh, Dryadaceae Gray, Fragariaceae
Rich. ex Nestl., Lindleyaceae J. Agardh, Malaceae Small ex Britton, Neilliaceae
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Miq., Potentillaceae (Juss.) Wilbr., Prunaceae Bercht. & J. Presl, Quillajaceae D.
Don, Rhodotypaceae J. Agardh, Sanguisorbaceae Durande, Spiraeaceae Bertuch,
Ulmariaceae Gray. The ICBN accepted genera for the family are listed (Table 1).

Table 1 International code of botanical nomenclature (ICBN) accepted genus names within
Rosaceae

Acaena Mutis ex L. Osteomeles Lindl.
Adenostoma Hook. & Arn. Pentactina Nakai
Agrimonia L. Peraphyllum Nutt. 60
Alchemilla L. Petrophytum (Nutt. ex Torr. & A. Gray) Rydb.
Amelanchier Medik. Photinia Lindl.
Aphanes L., Physocarpus (Cambess.) Raf., nom. cons.
Aremonia Neck. Ex Nestl., nom. cons. Polylepis Ruiz & Pav.
Aria (Pers.) Host, Aronia Medik., nom. cons. Potaninia Maxim.
Aruncus L. Potentilla L.
Bencomia Webb & Berthel. Prinsepia Royle
Brachycaulos R. D. Dixit & Panigrahi Prunus L.
Cercocarpus Kunth Pseudocydonia (C. K. Schneid.) C. K. Schneid.
Chaenomeles Lindl., nom. cons. Purshia DC. ex Poir. 70
Chamaebatia Benth. Pyracantha M. Roem.
Chamaebatiaria (Porter ex W. H. Brewer &

S. Watson) Maxim.
Pyrus L.

Chamaemeles Lindl. Quillaja Molina
Chamaemespilus Medik. Rhaphiolepis Lindl., nom. cons.
Chamaerhodos Bunge Rhodotypos Siebold & Zucc.
Cliffortia L. Rosa L., nom. cons. prop.
Coleogyne Torr. Rubus L., nom. cons. prop.
Coluria R. Br. Sanguisorba L.
Cormus Spach Sarcopoterium Spach
Cotoneaster Medik. Sibbaldia L.
Cowania D. Don Petrophytum (Nutt. ex Torr. & A. Gray) Rydb.
Crataegus L. Photinia Lindl.
Cydonia Mill. Physocarpus (Cambess.) Raf., nom. cons.
Dalibarda L. Polylepis Ruiz & Pav.
Dichotomanthes Kurz Potaninia Maxim.
Docynia Decne. Potentilla L.
Docyniopsis (C. K. Schneid.) Koidz. Prinsepia Royle
Dryas L. Prunus L.
Duchesnea Sm. Pseudocydonia (C. K. Schneid.) C. K. Schneid.
Eriobotrya Lindl. Purshia DC. ex Poir.
Eriolobus (DC.) M. Roem. Pyracantha M. Roem.
Exochorda Lindl. Pyrus L.
Fallugia Endl. Quillaja Molina
Filipendula Mill. Rhaphiolepis Lindl., nom. cons.
Fragaria L. Rhodotypos Siebold & Zucc.
Geum L. Rosa L., nom. cons. prop.
Gillenia Moench Rubus L., nom. Cons. prop.
Guamatela Donn. Sm. Sanguisorba L.
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Table 1 (continued)

Hagenia J. F. Gmel. Sarcopoterium Spach
Hesperomeles Lindl. Sibbaldia L.
Heteromeles M. Roem. Sibiraea Maxim.
Holodiscus (K. Koch) Maxim., nom. cons. Sieversia Willd.
Horkelia Cham. & Schltdl. Sorbaria (Ser. ex DC.) A. Braun, nom. cons.
Horkeliella (Rydb.) Rydb. Sorbus L.
Ivesia Torr. & A. Gray Spenceria Trimen
Kageneckia Ruiz & Pav. Spiraea L.
Kelseya (S. Watson) Rydb. Spiraeanthus (Fisch. & C. A. Mey.) Maxim.
Kerria DC. Stephanandra Siebold & Zucc.
Leucosidea Eckl. & Zeyh. Taihangia T. T. Yu & C. L. Li
Lindleya Kunth, nom. cons. Tetraglochin Poepp.
Luetkea Bong. Torminalis Medik.,
Neviusia A. Gray Vauquelinia Corrêa ex Bonpl.
Oemleria Rchb. Waldsteinia Willd.
Orthurus Juz. Xerospiraea Henr.

As the gynoecium varies greatly among species of this family, this variation has
been utilized for classification within the family to subfamilies Takhtajan (1997):

Rosoideae – many apocarpous pistils mature into achenes; Amygdaloideae
(prunoideae) – a single monocarpellate pistil matures into a drupe; Spiraeoideae –
the gynoecium consists of two or more apocarpous pistils that mature into follicles;
Maloideae (Pomoideae) – the ovary is compound and inferior, and an epigynous
zone may occur.

1.4 Conventional Taxonomy

In addition to the subgenera, tribes have been described to accommodate outlying
genera. The composition of genera within subfamilies and tribes has been problem-
atic. Intergeneric hybridization occurs within these groups. Species definitions are
extended to account for apomixis or hybridization. Some treatments have suggested
that some of the subfamilies have familial status (Hutchinson, 1964); others over-
look subfamilies and worked solely with tribes (GRIN, 2007).

Although molecular analysis agrees with traditional determinations that the
Rosaceae family is robustly monophyletic, it has added to the debate on the sub-
family and tribal groupings. Genetic analysis has been performed to examine phy-
logenies for the family, individual subfamilies, tribes, and the larger genera.

Dickinson et al. (2002) has produced a parsimonious tree derived from the
cladistic analysis of 125 combined morphological and molecular characters from
members of the Rosaceae (Fig. 2) and added several genera to Maloideae. Spi-
raeoideae, no longer monophyletic, is split by Amygdaloideae (Prunoideae). The
Rosoideae have been subdivided into individual tribes. Thus, Dickinson et al.
recircumscribes Maloideae and Rosoideae, the two largest subfamilies. They
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Fig. 2 Parsimonious tree derived from the cladistic analysis of 125 combined characters (61
non-molecular + 64 from molecular tree branches (ndhF, rbcL, nrITS). Adapted from:
Dickinson et al. (2002). The colors represent traditional subfamilies (red = maloideae;
blue = spiraeoideae; green = amygdaloideae; pink = rosoideae). Ceanothus and Rham-
nus are outgroup taxa. The classification to tribes are as proposed by Takhtajan (1997):
(Adenostomateae, Amygdaleae, Cercocarpeae, Dryadeae, Exochordeae, Geeae, Crataegeae,
Gillenieae, Holodisceae, Kageneckieae, Kerrieae, Lindleyieae, Maleae, Neillieae, Osmaronieae,
Potentilleae, Prinsepieae, Purshieae, Sorbarieae, Spiraeeae). Colored names outside of brackets
correspond to traditional subfamilies, black names to subfamilies proposed by Takhtajan (1997)
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rejected Amygdaloideae and Spiraeoideae, neither of which proved to be mono-
phyletic. Lastly, they redefined old tribes and suggested new ones.

Not only does this study offer insights on monophyly and relationship between
the groups, but it can be interpreted to provide commentary concerning the origin
of subfamilies.

The traditional hypothesis suggests that the origin of the Maloideae (Pomoideae)
occurred in an ancient polyploidization event, because the maloid base chromosome
number is x = 17, whereas other Rosaceae are x = 7, 8, or 9. For the hybridiza-
tion, Challice (1974; 1981) suggested that the Maloideae were created by an allote-
traploidization event following an ancient hybridization between Amygdaloideae
(x = 8) and “Spiraeoideae” (x = 9) ancestors. A second theory suggests an allo- or
auto-polyploidization event occurred solely within the “Spiraeoideae.” If the Mal-
oideae originated within the “Spiraoideae,” then the fleshy “pome” fruit, e.g., apple,
must have been derived from the expansion of the hypanthium (floral cup). Incor-
poration of the ovaries by the enlarged hypanthium resulted in the inferior ovaries
present in the majority of Maloideae genera (Dickinson, 2007). Molecular analysis
is continuing and has not yet eliminated the possibility of an allotetraploidization
event. The uniting of formerly “Spiraeoid” genera to the Maloideae, however, gives
credence to the solely “Spiraeoid” event hypothesis.

Although definition of the four major rosaceous subfamilies may be collapsing
from a taxonomic view, these grouping still have great utility from an economic and
horticultural standpoint. The ultimate decision on subfamilies may depend on future
development in genomics, the subject of this volume.

2 Economic Importance

The Rosaceae include many well known and beloved species of economic impor-
tance particularly edible temperate zone fruits (Janick, 2005) and ornamentals,
but also some timber crops and medicinals or neutriceuticals. Some economically
important taxa of the Rosaceae are summarized in (Table 2). The more important
species are briefly reviewed below by subfamilies. The total world production of
the edible rosaceous fruits in 2005 based on FAO statistics is about 113 million
tonnes. At a very conservative farm gate value of US$400 per tonne this translates
to $45 billion. Adding in the world value of almonds, cut roses, rose plants, and
other products suggests that that rosaceous plants could be worth at least $60 billion
annually at the farm gate, with a consumer value of triple this amount, $180
billion.

2.1 Amygdyloideae

The stone fruits, i.e. species of Prunus, include delicious gifts of summer (peach,
cherry, plum, and apricot), as well as almond, the most important nut worldwide.
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Table 2 Some economically important species of Rosaceae by subfamily

Subfamily Genus Species Common name Uses

Amygyloideae Prunus armeniaca Apricot Fresh and processed fruit
avium Sweet cherry Fresh and processed fruit
cerasus Tart (sour) cherry Fresh and processed fruit
domestica European plum Fresh and processed fruit
dulcis Almond Fresh and processed nut
mume Mume Ornamental
persica Peach, nectarine Fresh and processed fruit
serotina Black cherry Timber species

Maloideae Amelanchier alnifolia Saskatoon,
serviceberry;
shadbush

Landscape ornamental

Aronia melanocarpa Black chokeberry Processed fruit for juice,
nutriceutical

Chaenomales japonica Japanese quince Landscape ornamental,
processed fruit

Cotoneaster spp. Cotoneaster Landscape ornamental
Crataegus spp. Hawthorn,

thornapple
Landscape ornamental,

craft uses for wood
Cydonia oblonga European quince Fresh and processed fruit,

dwarfing rootstock for
pear and loquat

Eriobotrya mespilus Loquat Fresh and processed fruit
Malus ×domestica

(M. pumila)
Apple

spp. Crabapples Landscape ornamentals
Pyrus calleryana Callery pear Landscape ornamental

communis European pear Fresh and processed fruit
serotina Japanese pear (nashi) Fresh fruit
ussurienses Chinese pear Fresh fruit

Mespilus germanica Medlar Fresh fruit (bletted)
Photinia spp. Photinia Landscape ornamental
Pyracantha spp. Firethorn Landscape ornamental
Sorbus spp. Mountain ah, rowan Landscape ornamental

Rosoideae Fragaria ×ananassa Strawberry Fresh and processed fruit
Geum spp. Avens Herbaceous perennial
Kerria japonica Kerria Landscape ornamental
Potentilla spp. Cinquefoil Landscape ornamental
Rosa spp. Rose Cut flowers, landscape

ornamental, perfume oil,
medicinal

Rubus spp. and
hybrids

Blackberry,
raspberry, hybrid
berry

Fresh and processed fruit

Spiraeoideae Spirea prunifolia Bridal wreath Landscape ornamental
Exochorda racemosa Exochorda Landscape ornamental
Physocarpus opulitolius Ninebark Landscape ornamental
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The stone fruits are less hardy than the pome fruits; they tend to flower earlier,
making them very susceptible to spring frosts. The fruits tend to be soft at maturity
and have much poorer storage life than the pome fruits, however their exquisite
flavors have made them much admired. Many are consumed dried, especially plum
and apricot. Black cherry, P. serotina, is an important timber species. A number of
interspecfic crosses within Prunus, such as plum with apricot, have led to new fruits
such as plumcot, pluot®, and aprium®.

Almond. Prunus dulcis (synonym = Amydalis) originates in Asia and is an
ancient central Asian crop cultivated in the Mideast since antiquity and appar-
ently re-introduced to Spain during the incursions of Arabs into Europe in the
8th century. The domesticated almond with “sweet,” in contrast to “bitter” (high
amygdalin) seeds have made almond a popular nut for both fresh and processed
products for millennia. World production of this nut (2005) was 1.7 million tonnes
(Mt). A favorite confection made from almond paste mixed with sugar, molded,
and painted to resemble other fruits and products was introduced by Arabs to Sicily
where it has become a unique culinary art form. Immature almonds are also eaten in
the Mideast. Almond has been transformed into a large scale,industry in California,
that now produces over 70% of the world crop, and ranks as seventh largest US food
export.

Apricots. The delectable apricot, Prunus armeniaca, is consumed fresh and
canned, but is principally known in the form of semi-dried fruit, usually sulfured
to maintain color and longevity. World production exceeds 3 Mt. The major dried
industry is located in southwest Turkey (Malatya). Some seeds are also consumed,
similarly to almonds. The beautiful flowers of the Japanese apricot, P. mume, make
them popular ornamentals in Asia.

Cherries. Cherry is the common name of several Prunus species that include
sweet cherry (P. avium), tart or sour cherry (P. cerasus), Duke cherries (hybrids
between P. avium and P. cerasus). World cherry production is about 3 Mt. Black
cherry (P. serotina) an important timber species and there are a number of flower-
ing species, principally P. serrulata that are included in a group called ornamental
cherries, however their taxonomy is confused.

Sweet cherry is native to the Caucuses and has become a much beloved fruit but
is restricted to cooler climates. Cherry is consumed fresh as a gourmet fruit, and also
consumed in soups, tarts, pies, and candied, often covered with chocolate and as an
almost artificial product called maraschino. Cherry is used for liqueurs and wines.
Cherry wood is used for furniture and veneers, as well as decorative paneling and is
cultivated for this purpose in plantations in Europe.

Tart or sour cherry is hardier than sweet cherry and requires a longer season to
mature. Its use is restricted to processing, mainly as a filling for pies and pastries,
however is now becoming popular as a dried fruit and as a source of syrup that is
promoted as having health properties. Tetraploid natural hybrids between the diploid
sweet cherries and the tetraploid sour cherries, known as Duke cherries, are a distinct
minor crop.

Black cherry, P. serotina is a prized timber species used for veneer, furniture,
and paneling due to its beautiful red color. It is usually the highest or second highest
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valued fine hardwood. Black cherry is cultivated in plantations and breeding pro-
grams are underway in Indiana and Pennsylvania. The bark has been used medici-
nally.

Ornamental cherries are favorite landscape species of Asia. The flowering cherry
known as Sakura were donated to the United States as a gift in 1912, promoted by
the wife of President Taft. Flowering cherry has become a landmark and important
symbol for Washington, D.C.

Peach and Nectarine. Prunus persica, despite its name, is native to warm areas
of China. The peach and its smooth skin mutation, the nectarine, are the most impor-
tant contributors to stone fruit production. In 2005 this production reached almost
16 Mt. Peach thrives in hot summer climates, however, many low chill cultivars have
enabled expansion of peach production to the subtropics. The nectarine or fuzzless
peach has been increasing in popularity. Peaches occur in a wide variety of fruit
and flesh color from yellow to red and shape. There are basically two types of flesh
texture, melting and rubbery. The rubbery flesh types are clingstone and are used for
processing principally, however their use is now being promoted for fresh consump-
tion because they can be shipped in a riper state. Peaches are processed into juice
and sliced or diced products, while some are dried. Peaches have been beloved in
Asia as a symbol of longevity. Major problems of peaches have been quality prob-
lems, especially cottony flesh texture, associated with long distance shipping and
chilling injury. Peach and nectarine tend to be susceptible to summer diseases such
as peach leaf curl and brown rot.

Plums. Plums represent a diverse group of fruits that include European, Asian,
and American species. The cultivated European plum, P. domestica is a hexaploid
(2n = 6x = 42) that probably originated as a hybrid between P. cerasifera (diploid)
and P. spinosa (a tetraploid). Asian species include P. salicina (Japanese plum) and
P. simonii (Simon or apricot plum). There are at least five American species: P.
americana (common wild plum), P. nigra (Canada plum), P. angustifolia (chicka-
saw), P. horulana (hortulna plum) and P. munsoniana (wild goose plum). The prin-
cipal economically important plum species are P. domestica and P. salicina with
world production in 2005 exceeding 9 Mt.

While plums are mostly consumed as a fresh or processed fruit, the prune-type
plums (French prune or “Agen”) produce a well known product called prunes or
dried plums. Principally produced in California, prunes have long been a health
product promoting digestive regularity among seniors, although the industry has
developed moist types as a snack food.

2.2 Maloideae

This subfamily includes important edible temperate fruit species (known collec-
tively as pome fruits) and a great number of landscape plants (Table 2). The most
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economically important members are apple and pear, in addition there are a number
of minor fruits such as medlar, loquat, and quince.

Apples. Malus ×domestica= M. pumila is the most economically important
rosaceous species with annual world fruit production (2005) in excess of 62 Mt, the
fourth most important fruit after citrus, grapes, and banana. Apples are produced
in all temperate and subtropical countries of the world, with minor production in
high altitudes of tropical countries. The popularity of apple derives from the fact
that the fruit has multiple uses. It can be consumed fresh and some cultivars can be
stored for an entire year, while a considerable proportion of the crop is processed
into sauces, juice, and slices which are a favored ingredient for pastries, cakes, pies,
and tarts. Some of the juice is sold as a fermented product called cider (often special
apples, many of which are may be hybrids with native species such as M. sylvestris)
and a small portion is distilled as apple brandy (calvados). Much vinegar production
derives from apple cider.

Various species of Malus, usually small fruited species referred to crabapples, are
very popular as ornamentals for their spring flowers and fall fruit. Crabapples are
particularly popular in the US nursery trade. Apple wood (M. sylvestris) has been
used in furniture and has specialized uses for turning, mallet heads, croquet and
skittle balls, umbrella handles, toys, cog wheels, wood screws, canes, pianos, tool
handles, drawing instruments, and bookbinder screws. The wood is widely used for
smoking meats and for barbecues and is especially valued for fireplace burning.

Aronia. Aronia melonicarpa (black chokeberry), native to North America, is
grown in Europe for its juice which has high antioxidant properties. Fruit extract
has been used as a component of nutrient supplements.

Hawthorn. There are about 1000 Crataegus species that are used in landscape
plantings. A number have edible fruit and a few species such as C. monygna
(English hawthorn) are used for timber. Crataegus pinnatifida, Chinese hawthorn,
is processed for juice in China.

Loquat. Eriobotrya japonica, despite its name is native to China, where it is
a favorite since it is the first fruit that appears in the summer. Production is now
increasing rapidly in China and production is also advancing in Mediterranean coun-
tries. Spain is the principal exporter of loquat. Development of seedless triploids
could transform this fruit into a very popular crop worldwide.

Medlar. Mespilus germanica, a monotypic genus, is an ancient fruit that must be
consumed after it undergoes a fermentation called bletting, where the fruit softens
and develops a spicy flavor. Medlar is still marketed in Northern Italy and Germany,
but is now considered a minor fruit elsewhere.

Mountain Ash. There are about 80 Sorbus species in North America, Europe
and Asia that are widely used as ornamentals or as windbreaks. Most species have
bitter fruits, but some are sweet and have been suggested as a possible new fruit.
There are intergeneric hybrids between Sorbus with Amelanchier and Pyrus.

Pears. Species of Pyrus are the second most important rosaceous fruit species,
with world pear production of about 10 Mt (2005). There are three economically
important species, P. communis (European pear), P. pyrifolia, (Japanese pear or
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Nashi), and P. usuriensis (Chinese pear). Japanese and Korean cultivars are complex
hybrids of P. pyrifolia and P. ussuriensis. Pear has similar uses to apple, although
its popularity may be somewhat lower because the best quality is ephemeral in
European pear. In European winter pears this eating quality is achieved by ripen-
ing after harvest. Pear cider is usually made from cultivars of P. nivalis and is
called perry. The pear tree is also an important ornamental and is beloved in Asia
where pear is considered a sign of good luck. In the United States, the most popular
ornamental pear trees were selections of Pyrus calleryana, the Callery pear. These
street trees can be found from Oregon to Ohio to New York, and south to Alabama
and Georgia. Pyrus koehnii, an evergreen species native to Taiwan, is planted in
California and Florida.

Quinces. Two closely related genera, Cydonia and Chaenomeles are referred to
as quince. The genus Cydonia consists of a single species Cydonia oblonga, native
to southwest Asia. Quince is now a minor crop used principally for processing into
preserves, although there is considerable production in Argentina. Most cultivars
are too astringent to consume fresh, however there are non-astringent types grown
in Iran, India, Afghanistan, and Central Asia, suggesting this fruit has developmental
possibilities. Quince is used as a dwarfing rootstock for pear and loquat. Intergeneric
hybrids have been reported between quince and pear (Trabut, 1917).

Asian flowering quinces, Chaenomeles, are closely related to Cydonia, Pyrus,
and Malus. The Japanese quince (C. japonica) is a shrubby plant with attractive red
flowers and aromatic hard fruit that resemble loquat in appearance. It is a popular
landscape ornamental. Japanese quince fruit are a minor crop in the Baltic countries,
and efforts are underway to commercialize this species for processing

Serviceberry. Amelanchier species known by various local names including Ser-
viceberry, Juneberry, or Saskatoons are hardy plants used as landscape plants. Var-
ious attempts have been made at domestication for uses as a new fruit crops, but it
appears that these species crops will be best used as edible landscape species.

2.3 Rosoideae

This subfamily is the home of the rose, the species that has provided the name for
Rosaceae, and includes a number of other ornamentals such as Potentilla and small
fruits including strawberry (Fragaria) and the brambles blackberry, raspberry, and
various hybridberries (Rubus).

Brambles. Bramble is a collective term for various prickly shrubs sometimes
classified horticulturally as small, bush, or berry fruits. All brambles are species
of Rubus, a taxonomically complex group that includes blackberry (European and
American species), raspberries (R. ideaus) and various hybrids. Hybrid combina-
tions include upright and trailing types such as eastern dewberry (R. trivialis) and
blackberry × raspberry crosses such as youngberry, marionberry, loganberry, and
tayberry. Raspberries include red raspberry, black raspberry (R. occidentalis and
R. leucodermis), and purple raspberry (black raspberry × black raspberry). World
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production of brambles is now increasing with the development of new cultivars and
air transport and in 2005 was 0.6 Mt (154 thousand t of blackberry and 498 thousand
t of raspberry.

Roses: Rosa is one of the major economically important genera of ornamental
horticulture and the area under cultivation continues to expand. The rose, admired
since antiquity for its beauty and fragrance has multiple uses: cut flowers, landscape
plant, oils (attar of rose) for perfume as well as culinary use (rose water), and hips
(fruits) as a source of Vitamin C. Rosa species are found throughout the colder and
temperate regions of the Northern hemisphere form the Artic to the subtropics with
more than 100 species but modern cultivars are mostly interspecific hybrids deriving
from only 10 of these: R. canina, R. chinensis, H. foetida, R. gallica, R. gigantea,
R. moschata, R. multiflora, R. phoenicea and R. rugosa, and R. wichuraina. The
multiflora rose (R. multiflora) is considered a noxious weed. The cut flower industry
is becoming globalized with production moving to South and Central America and
Africa, however plant production for landscape use is usually local because of the
problems of transporting soil.

Strawberry. The domesticated strawberry F. ×ananassa is a hybrid between
F. chiloensis and F. virginiana that was first found in France in the 18th century.
Subsequent breeding efforts have produced large size, high quality fruits produced
by in field cultivation or in protected culture. Most of the crop is grown for fresh
fruit, but a small portion of the crop is frozen or used to make preserves. Total 2005
world production has been estimated at 3.6 Mt.

3 Rosaceae Genomics

The Rosaceae is an ancient plant family containing many genera and a plethora
of systematic challenges that are beyond the scope of morphological determi-
nation. A coordinated effort in developing crop genomics in the Rosaceae will
unravel complex relationships within the cultivated genera, provide insights into
basic physiological understanding of species within the family, and assist in genetic
improvement of individual crop species. With these goals in view, members of the
scientific community who are devoted to species of the Rosaceae have been study-
ing the genomics of individual crops, and the time is ripe to coordinate this effort to
resolve overarching issues within the family.

3.1 Systematic Challenges

Each of the crops within Rosaceae has nomenclatural challenges. Traditional
descriptions of certain genera, such as those in the Maloideae, seem unrestricted
by the boundaries of botanical species or generic definitions. In this group cross-
and graft-compatibilities are known to occur not only between species but between
genera as well.
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Widely disjunct populations of species and genera abound in the Rosaceae, a
globally distributed family. New populations of some genera, such as Mespilus
canescens, an Arkansan distribution of an otherwise European genus, have been
found. In other cases, such as Rubus, species have been defined in unprecedented
numbers and species aggregates are used as a taxonomic reference.

The breakdown of the present taxonomy of the Rosaceae has been an issue
among taxonomists and the family is presently under revision. Crop specific
genomics and studies of synteny within the family are needed to clarify these rela-
tionships.

3.2 Physiological Development

Model plants such as Arabidopsis have been extensively studied to provide a basis
for understanding gene structure and function, in such important processes as flow-
ering, morphology, and development. However, this species has limitations for
extrapolation to the Rosaceae (Aŕus et al., 2006). The Rosaceae offers genera with
small genomes, such as that of Fragaria vesca with 164 Mbp (Aŕus et al., 2006),
which could become model systems with direct, economically important application
to the many cultivated species within the family. The genomics of rosaceous species
offers special opportunities to clarify problems in fruit development and ripen-
ing, incompatibility systems, hardiness, apomixis, and, given the unique system of
gamete formation in Rosa canina, meiosis. Further, the complex ploidy systems and
interspecific hybrids within Rosaceous genera also offer opportunity to look beyond
simple diploids.

3.3 Genetic Improvement

Advances in Rosaceaous genomics and synteny will provide new ways to obtain
genetic improvement within economically important rosaceous species. Genes that
control fruit quality including flavor and texture are of immediate interest. The
development of saturated maps with codominant and transferable markers within
Prunus, Malus, and Fragaria will foster genetic research and should lead to imme-
diate practical results through marker-assisted selection. In Prunus, 28 major genes
affecting morphological and agronomic characters can be located on a reference
map (Table 3).

Identification of genes producing desirable quality traits within the family could
provide a means of crop improvement by shifting genes within the family. For
example, the genes for hardiness in Malus might be transferred to Prunus while
resistance genes for black spot caused by Diplocarpon rosae in apple could be trans-
ferred to rose. We suggest that the transfer of genes within the Rosaceae, if properly
explained, will be less likely to engender consumer resistance to genetic transgene-
sis, than would the movement of genes from more phenologically disparate plants.



Rosaceae 15

Table 3 Description of 28 major genes affecting characters in different Prunus crops that have
been placed on a reference map (After Dirlewanger et al., 2004)

Linkage group Character Crop Population

Sharka resistance Apricot Lito × Lito
Evergrowing Peach Empress op dwarf ×

P1442380
Flower color Almond × peach Garfi × Nemared

G2 Root-knot nematode
resistance

Peach P.2175 × Felinem,
Akame × Juseitou,
Lowell × Nemared
Garfi × Nemared;
Padre × 54P455

Shell Hardness Almond Ferragnes × Tuono
Broomy (pillar) growth

habit
Peach Various progenies

Double flower Peach NC174RL × P1
G3 Flesh color around stone Peach Akame × Jusetou

Anther color
(yellow/anthocyanic)

Almond × peach Texas × Earlygold

Polycarpel Peach Padre × 54P455
Flower color Peach Akame ×Jusetou

G4 Blooming time Almond D.3.5 × Bertina
Flesh adhesion Peach (P. ferganesis × IF310828)

BC1; Akeme × Jusetou
G5 Non-acid fruit Peach Ferjalou Jalousia ×

Fantasia
Kernel taste (bitter/sweet) Almond Padre × 54P455
Skin hairiness

(nectarine/peach)
Peach Ferjalou Jalousia ×

Fantasia
G6 Leaf shape (narrow/wide) Peach Akame × Juseitou

Plant height (normal/dwarf) Peach Akame × Juseitou
Male sterility Peach Ferjalou jalousie × Fantasia
Fruit shape (flat/round) Peach Ferjalou jalousie × Fantasia
Self-incompatibility Almond Ferragnes × Tuono;D.3.5 ×

Bertina Padre ×54P455
Apricot Lito × Lito

G6−G8 Fruit skin color Peach Akame × Juseitou
Leaf color (red/green) Peach Garfi × Nemared; P.2175 ×

Felinem, Akeme ×
Juseitou

G7 Root-knot nematode
resistance

Myrobalan plum P.2175 × Felinem

Resistance to powdery
mildew

Peach (P. ferganensis
IF310828)NC1

Leaf gland
(reniform/globose)

Peach (P. ferganensis ×
IF310828)NC1



16 K.E. Hummer and J. Janick

4 The Future

Full genomic sequencing, as has been achieved in human and a number of agro-
nomic crops, is now possible for specialty horticultural crops, such as those in
the Rosaceae. Representative crops within the Rosaceae are indeed currently being
sequenced. Genomic libraries and physical maps for genera within Rosaceae are
also forthcoming. Expressed sequence tags (ESTs), unigene sets, microarrays, pro-
teomic and metabolomic tools are on available for analysis of significant Rosaceous
crop and will be presented in later chapters. Study of Rosaceae synteny is only now
beginning (Aŕus et al., 2006). Gene function validation, including high throughput
plant transformation systems with cross validation are also being developed.

Bioinformatics software and databases must be developed for Rosaceous crops.
Ontology must be consistent within the global community for the broadest com-
munication of data and information. Phenotype databases that include origin and
pedigree information as well as observational descriptive data should be developed
to promote linkages of data and maximum use. Inventories of genebanks of wild
and commercial germplasm in current gene banks, which are fortunately available,
and biological resource centers that store mutants, libraries and clones are available
for research use through international consortia.

Challenges do lie ahead for the Rosaceous genomics community. Traditional
breeding practices have produced a standard of excellence for yesterday and today’s
finest cultivars for fruit and ornamentals. Though recent advances in genome-level
analyses have proven a valuable route to deriving an understanding of the molec-
ular events that govern plant responses in model systems, these new technologies
must prove that they can do as well in producing useable crop products for future
generations.
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Aŕus, P., T. Yamamoto, E. Dirlewanter, and A. Abbott. 2006. Synteny in the Rosaceae. Plant Breed.

Rev. 27: 175−211.
AWP. 2007. Angiosperm Phylogeny Website. Version 7, May 2006. http://www.mobot.org/

MOBOT/research/APweb/ managed by Stevens, P. F. Accessed 22 June 2007.
Challice J. S. 1974. Rosaceae chemotaxonomy and the origins of the Pomoideae. Bot. J. Linn. Soc.

69:239−259.
Challice J. S. 1981. Chemotaxonomic studies in the Rosaceae and the evolutionary origins of the

subfamily Maloideae. Preslia 53:289–304.



Rosaceae 17

Crepet, W. L., E. M. Friis, and M. A. Gandolfo. 2004. Fossil evidence and phylogeny: The age
of major angiosperm clades based on mesofossil and macrofossil evidence from Cretaceous
deposits. American J. Bot. 91: 1666–1682.

Cronquist. A. 1981. An integrated System of Classification of Flowering Plants. Columbia
University Press, New York.

Dahlgren, R. M. T. 1980. A revised system of classification of the angiosperms. Bot. J. Linn. Soc.
80:91–124.

Dickinson, T. A. 2007. (http://www.botany.utoronto.ca/faculty/dickinson/Rosaceaeevolution/
evolution.html.

Dickinson, T. A, R. C. Evans, and C. S. Campbell. 2002. Rosaceae classification and phylogeny:
introduction and overview. http://www.botany2002.org./symposl3/abstracts/5.shtml accessed
28 Janauary 2009.

Dirlewanger, E., E. Graziano, T. Joobeur, F. Garriga-Caldeŕe, P. Cosson, W. Howad, and P. Aŕus.
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2. Genomics Approaches to Crop Improvement
in the Rosaceae

Cameron Peace and John L. Norelli

1 Use of Genomics in Rosaceae

Genomic research in Rosaceae crops is commonly directed at understanding the
genetic control of important agronomic traits with the aim of improving product
quality and reducing production costs. Genomic knowledge can be used for genetic
improvement of cultivars through breeding or genetic engineering. Genomic knowl-
edge can also be used for the development of new cultural practices and the tai-
loring of existing production practices according to genetic categories of cultivars.
The translation of genomic data and fundamental discoveries into practical results
with real world applications is often termed “translational genomics”. However, this
term is also used to describe the transfer of genomic knowledge from model organ-
isms, such as Arabidopsis, to crop species, with practical application sometimes
only implied.

Many crop attributes are limited by the underlying genetics of the cultivars at
hand. Breeders seek to raise the bar with each generation, and provide new genetic
possibilities. New cultivars are designed to possess improved potential for horti-
cultural performance, whether as incremental gains over previous cultivars, or with
novel attributes that set them apart. Decisions regarding parent selection for cross-
ing and progeny selection for advancing potential cultivars are based on knowledge,
as well as educated guesses and hunches, of how controlling genes combine and are
expressed in breeding populations. Genomics can shortcut or enhance the scope of
genetic studies to elucidate the genetic architecture of traits by identifying, quan-
tifying, and validating important genomic regions. It can also identify the genes
that control trait variation and determine their strength of expression under varying
production conditions. Armed with such knowledge, breeders can more efficiently
manipulate germplasm over generations to produce optimum genetic combinations
and novel genetic possibilities in the form of new cultivars that perform better for
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growers and produce superior products for handlers, processors, marketers, and
ultimately, consumers. Breeders are therefore genetic architects, designing new
products from the manipulation of genetic components.

Genomics can also impact the production of established plantings. In horticul-
tural production, many crop attributes are readily influenced by cultural practices.
However, some cultivars may respond poorly to treatments or respond differently
across different environments and seasons. Knowledge of the genetics underlying
the performance of each cultivar could lead to genetic “diagnostics” that allow
cultural practices to be tailored to a specific functional genetic group of cultivars.
Another approach is genomic-based crop “therapeutics”, or “chemical genomics”,
an emerging field of research that also allows improvement of plants already under
cultivation. Where specific genes are known to influence important traits, com-
pounds can be designed that enhance or interfere with their expression to improve a
crop’s performance or product quality.

New genomic technologies are also valuable for more fundamental studies.
Basic biological research has traditionally avoided Rosaceae species, and numer-
ous organismal systems are much more tractable to studying many basic biologi-
cal mechanisms. However, certain biological phenomena in Rosaceae crops such
as perenniality, dormancy, extended juvenility, scion-rootstock interaction, com-
plex polyploidy, and diverse plant, flower, and fruit form are usually absent in
model organisms. The genetic systems of one or more species in the Rosaceae
family can offer useful platforms for uncovering the genomic networks underly-
ing these attributes, mechanisms, and processes. In this approach, the rosaceous
species is the model organism. Ultimately, fundamental genomic studies in this
plant family can be turned to practical use by providing the valuable knowledge
that aids in understanding and manipulating existing cultivars, and breeding the next
generation.

1.1 Genetic Basis of Agronomically Significant traits

A collection of attributes sets most rosaceous crops apart from field crops and model
species. These attributes include perenniality, large plant size, extended juvenil-
ity, use of rootstocks, clonal propagation and highly perishable products (straw-
berry being an exception to the first four attributes). Product quality, rather than
yield, is critical for profitability. From the perspective of Rosaceae crop indus-
tries, key needs are to (1) improve fresh and processed product quality, shelf
life and safety, including the development of novel or improved flavors, textures,
aromas, and colors, for a healthier and more satisfied consumer; (2) reduce chem-
ical pesticide use and develop stress tolerant plants for greater environmental sus-
tainability; and (3) decrease labor and energy costs of crop production (The U.S.
Rosaceae Genomics, Genetics, and Breeding Initiative White Paper, 2006). The
traits associated with these needs, including (1) fruit, nut, and flower postharvest
quality, (2) pest, disease and abiotic stress resistance, and (3) plant architecture and
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phenology, are currently designated as the highest priority targets for improvement
by the U.S. genomics, genetics, and breeding community. These priorities are mir-
rored in the international arena.

1.1.1 Genetics or Genomics?

Improvement of Rosaceae crops in the era before formal knowledge of genet-
ics principles, prior to the widespread acceptance of Mendel’s laws, was often
based on selection and clonal propagation of superior individuals. The principles
of Mendelian genetics, followed by their elaboration into quantitative genetics the-
ory, provided a powerful framework for genetic improvement through dedicated
plant breeding. The discipline of genetics holds that heritable traits are controlled by
interacting alleles of individual genes, themselves interacting with a finite number of
other genes in the background of the whole genome. Genomics takes a more holis-
tic approach from the outset, considering the complexities of gene networks and
gradually narrowing the focus to specific genetic elements, at which point, genetic
approaches can be effectively engaged.

The success of genetics and genomics approaches to crop improvement is
strongly dictated by the underlying genetic architecture of traits of interest. The
main components of genetic architecture of a trait are heritability (degree of genetic
as opposed to environmental control), the number of influencing loci, the genetic
action and magnitude of effect of alleles at controlling loci, and genetic linkages
with other traits. Important traits can be categorized as qualitative (also known as
simple, Mendelian, or discrete traits) or quantitative (also known as complex or
continuous traits). Qualitative traits are typically controlled by variation in one gene
with high heritability, and are usually readily tackled by genetics. Quantitative traits
may be influenced by many genes or by a few genes with low heritability, and can
be approached by genetics or genomics, separately or together. Some quantitative
horticultural traits have been previously addressed by genetics without significant
success, and genomic technologies offer powerful new tools for their elucidation.

Current knowledge of the genetic architecture of important traits in Rosaceae
crops can be exemplified by fruit texture attributes. Components of fruit texture,
including firmness, softening rate and pattern, hardness, crispness, crunchiness,
juiciness, mealiness, fibrousness, turgor, and others, cover the spectrum of genetic
architecture. Various genetic and genomic approaches, integrated with physiology,
molecular biology, and practical aspects of breeding, have been employed to study
fruit texture, as described below for flesh softening and mealiness in peach and
nectarine.

1.1.2 “Melting Flesh” in Peach and Nectarine

Fruit flesh softening is of considerable interest to the peach and nectarine industry.
The market is divided into fresh, which are usually the quick-softening “melting
flesh” (MF) types, and canning, which uses almost exclusively non-melting flesh
types. Breeding programs are usually separated for fresh-market and canning cul-
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tivars, with crosses conducted within, but rarely between, these two categories and
typically targeting greater firmness of fruit to facilitate harvest and transport. While
the melting texture is most desired by consumers for fresh eating, breeders in some
regions, such as Florida and Spain, have developed very firm non-melting flesh
(NMF) peach cultivars that are suitable for the fresh market as they do not have
a rubbery texture like canning peaches.

The MF/NMF attribute is qualitative, as each tree produces fruit that is either MF
or NMF in most cases, and is easily determined by squeezing or biting into ripe fruit.
The genetic control of this qualitative trait is stable across seasons and locations, and
thus heritability is very high. The trait has long been described as under the control
of a single locus, Melting flesh, and was part of the first linkage group described for
peach (Bailey and French 1949). Basic genetic analysis of segregating populations
easily identifies that MF is dominant over NMF (Bailey and French 1949; Peace
et al. 2005b).

Various molecular genetic tools were used in several labs (Lester et al. 1994,
1996; Callahan et al. 2004; Peace et al. 2005b) to identify the controlling gene as that
encoding endopolygalacturonase (endoPG), an enzyme that metabolizes pectin in
the cell wall and is implicated in fruit softening and abscission processes of various
crops (Hadfield and Bennett 1998). Our current understanding is that presence of
the Melting flesh endoPG gene results in MF fruit, while absence of the gene results
in NMF fruit. A simple PCR test is available for making this distinction (Peace et al.
2005b). With this knowledge of the gene behind an important horticultural trait, the
genetic predisposition of currently grown cultivars can be better understood, and the
genetic marker can be used in breeding. These applications are indeed occurring.
However, this locus has other interesting aspects.

In loci where genetic polymorphism causes qualitative differences in phenotype,
alleles with quantitative effects on phenotype can also be detected (Robertson 1989).
Qualitative mutants are often the result of critical mutations in a gene producing a
non-functional gene product or no product at all. Quantitative alleles can result from
point mutations in the gene sequence, giving a less efficient product and a subtle dif-
ference in phenotype (Pflieger et al. 2001). This theory has been supported in studies
of Arabidopsis (Koornneef et al. 1998), maize (Beavis et al. 1991), and Drosophila
(Mackay 2004). Recent examination of allelic variation in the Melting flesh gene
has uncovered evidence that this phenomenon may also occur for softening rate in
peach and nectarine (C. Peace et al., manuscript in prep.).

Another revelation from probing the genetic basis of Melting flesh was that for
some cultivars, another functional endoPG gene resides on the same locus, less than
50 kbp upstream of the Melting flesh gene. This second gene encodes an identi-
cal amino acid sequence to the Melting flesh gene, but differs slightly in the DNA
sequence of its introns and promoter region (Peace et al. 2005b, 2007; A. Callahan
and C. Peace, manuscript in preparation). These differences presumably alter its
transcription and/or translation, and subsequent timing and location of enzymatic
action, as this second endoPG gene controls the Freestone trait (Peace et al. 2007).
Presence of the gene produces freestone fruit, where the flesh fibers are detached
from the stone in ripe fruit and the stone comes away freely. Absence of the
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Freestone endoPG gene is associated with clingstone fruit, where fibers remain
attached to the stone. It is possible that minor allelic variants may underlie less
extreme phenotypes of flesh fiber adhesion. Together, the two endoPG genes under-
lie the Freestone-Melting flesh (F-M) locus, and although the two genes are separate,
their identical encoded amino acid sequence and same genomic location identifies
the F-M locus as being pleiotropic. Combinations of presence/absence of the two
genes exist in naturally occurring trees, representing the four known major func-
tional alleles of F-M (Fig. 1).

Interactions within the F-M locus include additivity, dominance, pleiotropy, and
perhaps epistasis. The Freestone and Melting flesh endoPG genes combine addi-
tively in the F allele (actually a haplotype as it encompasses two adjacent genes)
to give the FMF phenotype (Fig. 1). In diploid combination in peach and nectarine
trees, the F allele is dominant over the other three alleles (thus F- = FMF), the
f allele is dominant over the f1 and f2 alleles (ff, ff1, and f2 = CMF), and the f2
allele is recessive to all (f1f1 and f1f2 = CNMF, f2f2 = CNSF) (Fig. 1). The f1
and n alleles appear to have arisen from deletions in the F allele of the Freestone
gene and both genes, respectively. Flesh of fruit that are homozygous for the f2 allele
lose very little firmness during ripening whereas the f1 allele (in homozygosity or as
f1f2) results in gradual softening to a rubbery texture. Although it exhibits only the
Melting flesh gene like the f allele, the f1 allele does not provide the expected cling-
stone melting flesh (CMF) phenotype – instead it is CNMF. With a different origin to
the f allele, the f1 allele’s Melting flesh gene is either functionally impaired through
as yet undetected mutation or the melting flesh phenotype of the F allele requires the
presence of both genes. A stable FNMF phenotype has not been reported although
theoretically it could arise through deletion of the Freestone gene in an F allele.

Melting flesh 
endoPG gene

Freestone 
endoPG gene

<50 kbp

Locus structure Description Associated phenotype

F allele

f allele

f1 allele

n (null) allele

freestone melting flesh (FMF)

clingstone melting flesh (CMF)

clingstone non-melting flesh (CNMF)

clingstone non-softening flesh (CNSF)

Minor mutations in 
Melting flesh gene Quantitative effects on softening?

Quantitative effects on stone adhesion?Minor mutations in 
Freestone gene

Fig. 1 Structural organization, alleles, and associated functions of the Freestone-Melting flesh
locus of peach and nectarine (Prunus persica) that contains multiple endoPG genes. The origin of
the f1 and f2 allele haplotypes have apparently arisen through gene deletions of the F allele
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In conclusion, while Melting flesh was originally considered a simple Mendelian
trait, two copies of the controlling gene were discovered at the locus, with several
major phenotypes resulting from their allelic variants caused by presence/absence
of functional gene copies. The locus also appears to underlie quantitative variation
in fruit softening. The F-M locus occurs at the distal end of Prunus linkage group 4,
which genetically links it with nearby quantitative trait loci (QTLs) for other impor-
tant traits such as bleeding, soluble solids concentration, titratable acidity, and flow-
ering date (Peace et al. 2005a, 2006).

1.1.3 Mealiness in Peach and Nectarine

Mealiness is another texture-related trait that is of major concern to the peach
and nectarine industry, due to its broad dislike by consumers. A large proportion
of world cultivars of fresh market peach and nectarine produce fruit that often
become mealy (dry and soft with a grainy mouth-feel) after cold storage of a few
weeks. Such fruit have the outward appearance of good quality, and are often sold
to unaware, and ultimately unsatisfied, consumers (Crisosto et al. 1999). Yet cold
storage is required to halt softening and bruising while fruit are shipped to distant
markets. Some cultivars appear more susceptible than others, suggesting a genetic
component.

The endoPG enzyme has long been implicated in the development of mealiness
in susceptible cultivars (Buescher and Furmanski 1978). Study of mealiness suscep-
tibility in a peach population segregating at the F-M locus concluded that endoPG
plays a qualitative role in the trait’s expression, where a functional Melting flesh
endoPG gene must be present for endoPG activity to occur during but not after cold
storage (Peace et al. 2006). Although the melting phase does not occur in fruit that
become mealy, partial endoPG activity in storage leads to gradual softening after
storage, and appears to enable other genes involved in mealiness development to
be expressed (Peace et al. 2005a, 2006). CNMF (and CNSF) fruit are effectively
resistant to mealiness, in that they remain too firm to be classified as mealy and
don’t exhibit the partial expression of endoPG in cold storage. Thus the F-M locus
is epistatic in the genetic control of mealiness because some of its alleles mask the
expression of other loci conditioning mealiness susceptibility. Avoiding mealiness
in the fresh market peach industry can therefore be achieved by using non-melting
or non-softening types, but if the buttery texture that consumers tend to prefer is to
remain, the genetic basis of mealiness susceptibility must be identified in melting
flesh types.

Within melting flesh cultivars, susceptibility to mealiness appears to be a quan-
titative trait with a significant genetic component (Peace et al. 2005a). Heritability
was calculated as 0.25–0.30 within melting flesh progeny of two peach popula-
tions, with duplicated trees and observations conducted over three years (Peace et al.
2006), indicating that unless this genetic component is controlled by many small-
effect loci, it should be feasible to discover and exploit loci conditioning mealiness
susceptibility. Genetic models based on phenotypic segregation in controlled crosses



Genomics Approaches to Crop Improvement in the Rosaceae 25

suggest that in melting flesh types, mealiness is controlled by as few as two loci with
dominant gene action (Peace et al. 2006). Genome-wide QTL analysis in one pop-
ulation identified at least three stable QTLs collectively accounting for almost 50%
of the genotypic variation in melting flesh progeny. These QTLs did not always
combine additively; some were compensatory, suggesting that if used in marker-
assisted selection, one can be selected for in the absence of another to achieve
the same level of resistance (Ogundiwin et al. 2007). The QTLs are being further
targeted, via map saturation and verification in larger populations, while simul-
taneously taking a candidate gene approach (see below) to develop diagnostic
genetic tests (Peace et al. 2005a, 2006; Ogundiwin et al. 2007). EndoPG may also
have a further role to play. Given the major effect of the absence of the Melt-
ing flesh endoPG gene on mealiness, absence of the Freestone gene or other, less
extreme, alleles of the F-M locus may be expected to quantitatively affect meali-
ness susceptibility. Indeed, in a melting flesh population segregating only for pres-
ence of the Freestone endoPG gene, a QTL for mealiness susceptibility co-located
with the F-M locus (E. Ogundiwin et al., manuscript in prep.). A comprehensive
microarray analysis is currently underway to identify additional candidate genes
associated with mealiness and elucidate the functional relationships (Ogundiwin
et al. 2008).

In conclusion, mealiness susceptibility is a heritable quantitative trait for which
an understanding of its genetic basis would be valuable for crop improvement.
Genomic analysis is dissecting its complexity into specific elements, and it appears
likely that with available resources and technologies, the controlling genes will soon
be identified.

As shown in the examples above, highly heritable single gene traits are the most
amenable to revealing their genetic architecture. Dirlewanger et al. (2004) summa-
rized the locations of 28 qualitative traits in the Prunus genome, for example. Closer
examination of such loci may reveal further complexity, and thus additional efforts
are useful to understand further effects and interactions. Nevertheless, identification
of such major loci allows their use in crop improvement in Rosaceae through geno-
typing and other approaches (described later). Because quantitative traits require
an understanding of potentially many interacting genetic and environmental factors,
they are more difficult to elucidate. Ideally, quantitative traits are dissected into their
individual components, as attempted for susceptibility to cold storage disorders in
peaches (Ogundiwin et al. 2007) which led to the identification of a possible con-
trolling gene for a large proportion of the genetic component of susceptibility to
browning (Ogundiwin et al. 2008), in addition to a major heritable role for endoPG
in mealiness and bleeding (Peace et al. 2006). For many other quantitative traits,
their complexity has not yet been untangled. Highly heritable quantitative traits,
while easier to dissect, are also readily improved by phenotypic selection, as the
better performing individuals in a breeding program tend to carry the alleles for
that superiority. However, there still remains much value in elucidating the genetic
architecture of these traits, such as in parent and cross selection, gene pyramiding
(combining a series of positive alleles from multiple genes, e.g. for durable dis-
ease resistance), and in saving time in progeny selection for crops with extended
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juvenility. Valuable traits with low heritability are the greatest challenge for genetic
architecture dissection, and yet would benefit most from such genomic knowledge
as phenotypic selection results in slow genetic gain over generations. Advances in
genomics tools and technologies may address even these historically recalcitrant
traits.

1.2 Genomic Approaches for Crop Improvement

Genomics approaches fall into various categories and go under various names.
Structural, functional, and comparative genomics describe three basic categories
of knowledge that researchers gather as they ultimately seek to discover the genetic
basis of biological processes and important agronomic traits. Within, and often span-
ning each of these fields of study, are interconnected technologies and techniques
that can be brought to bear in such scientific endeavors, and form an expanding
toolkit that the modern Rosaceae genomicist (or geneticist) can employ for their
fundamental or applied research (Fig. 2). Some of these approaches are described
below, with examples of their application in the Rosaceae family.

Structural
Genomics

Comparative
Genomics

Functional
Genomics

Candidate
Gene

Approach

Genetic 
Mapping/

QTL Analysis

Marker
Assisted
Breeding

Cultural
Practices

Genetic
Engineering

TherapeuticsProteomics
Metabolomics

Transgenic 
Analysis

Improved
Cultivars

Transcript
Profiling

Genotyping/
Sequencing

Fields of
Study DeliverablesTechnologies/

TechniquesKey:

Diagnostics

Fig. 2 Genomic approaches for crop improvement use various technologies and techniques to
address three general fields of genomic study: functional, structural, and comparative genomics.
Genomic research in Rosaceae crops is commonly directed at understanding the genetic control
of important agronomic traits with the aim of producing “deliverables” to improve product quality
and reduce production costs
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1.2.1 Fields of Study

Structural Genomics

Structural genomics is concerned with the physical structure and organization of
individual genomes. Genome maps, both genetic linkage maps and physical maps,
provide an informative description of the chromosomes of Rosaceae crops that can
be used to localize important loci and determine interactions between them that
ultimately produce phenotypes of interest. Genetic linkage maps, which describe
the degree of co-inheritance between genetic loci across the genome of an organ-
ism, are abundant for Prunus crops (stone fruit and almond), pome fruit crops
(apple and pear, and under development for others such as loquat), cane berries
(raspberry and blackberry), rose, and diploid strawberry (Dirlewanger et al. 2004;
Shulaev et al. 2008; Jung et al. 2008). Such maps are usually produced for the
purposes of determining the genetic control of specific traits. However, reference
maps of Prunus (Aranzana et al. 2003), apple (Silfverberg-Dilworth et al. 2006), and
strawberry (Sargent et al. 2006) have been developed for use as a general resource
within crop groups. The bin-mapping approach (described later) can simplify the
general placement of any DNA sequence within an existing genetic linkage map,
particularly when combined with a heterozygous reference linkage map (Howad
et al. 2005).

More recently, physical maps have been created (peach: Zhebentyayeva et al.
2008; apple: Han et al. 2007) to allow more precise genomic placement of any
DNA sequence. Physical maps describe the location of hundreds or thousands of
overlapping identifiable sequence landmarks, such as BACs (large segments of the
genome cloned into bacteria) or ESTs (expressed sequence tags), which have been
anchored to a genetic linkage map. In contrast to linkage maps, physical maps mea-
sure distance in base pairs rather than relative genetic linkage measured in centiMor-
gans (cM) and the number of base pairs contained within a cM will vary across the
genome. A fully-saturated physical map would contain BACs (or other DNA clones)
tiled across the entire genome and allow physical base-pair distances between fea-
tures of a chromosome to be readily calculated.

The ultimate genome map would fully integrate genetic linkage markers, phys-
ical location of cloned genomic DNA and complete genomic sequence for all the
chromosomes of an organism. Complete genome sequencing is currently under-
way for one reference individual each for apple, peach, and strawberry, placing the
Rosaceae plant family at the cutting edge of the genomics revolution. These com-
plete maps are expected to function as publicly accessible resources for each crop
group by 2010, greatly enhancing the efficiency of identifying gene networks con-
trolling important traits for rosaceous crop production.

Structural genomics is also applicable to a finer scale, in determining the physical
structure of individual loci. The structural organization of the self-incompatibility
locus of Prunus, for example, as described by Ushijima et al. (2004), deepens our
understanding of the functioning, diversity, and manipulation of the evolutionarily
and commercially important traits of cross-compatibility and self-fertility.



28 C. Peace and J.L. Norelli

Functional Genomics

Functional genomics addresses biological questions by studying the function of
individual genes and the interactions among groups of genes. It uses both “forward”
genomic (or genetic) approaches that start from a phenotype or function and work
toward the identification of DNA sequence, and “reverse” approaches that start from
DNA sequence and work back to a function. Functional genomics typically relies
upon a complement of forward approaches to discover genes associated with a trait
and reverse approaches to confirm and study the role of specific genes in biological
function. Global or genome-wide analysis is used to identify various genes or gene
networks associated with a trait. These include methodologies such as phenotypic
screening of mutant “libraries” and many types of transcriptional profiling which
are described below. BLAST analysis is often relied upon to compare the nucleic
acid sequence homology of the genes or transcripts identified in the analysis against
large databases of previously annotated sequences from a wide array of organisms.
The supposition of function from sequence homology is a valuable shortcut in func-
tional genomics, and effective in many cases. However, BLAST annotation does
not determine gene function, it merely suggests it. In addition, many sequences lack
significant homology to functionally characterized proteins or domains, and func-
tionality cannot be implied. For example, Horn et al. (2005) reported that 24.3%
of almost 10,000 peach EST sequences had no known homology. Functionality is
usually determined or verified using “reverse” genomic approaches, such as RNAi,
over-expression of a transgene, and some types of transcript profiling. Given the
large cost of one-gene-at-a-time functional testing, such studies are usually lim-
ited to genes with known or at least strongly suspected horticulturally significant
function.

A major constraint in functional genomics is the availability of high-throughput
phenotyping and functional assays to facilitate the analysis of hundreds or thou-
sands of mutants and genes. The long juvenility of many Rosaceae species and the
importance of flower and fruit traits in these crops make this a significant challenge
for Rosaceae genomics. Altering the expression of the MADS box genes regulat-
ing juvenility through genetic engineering provides a possible mechanism to over-
come this obstacle and has recently been demonstrated to reduce juvenility in apple
and plum (Flachowsky et al. 2007; Kotoda et al. 2006).The development of high-
throughput gene function testing platforms are also being developed for Rosaceae
(http://strawberrygenomics.com/).

Comparative Genomics

Comparative genomics connects studies in structural or functional genomics across
crops by seeking commonalities within and between Rosaceae genera and subfam-
ilies. Comparative genomics in Rosaceae is based on the assumption, originating
from taxonomic classification by morphology, that rosaceous species are connected
through a shared ancestry and thus have genomic similarities. Researchers investi-
gating Rosaceae evolution seek to identify how, when, and where the family split
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from others, and member species and higher taxonomic clades (e.g. subgenera,
genera, and subfamilies) differentiated from each other (e.g. Potter et al. 2007). Evo-
lutionary genomics in Rosaceae is beginning to provide a solid foundation for com-
parative genomics, facilitating the transfer of genetic knowledge between species
and shedding light on the genomic basis of the diversity of form and function in this
family. Genetic maps constructed for specific experimental populations are read-
ily aligned with others from the same crop where common markers are used, and
such efforts between crops have identified an almost identical genome structure
between apple and pear (Pierantoni et al. 2004) and between all crop members
of Prunus (Dirlewanger et al. 2004). Common elements have also been identi-
fied across more distantly related Rosaceae crops, such as strawberry and Prunus
(Vilanova et al. 2007) and apple and Prunus (Dirlewanger et al. 2004). Once whole
genome sequences are available for apple, peach, and strawberry, as well as others
as sequencing and assembly technologies advance and become cheaper, it should be
possible to reconstruct the ancestral “Rosaceae genome” – a reference genome map
for the Rosaceae family that will greatly facilitate the transfer of genetic knowl-
edge across crops. Large-scale functional annotation of ESTs in Rosaceae relies on
comparative genomics extending beyond this family, with gene function described
from GenBank sequences that rarely originate from Rosaceae species. Comparative
genomics on a gene-specific scale is illustrated in the characterization of a powdery
mildew resistance locus across Malus, Prunus, and Rosa (Xu et al. 2007).

1.2.2 Technologies and Techniques

Genetic Mapping and QTL Analysis

Genetic loci are assembled into linkage groups and ordered relative to each other
within groups using the technique known as genetic linkage mapping. Linkage
groups represent chromosomes, initially partial segments and eventually whole
chromosomes, once enough loci are included to span intervening gaps between
the segments. Distances between loci are described in recombination units, usu-
ally cM. Genetic maps are created to serve either of two purposes: (1) to develop a
general resource that locates new loci or “markers” on the genome of an organism,
frequently referred to as a reference map or (2) to determine the number, location,
and effects of loci controlling specific traits of interest. As described in Structural
genomics above, genetic maps exist for all of the major rosaceous crops, including
reference maps for each of the three crop subfamilies. The public Genome Database
for Rosaceae displays many of these maps to allow users to focus in on regions of
interest, or align maps for comparative purposes (Jung et al. 2008). Genetic maps
in Rosaceae began with qualitative morphological traits under monogenic control,
expanded to the use of isozyme, restriction fragment length polymorphism (RFLP),
and random amplified polymorphic DNA (RAPD) markers, and now tend to rely
on simple sequence repeat (SSR) markers due to their ability to facilitate align-
ment with other maps. Readily generated, but population-specific, dominant mark-
ers such as amplified fragment length polymorphisms (AFLPs) are used to saturate
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the regions between SSRs. Markers derived from ESTs and candidate genes are
increasingly being included in genetic maps (see Candidate gene approach below).

Traditional QTL discovery approaches utilize software that require specific popu-
lation types, usually F2 or backcross which have relatively simple statistics for QTL
analysis underlying them. However, experimental mapping germplasm of Rosaceae
crops are typified by F1 populations, because widespread self-incompatibility and
high heterozygosity, coupled with long generation times for the tree crops, make
it difficult to construct the simpler F2 genetic populations. The development of
the double pseudo-testcross strategy (Grattapaglia and Sederoff 1994) allowed
researchers to use F1 populations by mimicking the backcross model for each het-
erozygous parent of the cross. Once software became available for QTL analysis of
F1 populations that considered possible effects from all four alleles segregating at
a locus in a diploid cross of QTLs (MapQTL, van Ooijen 2005), it quickly became
popular in Rosaceae QTL studies. Available QTL mapping software applies to
diploid species, and QTL analysis in polyploids remains problematic. Thus, genetic
maps in polyploid crops of Rosaceae (strawberry, plum, rose, and tart cherry) are
the least developed, and QTL discovery in these crops the least advanced.

To “map” or estimate the location of a marker on a given chromosome, a marker
must be polymorphic within the population so that the frequency of recombination
among the progeny can be measured. Reference maps therefore benefit from the use
of wide crosses between unrelated parents to maximize the chance that any marker
is polymorphic. The Prunus reference map relies on a cross between peach and
almond and most markers screened on it are polymorphic (Aranzana et al. 2003).

Bin-mapping, described by Howad et al. (2005), is emerging as an efficient
approach to locate any marker or DNA sequence in an organism’s genome. By
screening markers on a subset of the mapping population pre-selected to represent
widely separated cross-over events on all chromosomes (referred to as a bin-set), a
general map location can be rapidly estimated for polymorphic markers. The bin-set
for the TxE (almond “Texas” × peach “Earlygold”) reference population for Prunus
consists of just eight plants (one of the parents, the F1 hybrid, and six of F2 progeny
plants), and any polymorphic codominant marker will fall into one of 67 intervals
on the map (“bins”), each equivalent to approximately an eighth of a chromosome
(Howad et al. 2005). Bin-sets are also being developed for specific mapping popula-
tions, such as apple (Celton et al. 2009), aiding in the marker saturation of targeted
regions and the rapid placement of candidate gene markers within a genetic map.

To determine the genetic control of specific traits, parents are chosen that con-
trast in expression of the trait, in order that the mapping population segregates for
the trait, and in general genetic background, so that markers are likely to be poly-
morphic. For example, in genetic investigations of fruit size in sweet cherry, a large-
fruited elite cultivar was crossed with a small-fruited wild variety (Olmstead et al.
2008). With genotypic and phenotypic data collected for the population, statisti-
cal procedures are then used to associate allelic variation in genetic markers with
performance differences, and position influencing loci on the genetic map. Loca-
tions of many qualitative and quantitative traits, for quality, productivity, resistance
to diseases, pests, environmental stresses, and physiological disorders are known
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for Rosaceae crops (described in the later crop-specific chapters). Loci control-
ling single gene traits can be readily located with simple linkage analysis, where
the locus is treated as just another marker. Dirlewanger et al. (2004) summarized
the locations of numerous qualitative traits in Prunus. The most common method
used to identify associations between markers and quantitative traits in Rosaceae is
standard QTL analysis, which uses genotypic and phenotypic data collected from
large mapping populations. A popular software package used for QTL analysis is
MapQTL (van Ooijen 2005). This QTL identification software is compatible with
the map construction software JoinMap that enables the joint analysis of markers
inherited from each parent. While inheritance from multiple parental sources com-
plicates genetic analyses, this is a common feature for outcrossing Rosaceae species,
where F1 experimental populations are used. The use of MapQTL therefore allows
the simultaneous detection and joint influence determination of QTLs with multiple
alleles from each parent. Association mapping is a technique to establish gene-trait
associations that is useful where mapping populations have not been established, but
germplasm from a diverse collection of unrelated individuals is available (Oraguzie
and Wilcox 2007). Use of association mapping in Rosaceae has only just begun.

Transcript Profiling

Transcript profiling has become a cornerstone of functional genomics because it
provides a high-throughput forward (function to sequence) genomic approach for
gene discovery that does not require high-throughput functional assays. Transcripts
are isolated from a group of plant samples and identified by a variety of meth-
ods that take advantage of advances in DNA sequencing and/or the accumulated
DNA sequence information available for a given species. In general, the genomicist
designs treatments to be applied to plants prior to sample harvest and that provide
insight into the particular function to be studied. There are currently several good
methodologies for transcript profiling and the development of new methodologies
is a rapidly evolving field. The most recent advances in transcript profiling may be
considered obsolete within a few years. However, all methodologies have their own
advantages and disadvantages, and an understanding of these can help the genomi-
cist select the methodology most appropriate for their crop and goals. Often, no
single method is “best” for a specific experimental system, and a variety of methods
can overcome the disadvantages of any one method, to provide a more complete
or robust analysis. The most appropriate methodology is also dependent upon the
amount of EST and genomic sequence information available for the crop of inter-
est. Hence, the most appropriate methods will change as more sequence information
becomes available and new technologies are developed.

Transcript profiling within a crop often begins with expressed sequence tag
(EST) profiling studies. ESTs are transcribed, spliced nucleotide sequences that
are derived from a specific tissue under a specific set of conditions that provide
a crude inventory of the genes expressed under those conditions. Often, the tissue
used for transcript isolation is the sole treatment or condition in the study. ESTs
are usually produced by high-throughput single pass sequencing of cDNA resulting
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in low quality sequence information of relatively short sequence length, with a rel-
atively high sequencing error rate. The major advantage of EST profiling is the
low cost generation of coding (gene) sequence information in species with little
genomic sequence information. EST profiling studies have been conducted in Rosa-
ceous crops and there are currently 416,000 Rosaceae ESTs sequences available in
GenBank, with over 255,500 ESTs for Malus × domestica, over 71,100 for Prunus
persica, over 45,400 for Fragaria vesca and over 5,500 for hybrid Rosa (Lazzari
et al. 2005; NCBI EST Database 2008; Newcomb et al. 2006). Park et al.
(2006) used publicly available EST data to predict genes expressed in apple
during fruit growth and development and to predict biochemical pathways
involved in biosynthesis of precursors for volatile esters important to fruit fla-
vor. The primary disadvantages of EST profiling are: (1) the genes identi-
fied include both genes associated with experimental treatments and house-
keeping genes, (2) rare transcripts are difficult to detect, and (3) because
EST sequence information is often derived from several different laboratories
using different cultivars grown under different environmental conditions, asso-
ciating trends in gene expression with specific biological functions can be dif-
ficult. To facilitate the identification of rare transcripts, cDNA libraries are
often “normalized” to equalize the relative abundance of all transcripts (Soares
et al. 1994). Because normalization eliminates information on EST abundance,
these libraries should not be included in studies attempting to use EST profiling
data to establish trends in gene expression with specific biological functions.

Suppression subtractive hybridization (SSH) and cDNA-amplified fragment
length polymorphism (cDNA-AFLP) are transcript profiling techniques that can
efficiently identify both abundant and rare transcripts differentially up- or down-
regulated under specific experimental conditions. Both techniques are useful in
species with little or no sequence information. A limitation of both techniques is that
they usually do not yield a complete inventory of gene expression. Genes regulated
in response to specific treatments are selected in SSH by sequential nucleic acid
hybridizations in which the reference treatment cDNA, designated as the “driver”,
is present in a molar excess compared to “tester” cDNA, in which changes in gene
expression are being investigated (Diatchenko et al. 1996). As the mechanics of
the assay also include amplification of differentially expressed sequences by PCR
that favor the normalization of up- and down-regulated sequences, regardless of the
relative abundance of the original mRNA in the cell, a primary advantage of SSH
is its ability to detect rare transcripts often missed by general EST profiling meth-
ods. Disadvantages of SSH are that it is not quantitative and requires careful control
of non-treatment variation between samples. SSH analysis has been successfully
used to characterize apple’s response to several abiotic and biotic stresses, includ-
ing short days, cold temperature, UV irradiation, fire blight, apple scab and phyl-
losphere colonization (Ban et al. 2007; Bassett et al. 2006; Degenhardt et al. 2005;
Kuerkcueoglu et al. 2007; Norelli et al. 2009). cDNA-AFLP is another PCR based
methodology that uses restriction enzymes to cut cDNA, followed by subsequent
ligation of adaptors to facilitate PCR amplification and visualization of fragments
on polyacrylamide gels to identify differentially expressed transcript. The primary
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advantage of cDNA-AFLP is that it facilitates direct, side by side comparison of
transcript fragments from different cultivars under different experimental conditions
for cross cultivar comparisons. Because cDNA-AFLP requires extraction of individ-
ual DNA fragments from gels to obtain sequence information, it is labor intensive
and is not amenable to high-throughput data recovery. cDNA-AFLP has been widely
used to characterize transcriptional responses in the Rosaceae (Balogh et al. 2005;
Campalans et al. 2001; Geuna et al. 2007; Jensen et al. 2003)

The generation of EST and genome sequence information within the Rosaceae
makes the use of more comprehensive transcript profiling techniques, such as
microarray analysis, possible. Microarray analysis is a hybridization-based tech-
nique in which thousands of gene probes designed to match predicted open reading
frames are arrayed on a solid surface and hybridized to transcripts labeled with a flu-
orescent dye. In general, RNA is isolated from biological samples, used as template
for the synthesis of cDNA that is either labeled with a fluorescent dye or used as
template for the synthesis of RNA that is labeled. After hybridization the array sur-
face is laser scanned to determine the amount of transcript hybridized to each probe.
It is a quantitative method that allows the researcher to obtain a “snap shot” of the
expression of thousands of gene in specific tissues under a specific set of conditions.
There are many different platforms used for microarray analysis due to the numer-
ous options in manufacturer, method of fabrication, probe type and array design.
Microarrays can be printed with fine-pointed pins on glass slides, often referred
to as “printed arrays”, or produced by various photolithography and electrochemi-
cal printing methods, sometimes referred to as “biochips”. Early microarrays often
used cDNA probes that do not require extensive genome sequence information for
design but tend to have higher cross-hybridization between gene family members,
greater difficulty detecting splice variants, require PCR synthesis of hundreds of
genes that is time consuming and prone to error, and tend to have lower quality con-
trol than oligonucleotide probes. Oligonucleotide probes require extensive genome
sequence information and bioinformatics analysis for proper design, but they have
largely replaced cDNA probes because they can overcome the problems associated
with cDNA probes and they facilitate high density arrays. Short oligonucleotide
probes (20–30 mers) are cheaper to produce and facilitate ultra-high density arrays,
whereas long oligonucleotide probes (60–70 mers) tend to have greater specificity
to individual gene family members. Two-channel arrays allow direct comparison of
two different treatment samples on a single array by labeling each cDNA template
with a different fluorophore. Although an absolute level of gene expression can be
obtained from two-channel designs, results from these arrays are often presented in
relative difference or the ratio of gene expression among the various probes. One-
channel arrays are designed to estimate the absolute level of gene expression from
single-dye hybridization. This makes it easier to compare microarray results from
different experiments, but requires twice as many arrays. The design and analysis of
microarray experiments is complex due to the multiple variables in microarray tech-
nology and the large number of gene probes tested. Multiple levels of replication are
necessary to account for the variation among biological samples, arrays, transcript
labeling and dye detection, resulting in large, costly experiments utilizing many
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individual arrays. The vast amount of data generated and multiple comparisons
between thousands of probes make statistical analysis and data interpretation chal-
lenging. Because the technique is quantitative, statistical analysis is necessary to
draw valid conclusions regarding changes in gene expression. Although an array
may contain tens of thousands to a couple of hundred thousand probes, only a small
percent of them may show statistically significant results. The large number of plat-
forms, the number of independent users, the varying data formats and the varying
methods of analysis used in microarray experiments make standardization and com-
parison of results difficult. Despite these limitations, microarrays are a powerful tool
for transcript profiling because they are capable of simultaneously detecting changes
in the expression of many genes which facilitates the association of specific signal-
ing and enzymatic pathways to complex biological functions.

One of the first Malus microarrays was a 15,720 oligonucleotide probe, printed
array developed at Plant and Food Research in 2005 that was based on a subset
of non-redundant EST contigs (unigenes) derived from Plant and Food Research’s
apple EST database (Newcomb et al. 2006). This array has been used to study the
environmental effects on tree-to-tree variability in the orchard and the genesis of
fruit aroma (Pichler et al. 2007; Schaffer et al. 2007). More recently, a 40,000 feature
Malus array was developed in the laboratory of Dr. Schuyler Korban at University of
Illinois that contains 548 control probes and 39,412 long-oligonucleotide (70 mer)
probes designed to Malus unigenes derived from publicly available EST data and
approximately184,000Malus ESTs (154,000 5′ reads and 30,000 3′ reads) identified
in an NSF-funded project from different tissues, genotypes, developmental stages
and stress conditions (Gasic et al., submitted). These Malus microarrays have also
been successfully used for transcript profiling during stone development in peach
fruit (Callahan et al. 2008). Microarrays have also been developed as diagnostic
tools to detect pathogen development within Rosaceae host species (Schneider and
Sherman 2007; Sholberg et al. 2005).

Proteomics and Metabolomics

System-wide technologies in molecular biology extend to detection and analyses of
the entire protein and metabolite array in organisms, although often focused on par-
ticular tissues at particular developmental stages as for transcriptomics. Proteomics
(Pandey and Mann 2000) and metabolomics (Fiehn 2002) are the disciplines con-
cerned with the application of such technologies. They can be employed to better
understand the molecular physiological processes underlying traits (complement-
ing forward genetics approaches), or the downstream effects of gene expression
(complementing reverse genetics approaches). While a rosaceous plant may have
in total tens of thousands of different genes and slightly more transcripts (although
only a fraction in any given tissue), it may contain hundreds of thousands of differ-
ent proteins (including enzymes and structural units) and metabolites (particularly
secondary metabolites). The interactive networks of these gene-environment prod-
ucts are therefore likely to be extremely complex. Proteomics and metabolomics
have great potential to elucidate biological processes, but are recent arrivals on the
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molecular biology scene and their associated toolboxes are still mostly under devel-
opment. Challenges remain in large-scale identification of proteins and metabolites
(Fridman and Pichersky 2005), in addition to associating networks and specific pro-
teins and metabolites with horticultural traits. Furthermore, while individual pro-
teins can be readily connected to their encoding gene, connecting specific metabo-
lites with their underlying genetic sources is difficult (Schauer and Fernie 2006). As
yet, there are only a few applications of these disciplines in Rosaceae. Grimplet et
al. (2004) used proteomics to connect expressed genes with their translated products
in apricot. Alm et al. (2007) examined hundreds of proteins in strawberry to study
allergen content. In apple flesh, Guarino et al. (2007) detected 303 distinct proteins,
of which 44 were identified and associated with 28 different genes. Metabolic pro-
filing of apple peel detected more than 200 components, of which 78 were identified
(Rudell et al. 2008).

Candidate Gene Approach

Narrowing the vast array of information resulting from genomic research to spe-
cific genes is fundamental to the application of genomics for crop improvement.
The candidate gene approach attempts to utilize knowledge generated by struc-
tural, functional, and/or comparative genomics, as well as classical molecular biol-
ogy, physiology and genetics, to identify “candidate” genes with a high likelihood
of playing an important role in the phenotype of a specific trait. Once candidates
are identified, DNA markers, such as simple sequence repeat (SSR) and single
nucleotide polymorphism (SNP), are developed for the genes. These gene-specific
markers are then mapped, and their locations compared to known loci for the trait
of interest. Co-localization of candidate gene markers with either known qualitative
or quantitative trait loci identifies candidates that warrant functional verification,
and provides a rational approach to maximize limited resources for greatest impact.
If further functional analysis determines a causative role for the gene in the trait of
interest, functional allele-specific markers for the trait are established that test for the
causative DNA sequence differences underlying the functional differences. Allele-
specific gene markers are also known as “perfect markers”, as they avoid the possi-
bility of recombination that can occur when a marker is only genetically linked to the
gene. Gene-specific markers are usually very robust and can be useful across differ-
ent genera of the Rosaceae. Etienne et al. (2002) described a candidate gene study
of peach to identify genes underlying major loci and QTLs for acidity and sugar
content. Eighteen candidate genes were chosen, twelve were mapped, and a gene
involved in solute accumulation co-located with a QTL for soluble solids concen-
tration. Other examples of significant progress with the candidate gene approach in
Rosaceae include associating the gene for flavanone 3-hydroxylase with yellow fruit
color in strawberry (Deng and Davis 2001), genes for ethylene biosynthesis and cell
wall modification genes of Md-ACS1, Md-ACO1, and Md-Exp7 (an expansin) with
firmness and/or storability in apple (Oraguzie et al. 2004; Costa et al. 2005, 2008),
PpLDOX (leucoanthocyanidin dioxygenase) with cold storage-induced browning in
peach (Ogundiwin et al. 2008), the transcription factor MdMYB10 with red flesh
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color in apple (Chagne et al. 2007), and endoPG with Freestone, Melting flesh, and
mealiness in peach (Peace et al. 2005b).

In some cases, the identification of specific candidate genes can be based on prior
biological research that established the association of specific enzymes or proteins
with a biological process. The association of endoPG with fruit softening and the
establishment of it as a marker for melting flesh is an example of such a case. In
other cases, a specific class of protein may be associated with a trait that can serve
as a means of identifying “candidates”. For example, major resistance (R) genes
often encode nuclear binding site (NBS) – leucine rich repeat (LRR) protein kinases,
and NBS-LRR resistance gene analogs (RGAs) can be used for the identification
of candidate disease resistance genes (Baldi et al. 2004; Samuelian et al. 2008).
A “resistance gene map” was presented by Lalli et al. (2005) that described the
genomic location of such gene sequences putatively involved in pathogen resistance
in Prunus.

For many complex traits of importance, genomic analysis can lead to the iden-
tification of several hundred genes associated with a specific trait. In such cases,
bioinformatics combined with inference drawn from the scientific literature can be
used to narrow the focus to a smaller number of candidate genes. For example,
transcript profiling of fire blight-challenged apple leaf tissue resulted in the iden-
tification of 650 Malus expressed sequence tags (ESTs) associated with fire blight
disease (Norelli et al. 2009; Malnoy et al. 2008a). Bioinformatics was used to iden-
tify fire blight-associated ESTs that (1) appeared unique when compared with ESTs
isolated from apple tissues that were not challenged with the fire blight pathogen
(Baldo et al. 2007), (2) had significant BLAST similarities to 2,800 Arabidopsis
genes known to be regulated in response to bacterial challenge (Thilmony et al.
2006) or systemic acquired resistance, and (3) had been identified by both suppres-
sion subtractive cDNA hybridization (SSH) and cDNA-AFLP transcript profiling.
The ESTs identified by bioinformatics were then ranked for their potential impor-
tance in resistance based upon inferences from the scientific literature. SSR and SNP
markers derived from highly ranked fire blight-associated ESTs were mapped in a
“M.9” × “Robusta 5” population in which a major QTL for fire blight resistance
has been located on linkage group 3 (Peil et al. 2007). Markers for heat shock pro-
tein 90 (Hsp81-2), a secretory class III peroxidase, and a serine/threonine-protein
kinase mapped to the LG3 fire blight resistance QTL and reduced the QTL’s size
from 12 to 4 cM (S. Gardiner, manuscript in preparation). Markers for a “putative
disease resistance protein” (NCBI AY347778) and Skp1 (SCF-type E3 ubiquitin
ligase) mapped to positions corresponding to the location of two QTLs reported in
other populations (Calenge et al. 2005; Khan et al. 2006). To date, of 28 candidate
fire blight resistance gene markers that have been mapped, six have co-located to
or near known fire blight resistance QTLs (Norelli et al. 2008). As whole genome
sequence becomes available for Rosaceae species, similar approaches could be used
to scan coding regions within established QTLs for potential candidate genes, fur-
ther improving the efficiency of the candidate gene approach.

Co-localization of a candidate gene marker and a specific genetic locus does
not prove a causative role for the gene in a specific trait phenotype; co-localization
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could be the result of coincidental linkage. Further functional analysis is necessary
to establish a causative role. Furthermore, if the candidate gene does not co-localize
in a specific segregating population, it cannot be concluded that the gene is not
associated with the trait of interest. Complex traits can be affected by multiple bio-
logical mechanisms controlled by genes at several locations of the genome that may
be of importance in other populations. To be able to detect all functional alleles of
all causative genes for a trait of interest in a crop, or at least in the germplasm to
be improved in a breeding program, it is therefore important to survey individuals
that fully represent the germplasm and apply appropriate bioinformatics tools such
as pedigree based analysis (see A uniting statistical approach below) or association
mapping.

Transgenic Analysis

Efficient Agrobacterium-mediated plant transformation technology has been devel-
oped within the three Rosaceae subfamilies containing the majority of rosaceous
crops: Amygdaloideae (Srinivasan et al. 2005), Maloideae (Chevreau and Bell 2005;
Dandekar 2002), and Rosoideae (Folta 2006; Martin 2002; Oosumi et al. 2006).
However, some important crop species within the Rosaceae, such as peach, remain
difficult to transform. In crops where the preservation of cultivar identification is
desirable, such as apple and pear, genetic engineering provides a means to correct
specific trait defects, such as disease susceptibility, in desirable cultivars of eco-
nomic importance (Malnoy et al. 2004, 2008b). Genetic engineering can also pro-
duce novel phenotypes that may not occur in nature, such as blue colored roses
(Katsumoto et al. 2007). In cases where desired phenotypic variation occurs in wild
species with deleterious agronomic traits, such as poor fruit quality, genetic engi-
neering can bypass the several generations of breeding crosses that may be required
to incorporate the trait into a favorable genetic background (Malnoy et al. 2008b).
Gene transfer technology also provides a powerful tool for the analysis of gene func-
tion, which has been difficult by classical genetic methods in much of the Rosaceae,
due to the extended juvenility, large plant size, and self incompatibility that occurs
within the family. Although improved transgenic cultivars can result directly from
functional analysis, intellectual property rights associated with the technology often
necessitate separate tracks for functional analysis and cultivar improvement.

Observing the effects of altered candidate gene expression on biological pro-
cesses is a proven approach for using sequence information to study biological
function (Dandekar et al. 2004; Malnoy et al. 2004). Candidate gene expression can
be increased by transgenic expression (over-expression) or reduced by gene silenc-
ing. Over-expression requires cDNA or genomic sequence for the entire coding
region, frequently referred to a “full-length” sequence. Because the cauliflower
mosaic virus (CaMV) 35S promoter will usually result in high levels of gene tran-
scription in most plant tissues, it is frequently the promoter of choice for over-
expression studies. However, somaclonal variation and secondary effects caused
by the CaMV 35S promoter can complicate analysis of gene function by this
method. The 35S promoter can activate expression from other cis-located promoters
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(Zheng et al. 2007), complicating analysis by the increased expression of more than
one gene and thus making this promoter an especially poor choice for the func-
tional analysis of transcription factors. The high levels of transcription resulting
from use of the 35S promoter can also trigger gene silencing (Mishiba et al. 2005).
Somaclonal variation, which can arise during transformation and tissue culture
procedures, results from several causes including gene inactivation (or activation)
mediated by transfer DNA (T-DNA) insertion, polyploidy, chromosomal transloca-
tions and physiological changes resulting from tissue culture (Brown et al. 1992;
Filipecki and Malepszy 2006). Observed biological differences between a trans-
genic line and the parent cultivar are the combined result of transgene expression
and line-specific somaclonal events, thus requiring the comparison of many trans-
genic lines to either (1) establish a statistically significant correlation between the
level of gene expression and the level of biological function, or (2) separately esti-
mate the effect of somaclonal variation in several transgenic lines transformed with
an empty vector and the effect of transgene expression in several lines contain-
ing the transgene. The use of a chemically inducible promoter for over-expression
studies (Malnoy et al. 2006; Norelli et al. 2007; Zuo et al. 2000) can overcome
most of these problems by allowing comparison of the same transgenic line under
conditions of non-induced and induced transgene expression, thus overcoming the
problem of line-specific somaclonal effects by direct biological comparisons within
a single transgenic background. Additionally, constitutive expression of candidate
genes can frequently result in deleterious effects on plant growth and/or pleiotropic
phenotypes. For example, expression of an endochitinase gene in apple under the
control of the 35S promoter both increased resistance to apple scab and stunted
growth, making it difficult to conclude what part of the change in resistance was due
to endochitinase versus reduced growth (Bolar et al. 2000). An inducible promoter
system can overcome these problems by limiting gene expression to a short period
of time during biological analysis. A drawback to chemically inducible promoters
is that they are usually not applicable for cultivar improvement, thus necessitating
separate development tracks for functional analysis and cultivar improvement.

Gene expression can be down-regulated by both transcriptional gene silencing
mechanisms, such as transposon insertion, and post-transcriptional gene silencing
(PTGS) that is RNA-mediated and also known as RNA interference (RNAi). RNAi
is mediated by double-stranded RNA (dsRNA) and is homology-dependent gene
silencing (Eamens et al. 2008). RNAi does not require full length coding sequence
for gene silencing, thus facilitating functional analysis from EST data or in situa-
tions where full-length cDNA clones are not available. RNAi also has some advan-
tages over knock-out, or insertional, mutants when conducting reverse analysis
(sequence to function). First, RNAi constructs directly target a specific gene, which
overcomes the problem of having to generate a large population of lines with knock-
out mutations in order to have a high degree of certainty of disrupting the function of
any given gene (Helliwill et al. 2002). RNAi constructs will also give rise to plants
with different degrees of gene silencing; this can result in viable, partially-silenced
lines for genes that are lethal when completely knocked out. RNAi can be induced
by transgenes containing an inverted repeat of DNA sequence that will result in the
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direct synthesis of dsRNA. It can also be induced by aberrant RNA molecules, either
native or transgenic, that are converted to dsRNA by an RNA-dependent RNA poly-
merase (RdRP). Although the requirement for RdRP in initiating RNAi is undis-
puted, the substrate for this enzyme and what defines an “aberrant’ mRNA is not
fully understood (Eamens et al. 2008). RNAi can therefore be induced by various
transgene designs in a sense (5’ to 3’), antisense (complementary DNA strand) or
inverted-repeat orientation. Because sense and antisense constructs are dependent
upon RdRP activity for the production of dsRNA, they tend to be less efficient in
inducing RNAi than transgenes containing inverted repeats (Wesley et al. 2001).
Inverted repeats occurring in the 3’ untranslated region of the transcript can also
efficiently induce RNAi (Brummell et al. 2003), which may allow the use of RNAi
in forward genomic approaches (function to sequence) (RNAi News, 2005). Cur-
rently, the most efficient transgene design for the induction of RNAi are “hairpin”
constructs in which the 2 inverted repeat DNA sequences are separated by a trans-
posable element. Hairpin designs are difficult to construct de novo, however sev-
eral vectors have been developed to facilitate these designs (Wesley et al. 2001).
Additionally, hairpin RNAi vectors that utilize lambda phage recombination, or
GATEWAYTM technology (Helliwill et al. 2002; Mathews 2004), are amenable to
high-throughput approaches.

The high cost of developing transgenic over-expressing and RNAi-silenced lines
limits their use to the genomics analysis of a limited number of candidate genes
of horticultural importance. Transient RNAi expression by agroinfiltration has been
demonstrated in Fragaria and provides a rapid, low-cost alternative to the selec-
tion of stable transgenic lines for the analysis of gene function (Hoffmann et al.
2006). High-throughput reverse genetic analysis would also be greatly facilitated by
the development of a virus-induced gene silencing (VIGS) system for the Rosaceae
(Constantin et al. 2008; Godge et al. 2008). In comparison to agroinfiltration, in
which gene silencing is restricted to the area of infiltration, VIGS can provide sys-
temic gene silencing. A VIGS system is being developed for apple (Li et al. 2004;
Yaegashi et al. 2007).

Random insertional mutagenesis has been a powerful tool for the analysis of
complex biological traits in model systems because it allows a forward approach
(function to sequences) that makes no a priori assumptions regarding the genetic
control of a trait. Transformation technology facilitates random mutagenesis by
transposon or T-DNA insertion and a large collection of T-DNA insertion mutants
and AcDs activation tag lines are under development for Fragaria vesca (Oosumi
et al. 2006; Shulaev et al. 2008). Mutagenesis by transposon or T-DNA insertion
in the genome provide DNA “tags” to facilitate rapid identification of disrupted
sequence, thus eliminating the need for extensive genetic analysis in gene identifica-
tion. Because of the large number of mutants that must be screened in this approach,
forward genomic analysis by mutagenesis relies upon efficient high-throughput phe-
notypic assays. Random insertional mutagenesis is less effective in organisms with
large genomes, such as apple, due to a larger amount of non-coding DNA and there-
fore a lower frequency of gene disruption per insertion. Although the insertion
of some transposons in non-coding regions can alter the regulation of down- and
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up-stream coding regions, these regulatory mutants can be difficult to analyze and
complexity greatly increases with larger amounts on non-coding DNA. Similarly,
the methodology has not been very effective in polyploid species.

Genotyping and Marker-Assisted Breeding

The most commonly touted channel for using genomics in crop improvement is
through genotyping (i.e. the application of genetic tests) of cultivars and breed-
ing germplasm. Genotyping can be applied to existing cultivars in production and
advanced selections in breeding programs to better understand and monitor their
field performance (diagnostics), to potential breeding parents to better understand
their breeding value (parent selection), and to seedling populations in breeding pro-
grams to improve efficiency of selection (seedling selection). Genotyping requires
the development of marker “tool kits”, which are sets of robust markers that can
be readily screened on the germplasm of interest. Robustness refers to verification
that the marker-trait associations are maintained over a wide range of germplasm
and production conditions, or at least verification in the germplasm and conditions
for which the markers are to be specifically applied. Ready screening refers to the
availability of genotyping protocols and technologies suited to the number and con-
dition of plants to be tested. Markers flanking a QTL region following QTL anal-
ysis, or functional markers representing the genes themselves following candidate
gene analysis, are used as the predictive genetic tests of performance by screening
DNA obtained from the plants of interest. Marker-assisted breeding (MAB) refers
to the use of markers to assist in one or more operations of breeding programs,
such as parent selection, family size planning, parentage verification, seedling selec-
tion, performance evaluation of advanced selections, and cultivar commercializa-
tion. Marker-assisted selection (MAS) refers just to the use of markers for selection
in breeding – both of parents and seedlings, but usually referring to seedlings. The
development of marker-trait associations, i.e. the experimental stage, is often erro-
neously included in MAB and MAS, often through the ambiguous term “marker
development” which can mean the generation of new markers such as for map con-
struction, the search for marker-trait associations, or the conversion of an experi-
mental association into a robust marker for practical application.

Marker-trait associations must be verified to ensure they are applicable in the
material to be tested. There are several reasons that associations may be lost dur-
ing this verification step. First, the association may be a false positive arising from
experimental conditions. Second, linkage disequilibrium (the association between
a particular marker allele and trait allele) may be lost due to too much historical
recombination. The more closely linked a marker is to the functional sequence dif-
ference itself (e.g. a specific mutation in a gene), the greater the likelihood that
functional association is maintained. Researchers therefore seek these functional
sequence differences even if linked markers are available, although the latter are
often able to adequately serve breeding purposes. Use of flanking markers for a
QTL increases the likelihood of successful performance prediction, as the specific
QTL allele targeted will only lose its association with marker alleles if the very
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rare case of recombination between both markers and the QTL has occurred. Third,
functional alleles identified in an experimental population may not be frequent in
wider germplasm and therefore not detected in unrelated plants, limiting the extent
of germplasm to which the genetic test is applicable. For example, markers for a
newly-introgressed resistance allele are not applicable in the bulk of crosses where
neither parent carries the resistance allele. However, verification of marker-trait
associations may detect additional functional alleles that do not exist in the experi-
mental population. The purposeful search for available functional alleles is known
as allele mining. Allele mining includes describing the alleles present in the plants
of interest such as the parents of a breeding program, and may extend to wider
genepools such as germplasm collections.

For diagnostics and parent selection, methods of DNA extraction and genotyping
can be low-throughput, i.e. at the scale of tens to hundreds of samples at time, as
the numbers of plants under investigation are correspondingly limited. The actual
marker types used for these low-throughput purposes can be isozymes and RFLPs
through to the latest automated technologies. Genotyping for diagnostics and parent
testing have therefore advanced the furthest in Rosaceae, and soon after marker-trait
associations are discovered in experimental material, the genotypic profiles of culti-
vars are often reported to indicate the robustness of the associations and to describe
the genetic character of each cultivar. Self-incompatibility (SI) groups to which cul-
tivars belong greatly influences orchard design for most Rosaceae tree crops. In
almond, cherry, plum, and apricot, uncovering the genes controlling this trait at the S
locus enabled the development of simple PCR tests to place cultivars into SI groups,
which are used to determine cross-compatible combinations and identify self-fertile
cultivars (Tamura et al. 2000; Sonneveld et al. 2003; Sutherland et al. 2004; Halász
et al. 2005). Discovery of an allele of an ACS (1-aminocyclopropane-1-carboxylic
acid [ACC] synthase) gene in apple conferring low ethylene production and longer
storage life led to genotyping of cultivars to characterize their ethylene genotype
(Oraguzie et al. 2007). This ACS gene was also genotyped in combination with
another gene in the ethylene biosynthetic pathway, ACO (ACC oxidase), to char-
acterize cultivars and advanced selections of an apple breeding program (Zhu and
Barritt 2008).

Application of genetic tests in breeding programs to reduce the squandering of
resources on low-value seedlings requires the implementation of high-throughput
DNA extraction and genotyping. Every year, Rosaceae breeders produce hundreds
to many thousands of seeds, which are germinated, grown, field-planted, and even-
tually mostly eliminated, all the while undergoing phenotypic evaluation for traits
of importance, to arrive at a tiny proportion of selected individuals (“selections”)
that are worthy of proceeding to more intensive performance evaluations. Marker-
assisted seedling selection (MASS) involves integrating genotyping into these rou-
tine operations, augmenting the selection process by substituting genetic marker
tests for sensory or instrumental phenotypic tests wherever it is determined to
be more efficient in cost and/or time. Implementation of MASS for thousands of
seedlings in a season requires the development of a streamlined process for sam-
pling, extracting DNA, genotyping, and timely supply and application of results
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that is relevant to the idiosyncrasies of a breeding program. This infrastructure is
an obstacle that most public breeding programs of Rosaceae crops have yet to over-
come, as robust markers for numerous traits exist but very few are in operation.
MASS for resistance to the diseases of scab and powdery mildew in apple, reported
by Kellerhals et al. (2004), represents a rare case of real world implementation.

1.3 Outlook

Unlike field crops such as wheat, corn, or soybean, most individual Rosaceae crops
are supported by relatively small industries. The dozen major rosaceous crops rep-
resent a very diverse group of plants with assorted attributes and challenges for
genetic improvement. Yet this diversity is also the strength of the family. Having
a shared ancestral “Rosaceae genome” predicts that the controlling genes of com-
mon traits will often be the same, and underlying biological mechanisms may not be
as different as appearances suggest. Comparisons between Rosaceae crops provide
contrasts that can reveal the controlling gene networks and speed genetic improve-
ment. For example, comparisons between cherry and plum or strawberry and rasp-
berry may reveal the genetic basis of fruit size, apple and pear for fruit shape, and
across Rosaceae for disease resistance mechanisms. Similarly, basic biological pro-
cesses can be uncovered within Rosaceae, for example by comparing plant form
between strawberry and apple, fruit ethylene response between climacteric peach
and non-climacteric cherry, and fruit development between strawberry, raspberry,
rose, apple, almond, and peach. Research funds offered by individual industries are
both inappropriate and insufficient to address such fundamental yet far-reaching
issues. Studies spanning two or more Rosaceae crops, particularly those across
subfamily borders, will require an unprecedented level of coordination and col-
laboration. Fortunately, the international Rosaceae genomics, genetics, and breed-
ing community has taken enormous strides in this direction, exemplified by several
exciting initiatives.

1.3.1 A Centralized Web Portal and Database

The Genome Database for Rosaceae (GDR) was created in 2003 in response to
rapidly expanding volumes of genomic data in the public domain. EST libraries and
genetic maps were the first genomic resources to be hosted on the GDR, followed
by transcript and physical maps. Frequent access to such resources has made the
GDR an information hub for the Rosaceae network of scientists, breeders, and allied
professionals, displaying community announcements, highlighting projects, provid-
ing bioinformatics tools for data analyses, and storing ever-increasing genomic data
in a readily-accessible and public database. By collecting and processing these
structural, functional, and comparative genomics data in one open location, the
GDR has enabled the development of an active Rosaceae genomics community
in which members operate beyond the limits of single crops. The GDR contin-
ues to take on a greater role as a community information hub. A series of twelve
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USDA-funded Rosaceae genomics projects that started in 2005 uploaded their data
and other project outcomes to the GDR, ensuring wide community dissemina-
tion. The diversity of genomic and genetic information represented by these twelve
projects is large, and beyond that traditionally housed at this site. Indeed, the GDR
is expanding to incorporate genotypic, phenotypic, QTL, pedigree, and gene expres-
sion data. Plans are underway to develop education and extension modules, to better
inform stakeholders – from researchers and breeders to policy makers, industry, and
the general public – about the activities, concerns, breakthroughs, and promise of
Rosaceae genetics and genomics.

1.3.2 Shared Mapping Resources

The Rosaceae Consortium of Mapping Populations (RosPOP, www.bioinfo.
wsu.edu/gdr/community/international/rospop.php) is an initiative designed to facil-
itate access to plant materials and information from segregating progeny popula-
tions of Rosaceae for researchers other than the population owners. Participation
in RosPOP requires a formal, although essentially a goodwill, agreement between
consortium members that specifies the resources to be shared. Material supplied
includes access to the plants themselves and derived materials (e.g. budwood,
pollen, fruit, leaves, DNA, and RNA) and data collected from those individuals (phe-
notypic and genotypic). Traditionally, individual researchers create and study their
own experimental mapping populations, focusing on the traits they are most inter-
ested in and have the resources to collect data for. Constructing mapping populations
is a time-consuming and expensive endeavor in itself, requiring for the tree crops
four or more years from making the crosses between the desired parents until fruit
production from the resulting seedlings. RosPOP intends to make maximum use of
these valuable genetic resources by bringing to bear additional funds, labor, and sci-
entific expertise for a broader scope and increased efficiency of genetic analyses.
This approach fosters new and strengthened collaborations between researchers and
institutions, and reduces redundancy in worldwide efforts toward Rosaceae genetic
improvement. The advent of RosPOP represents a new era in international collabo-
ration for Rosaceae genetic mapping and gene-trait association research.

1.3.3 Standardized Phenotyping

Another recent advance in community coordination is the concept of standardized
phenotyping across Rosaceae genetic resources. Various studied sets of Rosaceae
germplasm, such as individuals from genetic experiments, cultivars, breeding popu-
lations, or ex situ germplasm collections, tend to be phenotypically characterized
according to immediate needs of individual investigations. Lack of consistency
between studies limits the utility of collected phenotypic data. In contrast, DNA
genotypes can be readily compared between studies. Standardized phenotyping
offers an opportunity to align the characterization of germplasm collection acces-
sions, such as those of the USDA’s National Plant Germplasm System, more closely
with the needs of breeding programs and the interests of genomics researchers.
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In a wider context, the ability to directly compare both genotypic and phenotypic
data across germplasm sets will greatly enhance Rosaceae-wide efforts to estab-
lish gene-trait associations by increasing the size of datasets available for analyses.
For example, standardized phenotyping could facilitate direct comparisons between
populations from two or more breeding programs to obtain more accurate estimates
of heritability and genotype × environment interaction for priority traits. Another
example application could be determining similarities in genetic factors underlying
phytonutrient composition within and among apple, cherry, and raspberry cultivars.

Standardized phenotyping is a challenging approach, requiring considerable
coordination and agreement between researchers to establish both a comprehen-
sive set of descriptors and trust in the validity of the resulting data. Descriptors used
must be fairly heritable, efficient to use, and relevant to both industry priorities and
biological questions. Although challenging, standardized phenotyping will be nec-
essary to address the extent to which the same gene networks control similar traits
across Rosaceae crops or their functional divergence from the ancestral genome. As
such, this approach will require and foster unity in international Rosaceae genomics,
genetics, and breeding.

1.3.4 A Uniting Statistical Approach

Pedigree Based Analysis (PBA) is a powerful statistical approach able to
simultaneously identify marker-trait associations, validate their robustness and
applicability to individual breeding programs, and mine alleles for functional diver-
sity. While traditional QTL discovery approaches rely on experimental populations
which are usually created for the specific purpose of identifying or fine-mapping
QTLs, the PBA approach avoids the need for such dedicated populations. Further-
more, although genomics-assisted breeding requires validation and allele mining in
breeding germplasm, traditional QTL approaches stop at the discovery stage. The
versatility of PBA is achieved by analyzing genotypic and phenotypic data of breed-
ing germplasm itself. This approach is well suited to the multiple pedigree-linked
populations of variable size that typify Rosaceae breeding germplasm (van de Weg
2004). PBA identifies networks of major genes and QTLs that determine genetic
variation in horticulturally important traits, elucidating their interactions and mining
their functional allelic diversity (van de Weg 2004). The strategy integrates marker
and phenotypic data over past, current, and future generations within and across
breeding programs, thus creating a flexible and continuously expanding platform for
marker identification, validation, and use (van de Weg 2004). The PBA approach is
based on two complementary statistical approaches. The first identifies QTL regions
based on Markov chain Monte Carlo simulations and Bayesian statistics. The second
is based on “Identity By Descent” values of each allele of a genotype, taking the dif-
ferent alleles of founding cultivars as factors in statistical analysis (Bink et al. 2008).
PBA was the underlying and unifying scheme for the European HiDRAS project,
concluding in late 2007, that aimed to identify genetic factors controlling apple fruit
quality (including texture components) for increasing the acceptability of disease
resistant apples (Gianfranceschi and Soglio 2004; Kellerhals and Eigenmann 2006).
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1.3.5 Team Building

Because the journey from investment in genomic science to profitable fruit pro-
duction spans a tremendous range of expertise, teams of specialists functioning as
collaborative units are necessary to ensure that genomic research will impact crop
improvement. Effective team building starts with direct and two-way communica-
tion between the scientific community and the fruit industry (Fig. 3A). Commu-
nication goals include: (1) making the project more responsive to industry needs,
(2) improving the dissemination of genomic research information to the industry
community, and (3) fostering the efficient integration of industry needs, research
objectives, and the development of new cultivars. Industry-research communication
should take place during both project planning and execution, receiving input on
industry needs during project planning and identifying possible extension “deliver-
ables” resulting from the research during project execution.

All three fields of genomics will not necessarily be involved in all projects, par-
ticularly in smaller projects with limited resources. However, communication and
collaboration among researchers in the various fields of genomics will facilitate the
project’s ability to capitalize on new community resources developed in other fields
of genomics as they become available (Fig. 3B). Because of the tremendous size
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Fig. 3 Team building is necessary for investment in genomic research to lead to increased prof-
itability for Rosaceae industries and improved products for consumers. A) Effective team building
starts with direct and two-way communication between the scientific community and Rosaceae
industries. B) The development of community resources in each specific field of genomics fos-
ters the development of knowledge in all fields. C) Collaboration with computational biologists
strengthens projects and leads to development of useful bioinformatic tools. D) Collaboration
and two-way communication between scientists working in cultivar development, genomics, and
bioinformatics fosters the timely development of new cultivars that meet the needs of industry.
E) Similarly, collaborations between biotechnologists and genomicists lead to the development of
genetically engineered cultivars, therapeutics, and diagnostic tests that meet industry needs
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of many genomic databases and the need to connect them into effective matrixes,
the inclusion of computational biologists or bioinformaticists will strengthened the
project team. Their involvement as a collaborating scientist, rather than a support
consultant, increases the likelihood that the project will result in innovative compu-
tational approaches and useful bioinformatic tools (Fig. 3C).

Similarly, when scientists that will apply advances in genomics to specific hor-
ticultural practices are involved in project planning and execution, the likelihood
that a project will have a significant impact on crop improvement is increased
(Fig. 3D and E). Potential collaborators include geneticists (molecular mapping),
plant breeders, horticulturalists, plant physiologists, plant pathologists, entomolo-
gists, genetic engineers, and chemists. Respectful two-way communication between
scientists, rather than an arrogant assumption that genomics research is superior,
will facilitate a synergistic collaboration between disciplines. In summary, the ver-
tical integration of genomic research with industry needs and other scientific disci-
plines increases the likelihood that funds invested in genomic research will result
in significant impact on crop improvement and increased profitability for the fruit
industry.

2 Conclusions

The potential impact of genomics on Rosaceae crop improvement is enormous. Just
as past breeding and research has delivered varied and valuable genetic products,
the science of genomics will contribute to the ongoing advances in cultivar improve-
ment necessary to keep up with new challenges to production and the demands of
the marketplace. In-depth understanding of Rosaceae genomes and their functional
components will not only impact cultivar improvement, but also foster the devel-
opment of new diagnostics, therapeutics, and cultural practices. Genomic advances
will need to address agricultural sustainability by reducing environmental impact,
reducing land and water use requirements, and reducing chemical and energy input.
It will need to address consumer desires for high quality products that are beauti-
ful, tasty, healthy, consistent, and convenient, and enhance our quality of life. It will
need to address the needs of the Rosaceae crop industries to reduce production costs
in order to remain viable in the world market. The genomic tools, technologies,
and basic knowledge developed in the short term will provide the foundation for
addressing many of these challenges in the long term as they are directed to practi-
cal benefit. Advances in Rosaceae systems will also aid under-researched fruit, nut,
and perennial flower crops for which Rosaceae crops often provide the unofficial
model. Working collaboratively with industry and other scientific disciplines, the
opportunity exists to anticipate future needs and, with current genomics capabili-
ties, to pro-actively develop solutions for sustained supply of the many Rosaceae
products that improve human health and well-being.
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3. Genomics Opportunities, New Crops
and New Products

Nahla Bassil and Kimberly Lewers

1 Introduction

The ultimate goal of genomic technology is to benefit consumers by generating
new or better crops and products. Such technology transfer is possible through
direct transfer of genes that encode desirable traits. The two techniques that
effect gene transfer include transgenic biotechnology and marker assisted selec-
tion (MAS) using molecular markers associated with economically important traits.
In the Rosaceae family, durable genetic resistance to Plum pox virus (PPV, genus
Potyvirus) that causes the devastating sharka disease of Prunus has been demon-
strated through genetic engineering (reviewed by Scorza and Ravelonandro, 2006).
However, due to limited public acceptance of transgenic fruits, the most immedi-
ately deployable technologies will emphasize the development of new and improved
Rosaceae germplasm and possible products obtained through MAS, if any. In this
chapter we will also discuss the potential trends in genomic technology transfer to
breeding programs and provide an overview of marker applications in crop species
discussed later in this volume.

Because the release of a Rosaceae product as a result of MAS has never been
reported, we sought to assess the current level of MAS use by Rosaceae breeders
worldwide through a questionnaire sent by e-mail to the Rosaceae Breeder’s List
of the International Society of Horticultural Science (ISHS) and listserve for the
fruit breeders working group and the ornamental plant breeding working group of
the American Society of Horticultural Sciences (ASHS). In the first section of this
chapter, we discuss the results obtained from this questionnaire while the second
part gives a brief update of the available markers reported to be linked to important
traits in the various Rosaceae crops. For further information, in-depth discussion
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of the important economic traits under study for each rosaceous crop is presented
previously in this text.

2 Current Use of MAS in Rosaceae Breeding Programs

The following questions were asked to obtain as yet unpublished information about
new crops and products that are being generated as a result of MAS in Rosaceae
crops:

For each Rosaceae crop, please answer the following questions:

1. Do you use Marker Assisted Selection for selecting desirable progeny in your
Rosaceae crop of interest?

2. If you use MAS, what type of marker? What trait? Please list citation(s) if avail-
able.

3. For what traits can you justify the use of MAS?
4. If there are markers linked to these traits, would you use MAS? Why or why not?
5. Would identifying genes underlying traits of interest result in concrete benefits

to your breeding program? How?
6. What are the most important traits that you screen for in your crop of interest?
7. What type of new crops or products, if any, do you anticipate to produce as a

consequence of the genomics era?
8. When would you expect these new crops or products to become available to the

public?

The brief two-month duration of the requested response window limited the
replies to twenty-three breeders representing thirty-eight fruit and two rose breeding
programs. Such a restricted response is reasonable when compared to the 79 replies
obtained in a period spanning one year by David Byrne when surveying fruit and
ornamental breeders for molecular marker use in perennial plant breeding (Byrne,
2007). Most breeders led programs in North America and consisted of 12 breeders
from the United States and four from Canada. A limited number of answers was
obtained from other continents and included five from Europe (Germany, Norway,
Serbia, Spain and the Netherlands) and two from Asia (China and the Republic
of Korea). Out of these 23 breeding programs represented, 19 were public, three
were private programs (2 in the US, one in the Netherlands) and one semi-private
(in Norway). Breeding programs from the majority of important Rosaceae crops
were represented and included 10 in strawberry, 10 in red raspberry, 5 in blackberry,
3 in apple, 2 each in cherries, peaches, pears, red raspberry and roses, one each in
almond, apricot and cloudberry.

Despite the small number of programs surveyed, the trend in MAS use in
breeding indicated that it is mostly limited to private breeding programs. Two
of three private companies included in this study reported using MAS in six out
of seven breeding programs (two each in red raspberry and strawberry, one each
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in apple and blackberry). A semi-private company reported using allele-specific
primers for detecting self-compatible almond individuals. One public cherry breed-
ing program also reported using MAS for selecting parents with the desirable self-
compatibility/incompatibility alleles. Private breeding programs did not divulge the
traits of interest used in early selection by MAS with the exception of the apple
breeding program where Sequence Characterized Amplified Region (SCAR) and
Sequence Tagged Site (STS) markers are used to choose parents with pyramidized
apple scab (Venturia inaequalis) resistance. None of the public breeding programs
reported using MAS for early selection in progeny.

The more widespread use of MAS in private Rosaceae breeding programs, in
contrast to public breeding programs, mirrors other negative factors that have weak-
ened plant breeding programs at public institutions (Baenziger, 2006; Guner and
Wehner, 2003). Reduced financial support to public breeding programs in univer-
sities and the public sector has pushed current public plant breeders to shift their
activities toward basic/fundamental studies that can be supported by federal grants
and the private industry. More plant breeders now work in the private (65–75%) vs.
public sector (25–35%) (Frey, 1996). Investment in public research and development
(R&D) has decreased overall while funds dedicated to private R&D have increased
(Morris et al., 2006). In addition to the pressure on public budgets, other factors
that have shifted the balance of plant breeding from the public to the private sector
include globalization, intellectual property protection and the ability of private firms
to earn returns on their R&D investments. One public breeder surveyed in this study
expressed his disillusion when asked to anticipate the type of new crops or products
that will be produced as a consequence of the genomic era: ‘I don’t see the point
of giving my best ideas to the world where they will be taken up by commercial
enterprises with the funds to exploit them before I get the research done.’

In all of the Rosaceae crops surveyed except for cloudberry, the most important
category that is selected for or used in screening parents and progeny consisted of
disease resistance (20 breeding programs) followed by fruit quality (19), produc-
tivity in fruit crops or floriferousness in roses (10), plant architecture / development
and other traits (9) (Fig. 1). Resistance to abiotic stress was mentioned in only seven
breeding programs and included winter hardiness and heat tolerance. Important dis-
eases were listed for each crop type. Size was the most important fruit quality trait.
Other fruit quality traits included color, flavor, firmness, shelf life, soluble solids,
anthocyanin levels and appearance or shape. In addition to crop-specific plant archi-
tecture, the plant architecture / development category also included fruiting season
mostly in fruits harvested for fresh fruit consumption. Other traits consisted of com-
patibility in almond and cherries, machine harvestability or ease of harvest in such
processed fruits as strawberries, blackberries and red and black raspberries, tree size
control and induction of desirable scion tree traits in pear rootstocks. Suitability for
the Immediately Quick Frozen fruit market (IQF) was listed as a selection criterion
in red raspberry.

Rosaceae breeders were asked to list the traits for which they would use MAS.
Again disease resistance was the most important category followed by fruit qual-
ity. Traits for which MAS was justified consisted of simply inherited traits that are
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Fig. 1 Six trait categories evaluated by Rosaceae breeding programs that include: Disease resis-
tance, fruit quality, plant productivity in fruit crops and floriferousness in roses, plant architecture
and development, other traits, and abiotic stress resistance

difficult to screen for. Traits that are difficult to screen for would include: Traits
expressed in the mature phase of long-lived species with long juvenile periods; and
traits that require high added costs for conventional screening in the target popula-
tion of environments (as was concluded by Luby and Shaw, 2001).

Breeders agreed that identification of the number, relative importance, mode of
action (recessive, dominant, additive) and interactions of genes would greatly facil-
itate our understanding of the inheritance /genetic control of economically impor-
tant traits and allow us to manipulate these traits to benefit the growers and the
consumers. Marker assisted selection was reported to allow more rational choice
of parents, complementation of parents used for breeding, rapid release of disease
resistant and profitable fruits and ornamental crops, production of fruits that con-
tain higher levels of bioactive phytochemicals, and introduction of new traits to
those crops. Use of molecular markers to select and match parents is an interesting
contrast to early ideas of using molecular markers to select progeny from breeding
crosses.

While private breeders are actively using MAS for early selection and for
rapid release of cultivars possessing economically desirable traits, many public
Rosaceae breeders are at the development stage for markers that are linked to
their trait of interest. Examples of traits mentioned in this survey for which marker
assisted selection is being sought include: Raspberry resistance to aphids, Raspberry
Bushy Dwarf Virus (RBDV) and to raspberry root rot caused by Phytophthora
fragariae var. rubi; repeat fruiting of strawberry, blackberry, and raspberry; sex con-
trol of strawberry; and resistance to bacterial angular leafspot disease of strawberry
caused by Xanthomonas fragariae (Kennedy and King, 1962).

None of the public Rosaceae breeders surveyed in this study reported a new or
improved product that has resulted from using MAS in their program. One cherry
breeder anticipated releasing an improved fruit cultivar in 10 years. Private breeders
did not respond to this question.
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3 Traits for Which Markers are Currently Available
for Use in Developing New Crops

While no new products or cultivars have yet to be released from MAS, progress
has been made in identifying quantitative trait loci (QTL) that control economically
important quantitative traits and in tagging major candidate genes responsible for
important traits in the Rosaceae. QTLs associated with many traits have been iden-
tified, however, the utility of QTL markers must be validated over different geno-
types, years, growth sites, generations and genetic backgrounds (epistasis) before
co-segregating markers can be implemented in marker assisted selection schemes.
Therefore, markers linked to QTLs have not been used in marker assisted selec-
tion of Rosaceae crops and will not be described in this chapter. We will, however,
briefly describe markers that are linked to qualitative or single gene traits that have
been used or that are ready for use in this family. This treatment provides the reader
with a sense of the state of the art of marker application in these crops. A more
comprehensive discussion follows in the relevant chapters within this volume.

Most of the current marker suite was developed in apple. Disease resistance traits
for which efficient markers exist include: root knot nematode (RKN) resistance in
peach and plum (Lecouls et al., 1999; Yamamoto and Hayashi, 2002), scab resis-
tance and powdery mildew in apple (reviewed in Gardiner et al., 2007; Bus et al.,
2008a); a major scab resistance gene (Vnk) in Japanese pear (Terakami et al., 2006);
red stele and anthracnose in strawberry (Haymes et al., 2000; Hokanson and Maas,
2001; and Lerceteau-Köhler et al., 2005); resistance to sharka disease caused by
the plum pox virus (PPV) in apricot (Soriano et al., 2008); resistance to woolly
apple aphid (Bus et al., 2008b), rosy leaf-curling aphid (Cevik and King, 2002),
rosy apple aphid and the leaf curling aphid in apple (Stoeckli et al., 2008). Mark-
ers for fruit quality traits were developed for: the Rf locus that is responsible for
the red/yellow skin color polymorphism in apple (Cheng et al., 1996); the green
skin phenotype in Japanese pear (Inoue et al., 2006); the low acid character in apple
(Liebhard et al., 2003); genes controlling fruit firmness or softening in apple (Costa
et al., 2005, 2008; Oraguzie et al., 2007; Zhu and Barritt, 2008), pear (Itai et al.,
2003), and peach (Peace et al., 2005; reviewed by Peace et al., 2008). The colum-
nar habit in apple is the only tree architecture trait that can be easily identified with
molecular markers (Tian et al., 2005). Many marker systems were developed in the
Rosaceae family for S-allele genotyping and are briefly summarized in this section.

3.1 Markers for Resistance to Nematode Pathogens

Clones P.2175, P.1079 and P.2980 of the Myrobalan plum (Prunus cerasifera),
section Euprunus of the Prunophora subgenus, an outbreeding diploid species,
carry one dominant allele of a single resistance gene, designated Ma1, Ma2 and
Ma3, respectively (Esmenjaud et al., 1996; Rubio-Cabetas et al., 1998). Each of
these Ma resistance alleles confers a high and wide-spectrum resistance to root
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knot nematode (RKN) caused by M. arenaria, M. incognita, M. javanica and
M. sp. Florida which overcomes the resistance of the Amygdalus sources (Lecouls
et al., 1997; Rubio-Cabetas et al., 1999) and to the minor species Meloidogyne
mayaguensis (Fargette et al., 1996; Rubio-Cabetas et al., 1999). The Ma gene
is being introgressed into the genome of new Prunus rootstocks by interspecific
hybridization (e.g. Myrobalan × Amygdalus) (Lecouls et al., 2004). Molecular
studies identified two reliable Sequence Characterized Amplified Region (SCAR)
markers, SCAL19690 and SCAFLP2202, that are linked in coupling to the domi-
nant resistance alleles Ma1 and Ma3 (Lecouls et al., 1999; Bergougnoux et al.,
2002). SCAL19 is located less than 1 cM from Ma and SCAFLP2 co-segregates
with Ma (Claverie et al., 2004). These markers appear to be powerful tools for
selecting Prunus interspecific rootstocks (Lecouls et al., 2004). Ma and R jap, a wide-
spectrum dominant resistance gene identified in Japanese plum (Prunus salicina),
mapped very close to the SSR marker pchgms6 on LG7 of the reference Prunus map
T×E (Claverie et al., 2004). Peach RKN resistance to M. incognita and M. arenaria
was found in the Nemared rootstock (R MiaNem) and Shalil sources (R Mia557 through
GF.557, an almond × Shalil peach hybrid), and in Japanese RKN resistant ornamen-
tal peach Juseitou (Mia) (Yamamoto and Hayashi, 2002). R Mia557 and R MiaNem were
co-localized in a subtelomeric position on linkage group 2 and were flanked by STS
markers obtained by Yamamoto and Hayashi (2002) for the resistance gene Mia,
thus suggesting that these three independent peach RKN resistance sources, ‘Shalil’,
‘Nemared’ and ‘Juseitou’, share at least one major gene resistance to M. incognita
located in this subtelomeric position. Plum and peach RKN resistance genes are
independent and, thus, can be pyramided into interspecific hybrid rootstocks based
on the plum and peach species.

3.2 Markers for Resistance to Diseases

In apple (see also Chapter “Apple”), molecular markers that are tightly linked to
different major scab resistance genes have been identified and are used in pyra-
miding these genes (reviewed in Gardiner et al., 2007; Bus et al., 2008a). The Vf
gene, has been analyzed in detail and a cluster of four Vf paralogs were cloned from
‘GoldRush’ and its original source in crabapple, Malus floribunda 821 (Xu and
Korban, 2002). Recently, Vfa1 and Vfa2 were shown to be responsible for eliciting
disease resistance to five races of the fungal pathogen, Venturia inaequalis, when
introduced through Agrobacterium-mediated transformation into two susceptible
apple cultivars, ‘Galaxy’ and ‘McIntosh’ (Malnoy et al., 2008). Vf resistance has
been widely used in generating scab resistant cultivars and is found in more than
70 scab-resistant cultivars (Janick et al., 1996). However, new races of Venturia
inaequalis have appeared including races 6, 7 and 8 that can overcome the resis-
tance conferred by Vf. A number of additional major scab resistance genes have
been identified and mapped in apple including Va (LG1), Vbj, Vh2, Vh4, Vh8
and Vr2 (LG2); Vd (LG10); Vg and Vb (LG12); and Vm (LG17) (reviewed in
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Gardiner et al., 2007). Many groups are using molecular markers to introgress scab
resistance from different sources into Vf-containing cultivars. One source in partic-
ular, a Malus pumila Russian seedling (RS) apple R12740-7A has been used and
appears to involve three major genes, one of which is race nonspecific (Vr) while
the other two are specific to races 2 (Vh2) and 4 (Vh4) and map 40 cM apart on LG2
(an example is given in Chapter 18, Bus et al., 2008a). Identification of molecular
markers linked to scab resistance in pear has lagged behind. However, sequence-
tagged site (STS) markers that are linked to a major resistance gene (Vnk) to Ven-
turia naschicola in a Japanese pear cultivar Kinchaku, were recently developed
(Terakami et al., 2006). In European pear, two major QTLs on linkage groups 3 and
7 that are associated with resistance to Venturia pyrina were also recently identified
(Pierantoni et al., 2007).

In contrast to scab resistance genes, genes conferring resistance to other diseases
like powdery mildew and other pests do not show characteristic distinct phenotypes.
Therefore, selection of individuals that carry more than one major gene to the fun-
gal agent of powdery mildew, Podosphaera leucotricha, in apple was reported as
almost impossible before the advent of linked molecular markers (James et al.,
2004). Markers that are closely linked to five sources of resistance to the fungal
agent of powdery mildew have been identified (reviewed by Gardiner et al., 2007).
While Pl1 from Malus robusta and Pl2 from Malus zumi have been widely used in
apple breeding programs, it is increasingly important to introgress other genes from
different sources including Plw from the ornamental crabapple ‘White Angel’, Pld
from the D12 clone and Plm from ‘Mildew Immune Seedling’. The major resistance
gene Pl2 in apple was overcome by virulent strains of the powdery mildew fungus
(Caffier and Parisi, 2007). Gardiner et al., 2007 reported pyramiding of Pl2 and Plm
in a resistance population at Plant and Food Research. Whole genome selection in a
background selection ‘fast breeding’ approach is a promising new technique devel-
oped to quickly select progeny that contains high contribution from the high quality
grandparent(s) (‘Royal Gala’) and lower proportion of the low quality Pl2-
containing ancestor (A698-24) (Bus et al., 2008a).

In strawberry (see also Chapter “Strawberry”), molecular markers linked to
resistance to two important diseases, red stele (caused by Phytophthora fragariae)
and anthracnose (Colletotrichum acutatum pathogenicity group 2), were identified
(Haymes et al., 2000; Hokanson and Maas, 2001; and Lerceteau-Köhler et al.,
2005). A SCAR marker linked to the Rpf1 gene (Haymes et al., 2000) and two
RAPD markers linked to the Rpf1 and Rpf3 red stele resistance genes were reported
(Hokanson and Maas, 2001). Two out of four AFLP markers linked to the Rca2
anthracnose resistance gene were converted to SCAR markers (STS-Rca2 417 and
STS Rca2 240) and effectively predicted resistant and susceptible strawberry culti-
vars (Lerceteau-Köhler et al., 2005).

In apricot (Chapter “Genomics Opportunities in Apricot” herein), an SSR
marker, ssrPaCITA5, that proved effective for MAS for resistance to sharka dis-
ease caused by plum pox virus was recently reported (Soriano et al., 2008). This
marker allowed preservation of >90% (in F1 populations) to >95% (in F2 pop-
ulations) resistant seedlings based on selection of the seedlings that contained
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resistance-linked alleles. Furthermore, PPV-resistance-linked alleles at ssrPaCITA5
and ssrPaCITA17 were present in all resistant cultivars studied containing four dif-
ferent sources of PPV resistance including North American cultivars ‘Stark Early
Orange’, ‘Sunglo,’ and ‘Reliable,’ as well as P. mandchurica sp. A common origin
for the PPV resistance from North Chinese cultivars, particularly those that contain
P. sibirica or/and P. mandshurica, into North American germplasm was recently
supported by targeted SSR analysis (Zhebentyayeva et al., 2008). Additional SSR
markers linked to resistance-gene candidates were also recently reported (Sicard
et al., 2008).

3.3 Markers for Resistance to Pests

Molecular markers linked to three major apple genes, Er1 from ‘Northern Spy’, Er2
from ‘Robusta 5’ and Er3 from Malus sieboldii ‘Aota 1’ conferring woolly apple
aphid (Eriosoma lanigerum Hausn.) were identified (Bus et al., 2008b). Er1 and
Er3 mapped to LG8 while Er2 was located on LG17. These genes are used in apple
rootstock and scion cultivar breeding. A SNP marker, NZsn O05, linked to both
Er1 and Er3 was effective in identifying individuals carrying both genes from a
‘Northern Spy’ (Er1) × S26R01T053 (Er3) population (Bus et al., 2008a, b). How-
ever, a breeding strategy is needed to maintain gene combinations involving such
linked resistance genes as the resulting selections will carry the genes in repulsion
phase and will dissociate in further crossings. Markers to two additional sources of
woolly apple aphid resistance (Erm and Erl) that do not map to markers for Er1 or
Er3 were also reported (Gardiner et al., 2007). The Sd1 gene for resistance to rosy
leaf-curling aphid (Dysaphis devecta Wlk.) was fine mapped on LG7 of apple and
co-localized with RFLP marker MC064 within a 1.3 cM interval between the SSR
marker SdSSRa and RFLP marker 2B12a (Cevik and King, 2002). These molecu-
lar markers were also tightly linked to Sd2, indicating that Sd1 and Sd2 are tightly
linked and possibly allelic (Cevik and King, 2002). Another SSR marker, CH-Sd1
was also developed from the BAC clone 49N23 containing the contig spanning the
Sd1 locus (Khan et al., 2007). Alleles 255 (bp) of Hi07h02 and 216 (bp) of Hi03a10
SSR markers were closely associated with QTLs for resistance to the rosy apple
aphid Dysaphis plantaginea and the leaf curling aphid Dysaphis devecta in apple,
respectively (Stoeckli et al., 2008). These two SSR markers appear useful for marker
assisted breeding as Hi07h02-255 was found in D. plantaginea-resistant ‘Wagener’
and Hi03a10-216 was present in D. devecta-resistant ‘Cox’s Orange Pippin’ apples
(Stoeckli et al., 2008).

3.4 Markers for Fruit Quality Traits

A single dominant gene at the Rf locus is responsible for the red/yellow skin color
polymorphism in apple where a universal primer pair, BC226, can differentiate
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between the two phenotypes (Cheng et al., 1996). Amplification of alleles A1

(1160 bp) and A2 (1180 bp) is associated with red color while alleles a1 (1230 bp)
and a2 (1320 bp) co-segregate with yellow fruit color in apple (Cheng et al., 1996;
Melounová et al., 2005). A RAPD marker associated with the green skin phenotype
in Japanese pear was recently identified (Inoue et al., 2006).

Acidity in apple fruit is due to malic acid and the low-acid character (pH 3.8 and
above) is determined by the presence of recessive alleles ma ma for the Ma gene. In
apple, the Ma gene was located on LG 16 in the cross ‘Prima’ × ‘Fiesta’ (Maliepaard
et al., 1998). Markers that are linked to fruit acidity include RAPD OPT161000
(Maliepaard et al., 1998), AFLP marker E31M38-0193 and SSR marker CHO5e04z
(Liebhard et al., 2003).

Fruit shelf-life and storability is a desirable factor that impacts the economic
value of a cultivar. In apple, functional markers in three critical candidate
genes associated with fruit softening were recently identified and include
ethylene biosynthesis genes 1-aminocyclopropane-1-carboxylate (Md-ACS1) and
1-aminocyclopropane-1-oxidase (Md ACO-1) (Costa et al., 2005, 2008; Oraguzie
et al., 2007; Zhu and Barritt, 2008), and an expansin gene, MdExp7 (Costa et al.,
2008). Earlier studies showed that ACS had stronger effect on ethylene produc-
tion than ACO and that genotypes homozygous for the ACS1-2 allele produced
less ethylene and had firmer fruit than ACS1-1/2 and ACS1-1/1 (Costa et al., 2005;
Oraguzie et al., 2007; Zhu and Barritt, 2008). Recent data however suggests a higher
impact of Md-Exp7 and Md-ACO1 in the control of firmness loss in apple (Costa
et al., 2008). Difference between the unfavorable and favorable allele of Md-ACS1
causes a difference of only 17% in fruit softening, while the difference rose up
to 60 and 72.6% in Md-ACO1 and Md-Exp7, respectively. The relative effects of
each of these three genes will always depend on the germplasm under investiga-
tion. Although the Md-Exp7 gene may show strong effects in some genotypes, the
214 allele (good firmness) and 198 allele (low firmness) are rare in modern culti-
vars, while the 202 (neutral firmness) is present in 71% of the cultivars tested by
Costa et al. (2008). Md-ACS1 has been investigated the most so far, and in inde-
pendent studies, was shown to be associated with softening to an extent in modern
cultivars that makes its use in MAS worthwhile (Cameron Peace, personal commu-
nication). In pear, cleaved-amplified polymorphic sequence (CAPS) markers A and
B respectively of two 1-aminocyclopropane-1-carboxylate (ACC) synthase genes
(PPACS1 and PPACS2) were associated with the amount of ethylene produced (Itai
et al., 2003). Marker A was associated with high ethylene producers and marker B
with moderate ethylene producers while the absence of these two markers was char-
acteristic of low ethylene producers. These CAPS markers were effective in iden-
tifying ethylene genotypes for 40 commercially important Japanese pear cultivars
and two Chinese pear (P. bretschneideri). The apple Md-Exp7SSR marker appears to
be also associated with softening in 41 individuals of a Passe Crassane × Harrow
Sweet pear mapping population (Costa et al., 2008). In peach, endopolygalactur-
onase (endoPG) was identified as the gene controlling the major fruit firmness and
texture traits of Melting flesh (M) and Freestone (F) (Peace et al., 2005; reviewed by
Peace et al., 2008). Two endoPG genes underlie the Freestone-Melting flesh (F-M)
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locus Allelic variation at a microsatellite locus in the 5’UTR of a peach endoPG
was associated with four functional phenotypic groups that include a null (n) allele.
These groups correspond to haplotypes and include F (where F- is associated with
the FMF phenotype), f (where ff, ffl, or fn gives CMF fruit), fl (where flfl or fln
confers a CNMF phenotype), and n (nn leads to CNSF) (Peace et al., 2007). Associ-
ation of endoPG genotypic variation with fruit firmness and flesh adhesion in other
Prunus fruit crops like apricot and sour cherry is being investigated. Both Md-ACS1
in apple and endoPG in peach are ready for use in MAS. Still, due to our incomplete
knowledge of all the genes/alleles involved in fruit softening and their interaction,
caution should be exercised in applying these markers in marker assisted selection.

3.5 Markers for Tree Architecture

The columnar growth habit in apple is caused by a mutation at the co locus that is
characterized by a reduced number of lateral shoots, an increased number of spurs
and compact internodes. A single dominant gene controls the columnar habit and
modifier genes might also be involved in the inheritance of this trait (Lapins, 1976).
Columnar varieties are heterozygous for the Co gene (Coco) and include Tela-
mon, Tuscan, Trajan, Maypole and Charlotte and the spontaneous sport of McIntosh
where the columnar habit was initially identified. SSR and SCAR markers that are
linked to the Co gene on LG 10 were identified and include SSRCO (Hemmat et al.,
1997), SCB82670 (Kim et al., 2003), SCAR682 and SCAR216 (Tian et al., 2005).
When used in multiplex PCR, SCAR682 and SCAR216 were efficient in identifying
individuals that exhibit the columnar habit (Tian et al., 2005).

3.6 Markers for Self-Incompatibility

Many Rosaceae species exhibit gametophytic self-incompatibility (GSI) that has
been naturally selected to promote out-breeding. Consequently commercial fruit
set requires the presence of mutually compatible cultivars, artificial pollination
or self-compatible cultivars, if possible. Self-incompatibility has been extensively
studied at the molecular level and is controlled by a single locus with multiple
alleles. The gene encoding stylar specificity encodes a ribonuclease (S-RNase)
(reviewed by McCubbin and Kao, 2000) and the gene controlling pollen speci-
ficity consists of an F-box protein (SLF) (reviewed by Kao and Tsukamoto 2004).
These two genes are separate but tightly linked at the S-locus and their allelic
form determines the S-haplotype. The progress made in uncovering the genetic and
molecular basis of the self-incompatibility reaction in the Rosaceae has led to the
development and application of PCR-based S-allele typing for two main aspects
of Rosaceae fruit crop breeding: identification of self-compatible individuals; and
assignment of S-alleles for determination of cross-compatible varieties. This para-
graph is not meant to provide a review of the extensive literature describing S-allele
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typing in Rosaceae crops but to give a brief overview. S-allele typing was initially
based on distinguishing S-RNase alleles by size following amplification with con-
served or S-allele specific primers. Sometimes restriction endonuclease digestion of
the resulting PCR fragments was necessary to differentiate between S-alleles that
generated similar size fragments. S-RNase-based S typing was reported in apple
(Broothaerts, 2003), European pear (Moriya et al., 2007), Japanese pear (Kim et al.,
2006, 2007), Chinese pear (Tan et al., 2007), almond (López et al., 2006; Ortega
et al., 2006), apricot (Halász et al., 2005; Jie et al., 2005), sweet cherry (Sonneveld
et al., 2003, 2005), and sour cherry (Bošković et al., 2006; Hauck et al., 2006a, b;
Tsukamoto et al., 2006). Molecular markers can now be used for early selection
of self-compatible seedlings in many Rosaceae fruit crops including sweet cherry
carrying the S4’ genotype (Ikeda et al., 2004); almond expressing the Sf allele
(Lopez et al., 2006); and apricot with the Sc allele (Halász et al., 2005). The pollen
S-determinant for GSI, SFB/SLF was only recently identified in Rosaceae species
including almond (Ushijima et al., 2003), sweet cherry (Yamane et al., 2003a), sour
cherry (Yamane et al., 2003a, b), apricot (Romero et al., 2004), Japanese plum
(Zhang et al., 2007), apple (Cheng et al., 2006; Sassa et al., 2007), and Japanese
pear (Sassa et al., 2007). Consequently, new markers for S-typing and identification
of self-compatible genotypes at the seedling stage are based on haplotype-specific
polymorphism and were developed in Japanese pear (Kakui et al., 2007; Okada
et al., 2008), and sour cherry (Tsukamoto et al., 2006), for example.

4 Conclusion

Genomic technology can provide valuable tools for faster release of new crops
and products when used in combination with traditional genetic and breeding tech-
niques. The most striking result of the survey we conducted was the disparity in
MAS application in breeding between public and private breeding programs. Con-
cern about the decline in the national breeding capacity over the last 20 years has led
to the establishment in February 2007 of the Plant Breeding Coordinating Commit-
tee (PBCC). PBCC provides a forum for leadership regarding issues, problems and
opportunities of long-term strategic importance to the contribution of plant breeding
to national goals (Hancock and Stuber, 2008). Translating genomics research into
a toolbox for breeder’s use and public investment in implementing these tools are
necessary for plant breeders to meet future consumer needs. It has been argued that
marker assisted selection might be too expensive to use in breeding except under
certain circumstances (Luby and Shaw, 2001), but breeders are easing into molec-
ular marker use cost effectively by identifying and matching parents rather than
identifying desirable progeny. This ability may help support breeding programs by
attracting students who need to be proficient with both traditional breeding methods
and molecular marker methods.

In summary, many factors have contributed to the limited use of genomic-based
biotechnology in Rosaceae crops. Limited public acceptance of transgenic fruits, and
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strict regulations have hampered the release of plum pox resistance stone fruits. How-
ever, in roses, Australian researchers at Florigene Ltd., and the Japanese Suntory
group of companies recently applied RNA interference (RNAi) technology for gene
replacement in plants in developing the world’s only blue rose (Katsumoto et al.,
2007). It was used to remove the gene encoding the enzyme dihydroflavonol reduc-
tase (DFR) in transgenic roses that were expressing a pansy and an iris delphinidin
enzyme which produces blue pigment. While many markers that are linked to sin-
gle qualitative genes encoding various traits have been identified and are being used
or ready for use in MAS in Rosaceae crops, markers linked to QTLs have lagged
behind. Progress, however, is being made in identifying genes responsible for major
QTLs as recently reported for qP-Brn5.1m affecting browning in peach (Ogundiwin
et al., 2007, 2008). A gene encoding the leucoanthocanidin dioxygenase (PpLDOX)
enzyme was identified as potentially responsible for this major QTL. SSR variation
within the intron of this gene was associated with low browning incidence and might
be useful for marker assisted breeding of peach and nectarine cultivars with low
incidence of mealiness, browning and bleeding (Ogundiwin et al., 2008). Further-
more, as new technologies such as Pedigree Based Analysis (van de Weg et al., 2004)
become more widely adopted for QTL validation and allele mining, new markers
will be identified and used in generating new Rosaceae crops and products.
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4. Introduction to Apple (Malus × domestica)

Markus Kellerhals

1 Origin and History

Apple is the most important temperate fruit crop and has been cultivated in Asia
and Europe from antiquity (Janick et al., 1996). The genus Malus has, according
to most authorities, 25–30 species and several subspecies of so-called crabapples.
The cultivated apple is supposed to be the result of interspecific hybridization. The
denomination Malus × domestica has been generally accepted as the appropriate
scientific name (Korban and Skirvin, 1984). The main progenitor of the domestic
apple is considered to be Malus sieversii which grows wild in the Heavenly Moun-
tains (Tien Shan) at the boundary between western China and the former Soviet
Union to the edge of the Caspian sea (Morgan and Richard, 1993; Forsline and
Aldwinckle, 2004). Central Asia is the area of greatest diversity and the center of
origin. The apple was carried by humans to the Middle East, Europe and even-
tually to North America. Several collection trips to Central Asia have shown that
M. sieversii is very diverse and has all qualities present in M. × domestica. Malus
sieversii is endemic to the Republic of Kazakhstan (Harris et al., 2002; Hokanson
et al., 1998; Luby et al., 2001). In his book ‘The Story of the Apple’ from 2006,
B.E. Juniper refers to both the domestic apple and the wild Central Asian apple as
Malus pumila. The USDA has also adopted this convention. However, Coart et al.
(2006) calls into question this hypothesis and declares Malus sieversii to be the cor-
rect denomination for the wild Central Asian apple, and Malus × domestica for the
domestic apple.

Way et al. (1990) stated that while the genus Malus is very diverse genetically,
cultivated varieties of apple have a rather narrow genetic base, the two cultivars
‘Delicious’ and ‘Golden Delicious’ being predominant. The word’s most important
commercially produced apple cultivars belong to the species Malus × domestica
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Borkh. Some other species also have significance in commercial apple production
and almost all scab resistant cultivars commercially available have M. × floribunda
Siebold ex Van Houte in their ancestry. Genes for disease resistance have also been
obtained from a wide spectrum of other Malus species such as M. micromalus
Makino, M. × atrosanguinea (Spaeth) C. Schneider, M. baccata jackii Rehder and
M. sargentii Rehder (Korban and Skirvin, 1984).

The history of apple is documented in many civilisations. Each country has
fostered its own range of cultivars adapted to its growing conditions and to the
requirements of their people. The discovery of ‘McIntosh’ (1796, USA), ‘Jonathan’
(1826, USA), ‘Rome Beauty’ (1848, USA), ‘Cox Orange’ (1850, UK), ‘Granny
Smith’ (1868, Australia), ‘Red Delicious’ (1880, USA) and ‘Golden Delicious’
(1890, USA) were of historic importance. Moreover, ‘Red Delicious’ and ‘Golden
Delicious’ are still among the most important apple cultivars worldwide.

2 Apple Production Worldwide

More than 50 million tons of apples are produced worldwide annually
(www.faostat.fao.org). Apples are adaptable to various climates, but best adapted
to the cool temperate zone from about 35–50◦ latitude. They have a more northern
range than many other tree fruits, due to relatively late blooming and cold hardiness.
World apple production has slightly increased in recent years and is supposed to fur-
ther increase (Table 1). However, experts estimate a significant increase in produc-
tion and consumption in the coming years, mainly in Asia. For North America and
Europe the production is predicted to remain stable (World Apple Report, 2006).
In China, the main varieties are ‘Fuji’ (60.4%, ‘Red Delicious’ (9.7%), ‘Golden
Delicious’ (6.2%), ‘Jonagold’ 3.0%, ‘Gala’ 2.8% and others 1.9%. (Youngbin,
2006). The primary destination markets for China are Southeast Asia and Russia. As
the emerging economies surrounding China and economic developments in China
itself contribute to a considerable increase of apple consumption in Asia, it is not
likely that large quantities of apples from China will be exported to Europe or North
America in the near future.

According to the World Apple Report (Desmond O. Rourke) China is the major
apple supplier to Asia and much of the growth in the apple trade in Asia is from
imports from China. Fresh apples imported from China into Asian countries in 2005

Table 1 Trends in world apple production (× 1.000 tons)

Area 2000 2005 2010∗ 2015∗

Europe 14.104 12.394 13.739 14.245
North America 5.671 5.187 5.487 5.521
Asia 23.638 28.383 29.788 32.718
Southern Hemisphere 4.301 4.978 5.795 6.330
World 59.199 63.489 68.441 72.820

Source: World Apple Report, 2006.
∗ forecast.
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showed that China supplied 68.2% of all apples in SE Asia and 54.1% in South
Asia. Apple imports from China for selected countries included India (19.8%),
Hong Kong (30.3%), Bangladesh (44.6%), Singapore (56.9%), Malaysia (59.6%),
Thailand (63%), Indonesia (69.2%) and the Philippines (92.9%).

3 Breeding

The first controlled apple crosses are attributed to Thomas A. Knight in 1806.
According to Alston and Spiegel-Roy (1985), for most tree fruit crops the selec-
tion of superior phenotypes and their subsequent random mating, followed by mass
selection, is the most effective means of increasing the number of favorable alleles,
because there is a relatively high additive variance governing the inheritance of most
traits. Fruit breeders usually select superior genotypes in the F1 progenies. Modern
breeding goals in apple are determined by market and consumer requirements. The
markets are becoming more and more global, leading to the worldwide cultivation
of apples such as ‘Golden Delicious’, ‘Delicious’, ‘Gala’, ‘Fuji’ and ‘Braeburn’ in
addition to cultivars that are locally produced and desired by consumers. As part
of sustainable cultivation systems, cultivars also need to satisfy economical and
ecological demands. Towards addressing ecological concerns, there is an intensive
effort to develop disease resistant, high quality cultivars. In many apple production
areas of the world the major fungal diseases are apple scab (Venturia inaequalis)
and powdery mildew (Podosphaera leucotricha). The bacterial disease fire blight
(Erwina amylovora) is a considerable threat to apple production and is difficult to
control. Disease resistant varieties allow a significant reduction of orchard pesticide
inputs in temperate climates, where a greater number of treatments are typically
needed in comparison to other crops. The production of apples in adapted and sus-
tainable systems could improve the image of apples as a healthy food and contribute
to increased food safety. However, none of the disease resistant cultivars has yet
achieved a breakthrough in the marketplace comparable to varieties such as ‘Golden
Delicious’ or ‘Gala’. However the success of disease resistant varieties at the point
of sale is not related to their disease resistance attributes, as the successful intro-
duction of a new cultivar is primarily determined by wholesalers and retailers who
perceive fruit quality as the principal consumer driver and design their marketing
strategy accordingly. A recent consumer test performed by Agroscope Changins-
Wädenswil, Switzerland, in a local supermarket revealed fruit quality criteria to be
more important to consumers than the attribute ‘from organic production’ (Table 2).
On the production side, disease resistant cultivars need to be durable with respect to
resistance attributes.

3.1 Breeding Strategies for Durable Disease Resistance

The challenge of breeding varieties durably resistant to disease can be approached in
different ways, including marker assisted selection. Gessler et al. (2006) performed
a comprehensive review on Venturia inaequalis resistance in apple, including the
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Table 2 Importance of different quality and production criteria to consumers in a survey in Switzer-
land, June 2004, 200 consumers, in percent

Firmness Crispness Flavor Organic production

Not important 10 6 5 57
Important 51 43 47 25
Very important 39 51 48 18

development of molecular markers for these resistances. The availability of molec-
ular markers and genetic linkage maps enables the detection and the analysis of
major resistance genes, as well as of quantitative trait loci (QTL) contributing to
the resistance of a genotype (Liebhard et al., 2003b). A promising route to reduc-
tion of the risk of resistance breakdown is the combination of several functionally
different resistances in a cultivar. Examples of molecular selection of genotypes
with such pyramided genetic resistance against scab (Venturia inaequalis) and pow-
dery mildew (Podosphaera leucotricha) are promising. Molecular markers are avail-
able nowadays that allow the detection of the major scab resistances Vf, Vr and
Vbj (Tartarini et al., 1999; Hemmat et al., 2002; Gygax et al., 2004) and the Pl1,
Pl2, Pld and Plw mildew resistances (Markussen et al., 1995; Seglias and Gessler,
1997; James and Evans, 2004). At Agroscope Changins-Wädenswil, progress has
been achieved in establishing a system for marker assisted selection (Frey et al.,
2004) whereby up to eight markers are analysed in a single multiplex reaction, sub-
stantially reducing costs. Systems have been established that allow a microsatellite
based screening on an automated fragment analyzer.

In the framework of the European DARE project (Durable Apple Resistance in
Europe), local European cultivars were examined as sources for durable scab resis-
tance in apple (Laurens et al., 2004). It is known that the Vf scab resistance widely
used in apple breeding programs can be overcome by specific races or strains of the
fungus (Parisi et al. 2002). During this research very diverse and complex resistance
behaviors were found: the cultivars which showed the widest range of resistances
were mostly local cultivars as well as some newly selected hybrids that combine
major genes for resistance with partial resistances.

To achieve a comparable level of resistance to that conferred by major genes, sev-
eral quantitative resistance loci would have to be combined. Liebhard et al. (2003a)
performed a QTL analysis based on a genetic linkage map that was constructed by
using a segregating population of the cross between the apple cultivars ‘Fiesta’ and
‘Discovery’. The progeny was observed for three years at three different sites in
Switzerland and field resistance against apple scab was assessed. The QTL analysis
revealed 8 genomic regions whereby six conferred resistance against leaf scab and
two resistance against fruit scab. However, the effectiveness of these QTLs has to
be confirmed at higher disease levels, and in other genetic backgrounds.

There is also scope for breeding fire blight resistant apple cultivars by exploit-
ing genetic variation in germplasm and by developing QTL markers. Fire blight,
caused by the bacterium Erwinia amylovora, is the most serious bacterial disease of
pipfruit. Forsline and Aldwinckle (2002) screened the USDA Apple Collection at
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Geneva N.Y., including apple germplasm from Asia and Europe, for natural occur-
rence of fire blight and found no major resistance genes to this disease. However,
QTLs for resistance to fire blight have been found in the cultivated apple Malus ×
domestica (cultivars ‘Fiesta’ and ‘Nova Easygro’; Khan et al., 2006, Khan et al.,
2007) as well as in wild Malus species (Malus robusta 5, Peil et al., 2007).

3.2 Pest Resistance

Evidence for a genetic basis of pest resistance in apple has been given for several
herbivore species, for example for the woolly apple aphid (Eriosoma lanigerum)
(Knight et al., 1962), and the brownheaded leafroller (Ctenopseustis obliquana)
(Wearing et al., 2003). An indication of the genetic regions associated with pest
resistance has been provided for Dysaphis devecta (Roche et al., 1997) and Eriosma
lanigerum (Bus et al., 2007).

3.3 Cisgenics in Fruit Trees

Introgression of desired traits from wild germplasm and specific donors into top
quality apple cultivars is a challenge that can be approached efficiently by the new
approach of cisgenesis (Schouten et al., 2006), whereby only the allele of interest is
inserted. Cisgenesis is defined as the genetic modification of a plant, inserting genes
of the same plant species or from other crossable relatives. A cisgenic plant does
not contain genes from outside the gene pool of the classical breeder.

3.4 Recurrent Breeding Strategies

The Horticulture and Food Research Institute of New Zealand Ltd (Plant and Food
Research) has established an Apple Genetics Population to maintain biodiversity for
cultivar development (Noiton and Alspach, 1996) and to provide genetic information
on important apple characteristics (Oraguzie et al., 2000, 2001). The population is
anticipated to provide novel fruit characteristics for application in a long-term breed-
ing strategy based on recurrent selection. Families were derived from open-pollinated
seed from a wide range of apple cultivars, as well as crab apples (Malus spp.), con-
tributed from repositories from different countries (Noiton et al., 1999). Adapted
recurrent selection strategies such as those applied in New Zealand can be consid-
ered amongst the most promising strategies to keep and increase genetic variability.

3.5 Genetics of Apple

The majority of apples are diploids (2n = 34). However, some triploids and
tetraploids exist. Genomics is now being used to gain a better understanding of
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the genetic control of, as well as the interactions among traits. Whole genome
sequences are being currently determined for Malus (see Chapter “Rosaceous
Genome Sequencing: Perspectives and Progress”).

Genetic linkage maps allow the identification of quantitative trait loci (QTL),
which can identify chromosomal regions controlling phenotypic traits (Collard
et al., 2005). Such a linkage map should be densely covered with molecular mark-
ers, in order to obtain the maximum probability of identifying a QTL (Liebhard
et al., 2003a). The saturation of linkage maps with molecular markers (AFLP,
RAPD, SSR, SCAR markers) has been considerably improved during recent years
(Liebhard et al., 2003a; Maliepaard et al., 1998; Silfverberg-Dilworth et al., 2006;
Celton et al., 2008; Fernández-Fernández et al., 2008).

3.6 Sources for Increased Genetic Diversity

Some years ago, efforts were made to enlarge the genetic basis in apple by collect-
ing material in the centers of origin. An expedition to Kazakhstan and Kyrgyzstan
by Forsline (1995) was successful and Malus collections included 65 accessions
(18,000 seeds) representing 3 species endemic to that area. Collection of cuttings
of elite materials was kept to a minimum due to restrictions in the USA quarantine
facilities. Some unique germplasm from areas that had not been previously explored
was collected. Seven ecosystems were explored in 12 expeditions. In the meantime,
this genetic material is being screened for a wide range of fruit and tree characters.
The Fruit Genebank at Dresden-Pillnitz (GER) collected about 7000 seeds from
55 accessions, as well as scions from 28 accession of Malus hupehensis, Malus
kansuensis, Malus prattii, Malus sieboldii, Malus transitoria and Malus toringoides
in 2001 during an expedition to 6 sites in the Chinese provinces Sichuan and
Chongqing (Geibel and Hohlfeld, 2003).

A national inventory of top and small fruit genetic resources in Switzerland com-
pleted in spring 2005 (Kellerhals and Egger, 2004) is the basis for a complete and
secure conservation of fruit genetic resources in Switzerland. In the course of the
inventory, a fundamental project of the national plan of action, information was col-
lected regarding the origin, abundance and frequency of accessions.

Inventorying, collecting, characterizing, evaluating and utilizing the fruit genetic
resources e.g. in a breeding program are of great public relevance. It enables reten-
tion and utilization of a heritage for future generations, broadening the genetic
basis in breeding programs and the meeting of consumers’ evolving demands for
healthy new and innovative products. The inventory of the national collection has
demonstrated the rich genetic fruit diversity in Switzerland. We have used classical
pomological knowledge to verify and determine varietal trueness-to-type. However,
many samples remained undetermined, probably being unnamed chance seedlings
or unknown varieties. It might be worth considering modern molecular techniques
to determine the correct varieties and to highlight synonyms and homonyms (King
et al., 1998).
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4 Genetic Resources

The United Nations Conference on Environment and Development was held in Rio
de Janeiro in 1992. A key agreement adopted was the Convention on Biological
Diversity (CBD). The convention has fostered international activities for the con-
servation and sustainable use of plant genetic resources for food and agriculture.
Three main goals are followed: the conservation of biological diversity, its sus-
tainable use, and the sharing of benefits from their use. The conservation of plant
genetic resources (PGR) has gained significantly in importance and is now accepted
as an essential responsibility of national governments (Engels, 2002) This situa-
tion is demonstrated by the impressive number of nations which have ratified the
CBD, endorsed the International Undertaking on Plant Genetic Resourcers, or both.
Bioversity is the world’s largest international research organization dedicated solely
to the conservation and use of agricultural biodiversity and is non-profit and inde-
pendently operated. In 2006, IPGRI (International Plant Genetic Resources Insti-
tute) and the International Network for the Improvement of Banana and Plantain
(INIBAP) became a single organization. IPGRI and INIBAP changed their name to
Bioversity International. The new name reflects an expanded vision of its role in the
area of biodiversity research for development, seeking to advance the conservation
and use of plant genetic diversity for the well-being of present and future genera-
tions. The European Cooperative Program for Plant Genetic Resources (ECPGR) is
a collaborative program including most European countries and is aimed at facilitat-
ing the long-term conservation and increased utilization of plant genetic resources
in Europe. It was founded in 1980 on the basis of the recommendations of the
United Nations Development Program (UNDP), the Food and Agriculture Organi-
zation of the United Nations (FAO) and the Genebank Committee of the European
Association for Research on Plant Breeding (EUCARPIA).The program is entirely
financed by the member countries and coordinated by IPGRI. The ECPGR Doc-
umentation and Information Network, with the creation of crop specific and multi
crop databases has contributed to making information available on ex situ conserved
germplasm. As a result of an EU-funded project and ECPGR support, the EURISCO
catalogue (http://eurisco.ecpgr.org/) provides on-line passport information on acces-
sions conserved in European collections. The ECPGR network on fruit comprises
working groups on Malus/Pyrus, Prunus and Vitis. Special central databases for
each species are established and currently a European Malus/Pyrus collection is
being established. As in many crops, the genetic diversity in fruit species has con-
siderably decreased in the last decades and a few fruit species and cultivars grown
worldwide have become predominant. ECPGR decided to establish an effective,
efficient and rational European conservation system, with an initial focus on existing
ex situ genebank collections in European countries. The goal is to create A European
Genebank Integrated System (AEGIS) for plant genetic resources for food and agri-
culture, aimed at conserving the genetically unique and important accessions for
Europe and making them available for breeding and research. Such material will be
safely conserved under conditions that ensure genetic integrity and viability in the
long term.
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The United States Department of Agriculture (USDA) Agricultural Research Ser-
vice (ARS) maintains a collection of apple germplasm in Geneva NY that includes
over 8500 accessions representing at least 50 species. Of these, some 2600 acces-
sions are clonally propagated cultivars, 3100 are seedlings mostly representing
species collections, 1600 are in the form of seed, and 1250 are wild by elite hybrids
that were generated specifically for genetic studies (Simon et al., 2008). The core
mission of this collection includes the acquisition, maintenance, characterization
and distribution of the diversity of Malus. The collection was primarily charac-
terized with 154 descriptors including pomological, pathological, anatomical and
physiological characteristics which are recorded in the Germplasm Resources Infor-
mation Network (GRIN: www.ars-grin.gov). A set of microsatellite markers was
recently included and the data are publically available.

4.1 Cryoconservation

The long-term storage of germplasm under cryogenic conditions is an efficient
approach (Towill et al., 2004). The USDA – ARS, Plant Genetic Resources Unit at
Geneva, NY (USA) has processed 1915 accessions of Malus representing 48 species
using a winter vegetative bud method for cryopreservation. Overall the method has
been successful with 91% of the lines tested having viability after cryo-exposure
of 40% or more. Genotypic differences in survival were observed and the success
varied from year to year. For M. × domestica 95% of the accessions tested have
been cryopreserved. For species other than M. × domestica, 83% met the criterion.
As an internal control, eight lines have been collected, cryopreserved and recovered
through grafting each year. While genomics and bioinformatics are essential tools
to understand and exploit variation of genes, genomes and genepools, cryopreser-
vation with its minimal requirements of space and maintenance continues to gain
importance as a means of long term physical storage of genetic materials (Forsline
et al., 2003).

Breeding strategies most often consider the most advanced selections and culti-
vars and thus lead to a narrowing of the genetic base. The introgression of traditional
varieties and accessions into the genepool is often feared due to undesirable charac-
teristics that might be incorporated. However, there is scope for considering a wider
genetic basis in apple breeding for sustainable fruit production. The directed use
of genetic resources in genetic apple improvement programs could address many
components of sustainable apple growing systems.

4.2 Nutritional Value and Health Issues

Regular consumption of fruits and vegetables in general are considered to decrease
the risk of chronic diseases such as cancer and cardiovascular diseases. Apples are
low in energy, but good sources of vitamins, minerals, pectin as well as secondary
plant metabolites. Based on epidemiological studies, it seems that apples may play
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a role in maintaining a healthy lifestyle in general. Apple consumption may be asso-
ciated with a reduced risk of cancer, heart disease and Type II diabetes as well as a
increased weight loss when compared to other fruits and vegetables (Boyer and Rui
2004). Pectin, as a soluble fibre has a positive impact on satiety and may attenuate
blood glucose and blood lipid levels when ingested in high amounts.

Apples contribute importantly to the flavanoid intake in humans. Thus they act
as major antioxidants that may scavenge and neutralize free radicals, which in turn
play a role in the onset of degenerative diseases (Biedrzycka and Amarowicz 2008).
However, their contents vary considerably with the variety, storage conditions and
other pre- and postharvest conditions. Stushnoff et al. (2003) examined juice and
fruit tissue from 321 Malus species, selections and cultivars from the USDA Plant
genetic Resources Unit at Geneva N.Y. A huge diversity in total phenolics and
antioxidant capacity was detected with the aim of supplying breeders with data on
antioxidant composition as a guide to parental selection. Information is being gath-
ered on phenols and flavonols to benefit postharvest physiology studies. Data on the
compositional diversity of apple germplasm is retained to aid medical epidemiolog-
ical and dietary intervention studies, as well as identify bioextracts for supplemental
application. Fruit were collected from the core collection at Geneva, NY, from wild
apples collected in Central Asia, and from apple trees in the University of Minnesota
germplasm collection.

Approximately 2% of the West-European population has an apple allergy. The
use of molecular markers for allergy research is new. Apple allergy is dominated by
IgE antibodies against Mal d 1 in areas where birch pollen is endemic. Apples with
significantly decreased levels of Mal d 1 would allow most patients in these areas to
eat apples without allergic reactions (Gilissen et al. 2005). Mal d 1 expression was
successfully reduced by RNA interference. This translated into significantly reduced
in vivo allergenicity. These observations support the feasibility of the production by
gene silencing of apples hypoallergenic for Mal d 1 (Gilissen et al. 2005).

5 Looking Forward

Apple’s unique cultivation history and genetic resources have led to the produc-
tion of outstanding cultivars through many breeding programs. Today’s present
day challenges will require implementation of these same resources in new and
clever ways. The increasing genomics tools in the species will accelerate genomics-
enabled breeding strategies, ensuring a continued supply of apples that contribute to
their sustained cultivation as well as human health and nutrition.
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5. Apple Structural Genomics

Schuyler S. Korban and Stefano Tartarini

1 Introduction

A primary focus of apple genetics is the elucidation of genes influencing diverse
phenotypes of economically important horticultural traits. Most of these phenotypes
are genetically complex; i.e., controlled by multiple genes occupying chromosomal
positions referred to as quantitative trait loci (QTL). Mapping of QTLs has become
a common first step toward understanding the molecular basis of complex genetic
traits, and it has provided the impetus for developing detailed genome maps. These
genome maps are built with the aid of various biochemical and molecular mark-
ers such as isozymes, restriction fragment length polymorphisms (RFLPs), random
amplified polymorphic DNAs (RAPDs), amplified fragment length polymorphisms
(AFLPs), and simple sequence repeats (SSRs), among others. Dominant markers,
such as RAPDs, can be used for map alignment if these markers are heterozygous
in both parents, but their transferability to other maps is limited. While, co-dominant
markers such as SSRs are also useful in map alignment, but they are also transfer-
able between mapping populations. More recently, single nucleotide polymorphisms
(SNPs) have taken hold as SNPs can occur in both coding (gene) and noncoding
regions of the genome. Those SNPs found within a coding sequence are of partic-
ular interest as they are more likely to alter the biological function of a protein.
SNPs are major contributors to genetic variation, comprising approximately 80% of
all know polymorphisms, and their density in plants is variable depending on the
species, while in the human genome it is estimated to be on average of 1 per 1000
base pairs. Although SNPs are mostly biallelic (less informative than short tandem
repeats), they are more frequent and mutationally stable, making them suitable for
association studies in which linkage disequilibrium (LD) between markers and an
unknown variant is used to map mutations in complex traits. SNP maps will help
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in identifying multiple genes associated with such complex traits influencing tree
architecture, fruit quality, and disease resistance. These associations are difficult
to establish with conventional gene-hunting methods because a single altered gene
may only be a small contributor to such a trait.

Expressed sequence tag (EST) sequence datasets are most suited to redun-
dancy based SNP discovery. The highly redundant nature of EST data sets permits
the selection of polymorphisms that occur multiple times within a set of aligned
sequences.

Nevertheless, various structural genomics tools have become available in recent
years that allow for sequence/structure analysis and data management. Genetic link-
age maps have contributed to the dissection of complex inherited traits, QTLs, and
for positional cloning of traits of economic importance. These linkage maps have
made inroads into the use of molecular markers in breeding. With the development
of new marker systems, this has allowed for the construction of genetic maps for
tree species, including apple. Comparative mapping based on the co-alignment of
common molecular markers among genetic linkage maps allows us to correlate link-
age information from different genetic maps and to validate the accuracy of locus
ordering from the different mapping strategies. With coalignment of genetic maps
form different experiments, it is possible to compare QTLs from different genetic
and environmental backgrounds. Comparative mapping also allows for comparisons
of genomic structures within the genus, and thus, helps in studying chromosomal
evolution by detecting chromosome rearrangements.

With successful efforts in whole genome sequencing of such higher plants as
Arabidopsis, rice, and Populus, there has been an explosion in sequencing efforts
of other groups of higher plants including a recent effort in sequencing the apple
genome by Dr. Riccardo Velasco and his team in Italy.

Structural genomics has been extremely successful at increasing the scope of
our structural knowledge of protein families. Although this requires a large number
of processing steps to convert sequence information into a 3D protein structure, a
high percentage of proteins coded in genomes sequenced so far have unknown func-
tion and either minimal or undetectable sequence homology to proteins of known
structures (Service 2002). Thus, the majority of new protein structure determi-
nations would remain very labor-intensive using conventional methods. However,
high-throughput technological advances are now changing this facet of structural
biology. Chandonia and Brenner (2006) reported that the structure of a previ-
ously solved protein in a different conformation or with a different binding part-
ner could provide insight into its functional mechanisms. It was predicted that by
using standard sequence comparison techniques such as BLAST and PSI-BLAST, to
avoid targeting homologs of known structures, information on gene function can be
elucidated.

Instead of picking targets known to be biologically interesting, structural
genomics researchers can now scan genome databases for stretches of DNA encod-
ing genes of completely unknown function, hunt down their proteins, study the
results, and perhaps in the process discover entirely new realms of biology.
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2 Use of DNA Markers for Evaluating Genetic Diversity in Apple

2.1 Genotyping of Apple Cultivars

The first efforts to genotype apple cultivars relied on the use of isozyme systems.
Weedenand Lamb (1985) indicated that6-phosphogluconatedehydrogenase (6-PGD;
EC 1.1.1.44) and aspartate aminotransferase (AAT; EC 2.6.1.1), also known as glu-
tamate oxaloacetate transaminase (GOT) were useful in distinguishing among var-
ious apple cultivars. Soon after, Bournival and Korban (1987) reported that three
isozyme systems, including phosphoglucomutase (PGM; EC 5.4.2.2), GOT, and per-
oxidase (PER; EC 1.11.1.9), were useful in differentiating among a set of nine apple
cultivars. Early on, isozymes, such as (6-PGD), were also used to identify the con-
tributing 2n gamete parent of triploid apple cultivars (Chyi and Weeden 1984). A
detailed analysis of the inheritance patterns of seven isozyme systems, including
an endopeptidase (ENP; EC 3.4.9.9), acid phosphatase (AP; EC 3.1.3.2), isocitrate
dehydrogenase (Idh; EC 1.1.1.42), alcohol dehydrogenase (Adh; EC 1.1.1.1), phos-
phoglucoisomerase (PGI; EC 5.3.1.9), PGM, and esterase (EST; EC 3.1.1.11), in
pollen from apple genotypes and segregating progenies were used to investigate and
confirm the allopolyploid origin of the apple genome (Chevreau et al. 1985). Some
of these isozyme systems, including PER, EST, AP, and indoleacetic acid oxidase
(IAA-O; EC 1.2.3.7) were also found to be useful in distinguishing among eleven
apple rootstocks (Menendez et al. 1986). Although isozymes were deemed use-
ful in cultivar and rootstock identification as well as in establishing genetic rela-
tionships, they provided a limited set of robust and informative markers as they
were influenced by environmental conditions and variations in plant development.

Later, RFLPs were the first DNA-based marker system used to characterize and
identify apple cultivars, rootstocks, and seedlings (Nybom and Schall 1990; Watillon
et al. 1991). Ishikawa et al. (1992) used RFLPs to detect chloroplast and mitochondrial
DNA variations among 18 apple cultivars and three rootstocks. This was followed by
a PCR-based marker system whereby RAPDs allowed for differentiation of apple
cultivars using commercially available arbitrary primers (Koller et al. 1993; Mulcahy
et al. 1993). A group of 14 RAPD markers were found useful in distinguishing among
11 apple cultivars (based on presence or absence of bands) (Koller et al. 1993); while,
in another study by Mulcahy et al. (1993), two sets of decamer random primers were
capable of distinguishing among a group of eight cultivars. Interestingly, the latter set
of RAPD markers could not distinguish among individual sports of such cultivars as
‘Red Delicious’, ‘Gala’, and ‘Golden Delicious’, among others (Mulcahy et al. 1993).
Previously, Nybom and Schall (1990) reported that using a cultivar-specific RFLP
probe, M13 minisatellite DNA probe, was useful in fingerprinting different apple
cultivars, but it could not detect differences in fingerprints among 15 different sports
of ‘Red Delicious’ (Nybom 1990a). Later, another RFLP probe, a rDNA spacer region
probe from the crabapple ‘White Angel’ and designated pAR72, was found useful in
confirming paternity in offspring using the non-radioactive chemiluminescence to
detect hybridized DNA gel fragments (Nybom et al. 1992).
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Gianfranceschi et al. (1998) identified 16 reliable SSR markers, containing
(AG)/(CT) repeats, that can be used to distinguish among apple cultivars as they
amplified all alleles, with an average of 8.2 alleles per locus and an average het-
erozygosity index of 0.78. These SSRs were deemed highly polymorphic, and two
selected SSRs could distinguish all 19 cultivars as well as M. floribunda, except
for two mutant sports of ‘Starking’ and ‘Red Delicious’. Moreover, for two triploid
cultivars included in this study, ‘Boskoop’ and ‘Jonagold’, it was possible to detect
three alleles in nine and ten cases, respectively. Using eight SSRs, Hokanson et al.
(1998) were able to clearly distinguish among 66 apple cultivars, but for seven pairs
of genotypes. High levels of variation were detected with a mean of 12.1 alleles per
locus and a mean heterozygosity of 0.693 across all eight loci.

Since then, over 250 SSRs have been identified (Liebhard et al. 2002;
Silfverberg-Dilworth et al. 2006) along with over 140 expressed sequence tag
(EST)-SSRs (Naik et al. 2006; Silfverberg-Dilworth et al. 2006). It was reported
that markers derived from sequences containing dinucleotide repeats were gener-
ally more polymorphic than sequences containing trinucleotide repeats (Silfverberg-
Dilworth et al. 2006).

From the above findings, it is clear that differentiation among sports or strains of
cultivars such as those of ‘Golden Delicious’, ‘Red Delicious’, ‘Gala’, and ‘Fuji’, is
very difficult with standard molecular techniques (RFLP, RAPD, SSR, and AFLP).
However, a recent technique, S-SAP, seems to be promising for intra-cultivar differ-
entiation (Venturi et al. 2006).

2.2 Evaluating Genetic Diversity in Malus Species

A collection of 23 ornamental apple trees of unknown origin, likely derived from
various species hybridizations and possibly with M. floribunda and M. sikkimensis,
among others, were subjected to fingerprinting using the minisatellite M13 repeat
RFLP probe (Nybom 1990b). When DNA from these individuals and their seedling
offspring were restricted with different restriction enzymes and run on agarose
gels, their banding patterns suggested presence of 8–10 morphotypes in this col-
lection, while each seedling exhibited a unique banding pattern. Genetic diversity
in this material appeared to be associated with known levels of genetic relatedness,
and paternity could be estimated in some of the derived open-pollinated seedlings
(Nybom 1990b).

Harada et al. (1993) used an 18-mer arbitrary primer P-T, 5’-CACTTAGAA
CAGCGGTAC-3’, to distinguish and confirm the identity of several Malus species,
including M. hupehensis, M. sargentii, M. baccata, M. asiatica, and M. sheideckeri
as well as various crabapples, among others. It is interesting to note that based on
the banding patterns of these various species, they were able to correct the identity
of one of the plant introductions received from the U.S.

Using decamer random oligonucleotide primers, from Operon Technologies, Inc.
(Alameda, Calif.), combined with bulk segregant analysis, a single RAPD marker,
OPA15/900, was found useful in identifying chromosomal regions introgressed
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from a wild Malus species, M. floribunda clone 821, into the cultivated apple
(Durham and Korban 1994). Other RAPD markers were identified that were also
useful in detecting chromosomal regions introgressed from M. floribunda 821 and
were linked to the Vf locus for resistance to the fungal disease apple scab that was
derived from this species (Gardiner et al. 1996a, b) and these will be discussed fur-
ther in a later section.

2.3 Proposal of a Common Set of SSR Markers for Genetic
Diversity Studies

Large collections of apple germplasm are available at various locations around the
world (USA, Canada, UK, France, Germany, Italy, Japan, and in many other coun-
tries). However, there is limited molecular knowledge available on the genetic diver-
sity of these germplasm resources. It is anticipated that the richness of this diversity,
in terms of useful genes, is invaluable and yet to be understood.

As mentioned above, most fingerprinting studies have been conducted using dif-
ferent molecular marker systems, primarily to demonstrate their feasibility in dis-
tinguishing among different apple cultivars. This has proven rather straightforward,
and a few markers are commonly needed to distinguish among various apple geno-
types.

Although genetic diversity studies in apple can be efficiently performed by using
different types of markers, SSRs are probably still preferable even if AFLPs are
known to be more efficient for these sorts of studies. The choice of using SSRs is
mainly attributed to the observed high reproducibility among different laboratories
even when different detection techniques (radioactivity, silver staining, or fluores-
cence) are employed. Moreover, SSRs are preferably selected for their wide trans-
ferability not only for within species, but also among related species (such as apple
and pear) as well.

Screening of these large germplasm collections will have a great impact on coor-
dination and optimization efforts of germplasm conservation and in overcoming
problems of mislabelling of plant material among the different sites, and thereby
creating a worldwide fingerprinting database. To this end, it is critical to ask how
many SSRs are necessary for properly fingerprinting large apple collections? How-
ever, the answer to this question is not very obvious for the following reasons. To
adequately characterize a large apple germplasm collection, both the genomic dis-
tribution and the degree of polymorphisms have to be considered along with the
fingerprinting costs incurred. Regarding the issue of genome distribution, it is best
to select SSRs that are well-distributed within the genome along with the provi-
sion of including 1–2 SSRs per linkage group, possibly those mapping along the
two extreme ends of the linkage group. This, of course, will result in a large num-
ber of SSRs, 17–34, thus adding to the cost of the fingerprinting analysis. Those
highly polymorphic SSRs, known to be multi-locus SSRs, can be very useful in
reducing the amount of work needed and thereby lowering cost, as different alleles
would usually map on homeologous chromosomes (e.g., chromosomes 4–12 and
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Table 1 A recommended list of 17 highly polymorphic SSRs, spanning the apple genome, for apple
germplasm characterization

SSR Linkage group SSR Linkage group

Hi02c07 1 CH02c11 10
CH02c06 2 CH02d08 11
G12 3 CH01f02 12
NZ05g08 4 GD147 13
CH5f06 5 CH04c07 14
CH03d07 6 CH02c09 15
CH04e05 7 CH04f10 16
CH01h10 8 CH01h01 17
CHCH01f03b 9

5–10) (Silfverberg-Dilworth et al. 2006). A listing of 17 SSRs spanning the apple
genome have been identified and tested on a set of standard Malus accessions by the
ECPGR group (Evans et al. 2007). This list includes a single SSR for each linkage
group (Table 1).

Again, SSRs must be selected on the basis of the degree of polymorphisms and
the number of different alleles that can be efficiently recognized. To this end, there
are more than 70 SSRs that are capable of revealing at least 8 different alleles on a
set of eight to nine cultivars, as estimated based on the findings of Liebhard et al.
(2002) and Silfverberg-Dilworth et al. (2006). Of course, the high number of alleles
is not always the only driving factor for consideration as only clean and reproducible
amplification would make it possible for easy identification of the different alleles
present in a wide germplasm collection.

To date, there are only a few examples of wide germplasm fingerprinting efforts
underway. A collection of 142 accessions from 23 Malus species from the USDA-
ARS Plant Genetic Resources Unit’s core collection was screened with eight SSR
markers. A high level of variation was detected with a mean of 26.4 alleles per locus
(Hokanson et al. 2001). Recently, in the framework of an EU project (HiDRAS
2003–2007), about 350 different apple cultivars have been fingerprinted with about
80 SSRs well-distributed within the genome; however, the results are not yet pub-
lished (Silfverberg-Dilworth et al. 2006). This set of SSRs could serve as a basis
for establishing a common protocol for germplasm analysis, particularly as coor-
dination of efforts and exchange of information among all researchers in the field
become more commonplace.

2.4 Usefulness of Apple SSRs in Other Species

Dirlewanger et al. (2002) reported that SSRs have a good rate of transferability
among closely related Rosaceae species, but this was mainly observed in the genus
Prunus. Yamamoto et al. (2001) utilized nine apple SSRs, including 02b1, 05g8,
28f4 (Guilford et al. 1997), CH01B12, CH01E12, CH01F02, CH01H01, CH01H10,
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CH02B12 (Gianfranceschi et al. 1998), to characterize 36 pear accessions, includ-
ing 19 Japanese pears (Pyrus pyrifolia), seven Chinese pears (P. bretschneideri,
P. ussuriensis), five European pears (P. communis), three wild relatives
(P. calleryana), and two hybrids between P. pyrifolia and P. communis. All tested
apple SSR primers produced discrete amplified fragments in all pear accessions.
Nucleotide repeats were detected in amplified bands by both Southern blotting and
sequencing analysis, and nucleotide sequences of pear were compared with those
of apple. Differences in fragment sizes among pear or between pear and apple were
primarily attributed to differences in repeat numbers. Moreover, the DNA sequence
of flanking regions in apple was highly conserved in pear. Hybrids of P. pyrifo-
lia × P. communis showed a single fragment was inherited from each parent in all
scorable cases, which suggested that each primer pair amplified fragments originat-
ing from the same locus. More than 70% of apple SSRs (among 112) were found
to be polymorphic in two different European pear progenies confirming the very
high SSR transferability between apple and European pear (Pierantoni et al. 2004).
Moreover, apple SSRs were also mapped on genetic linkage maps of pear, and it
was reported that both their positions and linkages were conserved between apple
and pear (Yamamoto et al. 2002; Pierantoni et al. 2004).

Liebhard et al. (2002) indicated that of 15 apple SSRs tested, they all could
amplify fragments in various other genera in the subfamily Maloideae, including
Amelanchier, Cotoneaster, Cydonia, Pyrus, among others, but only a single SSR,
amplified bands in the subfamily Amygolaideae. Yamamoto et al. (2004) also used
78 apple SSRs to characterize genetic diversity in quince (Cydonia oblonga) and
pear cultivars, and reported that 57 and 65 apple SSRs could amplify bands in quince
and pear, respectively. Silfverberg-Dilworth et al. (2006) were able to determine the
location of previously published SSRs of apple (GD 147), pear (HGA8b, KA4b,
NB102a, NH009b, NH029a, and NH033b), and Sorbus torminalis (MSS6), whose
position on the apple genome was unknown. They also indicated that the frequency
of transferability of SSRs across Maloideae species was ∼41%.

Due to the large public apple EST database, efforts are now underway to utilize
EST-SSRs in various other Rosaceae species. This will help in identifying homol-
ogous loci in different species by comparing positions of homologous markers in
linkage maps of different species, and should prove a highly valuable resource.

3 Linkage and Physical Maps

Apple is a highly heterozygous species that is characterized by a long juvenile
period. Therefore, it is well know that breeding efforts can greatly benefit from the
development of linkage maps based on molecular markers that will help in speeding
up the selection process.

Early genetic maps were mainly based on either RAPDs or RFLPs (Hemmat
et al. 1994; Conner et al. 1998; Maliepaard et al. 1998). The usefulness of these
maps was rather limited due to difficulties in cross-transferability and/or technical
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complexities of these types of markers. In fact, one of the main problems in molec-
ular breeding efforts is that the number of segregating traits that can be efficiently
analyzed in a progeny is limited, thus making it necessary to develop new maps in
different progenies segregating for various traits of interest.

SSRs are the markers of choice to build maps because of their reliability and
transferability. Therefore, an SSR-based map can serve as an ideal reference map as
it is possible to find information that can be easily transferred to different progenies,
thus speeding-up the development of new maps. The value of a reference map is
determined by the number of mapped SSRs, but more importantly is the distribution
of these markers along the chromosomes to guarantee good genome coverage. In
fact, by choosing only a few, e.g., 4–5, but well-distributed SSRs on a reference
map, it is possible to build the backbone map of a new progeny. The gaps in the
SSR backbone can be then readily filled by using other forms of markers, such as
AFLPs, thus promptly allowing one to determine map position of new traits in a
limited amount of time with minimal incurred costs.

As reported above, many SSRs have been developed in the last decade (Guilford
et al. 1997; Gianfranceschi et al. 1998; Hokanson et al. 1998; Liebhard et al. 2002;
Hemmat et al. 2003; Vinatzer et al. 2004; Silfverberg-Dilworth et al. 2006). More
than 400 SSRs are now available for mapping, and for most their position is known
within the apple genome.

The most extensive SSR work have been undertaken by Liebhard et al. (2002)
and Silfverberg-Dilworth et al. (2006), publishing a list of about 300 SSRs that
have been mostly used to build a reference map for the ‘Fiesta’ × ‘Discovery’
progeny. All this information has been made publicly available on a web site
(http://www.hidras.unimi.it/) that has been created in the framework of the HiDRAS
EU project (2002–2007). The web site includes all available SSR information
(sequences, primers, annealing temperatures, fragment sizes in a small set of cul-
tivars, map position, and amplification profiles) along with published maps. Whole
genome maps have been reported by Liebhard et al. (2002), Kenis and Keulemans
(2005), and Silfverberg-Dilworth et al. (2006). Partial genomic maps have also been
produced for a limited number of linkage groups in order to map specific traits
(Gygax et al. 2004; Gao et al. 2005a, b, c; Costa et al. 2005; Tian et al. 2005;
Boudichevskaia et al. 2006; Chagné et al. 2007).

Recently, twomapsforapplerootstocks‘M.9’and‘Robusta5’havebeendeveloped
using 224 SSRs, 18 SCARs, 14 SNPs, and 42 RAPDs (S. Gardiner, Pers. Comm.). In
addition a new set of 47 polymorphic SSRs was developed from apple EST sequences
containing di-, tri- and tetra-nucleotide repeats, and used for construction of this root-
stock maps. All 17 linkage groups have been identified and aligned to existing apple
genetic maps using markers in common, and each linkage group carries a minimum
of three markers. These maps span 1175.7 cM for ‘M.9’ and 1086.7 cM for ‘Robusta
5’, which is comparable with the latest apple cultivar genetic maps of Silfverberg-
Dilworth et al. (2006) as mentioned above (S. Gardiner, Pers. Comm.).

Molecular maps have also been used to map sequences putatively related to resis-
tance gene fragments known as resistance gene analogs or RGA (Baldi et al. 2004;
Van der Linden et al. 2004; Calenge et al. 2005a; Naik et al. 2006).
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Although information on molecular maps has increased exponentially in the last
decade thus making it easier to construct new maps, some problems remain and
must be resolved. While in some linkage groups, SSRs are very abundant and are
evenly distributed along a chromosome (at less than 20 cM), in others large gaps of
20–40 cM remain. A set of 86 SSRs covering ∼85% of the apple genome has been
presented by Silfverberg-Dilworth et al. (2006), but a total of 16 genomic regions
still lack good polymorphic SSRs markers.

Identifying new SSRs in specific genomic regions in order to fill in the gaps is
not easily achieved by employing standard random approaches that have been thus
far used to develop current SSRs (i.e., SSRs from enriched libraries) now that the
number of gaps has been reduced. Therefore, other and better suited strategies must
be identified. To this extent, screening of a BAC library screening with specific
markers (AFLPs, RFLPs, or RAPDs), known to map on SSR-deficient regions, will
increase the odds of finding new useful SSRs on the identified BAC clones. A PCR-
based protocol for extracting SSRs from BACs has been already developed and
tested in apple (Vinatzer et al. 2004). More hints for the development of new SSRs
in specific genomic regions will probably become available in a couple of years
once the whole sequencing of the apple genome is completed.

3.1 BAC Libraries

There are a handful of apple BAC libraries that have been constructed in the past few
years. Early on, Vinatzer et al. (1998) constructed a BAC library for cultivar Florina
in the BAC cloning vector pECBAC1 following partial digestion of high molecular
weight (HMW) apple DNA with EcoRI and EcoRI methylase. This library consisted
of 36,864 recombinant clones with an average insert size of ∼120 kb and represent-
ing ∼5× apple haploid-genome equivalents. Later, Xu et al. (2001) constructed a
BAC library from the wild species M. floribunda 821 in the BAC cloning vector pBe-
loBAC11 following partial digestion of HMW apple DNA fragments with BamHI.
The library consisted of 31,584 BAC clones with an average insert size of 125 kb,
representing approximately ∼5× M. floribunda haploid-genome equivalents. Yet
another BAC library was later constructed from the apple cultivar GoldRush, con-
sisting of 35,328 clones with an average insert size of ∼110 kb, using a similar
strategy (Xu et al. 2002). All the above BAC libraries have been used to isolate and
clone genes of interest, such as the Vf gene, controlling resistance to the fungal dis-
ease apple scab (Vinatzer et al. 2001; Xu and Korban 2002), Sbe genes coding for
starch branching enzymes (Han et al. 2007a, b), COMT genes coding for caffeic
acid O-methyltransferases (Han et al. 2007c), among others.

In an effort to develop a genome-wide physical map for the apple using BAC
fingerprinting, a second BAC library for ‘GoldRush’ was also constructed; however,
this time HMW apple DNA was restricted with HindIII instead of BamHI (Han et al.
2007d). The resulting library consisted of 46,791 clones, and was equivalent to ∼7×
haploid genome equivalents with an average insert size of 125 kb.
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Another BAC library was constructed from the apple rootstock Geneva 41 or
G.41, a cross of ‘Malling 27’ × ‘Robusta 5’. This library has a total of 41,472 clones
with an average insert size of ∼120 kb cloned into the pECBAC1 vector. The partial
digest enzyme was Mbo1 (G. Fazio, Pers. Comm.). Yet another BAC library from
‘Pinkie’ has also been constructed by Plant and Food Research in New Zealand. This
BAC library ∼7x genome coverage and consisting of 56,400 clones, containing an
average insert size of 110 kb. This library was constructed in pCLD04541 vector
with HMW partially digested with HindIII (E. Rikkerink, Pers. Comm.).

A cosmid library from ‘Pinkie’ was also constructed by Plant and Food Research
in SuperCos1 whereby apple DNA was partially digested with Sau3AI. This cosmid
library has a coverage of ∼7x of the apple genome with nearly 170,000 clones
containing an average insert size of 35 kb (E. Rikkerink, Pers. Comm.).

4 Genomic Location of Some Monogenic and Polygenic Traits

4.1 Scab Resistance

Major efforts have focused on identifying molecular markers linked to genes
controlling apple scab, incited by the fungal pathogen Venturia inaequalis. Sev-
eral major and polygenic genes controlling apple scab have been identified.
Among the major genes for apple scab, the Vf gene from the small-fruited
crab apple species M. floribunda 821 received the most attention as it was
heavily used in apple breeding programs all over the world. Initially, RAPD
markers were identified that are closely linked to the Vf gene. These included
OPD20/ 600, OPM18/900, OPU01/400, OPAL07/580, OPC08/1100, OPC09/900,
OPAM19/2200, OPK16/1300, OPAR4/1400, S5/2500, S29/1150, B505/1700,
B398/480, P198/750 (Yang and Krüger 1994; Koller et al. 1994; Tartarini 1996;
Gianfranceschi et al. 1996; Gardiner et al. 1996a; Yang et al. 1997a, b; Hemmat
et al. 1998). Later, 15 AFLP markers were found linked to this Vf locus (Xu and
Korban 2000). Some of these RAPD and AFLP markers were then converted into
sequence characterized amplified regions (SCARs) or cleaved amplified polymor-
phic sequences (CAPs) (Yang and Korban 1996; Tartarini 1996; Tartarini et al. 1999;
Gianfranceschi et al. 1996; Yang et al. 1997a, b; Xu et al. 2001). The Vf locus has
been further characterized and a cluster of four gene paralogs have been identified
within this locus using a map-based cloning strategy (Vinatzer et al. 2001; Xu and
Korban 2002). At first, one of the four paralogs, HcrVf2, has been determined to be
functional (Belfanti et al. 2004), and later this gene, also known as Vfa2, along with
another paralog, Vfa1, have been confirmed to confer resistance to scab in transgenic
apple lines (Malnoy et al. 2008).

Three RAPD markers, OPB08/710, OPK08/848, and OPZ13/869, linked to
another scab resistance locus Vbj introgressed from the species M. baccata jackii
were identified and converted into co-dominant SCARs (Gygax et al. 2004). By dis-
carding plants showing genotype-phenotype incongruence (GPI), a linkage map for
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Vbj was developed, and mapped between markers CH05e03 (SSR) and T6-SCAR,
at 0.6 cM from and 3.9 cM distances from these markers, respectively (Gygax et al.
2004). Without removal of GPI plants, Vbj was placed 15 cM from the closest mark-
ers. Using segregation data of alleles in coupling with the Vbj locus, all seven mark-
ers were linked to a single linkage group with a total length of 10.3 cM (Gygax et al.
2004).

Hemmat et al. (2002) used a SCAR marker developed from the RAPD marker
OB18/620 along with the SSR CH02B10 to map the Vr gene for scab resistance
from the Russian seedling R12740-7A; while, another SCAR marker from the
RAPD marker S22/1300 was used to map another gene, Vx, also from R12740-7A.

Recently, the Vr1 (Boudichevskaia et al. 2004) and Vr2 (Patocchi et al. 2004)
genes from different Russian apple accessions were mapped to the proximal end of
LG2 in apple. Bus et al. (2005) characterized hosts 2 and 4 derived from the Russian
apple R12740-7A in the PRI breeding program, and demonstrated that Vr-A and Vh2
were in fact the same gene. They also established genetic maps for regions around
the Vh2 and Vh4 genes, and positioned them on the apple genome using SCARs
of the RAPD markers OPL19 and OPB10, previously found to be closest to these
genes (Bus et al. 2000), as well as S22SCAR (Hemmat et al. 2002), Z13SCAR,
and four SSR markers including CH02b10, CH02c02a, CH05e03, and CH03d10
for LG2 (Liebhard et al. 2002).

Gardiner et al. (2003) mined candidate resistance genes from an apple EST
database on the basis of homology to genes from five resistance (R) gene classes
whereby these were screened as RFLP probes over Southern blots of DNA from
seedling populations segregating for five selected resistances to apple scab, pow-
dery mildew, and woolly apple aphid infection. These probes were converted to
PCR-based markers, including SCARs or single nucleotide polymorphisms (SNPs).

Hemmat et al. (2003) identified SCAR markers linked to other scab resistance
genes, including Vb from Hansen’s baccata #2 and Va from ‘Antonovka’ PI 172633.
They reported that B398/480 was the closest marker segregating with the resistance
response from descendants of ‘Antonovka’ PI 172633 and UBC220/700 was the
closest marker for resistance from ‘Hansen’s baccata #2. Va and Vb also shared
flanking markers with each other and also with Vf on linkage group 8 of ‘Rome
Beauty’ × ‘White Angel’. A molecular marker linked to Vm has also been identified
(Cheng et al. 1998) and its location on LG17 was determined by Patocchi et al.
(2005). Two other apple scab resistance genes, Vx and Vr2, and molecular markers
associated to them have also been identified (Hemmat et al. 2002; Patocchi et al.
2004).

Naik et al. (2006) utilized a total of 229 markers, including 46 apple EST-derived
STSs (E-STSs), 8 resistance gene analogs (RGAs), 85 SSRs from apple and peach,
and 88 RAPDs, and assigned them to 17 linkage groups covering 832 cM of the
apple genome based on 52 individuals originating from the cross ‘Antonovka deb-
nicka’ (Q12-4) × ‘Summerred’. Clusters of E-STS and RGA loci were located in
linkage groups previously identified to carry resistance genes, some of which confer
resistance to apple scab disease.
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Liebhard et al. (2003a) mapped quantitative trait loci (QTL) for scab resistance
in progeny of ‘Fiesta’ × ‘Discovery’ and found eight genomics regions, six confer-
ring resistance against leaf scab and two conferring fruit scab resistance. Although
cv. Discovery showed a much stronger resistance against scab in the field, most
identified QTLs were attributed to the more scab-susceptible parent ‘Fiesta’. This
indicated a high degree of homozygosity at scab resistance loci in ‘Discovery’.
Later, Durel et al. (2003) identified five QTLs for scab resistance in a ‘Prima’ ×
‘Fiesta’ progeny inoculated with V. inaequalis isolates 302 and EUD42 (race 6).
One of these QTLs was identified on LG1 with isolate 302 in ‘Prima’ around Vf,
while another QTL for resistance to both isolates EU-D42 and 302 was detected on
LG17 in ‘Fiesta’. Calenge et al. (2004) working with an F1 progeny derived from a
cross between the partially scab-resistant apple cv. Discovery and the apple hybrid
‘TN10-8’, inoculated in the greenhouse with eight V. inaequalis isolates, found a
single major resistance gene, Vg, along with seven QTLs for resistance to these
isolates. Three QTLs on LG12, LG13, and LG15 were isolate-specific; while, a sin-
gle QTL on LG5 was detected with two isolates. In addition, three QTLs on LG1,
LG2, and LG17 were identified with most tested isolates, but not with every isolate.
A single QTL on LG2 displayed alleles conferring different specificities, and it co-
localized with the major scab resistance genes Vr and Vh8; whereas, the QTL on
LG1 co-localized with Vf. These results further confirmed the involvement of these
genomic regions on LG1 and LG17 in partial resistance to scab. Resistance to scab
in apple was also recently reviewed by Gessler et al. (2006).

4.2 Other Diseases and Pest Resistance

4.2.1 Powdery Mildew

It is one of the most important apple diseases which attacks foliage and young
shoots with marked effects on the quantity and quality of the fruit produced. The
intensity of mildew attacks caused by the fungus Podosphaera leucotricha varies
accordingly to climate conditions, but the disease is widespread wherever apples
are grown. Some apple cultivars possess a high degree of field resistance, such as
‘Delicious’ and ‘McIntosh’, but most commercial cultivars are susceptible to this
disease. Monogenic mildew immunity was reported only in some wild apple species
or in interspecific hybrids of unknown origin (reviewed by Alston et al. 2000).

At least six major genes for resistance to mildew have been identified in apple
germplasm. Pl-1 from M. robusta, Pl-2 from M. zumi (Knight and Alston 1968),
Pl-w from White Angel (Gallot et al. 1985), Pl-d from the D12 accession (Visser
and Verhaegh 1976), Pl-8 from M. sargenti 843 (Korban and Dayton 1983) and
Pl-m from the Mildew Immune Seedling or MIS (Dayton 1977). Breeders have
concentrated mostly on using the resistance from M. robusta and M. zumi (Knight
and Alston 1968) in spite of the fact that the levels of resistance conferred by Pl-w
and Pl-d have been shown to be higher than those of Pl-1 and Pl-2 (Alston 1983).
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Overall, the evaluation of powdery mildew resistance by using natural inocula is
highly influenced by environmental conditions as well as plant age (seedlings vs.
adult plants) making selection of resistant seedlings very difficult. This is also com-
plicated by the existence of different physiological races of P. leucotricha that have
been identified by pathogenicity tests with different fungal isolates (Lesemann et al.
2004; Urbanietz and Dunemann 2005; Dunemann et al. 2007). Finally, the break-
down of different resistance genes by some fungal isolates has been demonstrated as
well (Korban and Dayton 1983; Lespinasse 1983, 1989; Caffier and Laurens 2005).

A lot of work has been done in recent years to characterize the different sources of
mildew resistance at the molecular level, and several markers linked to the different
mildew resistance genes have been identified (Table 2). Because of the complex-
ity of the subject the information will be presented separately for each resistance
source.

4.2.2 Pl-1 Gene from M. robusta

The Pl-1 resistance gene determines a necrotic reaction that is typical of this
source of resistance (Alston 1983). Most of the molecular work on Pl-1 has
been conducted at the Federal Centre for Breeding Research on Cultivated Plants
(Dresden, Germany) using the 78/18-4 accession (‘A142/5’ × ‘Gloster’) as source
of mildew resistance. The pedigree of this selection includes the apple genotype
3762 (MAL59-1; Malus robusta 5 o.p.) as reported by Markussen et al. (1995).
Two different progenies have been used for phenothypic and molecular analy-
ses, progenies 93/9 (64 plants) and 99/2 (about 400 individuals). Different types
of linked markers have been identified (Markussen et al. 1995; Dunemann et al.
2004, 2007), but surprisingly the marker-assisted selection (MAS) of Pl-1 mildew-
resistant seedlings was achieved by using one of these markers, SCAR AT20-450.
Earlier, this marker has been reported to be incompletely successful in MAS in
Switzerland and New Zealand (Kellerhals et al. 2000a; Dunemann et al. 2004) as
the proportion of susceptible plants carrying the marker allele in coupling with Pl-
1 has been higher than expected. A possible explanation for these discrepancies
could reside in the origin of the source of resistance as different siblings of the
progeny A142 have been used in different programs (A142-5 in Germany, A142-
23 in Switzerland, and A142/8 in New Zealand). Also, a two-gene-model of Pl-1
inheritance has been postulated to explain this discrepancy due to the fact that the
two selections A142-8 and A142/23 are heterozygous for a second precursor gene,
Cc, linked to Pl-1; while, A142-5 is homozygous (Dunemann et al. 2004).

Although the variability observed for different mildew resistance scores in green-
house and field evaluations due to environmental conditions in different years, the
position of the Pl-1 gene at one end of LG12 is not in question. The Pl-1 gene has
been mapped on LG12 close to the Hi07f01 SSR and close to an NBS-LRR candi-
date resistance gene (Dunemann et al. 2007). Furthermore, this part on chromosome
12 seems to be very interesting as a cluster of mildew and scab resistance genes have
been identified in this genomic region.
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Another mildew resistance source, probably related to M. robusta, is ‘Novosi-
birski Sweet’ OP. This accession also carries the SCAR AT20-450 marker, and its
analysis in a segregating progeny (of about 200 seedlings) correlates well with the
resistance phenotype. It has not yet been determined if this mildew resistance gene
is either new, identical, or allelic to Pl-1 (Dunemann et al. 2004).

4.2.3 Pl-2 Gene from M. zumi

The presence of a monogenic resistance in M. zumi was first postulated by Knight
and Alston (1968). This early hypothesis was later modified as the segregation for
resistance could be better explained by the action of two complementary genes
(Alston 1977). The resistance gene was derived from the apple genotype MAL58-1.
While searching for markers linked to Pl-2 gene derived from the A679-2 source,
Seglias and Gessler (1997) observed a rather continuous distribution of resis-
tance/susceptibility. Therefore, they postulated a polygenic inheritance, and found
two main QTLs, one of which on the same chromosome carrying the Vf gene and
probably derived from M. floribunda 821 (the A679-2 parent also carried the Vf
gene). The second QTL, identified by the N18-1000 marker, was on LG6, LG11
after Maliepaard et al. (1998) as cited in Dunemann et al. (2007), of A679/2. This
probably included the ‘true’ Pl-2 gene derived from M. zumi.

The N18SCAR was also found to be linked to the Pl-2 gene by Dunemann et al.
(1999), Kellerhals et al. (2000b), and Gardiner et al. (2003). Using probes for can-
didate resistance genes, a series of RFLPs were found to be linked to the Pl-2 gene
(Gardiner et al. 2003).

4.2.4 Pl-w Gene from White Angel

The ornamental crabapple cv. White Angel is related to both M. sargenti and
M. sieboldii, and appears to carry a monogenic source of mildew resistance (Gallot
et al. 1985). ‘White Angel’ has been shown to provide a higher level of resistance
than either Pl-1 or Pl-2 (Alston 1983), but the breakdown of mildew resistance from
‘White Angel’ has already reported (Korban and Dayton 1983).

The first marker linked to Pl-w was the isozyme leucine aminopeptidase
(LAP-2). The observed segregation for mildew resistance in three different crosses
was explained on the basis of complementary gene action, and both genes, Pl-w and
Rw, were reported to be heterozygous in ‘White Angel’ (Manganaris 1989; Batlle
and Alston 1996). The Plw gene was also found to be linked with the isozymes Acp-
3 and Aat-p (Hemmat et al. 1994), but because of the linkage with the Lap-2 gene,
Plw was believed to map onto LG8 (Maliepaard et al. 1998).

Recently, two SCARs developed from AFLP bands, EM M01 and EM M02,
and two SSRs, CH01e12 and CH05a02y, were found to be linked to the Plw gene.
The linkage with the two SSRs was not very tight (10–13 cM) but enough to con-
firm that the Plw gene was indeed on LG8 (Evans and James 2003). The maximum
mildew score correlated well with the presence and absence of EM M01 and EM
M02 markers. These markers were not completely specific for ‘White Angel’ as a
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band of the same size was amplified in some M. zumi derivatives carrying the Pl-2
gene (A143-12 and A143-24). However, no amplification was observed on A679-2
(Pl-2), Pl-1, and Pl-d sources (Evans and James 2003).

4.2.5 Pl-d Gene from D12

The Pl-d is a mildew resistance gene from a seedling (D12) of the ‘D series’ derived
from wild apples from South Tyrol (Visser and Verhaegh, 1976). Different types of
markers (RAPDs, AFLPs, and SSRs) linked to the Pl-d gene have been identified
(James et al. 2004). The RAPD marker OPA01 and the AFLP marker ETA-CTC are
the closest to the gene, at distances of 4 and 5 cM, respectively. A SCAR marker, EM
DM01, designed from a polymorphic AFLP band, has been mapped at a distance of
about 9 cM from Pl-d. This 90 bp SCAR band is specific for the D12 source of
resistance, while no amplification has been obtained from other resistance sources,
including ‘White Angel’, ‘MIS’, some susceptible genotypes, some M. robusta, and
M. zumi derivatives. Therefore, this marker is well suited for use in MAS. The link-
age of Pl-d with the two SSRs CH03c02 and CH01d03 made it possible to assign
this gene to LG12 at a position similar to that of the Pl-1 gene (James et al. 2004),
thus confirming the presence of a cluster of scab and mildew resistance genes in this
chromosomal region.

4.2.6 Pl-m Gene from the Mildew Immune Seedling (MIS)

The Mildew Immune Seedling (MIS), carrying the Pl-m gene, is derived from open-
pollinated ‘Starking Delicious’ (Dayton 1977). Using various markers previously
identified for Pl-2 made it also possible to develop a map of the genomic region
controlling the Pl-m mildew resistance (Gardiner et al. 2003). The marker order and
distances on LG11 are very similar except for a small inversion between NBS 4
PCR and OPU02SCARa, thus suggesting a possible extensive colinearity between
these two sources of resistance. However, because of different sizes of the amplifi-
cation products of OPU02SCAR (1700 for Pl-2 and 2000 bp for Pl-m) a syntenic
relationship seems to be more likely rather then identity (Gardiner et al. 2003). The
N18SCAR and OPU02SCAR markers have also been amplified also in the mildew
resistant rootstock Aotea 1 derived from M. sieboldii, but the amplified fragment is
2100 bp in size.

4.2.7 Other Mildew Resistance Sources

The clone U211 derived from an open-pollinated ‘Primula’ was selected in Poland
because of its high level of mildew resistance that was also transmitted to its progeny
(Stankiewicz et al. 2001). A preliminary analysis has made it possible to identify
different QTLs, and one of these QTLs is on LG12 at a position where both Pl-d
and Pl-1 have been mapped (Stankiewicz et al. 2005). The RAPD marker OPAT20
and the two SCARs N18 and U02 do not amplify on U211. Therefore, the resistance
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of this clone is not attributed to the presence of either Pl-1 from M. robusta nor the
Pl-2 from M. zumi.

A total of seven QTLs have been detected over five seasons in a cross between
‘Discovery’ × TN10-8, but two of these QTLs on LG2 and LG13 were consistently
identified and were accounted together from 29 to 37% of the observed phenotypic
variation, depending on the year of assessment. The other QTLs were identified
during either one (LG1 and 14), two (LG10), or three (LG8 and 17) years (Calenge
and Durel 2006). The strongest QTL effects were identified on LG groups 2, 13,
and 8.

A QTL for polygenic field resistance to mildew in LG2 of ‘Prima’ × ‘Fiesta’
cross was also reported by Dunemann et al. (2000).

4.2.8 Fire Blight

This serious disease of both apples and pears is caused by the bacterium Erwinia
amylovora. This bacterium, once confined to the United States, is spreading to most
of the apple cultivation regions around the world. Immunity to fire blight disease
has been reported for some Malus species (M. robusta 5 and M. fusca H-12), but
there are also some cultivars (‘Splendor’, ‘Delicious’, and ‘Winesap’) as well as
scab-resistant selections (‘Prima’, ‘Priscilla’, ‘Enterprise’, and ‘Liberty’) that are
highly resistant to E. amylovora (Janick et al. 1996). Monogenic resistance to fire
blight has not been identified in apple, and most of the molecular analysis has been
conducted using a QTL approach on progenies derived from commercial cultivars.

Several QTLs were detected in two progenies sharing one common parent,
‘Fiesta’, that was crossed with each of ‘Prima’ and ‘Discovery’. The three parental
cultivars displayed different levels of fireblight resistance. ‘Fiesta’ and ‘Prima’
exhibited intermediate phenotypes, with ‘Prima’ being slightly more susceptible
than ‘Fiesta’; while, ‘Discovery’ was deemed as susceptible. In general, the aver-
age resistance scores of the two progenies were generally intermediate to the scores
of their respective parents; however, transgressive segregation was also observed
(Calenge et al. 2005b). In the ‘Prima’ × ‘Fiesta’ progeny, two additive QTLs were
detected on LG7 and LG3. In the ‘Fiesta’ × ‘Discovery’, four additive QTLs were
detected, two in ‘Fiesta’ (LG3 and LG7) and two in ‘Discovery’ (LG12 and LG13).
The QTL associated with the strongest effects in both progenies, explaining about
40% of the phenotypic variation, was on LG7, and was derived from ‘Fiesta’. In
both progenies, the QTL peak on LG7 was close to the RAPD marker GE80-19-
0550; while, the QTLs on LG3 of ‘Prima’ and ‘Fiesta’ were detected in different
genetic positions (at about 40 cM distance).

The strong QTL on the same region of LG7 from ‘Fiesta’ was also detected in
another progeny of ‘Fiesta’ × ‘Discovery’ (Khan et al. 2006). The phenotypic vari-
ation explained by the QTL on L7 was about 37–38% for the different scoring dates,
13–20 and 27 days following inoculation, and for the area under disease progress
curve. The QTL peak was close to the AFLP marker E37M40-0400, and this marker
was positioned between the two SSR markers CH04e05 and Hi05b09 (Silfverberg-
Dilworth et al. 2006). The QTL on LG7 of ‘Fiesta’ could be considered a stable
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QTL as it was detected in different genetic backgrounds, and following inoculations
with two different strains of E. amylovora (Khan et al. 2006 and 2007); while, no
other QTLs have been found in other genomic regions. Two RAPD markers brack-
eting the QTL have been transformed into SCAR markers, and an SSR marker spe-
cific for the region was developed. This stability and the availability of reproducible
markers bracketing the QTL make this locus promising for use in MAS (Khan et al.
2007).

Recently, a fire blight resistance gene from M. robusta 5 was also identified on
LG3. As the distribution of the symptoms in the progeny of ‘Idared’ × M. robusta
5 was continuous, a quantitative inheritance was postulated. However, this finding
must be considered in light of a lack of identification of other QTLs and with pre-
vious evidence suggesting the presence of a dominant resistance gene in M. robusta
5 (Gardener et al. 1980). The QTL analysis made it possible to map the fire blight
resistance gene close to the SSR CH03g07 and CH03e03 (Peil et al. 2007). Due to
availability of common SSRs, the QTL on LG3 from M. robusta was located in the
same genomic region of the QTL from ‘Fiesta’ as reported by Calenge et al. (2005b).
The percentage of phenotypic variation explained by this QTL was very high (80%),
and therefore a major gene was likely to be involved in the resistance response. The
co-localization and the high proportion of phenotypic variation explained by the
QTL suggested that different alleles conferring different levels of resistance must
be present in this region of LG3 (Peil et al. 2007).

The modulation of defense responses in two Malus genotypes with contrasting
susceptibility to fire blight was also demonstrated; i.e., delayed induction of several
genes of the phenylpropanoid metabolism in tissues of the susceptible genotype
(Venisse et al. 2002).

4.2.9 Aphids

Monogenic resistances to rosy apple aphid (Dysaphis plantaginea), rosy leaf-curling
aphid (Dysaphis devecta) and woolly apple aphid (Eriosoma lanigerum) were found
either in cultivated or wild apples.

4.2.10 Dysaphis plantaginea

A single dominant gene (Smh) for D. plantaginea resistance was identified in an
open-pollinated selection of M. robusta (MAL59/9), but no molecular work has
been conducted so far on this resistance source. Some genetic studies have been
conducted on the scab-resistant cultivar ‘Florina’ that was also found to be resis-
tant (or tolerant) to D. plantaginea (Lespinasse et al. 1985). A genetic control based
on the action of at least two independent genes was postulated by the segregations
observed in two crosses of ‘Florina’ with two different susceptible parents, ‘Raxao’
and ‘Perico’. The tolerance to rosy apple aphid was also found to be independently
inherited from the Vf scab resistance carried by ‘Florina’ (Minarro and Dapena
2004). A preliminary approach to identifying complex transcriptional changes
occurring following D. plantaginea attack was conducted using a cDNA-AFLP
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approach. This allowed for the identification of 21 DNA fragments which were dif-
ferentially expressed in the resistant cultivar ‘Florina’ following aphid infestation
when compared to either the susceptible cultivar ‘Topaz’, mechanical wounding, or
non-infested leaves (Qubbaj et al. 2005).

4.2.11 Dysaphis devecta

Resistance to three biotypes of the rosy leaf curling aphid have been identified in
different apple cultivars (Alston and Briggs 1970). ‘Cox’s Orange Pippin’ carries
the Sd1 gene, and it is resistant to biotypes 1 and 2. ‘Northern Spy’ has Sd2, and it is
resistant to biotype 1; while, a selection from M. robusta carries the Sd3 gene which
confers resistance to all biotypes.

Molecular studies have been conducted mainly on the Sd1 gene derived from
‘Fiesta’ (‘Cox’s Orange Pippin’ × ‘Idared’). The resistance gene was initially
mapped on LG7 of ‘Fiesta’ and close to three RFLPs (Roche et al. 1997a). One
of these RFLPs, 2B12a, was transformed to an easy-to use PCR marker (Roche
et al. 1997b). A fine mapping of the Sd1 locus with an AFLP bulked segregant
analysis along with analysis of additional progenies (759 additional individuals)
was later done. Three new AFLP tightly linked to Sd1 were then identified, two of
which were found to carry a GA repeat that was used to develop an easy-to-use SSR
marker (SdSSR). The Sd1 gene was then located within a 1.3 cM interval flanked
by the SdSSR and the 2B12 RFLP. The RFLP MC064 was confirmed to co-localize
with the Sd1 gene (Cevik and King 2002a). A BAC contig of about 600 kb spanning
the Sd1 region was identified (Cevik and King 2002b).

4.2.12 Eriosoma lanigerum

The woolly apple aphid (WAA), Eriosoma lanigerum, is a major economic pest in
most apple growing areas, particularly for susceptible rootstocks as it is difficult to
prevent infestations in below-ground parts of trees. Roostock breeding efforts for
WAA resistance began in 1920s and 1930s by using ‘Northern Spy’ as source of
WAA resistance. The Malling-Merton (MM) series of rootstocks was specifically
bred for resistance to WAA (Crane et al. 1936). Other sources of WAA resistance
have been identified in the Malus germplasm (Knight et al. 1962; Cummings et al.
1981). At least three different major genes have been reported. The Er1 gene derived
from ‘Northern Spy’ and the Er2 gene from M. robusta, although there was some
confusion regarding this latter source of resistance. Therefore, because of its resis-
tance, M. robusta 5 has been proposed as the source of WAA resistance gene from
M. × robusta (Bus et al. 2007). A third gene for WAA resistance, Er3, was iden-
tified in M. sieboldii ‘Aotea 1. The ability of WAA to overcome the resistance of
these three resistance sources was also reported (Bus et al. 2007).

Recently, these three genes for WAA resistance have been mapped. The Er1 and
Er3 genes are located along the top of LG8 (Bus et al. 2007). As a result, a previ-
ous report suggesting a linkage between Er1 with the S self-incompatibility locus
(Knight et al. 1962) must be incorrect, and the observed segregation distortions of
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WAA resistance in some progenies must be attributed to other reasons. This absence
of linkage between Er1 and S loci was also postulated by Tobutt et al. (2000).
Although Er1 and Er3 map to the same genomic region, the identification of a new
biotype of WAA capable of overcoming Er3 but not Er1 (Sandanayaka et al. 2003)
suggests the presence of two closely linked genes or different alleles having differ-
ent functions (Bus et al. 2007). The Er2 gene has been mapped along the top of
LG17, but at the opposite end of the S locus, thus indicating that segregation distor-
tions are not due to self-incompatibility (Bus et al. 2007). The Er1 and Er3 genes
are mapped close to the SSR CH01c06 and to the SNP NZsc O05; while, the Er2
gene is close to the SSR CH04c06 and the SSR NZms EB145764. The usefulness
of these markers in MAS has also been validated in other segregating progenies, and
the prediction rate is reported as good (Bus et al. 2007).

4.3 Horticultural Traits

4.3.1 Apple Tree Architecture

Apple tree architecture is an important factor in fruit tree management and produc-
tion; however, most traits associated with plant growth are under polygenic control.
Costes et al. (2006) has reviewed our knowledge of fruit tree architecture and its
implications for tree management and production.

Lawson et al. (1995) were the first to report on the inheritance of some morpho-
logical and developmental traits in apple, such as branching habit, root suckering,
vegetative and reproductive budbreak. Mapping of these traits was achieved using
a RAPD-based map and a small subset of plants (56 individuals) derived from a
‘Rome Beauty’ × ‘White Angel’ cross. Therefore, transferability of this informa-
tion to other populations is rather limited, and only major genes effects could have
been detected.

Various studies have reported on mapping of the columnar growth habit trait in
‘Wijcik’, a mutant of the apple cultivar McIntosh. Conner et al. (1997) reported the
first RAPD marker linked to the columnar gene (Co) that was later sequenced and
transformed to an easy-to-score marker containing an SSR repeat (SSRCo) (Hemmat
et al. 1997). The estimation of the recombination frequency was estimated only by
using extremes of the distribution of growth habit phenotypes and eliminating inter-
mediate phenotypes due to the presence of minor genes modifying expression of
Co. Although the columnar type has been reported to be simply inherited, the com-
plexity of this architectural trait necessitated its further dissection using the cross
‘Wijcik’ × ‘NY 75441-58’ (Conner et al. 1998). One to eight significant QTLs
were found for different traits influencing juvenile growth and development (height
increment, internode number, internode length, base diameter increment, base diam-
eter after 9 years, branch number, and leaf break). For most of these traits, different
QTL regions have been identified on the genetic map, but in some cases many traits
clustered together along the same genomic region.
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The most important QTL cluster included the branch number, internode length
(Year 1), internode number (Y1 and Y2), and base diameter increment (Y1 and
Y2), and it was identified on LG10 in the position where the Co gene was mapped.
Another large QTL cluster was identified on LG7 for height increment (Y1 and Y3),
internode number (Y1), base diameter increment (Y3), and base diameter (Y9). The
stability of the identified QTLs was also estimated, but most were found to vary
depending on the year of determination. Therefore, this variation in QTL detection
in different years could be a result of either genotype × environment interactions or
chance fluctuations in datasets in different years.

The columnar trait was also investigated in a ‘Braeburn’ × ‘Telamon’ (Kenis
and Keulemans 2004, 2007) progeny. A QTL clustering for many growth-related
traits was confirmed in the Co gene region on TEL LG15, equivalent to LG10 of
Maliepaard et al. (1998). This cluster included growth increments in years 1 and
2, proportion of total and Y2-sylleptic branches, total branch length, total branch
number (proleptic and sylleptic in Y2), internode length (Y1 and Y2), growth rate
(Y1 and Y2), and height increment (Y1 and Y2). The influence of the Co gene was
more pronounced as seedlings matured. Then the influence on total branching char-
acteristics was higher for branch length than for branch number. Another clustered
QTL was observed on TEL LG11, equivalent to LG8 of Maliepaard et al. (1998).
The QTL included growth increment (Y1), branch length, number and proportion of
sylleptic branches (Y1), internode length and number (Y1), height increment (Y1),
and growth rate (Y2). The observed QTL instability over years indicated that the
genetic control of growth characteristics changed as trees matured, and it was influ-
enced by environmental factors.

Tian et al. (2005) reported on the fine mapping of the Co region by adding nine
new markers using a ‘Spur Fuji’ × ‘Telamon’ progeny. These markers were identi-
fied by a bulked segregant analysis, and the Co gene was mapped between the two
SSRs CH3d11 and COL.

The results obtained in different independent experiments on the genetics of the
columnar habit are rather consistent, and it is possible to confirm that this trait is
under polygenic control even if a major gene on LG10 is responsible for most of
the observed genetic variation. The dissection of the columnar trait into different
growth variables has also confirmed the presence of minor genes, and to a certain
degree the influence of environmental variation.

Recently, the Dwarfing 1 (Dw1) gene, the first such reported locus controlling
dwarf growth habit, has been located in a region (<2.5 cM) at the top of LG5 of
the rootstock ‘Malling 9’ (Rushlomé-Pilcher et al. 2008). Dw1 is mapped between
the RAPD marker NZra AM18 700 and the SSR marker CH03a09; however, the
presence of other loci conditioning dwarfing growth habit is also reported due to the
identification of vigorous phenotypes, in a segregating ‘Malling 9’ × ‘Robusta 5’
population, carrying this gene.

Five QTLs for growth-related traits have been identified on own-rooted seedlings
of a ‘Fiesta’ × ‘Discovery’ progeny (Liebhard et al. 2003b). Three were associated
with stem diameter and two with leaf size, but none of these QTL positions have
been detected on the same progeny after grafting. A total of nine QTLs for stem
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diameter were identified on grafted progeny. Although three of these QTLs were
found on the same chromosomes identified on seedlings, their locations were clearly
different. Six genomic regions were found to be associated with height increment,
and four of these co-localized with QTLs for stem diameter suggesting a possible
clustering of growth and developmental traits (Liebhard et al. 2003b).

Due to the complexity of tree architecture, a combination of topological and
geometric traits measurements on trunks and long sylleptic axillary shoots (LSAS)
have been recorded on 1-year old seedlings (Segura et al. 2006). Using these mea-
surements, several QTLs controlling tree geometry have been identified for some
integrated traits (tree surface and volume), traits related to the form of long syllep-
tic axillary shoots (bending and basis angle), and for other traits such as internode
length of the trunk, and LSAS. Four QTLs were mapped for total number of syllep-
tic branching (Segura et al. 2007). Recently, a very interesting study was conducted
to better understand the genetic determinisms of some ecophysiological traits as
this knowledge would have a direct impact on the selection of more efficient trees.
Leaf gas-exchange parameters, including stomatal conductance, net CO2 assimi-
lation, and transpiration rates were scored on each tree of a segregating progeny,
‘Starkrimson’ × ‘Granny Smith’, grown under dry air stress condition in a con-
trolled environment (Regnard et al. 2007). Three co-localized QTLs were detected
for transpiration and stomatal conductance on LG 8, LG11, and LG17 at the inter-
mediate leaf-to-air vapor pressure deficit. The QTL on LG 8 was also detected at
the higher and lower leaf-to-air vapor pressure deficits.

4.3.2 Flowering Related Traits

A QTL for bloom time has been reported on LG1 of ‘White Angel’ by Lawson et al.
(1995). This map has been mainly constructed using RAPD markers, but due to the
presence of the Aat isozyme, the ‘White Angel’ LG1 would correspond to LG17
of Maliepaard et al. (1998). This finding is rather interesting because in this same
region is also the S locus controlling self-incompatibility (Maliepaard et al. 1998).
The bloom time has also been investigated by Liebhard et al. (2003b) in the ‘Fiesta’
× ‘Discovery’ progeny, and three QTLs have been identified on LG 7, LG 10, and
LG 17. However, the position of the QTL on LG17 is on the other extreme end of
that of the S locus. Two QTLs have also been identified for the number of flower
bunches on LG8 and LG15, and two other QTLs for length of the juvenile period
on LG3 and LG 15 (Liebhard et al. 2003b). Unfortunately, these QTLs explain only
a small part of the genetic variation, and therefore we are still very far from under-
standing fruit tree flowering and juvenility traits, whose knowledge would have a
significant impact on both on fruit tree breeding and production.

4.4 Fruit Quality

Besides the main component of water, apple fruits are rich in sugar and starch.
Unripe apples contain as much as 15% starch, and ripe apples consist of 8–14%
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sugar (Reed 1975). When young fruitlet size reaches more than 20 mm in diame-
ter, starch rapidly accumulates (Magein and Leurquin 2000). As apples ripen, starch
stored in their flesh is gradually converted to sugar. Starch content changes from
variety to variety. Apple starch has a great influence on eating and processing qual-
ity. First, starch together with acid, is known to make up the flavor. Apples with
low content in starch and low levels of acid taste sweet, while those rich in both
starch and acid really make you pucker. Apple starch is composed of amylose and
amylopectin. Amylose is a continuous chain of up to 4000 D-glucose units joined
by α-1, 4-glucosidic linkages. It is not completely linear, but rather lightly branched
at α-1, 6-glucan branch points. Amylopectin is a highly branched polyglucan with
α-1,6-glucosidic linkages that connect linear chains. Han et al. (2007a) have iso-
lated a gene encoding for starch branching enzymes I from apple. This gene, desig-
nated SbeI, consists of 14 exons and 13 introns, covering 6,075 bp. Fingerprinting
and genomic Southern blot analysis has indicated that SbeI is a single copy gene
in the apple genome. RT-PCR analysis suggests that apple sbeI transcripts show
very low levels at the early stage of fruit development when its diameter is less
than 1 cm, and reach a steady maximum level at around 44 days after pollination.
Besides fruits, apple sbeI is also expressed in buds and flowers, and very weakly in
leaves. Later, Han et al. (2007b) have identified two genes encoding starch branch-
ing enzyme II (SBEII) in apple. These genes share 94% and 92% identity in coding
DNA sequences and amino acid sequences, respectively; moreover, they have sim-
ilar expression patterns. Both genes are expressed in vegetative and reproductive
tissues, including leaves, buds, flowers, and fruits.

Yao et al. (2007) used cDNA-AFLP along with bulked segregant analysis (BSA)
to screen differentially expressed genes between low- and high-acid apple fruits
from hybrids of a ‘Toko ‘× ‘Fuji’ cross. They identified a Mal-DDNA gene, present
as a single copy gene in the apple genome. This gene was transcribed in low-acid
fruits at both early and ripe stages of fruit development; but only in the ripe stage of
development in both high- and mid-acid fruits.

Sorbitol, the primary photosynthate and translocated carbohydrate in apple, is
converted to fructose by sorbitol dehydrogenase (SDH; EC 1.1.1.14) which is active
in apple fruit throughout development. Although nine SDH genes have been iso-
lated and their sequences characterized, Nosarzewski and Archbold (2007) have
determined that five of these nine SDH genes are expressed in apple fruit. Two SDH
genes, SDH1 and SDH3, are expressed in both seed and cortex tissues, while, SDH2
expression is limited to cortex whereas, SDH6 and SDH9 are expressed in seed tis-
sues only. SDH isomeric proteins of different pI values are detected in apple fruit.
SDH isomers with pI values of 4.2, 4.8, 5.5, and 6.3 are found in seeds, and SDH
isomers with pI values of 5.5, 6.3, 7.3, and 8.3 are found in cortex.

Han et al. (2007c) found two clusters of genes coding for caffeic acid
O-methyltranfeases (COMT) in the apple genome. Three genes from one cluster
and two genes from another cluster were isolated and characterized. These five
genes encoding COMT, designated Mdomt1 to Mdomt5 were distinguished by a
(CT)n microsatellite in the 5’ UTR and two transposon-like sequences present in
the promoter region and intron 1, respectively. The transposon-like sequence in
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intron 1 unambiguously traced the five Mdomt genes in the apple to a common
ancestor.

Recently, Han and Korban (2007) identified a novel family of transposable ele-
ments, designated Spring, in the apple genome. By aligning Mdomt1 and Mdomt2,
differences in DNA sequences upstream of their transcript start sites were noted;
however, two small fragments, ∼148 bp in size, exhibit 87% sequence identity,
and these were deemed as transposon-like element, and were designated as Spring-
1 and Spring-2. Both Spring-1 and Spring-2 contained a terminal inverted repeat
and a flanking direct repeat, suggesting they may be indeed transposable elements.
Further to identification of these miniature inverted repeat sequences (MITEs), two
additional Spring elements were then identified. The first, designated Spring-3, was
detected in intron 3 of a gene encoding α-farnesene synthase in apple (Genbank
AY805412), while the second, designated Spring-4, was identified in the 3’ UTR
of two genes encoding 1-aminocyclopropane-1-carboxylic acid (ACC) synthase
(Genbank AB010102 and U89156) (Han and Korban 2007).

Liebhard et al. (2003b) were able to detect major genes and QTL contributing
to various fruit quality traits using a segregating population of ‘Fiesta’ × ‘Discov-
ery’. A strong QTL for ‘harvest date’ was identified on LG 3, originating from the
early ripening parent ‘Discovery’ and accounting for 16% of phenotypic variability;
while, three genomic regions on LG5, LG15, and LG16 were identified for ‘number
of fruit’, and at least 8 QTLs for ‘fruit weight’. They also identified five QTLs for
fruit flesh firmness with one QTL on LG 3, a second QTL on LG 6, a third on LG
11, a fourth on LG 12, and a fifth on LG 14, accounting for 27, 16, 11, 8, and 6%,
respectively, of phenotypic variability. Sugar content in fruit juice was attributed to
five genomic regions on LGs 3, 6, 8, 9, and 14; while fruit acidity was attributed
to QTLs on LGs 8 and 16. Previously, Maliepaard et al. (1998) identified the Ma
locus for fruit acidity at the top of LG 16 of the cross ‘Prima’ × ‘Fiesta’. An AFLP
marker, E31M38-0193, with an aa allele and an SSR marker, CH05e04z, with a
167 bp fragment were found to be tightly linked with the two identified loci for
acidity on LGs 8 and 16, respectively (Liebhard et al. 2003b). The presence of both
detected alleles confer earlier ripening, higher fruit numbers, higher fruit weight,
firmer fruit, and more sugar and acid fruit contents (Liebhard et al. 2003b).

The main apple allergens, Mal d 1, Mal d2, Mal d 3, and Mal d 4, have been
mapped onto different apple chromosomes (Gao et al. 2005a, b, c). The two Mal d
3 genes have been mapped onto two homoeologous chromosomes, LG4 and LG12
(Gao et al. 2005a). A total of 18 Mal d 1 genes, subdivided into four subfamilies,
were identified, and 17 of those were mapped in two main clusters on two homoeol-
ogous chromosomes on LG 13 (7 genes), LG 16 (9 genes), and on LG6 (Gao et al.
2005b). Two copies of the Mal d 2 gene, differing for intron length, were mapped
at an identical position on LG 9. The four Mal d 4 genes were mapped onto LG
9 (two copies), LG2, and LG8 (Gao et al. 2005c). Mal d 1 expression and apple
allergenicity were successfully reduced by RNA interference, thus supporting the
feasibility of production of hypoallergenic apples by gene silencing (Gilissen et al.
2005).
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Earlier, Cheng et al. (1996) identified co-dominant RAPD markers linked to red
color pigmentation in fruit skin. Recently, Chagné et al. (2007) used candidate gene
mapping and identified the Rni locus, a major genetic determinant of the red foliage
and red color pigmentation in the core of apple fruit. In a population segregating for
the red flesh and foliage phenotype we have determined the inheritance of the Rni
locus and DNA polymorphisms of candidate anthocyanin biosynthetic and regula-
tory genes. SSRs and SNPs in the candidate genes were also located on an apple
genetic map. They have shown that the transcription factor MdMYB10 gene co-
segregates with the Rni locus, and it is located on LG 9 of the apple genome.

5 Marker-Assisted Selection

The New Zealand apple breeding at Plant and Food Research has been heavily
involved in marker-assisted selection (MAS) by screening apple breeding popula-
tions to identify seedlings with a desired resistance gene profile, including seedlings
with pyramided resistances to apple scab, powdery mildew, and woolly apple aphid,
using various molecular markers developed from various laboratories (Bus et al.
2000, 2002; Gardiner et al. 2002).

Gardiner et al. (2003) mined the apple EST database for candidate ESTs on
the basis of homology to genes from five resistance (R) gene classes. These were
screened as RFLP probes over Southern blots of DNA from seedling populations
segregating for five selected resistances to pest or pathogen infection. They have
used this targeted strategy to efficiently obtain a set of additional markers for resis-
tance genes that are candidates for marker assisted selection in their apple breeding
program, namely for screening for Vf, Pl2, PlMIS, and Er3 genes.

Tartarini et al. (2000) and Kellerhals et al. (2000a, b) reported that SCAR markers
derived from RAPD markers linked to the Vf gene were effective in MAS. However,
they reported some inconsistencies between phenotypic scoring and presence of
theses SCARs in some scab-resistant seedlings. Huaracha et al. (2004) assessed the
use of SCAR markers, derived from AFLPs tightly linked to the Vf gene, for MAS
for scab resistance under field conditions, and found that none of the SCARs could
be detected in scab-susceptible apple seedlings. However, presence of these SCARs
in scab-resistant seedlings varied among the different progeny analyzed. This was
attributed to phenotypic classification, races of the fungal pathogen in the field, and
presence of QTL, among others.

Khan et al. (2007) identified a fire blight resistance QTL explaining 34.3–46.6%
of the phenotypic variation that was recently identified on LG 7 of apple cultivar
‘Fiesta’, and designated a F7. However, AFLP and RAPD markers flanking this
QTL were deemed unsuitable for MAS. Two RAPD markers bracketing the QTL
have been transformed into SCAR (sequence-characterized amplified region) mark-
ers, and an SSR marker specific for the region was developed. Pedigree analysis of
‘Fiesta’ with these markers enabled tracking of the F7 QTL allele back to ‘Cox’s
Orange Pippin’.
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6 Current and Future Developments

6.1 Bin Mapping

The demanding efforts necessary to find the genomic position of new markers can
nowadays be reduced by the application of a ‘BIN’ mapping approach that have been
successfully developed and applied in Prunus (Howad et al. 2005). A set of 67 BINs
covering the whole Prunus genome have been determined through the identification
of segregation patterns on a limited set of recombinant key seedlings. Therefore, the
position of new markers in Prunus can be estimated through the molecular analysis
of only six plants of the TxE reference progeny. The choice of the restricted number
of plants for BIN mapping can be better performed after the development of a map
frame based on well-distributed SSR. This work had been recently undertaken in
apple by testing the optimal number of plants (six to twelve) that must be used in
BIN mapping experiments (Van Dyk et al. 2007).

6.2 Pedigree-Based Approaches for Mining and Detection of QTLs

To date, most of the QTL work conducted in apple have been done using the stan-
dard method of combined analysis of phenotypic and molecular data using a single
progeny. In the framework of the EU HiDRAS project, a new method was evaluated
to identify QTLs on multiple progenies linked by pedigrees (Bink et al. 2002). The
first results were recently presented at the Eucarpia Symposium held in Zaragoza
Spain in 2007. In this project, about 2,000 plants (including progenitors, parents
and seedling progenies) were phenotyped and genotyped using a total of 83 SSRs
with good coverage of the apple genome.

Multiple progenies are essential for building sound genetic models explaining
the inheritance of quantitative traits and to draw proper conclusions on the number
of genomic positions critical for the control of each trait, their contributions, their
mode of action (additive, dominant, or epistatic), and the influence of the genetic
background (Bink et al. 2007). The software FlexQTL has been developed to ana-
lyze for phenotypic and molecular data (Van de Weg et al. 2004). This approach
has already been applied within HiDRAS to firmness and acidity traits (Van de Weg
et al. 2007; Stankiewicz-Kosyl et al. 2007).

6.3 Whole Genome Physical Map

Han et al. (2007d) constructed a genome-wide physical map for the apple using
restriction-based fingerprinting of BAC clones. Two BAC libraries, BamH and Hind
BAC libraries constructed from apple cv. GoldRush, were used for fingerprinting.
A total of 74,281 BAC clones representing ∼10.5 × haploid genome equivalents
were fingerprinted using the agarose gel-based restriction fingerprinting method.
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The physical map consists of 2,702 contigs, and it is estimated to span ∼927 Mb
in physical length. The reliability of contig assembly was evaluated using several
approaches, including assembling contigs using variable stringencies, assembling
contigs using fingerprints from individual libraries, checking the consensus maps
of contigs, and DNA markers. Altogether, the results demonstrated that the contigs
were properly assembled. The apple genome-wide BAC-based physical map repre-
sents the first draft genome sequence.

Efforts are now underway to anchor the physical map onto an apple genetic map
by anchor the fingerprint contigs to linkage groups. The integration of physical map
and genetic map is now underway. This physical map will not only serve as a plat-
form for large-scale genome sequencing efforts, but it is also very helpful for various
other purposes such as development of DNA markers for a genomic region of inter-
est, QTL fine mapping, effective positional cloning of genes, high-throughput EST
mapping (functional genomics), and comparative genomics (synteny studies).

6.4 Current Plans for Whole Genome Sequencing

Apple genome sequencing efforts are currently underway. Sequencing of the
heterozygous cultivar ‘Golden Delicious’ at 15.4 × genome coverage has been
completed at the Istituto Agrario San Michele all‘Adige (IASMA) in Italy. In addi-
tion, this team is collaborating with groups at INRA (France) and Plant and Food
Research (New Zealand) to generate a high density genetic map to anchor this
genomic sequence. Moreover, sequencing of a double haploid ‘Golden Delicious’,
provided by INRA, is underway at Washington State University. These two sequenc-
ing efforts are jointly collaborating to release the whole apple genome sequence
in the near future. This will certainly be a landmark event for the dawn of a new
genomic era for apple and for all Rosaceae cultivated species. It is expected that
the entire Rosaceae community will participate in post-genomic efforts as man-
ual annotation of the genome will also support comparative genomics approaches
within several Rosaceae species.
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Costes, E., P.É. Lauri, and J. L. Regnard (2006) Implications for Tree Management and Fruit Pro-
duction. Horticultural Reviews, J. Janick (ed), John Wiley & Sons, 32: 1–61

Crane, M.B., R.M. Greenslade, A.M. Massee, and H.M. Tydemans (1936) Studies on the resistance
and immunity of apples to the wooly apple aphid, Eriosoma lanigerum (Hausm.). J. Pomol.
Hortic. Sci. 14: 137–163

Cummings, J.N., P.L. Forsline, and J.D. Mackenzie (1981) Woolly apple aphid colonization on
Malus cultivars. J. Am. Soc. Hortic. Sci. 106: 26–30

Dayton, D.F. (1977) Genetic immunity to apple mildew incited by Podosphaera leucotricha.
HortScience 12:225–226

Dirlewanger, E., P. Cosson, M. Tavaud, M. Aranzana, C. Poizat, A. Zanetto, P. Arús, and F. Laigret
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Dunemann, F., G. Bräcker, T. Markussen, and P. Roche (1999) Identification of molecular markers
for the major mildew resistance gene Pl2 in apple. Acta Hort 484:411–416

Dunemann, F., C. Fischer, B. Merkt, M. Thiermann, and A. Urbanietz (2000) Molecular
approaches for breeding apple cultivars with durable powdery mildew resistance. Durable
Resistance Symposium, Wageningen, SP26

Dunemann, F., A. Urbanietz, S. Gardiner, H. Bassett, W. Legg, R. Rusholme, V. Bus, and C.
Ranatunga (2004) Marker assisted selection for Pl-1 powdery mildew resistance in apple –
old markers for a new resistance gene? Acta Hort. 663:757–762

Dunemann, F., A. Peil, A. Urbanietz, and T. Garcia-Libreros (2007) Mapping of the apple powdery
mildew resistance gene Pl1 and its genetic association with an NBS-LRR candidate resistance
gene. Plant Breed. 126: 476–481

Durel, C.-E., L. Parisi, F. Laurens, E. van de Weg, R. Liebhard, B. Koller, and M.F. Jourjon (2003)
Genetic dissection of partial resistance against two monoconidial strains of the new race 6 of
Venturia inaequalis in apple. Genome 46:224–234

Durham, R.E. and S.S. Korban (1994) Evidence of gene introgression in apple using RAPD mark-
ers. Euphytica 79: 109–114

Evans, K.M. and C.M. James (2003) Identification of SCAR markers linked to Pl-w mildew resis-
tance in apple. Theor. Appl. Genet. 106:1178–1183

Evans, K.M., F. Fernández, F. Laurens, L. Feugey, and W.E. Van de Weg (2007) Harmonising
fingerprinting protocols to allow comparisons between germplasm collections. Eucarpia XII
Fruit Section Symposium, September 16–20, 2007, Zaragoza, Spain: 57–58



114 S.S. Korban and S. Tartarini

Gallot, J.C., R.C. Lamb, and H.S. Aldwinkle (1985) Resistance to powdery mildew from some
small fruited Malus cultivars. HortScience 20: 1085–1087

Gao, Z.S., W.E. van de Weg, J.G. Schaart, I.M. van der Meer, L. Kodde, M. Laimer,
H. Breiteneder, K. Hoffmann-Sommergruber, L.J.W.J. Gilissen (2005a) Linkage map positions
and allelic diversity of two Mal d 3 (non-specific lipid transfer protein) genes in the cultivated
apple (Malus domestica). Theor. Appl. Genet. 110: 479–491

Gao, Z.S., W.E. van de Weg, J.G. Schaart, H.J. Schouten, D.H. Tran, L.P. Kodde, I.M. van der
Meer, A.H.M. van der Geest, J. Kodde, H. Breiteneder, K. Hoffmann-Sommergruber, D. Bosch,
L.J.W.J. Gilissen (2005b) Genomic cloning and linkage mapping of the Mal d 1 (PR-10) gene
family in apple (Malus domestica). Theor. Appl. Genet. 111: 171–183

Gao, Z.S., W.E. van de Weg, J.G. Schaart, G. van Arkel, H. Breiteneder, K. Hoffmann-
Sommergruber, L.J.W.J. Gilissen (2005c) Genomic characterization and linkage mapping of
the apple allergen genes Mal d 2 (thaumatin-like protein) and Mal d 4 (profilin). Theor. Appl.
Genet. 111: 1087–1097

Gardener, R.G., J. N. Cummins, and H.S. Aldwinckle, (1980) Inheritance of fire blight resistance
in Malus in relation to rootstock breeding. J. Am. Soc. Hortic. Sci. 105: 912–916

Gardiner, S.E., H.C.M. Bassett, D.A.M. Noiton, V.G. Bus, M.E. Hofstee, A.G. White, R.D. Ball,
R.L. Forster, and E.H.A. Rikkerink (1996a) A detailed linkage map around an apple scab resis-
tance gene demonstrates that class 3A and 3B progeny both carry the Vf gene. Theor. Appl.
Genet. 93:485–493

Gardiner, S.E., H.C.M. Bassett, C. Madie, and D.A.M. Noiton (1996b) Isoenzyme, RAPD and
RFLP markers used to deduce a putative parent for the apple cv. Braeburn. J. Amer. Soc. Hort.
Sci. 121:996–1001

Gardiner, S., J. Murdoch, S. Meech, R. Rusholme, H. Bassett, M. Cook, V. Bus, E. Rikkerink, A.
Gleave, R. Crowhurst, G. Ross, and I. Warrington (2002) Candidate resistance genes from an
EST database prove a rich source of markers for major genes conferring resistance to important
apple pests and diseases. Acta Hort. 622: 141–151

Gessler, C., A. Patocchi, S. Sansavini, S. Tartarini, and L. Gianfranceschi (2006) Venturia inae-
qualis Resistance in Apple. Critical Rev. Plant Sci. 25: 473–503

Gianfranceschi, L., B. Koller, N. Seglias, M. Kellerhals, and C. Gessler (1996) Molecular selection
in apple for resistance to scab caused by Venturia inaequalis. Theor. Appl. Genet. 93:199–204

Gianfranceschi, L., N. Seglias, R. Tarchini, M. Komjanc, and C. Gessler (1998) Simple sequence
repeats for the genetic analysis of apple. Theor. Appl. Genet. 96: 1069–1076

Gilissen, L., S. Bolhaar, C. Matos, G. Rouwendal, M. Boone, F. Krens, L. Zuidmeer, A. van
Leeuwen, J. Akkerdaas, and K. Hoffmann-Sommergruber (2005) Silencing the major apple
allergen Mal d 1 by using the RNA interference approach. J. Allergy Clin Immunol 115:
364–369

Guilford, P., S. Prakash, J.M. Zhu, E. Rikkerink, S. Gardiner, H. Bassett, and R. Forster (1997)
Microsatellites in Malus × domestica (apple): abundance, polymorphism and cultivar identifi-
cation. Theor. Appl. Genet. 94:249–254

Gygax, M., L. Gianfranceschi, R. Liebhard, M. Kellerhals, C. Gessler, and A. Patocchi (2004)
Molecular markers linked to the apple scab resistance gene Vbj derived from Malus baccata
jackii. Theor. Appl. Genet. 109: 1702–1709

Han, Y., K. Gasic, F. Sun, M.L. Xu, and S.S. Korban (2007a) A gene encoding starch branching
enzyme I (SBEI) in apple (Malus × domestica, Rosaceae) and its phylogenetic relationship to
Sbe genes from other angiosperms. Mol. Phylogenet. Evol. 43: 852–863

Han, Y., E. Bendik, F. Sun, K. Gasic, and S.S. Korban (2007b) Genomic isolation of genes encod-
ing starch branching enzyme II (SBEII) in apple: Towards characterization of evolutionary
disparity in SbeII genes between monocots and eudicots. Planta 226:1265–1276

Han, Y., K. Gasic, and S.S. Korban (2007c) Multiple-copy cluster-type organization and evolution
of genes encoding O-methyltransferases in apple. Genetics 176: 2625–2635

Han, Y., K. Gasic, B. Marron, J.E. Beever, and S.S. Korban (2007d) A BAC-based physical map
of the apple genome. Genomics 89: 630–637



Apple Structural Genomics 115

Han, Y. and S.S. Korban (2007) Spring: A novel family of miniature inverted-repeat transposable
elements in the apple genome. Genomics 90:195–200

Harada, T., K. Matsukawa, T. Sato, R. Ishikawa, M. Niizeki, and K. Saito (1993) DNA RAPDs
detect genetic variation and paternity in Malus. Euphytica 65:87–91

Hemmat, M., N.F. Weeden, A.G. Manganaris, and D.M. Lawson (1994) Molecular marker linkage
map for apple. J. Hered. 85:4–11

Hemmat, M., N.F. Weeden, P.J. Conner, and S.K. Brown (1997) A DNA marker for columnar
growth habit in apple contains a simple sequence repeat. J. Amer. Soc. Hort. Sci. 122: 347–349

Hemmat, M., N.F. Weeden, H.S. Aldwinckle, and S.K. Brown (1998) Molecular markers for the
scab resistance (Vf) region in apple. J. Amer. Soc. Hort. Sci. 123: 992–996

Hemmat, M., S.K. Brown, and N.F. Weeden (2002) Tagging and mapping scab resistance genes
from R12740-7A apple. J. Amer. Soc. Hort. Sci. 127:365–370

Hemmat, M., S.K. Brown, H.S. Aldwinckle, and N.F. Weeden (2003) Identification and mapping
of markers for resistance to apple scab from ‘Antonovka’ and ‘Hansen’s baccata #2’. Acta Hort.
622:153–161

Hokanson S.C., A.K. Szewc-McFadden, W.F. Lamboy, and J.R. McFerson (1998) Microsatellite
(SSR) markers reveal genetic identities, genetic diversity and relationships in a Malus × domes-
tica Borkh. core subset collection. Theor. Appl. Genet. 97: 671–683

Hokanson S.C., W.F. Lamboy, A.K. Szewc-McFadden, and J.R. McFerson (2001) Microsatel-
lite (SSR) variation in a collection of Malus (apple) species and hybrids. Euphytica, 118:
281–294

Howad, W., T. Yamamoto, E. Dirlewanger, R. Testolin, P. Cosson, G. Cipriani, A.J. Monforte, L.
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6. Apple Functional Genomics

Andrew C. Allan, Ross Crowhurst, Andrew Gleave, Richard Newcomb,
and Robert Schaffer

1 Malus EST Datasets

Publicly available databases currently contain in excess of 250,000 Malus sequences
(Park et al., 2006), the majority being derived from large-scale sequencing efforts of
cDNA libraries from Illinois at Washington University, United States and Plant and
Food Research, New Zealand (Korban et al., 2004, Newcomb et al., 2006). These
Malus cDNA libraries have been sequenced to varying depths (Table 1), depending
on library quality and novelty, to generate expressed sequence tags (ESTs). Malus
cDNA libraries have been generated from material derived from numerous apple
genotypes, many of which are cultivars of commercial significance including ‘Brae-
burn’, ‘Elstar’, ‘Fuji’, ‘Golden Delicious’, ‘Goldrush’, ‘Granny Smith’, ‘Holsteiner
Cox’, ‘Red Delicious’, ‘Royal Gala’, ‘Pinkie’, ‘Scirose/Pacific RoseTM’ and a num-
ber of dwarfing rootstocks. In addition to being derived from a range of genotypes,
the Malus cDNA libraries originate from a wide variety of different tissues and
developmental time points. For example, libraries have been generated from a staged
series of developing and ripening ‘Royal Gala’ fruit, including flower, whole fruit,
fruit cortex, skin, and seed samples (Newcomb et al., 2006). Such a series is a valu-
able resource of genes for experiments aimed at understanding important processes
and transformations in fruit development, such as early cell proliferation, cell expan-
sion, and ripening. This series is also of value in identification of genes encoding
enzymes and transcription factors involved in the biosynthesis of health and fla-
vor compounds from apple fruit. Other plant tissues sampled include buds, shoots,
leaves, roots, phloem, and xylem. As many genes are only expressed in response to
external effects, cDNA libraries have also been constructed from tissues, plants, and
cell lines that were subjected to abiotic (e.g. fruit stored at high or low temperature

A.C. Allan (B)
The New Zealand Institute for Plant and Food Research Limited, Mt Albert Research Centre,
Private Bag 92169, 1142 Auckland, New Zealand

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 6,
C© Springer Science+Business Media, LLC 2009
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and/or under altered atmospheric conditions), and biotic stresses, e.g. infection with
the causal agents of some of the most significant bacterial and fungal diseases to
affect apple cultivars including Erwinia amylovra (fire blight), Venturia inaequalis
(apple scab or black spot) and Phytophthora sp. (root rot).

For the 259,683 Malus sequences available, the average edited length is 478
bases. Clustering of the sequences using The Institute for Genomic Research (TIGR)
gene indices clustering tools (http://www.tigr.org/tdb/tgi/software) set at a 95%
threshold yields 30,393 tentative consensus (TC) sequences with 38,206 sequences
remaining unclustered (singletons). TC sequences range in length from 61 to 9,332
bases with an average of 789 bases, whereas singletons range in size from 50 to
2,243 bases with an average of 403 bases. Together, the TC sequences and singletons
yield an apple EST dataset of 68,599 sequences. Hereafter, the singletons and TC
sequences are referred to collectively as the non-redundant (NR) gene set. The pro-
portion of singletons compared with the total number of ESTs provides a measure
of the overall contribution of the library to the dataset. No single library contains
more than 13.7% (AGBR) of the total number of singletons. Two libraries (AGBR
and AGBN) contributed 22.5% of singletons while nine libraries (AGBR, AGBN,
AARA, AGBM, AGBW, AAAA, AGBO, AVBC, AAOA) contributed 49.4% of sin-
gletons. These figures hide the fact that both AGBR and AGBN represent composite
libraries produced by pooling mRNA from several developmental stages. Conse-
quently, much of the diversity is derived by sequencing different sources of tissue.
The availability of EST sequences from a wide variety of different genotypes has
also proved a useful tool for identifying new genes. An example of this is pro-
vided by a comparison of the NR clusters shared between two of the larger libraries,
AELA from ‘Royal Gala’ leaf (represented within 2,120 NR sequences) and AEPA
from ‘Pinkie’ leaf (represented within 2,778 NR sequences). These two libraries
share only 20 NR sequences, which comprises 0.41% of the total NR sequences
represented in the combined dataset of the two libraries. Similarly, a comparison
between the smaller AEAA Aotea expanding leaf library (contributing to 437 NR
sequences) and AELA shows only 7 common NR sequences. However, 86 com-
mon NR sequences are shared with AEPA. These differences are not solely due to
genotype-specific expression profiles, but also will include differences introduced
by the two separate cloning procedures involved with making the libraries.

Tissues where further sequencing would be useful can be predicted by examining
the ratio of singletons relative to total sequences within a library, for libraries with
a low to moderate existing sequencing depth (500 to several thousand sequences).
Ranking by these criteria suggest that libraries such as ABEB (0.278 ratio), AYFB
(0.277), AAFB (0.268), AAOA (0.257), and AGBM (0.241) could be targeted for
sampling for further genes from apple. The 68,599 NR sequences can be expected to
be an overestimate of the number of protein-coding transcripts represented in apple,
since TC and singleton sequences representing the same gene may not overlap, and
distinct TCs or singletons may represent mRNAs that are alternatively transcribed or
processed, but originate from the same gene. In addition, given that the EST dataset
is derived from sequences from numerous apple cultivars and cultivated apple is
highly heterozygous (Chevreau et al., 1985), it is likely that at the 95% stringency
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level used in the cluster analysis of the dataset, there are numerous instances where
the degree of polymorphisms between distinct alleles of the same gene results in
them being assigned to different NRs. It is likely that additional sequencing, both of
the cDNAs sampled and novel cDNAs from apple, would reduce this number of NR
sequences.

Other EST projects undertaken in fruit crops that are of a significant size in terms
of total number of ESTs collected have reported lower numbers of NR sequences.
For example, a study of 152,635 tomato ESTs produced 31,012 NR sequences (Fei
et al., 2004), whereas a collection of 146,075 grape ESTs gave rise to 25,746 NR
sequences (Goes da Silva et al., 2005). This is likely to be the result of the lower
clustering threshold (90%) used in tomato and grape studies compared with the 95%
clustering threshold of the Malus sequences presented here. The Arabidopsis uni-
gene set, estimated from all Arabidopsis ESTs, produces a 35% overestimate of the
actual number of protein-coding genes estimated from the genome sequence. There-
fore, one might expect that the actual number of apple genes may be approximately
45,000, which is similar to the number of poplar (Populus trichocarpa) genes pre-
dicted for the genome sequence (Tuskan et al., 2006).

2 GC Content and Codon Usage

Knowledge of GC content of a genome and codon usage is useful when devising
PCR-based strategies for mapping and gene isolation, as well as for hybridization
studies and microarrays. The GC ratio of singletons ranges from 6 to 78%, with
an average of 43.8%, whereas that for TC sequences ranges from 14 to 74%, with
an average of 44.1%. Codon usage assessment has been carried out on the com-
plete sequence of a set of 545 apple cDNA sequences predicted to contain full-
length coding regions and devoid of introns and frameshift errors as determined
by manual inspection of BLASTx versus the non-redundant sequence database
(NRDB90) reports. From these data, the 545 open reading frames were defined
and a codon usage table developed from the 203,267 codons (Table 2). All codons
are found in the full-length cDNA dataset, with the least frequent codon repre-
sented over 100 times. The GC content in the third base position of the full-length
cDNA sampled (52% GC) is higher than the overall GC ratio of 43.9% from the
sequences of the NR sequences. This indicates some pressure towards a more bal-
anced GC ratio in coding regions compared with UTRs. Similar GC ratios in cod-
ing regions are found in grape (51%) and pear (52%). Overall, the codon usage of
apple shares many similarities with that of other dicotyledonous plants represented
in the codon usage database (http://www.kazusa.or.jp/codon/). Apple codon usage
differs markedly from Arabidopsis for 12 amino acids. Further comparisons with
grape (Vitis vinifera), pear (Pyrus communis), peach (Prunus persica), loblolly pine
(Pinus taeda), poplar (Populus trichocarpa), tomato (Solanum lycopersicum), citrus
(Citrus sinensis), potato (Solanum tuberosum), and tobacco (Nicotiana tabacum)
showed that apple codon preference is most similar to that of grape and pear, differ-
ing from grape only in its preference for His (CAC), Leu (TTG), and Ser (TCT), and
to pear in its preference for an additional three codons, Arg (AGG), Val (GTG), and
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Table 2 Codon usage calculated using 545 full-length apple cDNA sequencesa

Codon Amino acid Fractionb per/1,000c No.

GCA A 0.27 18.92 3,846
GCC A 0.26 18.42 3,745
GCG A 0.14 9.82 1,997
GCT A 0.33 23.36 4,748
TGC C 0.59 10.38 2,110
TGT C 0.41 7.20 1,464
GAC D 0.44 23.91 4,860
GAT D 0.56 29.98 6,095
GAA E 0.45 28.70 5,834
GAG E 0.55 34.67 7,047
TTC F 0.53 22.14 4,500
TTT F 0.47 19.95 4,056
GGA G 0.29 19.85 4,034
GGC G 0.23 16.09 3,270
GGG G 0.22 15.40 3,130
GGT G 0.25 17.43 3,542
CAC H 0.51 13.34 2,712
CAT H 0.49 12.67 2,575
ATA I 0.21 9.98 2,028
ATC I 0.37 17.49 3,556
ATT I 0.42 19.74 4,012
AAA K 0.39 23.77 4,832
AAG K 0.60 36.10 7,337
CTA L 0.09 7.77 1,579
CTC L 0.21 18.83 3,828
CTG L 0.17 15.33 3,116
CTT L 0.21 18.76 3,813
TTA L 0.09 8.09 1,644
TTG L 0.23 21.11 4,291
ATG M 1.00 24.87 5,056
AAC N 0.51 23.02 4,679
AAT N 0.49 21.98 4,467
CCA P 0.30 17.37 3,530
CCC P 0.20 11.60 2,358
CCG P 0.21 11.84 2,406
CCT P 0.29 16.37 3,328
CAA Q 0.48 19.08 3,879
CAG Q 0.52 20.52 4,172
AGA R 0.26 13.02 2,646
AGG R 0.27 13.60 2,764
CGA R 0.11 5.28 1,073
CGC R 0.12 6.17 1,254
CGG R 0.12 6.17 1,255
CGT R 0.10 5.14 1,044
AGC S 0.16 14.65 2,977
AGT S 0.14 12.18 2,476
TCA S 0.19 16.63 3,381
TCC S 0.19 16.99 3,453
TCG S 0.13 11.21 2,279
TCT S 0.19 17.28 3,512
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Table 2 (continued)

Codon Amino acid Fractionb per/1,000c No.

ACA T 0.26 12.97 2,636
ACC T 0.30 15.15 3,079
ACG T 0.14 7.23 1,469
ACT T 0.29 14.68 2,985
GTA V 0.11 7.27 1,478
GTC V 0.23 14.47 2,942
GTG V 0.33 20.81 4,231
GTT V 0.33 20.57 4,181
TGG W 1 14.01 2,847
TAC Y 0.57 14.83 3,015
TAT Y 0.43 11.16 2,269
TAA ∗ 0.34 0.91 185
TAG ∗ 0.25 0.66 135
TGA ∗ 0.41 1.11 225

a Codon usage calculated using the CUSP programme from EMBOSS.
b Proportion of usage of a given codon among its redundant set (i.e. the set of codons which code
for this codon’s amino acid).
c Codon frequency normalised per 1,000 bases.

the stop codon (TGA). CpG suppression is also evident in apple with a XCG:XCC
ratio of 0.65, similar to that of tomato (0.58). This modest level of suppression of
the CpG dinucleotides differs markedly from that of nearly no suppression in Ara-
bidopsis (0.92) to the high level found in grape (0.35). This may well reflect different
levels of methylation in the coding sequences used by different species of plants.

3 MicroRNAs and Their Targets Identified from EST Databases

MicroRNAs (miRNAs) are small, non-coding RNAs that play important regulatory
roles by down-regulating target transcripts in a sequence specific manner. The miR-
Base Registry (Release 8.2) lists 732 miRNAs from flowering plant species, with the
majority identified from Arabidopsis, rice and poplar where genome sequences are
available (http://microrna.sanger.ac.uk/sequences/). It is apparent that some plant
miRNAs are highly conserved even amongst distantly related plant species and EST
databases have provided a useful resource for the discovery of plant miRNAs (Zhang
et al., 2005, 2006).

Gleave et al. (2008) used computational analysis of approximately 120,000 ESTs
from ‘Royal Gala’, to identify ten distinct apple sequences which can be classi-
fied as being representatives of seven conserved plant miRNA families (miR156,
miR159, miR162, miR167, miR172, miR393 and miR398). Secondary structure
predictions have shown these sequences have the characteristic fold-back structures
of precursor miRNAs (Fig. 1). Northern analysis has validated the presence of these
miRNA families within ‘Royal Gala’ tissues, with miR159, miR162 and miR172
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Fig. 1 Predicted fold-back structures of Malus × domestica ‘Royal Gala’ miRNA precursors.
Sequences of mature miRNAs are indicated in red. The miRNA family is indicated along with
the free energy value (ΔG) kcal mol−1 of the fold-back structure. Genbank accession numbers of
the ESTs are shown and nucleotide coordinates relative to the start of the EST sequence shown at
both the 5’ and 3’ ends of each fold-back structure

being expressed constitutively in leaves, roots, flower buds and developing fruit,
whilst miR398 is primarily expressed in leaf tissue. The miR156 and miR167 are
expressed in leaf and floral bud tissue and down-regulated during fruit development,
whereas miR393 expression appears to be negligible in most tissues. However, it is
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significantly up-regulated in leaf tissue infected with the fungal pathogen Venturia
inaequalis.

Plant miRNAs have few or no mismatches to their target mRNA, allowing the
opportunity to use computational analysis to predict potential targets. Gleave et al.
(2008), employing the miRNA/target rules of Schwab et al. (2005), identified poten-
tial targets for a number of the ‘Royal Gala’ miRNAs within a dataset of 120,000
‘Royal Gala’ ESTs and 1,312 complete ‘Royal Gala’ cDNA sequences. In general,
the potential ‘Royal Gala’ mRNA targets encode proteins that have been shown
to be the targets of corresponding miRNAs in other plant species, with the con-
served miRNA/target relationship maintained for the ‘Royal Gala’ miR156 (SPL-
like proteins), miR167 (ARFs), miR172 (AP2 domain proteins), miR393 (F-box
auxin receptor TIR1) and miR398 (superoxide dismutase [Cu-Zn]). Furthermore,
miR156- and miR398-mediated cleavage of their predicted conserved targets has
been demonstrated experimentally.

4 Global Changes in Apple Gene Expression

Microarray technology has had a major impact in the study of non-model organ-
isms. Using sequence knowledge from an EST sequencing program, information on
gene expression can be achieved on many genes simultaneously. This has resulted
in microarray technology being quickly embraced by researchers working on non-
model organisms, such as apple. In apple, there are currently two published apple
microarrays. Lee et al. (2007) used a 3,484 feature cDNA array to identify 192 apple
cDNAs for which expression changes during early fruit development, and Schaf-
fer et al. (2007) used a 15,726 feature oligonucleotide array to identify genes that
change during apple fruit ripening.

Although microarray data provides an insight into global changes of gene expres-
sion, the greatest challenge is processing the often overwhelming amount of data
obtained using this technology. As an example, a very simple dataset, comparing
fruit 111 days after full bloom with mature leaves harvested, is presented (Fig. 2A).
These hybridizations were performed at the workshop held before the 3rd Interna-
tional Rosaceae Genomics Conference (RGC3) at Plant and Food Research, New
Zealand in 2006. Four microarrays, comparing labeled RNA from fruit to labeled
RNA from leaf, were analyzed. The microarray and hybridization conditions used
were the same as described in Schaffer et al. (2007). Differentially expressed genes
with an adjusted p-value of less than 0.05 and 0.01 were selected following nor-
malization using the limma package in Bioconductor (Smyth and Speed, 2003).
Using these two cut-off values of the 15,726 genes on the array, 4,472 differentially
expressed genes were identified with a p-value of less than 0.05, and 3,128 with a
p-value of less than 0.01. Even at the higher stringency p-value, the number of genes
selected is a challenge to assess in detail. To address this challenge, the lists of genes
are often consolidated into groups.

A common method of consolidation is to examine gene ontology (GO; Ash-
burner et al., 2000). GO annotation works well with characterized model systems
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Fig. 2 A) Tissue used for
microarray analysis. Fruit 111
days after full bloom was
compared with mature leaves
harvested at the same time
(hybridizations were done at
the RGC3 Rosaceae
pre-conference workshop
held at Plant and Food
Research in 2006). B)
Putative gene function of the
top 500 fruit-selected genes
and the top 500 leaf-selected
genes, based on general
categories generated by
BLAST matches

and well annotated gene lists. However, with species such as Malus, it is less infor-
mative as an additional step is needed to align all the genes being assessed with a
species where GO annotation is available. In the case of Malus, the closest species
is Arabidopsis. This step results in some Malus genes not being aligned at all, and
some being aligned with more than one function, causing a distortion in the output.
A pseudo-GO ontology can be achieved by parsing the best hit blast matches for
each gene and manually assigning a global function to that gene. From the data gen-
erated from the fruit-leaf comparison, the top 500 fruit genes and the top 500 leaf
genes, based on p-value and fold change, were assigned function using this pars-
ing technique (Fig. 2B). Of the top candidates that are more highly expressed in
the leaves, there are a disproportionately high number of photosynthetic genes. In
fruit, cell wall genes and ethylene-related genes are over-represented in expression
data. However, examining the sugar and starch metabolism genes, the differences in
numbers becomes less informative. Similar numbers of sugar and starch metabolism
genes are seen in both fruit and leaves, but in the leaf sample there are many
sugar and starch synthesis genes. In apple fruit, there appears to be more starch
metabolism and sugar transport genes. This can be addressed by refining the lists to
be more specific, but this can end up with an explosion in the number of categories
presented.
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An alternative method for examining microarray data is to link biology with can-
didate genes, using pathway maps such as KEGG (Kanehisa and Goto, 2000) to
establish positioning of each gene. It quickly becomes obvious that there are many
candidate genes for individual steps in each pathway. This method not only identifies
potential candidate genes that are involved from the gene family, but also potential
regulatory steps. This method was used by Schaffer et al. (2007), where ethylene-
induced volatiles were analyzed in ripening apples. Candidate volatile biosynthetic
genes were identified and their profiles matched with volatile production. Candi-
dates for a number of steps in the biosynthesis of aroma compounds including
esters, terpenes, and phenylpropanoid-derived volatiles were identified for the final
step, and to a lesser extent the initial step, in each pathway that were ethylene up-
regulated. The expression of these candidates can then be examined in the fruit ver-
sus leaf experiment to identify fruit predominant and leaf predominant expression
patterns. It is of interest that comparing leaf to fruit, rather than different fruit time
points, leads to the identification of further genes in these pathways (Table 3). While
the apples in this study were mature, they were not yet undergoing ethylene-induced
ripening, implying that some of the biosynthetic genes are expressed throughout
fruit development, with the later regulatory time points controlling the final steps. In
the ester biosynthetic pathway, the ethylene induction dataset identified four genes
that are candidates for volatile production. These four genes (LIPOXYGENASE 1
(LOX1), LIPOXYGENASE 7 (LOX7), PYRUVATE DECARBOXYLASE 1 (PD1),
ACYL TRANSFERASE 1 (AT1)) were also identified in the fruit versus leaf compar-
ison in which 15 additional ester biosynthetic genes were identified. The two fruit
LOX genes from apple are both members of one of the three lineages of LOX genes
within plants (see Fig. 4). Interestingly, the LOX gene from tomato that is involved
in flavor biosynthesis (Chen et al., 2004) is part of a separate lineage, suggesting
that co-option into flavor pathways by members of the LOX multigene family has
happened multiple times within the angiosperms.
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Fig. 4 Un-rooted phylogram of plant lipoxygenase protein sequences from apple, tomato
and Arabidopsis. The phylogram was constructed using Protdist and Fitch implemented
within PHYLIP. Sequences include MdLOX1 (ES790104), MdLOX2 (ES790038), MdLOX3
(ES790007), MdLOX4 (ES790040), MdLOX5 (ES790006), MdLOX6 (ES790094), MdLOX7
(ES790041), MdLOX8 (ES790036) from apple, tomloxA (U63117), tomloxB (U63118), tomloxC
(U37839), tomloxD (U37840), tomloxE (AY008278) from tomato, and AtLOX1 (AY093104),
AtLOX2 (AY062611), AtLOX3 (AY075625) from Arabidopsis. Numbers on branches are per-
centage bootstrap values estimated from 1,000 bootstrap replicates

In the leaf versus fruit comparison, other members of these aroma pathways
showed a fruit bias in their expression, even though they are not ethylene-induced. It
should be noted that while apple volatiles are strongly induced with ethylene, there
are detectable amounts of esters present before ethylene-induced ripening occurs,
suggesting residual expression of this pathway or ester production is limited to avail-
ability of precursors. In this leaf-fruit dataset, a fruit-predominant alcohol dehydro-
genase (ADH5) that does not appear to be ethylene induced was identified. ADH1
was identified in the ethylene dataset as being repressed by the addition of ethylene,
but in the leaf fruit dataset ADH1 appears to be more highly expressed in the leaves.
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In the ethylene dataset, AT1 was found to be strongly induced by ethylene and has
been implicated as a major enzyme involved in ester biosynthesis in apple (Souleyre
et al., 2005). In this dataset, there appears to be a number of ATs with fruit-biased
expression (ATs 1,3,6,7 and 12), while others such as AT2 and 8 are preferentially
expressed in leaves. Some of the ATs such as MdAT6 fall into a second clade of
ATs specializing in using alcohols as substrates (see Figure 8 in Newcomb et al.,
2006) and therefore may also be involved in ester biosynthesis in apple. No alde-
hyde dehydrogenases were identified as ethylene-induced (Schaffer et al., 2007),
while four (ALDH 2,3,6) are preferentially expressed in the fruit. Again, these data
suggest the genes are not ethylene regulated but are more likely tissue regulated and
highly expressed in fruit tissue.

Another method to consolidate gene lists is to assess the data in transcriptional
units. The regulation of transcription is achieved by transcription factors, which in
many instances are regulated at the transcriptional level themselves. Potential tran-
scriptional regulators of gene groups can be identified by co-clustering transcription
factors with a similar expression pattern. The selected genes from the fruit versus
leaf experiment contained 25 transcription factors whose transcripts accumulated
to higher steady-state levels in fruit, and 18 that more highly expressed in leaves.
Among these, three MADS box transcription factors were identified in the fruit,
and two in leaves. Additionally, a MYB transcription factor (MdMYB8) that shows
high expression in the fruit was identified. Using a gene family approach, the Malus
MYB transcription factor family has been targeted for more detailed analysis (Allan
et al unpublished, more detail later in this chapter). This work showed that there was
no apparent phenotype when this gene was over-expressed in Arabidopsis.

Finally, while the assessment of pathways and transcription factors are produc-
tive, these methods rely heavily on established data. When the lists of leaf-fruit
genes are scrutinized, even when generously assigning function based on loose
homology, the largest category of genes is those of unknown function. Of the top
500 genes with changes in expression level, there were 132 genes in fruit that only
have homology with genes of unknown function (or more rarely, no homology at all
with any other genes) and 158 such genes from leaves. The characterization of such
genes is still a big challenge for molecular biologists, especially when working with
non-model organisms.

5 Heterologous Microarrays

A further use of microarrays is to hybridize RNA from different species onto an
array (heterologous hybridizations). We have successfully hybridized pear (Pyrus
communis) and peach (Prunus persica; Chiozzotto et al. in preparation) RNA to the
apple array. In both these experiments, the hybridization stringency used was identi-
cal to the apple as described in Schaffer et al. (2007). The efficiency of hybridization
was assessed by taking six apple microarrays hybridized with apple leaf RNA, six
with apple fruit RNA, six with pear leaf RNA and six with peach fruit RNA. For
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each array, the background level of hybridization was measured using negative con-
trol human clones located at different locations on the microarray and represented
by 162 spots. The average signal and Standard Deviation were measured for all these
control clones (excluding two that seem to cross hybridize). From this we then mea-
sured the number of spots hybridizing at background level, and then 1 to 5 standard
deviations from the background (Fig. 3). The rest of the features that showed inten-
sities of more than 5SD from the mean were also plotted, these were taken to be
significant levels above background. The number of clones that showed a signifi-
cant level of hybridization above background was similar in apple, pear and peach,
suggesting meaningful data can be extracted from these heterologous arrays. Het-
erologous arrays do require the additional step, once differentially expressed genes
are chosen, of identifying the native homologous gene, and this may take some time
with more distant species.

6 Heterologous Expression of Apple Genes in Arabidopsis

The approach of transforming an apple gene into Arabidopsis, is both attractive
(since transformation is relatively simple and plants easily grown), and fraught with
danger in that the gene is certainly in a heterologous background. Nevertheless,
several exciting and conclusive studies have used this approach.

The understanding of biosynthetic pathways, and their control, has benefited
from transformation of genes into Arabidopsis. Genes involved in the phenyl-
propanoid pathway have been tested in Arabidopsis. A gene encoding an R2R3
MYB transcription factor, designated MdMYB1, was isolated from ‘Cripps’ Pink’
and shown to control apple skin color. The expression of MdMYB1 in Arabidop-
sis plants induced the synthesis of anthocyanin, particularly in the seeds (Takos
et al., 2006). Two isolated spermine (Spm) synthases from apple (MdACL5-1 and
MdACL5-2, with high homology with AtCL5, and MdSPMS has high homology with
AtSPMS) both complemented Spm biosynthesis in a yeast mutant deficient in Spm
synthase, and ectopic expression of MdACL5-1 in the Arabidopsis dwarf mutant
acl5 allowed recovery of the normal phenotype (Kitashiba et al., 2005).

Apple flowering-related genes can also be effective in Arabidopsis. In several
studies, an Arabidopsis mutant has been complemented by an apple gene. For exam-
ple, in Arabidopsis, LIKE HETEROCHROMATIN PROTEIN1 (LHP1) is involved in
silencing of flowering time genes (Mimida et al., 2007). Two apple LHP1 homolog
genes, called MdLHP1a and MdLHP1b, expressed constitutively in Arabidopsis
could compensate for the pleiotropic phenotype of lhp1/tfl2 mutant (Mimida et al.,
2007). Transgenic Arabidopsis have been used to test the function of two apple
orthologues of FLORICAULA/LEAFY AFL1 and AFL2 (apple FLO/LFY; Wada
et al., 2002). Plants transformed with AFL2 exhibited accelerated flowering and
gave rise to several solitary flowers from rosette axils directly. AFL1 had similar
effects, but the phenotypes of the transgenic Arabidopsis with AFL1 were weaker
than those with AFL2.
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As part of a gene discovery program at Plant and Food Research, over 120 Malus
domestica genes have been transformed into Arabidopsis by the floral dip method
(Clough and Bent, 1998). These genes have been selected by researchers in areas
such as transcriptional regulation (62 genes), biosynthetic pathways (36), phyto-
remediation (14), and promoter testing (9). In the most part, a 35S promoter has
been chosen to drive transgene expression, with over 20 extreme phenotypes pro-
duced, including changes in architecture (Foster et al., 2007) and color (Espley et al.,
2007). It has been shown that transgenic Arabidopsis expressing MdRGL2a, one of
six genes encoding the DELLA motif identified within the apple EST databases,
have smaller leaves and shorter stems, take longer to flower in short days, and
exhibit a reduced response to exogenous GA3, indicating functional conservation
of gene function between DELLA proteins from apple and Arabidopsis. MDH1,
a homeobox gene similar to that of BEL1, which is involved in regulation of ovule
development in Arabidopsis, was transformed into Arabidopsis driven by a 35S pro-
moter. The resulting transgenics showed dwarfing, reduced fertility and changes in
carpel and silique shape (Dong et al., 2000).

7 Transient Assays of Apple Genes in Tobacco

As a high-through-put assay of gene function, over 160 apple genes were over-
expressed in tobacco (either Nicotiana benthamiana or N. tabacum) by the transient
transformation technique (Hellens et al., 2005). These genes are involved in catalyz-
ing key biosynthetic steps (e.g. activation of Malus × domestica chalcone synthase
CHS1, an enzyme in the phenylpropanoid pathway: Hellens et al., 2005), or in stud-
ies of anthocyanin production (Espley et al., 2007).

The assays employing a set of versatile vectors have been built for the transient
assay of promoter activity. Promoter sequences, for example apple chalcone synthase
CHS1, were inserted into the multiple cloning site of pGreenII 0800-LUC, which then
drives luciferase expression. This is ratio-ed against a 35S-Renilla. Tobacco leaves
are then infiltrated with Agrobacterium carrying the promoter-reporter, and further
Agrobacterium strains with other genes. Thus, any activation of the promoter (for
example, an addition of a transcription factor, or treatment of the plant exogenously
with ethylene) will result in a change in ratio between promoter-of-choice-luciferase
to 35S-Renilla. Patches of tobacco leaf are then tested routinely 3–4 days later in
a multi-plate luminometer. This enabled the identification, from a pool of 100s of
transcription factors, those TFs likely to be involved in the regulation of the apple
CHS gene (Hellens et al., 2005), and DFR gene (Espley et al., 2007).

The transient expression of MYB transcription factors in N. tabacum also drives
colored, anthocyanic patches. MdMYB10 in the presence of a bHLH such as
MdbHLH3 or MdbHLH33 or Arabidopsis TT8, will develop such a color patch
within 6 days (Espley et al., 2007). Souleyre et al. (2005) also used the system
to show an acyl transferase is involved in aroma biosynthesis. Such fast screens of
gene function are certainly good preliminary tests to employ before making stable
transgenics, for further testing.
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8 Apple Functional Genomics

Apple now represents a very well researched fruit in the genomics discipline. Sev-
eral large EST databases, oligo-based microarrays. and new molecular tools which
can confirm functional predictions from sequence homology, mean that apple is now
a less intransigent system for plant biologists to study. In addition, future tools to aid
functional genomics in apple are in development. A whole genome sequence project
is in progress, and the sequence of other genomes will add to our understanding of
apple.
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7. Apple Transformation
and Translational Genomics

Mickael Malnoy and Herb Aldwinckle

1 Introduction

The apple genome sequencing, currently in progress at the Istituto Agrario San
Michele all′Adige Italy and Washington State University USA, in combination of
various computational and empirical approaches to sequence annotation, will make
possible the identification of thousands of genes. At the time of completion of the
apple genome sequence, few of these genes will have an experimental assigned func-
tion. Indeed, in Arabidopsis thalinia only 10% of the 25,500 unique genes that were
initially predicted had an experimental assigned function (Arabidopsis Genome Ini-
tiative, 2000). Dertermination of the functions of the unknown genes will present a
tremendous challenge, not only because of the large number of genes to be exam-
ined, but also because defining what constitutes a gene is itself a complex problem
(Snyder and Gerstein 2003).

Recent improvements in genomic technology allow genome-wide capture of
some basic information, such as the determination of gene or protein expression
levels using microarrays, cDNA-AFLP or 2D gel electrophoresis (Fig. 1). Although
informative, these types of data alone are typically not sufficient to define the func-
tion of a gene, as by its very nature this information is largely correlative. Mutant
analysis or transformed lines provide an alternative and typically more reliable
means to assign gene function. This phenotype-centric process is classically known
as forward or reverse genetics. In apple forward genetics is a process that has not
been yet used, instead reverse genetics was used for several years to improve some
apple characteristics.

M. Malnoy (B)
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Fig. 1 From genome sequence to gene function. Steps and experimental approaches that are used
in the functional annotation of the genome. MPSS massively parallel signature sequencing; SAGE,
serial analysis of gene expression

2 Reverse genetic, Gene Function Validation

The large amount of sequence information that has been generated by EST sequenc-
ing in USA and in New Zealand during the last couple of years and the sequenc-
ing of the apple genome, together with the implementation of approches to study
gene expression, protein-protein interaction and other aspects of plant biology, have
resulted in an increased interest in reverse genetic methodologies in apple. Strate-
gies have been developed in apple to validate gene function; they are based on the
over-expression or the silencing of a candidate gene.

The first report of in vitro regeneration of adventitious shoots from apple was
made by Liu et al. (1983a, b) using apple seedlings. Several later reports (Barbieri
and Morini 1987; Welander 1988; Fasolo et al. 1989; Sriskandarajah et al. 1990;
James et al. 1994; Korban et al. 1992) revealed critical factors affecting the fre-
quency of leaf regeneration in apple scion cultivars, rootstocks, and seed explants.
They include nitrogen source and concentration, growth regulators, incubation con-
ditions, leaf origin, leaf maturity and position on the stem, mode of excision and
explant orientation. ‘Greensleeves’ was the first apple cultivar to be transformed
(James et al. 1989) with an efficiency of transformation between 0.1 and 0.5%
on a per explant basis. The method used was based on a leaf disk transformation
method using disarmed strains of Agrobacterium tumefaciens. The GUS gene in
the transformed ‘Greensleeves’ plant produced in this way displayed stable pat-
terns of expression in fruit and Mendelian segregation in the progeny (James et al.
1995, 1996). To date, variations of this method have been used to transform different
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Malus × domestica cultivars (30) and rootstocks (7), M. prunifolia (2) and one M.
robusta variety (Malnoy et al. 2008). A. tumefaciens was used for transformation but
some attempts were made with A. rhizogenes (Yamashita et al. 2004), mainly driven
by the interest in the rol gene (Pawlicki-Jullian et al. 2002). Most early reports on
transformed apple described ‘proof of concept’ experiments involving the devel-
opment of regeneration and transformation protocols and the choice of appropriate
promoters and selectable markers (summarized in Malnoy and Aldwinckle 2007).
More recently, attention has focused on functional testing of traits of scientific and
potential commercial interest. These traits can be grouped into two categories: pro-
duction and consumer traits. Production traits of interest include bacterial, fungal
and pest resistance, dwarfing, propagation, stress resistance, precocity, storage life
and self fertility. Examples of consumer traits include novel health properties, flavor,
reduced browning, color, and reduced allergenicity. However, some of these traits
have been improved by an integrated foreign gene; this chapter will focus on the
over-expression and silencing of apple gene.

2.1 Disease Resistance (Fire Blight and Apple Scab)

2.1.1 Bacterial Disease Resistance

Engineering or increasing resistance to fire blight is the focus of research in bac-
terial disease resistance (also reviewed recently in Malnoy and Aldwinckle 2007).
Fire blight, caused by the necrotic bacterium Erwinia amylovora, is arguably the
most devastating disease of apple, with some outbreaks resulting in the destruction
of whole orchards. The disease was first reported in the northeast of USA in 1784,
and from there it has spread through infected material throughout most global apple
growing regions, except China, India, South America and Australia. Fire blight bac-
teria are capable of infecting blossom, fruit, vegetative shoots and rootstock crowns
through natural openings or wounds. Current disease management strategies rely on
a mix of cultural practice and application of copper compounds and antibiotics. The
most effective antibiotic is streptomycin. However, streptomycin is not registered for
commercial use in many countries and streptomycin-resistant E. amylovora strains
have arisen where streptomycin was used frequently (Jones and Schnabel 2000).
Fire blight resistant rootstocks have been commercially released (e.g. the Geneva®

series); but conventional breeding of scions is hampered by the very poor quality of
resistance sources.

In most of the reported approches to create a fire blight resistant plants, the
resistance induction was entrusted to a non-Malus gene (reviewed Malnoy and Ald-
winckle 2007). However, two strategies based on the silencing of endogenous apple
receptor protein and over-expression of an apple transcription factor have been pro-
posed to improve the resistance to fire blight (Table 1).

E. amylovora also produces the pathogenicity effector protein dspE, which inter-
acts directly with four leucine-rich repeat (LRR) receptor-like serine/threonine
kinases of apple (DIPM). If this interaction does not take place E. amylovora will
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not be able to infect that host, i.e., in the absence of the host DIPM receptor pro-
teins the specific plant is a nonhost. Constructs with complete or partial hairpin
DIPM gene sequences controlled by the CaMV 35S promoter were made. Several
GM lines were recovered and in most genotypes the corresponding DIPM genes
were silenced. However, no line with all four DIPM genes silenced was recovered.
Preliminary fire blight resistance tests in growth chambers indicate that some lines
are more resistant to artificial infection of the shoot tips (Borejsza-Wysocka et al.
2006). As the authors point out, ‘resistance due to silencing of a native apple gene(s)
is likely to be more acceptable to regulators, growers, and consumers than the addi-
tion of any foreign genes.’

During the infection process pathogens secrete compounds that elicit a range
of plant host defense responses that occur at different rates. Researchers have
tried to induce plant defense responses by introducing elicitors or by speeding
up the defense response with various promoters. One approach proposed by Ald-
winckle, has been to overexpress master regulators of the plant disease response.
The NPR1 gene is a key mediator of SAR (Cao et al. 1994; 1997). The NPR1
protein in Arabidopsis is linked to the defense reaction and when overexpressed
enhances resistance to Pseudomonas syringae and Peronospora parasitica (Cao
et al. 1998). An additional copy of the apple ortholog, MpNPR1 with the pro-
moter Ppin2 (E. amylovora induced), was introduced into ‘Galaxy’ and the root-
stock M.26 (Malnoy et al. 2007a). In test chamber challenges with E. amylovora,
the transformed ‘Galaxy’ clones had 17.5–35.5% infected shoots - compared to 80%
in controls. In addition, there was increased resistance to two other pathogens [V.
inequalis and Gymnosporangium juniperi-virginianae (cedar apple rust)] (Malnoy
et al. 2007a). The increased, broad spectrum resistance produced by the introduc-
tion of an additional copy of a gene sourced within apple, makes the use of MpNPR1
(and similar strategies) very attractive, as all the other genes for resistance employed
previously have been of viral, bacterial, fungal or animal origin.

2.1.2 Fungal Disease Resistance: Venturia inaequalis

Work on resistance to fungal disease has focused on apple scab (Venturia inae-
qualis). Scab is the most serious fungal disease of apple in growing areas with
wet springs as it attacks both the foliage and fruit, resulting in reduced yield, and
un-saleable blemished fruit. Scab is mainly controlled by the use of fungicides,
although this method of control is threatened by increasing fungicide resistance.
Conventional breeding has relied on one major resistance gene (Vf). Race 6 of the
V. inaequalis that can overcome this resistance occurs in Europe, but apparently
not in North America. Researchers have also introduced anti-fungal proteins from
fungal and plant sources with some interesting results (Bolar et al. 2000, 2001;
Faize et al 2003, 2004). A different approach to abtain scab resistance plant was
attempted by the introduction of the apple scab resistance gene Vf from a wild into
a cultivated apple. The introduction of the Vf by classical breeding began as early
as the 1950s (Schmidt and van de Weg, 2005). Despite more than 50 years of tra-
ditional breeding programs, the new apple cultivars carrying this gene have yet to
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acquire the same fruit quality in terms of taste and texture as the susceptible top cul-
tivars, because of linkage drag. The genes at the Vf locus have recently been cloned
(Vinatzer et al., 2001; Xu and Korban, 2002). One of these Vf paralogs HcrVf2
under the control of the CaMV35S promoter was introduced into the susceptible
cultivar Gala using the nptII gene for selection. First in vitro tests evaluating the
progression of the scab infection (penetration and stroma formation) (Barbieri et al.
2003), and later greenhouse scab inoculations of lines showed that the four trans-
formed lines carrying hcrVf2 gene were at least as resistant as resistant cultivars
Florina when inculated with a field inoculum (Belfanti et al. 2004). Inoculation of
these lines with race 7 from M. floribunda 821 resulted in sporulation on the trans-
formed lines and controls; however, the inoculum was less abundant than the field
inoculum. Moreover, the HcrVf2 transformed lines still retained some resistance,
being slightly more resistant than the lines transformed with only nptII gene and
the untransformed ‘Gala’ (Silfverberg-Dilworth et al 2005). Recently, Malnoy et al.
(2008) undertook a study of the function of each of the three Vfa full-length paralogs
at the Vf locus in the resistance response of apple to V. inaequalis by complementary
tests. Intact genomic candidate genes of each of the Vfa paralogs under the control
of their own promoter were integrated into the genome of the scab-susceptible apple
cultivars Galaxy and McIntosh. They found that transformed lines expressing Vfa4
are found to be as susceptible as the control to venturia inaequalis; whereas, those
expressing either Vfa1 or Vfa2 confer partial resistance to apple scab. It is the first
study conducted in apple that validates the distinct functions of each of the three
gene which compose the Vf locus in apple.

2.2 Tree Characteristics (Tree Height, Precosity, Self-Fertility,
Colors)

Amelioration of tree characteristics by classical breeding can require several years
before any change is observed, especially for precosity or self-fertility. The use of
genetic engeneering can improve a trait in a shorted time and without modification
of the interesting traits of specific cultivars. Some of these traits were improved in
apple by silencing or overexpressing different genes from diverse organisms and
apple itself. Here we will report only the work done with apple genes.

2.2.1 Tree Size

The ability to control plant vigor made modern high intensity apple production sys-
tems possible. In general, sufficient vigor control of apple cultivars is imparted by
the use of rootstocks. The vigor can be also controlled with the application of growth
retardants such as inhibitors of gibberellin (GA) biosynthesis. With this in mind,
dwarf (reduced internode length) ‘Greensleeves’ scions were produced by silenc-
ing an endogenous GA 20-oxidase (Bulley et al. 2005). The size of the transformed
trees ranged between 50 and 80% of non-transformed control and more pertinently,
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the dwarfing effect was retained in the T0 plants after grafting onto normal vigorous
rootstocks (M.25 and MM.106). Earlier work also reported obtaining drawf apple
tree with expression of the phytochrome B gene (PhyB) (Holefors et al. 2000): the
rol A genes from A. rhizogenes (Zhu et al. 2001a; Holefors et al. 1998; Zhu and
Welander 2000), the rol C (Igarashi et al. 2002) or the rol B gene (Radchuck and
Korkhovoy 2005; Welander et al. 1998; Zhu and Welander 2000, Zhu et al. 2001b;
Pawlicki-ullian et al. 2002).

2.2.2 Self Fertility

The majority of apples cultivars and many other tree crops are self-incompatible due
to a system which specifically prevents self-pollen from fertilizing its own egg cells.
In apple, a key gene in the self incompatibility system resides at the S-locus which
encodes S-RNAses (Broothaerts et al. 1995). One allele isolated from ‘Elstar’ (S3;
Broothaerts et al. 1995) was over-expressed under the control of the CaMV35S pro-
moter in ‘Elstar’ to silence the endogenous allele. Self-compatible transformed lines
were obtained that were silenced for the S3 allele but also the S5 allele presumably
due to sequence similarity or methylation of the S5 allele (Broothaerts et al. 2004).
Over a three year trial the S3/5 silenced lines were equally fertile with self (32%
set) and non-self pollen (31% set), and to controls pollinated with non-self pollen
(30%). Fertility of self-pollinated controls was very low (4%) (Broothaerts et al.
2004). Self-fertile apples would be attractive to growers, which will not depend of
the presence of bees and separate cultivars for pollination. Self-fertile apple cultivars
could also be useful to apple breeders and researchers for producing homozygous
breeding lines.

2.2.3 Precosity

An attractive feature of many clonal rootstocks is that they reduce the length of juve-
nility and promote heavier flowering of grafted scions when compared with scion
cultivars grown on their own roots or on seedling rootstocks. Kotoda et al. (2006);
Kotoda and Wada (2005) reported that transformed ‘Orin’ apple plants express-
ing the MdTFL1 gene in antisense orientation (MdTFL is an endogenous transcrip-
tion factor that delays flowering), flowered 8–22 months after transfer to the green-
house, whereas non-transgenic plants flowered 69 months after transfer to the green-
house. However, this magnitude of early flowering effect is not strong enough, since
flowering of transgenic lines was obtained around 22 month after transformation
(Aldwinckle unpublished results). This plant was subjected to some special growth
conditions, promoting rapid flowering.

Early flowering was reported also in apple by Flachowsky et al. (2007) by
expressing the BpMADS4 gene from silver birch. The ‘Pinova’ transgenic lines
develop flowers in vitro- 13 weeks after transformation, and the flowers are mor-
phologically normal. Flowers were also produced on own-rooted plants of three
BpMADS4-transgenic lines after 3–4 months growth in a greenhouse. These flow-
ers produced viable pollen, and when pollinated set fruit with 8–10 seeds per fruit.



154 M. Malnoy and H. Aldwinckle

By introducing the apple genes corresponding of BpMADS4, it will be possible to
produce a early flowering model apple lines which can used for accelerating the
classical breeding or to study genomics of flowering regulation and fruit quality
characters.

2.3 Modifaction Aplle Metabolism (Sugar Accumulation,
Ethylene Production)

Among the many quality parameters defining the desirability of fruits and vegeta-
bles, there are important nonvisual characteristics such as texture, nutritional value,
and flavor, which influence the final acceptance by the consumer (Awad and de
Jager 2003). Flavor composition has been defined as a complex attribute of quality,
in which the mix of sugars, acids, and volatiles plays a primary role (Baldwin 2002).
Another interesting group of metabolites are phenolic compounds, which are impor-
tant secondary metabolites contributing to overall fruit quality, including flavor,
nutritional value, and appearance (Golding et al. 2001). During fruit development
there are many changes in flavor metabolites caused by their synthesis, transport, or
degradation. In climacteric fruits, ethylene plays an important role as a modulator of
ripening. All of these fruit quality related metabolites may be directly regulated by
ethylene (ethylene-dependent processes) or by other signals (ethylene-independent
process) (Flores et al. 2001).

In addition to the flavor metabolites mentioned above, sugars and organic acids
measured through total soluble solids (TSS) and titratable acidity (TA), respectively,
are most commonly associated with fruit taste. The sugars sucrose, glucose, and
fructose are responsible for the sweetness, with some minor contribution of sorbitol
in apple (Baldwin 2002; Knee 1993). Sugars are transported from source organs and
accumulate in fruit during their development, where they form starch. The hydrol-
ysis of starch in the fruit is an important source of sugars in the last stages of fruit
development and starts before the climacteric peak (Knee 1993).

The effect of the ethylene production has been studied by silencing
critical ethylene biosynthetic genes in apple. Transformed ‘Gala’, ‘McIn-
tosh’ and ‘Greensleeves’ down-regulated for either ACS (ACC synthase; 1-
aminocyclopropane-1-carboxylic acid synthase) or ACO (ACC oxidase) have been
produced (Hrazdina et al. 2003; Dandekar et al. 2004; Schaffer et al. 2007). These
genes encode key enzymes in biosynthesis of ethylene (Gray et al. 1992), which
is a key hormone initiating and mediating ripening in climacteric fruit. Both Dan-
dekar et al. (2004) and Defilippi et al. (2004) analyzed fruit from the same or similar
transformed antisense ACO and ACS apple lines, that ranged in ethylene production
rate from 4 to 40% that of the ‘Greensleeves’ control. They both observed greatly
increased shelf life and increased firmness after 12 days at 20◦C. Dandekar et al.
(2004) reported no significant difference in soluble solids (◦Brix) and acidity at har-
vest and after storage, whereas sugar and acid composition was different from con-
trols in fruit stored without ethylene treatment, but was no different from controls
for ethylene-treated fruit (Defilippi et al. 2004). Production of volatile esters such as
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and hexyl butanoate, as well as α-farnesene was suppressed (total ester production
was down to 29% of control and α- farnesene was down to 40% of control). The
volatile esters are important components of the fruit flavor complex, but a similar
level of suppression of volatile ester production was observed when control fruit was
treated with 1 μg.L–1 1-MCP for 20 h at 20◦C (Defilippi et al. 2005a, b). Ethylene
treatment allowed ester and alcohol synthesis to recover to 70% of the control fruit
values, whereas ester and alcohol synthesis only slightly recovered in MCP-treated
fruit (Defilippi et al. 2005a, b).

In a separate study, Schaffer et al. (2007) found that in ACC oxidase down-
regulated ‘Royal Gala’, ester and alcohol synthesis completely recovered after ethy-
lene treatment. Their microarray data revealed that ethylene controlled only the last
biosynthetic steps of aroma biosynthesis.

2.3.1 Flavor

Alteration of sorbitol biosynthesis can impact on sugar partitioning in fruit. Sorbitol
is the principal sugar translocated from source to sink organs in apple (Webb and
Burley 1962). Transformation of ‘Orin’ with a sense sorbitol-6- phosphate dehydro-
genase gene (S6PDH) under the control of the CaMV35S promoter resulted in lines
either silenced or up-regulated in S6PDH activity (Kanamaru et al. 2004). Plants
that were silenced for S6PDH had reduced levels of sorbitol (to almost zero in some
lines) and increased steady state concentrations of sucrose compared with controls.
In lines with increased S6PDH activity, both sorbitol and sucrose were increased
compared with controls (Kanamaru et al. 2004). Conversion of triose-3-phosphate
in the translocated photosynthate (in this case sorbitol) to 3-phosphoglyceric acid,
results in NADPH production, which in turn reduces mannose-6-phosphate via
mannose-6-phosphate reductase, was proposed to drive an apparent increase in pho-
tosynthetic rate (Kanamaru et al. 2004). It will be interesting to see what effects
there are on fruit constituents in the lines with increased S6PDH activity. In a sim-
ilar experiment, transformed ‘Greensleeves’ down-regulated for S6PDH showed
marked changes in overall sugar metabolism (Cheng et al. 2005; Teo et al. 2006).
The concentration of sorbitol was reduced in mature leaves while the concentra-
tion of sucrose and starch was increased. Although partitioning of newly fixed car-
bon to sucrose was unchanged, partitioning was increased for starch in S6PDH
down-regulated lines. The increase in sucrose concentration was suggested to be
due to breakdown of starch to glucose and maltose in chloroplasts for synthesis
of sucrose during the night (Cheng et al. 2005). Fruit of S6PDH down-regulated
lines had reduced sorbitol and increased sucrose concentrations. The fruit also had
altered patterns of glucose, fructose, starch, and malic acid accumulation. Net car-
bon assimilation was also decreased in S6PDH down-regulated lines. Zhou et al.
(2006) reported that these plants had reduced sorbitol dehydrogenase and increased
sucrose synthase activities. These studies have shown that altering expression of a
key enzyme in sugar metabolism can have wide-ranging effects on fruit flavor such
as the sugar/acid balance. It would be of interest to determine how these changes
affect sensory perception.
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Atkinson et al. (2002) overexpressed polygalacturonase and obtained a range
of new phenotypes, altering leaf morphology, plant water relations, stomata struc-
ture and function, as well as leaf attachment. Underexpression of polyphenol oxi-
dase (PPO) (catechol oxidase), the enzyme responsible for enzymatic browning
of apples, by use of an antisense PPO gene clearly led to reduced calli brown-
ing (Murata et al. 2000) and shoots had a similarly lower tendency for browning
through the PPO activity (Murata et al. 2001). Such fruit would be attractive to both
the consumer and the food processing industry.

2.4 Health Related: Alerginicity

The prevalence of allergies to foods is lower than that of airborne pollen. Roughly
8% of children, particularly in the first 3 years of life, exhibit allergic reaction to
certain foods, but this drops to around 2% in adults. The prevalence of allergy to
apple is uncertain, but it varies by geographic region. In Northern Europe most apple
allergic patients (>90%) present oral allergy symptoms due to cross reactive IgE to
the birch pollen allergen Bet v 1 (Fernandez-Rivas et al. 2006). The protein in apple
that they react to is MALD1 which is an orthologue of Bet v 1 (Ebner et al. 1995;
Vanek-Krebitz et al. 1995). The allergic symptoms are typically far less severe than
peanut allergy because the MALD1 proteis extremely labile (Astwood et al. 1996).
In Spain, apple allergic patients are sensitised to MALD3 (non-specific lipid transfer
protein) (Fernandez-Rivas et al. 2006), and can develop much more severe allergic
reactions than to MALD1.

The MALD1 allergen belongs to a group of pathogenesis related proteins, more
specifically the PR10 proteins (Puhringer et al. 2000). Many plant foods, in par-
ticular fruits and tree nuts, contain homologous proteins that are recognized by the
same Bet V 1- specific IgE antibodies. In apple, this allergen was designated Mal d 1
(Vanek-Krebitz et al. 1995). Approximately 70% of patients allergic to birch pollen
have been reported to have adverse reactions to apple as a consequence of the cross-
reactive IgE antibodies (Ebner et al. 1995). Although birch pollen-related apple
allergy is almost exclusively mild and restricted to the oral cavity, most patients
allergic to apples avoid the fruit in their diet (Gilissen et al. 2005). Related fruits of
the Rosaceae family, such as pear, cherry and peach can also induce adverse reac-
tions on the basis of the same cross-reactive IgE antibodies (Ortolani et al. 1988).
Therefore, avoidance often results in deprivation in the diet of a wide range of com-
mon plant foods that have important nutritional value. Production of an apple with
a significant reduction of the overall expression of Mal d 1 from existing economi-
cally successful cultivars seems to be an attractive approach. Gilissen et al. (2005)
chose the approach of RNA interference (RNAi) for post-transcriptional silencing of
the gene Mal d1. They have isolated one Mal d 1 gene from ‘Gala’ and transformed
the ‘Elstar’ apple cultivar with an Mal d 1 RNAi vector. Normally it takes 3–5 years
to grow an apple fruit-producing tree from seed or in vitro culture. Because Mal d
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1 genes are expressed in leaves as well as in the apple fruit, Gilissen et al. (2005)
were able to evaluate Mal d 1 gene silencing in the leaves of young apple shoots
growing in vitro. Their results showed a reduction of expression of the Mal d 1
by immunoblotting. This translated into significantly reduced in vivo allergenicity
(Gilissen et al. 2005). These observations support the feasibility of production, by
gene silencing, of apple cultivars hypoallergenic for Mal d 1 (Gilissen et al. 2005).
These data will need to be confirmed further by analyzing the expression of Mal d
1 in transgenic fruit and by testing their allergenicity. Mal d 1 silenced plants must
also be evaluated for undersirable reduction in disease resistance.

The commercial feasibility of producing hypoallergenic apples needs to consider
the potential market (between 2 and 10% of potential consumers, who typically
avoid allergenic foods). Allergic patients can also react to multiple proteins and so
multiple genes would need to be silenced. Furthermore, not all allergenic proteins
present in apple have been characterized or identified. Nevertheless, there is the pos-
sibility that low allergenic cultivars may be given preference by food producers and
processors because of food health and safety regulations and thus set the benchmark
for future cultivars.

3 Conclusions

During the last 20 years researchers have made important progress in genetic enge-
neering of apple by trying to improve important horticultural problems using genes
from apple. It was proven that it is possible to engineer resistanec apple to the
major bacterial and fungal diseases. Promissing efforts have been made to try to
reduce the amount of chemicals used for controlling self sterility, storage life, vigor,
and increasing precosity of apple. Recently, researchers have been focusing their
research on interesting and desirable trais of apple for the consumer, by reducing
browning, reducing allerginicity of apple and by increasing health properties.

Aside of this research, there are other challenges to the development and com-
mercialization of genetic engeneered apple. On of these challenges will be to limit
the integration of non apple genetic material. That can be done by producing trans-
formed apple without selectable marker (Malnoy et al. 2007b) and by using plant
or apple border sequences (Rommens et al. 2004, Conner et al. 2007). The transfor-
mation without selectable marker is an interesting strategy but it will be necessair to
identify chimeric and vector backbone free transformed apple. On other challenge
for the commercialization of transformed apple will be the cost of the registration
of GE apple lines by the differente organization. The intellectual properties are also
a major barriere for the commercialization of GE apple.

In summary, genetic engeneering of apple have a great potential for the consumer
and improving major horticultural apple problemes. However, before these benefits
can relise, the perception of the public must change. That can be address if we
researchers are explaining what we are doing and what can be the benefit of GE
apple for them.
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8. Pear Genomics

Toshiya Yamamoto and Elisabeth Chevreau

1 Introduction

1.1 Origin, Speciation and Botanic Characteristics

Pear, like the other pip fruit species apple and quince, belongs to the sub-family
Maloideae in the Rosaceae, sharing a basic chromosome number of x = 17 which
indicates a polyploid origin. The genus Pyrus is believed to have arisen during the
Tertiary period in the mountainous regions of western China. Dispersal and specia-
tion is believed to have followed the mountain chains both east and west (Rubzov,
1944; Zeven and Zhukovsky, 1975). Wild pears can be found in the entire Eurasian
zone. In Europe they are mostly Pyrus communis L. subsp. pyraster (L.) and in
the Caucasus, P. caucasica (Fed.) Browicz. These pear trees produce small fruits of
variable characteristics, which were probably picked and preserved dried by early
humans. Domestication occurred from the better-fruited trees. As for apple, grafting
played a key role in the diffusion of improved genotypes in Central Asia and in East-
ern Mediterranean area. According to Hedrick et al. (1921), European pear culture
was well established in Greece and cultivars with distinct names were propagated
as early as 300 B.C. Oriental pears, which arose independently, were also grown in
China for more than 2000 years (Kikuchi, 1946).

The taxonomy of the genus Pyrus is complex, due to synonymy between taxa,
and to frequent interspecific crosses. A summary of the main recognized Pyrus
species has been published by Bell et al. (1996) and is reproduced in Table 1. Eco-
nomic usage of Pyrus species has been reviewed by Bell et al. (1996). Pyrus com-
munis L. is the main edible pear species grown in Europe, North America, South
America, Africa and Australia. The snow pear, P. nivalis Jacq., is also grown to a
limited extent in Europe for making perry. In Asia, P. pyrifolia (Burm.) Nakai is the
main cultivated species in southern and central China, Japan, Taiwan and countries
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Table 1 Primary species in the genus Pyrus (from Bell et al., 1996)

Species Distribution

European :
P. communis L. West to SE Europe, Turkey, Eurasia
P. caucasica Fed. SE Europe, Greece, Turkey
P. nivalis Jacq. West, Central and Southern Europe
P. cordata Desv. SW England, W France, Spain, Portugal
Circum-Mediterranean :
P. amygdalyformis Vill. Mediterranean Europe, Asia Minor
P. eleagrifolia Pall. SE Europe, Russia, Turkey
P. syriaca Boiss. Tunisia
P. longipes Coss & Dur. Algeria
P. gharbiana Trab. Morocco, W Algeria
P. mamorensis Trab. Morocco
Mid-Asian
P. glabra Boiss. Iran
P. salicifilia Pall. NW Iran, NE Turkey, South Russia
P. reqelii Redh. South Central Asia (Afghanistan)
P. pashia D. Don. Pakistan, India, Nepal
East Asian
P. pyrifolia (Burm.) Nak. China, Japan, Korea, Taiwan
P. pseudopashia Yu. BNW China (Yunnan, Kweichow)
P. ussuriensis Maxim. Siberia, Mandchuria, N China, Korea
P. calleryana Decne. Central & S China, Vietnam
P. betulaefolia Bunge Central & S China, S Mandchuria
P. fauriei Sceid. Korea
P. hondoensis Kik. & Nak. Japan
P. dimorphophylla Mak. Japan
P. kawakamii Hayata Taiwan, SE China

of Southeast Asia. Some cultivars of this species are also grown on a more limited
basis in Europe, under their Japanese name, nashi. In northern China and Japan,
P. ussuriensis Max. and P. × bretschneideri Rehd. are grown for edible pear pro-
duction, as well as some selections of P. pashia P. Don. Various Pyrus species are
also used as rootstocks, or as ornamentals.

Wild native trees are deciduous, generally medium sized trees, with few species
being shrubs. The inflorescence is a loose corymb of 6–9 flowers. The fruit of pear
is a pyriform (European) or round (Asian) pome. As in apple, the fleshy edible
portion is derived from the receptacle and the base of the perianth. There are 5
central seed cavities, usually bearing 2 seeds each as in apple. The flesh contains
grit cells which are thick-walled, lignified cells that give the characteristic European
pear flesh texture.

1.2 Production and Utilization

Pears rank second to apples in the amount of worldwide production of decidu-
ous tree fruit species The world production of pear has reached 19 MT in 2005
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Fig. 1 World pear production
(FAO, 2007)

(FAOSTAT, 2007). This total production has doubled over the past 15 years (Fig. 1).
It consists mostly of Asian pears (70%), China being the main producer, with more
than 11 MT. European pears are produced mainly by Italy, United States, Argentina
and Spain, each country producing between 0.5 and 1 MT. Most of the crop is uti-
lized as fresh fruit, but significant amounts are processed and marketed as canned
pears, puree, juice, or other products.

1.3 Traditional Breeding

Pear breeding already has a very long history which deals with improvement of
European as well as Asian pears. Breeding objectives are complex, but most pear
breeders share a number of common purposes such as fruit quality, storage abil-
ity, consistent production, disease and pest resistance for cultivar improvement,
and dwarfing ability, graft compatibility, iron chlorosis tolerance, disease resistance,
cold hardiness for rootstock improvement (Bell et al., 1996). Information on objec-
tives and recent introductions can be found in review by Bellini (1995).

Fruit tree breeding methods generally involve three major steps: creation of
genetic variation, selection of elite material and extended experimentation of
promising pre-selection before market release (Schmidt and van de Weg, 2005).
Crossing is still by far the more largely used method of creation of genetic vari-
ability for pear. The genetic pool available for the pear breeder is wide. Most
species of Pyrus are diploid (2n = 34; x = 17) and no significant interspecific
cross-incompatibility is known to exist. Crossing programs rely on the availabil-
ity of appropriate genetic resources, which can comprise recent breeding selections,
old and new cultivars and various species of the genus Pyrus. Most pear varieties are
diploid (2n=2x=34), with a few triploids (2n=3x=51) or tetraploids (2n=4x=68).
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Most varieties are self-sterile, due to a strong gametophytic self-incompatibility con-
trolled by a single S locus. This self-sterility leads to a high degree of heterozygosity.

Many new European pear scion cultivars have been developed from hybridiza-
tion programs and released within the last 20 years with major improvements in
the quality, storage and shelf life of early season pears, as well as in late season
pears. Important progress has also been made in the field of disease resistance, par-
ticularly concerning fire blight. Countries with the highest number of pear scion
releases since 1990 have been USA, Germany, France, Russia and Italy. However,
very few of these novel varieties have the potential to replace the classical pear cul-
tivars whose agronomical and commercial limits are already well known and which
have gained a solid market (Bellini and Nin, 2002). Rootstock breeding programs
are considerably longer than scion breeding programs, because no reliable labo-
ratory technique is available so far to preselect for vigor and compatibility before
testing rootstock/scion combinations in the orchard. Despite hybridization programs
in several countries and release of several new rootstocks, there is still a lack of com-
patible dwarfing pear rootstocks of Pyrus type, combining a good propagation abil-
ity with disease resistance and an adaptation to difficult environmental conditions
(cold, drought or lime-induced chlorosis) (Wertheim, 2002).

Mutation induction, although efficient for some characteristics such as skin color,
compact growth or tetraploidy, never took a large place in pear breeding. The
occurrence of chimeras, which are often unstable, is one of the major obstacles
to the use of spontaneous or induced mutations for pear breeding (Chevreau et al.,
1989). Recently, in vitro systems for pear mutation breeding have been developed
to decrease the risk of obtaining chimeric plants, either by using adventitious regen-
eration or by applying rapid cycles of micropropagation to separate mutated from
non-mutated sectors (Predieri and Zimmerman, 2001). So far, successes of induced
mutagenesis for pear improvement are still limited. Three mutants of Asian pear
(‘Gold Nijisseiki’, ‘Kotobuki Shinsui’ and ‘Osa Gold’) have been released. They
were obtained after chronic γ-irradiation of plants and were selected for increased
resistance to black spot disease, caused by Alternaria alternata (Yoshioka et al.,
1998).

1.4 Biotechnical Approaches to Pear Improvement

The contribution of in vitro methods to create novel genetic variability in pear
has advanced considerably during the two last decades. Haploidization via in
situ parthenogenesis induced by irradiated pollen and in vitro rescue of the hap-
loid plantlets has been successfully developed for pear (Bouvier et al., 1993).
Techniques of adventitious bud regeneration from in vitro leaves have been
developed for several genotypes of European and Asian pear and for quince.
So far, applications of these techniques for the induction of somaclonal varia-
tion have been very limited. The occurrence of somaclonal variation has been
demonstrated for fire blight resistance and iron-chlorosis tolerance, albeit at low
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frequency (Chevreau and Bell, 2005). Protoplast technology has also been applied
to pear since 1986 by Ochatt and Caso. However, somatic hybridization between
Pyrus and an incompatible genus, Prunus, has been reported only once (Ochatt
et al., 1989).

Marketing of pears both within and among nations is characterized by limitations
on the number of cultivars, because both producers and consumers prefer the old tra-
ditional cultivars, which are unique and clearly recognized. Therefore, acceptance
of new hybrid cultivars is very slow. In this context, gene transfer offers pear breed-
ers new tools to directly improve existing elite cultivars without changing their main
recognizable characteristics. Transformation of pear is based on the co-culture of in
vitro leaves with a disarmed A. tumefaciens strain carrying the gene(s) of interest in
a binary vector. Since the first report of pear transformation on three European pear
cultivars (Mourgues et al., 1996), several other genotypes have been transformed by
various groups in Europe, United States and Asia.

Genetic engineering has already been applied to pear with the aim to modify
important agronomical traits by several groups since 1999. These reports, mostly
on European pears, are summarized in Table 2. Increased resistance to fire blight
is the main objective of the pear genetic engineering program in France (Reynoird

Table 2 Reports of introduction of transgenes in pear with the aim of modifying agronomical
traits

Country Pear variety Gene : trait of interest Reference

USA Beurre Bosc Rol C / plant architecture Bell et al. (1999)
France Passe Crassane Attacin / fire blight resistance Reynoird et al. (1999)
France Passe Crassane Lysozyme / fire blight resistance Malnoy et al. (2000)
USA Bartlett Lytic peptide DRC1 / fire blight

resistance
Puterka et al. (2002)

Russia Burakovka Thaumatin II : taste improvement Lebedev et al. (2002a)
Russia Burakovka Defensins Rs-AFP2 / resistance to

fungal pathogens
Lebedev et al. (2002b)

Sweden BP10030 rolB / rooting efficiency Zhu et al. (2003)
France Passe Crassane Lactoferrin / fire blight resistance Malnoy et al. (2003a)
China Fertility Defensins Rs-AFP2 / resistance to

fungal pathogens
Zhao et al. (2004)

Israel Spadona Stilbene synthase / health
promoting

Flaishman et al. (2005)

France Passe Crassane Depolymerase / fire blight
resistance

Malnoy et al. (2005a)

France Passe Crassane Harpin N / fire blight resistance Malnoy et al. (2005b)
Japan La France, Ballade CiFT / flowering Matsuda et al. (2006)
Japan La France ACC oxidase / fruit ripening Gao et al. (2007)
China Xueqing Cry1Ac / insect resistance Tang et al. (2007)
Japan Ballade Spermidine synthase / abiotic

stress tolerance
Wen et al. (2008)

Israel Spadona TFL1 / flowering Flaishman et al. (2007)
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et al., 1999, Malnoy et al., 2000, 2003a, 2005a, b). Promising strategies include
the establishment of a competition for iron with the bacterial siderophores and the
induction of plant defenses by expression of a bacterial effector. Transfer of exoge-
nous transgenes for fungal and insect resistance has also been reported (Lebedev
et al., 2002b, Zhao et al., 2004, Tang et al., 2007). Modification of polyamine levels
has been attempted recently to confer abiotic stress tolerance (Wen et al., 2008).
The rol B and C genes from Agrobacterium rhizogenes have been introduced into
pear for modification of scion development (Bell et al., 1999) or for improvement
of rootstock rooting ability (Zhu et al., 2003). A few reports indicate the use of
transgenes related to fruit quality (Lebedev et al., 2002a, Flaishman et al., 2005,
Gao et al., 2007). Finally, the development of juvenile-free pear has been accom-
plished by CiFT over-expression (Matsuda et al., 2006) and by a TFL1-RNAi strat-
egy (Flaishman et al., 2007).

According to the APHIS Field Test Releases Database (updated October 9,
2007), two groups have already released transgenic pears for field trials in USA. The
USDA-ARS in West Virginia has released transgenic pears carrying a cecropin gene
for fire blight resistance, and the rolC gene for dwarfing. Exelixis in Oregon and
Washington, has released transgenic pears carrying the sam-k gene for delayed fruit
ripening. So far in Europe, only one field trial has been conducted by the Swedish
University of Agriculture Sciences, with transgenic pear rootstocks BP10030 con-
taining the rolB gene.

Practical applications of gene transfer for pear breeding are facing many obsta-
cles, in particular the reluctance of the public in Europe to accept genetically mod-
ified fresh products such as fruits and the limited economical value of this fruit
crop compared to the cost of intellectual property associated with the development
of a GMO variety. Research projects to develop targeted expression of transgenes
(Malnoy et al., 2003b) and marker-free transformation systems (Djennane et al.,
2007) should contribute to minimize public concern. Even though the direct use of
gene transfer for pear breeding seems a long distance target, the various possibili-
ties offered by gene transfer to over-express or silence a precise gene constitutes a
unique tool for the progress of genetic knowledge of this species. With the increased
speed of gene discovery in fruit species, gene transfer will become a necessary tool
to demonstrate the function of these genes.

2 Structural Genomics

2.1 Genetic Diversity

2.1.1 Genetic Diversity in Asian Pears, European Pears, and Other Pyrus

The genus Pyrus contains at least 22 widely recognized primary species, all indige-
nous to Asia, Europe, and the mountainous area of North America. Presently, some
pear species are cultivated commercially in the temperate regions of more than
50 countries around the world (Bell, 1990; Bell et al., 1996). It is considered that
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there are at least 10 naturally and artificially occurring interspecific hybrid species.
The major edible species P. communis L. is used for cultivation in Europe, North
America, South America, Africa and Australia. The other major edible species,
P. bretschneideri Rehd., P. ussuriensis Maxim. and P. pyrifolia (Burm.) Nakai,
are cultivated in East Asian countries. All the species of Pyrus are intercrossable
and there are no major incompatibility barriers to interspecific hybridization in
Pyrus, in spite of the wide geographic distribution of the genus (Westwood and
Bjornstad, 1971). Although interspecific hybrids among Pyrus spp. have been tested
to improve disease and pest resistances, fruit quality and adaptability were gener-
ally low (Bell et al., 1996). During the past decade, a lot of attempts have been
tried to evaluate genetic diversity in Asian pears, European pears, and other Pyrus,
using several types of DNA markers, i.e., RAPD, AFLP, SSRs (microsatellites)
and ISSR.

Ten or more primary species are naturally distributed in East Asia, including
Pyrus pyrifolia, P. pashia, P. hondoensis, P. ussuriensis, P. kawakamii, P. calleryana,
P. koehnei, P. fauriei, P. dimorphophylla and P. betulaefolia (Bell, 1990, Bell et al.,
1996). It is considered that some species such as P. bretschneideri and P. phaeo-
carpa are naturally occurring interspecific hybrids. Genetic diversity and genetic
relatedness within species as well as between species in East Asian pears have been
examined by DNA marker systems. Nineteen Japanese pear (P. pyrifolia) cultivars
were successfully discriminated by 82 RAPD primers and 6 SCAR (sequence char-
acterized amplified regions) markers converted from RAPD fragments (Kim et al.,
2000a, b). Kim and Ko (2004) analyzed 33 Asian pears from 12 Pyrus species by
60 RAPD primers. Four groups were obtained based on a cladogram. A total of
l18 Pyrus spp. and cultivars native mainly to east Asia were analyzed by 20 RAPD
primers to evaluate genetic variation and relationships among the accessions (Teng
et al., 2001, 2002). According to their reports, RAPD markers specific to species
were identified, and the grouping of the species and cultivars by RAPD largely
agrees with morphological taxonomy. Cultivars of P. sinkiangensis were suspected
to be of hybrid origin involving P. communis and P. bretschneideri (Teng et al.,
2001).

Kimura et al. (2002) identified 58 Asian pear accessions from 6 Pyrus species
using 9 SSR markers with a total of 133 putative alleles. They obtained a phenogram
based on the SSR genotypes, showing 3 major groups corresponding to the
Japanese, Chinese and European groups. Bao et al. (2007) evaluated 98 pear cul-
tivars native mainly to East Asia by 6 SSR markers. Chinese sand pear (P. pyrifolia)
and Chinese white pear (P. bretschneideri) presented a large genetic diversity. Occi-
dental pears generally had low affinities to Asian pears.

Edible European pears (P. communis) are derived from wild relatives native to
the Caucasus Mountain region and eastern Europe. Thirteen SSR loci were used to
determine the relationships among 145 wild and cultivated individuals of P. com-
munis maintained in the National Plant Germplasm System (NPGS, USA) (Volk
et al., 2006). Twelve clusters were obtained based on individual SSR genotypes
by Bayesian clustering method. Pyrus communis ssp. caucasica which is native
to the Caucasus Mountains can be genetically differentiated from P. communis
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ssp. pyraster native to eastern European countries. The domesticated pears clus-
ter closely together and are most closely related to a group of genotypes that are
intermediate to the P. communis ssp. pyraster and the P. communis ssp. caucasica
groups. Dolatowski et al. (2004) studied the variability and genetic relationship of
wild and semi-wild pears (P. pyraster) in Poland using AFLP markers.

Oliveira et al. (1999) investigated molecular characterization and phenetic sim-
ilarities between several cultivars of P. communis and P. pyrifolia and several wild
species by RAPD markers. Monte-Corvo et al. (2000) investigated the genetic rela-
tionships among 39 cultivars including 35 P. communis and 4 P. pyrifolia cultivars
using AFLP and RAPD markers. They confirmed that AFLP markers were five times
more efficient in detecting polymorphism per reaction. Although some differences
can be noticed between the dendrograms resulting from AFLP and RAPD analy-
ses, both techniques produced similar results. Lee et al. (2004) reported that RAPD,
SCAR and the conserved 18S rDNA could be used to classify and identify cultivars
of P. pyrifolia and P. communis.

2.1.2 Taxonomical Relationships in Pyrus Assessed by DNA Markers

Taxonomy in Pyrus is conducted mainly by morphology and geographic distribu-
tion. Classification of species of pears is very problematic and is often confused
due to following reasons: (1) lack of wild populations, especially in cultivated
species; (2) poor morphological diversity and lack of distinguishing characters
among species; (3) widespread crossability and consequent interspecific hybridiza-
tion and introgression among species. Recently, many efforts using DNA markers
from the nuclear genome as well as chloroplast DNAs have been conducted, and
reveal taxonomical relationships and the course of evolution in pears.

SSR markers are efficient tools to assess taxonomical relationships in pear,
because of their advantages over other markers, i.e., co-dominant and typically
neutral inheritance, large number of alleles per locus, abundance in genomes, and
suitability for automation. Fifty-eight Asian pear accessions from 6 Pyrus species,
98 pear cultivars native mainly to East Asia, and 145 wild and cultivated indi-
viduals of P. communis, were analyzed by 9, 6 and 13 SSR loci, respectively
(Kimura et al., 2002, Bao et al., 2007, Volk et al., 2006). SSR markers could reveal
genetic and taxonomical relationships in pears and showed distinctive groups gen-
erally corresponding to species in taxonomy. It appears that exact identification of
species may be difficult, for closely related varieties, and hybrid and introgressed
germplasms.

Chloroplast DNA (cpDNA) usually shows maternal inheritance in angiosperms.
Sequence conservation within cpDNA allows us to compare phylogenetic relation-
ships at various taxonomic levels (Palmer et al., 1985). In spite of the conservation
within the chloroplast genome, structural alterations such as insertions, deletions,
inversions and translocations in cpDNA have been found in related plants by com-
paring the structure of cpDNAs. Tracing the mutational events in cpDNA provides
useful tools to trace the course of evolution by reconstructing the plant phylogeny
(Downie and Palmer, 1992). A physical map of cpDNA of pear was constructed
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using 5 restriction enzymes (Katayama and Uematsu, 2003). Pear cpDNA was found
to be a circular molecule with a total size of about 156 kb in which 2 inverted repeats
of 24.8 kb divide the molecule into small (17 kb) and large (90 kb) single-copy
regions. RFLP analysis was carried out on cpDNAs from 5 Pyrus species (P. pyrifo-
lia, P. ussuriensis, P. calleryana, P. elaeagrifolia and P. communis) and 2 mutations,
a recognition-site mutation and a length mutation (deletion), were found only in the
cpDNA of P. pyrifolia cultivars. This information will make it possible to investigate
the phylogenetic relationships between Pyrus species.

Iketani et al. (1998) examined polymorphism of chloroplast DNAs of 106 acces-
sions of mainly East Asian accessions. Four haplotypes were observed with the com-
bination of 3 independent restriction site mutations and all 4 types appeared in the
oriental pear accessions. This suggests that the oriental species of Pyrus and occi-
dental ones may have evolved independently. The distribution of four haplotypes in
the East Asian pear was quite incongruent with the species or infrageneric classi-
fication using mainly morphological characters. Considering the high crossability
and frequent occurrence of suspected interspecific hybrids in wild populations, the
dis-accordance is inferred to be the results of the hybridization and introgression
between species.

Nucleotide sequences at 6 noncoding regions of cpDNAs were identified for 8
pear varieties from 5 species (Kimura et al., 2003). A total of 38 mutations such as
nucleotide substitutions, deletions and insertions were found in more than 5.7 kbp
of nucleotide sequences. Nucleotide sequences at the trnL-trnF were revealed for 33
pear varieties and 8 mutations were identified. A cladogram obtained from the data
showed that Asian pear varieties were divided into 6 groups and that intraspecific
as well as interspecific diversities existed in Asian pears, whereas European pear
varieties were identical with respect to the trnL-trnF region.

2.2 DNA Markers

2.2.1 DNA Marker Systems (Microsatellites, SNPs, AFLP, RAPD, etc.)

Microsatellites, or SSRs (simple sequence repeats), are polymorphic loci present
in nuclear DNA that consist of repeating units of 1–4 base pairs in length. They
are typically neutral and co-dominant, and show high degree of polymorphism
and suitability for automation (Weber and May, 1989). SSR markers have several
advantages over other molecular markers, which provide a more reliable method for
DNA fingerprinting because of their co-dominant inheritance, large number of alle-
les per locus, and abundance in genomes. In addition, since SSR analysis is based
on a PCR method, the technique is simple and only a small amount of DNA is
required. More than 100 SSRs have been developed from European and Japanese
pears (Yamamoto et al., 2002a, b, c; Sawamura et al., 2004; Fernandez-Fernandez
et al., 2006; Inoue et al., 2007). These SSR markers have been used as molec-
ular markers which have wide-ranging applications for the evaluation of genetic
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diversity (Kimura et al., 2002, Volk et al., 2006, Bao et al., 2007), cultivar identifi-
cation, and the construction of genetic linkage maps (Yamamoto et al., 2002c, 2004,
2007).

RAPD stands for random amplification of polymorphic DNA and is the segments
of DNA that are amplified are random. The RAPD reaction is performed with arbi-
trary, short primers (8–12 nucleotides). No knowledge of the DNA sequence for
the targeted gene is required, as the primers will bind somewhere in the sequence,
but it is not certain exactly where. Its resolving power is much lower than targeted,
species specific DNA comparison methods, such as SSRs. In recent years, RAPD
technology has been used to characterize, and trace, the phylogeny of diverse plant
species. RAPDs have also been widely used on pear genetic studies because RAPDs
have the advantage of being readily employed, requiring small amounts of genomic
DNA. RAPD markers have been successfully used for identification and genetic
relationships of pear (Oliveira et al., 1999, Teng et al., 2001, 2002).

AFLP (amplified fragment length polymorphism) markers are a highly sensitive
method for detecting polymorphisms used in the study of genetics and in the prac-
tice of genetic engineering, which was developed in the early 1990’s by Keygene
(Vos et al., 1995). AFLP uses restriction enzymes to cut genomic DNA, followed
by ligation of complementary double stranded adaptors to the ends of the restric-
tion fragments. A subset of the restriction fragments are then amplified using 2
primers complementary to the adaptor and restriction site fragments. The fragments
are visualized on denaturing polyacrylamide gels either through autoradiographic
or fluorescence methodologies. AFLP has several advantages over the RAPD tech-
nique, like a higher number of loci analyzed and a higher reproducibility of banding
patterns on genetic diversity study in pear (Monte-Corvo et al., 2000).

ISSR (inter-simple sequence repeat) is a general term for a genome region
between microsatellite loci. The complementary sequences to 2 neighboring
microsatellites are used as PCR primers. Sequences amplified by ISSR-PCR can be
used for DNA fingerprinting. Since an ISSR may be a conserved or non-conserved
region, this technique is not useful for distinguishing individuals, but rather for phy-
logeographical analyses or maybe delimiting species. Sequence diversity is lower
than in SSRs, but still higher than in actual gene sequences. Monte-Corvo et al.
(2001) reported that ISSR analysis was used for cultivar identification and the deter-
mination of phylogenetic relationship in pears (P. communis).

A single nucleotide polymorphism (SNP) is a DNA sequence variation occurring
when a single nucleotide – A, T, C, or G – in the genome differs between members
of a species. For example, 2 sequenced DNA fragments from different individu-
als, AAGCCTA to AAGCTTA, contain a difference in a single nucleotide. Single
nucleotide polymorphisms may fall within coding sequences of genes, noncoding
regions of genes, or in the intergenic regions between genes. SNPs within a cod-
ing sequence will not necessarily change the amino acid sequence of the protein
that is produced, due to degeneracy of the genetic code. It is believed that SNP will
be the most efficient tool for comprehensive genetic studies in near future. Since
nucleotide sequences of pear genome remain very limited, SNP markers are not
frequently utilized for pear at this moment.
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2.2.2 DNA Markers Associated with Interest Genes

Several phenotypic traits, including tree and production characters, fruit quality, dis-
ease resistance, pest resistance and adaptability, have been studied in pears. Since it
is believed that a lot of phenotypic traits are controlled by polygenes or QTLs, it is
not easy to develop DNA markers associated with specific genes and various charac-
teristics. Associated molecular markers have been isolated for some specific pheno-
typic traits, some of which were identified based on genetic linkage maps. Recently,
resistance to major diseases for pear cultivation, fire blight, pear scab and black
spot were analyzed and genes (or QTLs) controlling resistances were identified in
genetic linkage maps (Table 3). Other genes of interest for self incompatibility and
fruit ripening were also investigated (Table 3).

Disease Resistance (Fire Blight, Pear Scab, Black Spot)

Fire blight caused by Erwinia amylovora (Burr.) Winsl. is the most serious dis-
ease in pears in North America and Western Europe. In the 19th century, breeding
for fire blight resistance started to introgress resistance of Asian pears into Euro-
pean pears. Some interspecific hybrid cultivars between Asian and European pears
showed more resistant to fire blight than European pears, but they were inferior
fruit quality. Large scale evaluation for fire blight disease showed that resistance
in P. communis is relatively rare with 5–10% being rated as at least moderately
resistant. Dondini et al. (2004) designed 2 genetic linkage maps of European pears
‘Harrow Sweet’ (resistant) and ‘Passe Crassane’ (susceptible) with F1 progeny
crossed between them. Different types of DNA markers including SSRs, MFLPs
(microsatellite-anchored fragment length polymorphisms), AFLPs, RGAs (resistant
gene analogs) and AFLP-RGAs were applied for construction of their genetic maps.
The ‘Harrow Sweet’ map consisted of 156 loci, for a total length of 912 cM divided
into 19 linkage groups. Four putative QTLs related to resistance against fire blight
were identified in LGs 2, 4 and 9 (2 QTLs in LG 2) of the map of ‘Harrow Sweet’.
No QTLs were found for susceptible cultivar ‘Passe Crassane’. About 50% of the
total variance was explained by 4 QTLs, and 2 QTLs found in LG 2 showed large
LOD values and high variance explained. This study will lead to identify associated
DNA markers with fire blight resistance in order to develop MAS approach.

Pear scab, caused by two species of Venturia, V. nashicola and V. pirina, is one
of the most serious diseases of Asian and European pears, especially Japanese pear.
Venturia nashicola infects Asian pears throughout their natural range, and V. pirina
occurs in most regions where European pears are grown. The species are classified
in the same genus as V. inaequalis, which causes apple scab. Venturia nashicola is
pathogenic only on Asian pears and is not pathogenic on European pears (Bell et al.,
1996, Ishii et al., 2002). In contrast, Japanese and Chinese pears are generally resis-
tant to V. pirina (Bell et al., 1996, Ishii et al., 2002). None of the major commercial
Japanese pear cultivars are resistant to scab disease caused by V. nashicola (Ishii
et al., 1992, Bell et al., 1996), but no scab symptoms were observed on the indige-
nous Japanese pear cultivar ‘Kinchaku’, some Chinese pears, and many European
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pears. Inheritance analysis indicated that resistance of ‘Kinchaku’ is controlled by
a single dominant gene (Abe and Kotobuki, 1998). Genetic linkage maps of the
Japanese pear cultivars ‘Kinchaku’ and ‘Kousui’ were constructed using RAPD
markers (Iketani et al., 2001). The ‘Kinchaku’ map consisted of 120 loci in 18
linkage groups covering a length of ca. 770 cM, in which 2 disease-related genes
associated with resistance to pear scab and susceptibility to black spot (caused by
Alternaria alternata) were mapped. The resistance gene Vnk of the Japanese pear
‘Kinchaku’ against pear scab disease was identified in the central region of LG 1
(Terakami et al., 2006). Six DNA markers (one SSR Hi02c07 and 5 STSs converted
from AFLP and RAPDs) showed tight linkages to Vnk, being mapped with dis-
tances ranging from 2.4 to 12.4 cM. The SSR CH-Vf2, which was isolated from
a BAC clone of the contig containing the apple scab gene Vf, was mapped at the
bottom of linkage group 1 in ‘Kinchaku’, suggesting that the Vnk and Vf loci are
located in different genomic regions of the same homologous linkage group.

Black spot disease, caused by Alternaria alternata (Fr.) Keissler Japanese pear
pathotype, is one of the most serious diseases in Japanese pear cultivation. Large
amount of costs and labors are required for bagging and spraying of fungicide in
order to prevent infection of this disease (Kozaki, 1973). The AK-toxin, which is
specifically produced by A. alternata Japanese pear pathotype, causes the necro-
sis, early leaf fall, and decrease of yield for Japanese pears (Nakashima et al.,
1985). Many major Japanese pear cultivars ‘Nijisseiki’, ‘Shinsui’, and ‘Nansui’
show susceptibility to this disease, and the susceptibility to black spot is controlled
by single dominant gene designated as A (Kozaki, 1973). Banno et al. (1999) tested
250 RAPD primers to screen a pair of bulked DNA samples derived from open-
pollinated progeny of Japanese pear ‘Osa Nijisseiki’ to identify markers linked
to the susceptible A gene. One RAPD marker CMNB41 was identified to show
linkage to the susceptibility gene at a genetic distance of 3.1 cM. Iketani et al.
(2001) reported that the susceptibility to black spot was identified in the genetic
linkage map of ‘Kinchaku’. More recently, the susceptibility genes to black spot
disease of the Japanese pear cultivars ‘Osa Nijisseiki’ (designated as Ani) and ‘Nan-
sui’ (Ana) were genetically identified and mapped in their genetic linkage maps,
locating at the top region of a linkage group 11 (Terakami et al., 2007). Two SSR
markers CH04h02 and CH03d02 showed tight linkages to Ani and Ana, using a
genome scanning approach (GSA, Patocchi et al., 2005). This information about
the position and molecular markers linked to the disease resistance genes will be
useful for marker-assisted selection and for pyramiding resistances in pear breeding
programs.

Self Incompatibility

Most pear cultivars show self-incompatibility and the proposition of polliniz-
ers inter-planted in the orchard is a requirement to get an economic crop from
most of the cultivars (Sanzol and Herrero, 2002). In Pyrus, gametophytic self-
incompatibility is controlled by a single locus, the S-locus. The S-locus harbors
a multi-allelic gene, which encodes for S-RNase that blocks incompatible-tube
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growth through the style (Ushijima et al., 1998). In Japanese pear, cDNAs encod-
ing S1- to S9-RNase have been isolated and sequenced (Sassa et al., 1997, Ishimizu
et al., 1998, Takasaki et al., 2004). Ishimizu et al. (1999) established a PCR-RFLP
system for S-genotype assignment in Japanese pear. Molecular techniques were
used for the identification of S-genotypes in European pears (Sanzol and Herrero,
2002; Zuccherelli et al., 2002; Zisovich et al., 2004).

Recently, candidates of pollen S (S locus F-box brothers, SFBB) were identified
in apple and pear (Sassa et al., 2007). Three SFBB genes were isolated in each of
the Japanese pear S4 and S5 haplotypes. These SFBB genes in Japanese pear show
S haplotype-specific sequence polymorphism, which can be used as CAPS markers
for identifying self-incompatibility genotypes.

The self-incompatibility locus (S locus) was mapped in the Japanese pear
‘Housui’ and the European pear ‘Bartlett’ in their genetic linkage maps at the bottom
of the linkage group 17 (Yamamoto et al., 2002c). The position of S locus in both
pear and apple was identified in the same homologous LG 17 (Maliepaard et al.,
1998).

Other Phenotypic Traits

Ethylene production drastically varies during fruit ripening in cultivated Japanese
pears. Climacteric-type fruits exhibit a rapid increase in ethylene production and
show a low storage potential. Non-climacteric fruits show no detectable ethylene
production and their fruit quality is maintained for over a month in storage. Itai
et al. (1999, 2003a) cloned three ACC (1-aminocyclopropane-1-carboxylate) syn-
thase genes (PPACS1, 2, 3) and showed that fruit storage potential was closely
related to ethylene production and expression of ACC synthase genes during fruit
ripening. It was identified that PPACS1 was expressed in cultivars with high ethy-
lene production, while PPACS2 was specifically expressed in cultivars of moderate
ethylene production. These two ACC synthase genes (PPACS1, 2) were identified
as RFLP markers, differentiating to high, moderate and low ethylene production.
Furthermore, CAPS markers were established, converted from RFLP markers (Itai
et al., 2003b), which will be utilized for selection of Japanese pear cultivars with
enhanced post-harvest storage ability.

Since pears are mainly served as fresh fruits and must have an attractive appear-
ance, the fruit color is one of the most important factors contributing to appearance.
In Japanese pears, yellow-green and brown russet fruits are preferred for consumers.
Inoue et al. (2006) reported the RAPD marker linked to major genes controlling the
fruit skin color in Japanese pear. Two F1 progenies from the cross of ‘Kousui’ ×
‘Kinchaku’ and ‘Niitaka’ × ‘Chikusui’ segregated by fruit skin color were used
for bulked segregant analysis. After 200 random primers were screened against
bulks, the 425-bp band produced with OPH-19 primer (OPH-19-425) was selected
in association with green bulks. The recombination rate between OPH-19-425 and
the green skin phenotype was 7.3%.
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2.3 Linkage and Physical Maps

2.3.1 Genetic Linkage Maps in European Pears and Japanese Pears

High-density genetic linkage maps are very useful for fundamental and applied
genetic research. Linkage maps enable studies of the genome structure, the local-
ization of interest genes, identification of quantitative trait loci (QTLs), and con-
duction of marker-assisted selection (MAS) and marker-assisted breeding (MAB).
Several genetic linkage maps of pears have been reported in the European pear
(P. communis) and the Japanese pear (P. pyrifolia) (Table 4). Recent pear genetic
linkage maps contain linkage groups corresponding to its basic chromosome num-
ber (n = 17), and are sufficiently dense and saturated. In order to conduct MAS and
to evaluate genome structures, it will be necessary to construct pear genetic maps
covering entire genome regions with a large number of DNA markers.

Iketani et al. (2001) reported the construction of RAPD-based genetic maps of
the Japanese pear varieties ‘Kinchaku’ and ‘Kousui’. The former map consisted of
120 loci in 18 linkage groups covering a length of ca. 770 cM. The map of ‘Kousui’
contains 78 RAPD loci in 22 linkage groups extending 508 cM. The resistance to
pear scab disease (Vn) and the susceptibility to black spot disease (A) were identified
in the genetic map of ‘Kinchaku’ and several RAPD markers were found to show
significant linkages to pear scab resistance and black spot susceptibility.

Partial genetic linkage maps of the European pear cultivars ‘Passe Crassane’,
‘Harrow Sweet’, ‘Abbe Fetal’ and ‘Max Red Bartlett’ were constructed using apple
SSRs, showing 3 linkage groups 10, 12 and 14 (Pierantoni et al., 2004). Dondini
et al. (2004) reported on 2 genetic linkage maps that were made of the European
pears ‘Passe Crassane’ and ‘Harrow Sweet’. The former map included 155 loci for
a total length of 912 cM organized in 18 linkage groups. The ‘Harrow Sweet’ map
consisted of 156 loci, for a total length of 930 cM divided into 19 linkage groups.
Hemmat et al. (2003) suggested that many apple SSRs would be useful for genetic
mapping in European pears in a preliminary experiment.

Integrated high-density genetic linkage maps were constructed for the European
pear cultivar ‘Bartlett’ and ‘La France’, and the Japanese pear cultivar ‘Housui’
based on AFLPs, SSRs (from pear, apple and Prunus), isozymes, and phenotypic
traits (Yamamoto et al., 2002c, 2004, 2007). The map of ‘Bartlett’ consisted of 447
loci including 58 pear SSRs, 60 apple SSRs and 322 AFLPs, which covered 17
linkage groups over a total length of 1,000 cM with an average distance of 2.3 cM
between markers. Another genetic linkage map of ‘La France’ contained 414 loci
including 66 pear SSRs, 68 apple SSRs and 279 AFLPs, on 17 linkage groups
encompassing a genetic distance of 1,156 cM. Both maps consisted of more than
400 loci and covered 17 linkage groups, which corresponded to the basic chromo-
some number of pear (n=17). Both maps were well aligned using a total of 97
SSR markers in the 17 linkage groups. The map of ‘Housui’ contains 180 loci
including 110 AFLPs, 64 SSRs (29 pear, 29 apple, 6 Prunus SSRs) on 20 link-
age groups encompassing a genetic distance of 995 cM (Yamamoto et al., 2004).
Three linkage groups or chromosomal regions could not be established because no
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SSR and AFLP markers of these regions showed segregating alleles (fragments) for
‘Housui’.

2.3.2 Genome Structure Between Species Based on Linkage Maps in PYRUS

Genetic linkage maps have been constructed for European pear cultivars ‘Bartlett’
and ‘La France’ (Yamamoto et al., 2004, 2007), ‘Passe Crassane’ and ‘Harrow
Sweet’ (Dondini et al., 2004), and ‘Passe Crassane’, ‘Harrow Sweet’, ‘Abbe Fetel’
and ‘Max Red Bartlett’ (Pierantoni et al., 2004) (Table 4). Japanese pear maps
were reported for ‘Kinchaku’ and ‘Kousui’ (Iketani et al., 2001), and ‘Housui’
(Yamamoto et al., 2002c, 2004). However, the saturated high-density genetic link-
age maps of pear were constructed only for European pear cultivars ‘Bartlett’ and
‘La France’ (Yamamoto et al., 2007). At this moment, it is rather difficult to com-
pare genome structure between species based on linkage maps in Pyrus. Yamamoto
et al. (2007) described that all 17 linkage groups of ‘Bartlett’ and ‘La France’ could
be connected together by using a total of 97 SSR loci with at least 1 SSR locus per
linkage group. The linkage groups 10 and 14 of both maps were well consolidated
by 10 and 11 anchor loci, respectively (Fig. 2). The positions and linkage groups
of commonly mapped SSR loci were well conserved between ‘Bartlett’ and ‘La
France’ except for a very few exceptions which may have been due to multi-locus
SSRs, indicating that the genome structure is very well conserved within European
pears.

Two saturated (or high-density) maps were published in apple (Maliepaard et al.,
1998, Liebhard et al., 2003). The first one was based on the F1 progeny of a cross
between the apple cultivars ‘Prima’ and ‘Fiesta’ (Maliepaard et al., 1998), and
another one was based on 267 F1 progeny from a cross of ‘Fiesta’ × ‘Discov-
ery’ (Liebhard et al., 2002, 2003). When pear genetic linkage maps of ‘Bartlett’
and ‘La France’ were compared with the maps of ‘Discovery’ and ‘Fiesta’, 66 apple
SSR loci could be successfully identified into the same homologous linkage groups
between pear and apple. Moreover, their positions within linkage groups were iden-
tified in almost the same regions between pear and apple. Since genetic relatedness
within Pyrus is much closer than that between apple and pear, it is believed that
genome structure should be very well conserved within Pyrus.

About 10–20% of SSR markers in pear are multi-loci as well as in apple
(Yamamoto et al., 2004, Liebhard et al., 2002, 2003). Liebhard et al. (2002, 2003)
pointed out duplication patterns of multi-locus SSRs in the linkage group pairs
1–7, 4–12, 5–10, 9–17, 12–13, 12–14 and 1–3. In pear, duplication of the linkage
group pairs 2–5, 9–17, 5–10, 3–14, 2–15, 1–3, 10–17, 8–15, 13–16 and 12–14
were revealed by multi-locus SSRs between ‘Bartlett’ and ‘La France’. Duplication
of 1–3, 5–10, 12–14 and 9–17 were commonly observed in apple and pear.
This information suggests that at least 2 homologous chromosomes or genomic
regions exist in pear genome. Recent molecular genetic studies have provided
supporting evidence that the subfamily Maloideae originated from autopolyploidy
or hybridization between closely related members of a single lineage, with species
of the Spiraeoideae subfamily being the most probable parental lineages (Morgan
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Fig. 2 Comparative linkage groups 10, 12, 14 and 17 of pear cultivars ‘Bartlett’ (Ba), ‘La France’
(La) and ‘Housui’ (Ho) (Yamamoto et al., 2007, unpublished data). The SSR markers and S locus
observed in both maps are indicated by the dotted lines

et al., 1994, Evans and Campbell, 2002). Linkage groups identified by multi-loci
SSRs might reflect the polyploid nature of pear. It will be interesting to evaluate the
genome structure of polyploid origin using detailed DNA markers.

2.3.3 Physical Map

Physical maps are particularly important when searching for interest genes by posi-
tional cloning strategies and for DNA sequencing. Physical mapping is the process
of determining how DNA contained in a group of clones overlap without having
to sequence all the DNA in the clones. Once the map is determined, we can use the
clones as a resource to efficiently contain stretches of genome in large quantity. This
type of mapping is more accurate than genetic maps. However, it appears that no or
few information is available for physical map in pear.



Pear Genomics 181

2.4 Association Mapping

Variations in the DNA sequences of humans can affect how humans develop
diseases, respond to pathogens, chemicals, drugs, etc. However, their greatest
importance in biomedical research is for comparing regions of the genome between
cohorts. The study of single nucleotide polymorphisms is also important in crop and
livestock breeding programs. Genetic association studies including linkage disequi-
librium (LD) are performed to determine whether a genetic variant is associated with
a disease or trait: if association is present, a particular allele, genotype or haplotype
of a polymorphism or polymorphism(s) will be seen more often than expected by
chance in an individual carrying the trait. In pears, it appears that no or few infor-
mation is available for association mapping. This approach will become a power-
ful tool to identify associated DNA markers for many important phenotypic traits
controlled by polygenes or QTLs. Association mapping will lead to development of
DNA markers associated with interest genes and characteristics such as tree and pro-
duction characters, fruit quality, disease resistance, pest resistance and adaptability
would be controlled by polygenes or QTLs in pears.
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Dolatowski J, Nowosielski J, Podyma W, Szymanska M, and Zych M (2004) Molecular studies
on the variability of Polish semi-wild pears (Pyrus) using AFLP. J Fruit Orna Plant Res 12:
331–337

Dondini L, Pierantoni L, Gaiotti F, Chiodini R, Tartarini S, Bazzi C, and Sansavini S (2004) Identi-
fying QTLs for fire-blight resistance via a European pear (Pyrus communis L.) genetic linkage
map. Mol Breed 14: 407–418

Downie SR, and Palmer JD (1992) Use of chloroplast rearrangements in reconstructing plant phy-
logeny. In: Soltis PS, Soltis DE, Doyle JJ (eds) Molecular systematics of plants. Chapman and
Hall, New York, pp14–35

Evans RC, and Campbell CS (2002) The origin of the apple subfamily (Maloideae; Rosaceae) is
clarified by DNA sequence data from duplicated GBSSI genes. Am J Bot 89: 1478–1484

FAOSTAT 2007 http://faostat.fao.org/
Fernandez-Fernandez F, Harvey NG, and James CM (2006) Isolation and characterization of poly-

morphic microsatellite markers from European pear (Pyrus communis L.). Mol Ecol Notes 6:
1039–1041

Flaishman MA, Shlizerman L, Cohen Y, Kerem Z, and Sivan L (2005) Expression of the health-
beneficial stilbenes in transgenic ‘Spadona’ pear (Pyrus communis L.). Acta Hortic 671:
283–288

Flaishman M, Cohen Y, Freeman A, Golubowicz S, Korchinsky R, and Yablowicz Z (2007) Devel-
opment of a fast and compact breeding system in pear by the use of juvenile free transgenic
plants. EUCARPIA XII Fruit section Symposium, September 16–20, 2007, Zaragoza, Spain,
Abstract book, p200

Gao M, Matsuta N, Murayama N, Toyomasu T, Mitsuhashi W, Dandekar A, Tao R, and Nishimura
K (2007) Gene expression and ethylene production in transgenic pear (Pyrus communis
cv. ‘La France’) with sense or antisense cDNA encoding ACC oxidase. Plant Sci 173:
32–42

Hedrick UP, Howe GH, Taylor OM, Francis EH, and Tukey HB (1921) The pears of new York.
New York Dept. Agric. 29th Annu. Rep. Vol2, part2

Hemmat M, Weeden NF, and Brown SK (2003) Mapping and evaluation of Malus × domestica
microsatellites in apple and pear. J Amer Soc Hort Sci 128: 515–520

Iketani H, Manabe T, Matsuta N, Akihama T, and Hayashi T (1998) Incongruence between RFLPs
of chloroplast DNA and morphological classification in east Asian pear (Pyrus spp.). Genet
Resour Crop Evol 45: 533–539

Iketani H, Abe K, Yamamoto T, Kotobuki K, Sato Y, Saito T, Terai O, Matsuta N, and Hayashi T
(2001) Mapping of disease-related genes in Japanese pear using a molecular linkage map with
RAPD markers. Breed Sci 51: 179–184

Inoue E, Kasumi M, Sakuma F, Anzai H, Amano K, and Hara H (2006) Identification of RAPD
marker linked to fruit skin color in Japanese pear (Pyrus pyrifolia Nakai). Sci Hortic 107:
254–258

Inoue E, Matsuki Y, Anzai H, and Evans K (2007) Isolation and characterization of microsatellite
markers in Japanese pear (Pyrus pyrifolia Nakai). Mol Ecol Notes 7: 445–447

Ishii H, Udagawa H, Nishimoto S, Tsuda T, and Nakashima H (1992) Scab resistance in pear
species and cultivars. Acta Phytopathol Entomol Hung 27: 293–298

Ishii H, Watanabe H, and Tanabe K (2002) Venturia nashicola: Pathological specialization on pears
and control trial with resistance inducers. Acta Hort 587: 613–621

Ishimizu T, Shinkawa T, Sakiyama F, and Norioka S (1998) Primary structural features of
rosaceous S-RNase associated with gametophytic self-incompatibility. Plant Mol Biol 37:
931–941

Ishimizu T, Inoue K, Shimonaka M, Saito T, Terai O, and Norioka S (1999) PCR-based
method for identifying the S-genotypes of Japanese pear cultivars. Theor Appl Genet 98:
961–967



Pear Genomics 183

Itai A, Kawata T, Tanabe K, Tamura F, Uchiyama M, Tomomitsu M, and Shiraiwa N (1999) Iden-
tification of 1-aminocyclopropane-1-carboxylic acid synthase genes controlling the ethylene
level of ripening fruit in Japanese pear (Pyrus pyrifolia Nakai). Mol Gen Genet 261: 42–49

Itai A, Tanabe K, Tamura F, and Tomomitsu M (2003a) Cloning and characterization of a cDNA
encoding 1-aminocyclopropane-1-carboxylate (ACC) synthase (PPACS3) from ripening fruit
of Japanese pear (Pyrus pyrifolia Nakai). J Japan Soc Hort Sci 72: 99–106

Itai A, Kotaki T, Tanabe K, Tamura F, Kawaguchi D, and Fukuda M (2003b) Rapid identification
of ACC synthase genotypes in cultivars of Japanese pear (Pyrus pyrifolia Nakai) using CAPS
markers. Theor Appl Genet 106: 1266–1272

Katayama H, and Uematsu C (2003) Comparative analysis of chloroplast DNA in Pyrus species:
physical map and gene localization. Theor Appl Genet 106: 303–310

Kikuchi A (1946) Speciation and taxonomy of Chinese pears. Collected Records of Hort. Res. 3,
1–8. Kyoto Univ. (Trans. by K. Park; ed. by M. N. Westwood)

Kim CS, Lee GP, Han DH, Ryu KH, and Lee CH (2000a) Classification and identification of Pyrus
pyrifolia using RAPD. J Kor Soc Hortic Sci 41: 119–124

Kim CS, Lee GP, Han DH, Ryu KH, and Lee CH (2000b) SCARs markers derived from RAPD for
cultivar identification in Pyrus pyrifolia. J Kor Soc Hortic Sci 41: 125–128

Kim D, and Ko KC (2004) Identification markers and phylogenetic analysis using RAPD in Asian
pears (Pyrus spp.). J Kor Soc Hortic Sci 45: 194–200

Kimura T, Shi Y, Shoda M, Kotobuki K, Matsuta N, Hayashi T, Ban Y, and Yamamoto T (2002)
Identification of Asian pear varieties by SSR analysis. Breed Sci 52: 115–121

Kimura T, Iketani H, Kotobuki K, Matsuta N, Ban Y, Hayashi T, and Yamamoto T (2003) Genetic
characterization of pear varieties revealed by chloroplast DNA sequences. J Horti Sci Biotech
78: 241–247

Kozaki I. (1973) Black spot disease resistance in Japanese pear. I. Heredity of the disease resis-
tance. Bull Hort Res Stn A12: 17–27. (in Japanese with English summary)

Lebedev VG, Taran SA, and Dolgov SV (2002a) Pear transformation by gene of supersweet protein
Thaumatin II for fruit taste modification. Acta Hort 596: 199–202

Lebedev VG, Lavrova N, Lunin VG, and Dolgov SV (2002b) Plant-Defensin genes introduction
for improvement of pear phytopathogen resistance. Acta Hort 596: 167–172

Lee GP, Lee CH, and Kim CS (2004). Molecular markers derived from RAPD, SCAR, and the
conserved 18S rDNA sequences for classification and identification in Pyrus pyrifolia and
P. communis. Theor Appl Genet 108: 1487–1491

Liebhard R, Gianfranceschi L, Koller B, Ryder CD, Tarchini R, Van De Weg E, and Gessler C
(2002) Development and characterisation of 140 new microsatellites in apple (Malus × domes-
tica Borkh.). Mol Breed 10: 217–241

Liebhard R, Koller B, Gianfranceschi L, and Gessler C (2003) Creating a saturated reference map
for the apple (Malus × domestica Borkh.) genome. Theor Appl Genet 106: 1497–1508

Maliepaard C, Alston FH, van Arkel G, Brown LM, Chevreau E, Dunemann F, Evans KM,
Gardiner S, Guilford P, van Heusden AW, Janse J, Laurens F, Lynn JR, Manganaris AG, den
Nijs APM, Periam N, Rikkerink E, Roche P, Ryder C, Sansavini S, Schmidt H, Tartarini S,
Verhaegh JJ, Vrielink-van Ginkel M, and J. King G (1998) Aligning male and female linkage
maps of apple (Malus pumila Mill.) using multi-allelic markers. Theor Appl Genet 97: 60–73

Malnoy M, Reynoird JP, and Chevreau E (2000) Preliminary evaluation of new gene transfer strate-
gies for resistance to fire blight in pear. Acta Hort 538: 635–638

Malnoy M, Venisse JS, Brisset MN, and Chevreau E (2003a) Expression of bovine lactoferrin
cDNA confers resistance to Erwinia amylovora in transgenic pear. Mol Breed 12: 231–244

Malnoy M, Venisse JS, Reynoird JP, and Chevreau E (2003b) Activation of three pathogen-
inducible promoters of tobacco in transgenic pears (Pyrus communis L.) after biotic and abiotic
elicitation. Planta 216: 802–814

Malnoy M, Faize M, Venissse JS, Geider K, and Chevreau E (2005a) Expression of viral
EPS-depolymerase reduces fire blight susceptibility in transgenic pear. Plant Cell Rep 23:
632–638



184 T. Yamamoto and E. Chevreau

Malnoy M, Venisse JS, and Chevreau E (2005b) Expression of a bacterial effector, Harpin
N, causes increased resistance to fire blight in Pyrus communis. Tree Genet Genomes 1:
41–49

Matsuda N, Ikeda K, Kurosaka M, Isuzugawa K, Endo T, Omura M, and Takashina T (2006) In
vitro flowering of transgenic pears (Pyrus communis L.) expressing CiFT, a Citrus ortholog
of the Arabidopsis FT gene. 3rd International Rosaceae Genomics Conference, Napier, New
Zealand (poster)

Monte-Corvo L, Cabrita L, Oliveira C, and Leitao J (2000) Assessment of genetic relationships
among Pyrus species and cultivars using AFLP and RAPD markers. Genet Resour Crop Evol
47: 257–265

Monte-Corvo L, Goulao L, and Oliveira C (2001) ISSR analysis of cultivars of pear and suitability
of molecular markers for clone discrimination. J Am Soc Hortic Sci 126: 517–522

Morgan DR, Soltis DE, and Robertson KR (1994) Systematic and evolutionary implications of
rbcL sequence variation in Rosaceae. Am J Bot 81: 890–903

Mourgues F, Chevreau E, Lambert C, and De Bondt A (1996) Efficient Agrobacterium-mediated
transformation and recovery of transgenic plants from pear (Pyrus communis L.). Plant Cell
Rep 16: 245–249

Nakashima T, Ueno T, Fukami H, Taga T, Masuda H, Osaki K, Otani H, Kohmoto K, and
Nishimura S (1985) Isolation and structures of AK-toxin I and II, host-specific phytotoxic
metabolites produced by Alternaria alternata Japanese pear pathotype. Agri Biol Chem 49:
807–815

Ochatt SJ, and Caso OH (1986) Shoot regeneration from leaf mesophyll protoplasts of wild pear
(Pyrus communis var. Pyraster L.). J Plant Physiol 122: 243–249

Ochatt SJ, Patat-Ochatt EM, Rech EL, Davey MR, and Power JB (1989) Somatic hybridization
of sexually incompatible top-fruit tree rootstocks, wild pear (Pyrus communis var. pyraster L.)
and Colt cherry (Prunus avium × pseudocerasus). Theor Appl Genet 78: 35–41

Oliveira CM, Mota M, Monte-Corvo L, Goulao L, and Silva DL (1999) Molecular typing of Pyrus
based on RAPD markers. Sci Hortic 79: 163–174

Palmer JD, Jorgensen RA, and Thompson WF (1985) Chloroplast DNA variation and evolution in
Pisum; patterns of change and phylogenetic analysis. Genetics 109: 195–213

Patocchi A, Walser M, Tartarini S, Broggini GA, Gennari F, Sansavini S, and Gessler C (2005)
Identification by genome scanning approach (GSA) of a microsatellite tightly associated with
the apple scab resistance gene Vm. Genome 48: 630–636

Pierantoni L, Cho KH, Shin IS, Chiodini R, Tartarini S, Dondini L, Kang SJ, and Sansavini S
(2004) Characterisation and transferability of apple SSRs to two European pear F1 populations.
Theor Appl Genet 109: 1519–1524

Predieri S, and Zimmerman RH (2001) Pear mutagenesis, In vitro treatments with gamma-rays
and field selection for productivity and fruit traits. Euphytica 117: 217–227

Reynoird JP, Mourgues F, Norelli J, Aldwinckle HS, Brisset MN, and Chevreau E (1999) First
evidence for improved resistance to fire blight in transgenic pear expressing the attacin E gene
from Hyalophora cecropia. Plant Sci 149: 13–22

Rubzov GA (1944) Geographical distribution of the genus Pyrus and trends and factors in its
evolution. Am Naturalist 78: 358–366

Sanzol J, and Herrero M (2002) Identification of self-incompatibility alleles in pear cultivars (Pyrus
communis L.). Euphytica 128: 325–331

Sassa H, Hirano H, Nishio T, and Koba T (1997) Style-specific self-compatible mutation caused
by deletion of the S-RNase gene in Japanese pear (Pyrus serotina). Plant J 12: 223–227

Sassa H, Kakui H, Miyamoto M, Suzuki Y, Hanada T, Ushijima K, Kusaba M, Hirano H, and Koba
T (2007) S locus F-box brothers: Multiple and pollen-specific F-box genes with S haplotype-
specific polymorphisms in apple and Japanese pear. Genetics 175: 1869–1881

Sawamura Y, Saito T, Takada N, Yamamoto T, Kimura T, Hayashi T, and Kotobuki K
(2004) Identification of parentage of Japanese pear ‘Housui’. J Japan Soc Hort Sci 73:
511–518



Pear Genomics 185

Schmidt H, and van de Weg WE (2005) Breeding, In Tromp J, Webster AD, and Wertheim SJ
(eds), Fundamentals of Temperate Zone Tree Fruit Production, Backhuys Publishers, Leiden,
pp136–155

Takasaki T, Okada K, Castillo C, Moriya Y, Saito T, Sawamura Y, Norioka N, Norioka S, and
Nakanishi T (2004) Sequence of the S9-RNase cDNA and PCR-RFLP for discriminating
S1- to S9-alleles in Japanese pear. Euphytica 135: 157–167

Tang SH, Sun M, Lia ZH, Zhou QG, and Li DG (2007) Production of transgenic Xueqing pear
plants with a synthetic Cry1Ac gene mediated by Agrobacterium tumefaciens. Acta Hortic
Sinica 34: 56–62

Teng Y, Tanabe K, Tamura F, and Itai A (2001) Genetic relationships of pear cultivars in Xinjiang,
China as measured by RAPD markers. J Hortic Sci Biotech 76: 771–779

Teng Y, Tanabe K, Tamura F, and Itai A (2002) Genetic relationships of Pyrus species and cultivars
native to East Asia revealed by randomly amplified polymorphic DNA markers. J Am Soc
Hortic Sci 127: 262–270

Terakami S, Shoda M, Adachi Y, Gonai T, Kasumi M, Sawamura Y, Iketani H, Kotobuki K,
Patocchi A, Gessler C, Hayashi T, and Yamamoto T (2006) Genetic mapping of the pear scab
resistance gene Vnk of Japanese pear cultivar Kinchaku. Theor Appl Genet 113: 743–752

Terakami S, Adachi Y, Iketani H, Sato Y, Sawamura Y, Takada N, Nishitani C, and Yamamoto T
(2007) Genetic mapping of genes for susceptibility to black spot disease in Japanese pears.
Genome 50: 735–741

Ushijima K, Sassa H, Tao R, Yamane H, Dandekar AM, Gradziel TM, and Hirano H (1998)
Cloning and characterization of cDNAs encoding S-RNases from almond (Prunus dulcis): pri-
mary structural features and sequence diversity of the S-RNases in Rosaceae. Mol Gen Genet
260: 261–268

Volk GM, Richards CM, Henk AD, Reilley AA, Bassil NV, and Postman JD (2006) Diversity of
wild Pyrus communis based on microsatellite analyses. J Am Soc Hortic Sci 131: 408–417

Vos P, Hogers R, Bleeker M, Reijans M, van de Lee T, Hornes M, Frijters A, Pot J, Peleman J,
and Kuiper M (1995) AFLP: a new technique for DNA fingerprinting. Nucleic Acids Res 23:
4407–4414

Weber JL, and May PE (1989) Abundant class of human DNA polymorphism which can be typed
using the polymerase chain reaction. Am J Hum Genet 44: 388–396

Wen XP, Pang XM, Matsuda N, Kita M, Inoue H, Hao YJ, Honda C, and Moriguchi T (2008)
Over-expression of the apple spermidine synthase gene in pear confers multiple abiotic stress
tolerance by altering polyamine titers. Transgenic Res 17: 251–263

Wertheim SJ (2002) Rootstocks for European pear : a review. Acta Hort 596: 299–307
Westwood MN, and Bjornstad HO (1971) Some fruit characteristics of interspecific hybrids and

extent of self-sterility in Pyrus. Bull Torrey Bot Club 98: 22–24
Yamamoto T, Kimura T, Shoda M, Ban Y, Hayashi T, and Matsuta N (2002a) Development of

microsatellite markers in Japanese pear (Pyrus pyrifolia Nakai). Mol Ecol Notes 2: 14–16
Yamamoto T, Kimura T, Sawamura Y, Manabe T, Kotobuki K, Hayashi T, Ban Y, and Matsuta N

(2002b) Simple sequence repeats for genetic analysis in pear. Euphytica 124: 129–137
Yamamoto T, Kimura T, Shoda M, Imai T, Saito T, Sawamura Y, Kotobuki K, Hayashi T, and

Matsuta N (2002c) Genetic linkage maps constructed by using an interspecific cross between
Japanese and European pears. Theor Appl Genet 106: 9–18

Yamamoto T, Kimura T, Saito T, Kotobuki K, Matsuta N, Liebhard R, Gessler C, van de Weg WE,
and Hayashi T (2004) Genetic linkage maps of Japanese and European pears aligned to the
apple consensus map. Acta Hort 663: 51–56

Yamamoto T, Kimura T, Terakami S, Nishitani C, Sawamura Y, Saito T, Kotobuki K, and Hayashi T
(2007) Integrated reference genetic linkage maps of pear based on SSRs and AFLPs. Breed Sci
57: 321–329

Yoshioka T, Masuda T, Kotobuki K, Sanada T, and Ito Y (1998) Gamma-ray-induced mutation
breeding in fruit trees: breeding of mutant cultivars resistant to black spot disease in Japanese
pear. Japan Agricultural Research Quarterly – Tsukuba Ibaraki 33: 227–234



186 T. Yamamoto and E. Chevreau

Zeven AC, Zhukovsky M (1975) Dictionary of cultivated plants and their centres of diversity.
Centre for Agricultural Publishing and Documentation, Wageningen

Zhao RH, Liu QZ, Sung QR, and Zhang XS (2004) Obtaining transgenic Fertility pear (Pyrus
communis L.) plants with antifungal gamma-thionin Rs-afp1 gene. J Agric Biotech 12:
729–730

Zhu LH, Ahlman A, and Welander M (2003) The rooting ability of the dwarfing rootstock BP10030
(Pyrus communis) was significantly increased by introduction of the rolB gene. Plant Sci 135:
829–835

Zisovich AH, Stern RA, Shafir S, and Goldway M (2004) Identification of seven S-alleles form
the European pear (Pyrus communis) and the determination of compatibility among cultivars.
J Hort Sci Biotech 79: 101–106

Zuccherelli S, Tassinari P, Broothaerts W, Tartarini S, Dondini L, and Sansavini S (2002) S-allele
characterization in self incompatible pear (Pyrus communis L.). Sex Plant Reprod 15: 153–158



9. Genomics of Almond

Pere Arús, Thomas Gradziel, M. Margarida Oliveira, and Ryutaro Tao

1 History and Evolution

The evolution of the cultivated almond closely parallels in both time and place, the
emergence of agrarian societies in Asia and the adjoining Mediterranean regions.
Archaeological studies in present day Israel have documented the collection and
use of almond by early human communities as far back as 23,000 BC (Weiss et al.,
2004). Legends and folklore containing references to almonds are common from
the Levant to China (Rosengarten, 1984). One hypothesis has the cultivated almond
resulting from selection from within a species, originally identified as Amygdalus
communis L. (syn. Prunus communis Archang.), based on studies of two natural
populations containing large numbers of sweet-kernel individuals rather than the
bitter kernels typically found in the wild (Watkins, 1979). One population is located
in the Kobet Dag mountain range in central Asia between present day Iran and Turk-
menistan and the second population occurs on the lower slopes of the Tian Shan
Mountains between Kyrgyzstan and western China. The natural range of A. com-
munis was proposed to have extended across Iran, the Transcaucausus, and eastern
Turkey, and into present-day Syria, and thus overlapped with known sites of early
civilizations and almond cultivation (Denisov, 1988; Kester et al., 1991). Accord-
ing to this view, the distinction between cultivated and wild forms gradually disap-
peared with direct and indirect human selection. However, because the purportedly
natural sweet-kernel populations closely resembles the phenotypes of present day
cultivated almonds, it has been suggested that the Kobet Dagh and Tian Shan popu-
lations are, in fact, more recent remnants or escapes from later domesticated or semi-
domesticated orchards (Ladizinsky, 1999). A more recent proposal is that cultivated
almond represents a generalized kernel phenotype, probably derived from Prunus
fenzliana but with contributions through natural interspecific hybridizations with a
range of related species occurring naturally within this range, possibly including
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P. bucharica, P. kuramica, P. triloba, and P. webbii (Grasselly and Crossa-Raynaud,
1980; Kester et al., 1991; Godini, 2000; Socias i Company, 2002; Gradziel, 2009).
While the cultivated almond and its wild relatives share basic botanical features and
developmental patterns and are readily hybridized, the divergent selection pressures
of the wide range of its ecological niches in the deserts, steppes and mountains
of central Asia have resulted in an extensive variability in final tree and nut form
(Grasselly, 1972; Niklasson, 1989; Felipe and Socias i Company, 1992). Within
these regions the botanical structure defining horticultural quality was the edible
kernel. High tree productivity, because it could over-extend plant resources, would
be a liability in many of the marginal, dryland environments of both ancient and
contemporary plantings. In these harsh environments, primary selection would be
for tree survival with some level of consistent seed production regardless of final
tree form or physiological pathways. Examples include the divergent photosyn-
thetic strategies utilized by the cultivated almond, P. dulcis (syn. P amygdalus),
and other wild relatives such as P. fenzliana and P. scoparia (Rouhi et al., 2007)
and the pronounced differences in tree and fruit development between cultivated
almond and the closely related cultivated peach (P. persica) (Ladizinsky, 1999;
Gradziel, 2007).

While considerable genetic variability has been documented within cultivated
almond, a much more extensive diversity among closely related and readily
hybridized species, including the peaches (P. persica, P. davidiana and P. mira),
is becoming known through genetic and morphological analysis. The genome of
P. dulcis, as well as P. fenzliana, P. nana (syn. P. tenella), P. bucharica, P. kotschyi,
and P. scoparia is diploid with 2n = 2x = 16, which is the same as the peach species
(Kester et al., 1991). Almond genome also has a small size (∼300 Mbp), which is
approximately twice that of Arabidopsis (Arumuganathan and Earle, 1991). The
resulting genotypic and phenotypic variability represents a wealth of opportunities
for cultivar improvement. The divergent development patterns based on unusually
similar genomes also offer unique opportunities for the study of the fundamental
regulation of plant ontogeny.

2 Breeding for Improved Cultivars

Almonds, either in cultivated orchards or as feral or wild seedlings, have been an
important source of food for thousands of years. Almond’s adaptation to harsh cli-
mates combined with an ability to develop a deep and extensive root system has
allowed it to exploit a wide variety of ecological niches in its ancestral range in cen-
tral Asia extending from the Takla Makan desert in western China to the Mediter-
ranean (Kester et al., 1991; Ladizinsky, 1999). Almond is also well adapted to mild
winter and dry, hot summer conditions due to its low chilling requirement for early
bloom, rapid early shoot growth and high tolerance to summer heat and drought.
It is the earliest temperate tree crop to bloom, which limits production to areas
relatively free from spring frosts. Because almond is self-sterile, it requires cross-
pollination which further acts to preserve genetic variability and so adaptability to
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new environments. Within different regions, promising wild seedlings have been
selected for use by local communities (Grasselly, 1972). Continued human and nat-
ural selection led to greater adaptation to local environments, including resistance
to many regionally important diseases and pests. The self-sterile nature of almond
also insured a continuous exchange and mixing among cultivated as well as wild
germplasm (Socias i Company, 2002). Although early almond improvement efforts
mainly utilized natural genetic recombination within the species, the transfer of use-
ful genes from wild species is also evident. For example, in the Apulia region of
Italia, local accessions of P. webbii appear to be the source of self-fertility for the
regionally important selection ‘Tuono’ (Godini, 2002).

Most modern cultivars in Asia, the Mediterranean area, and more recently in
California, originated as such time-tested seedlings selections. The subsequent
selection over hundreds of years and hundreds of thousands of clonal propagations
has also identified improved clonal sources for many of these well established cul-
tivars. Both genetic (deletions, point mutations, etc.), aneuploidy (Martı́nez-Gómez
and Gradziel 2003), chromosomal (Jáuregui et al., 2001) and epigenetic (gene mod-
ulation/activation/silencing, etc.) changes would be selected, though because the
subsequent selections are vegetatively propagated, the specific nature of control is
rarely scrutinized. Most formal genetic improvement efforts involving controlled
hybridizations and associated genetic analysis were established only in the last 50
years. Because of the long generation time and limitations on breeding population
size resulting from the large tree size, these breeding programs have only recently
begun to replace previously established seedling selections. Specific breeding objec-
tives vary by region (see review by Kester and Gradziel, 1996), but typically target
discrete improvements of regionally important seedling selections in the general
areas of kernel quality, disease and pest resistance and yield consistency.

3 Development of Molecular Markers and Variability
Analysis in Almond

All major types of markers such as isozymes (Hauagge et al., 1987), restriction
fragment length polymorphisms (RFLPs; Viruel et al., 1995), random amplified
polymorphic DNA (RAPDs; Bartolozzi et al., 1998), amplified fragment length
polymorphisms (AFLPs; Bliss et al., 2002) and simple-sequence repeats (SSRs;
Testolin et al., 2004), have been developed in almond for variability assessment,
genome mapping, gene tagging and other applications. SSRs are currently the most
utilized markers in almond due to their high quality (high polymorphism, codom-
inance and reproducibility), the simplicity and robustness of the current analyti-
cal methods and the existence of large sets of publicly available markers. Almond
SSRs have been obtained directly from genomic libraries (Testolin et al., 2004;
Mnejja et al., 2005) and EST collections (Xu et al., 2004), but most SSRs used
in almond come from the large SSR collection of other Prunus species particu-
larly peach (Arús et al., 2005a). Most SSRs from other Prunus amplify a DNA
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fragment of the approximate expected size and are polymorphic and so are transfer-
able to almond (Martı́nez-Gómez et al., 2003a, b). The first SSRs used for linkage
analysis in Prunus were obtained in sour cherry and were mapped in the almond
‘Ferragnès’ × ‘Tuono’ progeny by Joobeur et al. (2000). Of 147 Prunus SSRs from
six species 76% were transferable to almond (M. Mnejja and P. Arús, unpublished
results).

Marker analyses has shown the level of variability and heterozygosity in almond
genotypes to be very high. Arulsekar et al. (1986) found that 75% of the 12 almond
isozyme genes surveyed were polymorphic compared to only 8% in peach. Byrne
(1990) compared the levels of isozyme variability among different Prunus species
and found that almond and Japanese plum had the highest levels, whereas apri-
cot and peach were among the lowest. Self-incompatibility (SI) systems in almond
and Japanese plum would promote outcrossing and so greater genetic variability,
while the less variable species are either self-compatible (peach) or have a high
proportion of self-compatible genotypes (apricot). Selfing and selection for inbred
individuals, which is possible in the self-compatible genotypes, would have been a
primary factor for the reduction of variability observed in peach and apricot. SSR
variability is also consistent with earlier isozyme findings: Xie et al. (2006) ana-
lyzed 16 SSRs among 38 almond cultivars and found an average number of alleles
per locus (A-value) of 7.7 and an average observed heterozygosity (Ho) of 0.65.
A similar average A-value (7.3) but with approximately half the Ho (0.35) was
reported by Aranzana et al. (2003) after examining the same number of SSRs in
a much larger sample (212) of peach cultivars, which illustrates the enormous dif-
ferences in variability levels and genetic structure between these two species. Sim-
ilarly, Martı́nez-Gómez et al. (2003a) compared peach and almond variation using
a common set of 18 SSRs in agarose gels, and reported average A-values of 6 in
almond vs. A = 3.6 in peach and an Ho value of 0.59 in almond vs. 0.19 in peach.
This high variability in almond contributes to a high marker efficacy for cultivar
identification.

Isozyme genes have also been used to establish phylogenetic relationships among
Prunus species (Mowrey and Werner, 1990) with findings in general agreement with
previous morphology-based classifications, in which almond and peach were closely
related and other Prunus species being more distant. These results have been con-
firmed with DNA sequence analysis (Potter, 2003). Almond and peach could be
clearly distinguished from each other using SSRs (Martı́nez-Gómez et al., 2003a,
b). SSR variability could also distinguish among almond related species including
P. kuramica, P. argentea, P webbii, P. bucharica, P. petunnikowii, P. pedunculata,
P. mongolica, P. tangutica, P. ledebouriana and P. triloba (Martı́nez-Gómez et al.,
2003a, b, Xu et al., 2004). SSR differences between cultivars from Chinese and
Mediterranean origins were reported by Xu et al. (2004) and Xie et al. (2006). The
Chinese collection had a slightly higher level of variation, suggesting a possible
founder role in the evolution of the cultivated almond. A more thorough evalua-
tion of differences in genetic composition between the two origins may allow the
understanding of the selective forces shaping cultivar evolution from environmen-
tally distinct origins.
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4 Marker Maps: Major Gene and QTL Mapping

Isozyme analysis provided the first opportunity to study linkage in almond allowing
the early characterization of three separate linkage groups after analysis of ten dif-
ferent genes (Arús et al., 1994). Linkage studies were difficult before the availability
of isozymes because the low number of Mendelian genes. Socias i Company (1998)
had identified only four single-locus genes: kernel taste (sweet vs. bitter), shell hard-
ness (soft vs. hard), delayed blooming time, and self-incompatibility (including the
self-compatibility allele). With the development of DNA-based approaches capable
of detecting large numbers of markers, whole genome linkage maps were possible,
Viruel et al. (1995) published one of the first maps in Prunus, analyzing essentially
transferable and codominant (RFLP and isozyme) markers in F1 offspring of a cross
between almond ‘Ferragnès’ and ‘Tuono’. Additional almond × almond maps have
since been constructed from the cross between ‘Felisia’ (formerly named ‘D-3-5’)
and ‘Bertina’ (Ballester et al., 2001) and from the cross between ‘R1000’ and ‘Des-
mayo Largueta’ (Sánchez-Pérez et al., 2007). The two latter maps were produced
to analyze important agronomic characters and used a framework approach, i.e.
selecting markers that covered the whole genome at distances of 15–25 cM from
the Prunus reference map (Arús et al., 2005b).

A similar analysis of interspecific almond × peach populations has allowed
development of some of the most complete maps within Prunus. Almond and peach
are inter-compatible and hybrids are often fertile allowing the development of highly
segregating of F2 populations. This high polymorphism and the F2 structure are
optimal for linkage mapping, particularly when the objective is the construction of
saturated or high density maps. Almond × peach maps allow an analysis of the
peach genome by avoiding the low polymorphism associated with peach intraspe-
cific progenies, and of the almond genome by avoiding the SI barriers to selfing.
While of minor importance when compared to their advantages, interspecific F2
progenies have less attractive aspects, including low or no fruit set in some of the
progenies, segregation for characters that are not the immediate objective of breed-
ing programs and segregation distortions of loci in various genome regions due to
sporophytic or gametophytic selection, (as when pollen containing almond SI allele
is selected against when selfing an almond × peach F1 hybrid containing the cor-
responding pistil-SI allele). Four maps have been constructed with almond × peach
progenies, which has allowed mapping several major genes and quantitative trait
loci (QTL) of interest and a large number of markers. The main characteristics of
these maps are summarized in Table 1.

One of the interspecific F2 maps, constructed from ‘Texas’ (syn. ‘Texas Pro-
lific’, ‘Mission’) almond × ‘Earlygold’ peach population (Dirlewanger et al., 2004a;
Howad et al., 2005), is generally accepted as the reference map for the genus and
currently contains 826 loci, all of which are transferable including 361 RFLPs,
449 SSRs, 11 isozymes and 5 STS markers). This map distinguishes all expected
eight linkage groups (G1–G8), has a total distance of 524 cM and has an aver-
age density of 0.63 cM/marker. Methods for fast mapping (‘bin mapping’) have
been developed in this population that require only six plants of the progeny plus
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two parental individuals to detect the position of any segregating marker with
an average precision of 7.8 cM (Howad et al., 2005). Markers from this map
(abbreviated TxE) have been used to construct framework maps in many other
Prunus species (Arús et al., 2005b), have proven useful for establishing the posi-
tions of a range of genes and QTLs of interest, and have been utilized as anchors
between the peach genetic and physical maps (see Genome database for Rosaceae:
http://www.bioinfo.wsu.edu/gdr/). A map with the position of the major genes and
QTLs mapped with almond intraspecific or almond × peach populations is provided
in Fig. 1.

Prunus map comparisons based on common TxE markers have established that
the genome of all Prunus species analyzed is syntenic and collinear, i.e. that all
Prunus species share the same genome (Arús et al., 2005b). However, differences
exist among different Prunus genotypes used for mapping with respect to recom-
bination rates, with TxE being the most compact map (Arús et al., 2005b). Some
almond maps (‘Ferragnès’ × ‘Tuono’ and ‘Felisia’ × ‘Bertina’) have similar sizes
as TxE (Table 1) while others, including the ‘Garfi’ × ‘Nemared’ F2 (Jáuregui et al.,
2001), the ‘Felinem’ map (Dirlewanger et al., 2004b), and those obtained from the
‘R1000’ × ‘Desmayo Largueta’ F1 (Sánchez-Pérez et al., 2007) are significantly
longer. ‘Felinem’ is a hybrid between ‘Garfi’ and ‘Nemared’ (Gómez-Aparisi et al.,

Fig. 1 Positions of major genes (in dark background) and QTLs (in white background) on the TxE
map (Dirlewanger et al., 2004a) based on the data of Joobeur (1998), Ballester (1998), Jáuregui
et al. (2001), Ballester et al. (2001), Bliss et al. (2002), Dirlewanger et al. (2004b), Sánchez-Pérez
et al. (2007). Major genes are: B, white vs. pink petal color; Mi, nematode resistance; D, shell
hardness; Ag, anthocyanic vs. yellow anther color; Lb, late vs. early bloom time; Sk, sweet vs.
bitter kernel taste; Gr, red vs. green leaf color and S, self-incompatibility. QTLs are: Shw, in-shell
weight; Kw, kernel wheight; Dk, double kernels; D, shell hardness and Lb, bloom time
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2001), demonstrating that while both maps were developed from different offspring
of the same cross, the recombination data remained consistent. The observed differ-
ences in recombination rates were attributed by Arús et al. (2005b) to differences
in individual genes affecting recombination rate. The map sizes observed in the
almond suggest variability for these genes in different almond backgrounds.

5 Gene Cloning and EST Collections

The almond extensin gene that was extracted from an almond root cDNA library was
the first gene to be reported in Prunus (Garcia-Mas et al., 1992). The cDNAs that
were abundantly expressed during seed development were characterized by Garcia-
Mas et al. (1995) who identified several sequences coding for proteins involved in
storage processes. These proteins included two almond globulins (prunins), encoded
by two genes (Pru1 and Pru2) that are tightly linked in G8 (Viruel et al., 1995;
Joobeur et al., 1998), and oleosin, a protein located on the surface of oil bodies
in plant seeds, whose gene (Ole1) maps to G2 (Joobeur et al., 1998). Other genes
that have been characterized and mapped include mandelonitrile lyase (Suelves and
Puigdomènech, 1998a), a candidate gene for the bitter taste character of the almond
kernel, O-methyltransferase (Suelves and Puigdomènech, 1998b), which appears
to be related to lignin or flavonoid biosynthesis, and three lipid transfer proteins
(Suelves and Puigdomènech, 1997), which may correspond to allergenicity factors
in Prunus. Several genes strongly expressed in response to dehydration were also
identified by Campalans et al. (2001) using the cDNA-AFLP technique. Almond
is a highly drought tolerant species and so may provide a useful model for further
molecular analysis.

From the total of 91,273 expressed sequence tags (ESTs) held in the Rosaceae
Genome Database (Jung et al., 2004), a modest 3,864 are from almond, the majority
(2,794, which correspond to 734 putative unigenes) from an almond developing
seed cDNA library. Most of these sequences (3,863), were used by Xu et al. (2004)
to identify 1,482 almond unigenes from which 178 different microsatellites (12.1%
of the sequences examined) were obtained, with an estimated density of one EST-
SSR every 5 kb.

6 Genetic Transformation

Prerequisites for successful plant transformation include the capacity to transform
plant cells and the subsequent regeneration of plantlets from those cells. In almond,
the ability to induce adventitious shoot regeneration has been demonstrated from
both juvenile (seedling) tissues (Mehra and Mehra, 1974; Seirlis et al., 1979; Bimal
and Jha, 1985; Rugini, 1986; Miguel, 1998; Ainsley et al., 2001b) and, to a lesser
extent, adult tissues (Miguel et al., 1996; Ainsley et al., 2000). However, regenera-
tion difficulties remain a major barrier to the use of genetic transformation for direct
cultivar improvement.
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Low regeneration success from transformed cells is a major problem, as in
many fruit tree species, making optimized transformation protocols targeting the
regeneration-competent cells highly desirable. There are a few reports of transgenic
plant recovery in Prunoideae, and only three in almond (Miguel and Oliveira, 1999;
Costa et al., 2006; Ramesh et al., 2006) using either a seed derived clone from
the Portuguese ‘Boa Casta’ or the North-American ‘Ne Plus Ultra’. Transformation
protocols for the most important cultivars (‘Nonpareil’, ‘Marcona’, etc.) are not yet
available.

All successful transformation protocols used Agrobacterium-mediated transfor-
mation. Pre-culture of leaf explants for three days on shoot induction medium before
wounding and Agrobacterium infection resulted in higher regeneration rates and
leading to a nearly seven-fold increase in the percentage of GUS positive explants
(Miguel and Oliveira, 1999). The Agrobacterium functions of T-DNA targeting to
the nuclear genome and the more targeted delivery of T-DNA in the regenerating
cells (close to the wounds made by scalpel) may be important for the success of
almond transformation.

To improve transformation efficiency, acetosyringone (AS) is often added during
co-cultivation, aiming to stimulate transcription of Agrobacterium virulence genes.
In almond, AS was used in the Agrobacterium growth medium prior to infection
(Miguel, 1998; Miguel and Oliveira, 1999; Ramesh et al., 2006). However, in the
experiments of Costa et al. (2006) AS was added to the plant culture medium at a
concentration of 150 μM during the whole pre-culture, co-cultivation and induction
period, with a clear positive effect. The combination of AS treatment with this mod-
ified selection scheme allowed the transformation efficiency increase by 100-fold
(Costa et al., 2006).

Transgenic roots have been induced by infection of microcuttings with A. rhizo-
genes 1855 NCPPB and the transfer of rol genes was confirmed by the induction
of the distinguishing hairy root phenotype and by Southern blot analysis (Damiano
et al., 1995). The adventitious roots also displayed the typical plagiotropic emer-
gence, but after transfer to soil they grew vigorously and the plants did not have any
special requirements.

The Agrobacterium strains (EHA105, AGL1) most frequently used in the suc-
cessful recovery of transgenic almond plants (see Miguel and Oliveira, 1999; Costa
et al., 2006; Ramesh et al., 2006) are of the succinamopine super-virulent type.
These strains are derived from the C58 strain and carry the virulence plasmid
pTiBo542 which has been previously demonstrated as having high transformation
ability in a number of plants, due to a higher expression of the vir genes, especially
virG (Liu et al., 1992; Ghorbel et al., 2001).

Reporter genes used to assess almond transformation efficacy include the β-
glucuronidase gene (gusA, in p35SGUSint plasmid), which was chosen by a number
of authors (Archilletti et al., 1995; Miguel and Oliveira, 1999; Ainsley et al., 2001a;
Costa et al., 2006), the luciferase (luc, in plasmid pAL23) (Miguel, 1998) and the
green fluorescent protein gene with modified codon usage designed to be targeted
to the endoplasmic reticulum (mgfp-5-ER, in plasmid pBI121mgfp-5-ER) (Ramesh
et al., 2006).
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The selectable marker gene most often used to facilitate regeneration of trans-
formed almond cells has been the neomycin phosphotransferase (nptII) gene con-
ferring kanamycin resistance (Archilletti et al., 1995; Miguel and Oliveira, 1999;
Ainsley et al., 2001a, Costa et al., 2006). The use of the herbicide resistance gene
phosphinotricine acetyltransferase (bar) together with hygromycin phosphotrans-
ferase (hpt) (in plasmid pWRG2426) has been reported by Miguel (1998) and
more recently, the use of the phosphomanose isomerase gene (pmi) (in plasmid
pNOV2819 manA) has also shown success (Ramesh et al., 2006).

Although Agrobacterium-mediated transformation has been the method of choice
in this species, particle bombardment was also tested (see Oliveira et al., 2008).
Transient expression has been observed after particle bombardment, but no stable
transformants were obtained even though the regeneration ability of leaf explants
did not appear to be affected by the bombardment process (Miguel, 1998).

Kanamycin selection was utilized in the first successful report of almond trans-
formation and regeneration (Miguel and Oliveira, 1999). Kanamycin was introduced
immediately after co-cultivation with Agrobacterium but with a low concentration
(17 or 26 μM), which was maintained during the induction period, then increased
to 86 μM in the elongation phase. The surviving shoots were then propagated in
51 μM kanamycin for two subcultures, and then transferred to a kanamycin-free
micropropagation medium. In the report of Costa et al. (2006), selection was also
applied immediately after co-cultivation with 26 μM kanamycin, which was main-
tained during shoot elongation. Kanamycin concentration was increased in micro-
propagation, first to 51 μM for two cycles and to 86 μM thereafter. This latter
strategy allowed a 40-fold increase in transformation efficiency (from 0.1 to up to
4%) when compared to the previously reported work of Miguel and Oliveira (1999).
Indeed, all shoots surviving five subcultures on micropropagation medium (includ-
ing the three subcultures at 86 μM kanamycin) were confirmed as transformed by
Southern blotting (Costa et al., 2006). Three years after having initial transforma-
tion, transgenic shoots were transferred to medium containing 172, 344 or 516 μM
kanamycin, for 4 subcultures, and were found not only to survive these high con-
centrations, but were even able to initiate axillary bud growth.

Ramesh et al. (2006) have reported that improved regeneration of nptII PCR-
positive transgenic plants was achieved by delaying kanamycin selection (15 μM)
until 70 days after co-cultivation with Agrobacterium. According to these authors,
initiation of kanamycin selection (15 μM) 3 days after co-cultivation completely
blocked shoot initiation, while kanamycin selection applied 21 days after co-
cultivation (15 or 20 μM) resulted in the formation of a small number of buds,
which developed into small shoots but remained stunted and did not grow fur-
ther. The 70-day delay allowed the recovery of transgenic shoots with an efficiency
of 5.6%, based on PCR screens. The authors further report that six PCR-positive
transgenic shoots were recovered with Southern analyses confirming transgene
integration.

Recently, Ramesh et al. (2006) have reported successful positive selection based
on the inhibition of growth of non-transformed tissue through carbohydrate star-
vation when the phosphomannose isomerase structural gene (pmi) was used as
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the selection marker. This gene allows transgenic tissues to utilize mannose as a
carbohydrate source. In nontransgenic tissue mannose accumulates in plant cells
as mannose-6-phosphate which blocks glycolysis and so prevents further growth
(Goldsworthy and Street, 1965). In tissue culture, almond can readily utilize
sucrose, fructose or glucose as carbon source but grows poorly on mannose, making
the mannose/PMI selection protocol an attractive selection option. At 20 g/l man-
nose, no callus formation was observed from almond leaf explants while mannose
concentrations as low as 2.5 g/l severely reduced callus growth and shoot regen-
eration (Ramesh et al., 2006). The authors reported the regeneration of transgenic
shoots from ‘Ne Plus Ultra’ on medium containing 2.5 g/l mannose together with
15 g/l sucrose when selection pressure was initiated 21 days after transformation.

Costa et al. (2006) have further observed that nine years after their initial recov-
ery, transgenic almond shoots propagated in vitro in the absence of selection factors
remained transgenic as assessed by Southern blot analyses. Ramesh et al. (2006),
reported the successful rooting and transfer to soil of the transgenic plants which
were able to flower less than 18 months after planting and eventually produced
kernels (Almond Board of Australia, http://www.aussiealmonds.com).

7 Main Agronomic Characters, and Their Genetic Basis

7.1 Self-Incompatibility

Most of the fruit tree species in Prunus, including almond, sweet cherry (P. avium),
Japanese apricot (P. mume), and Japanese plum (P. salicina), show gametophytic
self-incompatibility (GSI). In GSI, the compatibility of a cross is determined by the
haploid genome of the pollen and the diploid genome of the pistil (de Nettancourt,
2001). A pollen grain carrying an S allele that is also present in the style is rec-
ognized as ‘self’ pollen and its pollen tube growth is inhibited. The specificity of
the GSI response is determined by at least two genes, one controlling pistil speci-
ficity and the other controlling pollen specificity. The former and the latter genes are
referred to as the pollen S and the pistil S, respectively.

The presence of a minimum of two specificity genes has been confirmed through
the identification and characterization of mutations exhibiting independent loss of
pollen or pistil specificity. Because the specificity genes, pollen S and pistil S, seg-
regate as if they were a single gene, the term ‘S haplotype’ has been adopted to
describe the set of these genes and the term ‘S allele’ to describe variants of a given
polymorphic gene at the S locus (McCubbin and Kao, 2000).

In the GSI system of Rosaceae, Solanaceae, and Plantaginaceae, the pistil S is
known to be a glycoprotein with ribonuclease activity called S-RNase (Kao and
Tsukamoto, 2004). The molecular basis of GSI has been studied most extensively in
solanaceous plants. cDNAs associated with the S locus of GSI were first cloned from
Nicotiana alata (Anderson et al., 1986). The deduced amino acid sequence strongly
implicated stylar RNase involvement in the recognition and rejection reaction within
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the style (McClure et al., 1989). From these and other studies, it has been shown
that the S gene products in pistils of Solanaceae are highly basic glycoproteins
containing sequence motifs characteristic of the active site of the fungal RNase T2
(Kawata et al., 1988) and Rh (Horiuchi et al., 1988), called S-RNase.

Several years after the discovery of S-RNase in Solanaceae, Sassa et al. (1992)
found the RNase activity bands that corresponded to the S haplotype of Japanese
pear (Pyrus pyriforia). Later, cDNA encoding S-RNase of Japanese pear (Sassa
et al., 1996) and apple (Malus domestica) (Broothaerts et al., 1995) were cloned.
Since Rosaceae and Solanaceae are phylogenetically remote, it was an unexpected
finding that they share the same type of molecules for the pistil S determinant. At
around the same time that rosaceous S-RNase was cloned, the S-RNase of Plantagi-
naceae was also cloned (Xue et al., 1996).

The RNase activity bands corresponding to S haplotypes of almond (Tao et al.,
1997) and sweet cherry (Bošković and Tobutt, 1996) were reported. The isozyme
electrophoresis method developed by Bošković and Tobutt (1996) allowed the estab-
lishment of a correspondence between allozymes of stylar ribonucleases and S alle-
les in Prunus. This method was used to characterize a collection of almond cultivars
(Bošković et al., 1997) and later to map the S-RNase gene in the almond ‘Ferragnès’
× ‘Tuono’ population to the distal part of G6 (Ballester et al., 1998).

Prunus S-RNase was cloned several years after the cloning of apple and pear
S-RNase. As it was plausible to assume that the pistil S of Prunus, which belongs to
the same family as apple and pear, shared a very high sequence homology with mal-
oid S-RNase, researchers were trying to clone S-RNase based on the DNA sequence
information from Japanese pear and apple S-RNases. Those attempts, however, were
unsuccessful. Finally, Prunus S-RNase was cloned based on the N-terminal amino
acid sequence information obtained from the almond (Tao et al., 1997; Ushijima
et al., 1998) and sweet cherry (Tao et al., 1999) S-RNase spots on 2D-PAGE gel.
It appeared that the DNA sequence identities between Prunus S-RNase and maloid
S-RNase were as low as 30% while intra-subfamilial sequence identities of rosa-
ceous S-RNase were over 70%. This is one of the reasons why the PCR-based
cloning efforts were unsuccessful. Since the cloning of the first S-RNase sequence in
almond and sweet cherry, more than 150 different alleles of Prunus S-RNase have
been cloned. Interestingly, phylogenetic analyses showed that maloid and Prunus
S-RNase form subfamily-specific clades in the phylogenetic tree while there is no
species-specific clade in either the Prunus or maloid S-RNase clade (Igic and Kohn,
2001).

The pollen S of the three families eluded its identification for about 15 years
after the discovery of S-RNase in Solanaceae. Since S-RNase and the unidentified
pollen S were supposed to be physically linked, chromosome walking on the S locus
region starting from S-RNase was first conducted in Solanaceae. The chromosome
walking, however, was very difficult because the solanaceous S locus is located in
the subcentromeric region of the chromosome and, thus, is very large in size and
rich in repetitive sequences. Finally, it was shown that S2 haplotype region of Antir-
rhinum hispanicum (Plantaginaceae) contained a male tissue-specific F-box protein
gene, AhSLF-S2 (Lai et al., 2002). At this point, however, it was unclear whether
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AhSLF-S2 encodes pollen S because none of its alleles were cloned and furthermore,
a gene with very high DNA sequence identity to AhSLF-S2 in other S haplotypes was
cloned.

The first indication that F-box gene is the pollen S was shown in almond and
Japanese apricot at about the same time by two independent research groups in
Japan. Based on the assumption that S locus contains more DNA sequence poly-
morphism than outside of the S locus, Ushijima et al. (2001) delimited the S locus
of the Sc haplotype of almond to about 70 kbp through genomic DNA blot analyses.
Surprisingly, the physical size of S locus of almond appeared to be very small as
compared to the solanaceous one, whose size appears to be well over 1 Mbp (Wang
et al., 2003). DNA sequencing of the 70 kbp region of almond Sc locus revealed a
good candidate gene for the pollen S, named SFB for S haplotype-specific F-box
gene. SFB shows haplotype-specific sequence diversity, male tissue-specific expres-
sion, and physical linkage to S-RNase. At about the same time, DNA sequencing
of the S locus of Japanese apricot revealed several pollen-expressed F-box genes
including S locus F-box, SLF, which is a synonym of SFB in almond (Entani et al.,
2003). Prunus SFB/SLF fulfilled necessary conditions for the pollen S, and thus
it was presumed to be the pollen S (Ikeda et al., 2004 and 2005). Later, SFBs of
pollen-part mutant self-compatible (SC) S haplotypes of cherries and Japanese apri-
cot were shown to be mutated, providing additional evidence that SFB is the pollen
part determinant (Ushijima et al., 2004).

The direct evidence that the pollen-expressed F-box gene is the pollen S was
shown by the transformation experiments in Petunia inflata (Solanaceae) (Sijacic
et al., 2004) and Antirrhinum hispanicum (Qiao et al., 2004). Recently, the sequenc-
ing analysis of the S locus of the subfamily Maloideae of the Rosaceae revealed mul-
tiple pollen-specific F-box genes with S haplotype-specific polymorphisms called S
locus F-box brothers (SFBB) (Kakui et al., 2007; Sassa et al., 2007), a synonym of
SLF by Cheng et al. (2006). It is still unclear whether all SFBB work together to
give pollen specificity or only one of them is the pollen S.

Several working models for self-recognition have been proposed upon the iden-
tification of the pollen S. Most working models describe the S haplotype-dependent
S-RNase degradation based on the fact that F-box protein is a component of the
E3 complex (ubiquitin ligase) in the 26S proteasome pathway for protein degrada-
tion (Ushijima et al., 2003 and 2004; Takayama and Isogai, 2005), while another
model based on the compartmentalization of S-RNase in the pollen tube has also
been proposed (Goldraij et al., 2006; McClure and Franklin-Tong, 2006). So far, no
conclusive results have been obtained from biochemical and histological studies.

From the practical point of view, identification of the pistil S and pollen S
allows the development of molecular typing methods for S haplotypes. Fertil-
ization is essential in almond production because the edible part is the kernel.
In commercial orchards, cross-compatible (i.e. have different S haplotypes) culti-
vars that flower simultaneously are inter-planted, and honeybees are introduced to
ensure cross-pollination. Thus, determination of correct S haplotypes of cultivars is
essential., Classically, S haplotypes were determined through controlled pollination
and pollen tube growth tests. These methods, however, are strongly influenced by
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environmental conditions. Furthermore, the methods can be applied only to the adult
plants during the flowering period.

Almond cultivars are largely SI, although some SC cultivars exist (Tufts and
Philp, 1922). Using controlled pollination and pollen tube growth tests, Crossa-
Raynaud and Grasselly (1985) initially identified six different S haplotypes (S1 to
S4, and S7 and S8), whereas Kester et al. (1994) identified four S haplotypes (Sa to
Sd) and assigned 31 cultivars to seven cross-incompatibility groups (CGI). Tradi-
tionally, European almond cultivars were designated by numerical code while Cali-
fornian ones were designated by alphabetical code, leading to some confusion.

Since the Prunus pistil S (S-RNase) and pollen S (SFB) have been cloned, the
DNA sequence information has been successfully used to develop a molecular
marker for the S haplotype in SI fruit tree species in Prunus including almond (Tao
et al., 1999; Tamura et al., 2000). The use of molecular markers has made it pos-
sible to type S haplotypes regardless of the time of the year and the age of plants,
leading to the discovery of many new S haplotypes and unification of the numerical
and alphabetical codes for S haplotypes (Table 2).

Most SC almond selections are considered to have originated from interspecific
hybrids to SC species (Socias i Company, 1990). Herrero and Felipe (1975) con-
ducted controlled pollination and pollen tube growth tests and reported two SC cul-
tivars, ‘Tuono’ and ‘A-S-1’ with Italian and Spanish origins, respectively. The SC Sf

haplotype of ‘Tuono’ was presumed to be derived from P. webbii, which grows wild
in southern Italy. Although partial DNA sequence of Sf-RNase has been reported,
SFB f sequence remains to be reported (Ma and Oliveira, 2002). The molecular basis
SC in S f haplotype is intriguing and may provide useful information for SC breeding
programs in almond.

7.2 Bloom Time

Almond is the temperate fruit tree species with the earliest bloom time, typically
blooming in late winter or early spring. Later bloom would avoid damage from
winter/spring frosts, and improve conditions for honey-bee cross-pollination. In
almond, bloom time is generally measured as a quantitative trait and has been usu-
ally found to be highly heritable (Kester et al., 1977a; Dicenta et al., 1993a). How-
ever, in the progeny of the late-blooming bud-sport ‘Tardy Nonpareil’, the blooming
dates of the seedlings showed a clear bimodal distribution with a single dominant
gene detected (Grasselly, 1978; Socias i Company et al., 1996). The late blooming
allele, designed Lb, is dominant over early bloom, and confers an average bloom
delay of 15 days. The gene has been mapped using the ‘Felisia’ × ‘Bertina’ cross
(Ballester et al., 2001), and is located in the central part of linkage group 4 (G4).

Bloom time was also studied as a quantitative character in an intraspecific peach
F2 population (Dirlewanger et al., 1999), in an interspecific (Prunus persica ×
P. ferganensis) backcross (Verde et al., 2002) and in the TxE almond × peach
F2 (Joobeur, 1998). Two QTLs (in G2 and G7) were detected by Dirlewanger et
al. (1999) and one in G4 by Verde et al. (2002). Joobeur (1998), using the TxE
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Table 2 DDBJ/GenBank/EMBL accession numbers for 22 S-RNase alleles of almond (Taken
largely from Ortega et al. (2006) and López et al. (2006))

Synonimous S-RNase Synonimous S-RNase‡

alleles from alleles from‡ DDBJ/GenBank/EMBL
S-RNase alleles European cultivars California cultivars‡ accession no.

S1 S16, S17 Sb AB011469
S2 AF454000
S3 AF490505
S4 S20 AM231656
S5 S15 Sa AB026836
S6 Se AM231657
S7 Sc AB011470
S8 Sd AB011471
S9 AF454001
S10 AM231658, AM231659
S11 AM231660
S12 Sk∗ AM231661
S13 S19 Sg AM231662
S14 Sj AM231663
S18 Sh AM231667
S21 Sg∗ AM231670
S22 Sj∗ AM231671
S23 Si∗ AF454002
S24 S25† AM231672
S25 AM231674
S26 AM231674
S27 AM231675
S28 AM231676, AM231677
S29 AM231678
S f AF510414

∗ Defined by Ma and Oliveira (2002).
† S25-allele assigned to ‘Gabaix’ by López et al. (2004).
‡ Defined by Barckley et al. (2006).

progeny, found QTLs affecting bloom time in four linkage groups of the Prunus
reference map (G1, G4, G6 and G7). Additional data are available from various
peach intraspecific crosses, where three major QTLs were consistently located on
G1, G4 and G7 (Howad and Arús, 2007). Some of these QTLs, although originating
from different species (almond, peach and P. ferganensis), were found to locate at
similar map positions (G1, G4 and G7), suggesting that the same genes may affect
bloom time in different species. The co-location of the QTL on G4 with the major
gene Lb, suggests that the phenotype of the major gene may be due to the action
of an allele with major effects on the character, whereas other alleles have milder
effects and can only be measured as quantitative variation. Aiming to identify the Lb
gene and the genes within the QTLs, a candidate gene approach was used by Silva
et al. (2005). Two almond partial cDNAs and eight Prunus expressed sequence tags
(ESTs) showing sequence homologies with flowering regulatory genes previously
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characterized in other species, were used as candidate genes (CGs). The CGs were
amplified from both the almond and peach parental lines of the mapping popula-
tion using specific primers. DNA polymorphisms based on insertions/deletions, but
mainly single nucleotide polymorphisms (SNPs), were identified and used to create
differential restriction enzyme recognition sites and to develop co-dominant cleaved
amplified polymorphic sequence (CAPS) markers to map the candidate genes on
the Prunus reference map. The ten CGs were assigned to six linkage groups in the
Prunus genome (Silva et al., 2005) and it was found that positions of two of these
(PrdFAR1 in G7 and PrdAP2 in G6) were compatible with the regions where two
QTLs for bloom time were detected although no associations with the Lb gene were
observed.

In further studies, specific primers were used for rapid amplification of cDNA
ends (RACE) and six full-length cDNA sequences were obtained representing dif-
ferent sequences (Silva, 2005; Silva et al., 2007). Three of the identified sequences
code for MADS-box proteins (PrdMADS1, 2 and 3), one for a putative homologue
of the Floricaula-leafy gene (FL) gene of Arabidopsis (PrdFL) and another for a
protein identical to a ‘Constans-like’ protein of Arabidopsis (PrdCOL). Addition-
ally, another cDNA was identified coding for an enzyme putatively involved in the
biosynthesis of active gibberellins, GA20-oxydase (PrdGA20ox). Expression stud-
ies revealed the involvement of these genes in molecular mechanisms underlying
flowering in almond, and point for a conservation of these mechanisms between
annual and perennial plants. However, to date, both the sequence and the specific
function of Lb and of the genes responsible for the bloom time QTLs remain
unknown. A MADS-box gene (PrdMADS1) co-located with the position of the
Evergrowing (Evg) gene, which determines a non-deciduous behavior in peach
(Silva et al., 2005), and with the QTL for bloom time in G1, suggesting a possi-
ble relationship between the two genes and the QTL.

In the Northern hemisphere, early vegetative growth in almond continues until
roughly the end of June with flower initiation occurring during July and August.
Around the beginning of October, almost all flower buds have entered arrested
development and dormancy. Bud swelling typically occurs in January and February
and flower development then proceeds until full bloom. Expression studies of the
almond cDNAs putatively involved in flowering found similarities with transcrip-
tion patterns of the corresponding putative apple homologues (Silva et al., 2007).
PrdMADS1 transcript was found to be absent from the leaves, seedlings and petals
(but sepals and stamens were not tested for the presence of this transcript). Among
the different floral buds tested PrdMADS1 (homologue of apple MdMADS10, which
is reported as the Agamous-like 11 (Agl-11) gene of Arabidopsis, is expressed in
carpels only at late developmental stages (late February) (Silva et al., 2007). Expres-
sion of PrdMADS2 seemed to be ubiquitous in all examined tissues including leaves,
seedlings and floral buds harvested in June, September and late February, as well as
sepals, petals, stamens and carpels, and is similar to its close relative MdMADS2
from apple (Sung et al., 1999). At the sequence level, PrdMADS3 is closely related
to the apple MdMADS8 and MdMADS9. However, PrdMADS3 transcripts were
found in sepals, petals, stamens and carpels from mature flower buds harvested
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in late February. MdMADS1 was found in all floral organs and young apple fruit
(Sung and An, 1997). However, PrdMADS3 was not found in earlier stages of floral
development.

The almond putative homologue of Leafy (PrdFL) was found to be expressed
in early flower bud development but was absent in mature buds, similar to FLO in
Antirrhinum and LFY in Arabidopsis (Silva et al., 2007) and of homologues in other
woody perennials such as grapevine (Carmona et al., 2002) and kiwifruit (Walton
et al., 2001). The putative almond homologue of LFY thus may play a role in flower
induction, although probably not directly in determining bloom time. The almond
constans-like (PrdCOL) gene is expressed both in flowering and non-flowering tis-
sues, though it appears to be stronger at the initial stages of floral bud development.
It is therefore possible that in almond, as in Arabidopsis, the integration of photope-
riodic and circadian signals is important in the regulation of floral induction (Silva,
2005; Silva et al., 2007). In Arabidopsis, CO (constans) is known to control flow-
ering time and to be regulated by the circadian clock. COL (constans-like) genes
do not have a significant effect on flowering time in Arabidopsis, but in plants with
different photoperiodic responses (short-day plants) they seem to be mediators of
flower induction (Yano et al., 2000; Liu et al., 2001).

An almond cDNA coding for a gibberellin 20-oxidase is expressed in floral buds
about one month before their entrance in the winter dormancy period (Silva, 2005;
Silva et al., 2007). In some perennial species, the regulation of winter dormancy
seems to be mediated by photoperiod and it is possible that the presence of the
almond GA 20-oxidase in pre-dormant buds is linked to a decrease in GA levels
which, in turn, may promote dormancy.

7.3 Kernel Bitterness

Most cultivated almonds produce sweet kernels, but some have a slight amaretto to
bitter flavor. Bitter kernels with a pronounced amaretto aftertaste are common in
wild relatives of P. dulcis as well as kernels of most cultivated peaches. The bit-
ter taste is due to the presence of the glucoside amygdalin, the end product of a
metabolic pathway that includes prunasin and mandelonitrile as precursors. Varia-
tion in amygdalin content accounts for some cultivar flavor differences, particularly
the distinct amaretto flavor associated with certain Mediterranean almonds (Dicenta
and Garcı́a, 1993; Vargas et al., 2001). Californian cultivars have amygdalin con-
tents ranging from 0.33 to 0.84% with only ‘Peerless’ outside this range at 1.75%
(dry weight). In contrast, Italian cultivars varied from 0.73 to 1.95% with only two
cultivars below that range (Schirra, 1997). Even higher amygdalin levels occur in
the wild-type bitter almond seeds which are often blended with sweet almonds to
achieve desired levels of ‘cherry’ or ‘amaretto’ flavor.

Sweet vs. bitter kernel trait is inherited in a Mendelian manner, where sweet is
dominant over bitter (Kester et al., 1977b; Dicenta and Garcia, 1993). Bitterness is
determined by the presence of prunasin/amygdalin, which is synthesized in the bark
and leaves of the tree and then transported to developing kernels. Consequently,
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all kernels of a given tree or cultivar are either sweet or bitter, depending on the
genotype and irrespective of the pollen parent genotype. This gene (Sk) has been
mapped in several populations. Joobeur (1998) located it on the central region of
G5 of the TxE population. This position was later confirmed by Bliss et al. (2002),
using also an almond × peach F2, and more recently by Sánchez-Pérez et al. (2007).
In this map, constructed with a population of N=167, Sk was flanked by SSR mark-
ers BPPCT017 (at a distance of 8 cM) and PceGA025 (at 2 cM). Later, several
additional markers located at this region in the TxE map have been found to be
closer to this gene, such as BPPCT037 or CPDCT028 that are also flanking Sk
(R. Sánchez-Pérez and W. Howad, pers. comm.) and that together provide a good
resource for marker-assisted breeding for this character. Using EST sequences exist-
ing in the GDR, several candidate genes have been mapped in the TxE population
and found to be in genome positions different from Sk, these are the mandelonitril
lyase (Suelves and Puigdomènech, 1998a; Joobeur et al., 1998), amygdalin hydro-
lase, prunasin hydrolase and glucosyl transferase (R. Sánchez-Pérez and W. Howad,
pers. comm.)

7.4 Shell Hardness

The structure of the almond shell is important for industrial processing. Hard
shelled cultivars are generally grown in the Mediterranean region because they are
more adapted to non-irrigated conditions, have better storage properties and are
more resistant to damage by birds and insects. In contrast, soft-shelled cultivars
are preferred in California and Australia. Shell hardness is usually measured with
the kernel percentage, the proportion of the dry kernel weight on the total weight
(kernel plus shell), and has been considered by some authors as a qualitative char-
acter determined by a single gene (D/d) (Grasselly, 1972) where the D allele would
be dominant and code for a hard shell. Other researchers consider it as quantitative
with high heritability (Kester et al., 1977b, Spiegel-Roy and Kochba, 1981; Dicenta
et al., 1993b).

Results of genetic analyses in two populations segregating for shell hardness:
‘Ferragnès’ × ‘Tuono’ (Arús et al., 1998; Ballester, 1998) and ‘Felisia’ × ‘Bertina’
(Ballester, 1998) found that the major gene discovered by Grasselly (1972) was
located in the middle of G3 between RFLP markers AG20 and AC27, separated 7-
8 cM from each other. The character was scored as a single dominant gene since
both populations segregated according to a 3:1 ratio, and the results on the posi-
tion of the gene in G3 were consistent. Quantitative analysis of the data detected a
QTL at the same position, which was responsible for most of the observed vari-
ability (approx. 80%) of this character in both populations. An additional QTL
was observed in the ‘Tuono’ and the ‘Bertina’ maps Ballester (1998), which was
consistently located in the distal part of G8 in both parental maps and explain-
ing around 20% of the phenotypic variance, suggesting that at least another gene
with minor effects is involved in the inheritance of this character. Kester and
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Gradziel (1996) reported that both the hard (D-) and soft shell (dd) genotypes are
affected by a range of modifier genes which are associated with different degrees of
hardness.

7.5 Disease Resistance

The most serious foliage diseases of almond include shothole caused by Stig-
mina carpophila, (syn. Coryneum beijerinkii), travelure (Fusicladium amygdali),
polystigma (Polystigma occhraceum), fusiccocum (Phomopsis amygdali or Fusic-
ocum amygdali as imperfect form) and anthracnose (Gloeosporium amygdalinum
and Colletotrichum acutatum). Relative susceptibilities of important cultivars in dif-
ferent countries have been determined and potential sources of resistance have been
identified (Kester et al., 1991). Blossom and twig blight, the major crop limiting
fungal disease world wide, is caused by Monilinia laxa and M. cinerea. These fungi
attack the flowers and are most serious in years when rain occurs with bloom. Other
fungi, including Botrytis cinerea can also be a serious problem under these condi-
tions. Aflatoxin producing Aspergillus flavus infections of the kernel can be a major
problem, particularly where insect damage is common (Gradziel and Kester, 1994;
Gradziel and Wang, 1994; Gradziel et al., 2000; Dicenta et al., 2003).

Almonds can be infected by the same range of viruses as other Prunus including
the ALAR viruses (ringspot, prune dwarf, line pattern, calico, apple mosaic), and
NEPO viruses (tomato black ring, tomato ring spot, yellow bud mosaic). However,
many cultivars of almond appear to be immune to the plum pox virus which remains
a serious problem for most other stone fruits (Martı́nez-Gómez et al., 2004).

Information on the inheritance and genomics of disease resistance is limited in
almond. One research area that has yielded interesting results concerns the resis-
tance to fusicoccum. This disease can be a major obstacle to nut production in the
Mediterranean region. Fusicoccum affects mainly twigs of the lower part of the
trees, causing cankers on shoots and necrosis on leaves (Barbé, 1993). The diffu-
sion of the disease is very slow but its eradication from an orchard is difficult and
expensive (Romero and Vargas, 1981). Additionally, in an infected plant, the symp-
toms may become visible only after several years, which makes the identification
of molecular markers tightly linked to resistance traits a necessary tool to iden-
tify resistant plants at an early stage. Martins et al. (2001, 2005) identified three
RAPD fragments related to tolerance/susceptibility to fusicoccum. These markers
were first converted into sequence characterized amplified region (SCAR) mark-
ers, which were monomorphic, however the development of CAPS markers from
these SCARs allowed recovery of the lost polymorphism (Martins et al., 2005) and
the analysis of 15 almond cultivars using these CAPSs showed a high agreement
with the respective phenotypes evaluated in field. These markers are being studied
in progenies of controlled crosses between tolerant and susceptible plants to evalu-
ate co-segregation rates (P. Barros and M.M. Oliveira, unpublished results). If these
markers prove to be efficient they may be implemented in the certification system
for routine analyses.
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A set of resistance-gene candidate (RGC) sequences were cloned from one
almond cultivar (described as resistant to several diseases, including fusicoccum)
and two ecotypes of P. webbii, using a PCR-mediated approach with degenerated
primers designed from conserved NBS (Nucleotide Binding Site) motifs of known
plant disease resistance genes (Martins and Oliveira, 2005). Several of the cloned
sequences could be translated into polypeptides, and the presence of conserved
domains found in the NBS-LRR class of R-genes was observed. In phylogenetic
analysis, the cultivated and wild almond RGCs clustered together in 5 different
groups, independently of the species from which they were obtained (P. dulcis
or P. webbii). This observation suggested a high similarity of genetic resistance
backgrounds for both species. The candidate markers isolated are currently being
mapped in the Prunus reference map.

7.6 Adventitious Regeneration

The main bottleneck in the regeneration of transgenic almond plants appears to be
the fact that the host cells that become transgenic are often different from those pos-
sessing competence to re-enter the cell cycle and ultimately regenerate whole plants.
To understand which cells become competent and by which mechanism, molecular
studies have been conducted to identify genes/markers of early/late regeneration
events (Santos et al., 2007). Two main strategies were used to screen and discover
novel genes or markers: a candidate gene approach using the almond Knotted-
1 (KN1) and CDK1:1 (putative markers for organogenesis events), and a tran-
scriptomic approach with microarray technology, using two suppression subtractive
hybribidization libraries constructed from two defined timeframes of organogene-
sis, early (E) and late (L), corresponding to 1–8 and 9–20 days of shoot induction in
the dark, respectively (Santos et al., 2007). From the candidate gene approach, only
the almond KN1-like showed a differential expression, occurring mostly in the sec-
ond half of the shoot induction period (Santos et al., 2007). For the transcriptomics
approach, the hybridization of three biological replicates represented by three induc-
tion assays produced a strong set of data that was statistically analyzed. One hun-
dred and twenty eight DNA fragments showing an expression 2-fold higher in L vs
E (70) or E vs L (58) were selected for sequencing and 64 were found to correspond
to unique gene fragments.

After validation by Real-Time PCR, the expression of selected genes putatively
involved in critical events of the adventitious organogenesis was assessed on a
daily basis during the 21-day shoot induction period. The cDNA clones differen-
tially expressed either in the early or in the late conditions revealed candidate genes
with very interesting expression patterns during shoot induction. Genes putatively
coding for lipid transfer protein and 1,3 β-glucanase and gibberelic acid stimula-
tion giberellin-regulated proteins were identified and may be involved in distinct
events of the almond regeneration process (A.M. Santos and M.M. Oliveira, unpub-
lished results). The cDNA sequences of the genes currently known were deposited
in the GenBank and will soon become public (EF640654-EF640717). In the future,
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these candidates may accurately mark de novo events occurring during organogen-
esis, which may be assisted by in situ techniques. The disclosure of a variety of
known and unknown transcripts involved in adventitious regeneration may help to
elucidate their putative regulatory roles in determining cell competence for shoot
regeneration.

7.7 Characters Studied in Almond Species and Almond
× Peach Crosses

Almond is unique among the major cultivated crops as it appears to have origi-
nated from interspecific hybridizations with subsequent and continuing low levels
of germplasm introgression from wild relatives occurring naturally along its wide-
range of cultivation. The geographic range occupied by almond species is extensive
with a wide diversity of traits (Kester and Gradziel, 1996; Gradziel et al., 2001a).
Controlled crosses of P. dulcis with other almond species in Sections Euamygdalus
and Spartiodes have been readily carried out (Gradziel et al., 2001a,b; Gradziel,
2003. Hybridization with Section Lycioides is somewhat more difficult and even
more so with Chameamydalus. Despite their physical and developmental differ-
ences, crosses with peach (P. persica, P. mira and P. davidiana) can be readily
achieved and have proven to be particularly valuable as rootstocks as well as sources
of commercially useful traits (Gradziel et al., 2001a,b; Gradziel, 2003).

While several reports have documented the transfer of genes from related
almond species through either natural or controlled crosses (Denisov, 1988; Socias
i Company and Felipe, 1988; Socias i Company and Felipe, 1992; Gradziel and
Kester, 1998; Felipe, 2000; Gradziel et al., 2002), only Rikhter (1969), Grasselly
(1972), Socias i Company (1990) and Kester et al. (1991) have described the
controlled introgression of genes from wild species to improve almond cultivars.
The historical use of these species and their hybrids as almond rootstocks has
facilitated such introgressions. More recently, crosses between almond and wild
almond species have been evaluated as rootstocks (Gradziel and Kester, 1998;
Gradziel et al., 2001a,b; Gradziel, 2003). While a wide variability in tree and
branch architecture result, leaf and nut phenotypes of resultant hybrids are typically
intermediate to the parents. In France, USA, Spain and Yugoslavia, controlled
crosses between related species (mainly P. persica × almond but also others such as
P. webbii × almond) initially directed towards almond rootstock development have
more recently been utilized for cultivar improvement in the general areas of yield
consistency, kernel quality, and disease/pest resistance (Rikhter, 1969; Grasselly,
1972; Denisov, 1988; Gradziel et al., 2001a,b).

Yield consistency is being pursued mainly through the transfer of self-
compatibility originating from related species (Socias i Company, 1990). Genes
introgressed from P. mira, P. persica and P. webbii have resulted in the highest
levels of fruit set. Other introgressed traits showing promise for almond improve-
ment include improved kernel quality, compact tree size, and resistance to aflatoxin
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producing Aspergillus flavus from peach; navelorange worm resistance and mod-
ified bearing-habit from P. webbii; and autogamy (self-pollinating flower struc-
ture) from P. mira (T.M. Gradziel, unpublished data). The very diverse almond
species germplasm has also proven valuable for peach cultivar improvement, pro-
viding potential resistance genes for plum pox virus, mildew, leaf curl, green peach
aphid and improved fruit texture and post-harvest storage life (Gradziel, 2007). The
existence of several almond × peach genetic maps provides a useful starting point
for inheritance studies of these characters and introgression of valuable genes into
almond or peach.

8 Future Prospects

The last decade has witnessed unprecedented growth in our understanding of
almond genetics. Eight major genes plus various QTLs for characters of agronomic
importance are currently mapped. Hundreds of markers, most of them SSRs, are
available and have been used for variability analysis, genotype fingerprinting and
for the construction of high density maps. These maps have helped establish that
all Prunus crops share a common genome (Dirlewanger et al., 2004a). Key genes
for almond breeding have been studied in detail. One example is the SI locus, the
sequence, map position and genetic basis of which have been established and are
currently being used to determine the cross-compatibility group of new and old
varieties and to breed for self-compatible cultivars (López et al., 2005, 2006). Major
genes affecting kernel bitterness, shell hardness and bloom time have been mapped
and markers in their neighborhood can be used for their selection. The first results
are already available on inheritance and map position of genes affecting almond
kernel size and shape, disease resistance and shoot regeneration capacity. Given the
high similarity among Prunus genomes, and between Prunus and the Maloideae
(apple, pear, etc.) (Dirlewanger et al., 2004a; Arús et al., 2005b), knowledge on
marker or gene/QTL sequence and position from stone fruits and apple appear likely
to also be applicable to almond improvement.

The genetic analysis of kernel quality requires special attention as it is a charac-
teristic unique to almond with respect to other rosaceous crops. Socias i Company
et al. (2008) describe in detail the different quality goals that breeders may target,
from physical traits (kernel size, kernel shape, seed coat, double and twin kernels
and fruit hull) to biochemical characteristics (cyanoglucosides, phenolics, vitamins
and minerals, lipids, proteins, carbohydrates, fibers and allergens). Breeding strate-
gies are now targeting specialized uses (i.e. processed, nutrient rich kernels, etc.)
that will result in increased numbers if special use cultivars in the future. The devel-
opment of markers associated with different aspects of kernel quality will not only
accelerate breeding progress but will allow the efficient monitoring of kernel quality
during marketing and processing.

In a long generation-time crop like almond, the continuing development of
new populations segregating for targeted traits and their accurate phenotyping and



Genomics of Almond 209

genotyping provides the foundation for future genetic progress. The development
of other population structures allowing finer QTL analyses should also be pursued,
such as the construction of near-isogenic line (NIL) collections that have been so
efficient for quantitative trait dissection in other species (Gur et al., 2004; Eduardo
et al., 2005). The basis of genetic analysis with NILs is the comparison of each
introgression line with the recurrent parent (usually an inbred line), where signifi-
cant differences can be attributed to genes occurring in the introgressed fragment.
In almond, SI and the resultant highly heterozygous nature of most individuals frus-
trates the development of inbred lines. Another approach is to use peach, a much
more inbred species, or doubled-haploid peach lines, as the recurrent parent, with
almond contributing with introgressed fragments to analyze the effect of almond
specific alleles in a peach background. A peach-almond NIL collection based on the
TxE cross is currently in its first stages of development (R. Picañol, W. Howad and
P. Arús, unpublished results), and may prove very useful for the identification and
introgression of valuable traits from almond to peach.

Association mapping, the association between a molecular marker and a pheno-
typic trait, depends on the conservation of linkage disequilibrium (non-random asso-
ciation between two loci). The degree to which this association will exist depends on
the extent of linkage disequilibrium conservation (LD) in the population examined.
Very high LD is anticipated in the typical mapping populations (F1s, F2s, back-
crosses) and very low LD expected in collections of genotypes with a long history
of random mating. Association mapping promises to be a powerful approach for
genome analysis in almond or other Prunus. Preliminary results by Aranzana et al.
(2007) indicate that collections of European and North American peach cultivars
have a high level of LD, which can in part be attributable to the bottleneck pro-
duced by the use of a restricted set of founders by the first USA breeding programs
during the last century (Hesse, 1975), and the relatively short number of genera-
tions from these founders to present. Since almond differs in both its ancient and
recent history, it potentially has a much lower LD level, which needs to be assessed
in comprehensive collections of materials from China, central and westerm Asia,
and the Mediterranean. The existence of unstructured collections of Prunus with
high LD (peach) and low LD (almond) may allow for a two-tiered approach where
whole genome scans in high LD populations may help determining the positions
of specific genes or QTLs and the detection of their alleles, while with low LD
collections may be used to validate candidate genes and eventually clone specific
genes.

In addition to greater cultivar development efficiency, marker-based selection
also shows considerable promise for germplasm enhancement through interspecific
gene introgression. Although related species have been shown to be valuable sources
for improved crop quality, yield consistency and resistance, the great majority of
introgressed genes appear to be suboptimal to deleterious in a cultivated almond
background. While greater phenotypic plasticity is acceptable in tree crops such as
almond because of the extensive cultural manipulations employed (for example, the
common practice of budding almond trees onto the more disease resistant peach
rootstock), this linkage drag has been a major impediment to the full exploitation of
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exotic gene introgression. The use of marker-assisted selection combined with con-
tinued progress in identifying genes and genetic mechanisms controlling key traits,
will allow a much more efficient introgression of desired genes, facilitate the rapid
selection of major genes or QTLs of interest, speeding up the introgression process
by identifying the individuals with the lowest amount of the donor genome in early
backcross generations, and limit the amount of donor DNA around the introgressed
gene/QTL (Tanksley et al., 1989). These processes are necessarily long term, involv-
ing several generations and an as large a number of individuals as possible. Long-
term introgression has to be viewed as an investment in fruit tree improvement from
which new waves of cultivars with desired features can be obtained. The advantages
of the use of molecular tools are that the time required should be lower than with
traditional methods based only on phenotypic evaluation, and that the control of the
introgressed and non-introgressed genome fragments can be monitored and the best
genotype combinations selected.

Similar considerations can be made concerning the use of the exploitation of the
enormous variability existing in almond and related species for the improvement of
other Prunus crops, particularly those with less variability, such as peach. Valuable
alleles for agronomical genes including resistances to plum pox virus, leaf curl,
green leaf aphid and powdery mildew, or factors involved in fruit maturation and
quality exist in almond which appear to be readily introgressed into peach or other
Prunus species owing to their high genome similarity (Arús et al., 2005b) and ease
of hybridization (Hesse, 1975).

Interestingly, while linkage drag would be expected to be more problematic as
the source species become more divergent, one of the most useful species sources
for almond improvement has been the more developmentally distinct peach group
including P. persica, P. mira and P. davidiana. In spite of the ease of hybridiza-
tion and subsequent gene introgression between almonds and peaches and the high
level of synteny between these genomes, the divergent evolution of almonds in the
harsh environments of central Asia vs. peach in the more temperate to subtropical
climates of southeastern China have led to dramatically different ontogenetic and
growth patterns. Almond and peach thus represent a unique situation in crop plant
genetics, where very similar genomes are expressed as very different plant forms.
This genetic-ontogenetic divergence between almond and the closely related peach
may prove useful for the elucidation and eventually manipulation of the recently
recognized epigenetic (i.e. brought about by an apparent change in gene activity
rather than gene DNA sequence), mechanisms which are now recognized to have
profound effects on fundamental plant developmental pathways and so final form
and function.

Because epigenetic changes do not respond to traditional breeding methods
designed to manipulate classic Mendelian genes, they are generally perceived as
unpredictable and routinely rouged out, particularly in seed propagated crops. How-
ever, because both genetic and epigenetic composition can be captured through
clonal propagation, these same methods can also be utilized to capture desirable
epigenetic arrangements. An example would be the widespread practice among
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nurseries in selecting superior clonal sources of important vegetatively propagated
cultivars (Hartmann et al., 2002). Epigenetic capture offers unique advantages to
breeding programs utilizing wide crosses, since the interspecific hybridization pro-
cess has been shown to increase the levels of epigenetic variability resulting in novel
and transgressive phenotypes (Grant-Downton and Dickinson, 2006). Epigenetic-
like changes also appear to be responsible for some of the differences within clonal
sources of certain cultivars (Hartmann et al., 2002) and strategies for their manage-
ment have been shown effective for the management of the epigenetic-like disorder
Noninfectious Bud-failure (Kester et al., 2004). A similar breeding approach target-
ing the asexual ‘capture’ of novel phenotypes associated with specific interspecies
genomic arrangements, has recently shown success for peach cultivar improve-
ment where advanced processing peach selections derived from almond-peach
hybrids, expressed useful fruit ripening patterns not evident in either species par-
ent (Gradziel, 2003; Peace et al., 2005).

Epigenetic changes during transformation and plantlet regeneration also rep-
resent important challenges to maintaining cultivar integrity (Marcotrigiano and
Gradziel, 1997). The capability to genetically engineer almond cultivars allows dis-
crete improvements to otherwise elite genotypes, such as the elimination of self-
sterility (using S-RNase gene silencing, antisense technology, RNA interference,
etc.). This goal now appears attainable since the S-RNase gene sequences of vari-
ous alleles are known and transformation protocols for ‘Ne Plus Ultra’ are available
since 2006. Transformation experiments in ‘Nonpareil’, however, have not yielded
transgenic plants yet (Ainsley et al., 2001a). For the moment, the use of transgenic
breeding for almond improvement does not seem economically viable, except for
specific cases in which elite cultivars of vast utilization are targeted (Oliveira et al.,
2008). The ability to genetically engineer almond remains crucial, however, to vali-
date gene function research.

Whole genome sequences of apple and peach are expected to be available within
this decade. Information from these projects will inevitably accelerate progress
of almond genetic improvement by facilitating the search for candidate genes,
elucidating interactions between genes and providing markers and other tools to
increase breeding efficiency. The new generation of high throughput sequencers
that allow rapid and relatively inexpensive sequencing of large amounts of DNA,
combined with the knowledge of the full peach genome sequence, will make the
resequencing of other peach genotypes or related species such as almond fea-
sible and affordable. The full sequence of one or more almond genotypes thus
appears imminent and, given its close relatedness to peach, should facilitate our
understanding of the Prunus genome in general and divergent speciation in par-
ticular. Results from high throughput sequencing will also identify a large number
of DNA polymorphisms (Barbazuk et al., 2007) that can be used for the develop-
ment of a new generation of markers allowing high resolution whole genome cov-
erage. Resultamt maps would be particularly useful for the saturation of specific
genome regions or for whole genome scans as part of future large-scale genetic
studies.
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Grasselly C, and Crossa-Raynaud P (1980) L`amandier. G.P. Maisonneuve et Larose. Paris, XII
446 pp

Gur A, Semel Y, Cahaner A, and Zamir D (2004) Real Time QTL of complex phenotypes in tomato
interspecific introgression lines. Trends Plant Sci 9:107–109

Hartmann HT, Kester DE, Geneve RL, and Davies FT (2002) Plant Propagation: Principles and
Practices. Prentice Hall



Genomics of Almond 215

Hauagge R, Kester DE, and Asay RA (1987) Isozyme variation among California almond cultivars:
I. Inheritance. J Amer Soc Hort Sci 112(4):687–693

Herrero M, and Felipe AJ (1975) Pollinisation de ľamandier. Incompatibilité pollen-style. 2e Col-
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A reciprocal translocation between ‘Garfi’ almond and ‘Nemared’ peach. Theor Appl Genet
102:1169–1176

Joobeur T (1998) Construccıón de un mapa de marcadores moleculares y análisis genético de
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ation linkage map for almond using RAPD and SSR markers. Genome 43:649–655

Jung S, Jesudurai C, Staton M, Du Z, Ficklin S, Cho I, Abbott A, Tomkins J, and Main D (2004)
GDR (Genome Database for Rosaceae): integrated web resources for Rosaceae genomics and
genetics research. BMC Bioinformatics. 5:130

Kao TH, and Tsukamoto T (2004) The molecular and genetic basis of S-RNase-based self-
incompatibility. Plant Cell 16 [Suppl]: S72–S83

Kakui H, Tsuzuki T, Koba T, and Sassa H (2007) Polymorphism of SFBB-γ and its use for S
genotyping in Japanese pear (Pyrus pyrifolia). Plant Cell Rep 26: 1619–1625

Kawata Y, Sakiyama F, and Tmaoki H (1988) Amino-acid sequence of ribonuclease T2 from
Aspergillus oryzae. Eur J Biochem 176: 683–697

Kester DE, Gradziel TM, and Grasselly C (1991) Almonds (Prunus). In: Genetic resources of
temperate fruit and nut crops. International Society for Horticultural Science, The Netherlands,
pp 701–758

Kester DE, Gradziel TM, and Micke WC (1994) Identifying pollen incompatibility groups in Cal-
ifornia almond cultivars. J Amer Soc Hort Sci 119: 106–109

Kester DE, and Gradziel TM (1996) Almonds (Prunus). In: Fruit Breeding. John Wiley & Sons,
Inc., New York, USA, pp 1–97

Kester DE, Raddi P, and Asay R (1977a) Correlation among chilling requirements for germina-
tion, blooming and leafing in almond (Prunus amygdalus Batsch.) within and among seedling
populations in almond J Am Soc Hort Sci 102: 145–148

Kester DE, Hansche PE, Beres V, and Asay RN (1977b) Variance components and heritability of
nut and kernel traits in almond. J Amer Soc Hort Soc 102: 264–266



216 P. Arús et al.
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Silva C, Garcia-Mas J, Sánchez AM, Arús P, and Oliveira MM (2005) Looking into flowering time
in almond (Prunus dulcis (Mill) D. A. Webb): the candidate gene approach. Theor Appl Genet
110: 959–968

Silva C, Sanchez AM, and Oliveira MM (2007) Isolation of full-length cDNAs with putative func-
tions in almond (Prunus dulcis Mill.) flowering. Acta Hort 738: 675–682

Socias i Company R, and Felipe AJ (1988) Self-compatibility in almond: Transmission and recent
advances. Acta Hort 224: 307–317

Socias i Company R (1990) Breeding self-compatible almonds. Plant Breed Rev 8: 313–338
Socias i, Company R, Felipe AJ (1992) Almond: a diverse germplasm. HortScience 27:718, 863
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10. An Introduction to Peach (Prunus persica)

Douglas Bielenberg, Ksenija Gasic, and Jose X. Chaparro

1 Introduction

When considering a broad cross section of climates and growing regions, the peach
(Prunus persica (L) Batsch) is the most prevalent of the stonefruits, rivaling apple
in terms of adaptation. The broad distribution reflects its extensive cultivation,
as its prized fruits drove its rapid dissemination and selection for adaptation to
new areas. The relatively short juvenility period and ease of making controlled
crosses have made the peach the most successfully bred tree fruit crop. Today more
Mendelian transmitted traits are understood in peach than in any other tree (Scorza
and Sherman, 1996). These facets, in conjunction with a small genome size have
made peach a desirable system for breeders and bench scientists focused on the
common goal of tree fruit improvement.

Peach is a member of the family Rosaceae, subfamily Prunoidae. It is a mem-
ber of the subgenus Amygdalus, that contains peaches, peach relatives and almond
relatives. The most closely related species to peach are P. mira Koehne, P. kan-
suensis Rehd., and P. davidiana (Carr.) Franch. Members of this subgenus are sex-
ually compatible and produce viable and fertile F1 hybrids (Martinez-Gomez et al.,
2003). These species have been used to extend the genetic pool in peach and serve
as sources of insect, pathogen, and nematode resistance for breeding of peach scions
and rootstocks (Martinez-Gomez et al., 2003).

Peach evolved in a more mesic environment than the almonds and are typi-
cally characterized by a fleshy fruit that does not dehisce, in contrast to almonds
(Martinez-Gomez et al., 2003). Peach is represented in the wild as P. persica subsp.
ferganensis in Tajikistan, Kyrgyzstan and Uzbekistan (Okie and Rieger, 2003) and
may also be represented by Mao Tao (hairy peach) type peaches of China. Clearly
defined wild peach populations have not been reported in China and the Mao Tao
peach is probably the most primitive (ancestral) form. Wild species have been cul-
tivated near the Chinese center of origin for at least four thousand years (Rieger,
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2006). Genetic fingerprint data of northern, northwestern and southern Chinese
peach cultivars indicates that the Chinese germplasm has more genetic diversity
than has been reported in other peach germplasm (Yoon et al., 2006). Additionally,
the contribution of Chinese germplasm to modern peach cultivars arose primarily
from the southern Chinese gene pool (Yoon et al., 2006).

The peach was moved through camel-caravan trade routes through western
Asia and into the Mediterranean and eventually into Europe. Landrace genotypes
resulting from this movement are present throughout the corresponding geographic
regions. The movement of the peach into the Western Hempisphere is a product
of the age of exploration, principally through the colonization of the Spanish and
Portuguese. This germplasm became the base of productive hybrids.

A significant event in the genetic history of commercial peaches was the intro-
duction of ‘Chinese Cling’ to North America in the 1850s (Scorza and Sherman,
1996), as most superior commercial cultivars are thought to have this cultivar in
their background. Today, Chinese germplasm and locally-adapted varieties derived
from seedlings are a source of diversity for modern breeding programs.

Peach is primarily a temperate zone crop with production centered between 30
and 45◦ N and S latitude (Scorza and Sherman, 1996). Winter minimum tempera-
tures and spring frost injury to flower buds limit production at higher latitudes. Insuf-
ficient winter chilling is a limit at lower latitudes. As a consequence, the presence of
large bodies of water with a moderating influence on winter temperatures extends

Table 1 World peach production in mass and as percent of total production based on 2005 FAOStat
reports from top producing nations

Country Production (Metric Tons) World production %

China 7,510,000 43.7
Italy 1,664,776 9.7
Spain 1,255,600 7.3
United States of America 916,370 5.3
Greece 864,380 5.0
Turkey 552,775 3.2
Iran, Islamic Rep of 456,286 2.7
France 400,855 2.3
Egypt 360,000 2.1
Chile 315,000 1.8
Argentina 255,948 1.5
Brazil 23,5471 1.4
Mexico 22,2982 1.3
Korea, Republic of 19,3816 1.1
South Africa 16,6955 0.9
India 15,9640 0.9
Japan 14,6300 0.9
Korea, Dem People’s Rep 12,4000 0.7
Algeria 11,7504 0.7
Australia 11,0000 0.6

Total 93.1
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the range at high latitudes and altitude extends the lower latitude range. Fruit qual-
ity is enhanced in warmer summer climates and this further restricts the regions of
commercial production (Scorza and Sherman, 1996).

China leads the world in peach production with approximately 43% of world
production, followed by Italy (10%), Spain (7%) and the United States of America
(5%) [FAO statistics 2006]. These three countries account for just under two thirds
of world production. Considerable production is also found in the Southern Hemi-
sphere, particularly in Chile and Argentina (Rieger, 2006). In the United States of
America, California leads in peach (and nectarine) production followed by South
Carolina and then Georgia (Scorza and Sherman, 1996) (Table 1).

2 Traits of Primary Interest for Traditional Breeding Programs

Peach breeding programs have been very active in the last century releasing many
new varieties worldwide (Sansavini et al., 2006). Breeding efforts in private and
public sector have been driven by the need to satisfy market/industry demands for
large-fruited, highly productive varieties, with extensive red skin color, little or no
pubescence (nectarines), round fruit shape, and very firm, slow-softening, yellow
or white flesh (Okie et al., 2008). Despite the vast number of existing peach cul-
tivars used for fresh market there is continuing need to develop new cultivars as
the requirements of the industry change (Byrne, 2005). A number of traits such
as, expanding environmental ranges, reduced chilling requirements and increased
frost tolerances to further expand into subtropical and colder climates; increased
fruit quality and appearance; and improved shelf life, are being targeted by breeders
worldwide. In addition, tree habit, canopy architecture, adaptability and pest and
disease resistances have also been among high priority in breeding programs.

2.1 Pest and Disease Resistance

Growing concerns about chemical usage in agriculture and emergence of developing
resistance in pathogens against leading chemical agents put an additional emphasis
on importance of using genetic resistance to various pest and diseases in breeding
programs. Peach scion breeding programs around the world share common disease
problems such as: brown rot (Monilinia fructicola), powdery mildew (Sphaerotheca
pannosa, Podosphaera clandestine), cytospora canker (Leucostoma persoonii), fun-
gal gummosis (Botryosphareia dothidea), leaf curl (Taphrina deformans), bacterial
canker (Pseudomonas syringe), bacterial spot (Xanthomonas campestris) and plum
pox (PPV). In addition to diseases, pest problems in the focus of most breeding
efforts are green aphids (Myzus persicae), vector of the PPV, and peach tree borers
(Synanthedon exitiosa).

Most of the work on disease resistance has been done on determining the sources
of resistance and modes of inheritance. Majority of commercially valuable cultivars
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are susceptible but sources of resistance do exist (Gradziel et al., 1998; Tsukanova
et al., 1982; Scorza and Pusey, 1984; Beckman and Reilly, 2005; Werner et al.,
1986; Weaver et al., 1979) and are being utilized in breeding programs. For exam-
ple, the peach breeding program in California is using Brazilian cultivar ‘Bolinha’
as a source for brown rot resistance in breeding canning peaches (Gradziel et al.,
1998). In addition to resistances found in P. persica, peach wild relatives, such as
P. davidiana, carry strong polygenic resistance to diseases and present a valuable
and sometimes the only sources of resistance (Smykov et al., 1982; Chang et al.,
1989); and they are actively used for introgression of disease resistance into peach
(Viruel et al., 1998; Foulongne et al., 2002).

Plum pox (PPV) or sharka virus is a viral disease that affects all stone fruit
species and is particularly devastating in Europe. No immunity has been found but
resistance has been reported in the wild peach relative P. davidiana (Pascal et al.,
1998) and almond (Rubio et al., 2003). However, attempts to introduce PPV resis-
tance into peach genome and produce PPV-resistant peach cultivars with high fruit
quality have been unsuccessful (Foulongne et al., 2003; Quilot et al., 2004).

Major pest problems in peach production are peach tree borer (Synanthedon
exitiosa) and lesser peach tree borer (Synanthedon pictipes), green aphids (Myzus
persicae) and several nematodes (Pratylenchus ssp.; Xiphinema ssp.; Meloidog-
yne incognita; and Criconemella spp.). Peach tree borers are native to the United
States and although differences in susceptibility in peach have been observed no
resistance has been reported (Chaplin and Schneider, 1975). Although green aphids
can damage new growth through feeding their major impact is in transmitting PPV.
Resistance in peach towards green aphids has been observed (Massonie et al., 1982)
and attributed to single dominant gene (Monet, 1985).

Peach replant problems, associated with several nematodes and nematode-related
disease syndrome called peach tree short life (PTSL), present a set of important
issues for peach rootstock breeding. Extensive work has been accomplished on
determining genetics of resistance towards root knot nematode, Meloidogyne incog-
nita and M. javanica (Lu et al., 1998; Gillen and Bliss, 2005), and has enabled
implementation of MAS in rootstock breeding. In addition, Blenda et al. (2007) are
working on understanding the genetics of the tolerance to PTSL syndrome in peach
rootstock ‘Guardian’ (BY520-9).

2.2 Fruit Quality

Fruit quality traits have always been of the highest importance in a breeding pro-
gram. Breeding for fresh market is governed by consumer demands, which have
always been large, round fruit, extensive red skin color, low pubescence and good
flavor with high sugar content and low to moderate acidity. Flesh firmness and non-
browning, as well as absence of the tip on the pit and no pit cracking are some of
the desirable traits in canning peaches (Table 2).
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Table 2 Sources of disease and pest resistance in species sexually compatible with peach

Species Traits References

P. persica subsp.
ferganensis

Powdery Mildew (Sphaerotheca pannosa) Verde et al. (2004)

P. dulcis Powdery Mildew (S. pannosa)
Plum Pox

Gradziel (2003)
Pascal et al. (2002)

P. kansuensis Meloidogyne incognita Wang et al. (2002)
P. davidiana Plum Pox Resistance Pascal et al. (2002),

Decroocq et al. (2005)
Powdery Mildew

(S. pannosa)
Foulongne et al. (2004)

Green Peach Aphid Resistance Myzus persicae
Peach Leaf Curl (Taprina deformans)

Monet et al. (1998)
Viruel et al. (1998)

Stagnation or decrease in consumption of fresh peaches and nectarines in Euro-
pean Union and United States, in the last decade, has been attributed to low quality
of fruit harvested at an immature stage for storage and shipment (Sansavini et al.,
2006). This unfavorable trend has put an emphasis on importance of finding the
right balance between fruit quality and immaturity at harvest. Most of the traits
associated with fruit quality are quantitatively inherited and difficult to breed. There
are 16 major traits associated with quantitative trait loci (QTLs), and 13 single gene
traits described in peach that are associated with fruit characteristics (Hancock et al.,
2008).

Significant work has been done on determining the genes and QTLs involved
with various disorders that occur during prolonged cold storage, internal break-
down, mealiness, flesh browning (Peace et al., 2005; Ogundiwin et al., 2008); and
in physical and chemical components of fruit quality, sugar and organic acid content
(Dirlewanger et al., 1998; Etienne et al., 2002). Recent discovery of genes encod-
ing endopolygalacturonase enzyme, that controls the freestone and melting char-
acters (Peace et al., 2005), and leucoanthocanidin dioxygenase enzyme, co-located
with the major QTL associated with flesh browning (Ogundiwin et al., 2008), show
potential for marker assisted breeding of new varieties with lower susceptibility to
internal breakdown. In addition, QTLs for fruit development period, fruit size, pH,
soluble sugar and soluble solid contents have also been detected in peach (Abbott
et al., 1998; Quarta et al., 2000).

2.3 Bloom and Ripening Times

Constant climatic changes and emerging abiotic stresses are affecting peach produc-
tion worldwide. Hence, environmental adaptation has become a very important part
in every breeding program. The most attention is given to winter cold hardiness,
spring frost hardiness, and chilling requirement. Winter cold hardiness is important
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component of cultivars developed for colder climates. Most information on winter
cold hardiness has been achieved through naturally occurring freezes and its com-
plexity has been well documented (Stushnoff, 1972; Scorza and Sherman, 1996).
Cold hardy genotypes have been reported in China (Scorza and Sherman, 1996) and
North American germplasm (Layne, 1984). In general, genotypes with high chill-
ing requirement tend to suffer less bud damage due to a winter cold. The degree
of bud damage, observed in segregating populations, suggested quantitative inher-
itance (Mowry, 1964). Abundance of dehydrins has been associated with cold har-
diness and its seasonal expression has been observed in woody plants (Wisniewski
and Arora, 2000).

Late spring frosts are damaging factor in both cold and warm climates and their
avoidance is achieved through alteration in blooming time via chill requirement
reduction. Genetics of chill requirement has been largely unknown although seg-
regation analyses suggested quantitative regulation involving few major genes with
cumulative and similar effect on phenotype (Lesley, 1944; Sharp, 1961). A recessive
gene responsible for absence of bud dormancy in peach was identified a few decades
ago (Lammerts, 1945) and early observations suggested incomplete dominance with
the heterozygotes exhibiting an intermediate phenotype (Rodriguez et al., 1994).
Recently, this ‘evergrowing’ behavior of peach has been mapped (Wang et al., 2002)
and explained as a deletion in a cluster of MIKC-type MADS-box transcription fac-
tors (Bielenberg et al., 2008).

Alterations in bloom time have always been associated with avoidance of late
spring frosts and fulfillment of chilling requirement, and although it has been shown
to exhibit moderate heritability (Hansche et al., 1972) its genetics is still mostly
unknown. Early observations suggested that combination of cold and heat exposure
is required for normal bloom time, and that chilling requirement influences bloom
date. However, genotypes with low chilling requirement and late blooming have
been observed (Yarnell, 1945; Scorza and Sherman, 1996).

Ripening date is probably the most observed character in active breeding pro-
grams. Desire to extend the growing season, with early and late ripening geno-
types, lead to extensive evaluation of the time of fruit maturity. Majority of obser-
vations suggested additive polygenic control (Bailey and Hough, 1959; Hansche
et al., 1972) and high heritability, 0.94 (de Souza et al., 1998) of ripening season.
However, the evidence for few genes with relatively large effects was also available
(French, 1951; Vileila-Morales et al., 1981).

2.3.1 Genetic Traits and Genomic Resources in Peach

Along with Malus × domestica and Fragaria vesca L., peach has been designated
as one of three phylogenetically distinct genomic models within the Rosaceae and
serves as the reference model species for stone-fruits (Shulaev et al., 2008). Among
woody perennials, peach has a number of advantageous characteristics for genetic
and genomic experiments. Peach is a diploid species with eight chromosomes (2n
= 2x = 16) and does not appear to have a significant history of duplication within
the genome. Peach trees are monoecious and do not display the self-incompatibility
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characteristic of most of species in the genus, allowing the creation of selfed F2

populations for genetic mapping projects. Peach is reproductively mature within 2–
3 years, short relative to other tree crops (Rieger, 2006). Hard and softwood cuttings
can easily be used to clonally propagate populations for replicated plantings and
maintenance of individuals (Okie, 1984). A large number of ‘simple’ segregating
traits or mutations have been identified in peach in addition to the existence of thou-
sands of cultivated varieties with well-described phenotypic variation (Scorza and
Sherman, 1996).

Public molecular genetic resources for peach (and other closely related Prunus
species) are abundant, including >80,000 EST sequences, multiple BAC genomic
libraries, many genetic maps anchored to a common reference genetic map, and a
physical map with anchored genetic markers and ESTs (Jung et al., 2004; Horn
et al., 2005; Shulaev et al., 2008). The public resources for peach are centrally
located in the Genome Database for Rosaceae, including many Prunus genetic maps
with markers anchored to an interspecific almond × peach F2 population (Jung et al.,
2004).

The genome of peach is relatively small (≈280 Mbp/C), less than twice the
size of the Arabidopsis genome and smaller than the recently sequenced Populus
genome (Baird et al., 1994; Tuskan et al., 2006). In 2007, The Joint Genome Insti-
tute announced the upcoming sequencing of the peach genome in with a targeted
completion date of the end of 2008 (Shulaev et al., 2008), although it is likely that
sequence may not be available until 2009. Integration of the genome sequence with
existing genetic and physical maps will be a watershed for Prunus researchers as
candidate genes are identified and made available for testing.

2.3.2 Translating the Potential of Genomics to Breeding Programs

The ultimate justification for the time and effort of genomics efforts is the transla-
tion of knowledge into crop improvement. Transgenic manipulation of significant
agronomic traits is currently the paradigm for the improvement of crop character-
istics and has been highly successful with many of our staple food crops, particu-
larly with single gene manipulations for insect and herbicide resistance. Despite the
successes seen in other Prunus species (Mante et al., 1991; Machado et al., 1992,
1995; Gutierrez-Pesce et al., 1998; Miguel and Oliveira, 1999; Gutierrez and Rugini,
2004; Petri et al., 2005; Padilla et al., 2006; Song and Sink, 2006; Dai et al., 2007;
Maghuly et al., 2007), high efficiency transformation and regeneration of peach has
proved elusive (Hammerschlag and Smigocki, 1991; Perez-Clemente et al., 2004;
Padilla et al., 2006).

The recent report of transgenic success (Perez-Clemente et al., 2004) has not
been replicated by other groups. Additionally, this technique made use of embryos
as opposed to somatic tissues, which is less desirable for the improvement of supe-
rior commercial genotypes. Significant effort is being devoted to the development
of a protocol with reasonable efficiency and applicability across genotypes at many
institutions. In the United States, the USDA-ARS Appalachian Fruit Research Sta-
tion group at Kearneysville, West Virginia is particularly active in the effort.
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In peach, genomic data will most immediately be applied to crop improvement
through the use of marker-assisted-selection (MAS). Markers associated closely
with mature reproductive traits (flowering, fruiting, chilling requirement, etc.) could
be used to cull undesirable offspring from crosses soon after germination, reducing
the time, expense and effort of maintaining and evaluating large numbers of progeny.
The use of MAS in peach breeding has not yet been reported, however, the available
physical map should allow for marker saturation around important traits (Shulaev
et al., 2008). It is foreseeable that a demonstration of successful MAS in peach will
be performed in the next several years. Availability of the sequenced genome would
speed the achievement of MAS for peach in traditional breeding programs.
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11. Peach Structural Genomics

Carlo Pozzi and Alberto Vecchietti

Peach (Prunus persica) belongs to the Prunus genus and is a member of the
Rosaceae family. It has been selected as a model species for genomics studies
in virtue of several features (Abbott et al., 2002): it has a short juvenile phase
(2–3 years) if compared to many other tree species; it has a small genome, just about
twice the size of Arabidopsis (5.9 × 108 bp; Baird et al., 1994); it is diploid with
a base chromosome number of x = 8; it is the best characterized Prunus species,
where a number of traits of agronomic interest are under the control of mono-
genic loci (recently reviewed in Dirlewanger et al., 2004). The recent development
of genomics and functional genomics tools demonstrated throughout this volume
is making possible to effectively implement comparative genomics strategies in
Rosaceae, using peach as the “basic” genome (Abbott et al., 2002).

1 Molecular Markers and Breeding in Peach

Breeding in Prunus is challenged by the narrow genetic background of commer-
cial cultivars (Scorza et al., 1985), the long juvenile period together with the large
dimension of the plants. These facets make any breeding effort time and resource
consuming. Peach is considered the least genetically variable crop in the genus
(Byrne, 1990), and it is characterized by a level of inbreeding which has hampered
efficient breeding prior to the development of molecular based tools.

Peach breeding thus benefits from the availability of highly efficient molecular
marker systems for the identification of markers tightly linked to traits of interest.
Most of the molecular markers developed so far are “anonymous”, i.e. they are not
based on the knowledge of the subtending DNA sequence or of its function. These
markers recognize non-coding, or non-gene, sequences and traditionally have been
used because the position and sequence of genes were unknown. Such markers have
been used in the production of several maps in Prunus. The mapping populations
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used derive from crosses within almond, peach, apricot, cherry, P. davidiana,
P. cerasifera, and P. ferganensis. Our review focuses on maps constructed using
peach populations, but it is worth mentioning the maps obtained from P. persica ×
P. davidiana (Dirlewanger et al., 1996; Foulongne et al., 2003a, b), (P. persica
× P. dulcis) × P. cerasifera (Dirlewanger et al., 2003), and P. persica ×
P. ferganensis (Dettori et al., 2001).

The main molecular maps produced in peach are the result of coordinated efforts
in the US and in Europe. The works of Chaparro et al. (1994), at NCSU Raleigh
NC, Rajapakse et al. (1995), at Clemson University SC, and Foolad et al. (1995), at
UC Davis CA, pioneered the field in the US. In Europe three highly interconnected
initiatives took place at INRA (Bordeaux, France), ISF (Rome, Italy), and IRTA
(Cabrils, Spain). A determining contribution to map expansion and saturation was
the introduction of microsatellite markers at the end of the 90’s (Cipriani et al., 1999;
Sosinski et al., 2000; Dirlewanger et al., 2002; Aranzana et al., 2002).

1.1 Maps Derived from Peach × Almond Crosses

The interspecific cross peach × almond was used to produce dense maps (Foolad
et al., 1995; Bliss et al, 2002; Jáuregui et al., 2001). Joobeur et al. (1998) and
Aranzana et al. (2003) developed a saturated linkage map with 235 RFLPs and
11 isozyme markers using a F2 cross almond (‘Texas’) × peach (‘Early Gold’)
(TxE). This map is currently considered the reference map of the Prunus genus
and is distributed over 8 linkage groups (LGs) which were aligned with the almond
homologous groups originated from an F1 progeny from the cross ‘Ferragnes’ ×
‘Tuono’ (Viruel et al., 1995). The total map length is 491 cM (average of 1 marker /
2.3 cM; Aranzana et al., 2003). The map is biased, to some extent, by the high level
of heterozygosis and incompatibility of the two species: almost 46% of the mapped
loci had a skewed segregation in the progenies and a major reciprocal translocation
between LGs 6 and 8 was observed (Jáuregui et al., 2001). Despite these limita-
tions, the TxE map provided a highly polymorphic population suitable for linkage
studies, established a common terminology for linkage groups, and gave a set of
transferable markers (anchor markers) of known map position to be used in compar-
ative genomics (see below: Dirlewanger et al., 1998; Lu et al., 1998; Sosinski et al.,
1998; Dettori et al., 2001; Jung et al., 2004; Gillen and Bliss, 2005; Yamamoto et al.,
2001, 2005; Blenda et al., 2007). It was subsequently found that not all of the 88
individuals of the segregating population are necessary to map a new locus: in fact a
sub-set of six plants can be used to define 65 different genotypes based on their SSR
patterns (Howad et al., 2005). Sixty-three of these joint genotypes corresponded to
a single chromosomal region (a bin) of the Prunus genome, and the two remaining
corresponded to two bins each. Using this ‘mapping sub-set’ strategy, a total of 264
new SSRs were placed on the TxE map which has now a density of 0.63 cM/marker
(826 markers distributed over 524 cM).



Peach Structural Genomics 237

A total of 33 of the SSRs used in the TxE map have been placed on an intraspe-
cific peach F2 (Yamamoto et al., 2005), and on a three-way interspecific progeny,
involving almond, peach, and Myrobalan plum (Dirlewanger et al., 2004a).

1.2 Peach Maps Derived from Intraspecific Crosses

Several maps of peach have been constructed using a large set of anonymous
markers (RFLP/RAPD/SSR/AFLP; source: GDR, Genomic Database for Rosaceae;
http://www.bioinfo.wsu.edu/gdr/; Dirlewanger et al., 1998; Lu et al., 1998; Sosinski
et al., 1998; Dettori et al., 2001; Gillen and Bliss., 2005; Yamamoto et al., 2001,
2005; Blenda et al., 2007; Jung et al., 2004, 2008). All peach maps deriving from
intraspecific crosses are anchored to the Prunus TxE reference map. We report here
some of the maps which are currently enriched with anonymous (and/or functional)
markers. A complete review of the molecular maps currently available is provided
by Dirlewanger and Arùs (2004).

• ‘Ferjalou Jalousia’ × ‘Fantasia’ (JxF)
A single F1 plant from a cross between a flat non-acid peach, ‘Ferjalou Jalousia’,
and an acid round nectarine, ‘Fantasia’, (Dirlewanger et al., 1998) was selfed
to obtain an F2 population of 208 plants. The map locates 270 markers includ-
ing four agronomic characters (peach/nectarine (g), flat/round fruit (s), acid/non-
acid fruit (d), and pollen sterility (PS). Two hundred and forty-nine markers
(1 isozyme, 50 RFLPs, 92 RAPDs, 8 inter-microsatellite amplification (IMA),
and 115 AFLPs) were mapped to 11 LGs covering 712 cM, with an average den-
sity between pairs of markers of 4.5 cM. Twenty-six RFLPs are shared between
JxF and the TxE maps is homologous positions. The density of the map allowed
for markers to be found in close proximity to several Mendelian agronomic traits
(see later), and were used as a basis for marker assisted breeding programs. This
map is also used for the detection of quantitative trait loci (QTLs) controlling
peach fruit quality (see later).

• Prunus persica × (P. persica × P ferganensis) (PxF)
The PxF map is based on a BC1 progeny (Dettori et al., 2001) and was initially
composed of 109 loci (74 RFLPs, 17 SSRs, 16 RAPDs, and two morphological
traits, flesh adhesion (F/f) and leaf glands (E/e)) distributed in 10 LGs. The map
was distributed on 521 cM of the peach genome and the average distance between
adjacent loci was 4.8 cM. The PxF and TxE maps were aligned in virtue of 32
shared markers. Verde et al. (2005) subsequently enriched the PxF map which is
now composed of 216 loci covering 665 cM with an average distance of 3.1 cM.
Notably, the number of LGs was brought to eight and almost half of the 55 SSRs
contained in this map are shared with the TxE map. Nine almond SSRs were
mapped for the first time. A comparative analysis against the TxE map pointed
out an almost complete synteny and co-linearity.
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• ‘Guardian’ × ‘Nemaguard’ (GxN)
The GxN population was created to specifically address the mapping of resis-
tance genes. The mapping population is an F2 derived from the cross between
‘Guardian BY520-9’ selection 3-17-7 (tolerant to the peach tree short life syn-
drome, PTSL) and ‘Nemaguard’ (PTSL-susceptible) (Blenda et al., 2007). The
map locates 151 AFLPs and 21 SSRs, including anchor loci from the TxE map.
The markers covered 737 cM distributed on 11 LGs with an average interval of
4.7 cM between adjacent markers. The comparison of the distribution of resis-
tance gene analogs (RGAs) on the Prunus resistance map (Lalli et al., 2005)
with the distribution of the PTSL-associated markers mapped in the rootstock F2

cross GxN revealed that some RGAs and several PTSL-associated markers were
located in the same regions on LGs 1, 2, 4, 5, and 6.

• ‘Akame’ × ‘Juseito’ (AxJ)
The ornamental ‘Juseito’ was used in a cross with ‘Akame’ rootstock to produce
an F2 population of 126 plants (Yamamoto et al., 2001). Ninety two markers
including 35 AFLPs, 31 RAPDs, 11 SSRs, 5 ISSRs, 1 STS traits encompassed
9 LGs. Thirteen morphological traits (nine major genes and 4 QTLs) were also
mapped. A subsequent refinement of the map (Yamamoto et al., 2005) allowed
the location of a further 178 markers on eight LGs. The map distance is of 571 cM
with an average distance of 3.2 cM between each pair of loci. The AxJ peach
genetic linkage map is completely aligned with the TxE map by using 42 com-
mon DNA markers. Interestingly, 55 SSRs that were unmapped in the TxE map
could be positioned on the AxJ map. Two loci corresponding to flower color (Fc)
and flesh color around the stone (Cs) were mapped on LG 3. Flesh adhesion
(F) was mapped at the bottom of LG 4, similar to what found by Dettori et al.
(2001).

• ‘Harrow Blood’ (HB) × ‘Okinawa’ (Oki) (PMP2)
Gillen et al. (2005) produced an F2 population (PMP2) from a single F1 plant
derived from the cross between the rootstocks ‘Harrow Blood (HB)’ and ‘Oki-
nawa (Oki)’, to locate the Mi locus for the root-nematode resistance. Two RFLPs
(linked at 4.8 and 6.8 cM) and one RAPD marker (linked at 9.5 cM) were
found in linkage to Mi on LG 2. The RAPD marker was cloned, sequenced, and
converted to a cleaved amplified polymorphic sequence (CAPs) marker. RGAs
developed from Oki were highly polymorphic when used as RFLP probes and
mapped to four LGs. Even so, they may be useful as markers for disease resis-
tance genes that occur in other populations. The PMP2 and TxE maps were co-
linear in specific regions, despite that a significant number of markers mapped
to different LGs among the two populations. The locus for the blood-flesh trait
(red-violet mesocarp) was mapped to the top of LG 4 of PMP2.

• ‘New Jersey Pillar’ × KV 77119 (NJxKV), ‘Suncrest’ × ‘Bailey’ (ScxB), ‘Lovell’
× ‘Nemared’ (LxN)
The NJxKV is the ‘West Virginia’ family developed by Sosinski et al. (1998)
on which 65 markers were initially located. A highly saturated linkage map in
peach was developed using this initial map and complemented with two other
crosses (ScxB and LxN) (Lu et al., 1998; Sosinski et al., 1998): one segregating
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for morphological characters, one segregating for fruit quality traits, and one
containing important rootstock characters respectively. Linkage maps were cre-
ated for each cross using RFLP, RAPD, and AFLP markers. On the ScxB map a
morphological trait (F/f) is mapped on LG 2, as also reported in the AxJ map by
Yamamoto et al. (2005). The ‘Lovell’ × ‘Nemared’ (Lu et al., 1998) map is based
on 153 AFLPs mapped using 55 F2 individuals. The composite map (NJxKV,
ScxB, LxN) is composed of 15 LGs covering 1,297 cM. The average interval
between markers was 9.1 cM. Morphological traits are mapped on LG 1 (showy
flower, Sh/sh) LG 2 (single/double flower, Dl/dl; pillar shape, Br/br) and LG
3 (flesh color Cs/cs) in positions similar to those reported by Yamamoto et al.
(2005).

2 Comparative Genomics in Prunus

The low level of polymorphism present in peach calls for the necessity of exploiting
all possible genetic variation, even from related species. The transferability between
species of molecular markers linked to agronomically important traits is proving
an important tool for peach breeding. Comparative genomics was developed both
within the Rosaceae family and beyond family level (e.g. with Arabidopsis).

Dirlewanger et al. (2004c) have shown that 227 mapped loci in the TxE Prunus
map detected 703 loci in Arabidopsis genome highlighting 37 syntenic regions span-
ning 23% of the Prunus map and 17% of Arabidopsis genome. The longest syntenic
block of Prunus corresponded to a region of 5.4 Mbp on chromosome 5 of Ara-
bidopsis. Moreover, Jung et al. (2006) detected microsynteny between all five Ara-
bidopsis chromosomes and seven of the eight linkage groups of the Prunus on peach
ESTs anchored to Prunus maps and their Arabidopsis homologs. A considerable
level of conservation between the two genomes is probably sufficient to facilitate
strategies for marker saturation of specific regions (Ku et al., 2001) or candidate
gene search in Prunus based on the Arabidopsis sequence (Tani et al., 2007).

Comparative mapping between Prunus and Malus has shown that 30 loci of the
TxE map have homologues in the ‘Prima’ × ‘Fiesta’ apple map (Dirlewanger et al.,
2004c). LGs 1, 3, and 4 of Prunus were syntenic to L5, L8, L9, L10, L13, and L17
of apple.

Synteny analysis can be a valuable tool to examine genes known to be conserved
across species, such as resistance gene clusters (Xu et al., 2007). Co-linearity of
loci hosting powdery mildew resistance among Rosa, Prunus, and Malus has been
shown (Xu et al., 2007). Powdery mildew resistance loci of the three genus have
been mapped (Calenge et al., 2005; Lalli et al., 2005; Xu et al., 2005) and a candidate
gene approach was used to isolate a resistance gene encoding nucleotide binding site
(NBS) close to powdery mildew resistance locus in Prunus and Malus (Xu et al.,
2007).

The higher rates of transferability between genera are shown by coding regions
of genes and 58% of functional markers (see later) developed from Fragaria were
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directly usable in other rosaceous genera (Malus and Prunus) (Sargent et al., 2007).
This level of transferability is considerably lower when considering anonymous
markers such as SSRs (Decroocq et al., 2003; Lewers et al., 2005). An interesting
example of comparative mapping concerns the mapping of DFR (dihydroflavonol 4-
reductase) and EKO (ent-kaurene oxidase): they were mapped on strawberry’s LGII,
Prunus LG 1, and Malus LG15 (Sargent et al., 2007).

These two studies (Sargent et al., 2007; Xu et al., 2007) have proved the fea-
sibility of cross-utilizing genome data across genera and providing useful mark-
ers for marker-assisted selection (MAS) across rosaceous species from which the
genetic information is not yet available and consequently the basis for candidate
genes search.

The position of anchor markers derived from the TxE map was compared in 13
maps constructed with other Prunus populations (obtained with progenies including
almond, peach, apricot, cherry, P. davidiana, P. cerasifera and P. ferganensis) by
Dirlewanger et al. (2004c) and the results support the treatment of the Prunus genus
as a single genetic entity.

Co-linearity among peach cultivars, varieties, and species was confirmed also
when using functional as well as anonymous makers. For example, the peach SSR
pchgms1, distantly linked to Mi on LG 2 of the PMP2 mapping population (Sosinski
et al., 2000), maps on LG 2 of the PMP1 map based on the cross almond (Padre)
× dwarf peach selection (54P455) (Bliss et al., 2002). The G (nectarine) locus has
been mapped on LG 5 in the PMP1 mapping population (Bliss et al., 2002) and in
the FxJ mapping population (Dirlewanger et al., 1998). The malate dehydrogenase
(Mdh) locus, associated with low vigor in peach, have been assigned to LG 1 both on
the PMP1 (Bliss et al., 2002) and on the FxJ maps (Dirlewanger et al., 1998). Monet
et al. (1996) reported that catalase isozyme (Cat1) locus and D locus controlling
fruit acidity were tightly linked on LG 5 of the PMP1 (Bliss et al., 2002) and FxJ
maps (Dirlewanger et al., 1998).

Wang et al. (2002a) increased the anchored SSR markers available in the Prunus
genus using two peach crosses (Empress op op dwarf × Evergrowing; ‘Nemared’
× ‘Lovell’) a strategy based on AFLP bulk-segregant analysis (BSA) coupled with
subsequent development of targeted SSR using BAC library. This approach allows
markers linked to traits of interest to be rapidly identified. Six of the 17 SSR markers
developed were polymorphic between the two crosses and could be used to join
genetic linkage maps while 10 SSRs of peach have also been polymorphic in apricot.
The application of this strategy has also identified SSRs tightly linked to root-knot
nematode resistance (Mij) and evergrowing (evg) trait.

Table 1 reports a list of markers available on the peach maps derived from GDR
(Genomic Database for Rosaceae; http://www.bioinfo.wsu.edu/gdr/), and on the
TxE map. The total number of each type of markers refers only to peach map mark-
ers, thus excluding the Prunus TxE map. The position attributed to a specific LG
of each map is reported. RFLPs are distributed on JxF, ScxB, PMP2, PxF, NJxKV;
SSRs on JxF, PMP2, PxF, AxJ, GxN, LxN and AFLPs on GxN, ScxB, AxJ, PxF,
LxN and NJxKV maps. Thirty-seven anchored SSRs are shared between JxF, PxF,
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Table 1 Markers available on peach maps (source: GDR, Genomic Database for Rosaceae;
http://www.bioinfo.wsu.edu/gdr/) and on the reference TxE map, and their position on LGs

Marker type (total
number of mapped
markers in peach
maps)

Mapping population
(number of mapped
markers)1

Attribution to LGs (number of markers mapping
to each LG)

AFLP (526) GxN (140) 1(4),2(24),3(15),4a(17),4b(2),5(4),6b(26),
A(28),B(20)

ScxB (82) 1(18),2(14),3(25),4(5),5(9),6(4),7(4),8(3)
AxJ (34) 1(5),2(9),3(4),4(3),5(2),6(2),7(6),8(3)
PxF (63) 1(4),2(18),3(8),4(7),5(4),6(5),7(10),8(7)
LxN (142) I(25),II(9),III(21),IV(19),V(8),VI(13),VII(10),

VIII(12),IX(11),X(14)
NJxKV (65) 1(2),2(1),3(1),4(5),5(6),6(32),7(2),8(4),9(4),

10(3),11(2),12(1),13(2)
Anchored EST JxF (133) 1(33),2(10),3(23),4(21),5(28),6(10),7(8)

(BAC contig) ScxB (39) 1(1),3(3),5(17),6(10),7(8)
(172) TxE (395) 1(81),2(53),3(39),4(63),5(65),6(33),7(32),8(29)

Anchored EST JxF (49) 1(16),2(1),3(8),4(6),5(6),6(9),7(3)
(BAC) (82) ScxB (33) 1(12),3(1),5(14),6(4),7(2)

TxE (296) 1(31),2(33),3(20),4(70),5(92),6(31),7(13),8(6)
Anchored gene TxE (3) 3(1),5(1),6(1)
Anchored gene

(tentative)
TxE (22) 1(4),2(2),3(3),4(2),5(2),6(6),7(3)

CAP (1) PMP2 (1) 2(1)
ISSR (3) AxJ (3) 4(1),6(1),7(1)
Isozyme TxE (10) 1(3),2(1),3(4),5(1),7(1)
Marker (9) ScxB (9) 1(2),2(2),4(2),5(1),7(1),8(1)
Morphological and AxJ (9) 2(2),3(2),4(1),6(4)

phenotypic traits ScxB (2) 2(1),8(1)
(25) JxF (4) 4(1),5(2),6(1)

PMP2 (2) 2(1),4(1)
PxF (2) 4(1),7(1)
LxN (2) I(2)
NJxKV (4) 1(1),2(2),3(1)

PCR (2) PMP2 (2) 2(1),8(1)
RAPD (40) AxJ (24) 1(2),2(6),3(1),4(5),5(1),6(1),7(3),8(5)

PxF (16) 1(1),2(7),3(2),4(2),6(3),8(1)
RFLP (257) JxF (50) 1(13),2(5),3(5),4(5),5(7),6(8),7(7)

ScxB (47) 1(9),2(9),3(14),4(4),5(5),6(4),7(2)
PMP2 (72) 1(8),2(5),3a(3),3b(5),4(5),5(3),6(7),7(4),

8(17),9(13),10(2)
PxF (78) 1(18),2(12),3(6),4(9),5(4),6(11),7(8),8(10)
NJxKV (10) 4(1),5(2),6(4),7(1),9(1),12(1)
TxE (360) 1(76),2(46),3(45),4(38),5(32),6(52),7(39),8(32)

RGA I (4) JxF (4) 7(4)
TxE (5) 1(3),7(2)

RGA II (7) JxF (7) 2(1),5(5),7(1)
TxE (25) 1(6),2(1),4(4),5(5),6(3),7(2),8(4)
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Table 1 (continued)

Marker type (total
number of mapped
markers in peach
maps)

Mapping population
(number of mapped
markers)1

Attribution to LGs (number of markers mapping
to each LG)

RGA III (5) JxF (3) 4(3)
ScxB (2) 7(2)
TxE (9) 2(3),4(4),5(2)

RGA IV TxE (2) 2(1),4(1)
SCAR (13) AxJ (13) 1(1),2(6),3(2),4(1),5(1),6(2)
SSR (241) JxF (69) 1(19),2(4),3(1),4(12),5(11),6(13),7(9)

PMP2 (1) 2(1)
PxF (57) 1(10),2(11),3(3),4(10),5(8),6(6),7(5),8(4)
AxJ (95) 1(16),2(15),3(7),4(14),5(9),6(13),7(10),8(11)
GxN (18) 1(2),2(2),3(2),4a(3),4b(1),5(1),6a(3),6b(2),8(2)
LxN (1) I(1)
TxE (186) 1(42),2(24),3(15),4(23),5(22),6(20),7(22),8(18)

STS TxE (5) 2(3),3(1),5(1)

1GxN: Guardian 3-17-7 × (P. persica × P. davidiana Nemaguard); AxJ: Akame × Juseito; JxF:
Ferjalou Jalousia × Fantasia; PMP2: Harrow Blood (HB) × Okinawa (Oki); PxF: P. persica × P.
ferganensis BC1; LxN: Peach Lovell × Nemared 1998; NJxKV: New Jersey Pillar × KV 77119
1998; ScxB: Suncrest × Bailey.
Marker glossary – AFLP: amplified fragment length polymorphism; CAP: cleaved ampli-
fied polymorphic sequences; ISSR: inter simple sequence repeat markers; RAPD: randomly
Amplified Polymorphic DNA; RFLP: restriction Fragment Length Polymorphism; RGA: resis-
tance gene analogue; SCAR: sequence characterized amplified regions; SSR: simple sequence
repeats.

AxJ, GxN, PMP2 and LxN maps, while 55 anchored RFLPs are present in JxF, PxF
and ScxB maps (Table 2 and Fig. 1). One hundred and twenty four anchored ESTs
(indicated as “BAC contig”), 44 anchored ESTs (indicated as “BAC”), 2 RGA-Is,
7 RGA-IIs, and 3 RGA-IIIs are the anchor markers among TxE, JxF, and ScxB
maps.

3 Mapping Polygenic Traits in Peach

The main breeding objectives of the peach industry are the optimization of the com-
promise between quality and immaturity at harvest, and the exploitation of resis-
tance to pests and diseases derived from wild peach-related species. Both goals
can be achieved only by using genetics and genomics tools to select for impor-
tant agronomic traits of the wild peach related species and/or to map and clone
traits of complex genetic nature. Thus, the availability of efficient molecular mark-
ers and molecular maps is crucial to locate simple or complex traits involved in
agronomic characters. A list of markers linked to polygenic traits in peach is pro-
vided by Martinez-Gomez et al. (2005).
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Table 2 Distribution of anchored markers on LGs of peach maps (source: GDR, Genomic
Database for Rosaceae; http://www.bioinfo.wsu.edu/gdr/)

Number of
Peach linkage Number of SSR anchored SSR Maps with anchored SSR (number
group on TxE map on peach maps of anchored SSR on the map)

LG1 1 6 JxF (4); PxF (2); AxJ (5); GxN (1)
LG2 3 4 PxF (3); AxJ (4); PMP2 (1);

LxN (1)
LG3 3 3 PxF (1); AxJ (1); GxN (1)
LG4 3 5 JxF (3); PxF (3); AxJ (2); GxN (1)
LG5 4 6 JxF (4); PxF (4); AxJ (5); GxN (1)
LG6 1 4 JxF (3); PxF (2); AxJ (4); GxN (1)
LG7 1 4 JxF (4); PxF (1); AxJ (3)
LG8 4 5 PxF (3); AxJ (2); GxN (1)

Total: 20 Total: 37

Number of Maps with anchored RFLP
Peach linkage Number of RFLP anchored RFLP (number of anchored RFLP
group on TxE map on peach maps on the map)

LG1 10 10 JxF (8); PxF (2)
LG2 5 5 JxF (1); PxF (4)
LG3 6 6 JxF (3); PxF (3)
LG4 7 7 JxF (4); PxF (4)
LG5 6 7 JxF (5); PxF (2); ScxB (1)
LG6 10 10 JxF (5); PxF (6)
LG7 6 6 JxF (3); PxF (3)
LG8 4 4 PxF (4)

Total: 54 Total: 55

Number of Number of Maps with anchored EST
anchored EST anchored EST (BAC contig) (number of anchored

Peach linkage (BAC contig) on (BAC contig) on EST (BAC contig) on
group TxE map peach maps the map)

LG1 26 26 JxF (26)
LG2 10 10 JxF (10)
LG3 23 23 JxF (23)
LG4 20 20 JxF (20)
LG5 28 28 JxF (28); ScxB (7)
LG6 9 9 JxF (9)
LG7 8 8 JxF (8)

Total: 124 Total: 124
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Table 2 (Continued)

Number of Number of
anchored EST anchored EST Maps with anchored EST (BAC)

Peach linkage (BAC) on TxE (BAC) on peach (number of anchored EST (BAC)
group map maps the map)

LG1 13 13 JxF (13)
LG2 1 1 JxF (1)
LG3 8 8 JxF (8)
LG4 6 6 JxF (6)
LG5 5 5 JxF (5)
LG6 8 8 JxF (8)
LG7 3 3 JxF (3)

Total: 44 Total:44

Number of Number of Maps with anchored RGA-I
Peach linkage anchored RGA-I anchored RGA-I (number of anchored RGA-I
group on TxE map on peach mapS on the map)

LG7 2 2 JxF (2)

Number of Number of Maps with anchored RGA-II
Peach linkage anchored RGA-II anchored RGA-II (number of anchored RGA-II
group on TxE map on peach mapS on the map)

LG2 1 1 JxF (1)
LG5 5 5 JxF (5)
LG7 1 1 JxF (1)

Total: 7 Total:7

Number of Number of Maps with anchored RGA-III
Peach linkage anchored RGA- anchored RGA- (number of anchored RGA-III
group III on TxE map III on peach maps on the map)

LG4 3 3 JxF (3)

3.1 QTLs for Peach Quality

The control of quality traits is usually genetically complex, for example the balance
of acids and sugars in the fruit, although the non-acid character of the fruit juice is
controlled by a single dominant gene D (Dirlewanger et al., 1998). The predominant
organic acids in ripe peach fruit are malic and citric acids (Moing et al., 1998). The
soluble sugars of peach are sucrose, fructose, glucose and, at lower levels, sorbitol.
QTLs controlling hexose content were detected using a peach ‘Suncrest’ × ‘Bailey’
cross (Abbott et al., 1998). A population derived from peach × Prunus ferganensis
allowed the mapping of one QTL for pH on LG 2 and QTLs for another compo-
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Fig. 1 Distribution on anchored SSR on LG1 between TxE reference map and peach maps (source:
GDR, Genomic Database for Rosaceae; http://www.bioinfo.wsu.edu/gdr/)

nent of the sugar/acid balance, the soluble solids content (SSC), were positioned on
LGs 1 and 2 (Quarta et al., 2000). Further major QTLs involved with fruit qual-
ity were detected on the latter map: flowering time (mapping on LG 4); ripening
time (on LGs 2 and 6); fruit skin color (on LGs 2 and 6); juice SSC (LG2 and 6).
Further experiments conducted by Verde et al. (2002) led to the mapping of QTLs
for ripening time, fruit skin color, and SSC of the fruit, confirming the position-
ing in narrow intervals of LGs 2 and 6. A partly overlapping set of QTLs was also
mapped by Dirlewanger et al. (1999), and subsequently refined by Etienne et al.
(2002) using the same mapping panel: QTLs for blooming, ripening, and fruit qual-
ity (fresh weight, color, pH, titratable acidity, SSC, acid and sugar contents) were
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detected using the JxF F2 cross (Dirlewanger et al., 1999; Etienne et al., 2002).
Some were co-localized with the D locus on LG 5. Interestingly, QTLs for fresh
weight and productivity were mapped on LG 6, near the S locus which controls fruit
shape (flat fruits are lower in weight than round fruits). For titratable acidity, three
QTLs were detected (on LGs 1, 5, and 6). For malic acid QTLs mapped on LG 1, 5,
and 6, while citric acid mapped on LG 9.

Several fruit and plant traits were investigated by Sosinski et al. (1998): canopy
shape, flower color and shape, fruit diameter and weight, flesh color and texture,
SSC, juice pH, developmental period, and nematode resistance. Three F2 progenies
were used for that purpose: ‘New Jersey Pillar’ × ‘KV77119’; ‘Suncrest’ × ‘Bai-
ley’; ‘Lovell’ × ‘Nemared’ and seven out of the 12 QTL intervals were mapped
in the joined map. Resistance to the post-harvest ‘internal break down’ patholog-
ical syndrome was also mapped and QTLs were located in the ‘Georgia Belle’ ×
‘Dr. Davis’ map (Peace et al., 2004, 2005). QTLs were detected for all traits (meali-
ness, browning, bleeding, harvest date) at varying degrees or reliability.

As already stated, wild germplasm represents an important resource of genetic
variability in peach. When using it in breeding programs, it is necessary to segre-
gate out the wild parent genome which could be detrimental for agronomic perfor-
mance. For example, when using P. davidiana in breeding for quality, a negative
correlation between wild favorable traits (for example increased glucose and fruc-
tose concentrations) and negative agronomic traits such as those decreasing fruit
mass was observed (Quilot et al., 2004). Despite those limitations, mapping of qual-
ity traits was performed in an advanced backcross breeding population involving P.
davidiana (crossed with peach ‘Summergrand’; Quilot et al., 2004). A total of 24
physical and biochemical traits were investigated and QTLs were identified for all
of them. Only in one case was there good consistency of the QTL over the years
of the study, in agreement with the results already obtained by Dirlewanger et al.
(1999) and Verde et al. (2002). Favorable alleles were found from both the wild type
and the cultivar and in some cases the alleles from the wild parent were not linked
to detrimental factors, and thus were directly usable in marker assisted breeding
programs.

3.2 QTLs for Resistance

The identification of QTLs and/or monogenic traits linked to resistance to the most
important peach pathogens is of particular relevance to breeding programs. Pow-
dery mildew resistance was extensively studied and 13 QTLs explaining up to a
65% of the related phenotypic variation have been identified (Foulongne et al.,
2003b). Molecular markers are now available to be used in marker assisted selec-
tion (MAS), as they are able to discriminate between the favorable alleles for the
QTLs on LGs 6 and 8. The mapping populations used (F1, F2, and BC2 popula-
tions; SD (‘Summergrand’ × P. davidiana); SD402 (a selected genotype from SD,
selfed); and SD40 backcrossed with Summergrand) were derived from the cross
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between the resistant wild parent P. davidiana and the susceptible ‘Summergrand’
(Foulongne et al., 2003a; Quilot et al., 2004). For nine of the putative resistance
loci identified, the allele from P. davidiana conferred higher level of resistance, as
expected. Some QTLs could be confirmed only by virtue of usage of different map-
ping populations and only five were present in all populations. The “traditional”
QTLs on LGs 6 and 8 were both confirmed in the same position in the three related
crosses used. The co-localization of some QTLs for resistance and for quality traits
(for example on LG 6) can be problematic if one wants to eliminate the negative
wild allele deriving from P. davidiana while keeping the favorable resistance allele.
Interesting physiological explanations for some of the co-localization observed are
described in Quilot et al. (2004).

4 Functional Markers in Peach

Promising tools for peach breeding include the development of new types of molec-
ular markers based on knowledge of the sequence and function of the subtended
polymorphism (Andersen and Lubberstedt, 2003). The sequence is used to yield
polymorphic, informative functional markers, indicative of genes of interest and
highly transferable between species. Maps including this kind of marker are being
used in Rosaceae for a candidate gene approach to gene cloning (Silva et al.,
2005; Sargent et al., 2007). These markers can also be used in strategies based
on synteny to identify agronomically relevant genes. The complement to these
approaches are reverse genetics methodologies, including T-DNA tagging, RNA
interference, which are also being developed for Rosaceae (see this book; Scorza
and Ravelonandro, 2002.

The candidate gene approach is based on the a priori choice of genes which may
be functionally related to the trait. A correlation between the trait under study and
polymorphisms at the candidate gene is a strong argument in favor of the selected
candidate gene. The bin mapping strategy recently designed by Howad et al. (2005)
is particularly efficient in this approach, since it allows the fast screening of possible
co-location of a large number of candidates with specific genes or QTLs. Techni-
cally, one of the most efficient strategies to generate functional markers is to exploit
polymorphism in expressed sequences (ESTs). This allows direct tests of correlation
between observed phenotypes of interest and genes of known or inferred function.

4.1 Mapping of Transcripts and Candidate Genes

The peach maps are becoming more and more saturated with markers derived from
known sequences (for example, in the TxE map 87% of loci correspond to a known
DNA sequence and 37% of these sequences correspond to a putative protein). Maps
based on ESTs are also being produced in peach. Barale et al. (2006) screened the
ESTree database of 20,924 cDNA sequences (Lazzari et al., 2005; Lazzari et al.,
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2007; Vecchietti A., unpublished results) in search of candidate genes (CGs) based
on sequence similarity with genes relevant for fruit quality, already characterized
in other related species like apple, apricot and strawberry. To rapidly identify poly-
morphisms, the database implements an algorithm for in silico single nucleotide
polymorphism (isSNP) detection. Sequence-confirmed SNPs are then genotyped
according to Howad et al. (2005) on the TxE population. Currently 50 ESTs have
been mapped on this functional map (Barale et al., 2006). Further experiments
are devoted to the identification of new fragrance genes in peach and targets were
genes involved in the biosyntheses of lactones, shikimic acid derivates, branched-
chain esters, alcohols, aldehydes, C6 compounds, and nor-isoprenoids (Vecchietti
A., unpublished results).

A similar approach was undertaken by Etienne et al. (2002). Eighteen cDNAs
encoding key proteins in soluble sugar and organic acid metabolism pathways as
well as in cell expansion were isolated from peach fruit. Since no SNPs could be
detected in the JxF population, gene mapping was performed at first on the TxE map.
Twelve candidate genes were assigned to four linkage groups of the peach genome.
Since the JxF population was used for QTL mapping, a further step concerned the
“connection” of the TxE and JxE maps by anchor markers. Eventually, Etienne and
co-workers were able to merge the mapping data and identify interesting co-location
between candidate genes and mapped QTLs (addressed in greater detail later).

Bliss et al. (2002) have been working with some interesting genes for fruit qual-
ity. The catalase (Cat1) isozyme locus was mapped and shown to be linked with the
D locus controlling fruit acidity, and preliminary studies point to an allele-specificity
for this gene in cultivars with different juice pH.

The same approach was used to create maps of transcripts involved in resis-
tance. Candidate genes representing analogs of major resistance genes, translation
initiation factors known to be involved in recessive resistance to plant viruses, and
defense response genes were hybridized to a peach BAC library. A “resistance map”
for Prunus was generated which contains 42 map locations for putative resistance
regions (Lalli et al., 2005). Bliss et al. (2002) positioned polygalacturonase inhibitor
proteins on LG 7 (possibly a tandem duplication of the same gene), one of which
is known to confer resistance to Botrytis fruit rot. One dehydrin (involved in abiotic
stress tolerance) was mapped on LG 7. Several resistance genes analogs (RGAs)
were co-localized with genes or QTLs that determine Sharka resistance or root-
knot nematode resistance (Bliss et al., 2002), suggesting that they may belong to
resistance gene clusters shared also by other Rosaceae (Dirlewanger et al., 2004a).
Three RGAs mapped to the region of LG 7 containing the Mai gene, controlling
resistance to root-knot nematode. RGAs were also mapped in the region hosting
powdery mildew resistance on LG 6, but not on LG 8. RGAs were mapped in the
region hosting Sharka resistance on LGs 1 and 7, but not on LG 6.

A similar approach was adopted to identify candidate genes for agronomically
important traits related to fruit quality. Etienne et al. (2002) were able to demonstrate
the co-localization of QTLs for fruit pH and sugars and the locus encoding for a
vacuolar H+-pyrophosphatase, which controls solute accumulation from the cytosol
into the vacuole, and thus possibly affects both pH and sugar concentration.
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The study of mealiness was also approached in the same way: an initial litera-
ture survey led to the identification of 14 candidate genes and two were mapped,
one endopolygalacturonase (endoPG), and a pectin methylesterase, which are the
two most commonly implicated in the development of mealiness (Brummell et al.,
2004).

EndoPG was also studied to understand flesh texture. EndoPG co-segregated
completely with F (flesh adhesion) and M (melting flesh), suggesting that this
enzyme controls one or both of these traits (Peace et al., 2005). Coincidence between
the peak for mealiness QTL and the endoPG gene favor of this hypothesis (Peace
et al., 2004). Markers were developed in absolute linkage with endoPG that can be
used for distinguishing between freestone/melting flesh and clingstone/non-melting
flesh and clingstone/melting flesh genotypes in marker assisted selection (Peace
et al., 2005).

Based on similarity in predicted protein structures, candidate genes for plum
pox virus (PPV) resistance were isolated and characterized from Prunus species
(Decroocq et al., 2005). Fifteen candidate genes (belonging to the classes: R pro-
teins, transcription factors, factors involved in RNA interference, translation initia-
tion factors, and pathogenesis related (PR) proteins were isolated from plum, peach,
and apricot. In the same study, a total of six P. davidiana genomic regions were iden-
tified as being involved in PPV resistance. Candidate genes were found in collinear
regions of P. davidiana and of peach. Two regions (on LGs 2 and 7) were found to
be linked to a trait involved in the restriction of PPV movement. The data do not
support a linkage between QTLs and candidate genes, but open new perspective for
MAS in PPV resistance. The PTSL syndrome was also studied using a candidate
gene approach, and some RGAs were co-localized with AFLPs linked to the PTSL
trait, on several LGs (Blenda et al., 2007).

5 Marker Assisted Selection (MAS) in Peach

MAS can shorten the number of generations required to select for the desired genes
of the donor in backcrossing programs and is based on the availability of mark-
ers linked to the traits of interest. In Prunus this approach can very efficient and
the linkage maps described can be used to locate genes of economic and biological
value. The peach agronomic traits which are the objectives of current breeding pro-
grams are usually difficult to evaluate, as are resistances to biotic and abiotic stress
(Quilot et al., 2004). Breeders generate large populations to recombine traits from
different varieties, and tree breeding is still mostly based upon phenotypic selection.
Examples of MAS in peach concern male sterility, peach/nectarine, non-acid/acid,
and flat/round fruit (Dirlewanger et al., 1998), where tightly linked markers would
allow the identification and selection of heterozygous individuals not expressing the
trait.

MAS has been applied to other monogenic traits. The F/f (flesh adhesion) char-
acter, for example, is determined by a single gene pair with freestone dominant
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to clingstone. Jun et al. (2003) used the BSA strategy on F1 progenies of the
“Yumyong” (clingstone) × “Baekhyang” (freestone) cross to identify four domi-
nant coupling-phase RAPD markers which were converted into SCARs. Also the G
(“nectarine” recessive character) and S (“saucer shaped” dominant character) traits
were investigated by BSA. An AFLP was found that co-segregated with the G gene,
and two markers (one RFLP and one AFLP) with the S gene (Dirlewanger et al.,
2006). These results were obtained in the framework of a more complete mapping
of monogenic characters: non-acid fruit (D); clingstone (f); pollen fertility (Ps), and
non aborting fruit (Af) were mapped on the FxJ map. Markers were found associ-
ated with each of these characters and MAS was performed using markers linked to
the Af character. A complete list of markers linked to principal monogenic traits in
Prunus is given in Martinez-Gomez et al. (2005).

Another important set of agronomic characters where MAS can be used, are
resistances to biotic stresses.

5.1 Root-Knot Nematode Resistance (RKN)

All the RKN resistance genes described so far were placed on LG 2 (even if not
in the very same positions). This includes the two genes (mi and Mj, conferring
resistance to Meloidogyne incognita and M. javanica, respectively), the Mij gene
reported by Lu et al. (1998) which should confer resistance to both strains, and the
R MiaNem gene (conferring resistance to M. incognita and M. arenaria) found by
Dirlewanger et al. (2004a). The Ma gene (conferring resistance to M. arenaria, and
derived from P. cerasifera; Lecouls et al., 2004) was mapped to LG 7. For resistance
to M. javanica, a complex genetics with duplicate loci (Mj1/mj1 and Mj2/mj2), and
a single locus (Mj2/mj2) was reported by Yamamoto and Hayashi (2002).

Sources of resistance to RKN are difficult to find in peach, especially because of
the narrow genetic base of commercial peach varieties; most rootstock material is
susceptible and only the peach “Shalil” is resistant to M. arenaria and incognita but
susceptible to M. javanica (to which “Nemared” is resistant), and to a population
from Florida.

Current breeding programs are focusing on the exploitation of sources of resis-
tance derived from the wild species P. davidiana and P. ferganensis (Foulongne
et al., 2003a; Verde et al., 2002) P. davidiana was found to be resistant to powdery
mildew, the green aphid, PPV, leaf curl virus, and can be used to introgress these
resistances into peach. Several studies have initiated the development of markers to
be used in advanced backcross breeding programs. Lu et al. (1998) developed STS
and SSR markers linked to the Mj and Mij genes of “Nemared” using a “Juseitou” ×
“Akame” segregating population. A co-dominant AFLP was linked with the primary
source of resistance to root-knot nematode (Lu et al., 1999). Markers tightly linked
to the Ma/ma resistance gene from Myrobalan plum have also been identified. This
gene and the Mi/mi from “Nemared” have been screened with markers to pyramid
them in a three-way (peach, almond, and plum) progeny (Claverie et al., 2004a).
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Ma represents the first precise mapping of a resistance gene in the Prunus genus:
two SCARs were shown to be linked in coupling with the dominant resistance alleles
Ma1 and Ma3 from Myrobalan (Bergougnoux et al., 2002). They have been iden-
tified by bulked segregant analysis (BSA) using intraspecific progenies involving
parents with alternative genotypes at the trait. One marker is less than 1 cM from
Ma and the other one is co-segregates with it (Claverie et al., 2004b). Current pro-
grams are using MAS to “collect” resistance genes from different species and “pyra-
mid” them into a new generation of peach rootstocks. For example, Dirlewanger
et al. (2003) undertook a MAS in a interspecific hybrid P. cerasifera × (P. dulcis ×
P. persica), carrying the resistance genes from each species. The breeding scheme
was further enriched by adding resistance to chlorosis, drought, water logging, graft
compatibility and rooting ability (Dirlewanger et al., 2004b).

RAPDs were used in combination with a BSA strategy to distinguish markers
linked to resistance to ring nematode (Mesocriconema xenoplax) in peach (Blenda
et al., 2002). The experiment was based on the cross between the “Guardian” (resis-
tant rootstock) and the “Nemaguard” (susceptible parent) and allowed the identifi-
cation of a linked AFLP. BSA in combination with AFLP technology was applied to
identify diagnostic markers for the peach tree short life syndrome (PTSL) (Blenda
et al., 2007).

6 Peach Physical Mapping

The use of the peach genome as a model for identification, cloning, characterization
and manipulation of genes important to Rosaceae crop breeding requires the defi-
nition of structural and genomic resources. For this, physical and integrated genetic
maps are necessary.

Few bacterial artificial chromosome (BAC) libraries are currently available. The
BAC library constructed by Wang et al. (2001) using the “Jingyu” traditional Chi-
nese variety, is composed of 20,736 clones with an average insert size is of 95 kb.
The variety Okubo was used to produce a transformation-competent artificial chro-
mosome based library composed of 41,000 clones, averaging in length 42 kb (Liang
et al., 2004). The BAC library produced by Georgi et al. (2002) derived from
“Nemared”, consists of 44,160 BAC clones averaging 60 kb. A further library was
developed using the haploid Lovell accession (Abbott A., unpublished results), and
is composed of approximately 90,000 clones, derived from two separate libraries
obtained using different restriction enzymes, averaging 100 kb in length. The lat-
ter libraries are being fingerprinted using a high information content fingerprinting
(HICF) technique, based on capillary electrophoresis and the SNaPshot labeling kit.
Altogether, 16,895 BAC fingerprints have been assembled using FPC software and
the physical map (June 2008) is composed of 2,138 contigs containing 15,655 BAC.
According to conservative estimate, the map covers 303 Mb of the peach genome. In
total 2,636 markers (i.e. genetic markers, ESTs, cDNAs, AFLPs and overgo probes)
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Table 3 Statistics of the BAC physical map being developed at Clemson University, SC, as of
June 2008

Number of clones fingerprinted 18,141
Number of BACs used for map contig assembly 16,895
Number of clones in contigs 15,655
Number of singletons 1,240
Number of anchored contigs 252
Number of assigned contigs 87
Physical length of the contigs 303 Mb
Physical length of the anchored contigs 45 Mb
Physical length of assigned contigs 15.9 Mb

are integrated into the physical/genetic framework. ESTs mapped amount to 2,239.
The current release of the peach physical map is displayed in GDR using WebAG-
CoL Package (Abbott and Zhebentyayeva, 2007; Jung et al., 2008). Table 3, derived
from the GDR web site, represents the state of the art as of June 2008.

6.1 Use of the Peach Physical Map

The integration of the peach physical map with the genetic maps was initiated
by Horn et al. (2005) who used 9,984 ESTs as a direct source of polymorphic
markers or for the development of microsatellite markers. Their map location
was in part determined by hybridizing them against previously marker-anchored
contigs or BACs (i.e. placing them on an integrated physical/genetic map). Using
this approach, 11.2% of the ESTs were assigned to locations on the reference
Prunus genetic map (TxE). The BAC library developed by Georgi et al. (2002)
was also used by Lecouls et al. (2002) who constructed contigs around the regions
hosting major QTLs for pH and fructose content. From comparative analysis the
putative conservation of QTLs affecting fruit quality in different crosses can be
retrieved.

Wang et al. (2002b) developed an efficient method to search the peach genome
for SSRs linked to traits of interest using AFLP-based genetic linkage maps and
BAC library screening. Using this strategy, three separate contigs were developed
at three AFLP marker positions that were close to the evergreen (evg) locus on
the genetic linkage map. A chromosome walk in both directions was initiated from
the BAC which contains the AFLP closest to the evg locus (Wang et al., 2002c).
Bielenberg et al. (2004) approached the cloning of evg by comparative genomics.
The region contains a tandem array of 6 MADS genes related to the short vegetative
phase in Arabidopsis. Comparative sequencing of this gene region in apricot and
plum demonstrates a preservation of gene composition and order. Comparisons are
now being completed for cherry, strawberry, and raspberry (Abbott A., unpublished
results).
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Also the Ma locus was approached by a chromosome landing strategy. For this,
a BAC library of approximately 30,000 clones was prepared from Myrobalan plum
(Claverie et al., 2004b). AFLPs and derived SCARs allowed saturation of the region
delimited by flanking markers around Ma leading to the isolation of a single 270 kb
BAC clone supposedly containing the Ma locus. Sequencing of the BAC is in
progress (Claverie et al., 2004b).

The availability of a complete physical map and the integration of it with a very
dense genetic map is also a prerequisite for the sequencing of the genome. Substan-
tial progress has been made in this effort to date, promising at least a draft genome
sequence in the near future.
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12. Functional Genomics in Peach

Albert G. Abbott, Bryon Sosinski, and Ariel Orellana

1 Introduction

The importance of high-quality fruit, and the intrinsic difficulties of breeding in a
perennial species, requires the development and application of structural and func-
tional genomics databases for the sustained improvement of fruit tree crops. Identi-
fication and characterization of genes controlling the genetic basis of the traits, and
their tagging with molecular markers, permits a more realistic estimate of the effort
needed to complete the introgression and to produce a new variety combining the
best of traits formerly isolated in separate varieties. It also reduces effort and time,
and improves the accuracy of marker-assisted selections. Thus, field evaluation is
limited to trees containing the genes of interest, significantly reducing the costs
associated with maintaining undesirable trees to maturity. The ability to pre-select
seedlings, using DNA based markers, for traits such as sugar and acid levels, color,
firmness, and fruit size while introgressing traits, such as biotic and abiotic stress
resistance from exotic germplasm, speeds the development of commercially accept-
able cultivars. Having the cloned gene sequences controlling the traits of interest
also provides a means to directly move the character through the use of transgenic
technologies significantly reducing the breeding time required to obtain cultivars
with commercially desirable qualities.

The genomics era has brought to us a new way of addressing biological ques-
tions, introducing genome-scale gene expression profiling tools to explore biolog-
ical systems. This approach is not hypothesis driven; however, the global analysis
looking at changes in the content of a large number of transcripts and proteins raises
the exciting possibility of deciphering the functional and regulatory networks that
represent the bridge between genotype and phenotype.

There is currently significant information available on the sequences of expressed
genes from some key fruit crops. ESTs are a cost-effective way of identifying a large
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number of functional plant genes, many of which may have novel functions. Gen-
eration of a large number of ESTs from the most economically important fruit pro-
ducing crops will result in an annotated and publicly available fruiting species gene
indices and EST databases. Unfortunately, in the field of fruit biology our functional
knowledge about genes that are expressed is still scarce. Fortunately, this situation is
changing and likely we should see a great increase in the number of gene sequences
identified and functionally described. The mapping of the unique EST set on the
model fruiting species genetic maps, will provide a rich candidate gene resource for
identification and characterization of genes controlling or influencing traits of agro-
nomic importance. The EST database will be a rich source of comparative sequence
information for studies of evolution and functional genomics of all plant genomes.
Furthermore, specific ESTs may be selected and arrayed to fabricate cDNA microar-
rays for genome-wide analyses in important processes such as fruit development and
responses to biotic or abiotic stress. New innovations in DNA sequencing, such as
pyrosequencing, are able to provide a huge amount of information in a convenient
manner, making the identification of DNA sequences more affordable. In addition,
the increasing number of genomes sequenced (Arabidopsis thaliana, Oryza sativa,
Populus trichocarpa) increases the databases for comparative genomics analysis,
making the annotation process and putative functional description of genes more
efficient. All of this effort toward collecting sequencing data has to be accompa-
nied by the generation of databases containing this information; therefore, the use
of bioinformatics tools becomes a crucial aspect in deciphering all the information
coming from DNA sequencing (Latorre et al., 2006).

For the purpose of this review, we will define functional genomics as the utiliza-
tion of genomics derived information to understand the function of genes or gene
systems in the biology of Rosaceous plants. In this regard in recent years, signif-
icant progress in the development of functional genomics tools in various impor-
tant rosaceous species has paved the way for the development of a comprehensive
understanding of the genes and gene systems critical to the growth, development
and survival of rosaceous plants. In this review, we will highlight these significant
advances and discuss their impact on our understanding this broad and diverse plant
family.

The detection of differentially expressed mRNA sequences has been the focus
of various studies in many organisms. Numerous tools have been developed for
this purpose, each with its own advantages and disadvantages. Some of the most
commonly used techniques are Differential Display Reverse Transcriptase PCR
(DDRT-PCR) (Liang and Pardee, 1992), cDNA-AFLP (Bachem et al., 1996), Sup-
pression Subtractive Hybridization (SSH) (Diatchenko et al., 1996), cDNA microar-
rays (Schena et al., 1995) and oligonucleotide microarrays (Lockhart et al., 1996).
In plants, cDNA microarrays have been used to detect differentially expressed genes
in several organs, and at various developmental stages, of Arabidopsis thaliana
(Schena et al., 1995; Girke et al., 2000), while oligonucleotide micro-arrays have
been used to examine gene expression at different stages in several organs of Ara-
bisopsis (Zhu et al., 2001), as well as genes related to the circadian clock (Harmer
et al., 2000) and cryptochrome signaling (Folta et al., 2003). Both cDNA and
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oligonucleotide arrays can either be fabricated and analyzed in-lab, through a ser-
vice, or a combination thereof. Each of these approaches has both advantages and
disadvantages.

Traditional cDNA arrays are the least expensive to produce, as the probes fixed
to the arrays are generated by simple PCR of inserts from EST containing plasmids.
This style of array will not be suitable for use in the generation of a Rosaceae-
wide array resource as many orthologues will have sufficient sequence homologies
that may make accurate hybridization intractable. Furthermore, cDNA arrays do
not have the fidelity to discriminate between highly homologous genes belonging
to genes from large gene families. Short (∼20-mer) oligo arrays are also avail-
able from a number of sources (Affymetrix, Febit, Combimatrix). This approach
requires a good understanding of a probe’s thermodynamic features such that all
oligonucleotides exhibit similar properties for target hybridization. On the other
hand, the use of Affymetrix provides a robust platform for transcriptome analy-
sis where data collected may be normalized and used by researchers worldwide.
However, this style of array makes a present/absent decision based upon the ratio
of hybridization between a perfect match (100% homology) and imperfect match
(one base different). This detection/quantification algorithm is suitable for studies
within a species (Arabidopsis transcript to Arabidopsis target sequence), but is not
suitable for between-species comparisons. In studies between species, (even poten-
tially between cultivars or ecotypes) polymorphisms confound the noise detected
within an assay in proportion with oligo length reduction, thereby reducing accu-
racy of the hybridization and any comparisons between different genotypes (Relógio
et al., 2002). Long (∼60-mer) oligo arrays, can be generated by direct synthesis
of the oligo onto the substrate, and create a balance between reproducibility, and
sensitivity.

Microarray technologies allow rapid assessment of gene expression patterns that
correlate with a given treatment or condition. The concept is simple; a high-density
array of known target sequences is used to assess the relative amount of transcript
present for a given gene via hybridization and fluormetric detection. In plants, these
technologies have been used to study important biological questions including mon-
itoring changes in gene expression during plant infection (Whitham et al., 2003;
Narusaka et al., 2003), maturing stems (Casu et al., 2004) and during leaf senes-
cence (Lin and Wu, 2004). In all of these studies, previously uncharacterized genes
were regulated during those plant processes/reactions, thereby becoming implicated
as important to the process. While it is scientifically interesting to learn new gene
functions in this manner, it is also important to note that these genes previously not
implicated in important processes may be exploited as targets for manipulation for
crop improvement.

Within the Rosaceae community, we are exploiting the accumulating EST
sequence information to generate a standardized platform for functional genomics
within this important plant family. This resource is available to individual research
programs to answer specific biological questions through the Genome Database
for Rosaceae (GDR). Data generated from this resource will be curated in a cen-
tral repository. The power of a standardized community approach is that the data
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produced will not just be relatable within the experimental trial or organism, but
between all trials and all species tested. This approach permits traditional analyses
of how a transcript accumulates in response to a treatment or genetic lesion. But
in addition, it will be possible to then monitor how a transcript is affected across
species, conditions, mutants, treatments, etc. In this sense, the lessons learned from
outstanding functional-genomics studies in other species can now direct and hone
the design of a standardized microarray platform to serve the close-knit Rosaceae
community. This effort will speed efforts in well-studied crops such as peach and
apple, and also allow characterization of important processes in under-represented
crops (that at times are regionally important) within the Rosaceae that generally do
not entice federal funding.

A candidate gene map for one species of a family could serve as a substrate
for comparative analysis of regions of interest in other related species and facilitate
gene cloning investigations. With the further integration of sequenced cDNA loci
(EST loci), the map database immediately provides candidate genes located in the
genetically marked intervals containing traits of interest. Having these associations
has the potential to greatly speed the process of gene discovery and characterization.
In a few cases, for genes with relatively large effects, the map location has been
precise enough to enable “chromosomal landing” rather than “walking” (Tanksley
et al., 1995).

2 Proteomics Analysis

The global analysis focused on the identification of proteins present on different
organs, stage of development and/or physiological conditions is a field that is less
developed than the transcriptome analysis. The importance of looking at the pro-
teins is based on the fact that proteins are responsible for the different tasks within
the cell; therefore changes in their contents may cause changes in the cell function.
Quantitative comparative proteomics can be very useful in the identification and
analysis of the changes in protein content. This is an approach that is very informa-
tive; however, some of the limitations of proteomics are the need for good databases
containing DNA sequences such that protein sequences may be matched during the
identification process. Thus, the sequencing of an organism can help in the identifi-
cation of their proteins; therefore, it is likely that in the near future when more and
more organisms may be sequenced, the identification of proteins should be straight-
forward. Another limitation of proteomics is the capability of detecting proteins
only to a certain range. Thus, the proteomic analysis using 2D gel electrophore-
sis and liquid chromatography coupled to mass spectrometry are not able to detect
low abundant proteins; therefore, it is important to keep in mind the kind of ques-
tion that needs to be addressed before a decision for the experimental approach is
taken.
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3 Functional Genomics Tools in Rosaceae

Within the Rosaceae research community, there is extensive collaboration and coop-
eration between laboratories, as is evidenced by the continuous data contributions
to the GDR by those groups. Recently (March 2006), this community held a 3rd
International Rosaceae Genome Mapping Conference in Napier New Zealand, and
the community at large reached a number of conclusions as to how genomics in
the family should proceed. A conference report for the meeting was generated, and
this report served to mature both the National and International Rosaceae White
Papers, both of which include a roadmap for future activities in genomics (confer-
ence reports and white papers available at www.bioinfo.wsu.edu/gdr. One impor-
tant conclusion in the conference report and the white papers is that peach, due to
the high level of genomic resources already in place, should serve as the first ref-
erence genome for the Rosaceae. Furthermore, at the “Technology Roadmap for
Temperate Fruit Genomics Workshop” (Baltimore, October 18–19, 2004), one of
the major focus areas identified was the development of microarray resources for
each Rosaceous species. As a result, we have built upon the substantial genomic
resources already in place for Rosaceae, to extend the functional genomics resources
in this family, and worked to broaden access to data and research products. These
resources include a large number of mapped ESTs, numerous genetic maps, and a
substantial initial physical map projected to be completed by the end of 2007. All of
these resources are readily available to the research community through our Genome
Database for Rosaceae (GDR) website (www.bioinfo.wsu.edu/gdr).

3.1 Functional Genomics Resource Development

As of August 2007, the public repository for EST sequences, NCBI dbEST
(http://www.ncbi.nlm.nih.gov/dbEST/index.html) contained some 380,930 ESTs
for Rosaceous plants. This marks an exponential growth in publicly available
Rosaceae functional resources considering only 27,000 of these ESTs were present
in May 2004. A preliminary unigene analysis was conducted using 200,068
Rosaceae ESTs. Employing relatively stringent criteria (–p90, –d60) to optimize the
assembly, CAP3 (Huang and Madan, 1999) merged 80% of the ESTs into 23,548
contigs with an average length of 780 bp. Based on significant sequence similarity
(EXP<1 e-6) using the fastx34 algorithm we have putatively identified 14,083 Ara-
bidopsis gene homologues. Table 1 indicates the total number of homologous genes
per species and the number of homologues genes that appear to be species specific
(given the current EST data set). Rather interestingly, 92% of the contigs that did
have an Arabidopsis homolog contained only single species ESTs. Further analysis
is being conducted using the Swissprot and NCBI non redundant protein databases
to identify other homologues of known or putative function for both the contigs and
singlets (Sosinski, Folta and Main, unpublished results).
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Table 1 Summary of putative Arabidopsis genes identified in Rosaceae ESTs

Number of Arabidopsis Number of unique
Species Number of ESTs % of total ESTs genes Arabidopsis genes

Apple 152,426 76.19 13,167 6,570
Almond 18,943 9.47 4,301 307
Peach 17,812 8.90 4,068 289
Strawberry 5,322 2.66 1,993 116
Rose 5,305 2.65 1,384 74
Pear 227 0.11 123 2
Cherry 12 0.01 11 1

Table 2 Summary of Rosaceae and species specific unigenes available through GDR

Organism EST number Unigene number Contig number Singlet Number

Rosaceae 359,001 90,337 13,764 76,573
Fragaria 18,729 10,012 2,939 7,073
Malus 250,907 82,850 23,868 58,982
Prunus 83,751 23,721 8,818 14,903
Pyrus 330 271 35 236
Rosa 5,284 2,963 705 2,258

A more recent analysis of all Rosaceae ESTs has resulted in a combined uni-
gene set for the family, as well as for each individual species with EST repre-
sentation in the database (Table 2). This set was derived from a total of 369,106
ESTs representing 151 cDNA libraries and 17 species. Further curation of the data
revealed that 20 tissue types were represented, and that over 40% of the tissues were
from fruit. This unigene set was also compared to other available plant unigenes
(Medicago, Arabidopsis, grape, soybean etc.) and a strong sequence similarity was
shown. Additional screening of the contigs revealed in excess of 33,000 SSRs from
the genera specific contigs and 27,260 were found in the Rosaceae contigs (Staton,
2007). To date, only a handful of published functional genomic studies employing
microarrays have been conducted in Rosaceaous species. These include two studies
in apple (Schaffer et al., 2007, Lee et al., 2007), three studies in strawberry (Aharoni
et al., 2000, 2002, 2004), and one study from raspberry (Mazzitelli et al., 2007), but
none of these employed the GDR unigenes. It is anticipated that future microar-
ray projects within the Rosaceae will employ this useful resource thereby allowing
interesting cross-species comparisons.

Given the scope and size of sequence conservation of ortholgous genes between
Rosaceous species, as well as with other plant species, we believe that we will be
able to generate a set of 60-mer oligonucleotides representing the Rosaceae unigene
set, that will be useful for expression studies for any species within the Rosaceae.
This microarray resource will be of great value for expression studies for the major
crop plants within the family, but perhaps more importantly, this Rosaceae-wide
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microarray will be an invaluable tool for use in underrepresented and underfunded
species including Rubus (brambles e.g. raspberry), rose, cherry and apricot. For
many of these underrepresented species, where EST resources have not been devel-
oped, and may not be developed in the near future, a Rosaceae microarray will
facilitate functional genomic analyses that would be otherwise unavailable.

The solidarity within the Rosaceae community and the availability of custom
arrays coincides at a time when we can now standardize our functional-genomics
efforts. This can be contrasted by work in the Arabidopsis or Drosophila com-
munities that were performed on multiple, unrelated platforms that preclude inter-
relatabilty of data arising from well-conceived experimental design. This schism
brings poor return on investment from thin federal resources, as the power of group
bargaining and a common scheme of analysis are compromised. A strong suit of the
community approach to functional genomics is that is unifies the collective interests
of the community to generate a durable, cost-effective method to augment public
resources with standardized functional data.

4 Functional Genomics Candidate Gene Databases

One of the critical components of family wide functional genomics effort is the
development of a candidate gene database of at least one species to serve as a ref-
erence genome for the family. In this regard, peach [Prunus persica (L.) Batsch], is
ideally suited as a Rosaceae genomics core species. Theoretically, peach could serve
as the ”rice of the Rosaceae”, and provide a highly characterized ”core” genome for
subsequent comparative mapping and gene discovery. Additionally, this database
would be invaluable to the Rosaceae research community for the purposes of linkage
mapping, candidate gene/QTL associations, and functional genomics. The develop-
ment of a candidate gene database in peach was the logical next step in develop-
ment of genomic resources in this model genome species and capitalized on the
major genomics advantages of the peach. The DNA content of peach, a diploid
Prunus species with n = 8 (Jelenkovic and Harrington, 1972), is 5.9 × 108 bp or
0.61 pg/diploid nucleus (Baird et al., 1994) which is only about twice the value
for Arabidopsis thaliana (Arumuganathan and Earle, 1991). In addition to its small
genome size, peach is also a logical choice for the core species since currently peach
is the most extensively mapped species in Rosaceae having extensive marker maps
identifying genomic positions of a number of important simple as well as complex
characters. Also important, peach is a fruit tree that shares many of the physiological
features of other fruit trees, therefore the basic understanding in gene expression in
different organs and throughout development, should provide important information
that can be applied to other species.

Most of the efforts on functional genomics in peaches and nectarines have been
focused on finding out what genes are expressed in the fruit. This has been per-
formed by EST sequencing of cDNA libraries obtained from different stages of
fruit development, ripening and postharvest. To date, more than 70,000 EST Prunus
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persica sequences are available at dbEST, Genebank. Most of these sequences come
from fruit mesocarp; however, there are EST sequences also obtained from shoot,
developing seeds, flower and fruit skin. Data from the Chilean Functional Genomics
Innitiative, that sequenced 50,000 ESTs from mesocarp of fruit undergoing soft-
ening and postharvest, indicates that around 10,000 genes are expressed in peach
mesocarp. We still do not know the actual number of genes present in Prunus
persica; however, considering the information derived from Arabidopsis thaliana,
Oryza sativa and Populus trichocarpa we would expect to find around 25,000–
45,000 genes. Then, perhaps more than 25% of the genes are being expressed in
the fruit. This is a significant proportion of the genome, suggesting that an impor-
tant functional complexity is associated to softening and postharvest in peach fruit.

Most of the Prunus persica ESTs sequences have been annotated based on their
sequence similarity to other species; however, there are a significant number of
genes that have unknown function. An important challenge is to get evidence for
the actual function of all these genes. The functional characterization of genes can
be achieved by heterologous expression in other biological systems such as yeast,
bacteria and/or Arabidopsis; however, in order to have a clear idea about the role
that each of these genes is playing; it would ideal to express them in Prunus persica.
Unfortunately, despite some attempts to get a reproducible transformation procedure
(Pérez-Clemente et al., 2005), to date no good Prunus persica transformation pro-
cedure is available; therefore, more effort should be done to get a reliable transfor-
mation protocol that would allow the analysis of gene function in a high-throughput
manner. An alternative to study the function of different genes in the fruit is to use
agroinfiltration of this organ. This approach has been already successfully used in
other members of the Rosaceae family (Hoffmann et al., 2006).

5 The Transcriptome

There are few studies on the Prunus persica trancriptome. Trainotti et al. (2003)
used a matrix containing 800 genes to report that genes involved in cell wall
metabolism exhibit changes during the ripening process but also before the cli-
macteric rise. More recently, a chip containing 4,800 oligonucleotide probes was
designed and used to study the transition from pre-climateric to climacteric phase
in peach fruit (Trainotti et al., 2006). The results showed that 269 genes were up-
regulated whereas 109 genes were down-regulated. This oligoarray chip was placed
in the market and maybe a useful tool to study changes in gene expression in the
fruit. More recently, Gonzalez-Aguero et al. (2008) developed an array containing
847 non-redundant expressed sequence tags and looked for the changes in gene
expression between normal and fruit that has developed chilling injury due to the
cold storage used to extend the postharvest life. 106 genes had a differential expres-
sion between juicy and chilling injured fruit, indicating that more than 10% of the
transcriptome change during postharvest. These are initial studies and a more clear
picture of the fruit transcriptome will be achieved once the whole Prunus persica
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genome is sequenced, allowing designed arrays to look at the expression of all genes
present in the organism. This would have a great impact in the study not only in fruits
but in every organ and during development.

The assignment and mapping of EST sequences on an integrated physical/genetic
map for peach to creates a database resource for gene identification and characteri-
zation of use to all of the economically important Rosaceae species. If the genomic
positions of EST sequences and qualitative or quantitative trait loci (QTLs) were
available in a single core map, it would be possible to readily identify candidate
gene sequences that could be immediately tested to determine whether that gene
(EST) controls/ contributes to the phenotypic trait of interest. A genetically mapped
EST database would provide framework, mapping probes for use in other Rosaceae
species mapping efforts currently underway as well as provide the EST sequences
for functional genomics studies (i.e., microarray technology).

6 The Peach Integrated Genetic/Physical/EST Functional
Genomics Database

Physical maps of two rosaceous trees (peach, apple) are currently in progress (Han
et al., 2007; Zhebentyayeva et al., 2008). Integrated physical/genetic maps are of
critical importance for high-throughput EST mapping, QTL fine-mapping and effec-
tive positional cloning of genes (Zhang and Wing, 1997; Zhang and Wu, 2001;
Green, 2001). To construct the physical map for peach we employed essentially
the strategies utilized to develop the physical maps for the Arabidopsis thaliana and
Drosophila melanogaster (Marra et al., 1999; Hoskins et al., 2000). The approach
combines hybridization of the genetically mapped markers with BAC DNA finger-
printing and in our case, hybridization of EST sequences as well. Manual sequenc-
ing gel-based fingerprinting has been proven a reliable and cost-effective technique
for BAC fingerprinting and under certain circumstances performs better than other
traditional fingerprinting methods (Xu et al., 2004). An initial acrylamide gel-based
physical/genetic map framework for peach was established and released recently
(Zhebentyayeva et al., 2006). This framework was based on random fingerprinting
of 3x peach genome equivalents, covered at least 50% of the genome and included
hybridization data for 673 of 3,384 ESTs of the peach unigene set (PP LE). On this
framework, genetically anchored BAC contigs provided landmarks for a Prunus-
Arabidopsis microsynteny study (Jung et al., 2006) and for further development
of the Prunus transcript map by Horn et al. (2005). Since the first release, the
peach physical framework underwent further enhancements. We have integrated
global hybridization data that includes an additional 2,000 ESTs AFLPs (ampli-
fied fragment length polymorphism), SSRs (microsatellites), gene specific genomic
probes and “overgo” probes derived from the BAC- end sequences. The total num-
ber of markers incorporated into the physical framework was increased up to 2,636
markers. Selectively, we have fingerprinted all hybridization positive BACs omitted
during random fingerprinting. As a result, we incorporated an additional 1x peach
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genome equivalent composed of marker-positive BACs. Finally, we took an advan-
tage of the HICF (a high-information content fingerprinting) technique along with
improved FPC v8.5.2 software to increase an average number of bands per BAC
clone and improve accuracy in contig assembly (Nelson et al., 2005). The initial
HICF physical map for the peach consist of 2,138 contigs. Of these, 252 contigs
are anchored to eight linkage groups of the Prunus reference map. The physical
length of physical map contigs has been estimated at 303 Mb which is close to
the estimated size of the peach genome (Baird et al., 1994). Due to the abundance
of hybridization data the HICF physical map for peach is biased to the expressed
genome regions and thus substantially covers the euchromatic portion of the peach
genome.

7 The Prunus Resistance Gene Map as a Functional
Genomics Tool

With the continued reduction in chemical means of controlling agricultural pests and
the increased emphasis on integrated pest management strategies, fruit tree breeding
programs are focusing major efforts on identification and characterization of natural
resistance genes in the fruit tree germplasm. Once resistance genes have been iden-
tified in the fruit trees species, durable resistance may result from the introduction
of naturally occurring disease resistance genes either by marker assisted breeding
(MAS) or transgenic technologies. This approach is clearly a major goal of many
breeding programs. Of course, introduction of natural resistance by MAS or trans-
genic technologies requires prior knowledge of either very tightly linked markers,
in the case of MAS, or the gene itself, in the case of transgenic technologies. In the
short term, using the physical map of peach for the development of genetically and
physically anchored SSR sequences provides the tools necessary for MAS in Prunus
resistance breeding programs. However, in the long term it is better to have identi-
fied the resistance gene itself for development of single nucleotide polymorphism
(SNP) markers and for transgenic applications.

Currently the task of identification of specific resistance genes in Prunus species
is daunting. As an example, plum pox (Sharka) is the most significant viral disease
of fruit trees in Europe and has currently been identified in Northeastern United
States. We have been working in cooperation with several European partners to
genetically characterize resistance to the disease exhibited by several different apri-
cot cultivars. We have currently mapped one resistance gene in apricot and are
physically mapping the region conferring the resistance. However, fine structure
genetic mapping is difficult since the cost and labor required to obtain and maintain
high progeny numbers necessary to reduce the physical map intervals is prohibitive.
However, in our favor is the fact that evidence from our physical mapping studies
indicates that in some parts of the genome 1 cM could be as small as approximately
100 kb. In addition, BAC sequencing studies of the peach genome have revealed
that within several 50–100 kb regions examined, the number of genes could be of
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the order of ∼30 genes (Georgi et al., 2003). Therefore, it would be highly desir-
able to know if there are any potential resistance genes located in marked regions
under study that could serve as candidates or at least landmarks for resistance gene
clusters. One approach to expedite the process of identifying resistance genes, is
to utilize conserved aspects of resistance gene structure previously documented in
studies of plant resistance genes (for reviews, Hammond-Kosack and Jones, 1997;
Hulbert et al., 2001), and to PCR amplify sets of resistance gene analogues using
degenerate primers constructed to these conserved regions. This approach has been
well documented in numerous plant species as a means to identify potential resis-
tance genes (Resistance Gene Analogues, RGAs) and to enable the mapping of these
RGAs onto genetic and physical maps. As documented by a number of laboratories
(for review see, Hulbert et al., 2001), many resistance genes appear to cluster in plant
genomes and thus identifying the position of one putative resistance gene can lead to
identification of others in the clusters. If RGAs co-localize in areas of the genome
where genetically mapped resistance has been positioned, these genes can serve
as candidate genes or to help define more precisely a resistance gene-containing
region on a physical map. This approach has been shown to assist in characteri-
zation of resistance gene containing regions in soybean (Kanazin et al., 1996, Yu
et al., 1996); wheat and barley (Seah et al., 1998) potato, (Leister et al., 1996);
Arabidopsis (Aarts et al., 1998, Speulman et al., 1998); citrus, (Deng et al., 2000);
rice, (Mago et al., 1999); maize, (Collins et al., 1998); lettuce (Shen et al., 1998);
tomato (Pan et al., 2000); and Medicago (Zhu et al., 2002).

A resistance gene map for Prunus (Lalli et al., 2005) was developed as a func-
tional genomics database of candidate genes representing analogs of major resis-
tance genes (NBS-LRR, kinase, and transmembrane domain classes), translation
initiation factors (eIF4E) known to be involved in recessive resistance to plant
viruses (Rodriguez et al., 1998; Duprat et al., 2002; Nicaise et al., 2003) and defense
response genes. The resistance regions were mapped with the use of the peach physi-
cal map database and the Genome Database for Rosaceae (GDR) (Jung et al., 2004).
Identifying and mapping RGAs with the use of the peach BAC libraries and phys-
ical map allowed location of resistance genes regions in Prunus with out the use
of segregating populations. In this candidate resistance gene database, a total of 42
regions of resistance were mapped based on hybridization data obtained from 30
of 58 probes. Of the 30 probes that proved to be informative for mapping, only 17
returned BLAST results with sequence similarity to resistance genes of the NBS-
LLR class; however, these 17 probes accounted for more than half of the total
map locations identified. Several of these probes mapped to locations were QTLs
for resistance mapped for traits such as, powdery mildew, (Foulongne et al., 2003;
Dettori et al., 2001, I. Verde personal communication; Dirlewanger et al., 2004b),
and Sharka resistance (Decroocq et al., 2005) . Moreover, 3 amplified RGAs mapped
to the region of L7 that is known to contain the Ma gene or on L2 close to the
Mi gene, both of which control resistance to root-knot nematodes (Claverie et al.,
2004; Dirlewanger et al., 2004a). In the case of QTLs for sharka resistance in apri-
cot, RGAs were positioned in regions associated with resistance QTLs in LG1 and
7 (Decroocq et al., 2005). Additionally, multiple RGA clones mapped in the same
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region of LG 1 as Vilanova et al. (2003) mapped Sharka resistance. RGAs were
mapped in all of the linkage groups except linkage group three.

Thus, this candidate resistance map serves to integrate resistance gene regions of
the genome with genetically mapped resistance and provides the gene substrate for
functional genomics approaches to studying disease resistance in peaches and other
Prunus species.

8 The Peach Proteome

The peach proteome has been poorly analyzed. One of the problems that play a role
against this type of analysis is the difficulty on extracting proteins from plants tis-
sues and specially fruits. In recent years this has been partly solved and a couple of
papers dealing with protein analysis have been published. Recently, two studies on
differential proteomics have been published. One of them (Chan et al., 2007) shows
that infection with yeast or the treatment with salicylic acid show differences in
the protein profile compared to the control. In addition, Uthairatanakij et al. (2005)
performed a comparative analysis of the proteome from different nectarine vari-
eties exposed to long term cold storage and the effect of controlled atmosphere.
Eventhough 30 proteins were observed to change, the analysis was not quantita-
tive. Finally, unpublished results (Nilo and Orellana) have shown that an important
number of proteins change during postharvest and among different varieties.

These studies are based on the separation of proteins on two dimensional gels
(2D-gels) followed by sequencing of the proteins using mass spectrometry. Fortu-
nately, the database provided by the ESTs publicly available is allowing the match
of the peptides sequence with genes that have been already annotated. Thus, most
of the proteins sequenced so far have been related to a function. Although 2D-gels
are quite informative, they are limited to the identification of the most abundant
proteins and mostly towards hydrophilic proteins, therefore the low abundant and
the hydrophobic proteins are still missing. Under good conditions, it is possible to
identify around 1,000 proteins from fruit mesocarp, however; the number of genes
that are expressed in the same tissue is larger than that. Therefore, other proteomic
approaches needs to be implemented in order to get a broader picture of the peach
proteome. Besides, protein extraction can also be a problem at the moment of a
comparison of the proteome among different organs. However, there is no doubt
that in order to get a global understanding of the role of the different genes it is nec-
essary to look at the proteins since there are many reasons why the transcriptome
data is not enough to get the actual picture of the molecular machinery involved in
the physiological changes in a peach.

Finally, the peach metabolome is almost unknown. Beyond the analysis of solid
solubles, ethylene and other parameters usually measured by fruit physiologist,
our knowledge of the metabolome is almost zero. A great infrastructure (GC-MS,
HPLC-MS, etc) is required to do a proper analysis of all metabolites that are pro-
duced in a peach. In addition, a robust bioinformatics platform is needed to store and
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analyze the data. Some of these capabilities are already available, thus hopefully in
the near future we should begin to have information about the peach metabolome.

9 Perspectives

Functional genomics studies require significant gene information and technological
advances within each plant family. In Rosaceae, due to the recent accumulation of
EST sequences, physical maps and whole genome sequences, we are now in the
period where functional genomics studies will increasingly dominate the research
efforts of individual laboratories. Much of the work to this point has been directed at
accumulation of these requisite tools. We expect in the near future to finally begin to
understand the functional gene networks that give rise to the extensive plant diver-
sity in this large and agriculturally important plant family and thus provide the tools
to improve the performance in the marketplace of individually important species.
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González-Aguero M, Pavez L, Ibanez F, Pacheco I, Campos-Vargas R, Meisel LA, Orellana A,
Retamales J, Silva H, Gonzalez M, Cambiazo V. 2008. Identification of woolliness response
genes in peach fruit after post-harvest treatments. J Exp Bot. 59(8): 1973–1986.

Girke T, Todd J, Ruuska S, White J, Benning C, Ohlrogge J. 2000. Microarray analysis of devel-
oping Arabidopsis seeds. Plant Physiol. 124: 1570–1581.

Green ED. 2001. Strategies for the systematic sequencing of complex genomes. Natl Rev Genet.
2: 573–583.

Hammond-Kosack KE, Jones JDG. 1997. Plant disease resistance genes. Annu Rev Plant Physiol
Plant Mol Biol. 48:575–607.
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13. Genetic Engineering of Plum (Prunus
domestica L.) for Plant Improvement and
Genomics Research in Rosaceae

Cesar Petri, Ralph Scorza, and Chris Dardick

1 Introduction

Fruit trees are among the most recalcitrant of plants to regenerate adventitious
shoots. In most woody fruit species, transformation and regeneration are difficult
and often limited to a few genotypes or to seedlings (Petri and Burgos, 2005). This
feature is the major limiting factor preventing the development of gene transfer
technologies for fruit trees (Petri and Scorza, 2008). Such barriers slow the abil-
ity to relate the wealth of Prunus structural data, namely from peach, directly to
testable questions of agricultural relevance. However, plum has been one of the
more successful rosaceaous fruits to regenerate and transform, especially among
Prunus species. A number of regeneration protocols have been reported from dif-
ferent tissues of European plum (Prunus domestica L.), such as leaf explants (Bassi
and Cossio, 1991; Csányi et al., 1999; Escalettes and Dosba, 1993; Mikhailov and
Dolgov, 2007; Nowak et al., 2004), or seed-derived tissues (Mante et al., 1989, 1991)
(Table 1).

Agrobacterium tumefaciens-mediated transformation has been the principal tech-
nique applied to plum. One publication reported the use of Agrobacterium rhi-
zogenes, but no transgenic shoots were recovered (Escalettes et al., 1994). There
are few reports of regeneration of transformed plum shoots from clonal explants
in European plum (Table 2). In these reports, transformation efficiencies are low
and the varieties used as explant sources are generally of limited or local impor-
tance. Furthermore, in most cases, only marker genes were introduced into the
plant genome, with few reports of modification of agronomically important traits
(Escalettes et al., 1994; Mikhailov and Dolgov, 2007; Mikhailov et al., 2007;
Yancheva et al., 2002).

The most successful transformation/regeneration protocol reported in plum has
been developed in the authors’ laboratory (USDA, Kearneysville), using embryonic

R. Scorza (B)
Department of Genetic Improvement of Fruit Crops, USDA-ARS-Appalachian Fruit Research Sta-
tion, 2217 Wiltshire Road, Kearneysville, WV 25430, USA

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 13,
C© Springer Science+Business Media, LLC 2009
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Table 1 Adventitious shoot regeneration in plum (Prunus domestica)

Variety/clone Explant
Regeneration
(%)

Shoots per
explanta Reference

Besztercei Leaves 32 – Csanyi et al. (1999)
Bluefree Susina di Dro Leaves 25 17 2.0 2.3 Bassi and Cossio (1991)
P.1869 Leaves 12 – Escalettes and Dosba (1993)
Startovaya Leaves 80 – Mikhailov and Dolgov (2007)
Wegierka Zwykla Leaves 65 10.0 Nowak et al. (2004)
Stanley Hypocotyls 63 6.8 Mante et al. (1991)
B70173 Cotyledons 85 18.7 Mante et al. (1989)

a When not indicated it was non-specified by authors.

hypocotyl slices as the source of explants (Mante et al., 1991) (Fig. 1a). This pro-
tocol has been employed successfully for the introduction of agronomically useful
genes into this species (Callahan and Scorza 2007; Gonzalez-Padilla et al., 2003;
Hily et al., 2007; Scorza et al., 1994, 1995; Nagel et al., 2008; Petri et al., 2008).
Although transformation of seed-derived material is not an ideal system for improv-
ing vegetatively propagated plum scion cultivars, it could have an impact on the
development of new seed-propagated rootstock varieties and the introduction of
novel genes into the plum germplasm. The high efficiency of the system will also
enable functional genomics studies.

2 The Plum System

2.1 Description of Methodology

Mante et al. (1991) developed an Agrobacterium-mediated transformation proto-
col in plum hypocotyls. This protocol was enhanced by improving the selection
[80 mg l−1 kanamycin (km) was added just after co-cultivation] as well as rooting
and acclimatization steps and reached 4.2% transformation efficiency (Gonzalez-
Padilla et al., 2003). Recently, the addition of 2,4-D during co-cultivation and the
optimization of the timing of each step in the protocol has allowed transformation
efficiencies up to 42% and enabled the production of self-rooted transgenic plants
in the greenhouse in approximately 6 months (Petri et al., 2008).

Figure 1 represents a schematic of the Petri et al. (2008) procedure. Briefly,
after the endocarp had been removed with a nutcracker, the seeds were surface-
disinfected by immersion for 30 min in a 1% sodium hypochlorite solution con-
taining approximately 20 μl Tween-20 per 100 ml solution and rinsed three times
with sterile distilled water in a laminar flow bench. Disinfected seeds were soaked
in sterile water overnight at room temperature and then the seed coats were removed
with the aid of a scalpel. The radicle and the epicotyl were discarded, and the
hypocotyl was sliced into three cross sections (0.5–1 mm), which were used for
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Fig. 1 Regeneration of transgenic plums. (a) Plum hypocotyl slices, where 1, 2 and 3 represents the
explants used in this study. Epicotyl (E) and radicle (R) were not used. Vertical bar indicates 1 mm.
(b) Explants co-cultivated with Agrobacterium tumefaciens in regeneration medium (SRM) sup-
plemented 2 mg/l 2,4-D for 3 days (c) Adventitious regeneration from hypocotyl slices in selective
medium. (d) Putative transgenic shoot cluster after cultivation in shoot growing medium (SGM)
supplemented with timentin and kanamycin. (e) Shoots rooted in selective rooting medium. (f)
Plant introduced in a plastic bag provided with zipper seal. (g) Rooted plantlet maintained in the
culture room after the plastic bag is fully opened. (h) Transgenic plants grown in a greenhouse
(Figure from Petri et al. (2008))

regeneration/transformation (Fig. 1a). Media used were described by Gonzalez-
Padilla et al. (2003). They were MS medium-based with the following growth reg-
ulators: shoot regeneration medium (SRM) contained 7.5 μM thidiazuron (TDZ)
and 0.25 μM indole butyric acid (IBA), shoot growing medium (SGM) contained
3.0 μM benzylaminopurine (BAP) and rooting medium (RM) contained 0.1 μM
kinetin (K) and 5.0 μM α-naphthaleneacetic acid (NAA).

Immediately following the 3 day co-cultivation of hypocotyl segments with A.
tumefaciens on SRM without antibiotics (Fig. 1b), the hypocotyl slices were trans-
ferred onto SRM with 300 mg l–1 timentin (tim) and 80 mg l–1 km. After 5–8 weeks,
when shoots began to appear (Fig. 1c), explants were placed onto SGM supple-
mented with 300 mg l–1 tim and 80 mg l−1 km. Following three weeks on SGM,
vigorous green shoot clusters were collected, labeled and placed onto fresh media
(Fig. 1d). Shoot clusters were sub-cultured every 3 weeks on fresh SGM. When
shoots reached 2–3 cm long they were separated from the cluster and transferred
to RM supplemented with 40 mg l−1 km and 300 mg l−1 tim. In 3–4 weeks, roots
started appearing and after an additional 1–3 weeks, shoots were ready for acclima-
tization (Fig. 1e).

For acclimatization, rooted shoots were washed in sterile water to eliminate agar
residues and transferred to 3-inch-square peat pots containing Metro-Mix 510 pot-
ting medium (SUNGRO Horticulture, Bellevue, WA USA). The potted plantlets
were introduced into plastic bags which were sealed and maintained in the tissue
culture growth room with a 16/8 h light/dark cycle, light intensity of 45–50 μE
m−2s−1, and a temperature of 24+1 ◦C (Fig. 1f). After 2 weeks, the plastic bags were
fully opened (Fig. 1 g). Following 2 weeks in open plastic bags during which time
plants were irrigated with deionized water as needed, the plants were sprayed with
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an aqueous solution (1:20, v/v) of Anti Stress 2000 (Polymer Ag, Fresno, Calif.)
and cultured under ambient greenhouse conditions (Fig. 1 h).

The high transformation rates coupled with the rapid plant establishment method-
ology, make possible the application of this technique, not only for the introduction
of agronomically useful genes into P. domestica but also for high-throughput func-
tional genomic studies.

2.2 New Traits Introduced into Plum

Brief descriptions of successful attempts to genetically modify important traits in
plum using the Agrobacterium-mediated plum hypocotyl transformation system are
described below.

2.2.1 Honeysweet (C5)

In 1989 the USDA laboratory at Kearneysville (WV) began work on the develop-
ment of resistance to plum pox virus (PPV) through genetic engineering. The first
studies utilized the papaya ringspot virus (PRV) coat protein (CP) gene, which had
been used to develop PRV resistant papayas (Gonsalves, 1998). This virus CP gene
had significant homology to the PPV-CP gene and virus resistance was expected to
be CP-mediated (Beachy et al., 1990). The heterologous protection against PPV
in plum based on PRV-CP expression was effective for several years in green-
house tests, but after 32 months resistance ‘broke down’, symptoms were evident
and virus was detected throughout the plant (Scorza et al., 1995). The PPV-CP
gene was then isolated, sequenced, and cloned (Ravelonandro et al., 1992) and
used for Agrobacterium-mediated transformation of plum following the methods of
Mante et al. (1991). Again, it was hypothesized that protection would be CP-based.
Transferring the gene into plum, producing the genetically engineered (GE) plants,
and propagating them for testing took two years. During the following two years,
greenhouse tests for resistance were conducted at the USDA-ARS BSL3-P contain-
ment greenhouse at Ft. Detrick, Maryland. One transgenic plum plant that appeared
highly resistant in greenhouse tests did not express PPV-CP (Ravelonandro et al.,
1997; Scorza et al., 2001). This clone ‘C5’, since patented as ‘HoneySweet’, became
the focus of research on the mechanism and stability of resistance to PPV. While the
C5 clone appeared to be highly resistant in greenhouse tests, field testing was neces-
sary in order to evaluate resistance under typical orchard conditions and in different
growing environments. Testing of this resistant clone in areas where PPV was estab-
lished was through collaboration with research partners in Europe (Poland, Romania
and Spain). After appropriate field test permits were granted in each country, field
trials were initiated in 1996–1997, which was six to seven years following the initial
plum transformations. At USDA-ARS, Kearneysville a field trial was planted under
a USDA-Animal and Plant Health Inspection Service (APHIS) permit. This was not



282 C. Petri et al.

to test for resistance since PPV was not present in the U.S. and plants could not
be inoculated in the field, but rather to evaluate the trees for their horticultural traits
including growth habit and fruit quality, as well as to initiate risk assessment studies.
By 2002 the field tests in Europe clearly demonstrated the resistance of C5 to PPV
infection through aphid vectors and by graft inoculation (Hily et al., 2004). Con-
tinuation of these tests through 2005 further confirmed these findings (Malinowski
et al., 2006). Investigations of the mechanism of resistance in C5 showed low levels
of transgene mRNA, methylation and production of siRNA specific to the silenced
PPV-CP, indicating that resistance was through post-transcriptional gene silencing
(PTGS) (Scorza et al., 2001; Hily et al., 2004, 2005).

‘HoneySweet’ was deregulated by APHIS in 2006 (Scorza et al., 2007), and
approved it is by the U.S. Food and drug administration (FDA). It is currently being
evaluated by the Environmental Protection Agency (EPA). Additional informa-
tion on ‘HoneySweet’ can be found at www.agbios.com (http://www.agbios.com/
dbase.php).

2.2.2 Intron Hairpin PPV-CP

Constructs with self-complementary sequences separated by an intron produce
‘hairpin’ RNA [intronhairpin-RNA (ihpRNA)] structures that efficiently elicit
PTGS. In the case of ‘Honeysweet’ resistance was not produced by an ihpRNA
vector, but rather PTGS developed as a result of peculiarities of the insertion event
(Scorza et al., 2001)

Hily et al. (2007) designed different intron-hairpin RNA PPV-Cp constructs
(Fig. 2c). Transgenic plum lines transformed with the ihpRNA-B14 and ihpRNA-
E2 constitutively produced a short (21 nt) and a long (25–26 nt) class of siRNA
(Fig. 2a, b). The siRNA accumulation levels in the transgenic clones were found to
be similar to P. domestica C5 (Hily et al., 2005), suggesting that the clones would
be highly resistant to PPV. Currently, these clones and additional PPV-CP hairpin
transformed lines (Petri et al., 2008) are under evaluation in the greenhouse (Scorza,
personal communication).

2.2.3 1-Aminocyclopropane Carboxylic Acid (ACC) Oxidase Antisense Plums

Fruit are harvested at a time determined by the handling properties that will yield the
highest quality fruit that can withstand storage and transport. Genetic engineering
efforts have been conducted to improve fruit quality in the market by manipulating
genes that can affect the rate of softening. To this end, a project to reduce or delay
the amount of ethylene produced by the fruit was undertaken to determine whether
lower ethylene levels resulted in a firmer fruit that could remain in the tree longer
to develop more tree-ripened flavors, yet resist damage incurred during harvesting,
processing and shipping (Callahan and Scorza, 2007).

Plum hypocotyls were transformed with an antisense construct of a peach ACC
oxidase (ACCO) gene (the enzyme responsible for the last step in ethylene synthe-
sis) under the control of the CaMV35S promoter (Gonzalez-Padilla et al., 2003).
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(a)

(b)

(c)

Fig. 2 (a, b) Small interfering RNA (siRNA) production in leaves from a transgenic uninocu-
lated Prunus domestica containing the intron-hairpin-RNA (ihpRNA)-B14 construct (b) and the
ihpRNA-E2 construct (b). C5 or C3, a resistant and a sensitive transgenic plum, were used as
positive and negative controls respectively for siRNA production. Nucleic acid preparations were
separated on a 20% denaturing polyacrylamide gel and hybridized with radioactive DNA probes
corresponding to both strands of the full-length plum pox virus–coat protein (PPV-CP) sequence
(Scorza et al., 1994). Positions of the 22 and 27 nucleotides (nt) markers are indicated at the left.
Relative quantification was performed on a 1% nondenaturing agarose gel using ethidium bro-
mide (EtBr) staining. (c) ihp-RNA-B14 construct designed by Hily et al. (2007) based on the
pHELLSGATE8 vector. (OCS, octopine synthase; Pdk, pyruvate orthophosphate dikinase intron).
This construct carries the full length (1 kb) of the PPV-CP sequence (black rectangle) driven by
the cauliflower mosaic virus (CaMV) (35S) promoter (Figure from Hily et al. (2007))

Eighteen lines were derived from hypocotyls from ‘Bluebyrd’. DNA blots indi-
cated that the majority of these lines had single insertions of the peach antisense
ACCO gene (Callahan and Scorza, 2007). Analyses of the data suggested that in
some transgenic lines ethylene production and softening was delayed. Sugar lev-
els in most of these lines were, on the average, lower than in the non-transformed
‘Bluebyrd’ (Callahan and Scorza, 2007).

2.2.4 Gastrodianin Antifungal Protein

The Gastrodia anti-fungal protein (GAFP) is a monocot mannose-binding lectin
isolated from the Asiatic orchid Gastrodia elata (Hu et al., 1988). This lectin has
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provided increased resistance in transgenic tobacco against root diseases from dif-
ferent phylogenetic lineages (Cox et al., 2006). Agrobacterium tumefaciens medi-
ated transformation yielded three GAFP-1 expressing plum lines (Prunus domestica
‘Stanley’) designated 4 J, 4I, and 5D (Nagel et al., 2008). These lines possessed
one, two, and four copies of the GAFP-1 gene, respectively, as demonstrated by
DNA blotting. Lines 4 J and 4I were not phenotypically different from the non-
transformed control line, but line 5D showed significant divergence in leaf mor-
phology and growth habit. Compared to the inoculated control line, lines 4 J and
4I exhibited increased tolerance to Phytophthora root rot (PRR), caused by P. cin-
namomi. When inoculated with the root-knot nematode, Meloidogyne incognita,
the 4 J and 4I lines showed a significantly lesser degree of root galling than the
inoculated control line, although nematode reproduction in these lines was not sig-
nificantly different from the control line. The results of this study suggest that the
expression of GAFP-1 in the roots of a woody plant may confer some level of resis-
tance to PRR and root-knot nematode. Long-term field trials will be necessary to
confirm these findings in an applied context.

A new construct, where GAFP is under a potato ubiquitin promoter strongly
expressed in roots, has been engineered. This construct has been introduced, via A.
tumefaciens, into tobacco and plum, and currently, plants are under evaluation in the
greenhouse (Schnabel, personal communication).

3 Future Applications

3.1 Functional Genomics

Many aspects of tree biology are common to all plants, and therefore gene func-
tion studies for certain genes may be carried out in herbaceous model species such
as Arabidopsis (http://www.nsf.gov/pubs/2002/bio0202/model.htm). Yet, there are
many genes that are unique in their function or expression pattern that are of neces-
sity, or are most appropriately, studied in the species of interest or a closely allied
species. This is especially true of woody perennial fruit tree species, including
Prunus spp., in which gene function and regulation in tree growth and fruit develop-
ment are poorly understood. Research in Rosaceae genomics is generating a large
body of gene sequence data and the analysis of gene function is critical for the
application of this information to the genetic improvement of rosaceous species.

We developed two ihp constructs using a peach phytoene desaturase (PDS) gene
(Fig. 3a, b), to show that the plum system provides a rapid, high throughput system
for analyzing the function of endogenous Prunus genes (Petri et al., 2008). Silencing
of the function of the PDS gene produces a readily visible photo-bleaching pheno-
type (albinism) due to the inhibition of chloroplast development. (Qin et al., 2007).

After Agrobacterium-mediated plum transformation, fifteen clusters displayed
the albino phenotype (Fig. 4a). Gene-silencing efficiencies were 40 and 64% for
PpPDS1.1 and PpPDS2.1 constructs, respectively. PDS mRNA level was highly
reduced (Fig. 4b) in the albino lines and siRNA specific to the PDS sequence was
detected (Fig. 4c).
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Fig. 3 (a) Schematic of the peach (Prunus persica) (Pp) phytoene desaturase (PDS) sequence
illustrating the positions of the two fragments – PpPDS1 and PpPDS2 that were used to produce
intron hairpin (ihp) constructs. (b) Schematic of a PDS ihp contruct that was used to transform
tobacco (N. tabacum) and plum (P. domestica) (Figure from Petri et al. (2008))

By demonstrating the functionality of peach PDS gene ihp constructs in plum,
we have established that the plum system is amenable for the study of gene function
in Prunus and could be used for other rosaceous species since a high level of syn-
teny has been reported (Arús et al., 2006; Jung et al., 2006). The transformation
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Fig. 4 Silencing of plum phytoene desaturase (PDS) gene expression by peach-based PDS ihp
constructs PpPDS1.1 and PpPDS2.1. (a) Plant 1 control; plants 3, 4, 6 7, 8, 9, 10 independents PDS
silenced transgenic plum plants showing variable albino phenotype. (b) PDS mRNA accumulation.
All transgenic lines showed lower PDS mRNA level than the control. (c) Detection of PDS siRNA
in lines 7, 8, 9 and 10. Lines 3, 4 and 6 were not analyzed for PDS siRNA. NT = non tested (Figure
from Petri et al. (2008))



286 C. Petri et al.

efficiency and time are superior to those for many other tree species (Petri and
Burgos, 2005) and comparable to those published for other model woody plants,
such as poplar (Populus) (Cseke et al., 2007; Song et al., 2006). Moreover, transfor-
mation with genes that promote early flowering in other tree species, such as LEAFY,
APETALA 1 (Peña et al., 2001), FT1 (Böhlenius et al., 2006) or FT2 (Hsu et al.,
2006), could reduce the time to flowering in the plum system, enabling rapid evalu-
ation of flower and fruit specific gene functions.

Recently, a transformation protocol in Japanese plum (Prunus salicina) has been
published (Urtubia et al., 2008). Transformation of P. salicina would allow for
improvement of this species through the development of GE varieties and addi-
tionally, transformation of this diploid species would provide a platform for func-
tional genomics studies that would be useful for all Prunus and Rosaceous species
(Urtubia et al., 2008).

3.2 Regeneration of Marker-Free Transgenic Plums

In a transformation procedure only a few cells stably incorporate the transgene(s).
Marker genes allow for the recognition and selection of transformed cells (Miki
and McHugh, 2004). These marker genes are introduced with the gene of interest
and are used for identifying the rare individuals that have taken up foreign DNA.
Most plant transformation systems have relied on dominant selectable markers,
such as antibiotic and herbicide resistance genes, to enable the recovery of trans-
genic plants. Unfortunately, their presence is also often problematic for commercial
biotechnology products because of consumer concerns and regulatory requirements
over the presence of ‘excess’ exogenous DNA. In Europe, release of plants carry-
ing certain antibiotic resistance genes has been particularly problematic (Directive
2001/18/EEC of the European Parliament and the Council of the European Union).
Therefore, development of procedures to avoid the use of antibiotic selection or to
allow elimination of marker genes from the transformed plant should be a research
priority in the coming years (Petri and Burgos, 2005).

Over the past decade, researchers have developed several approaches for excis-
ing marker DNA from transgenic plants and crops (See review Darbani et al.,
2007). Only multi-autonomous-transformation (MAT)-vector system (Ebinuma
et al., 1997) have been applied to fruit tree transformation procedures and some
results have been published in apricot (López-Noguera et al., 2006, 2007) and citrus
(Ballester et al., 2007, 2008).

The high-throughput plum transformation system that has been developed in our
laboratory (Petri et al., 2008), represents an alternative system to obtain marker-free
transgenic plum plants under non-selective conditions. Highly efficient transforma-
tion systems have been used to develop markerless transformation platforms in cit-
rus species (Ballester et al., 2008; Dominguez et al., 2002; Ghorbel et al., 1999),
with transformation efficiencies between 3 and 7% for the different species.
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3.3 Cultivar Transformation

There are just few reports of regeneration of transformed plum shoots from clonal
explants of P. domestica. Moreover, transformation efficiencies are low and the vari-
eties used are generally of limited or local importance (Table 2).

In our laboratory a transformation/regeneration protocol is currently being devel-
oped from leaves of P. domestica ‘Improved French’. ‘Improved French’, also
known as ‘French Prune’, is perhaps the most economically important Prunus
domestica variety in the world. It is particularly suited to drying and accounts for
most of the world’s commercial production of dried plums (or ‘prunes’). ‘Improved
French’ is particularly important in California where it accounts for 99% of the dried
plum production, which reached 180,000 tons in 2006 with a production value of
US $255,684,000 (USDA, 2006), consequently the potential impact of improving
this cultivar by genetic engineering is significant.

Several factors affecting adventitious regeneration (including shoot proliferation
medium, light, gelling agent, growth regulators, and ethylene inhibitors) were stud-
ied. Regeneration rate from ‘Improved French’ leaves reached up to ∼50% (Petri
and Scorza, submitted).

Some preliminary transformation experiments have been carried out with three
different disarmed Agrobacterium tumefaciens strains (GV3101, EHA101 and
LBA4404) harboring the pGA482GGi plasmid. This plasmid is a modification of
the plasmid pGA482GG (An et al., 1985) that includes changes in the multiple
cloning site and the addition of an intron in the gus gene for plant-specific expres-
sion. Gus assays were performed 4 weeks after A. tumefaciens infection in order to
determinate stable transformation. Gus positive spots/zones were found in 90.5% of
leaf explants, with an average of 6.8 gus spots/zones per transformed explant, open-
ing the possibility for genetic engineering of the most important dried plum cultivar
in the USA.

4 Conclusions

Substantial progress has been made in Prunus functional genomics particularly
in peach where physical maps, sequenced EST libraries, and microarray plat-
forms have been developed (reviewed by Shulaev et al., 2008). The peach genome
sequence is also now underway and will lead to the development of even more
sophisticated functional genomics tools. However, in the absence of an efficient
transformation system, progress in determining gene function will remain slow. As
long as peach transformation remains difficult and inefficient, the transgenic plum
system offers a solution to bottlenecks in Prunus research. Whether the focus of
study is peach, almond, apricot, or cherry, the plum system should serve as a useful
model for assessing the functions of individual genes. By combining transformation
with short generation cycles through the development of early flowering plum lines,
it will be possible to further improve plum as a functional genomics model system
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for trees. As the plum system becomes further refined, the pace of functional dis-
covery for key agronomic genes in Prunus will rapidly accelerate.
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Böhlenius H, Huang T, Charbonnel-Campaa L, Brunner AM, Jansson S, Strauss SH, Nilsson O
(2006) CO/FT regulatory module controls timing of flowering and seasonal growth cessation
in trees. Science 312:1040–1043

Callahan A, Scorza R (2007) Effects of a peach antisense ACC oxidase gene on plum fruit quality.
In: RE Litz and R Scorza (eds.) Proceedings of the international symposium on biotechnology
of temperate fruit crops and tropical species. Acta Hortic 738:567–573

Cox K, Layne D, Scorza R, Schnabel G (2006) Gastrodia anti-fungal protein from the orchid
Gastrodia elata confers disease resistance to root pathogens in transgenic tobacco. Planta
224:1373–1383
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14. Sweet and Sour Cherries: Linkage Maps,
QTL Detection and Marker Assisted
Selection

Elisabeth Dirlewanger, Jacques Claverie, Amy F. Iezzoni, and Ana Wünsch

1 Introduction

The cherry is one of the most popular temperate fruit crops despite its relatively
high price. The fruits are attractive in appearance because of their bright shiny skin
color, their subtle flavor and sweetness are appreciated by most consumers. Com-
pared 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 to hasten cultivar development. Only
a few genetic linkage maps are available for sweet or sour cherry and quantitative
trait loci (QTLs) have been reported only for sour cherry. Until now, most of the
efforts have concentrated on the use of molecular markers in order to (i) identify
the S-alleles controlling gametophytic self-incompatibility, (ii) characterize culti-
vars, and (iii) assess genetic diversity.

1.1 Brief history of the Crop

Prunus avium L. includes sweet cherry trees cultivated 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
countries south of the Caucasus mountains. In Europe, the Romanian and Georgian
wild cherry trees appeared to have significantly differentiated from those of central
and western Europe (Tavaud, 2002). The Georgian wild cherry trees are the most
genetically diverse, suggesting that this area could have been a main glacial refuge.
The ancestors of the modern cultivated sweet cherries are believed to have origi-
nated around the Caspian and Black Seas, from where they have slowly spread. This
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radiation 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 regions. Its natural range covers the temperate regions of Europe,
from the North part of Spain to the Southeastern part of Russia (Hedrick, 1915).
They prefer regions with warm and dry summers, but require adequate rainfall or
irrigation during the growing season 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 pie filling, 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 cher-
ries 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, 1915).

The duke cherries, which result from crosses between P. avium and P. cerasus, are
cultivated on a much smaller scale. Different names have been given to these inter-
specific hybrids are such as Prunus acida Dum, Cerasus regalis, Prunus avium ssp
regalis, but the name used today is P.× gondouinii Rehd. (Faust and Suranyi, 1997;
Saunier and Claverie, 2001). Duke cherry trees are intermediate for their tree and
fruit characteristics compared to their progenitors.

1.1.1 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 interspecific hybrids constitute the Eucerasus section of the Cerasus sub-
genus, based on morphological criteria (Krussmann, 1978; Rehder, 1947). This clas-
sification 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 variation is observed among P. avium, P. fruti-
cosa and P. cerasus species. Multivariate analysis on sour cherry revealed continu-
ous variation between the P. avium and P. fruticosa traits throughout the geographic
distribution of the species. In Western Europe, P. cerasus trees more closely resem-
ble 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 character-
istics makes species assignment difficult when considering only phenotypic traits.
The sweet cherry is a deciduous tree of large stature, occasionally reaching 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. Sweet cherries are usually split into three
groups on the basis of fruit characters: 1. Mazzards, often wild types with small
inferior fruits of various shapes and colors, 2. Guignes, Hearts or Geans, with soft-
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fleshed fruit, and 3. the Bigarreaux with hard-fleshed, heart-shaped, light-colored
fruit. Sour cherry cultivars are generally classified as Amarelles (or Kentishand) or
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 cultivars, 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
classified by early botanists as a subspecies of P. cerasus (Prunus cerasus Marásca
(Reichb.) Schneid, Rehder, 1947).

1.2 Genome Content

Prunus avium has a diploid genome (AA, 2n=2x=16) and small haploid genome
size (338 Mb) (Arumuganathan and Earle, 1991), bigger than the genome of peach
(290 Mb) which is the smallest Prunus genome evaluated to date. Prunus fruti-
cosa, 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 (AAFF, 2n=4x=32), with a genome
size of 599 Mb, allegedly due to natural hybridization between P. avium (pro-
ducing unreduced gametes) and P. fruticosa (Fig. 1). This origin was first sug-
gested by Olden and Nybom (1968) who observed that artificial hybrids between
tetraploid P. avium and P. fruticosa were very similar to P. cerasus. Isozyme anal-
ysis, 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 7 isozymes in differ-
ent crosses of sour cherry indicated that P. cerasus may be a segmental allopoly-
ploid (Beaver and Iezzoni, 1993; Beaver et al., 1995). Studies based on cpDNA
markers detected two distinct chlorotypes in P. cerasus which strongly suggest that
crosses between P. avium and P. fruticosa have occurred at least twice to produce
sour cherry (Badenes and Parfitt, 1995; Brettin et al., 2000; Iezzoni and Hancock,
1996). Moreover, these works showed that most of the time, P. fruticosa was the
female progenitor 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
microsatellite markers show that some P. cerasus share the same chloroplastic hap-
lotype as some P. fructicosa, and that some microsatellite markers are share by both
species (A. Horvath, personal communication). 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 unfavorable P. fruticosa traits, these triploids are not
clonally propagated by humans (Olden and Nybom, 1968).

P. × gondouinii Rehd is an allotetraploid (AAAF, 2n=4x=32) species stemming
from the pollinization 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.
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Fig. 1 Relationships and
genome constitution among
the species of the Eucerasus
section

1.3 Economic Importance

Worldwide, 375,000 Ha of sweet cherry and 248,000 Ha of sour cherry are cul-
tivated 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 Mt and 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 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 produc-
tion 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 was one of the main producers in Europe (100–120,000 Tonnes)
but halved its production in 2003 and 2004 (57,000 Tonnes), 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.

1.4 Breeding Objectives

The main breeding objectives for sweet cherry are:

– large, attractive and good-flavored fruits,
– reduced juvenile phase,
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– large and constant yields,
– reduced susceptibility to fruit cracking,
– self-compatibility,
– improved resistance or tolerance to diseases, especially 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. When not
properly controlled, CLS can cause leaf chlorosis and premature defoliation result-
ing in fruit that is poorly colored, low in soluble solids and softer than fruit on
healthy trees (Keitt et al., 1937). Early defoliation can also result in reduced win-
ter hardiness, potentially leading to flower bud loss and tree death (Howell and
Stackhouse, 1973).

Yields per hectare vary by the country of production, the commercial use (for
fresh market or for industry) and the training system. The average yield ranges
from 8 to 10 T/Ha in classical orchards but can reach 30–40 T/ha for an intensive
industrial orchard. The highest limitation to the development of cherry culture is the
high cost required to manually pick the fruit, as manual picking may account for 70%
of the production price. This has led to the selection in some breeding programs of
new varieties that can be harvested partially with machines, such as ‘Sweetheart’ and
‘Van’ that can be harvested without the stem. At the same time, a better knowledge
of the architecture of the tree has led to new approaches to orchard training.

Because of the efforts of classical breeding programs, a large number of culti-
vars are now available. Within the last 10 years, 20 new varieties have gained wide
interest internationally such as ‘Earlise’ (early season), ‘Summit’ (middle season)
and ‘Sweetheart’ (late season). Each of these should be widely cultivated in the next
15–20 years.

Classical breeding programs are time consuming because cherry trees take a min-
imum of 3–5 years of growth before they are capable of flowering and fruit produc-
tion. Prior knowledge of linkage relationships between marker loci and important
flower and fruit characteristics will facilitate and shorten the selection of promising
individuals. Consequently, introduction of marker-assisted selection will be espe-
cially beneficial for sweet and sour cherry breeding.

2 Construction of Genetic Maps

The construction of genetic maps is useful for localisation of important genes con-
trolling both qualitative and quantitative traits in numerous plant species and, then,
for improving and shortening breeding selection (Tanksley et al., 1989). In the sub-
genus Cerasus, several maps have been published using five segregating popula-
tions. Until recently, only partial maps for sweet or sour cherry were available. The
earliest of them was constructed in a sweet cherry using random amplified polymor-
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phic DNA (RAPD) and allozyme analysis of 56 microspore-derived callus culture
individuals of the cv. ‘Emperor Francis’ (Stockinger et al., 1996). Two allozymes
and 89 RAPD markers were mapped to 10 linkage groups totalling 503 cM. Interest-
ingly, another map integrating isozyme genes exclusively, was obtained using data
from two inter-specific F1 cherry progenies: P. avium ‘Emperor Francis’ × P. incisa
E621 and P. avium ‘Emperor Francis’ × P. nipponica F1292 (Bošković and Tobutt,
1998). This map, one of the most exhaustive ever made with isozyme markers in
plants, included a total of 47 segregating isozymes, of which 34 were aligned into
seven linkage groups. The East Malling group has continued this research with the
construction of an inter-specific cherry map from the cross P. avium ‘ Napoleon’ ×
P. nipponica using microsatellite and gene-specific markers (Clark et al., 2009).

Another genetic linkage map is in progress for sweet cherry using an intra-
specific F1 progeny including 133 individuals from a cross between cultivars
‘Regina’ and ‘Lapins’ in INRA at Bordeaux (France). These cultivars were cho-
sen 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 (‘Regina’ is resistant and ‘Lapins’ is susceptible.) ‘Lapins’ is a
self-compatible cultivar as opposed to ‘Regina’. Moreover, they differ for several
other characters: blooming and maturity dates, peduncle length, and fruit color,
weight, firmness, titratable acidity and refractive index. Preliminary maps of each
parent and their comparison with the reference Prunus map ‘Texas’ × ‘Earlygold’
(T×E) is described in Dirlewanger et al. (2004b). These maps include microsatellite
markers, 30 of which are located in the ‘Régina’ map are anchors marker with T×E
map, 28 located in the ‘Lapins’ map as anchor markers with the T×E map. Only
one non-collinear marker was detected, but for all other markers the location was in
the homologous linkage group. These results are in agreement with the high level
of synteny within the Prunus genus (Arús et al. 2006).

An intra-specific sweet cherry genetic linkage map was also constructed at Michi-
gan State University (US) from a F1 progeny from a cross between a wild forest
cherry with small (∼2 g) highly acid dark-red colored fruit (NY54) and a domes-
ticated variety with large (∼6 g), yellow/ pink, sub-acid fruit ‘Emperor Francis’
(EF) (Olmstead et al., 2007, 2008 ). The ‘EF’ and ‘NY’ maps were 711.1 cM and
565.8 cM, respectively, with the average distance between markers of 4.94 and
6.22 cM (Fig. 2). A total of 82 shared markers between the ‘EF’ and ‘NY’ maps
and the Prunus reference map supported previous findings that the cherry genome
is collinear with other Prunus genomes. The F1 population is composed of approx-
imately 600 individuals, including 190 that were used for map construction and ini-
tial QTL analysis. The remaining progeny will be used for fine mapping of major
QTLs. The objective of the study is to identify QTLs that control the fruit quality traits
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).

In sour cherry, linkage maps were constructed at Michigan State University (US)
from 86 individuals from the cross of two cultivars, ‘Rheinische Schattenmorelle’
(RS) and ‘Erdi Botermo’ (EB). Since sour cherry is a tetraploid, informative restric-
tion fragment length polymorphisms (RFLPs) were scored as single-dose restriction
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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 et al., 1998). Due to
the limited number of shared markers between the RS × 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 arbitrarily numbered from
the longest to shortest and therefore the sour cherry linkage groups numbers have
not been rigorously aligned with that of the Prunus consensus map. The RS × EB
population was subsequently screened 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 inclu-
sion of progeny individuals exhibiting tetrasomic inheritance for that linkage group.
If this correction had been done by Canli (2004a), it is likely that the number of
microsatellite markers added to the map would be reduced to twelve.

The difficulty of identifying SDRFs and eliminating progeny that resulted from
non-homologous pairing for the linkage group under study, illustrate the complexity
of linkage mapping in a segmental allopolyploid. Hence, future work at Michigan
State University will concentrate on linkage map construction in the diploid sweet
cherry.

3 Gene Mapping and QTLs Detected

In sour or sweet cherries most of the agronomically important traits have complex
inheritance. Only self-incompatibility (SI) in diploid sweet cherry is controlled by
a single locus (S) with multiple alleles, and fertilization only takes 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 ripening 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 linkage group 6 in almond
(Ballester et al., 1998; Bliss et al., 2002), apricot (Vilanova et al., 2003), and cherry
(Olmstead et al., 2008).

Although in peach many major genes (Fig. 3) and 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, the only QTL study published to date in cherry is a QTL analysis of flower
and fruit traits using the sour cherry RS × EB linkage mapping population (Wang
et al., 1998). Eleven QTLs (LOD>2.4) were identified for six traits (bloom time,
ripening time, percent pistil death, percent pollen germination, fruit weight, and sol-
uble solids concentration) (Wang et al., 2000, Fig 4). The percentage of phenotypic
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Fig. 3 Approximate position of 28 major genes mapped in different populations of apricot (blue
background), peach (orange background), almond or almond × peach (yellow background), and
Myrobalan plum (green background) on the framework of the Prunus reference map (Dirlewanger
et al., 2004b). Gene abbreviations correspond to: Y, peach flesh color; B, almond/peach petal color;
sharka, plum pox virus resistance; B, flower color in almond × peach; Mi, nematode resistance
from peach; D, almond shell hardness; Br, broomy plant habit; Dl, 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; Nl,
leaf shape; Dw, dwarf plant; Ps, male sterility; Sc, fruit skin color; Gr, leaf color; S∗, fruit shape;
S, self-incompatibility (almond and apricot); Ma, nematode resistance from Myrobalan plum; E,
leaf gland shape; Sf, resistance to powdery mildew. Genes Dl and Br are located on an unknown
position of G2

variation explained by a single QTL ranged from 12.9 to 25.9% (Wang et al., 2000).
Subsequently, three microsatellite markers were identified that mapped within the
putative location of the previously described QTLs (Wang et al., 2000) for bloom
time (blm2), pistil death (pd1) and fruit weight (fw2), respectively (Canli, 2004a).
Unfortunately 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 particular 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 diversity for bloom time with many cultivars blooming exceedingly
late in the spring (Iezzoni and Mulinix, 1992). This late bloom character in sour
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Fig. 4 (continued)
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Fig. 4 (continued)
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cherry is likely due to the hybridization and continued introgression with the very
late blooming ground cherry, P. fruticosa.

Bloom time in cherry is a quantitative trait; however its high broad sense heri-
tability (0.91) led to the identification of two bloom time QTL, blm1 and blm2, in
the ‘RS’ × ‘EB’ population (Wang et al., 2000). Unfortunately the genetic effects
of these two QTL alleles from ‘EB’ were to induce early bloom. To identify QTL
with alleles conferring late bloom time, a second mapping population between the
mid-season blooming ‘Ujfehertoi Furtos’ and late blooming ‘Surefire’ has been
developed at Michigan State University (US). The population exhibited transgres-
sive segregation for bloom time permitting a bulk 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 significantly associ-
ated with late bloom using an ANOVA. This QTL allele is present in ‘Surefire’ and
confers late bloom time. Ongoing work attempts to determine the linkage map loca-
tion of this QTL. Using this same mapping population, two AFLP markers were
identified that differed between the early and late bulks (Canli, 2004b). However
these markers were never screened over the ‘Ujfehertoi Furtos’ × ‘Surefire’ progeny
population and the marker results described could not be repeated.

4 Analysis of Self Incompatibility

Sweet cherry, like other Rosaceae species, exhibits a strict self-incompatibility sys-
tem that has been naturally selected to promote outbreeding (De Nettancourt, 2001).
This mechanism disallows the fertilization of flowers of one genotype by its own
pollen. As a consequence, commercial fruit set in this species depends upon the
presence of other compatible pollinating genotypes or on the utilization 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 et al., 2002). Sour cherry is a tetraploid hybrid of diploid sweet cherry and
tetraploid ground cherry and the self-incompatibility mechanism seems to be con-
served only in some genotypes.

�
Fig. 4 (continued) (Below) QTLs detected for flower and fruit traits in sour cherry (Wang et al.,
2000). LOD scores for bloom date on linkage groups EB 1 (blm1) (A) and Group 2 (blm2) (B);
pistil death (pd) on linkage groups EB 1 (C) and RS 8 (D); pollen germination percentage (pg) on
linkage group EB 1 (E). Peak LOD scores for each trait are indicated by arrows. Linkage groups
are shown below the x-axes. The horizontal line indicates the level of significance at LOD=2.4.
Curves represent individual years of 1995 (– – –), 1996 (- - - -), 1997 (— - —) and over years
(———). LOD scores for ripening date on linkage groups RS 4 (rp1) (A) and Group 6 (rp2) (B);
fruit weight on linkage groups EB 4 (fw1) (C) and Group 2 (fw2) (D); soluble solids concentration
on linkage groups EB 7 (ssc1) (E) and RS 6 (ssc2) (F)
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The type of self-incompatibility operating in the Rosaceae is called gameto-
phytic self-incompatibility (GSI) (De Nettancourt, 2001), and it is shared by other
plant families like the Solanaceae and Plantaginaceae. The gametophytic self-
incompatibility is controlled by different genes of one polymorphic locus (S) that
determine the incompatibility response of the pollen and the style (McCubbin and
Kao, 2000). In cherries the incompatibility phenotype of the style is determined
by a ribonuclease called S-RNase (Bošković and Tobutt, 1996; Tao et al., 1999c;
Yamane et al., 2001) and the specificity of the pollen is determined by the product
of the F-box gene SFB (Yamane et al., 2003; Ushijima et al., 2004; Ikeda et al.,
2004a). Together the RNAse and SFB protein would interact in an allele specific
manner to confer 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 how these fac-
tors mediate the incompatibility reaction of the S-RNase-based self-incompatibility
(Luu et al., 2001, Kao and Tsukamoto, 2004; Ushijima et al., 2004; Goldraij et al.
2006; McClure 2006; Hua et al. 2008).

Like sweet cherry, sour cherry exhibits an S-RNase based GSI system (Yamane
et al., 2001; Hauck et al., 2002; Tobutt et al., 2004; Bošković et al., 2006);
however, natural sour cherry selections include both self-incompatible (SI) and self-
compatible (SC) types (Redalen, 1984; Lansari and Iezzoni 1990). This genotype-
dependent loss of self-incompatibility in sour cherry indicates that genetic changes,
not polyploidy per se, cause the breakdown of SI. Instead the genetic control
of SI and SC in sour cherry has been shown to be regulated by the accumu-
lation of non-functional S-haplotypes according to the ‘one-allele-match model’
(Hauck et al., 2006b). In this model, the match between a functional pollen-S
gene produced by the 2x pollen and its cognate functional S-RNase in the style
results in an incompatible reaction. A similar reaction occurs regardless of whether
the pollen contained a single functional pollen-S gene or two different pollen-S
genes. The absense of a functional match results in a compatible reaction. Thus
for successful fertilization, 2x sour cherry pollen must contain two non-functional
S-haplotypes.

The progress made in the knowledge of the genetic and molecular basis of the
self-incompatibility reaction has allowed the application of molecular techniques for
two main aspects of sweet cherry breeding, the identification of cross-compatible
combinations of different varieties by the identification their S-alleles and the selec-
tion of self-compatibility.

4.1 S-Allele Typing

Self-incompatibility in sweet cherry prevents inbreeding but the same mechanism
also prevents cross-pollination among varieties with the same S alleles. This means
that it is 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
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be inter-planted. Varieties that have the same incompatibility alleles and are there-
fore cross-incompatible, form incompatibility groups. Until the molecular basis of
self-incompatibility was characterized, S allele typing and incompatibility group
assignment was carried out by controlled pollinations followed by recording fruit
set (Crane and Brown, 1937; Matthews and Dow, 1969) or by the observance of
pollen tube growth in the style by fluorescent microscopy. 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 (Bošković and Tobutt, 1996). Subsequently this biochemi-
cal assay would provide evidence that correlated well with the new incompatibility
alleles ( Bošković 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 of typ-
ing cherry S-alleles. Tao et al. (1999c) developed an S-allele typing method based
in the utilization of two pairs of PCR primers, designed in the conserved regions of
the sweet cherry S-RNase sequences. These S-RNase sequences have two introns
varying in length for each different allele and, consequently, PCR amplification
with those primers enables differentiation of the different S-alleles according to the
size of the amplified fragments. Subsequently, 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, 2003, 2006) or PCR
followed by restriction fragment analysis (Yamane et al., 2000b) have been devel-
oped. RFLP profiles have also been used to assign self-incompatibility alleles to
different sweet cherry genotypes (Hauck et al., 2001). The identification of the
pollen-S (SFB) in sweet cherry (Yamane et al., 2003), has also been followed by
the cloning and characterization of different cherry SFB alleles (Ikeda et al., 2004a;
Vaughan et al., 2006; Yamane et al., 2003). The knowledge of the sequence and
structure of these alleles has allowed the development of new S-allele PCR typ-
ing methods based in allele specific primer sets (Ikeda et al., 2005), in sequence
conserved primers that distinguish SFB alleles by size polymorphisms (Vaughan
et al. 2006), and dot-blot analysis using SFB sequence polymorphism (Kitashiba
et al. 2008). The introduction of molecular methods in sweet cherry S-allele typ-
ing 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., 1999c; 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, 2004d; De Cuyper et al.,
2005). S-allele typing has also become a useful tool for genetic studies of germplasm
collections (Wünsch and Hormaza, 2004c; Marchese et al., 2007a; Schuster et al.,
2007; Gisbert et al., 2008) and wild cherry populations (De Cuyper et al., 2005;
Schueler et al. 2006).

To date, 31 functional S-haplotypes have been characterized in cherry, and due
to overlapping studies and the use of different techniques, synonymous alleles have



306 E. Dirlewanger et al.

been subsequently detected and in some cases the number labeling does not follow
a chronological order. These S-alleles are numbered S1 – S7, S9 – S10, S12 –S14, S16,
as S8, S11, and S15, appear to be synonyms of S3, S7 and S5, respectively (Sonneveld
et al., 2001, 2003). Three additional alleles, S23, S24 and S25, were later characterized
from Italian and Spanish cultivars (Wünsch and Hormaza, 2004a). Of these; S23

seems to be synonymous to S14 (Sonneveld et al. 2003; Vaughan et al., 2008). In
wild sweet cherry populations six additional alleles, S17 to S22 were characterized
(De Cuyper et al., 2005), and according to Vaughan et al. (2008) S21 seems to be
synonymous of S25 (Wünsch and Hormaza, 2004a). Allele S26 was reported in sour
cherry (Hauck et al., 2006b), S27 – S32 were described in wild sweet cherry (Vaughan
et al., 2008), and finally, S33 to S36 were described in sour cherry (Tsukamoto et al.,
2008).

4.2 Breeding for Self-Compatibility

The use of self-compatible varieties in sweet cherry orchards can limit some of the
problems incurred from self-incompatibility, such as the cost derived from the need
to use pollinator varieties and losses from erratic production (Tehrani 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 irradiation, giving rise to several self-
compatible seedlings (Lewis, 1949). ‘Stella’ (Lapins, 1970), a descendent of one of
these seedlings (JI2420), is self-compatible and has been widely used as a progen-
itor in self-compatible sweet cherry breeding. 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 S4

′ allele (S4
′ standing for mutated S4 allele),

(Bošković 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 with the S4

′ mutant allele from genotypes with
a functional S4 allele, using S-allele typing methods based on S-RNase sequence
allele diversity. It was not until the finding of the pollen determinant (SFB) of GSI
in Prunus (Yamane et al., 2003: Ushijima et al. 2004) that has been possible to
establish a method that allows the identification of genotypes carrying the mutated
S4

′ allele (Ikeda et al., 2004b). This method is based in the identification of a 4 bp
deletion in the SFB sequence of the S4′ allele when compared with the normal S4

allele. This deletion has been used to design molecular markers that identify the S4
′

allele by PCR followed by polyacrylamide gel electrophoresis or restriction diges-
tion (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 mecha-
nism of GSI, are also being studied. Sonneveld et al. (2005) carried out molecular
and genetic analysis of the two self-compatible accessions obtained by the radia-
tion of pollen at the John Innes Institute, JI 2420 and JI 2434 (Lewis and Crowe,



Sweet and Sour Cherries 307

1954). As determined by Ushijima et al. (2004), a 4 bp deletion was identified in
S4’-SFB of JI 2420. On the other side, S3’-SFB (S3’ standing for mutated S3 hap-
lotype) of accession JI 2434 appeared to be deleted (Sonneveld et al. 2005). Self-
compatible progeny derived from JI 2434 can now be selected by detecting this SFB
deletion through RFLP or PCR analysis of S3-SFB (Sonneveld et al. 2005). Self-
compatibility in the Spanish landrace ‘Cristobalina’ is also being investigated to
identify markers that facilitate the introgression of this trait, as analysis in this geno-
type have shown that self-compatibility is not associated with the S-locus (Wünsch
and Hormaza, 2004b). On the other hand, self-compatibility in the Sicilian sweet
cherry ‘Kronio’ has been attributed to a pollen part mutation in S5-SFB (thus called
S5’) caused by a premature stop codon that results in a truncated protein (Marchese
et al., 2007b). The presence of a polymorphic microsatellite in the S-RNase intron
of S5 and S5’ has allowed developing a marker to identify self-compatible genotypes
carrying S5’ (Marchese et al., 2007b).

Sour cherry selections that have two non-functional S-haplotypes are SC (Hauck
et al., 2006b). These non-functional S-haplotypes can results from the loss of pollen
function (termed pollen-part mutants) or loss of stylar function (termed stylar-part
mutants), or both (Tsukamoto et al., 2006). Three of the S-haplotypes prevalent in
sweet cherry (S1, S6 and S13) have been shown to also have non-functional variants in
sour cherry that have lost pollen or stylar function (Hauck et al., 2006a: Tsukamoto
et al., 2006). Loss of function was due to structural alternations of the S-RNase, SFB
or S-RNase upstream sequences.

5 Conclusion and Future Scope of Work

5.1 Genome Mapping and QTL Detection

Genetic mapping and QTL detection will continue, especially in sweet cherry. Since
sweet cherry is diploid, it is much easier to develop linkage maps when compared
with sour cherry which is tetraploid with an in-complete disomic inheritance, and
occasional intergenomic pairing and pre-or post zygotic selection. Because of the
high level of synteny demonstrated within Prunus, results obtained in sweet cherry
will be useful for sour cherry. For the same reason we can expect that cherry will
take benefit of knowledge developed in other members of the Rosaceae family. The
enormous progress made during the last decade on genetic characterization of the
cultivated species of the Rosaceae, and particularly of peach as its more logical
model, can be exploited for cherry.

5.2 Self-(in)Compatibility: Molecular Cloning and MAS

Progress in the understanding of the RNase-based self-incompatibility, has allowed
the development of molecular methods that accelerate two relevant aspects of cherry
breeding: Incompatibility Group assignment through S-allele genotyping, and
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introgression of self-compatibility through marker assisted selection. At the same
time, research in sour and sweet cherry self-incompatibility and self-compatible
mutants is greatly contributing to the knowledge of the mechanism operating in the
self-incompatibility reaction in the genus Prunus. A better understanding of the self-
incompatibility reaction from future progress in Rosaceae GSI research, together
with the increasing availability of genetic tools in cherry species will provide an
appropriate ground for a more efficient cherry improvement.
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Ballester J, Boskovic R, Batlle I, Arús P, Vargas F, and de Vicente MC (1998) Localisation of the
self-incompatibily gene on the almond linkage map. Plant Breed 116: 69–72.

Beaver JA, and Iezzoni AF (1993) Allozyme inheritance in tetraploid sour cherry (Prunus cera-
sus L.). J Am Soc Hortic Sci 118: 873–877.

Beaver JA, Iezzoni AF, and Ramn C (1995) Isozyme diversity in sour, sweet and ground cherry.
Theor Appl Genet 90: 847–852.

Bliss FA, Arulsekar S, Foolad MR, Becerra V, Gillen AM, Warburton ML, Dandekar AM, Kocsisne
GM, and Mydin KK (2002) An expanded genetic map of Prunus based on an interspecific cross
between almond and peach. Genome 45:520–529.

Bond AM (2004) Bulk segregant analysis for bloom time QTL in sour cherry (Prunus cerasus L.)
MS Thesis, Mich. State Univ. 54 pp.
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15. Genomics-Based Opportunities in Apricot

Kevin M. Folta and Susan E. Gardiner

1 Introduction

Apricot (Prunus armeniaca L.) is in many ways similar to peach. The two crops
share common physical traits, such as highly familiar fruit forms, that point to their
common center of origin and remarkably collinear genomes. At first glance, it may
seem somewhat redundant to include a chapter on apricot adjacent to a substantial
discussion of peach. However, while similar to peach, apricot features many impor-
tant distinctions. Apricot has a discrete cultural history, its dissemination throughout
Asia and Europe is unique, and the challenges faced by apricot breeders and grow-
ers discriminate it from other stonefruits. Unlike peach most apricot cultivars are not
self compatible. Apricot varieties are much more diverse and they are more abun-
dant in arid regions such as the Middle East. These facets justify an independent
treatment of apricot in any discussion of rosaceous crop genomics.

1.1 Classification

Apricot belongs to the section Armeniaca within the genus Prunus L. in the sub-
family Prunoideae. Section Armeniaca comprises five separate species that are all
recognized under the broad heading of apricots (Rehder 1940). The common apricot
is Prunus armeniaca, and this group includes the Japanese apricot (P. mume Sieb.
and Zucc.), the black apricot (P. dasycarpa Ehrh.), the Alpine plum (P. brigantiaca
Vill.), and the Tibetan apricot (P. holosericea). Other variants once thought to be
separate species were later classified as P. armeniaca, such as the Siberian apricot
(P. armeniaca var. sibirica L.), Manchurian apricot (P. armeniaca var. mandsurica
(Maxim) Koehne) and Ansu apricot (P. armeniaca var. ansu Komar) (Bailey 1927).
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1.2 Botanical Attributes

Historically apricots have defied convenient botanical classification, as their exten-
sive range and adaptations leave exceptions to the rules. While Bailey (1916) uti-
lized leaf shape to discern various cultivars, Rehder (1940) scored plums separate
from apricots based on ovary pubescence. A recent comprehensive comparison is
provided by Ledbetter (2008) and illustrates the inapplicability of these hard botan-
ical descriptors for the categorization of apricots. Kostina (1936) studied the exten-
sive collections of apricot germplasm in Ukranian botanical gardens and grouped
plants based on pubescent or glabrous fruit skin, cling or freestone, flesh color, fruit
size and seed flavor. New genomic tools may further illuminate the genetic diversity
underpinning the variability and perhaps allow a tighter description of relatedness.

Wild apricot trees are generally smaller in stature than other rosaceous tree crops,
averaging between 3 and 12 m in height with a 40 cm diameter trunk. The leaves
are ovate with a pointed tip and have serrations in the leaf margins. The flowers
often emerge in spring before the leaves and feature five white petals, often with a
pink cast. Fruit descriptors are presented in Layne et al. (1996). The fruit is a drupe
with a pubescent or glaborous skin. The flesh may be sour or sweet, and apricots
may be found with freestone or clingstone qualities. Wild fruits are small, between
3 and 20 g. Like peach, the fruits are pubescent and contain a stone (Faust et al.
1998) and they are easily mistaken for a miniature peach. Recent breeding advances
have brought a considerable increase in fruit size compared with the wild fruit, the
cultivation of which commenced over 3,000 years ago (Hormaza et al. 2007).

1.3 Genomic Architecture

Apricots are diploid (2n = 16) with a genome that is intermediate in size (5.9 ×
108 bp/2n) between that of peach and cherry (Arumaganathan and Earle 1991). It
shares a high degree of collinearity with other diploid Prunus species, as determined
by the overlap of important makers on various genetic linkage maps (Dirlewanger
et al. 2004; Hurtado et al. 2002). Apricot maintains a moderate degree of heterozy-
gosity (Hurtado et al. 2002). Compared with other Prunus species, apricot is more
heterozygous than peach, but not as much as cherry, plum or almond (Byrne and
Littleton 1989). The degree of heterozygosity varies greatly, depending on breeding
locale, which is low for some Spanish cultivars (namely ‘Gitanos’ and ‘Pepito del
Rubio’), but moderate for North American cultivars (Sanchez-Perez et al. 2006).
While sharing substantial similarity with other Prunus crops, apricot remains the
least specifically characterized.

1.4 Center of Origin and History of Cultivation

Although thought to have originated in Armenia, at the junction of Eastern Europe
and Western Asia (Hormaza et al. 2007), the history of apricot cultivation dates
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back thousands of years in Asia. By 600 BC apricots were a major fruit staple
in China, eaten fresh, dried, salt-cured or smoked (Faust et al. 1998), and central
Asia is its most likely origin. European cultivation is only a relatively recent phe-
nomenon, dating back approximately two thousand years. Its native range is diffi-
cult to decipher, because apricots were extensively cultivated prior to any historical
record keeping, but best estimates suggest that its range includes central Asia and
western and northern China. Between three and six centers of origin have been rec-
ognized in the literature (Bailey and Hough 1975; Layne et al. 1996; Vavilov 1992).
However, it is unlikely that the species truly originated in separate locales. These
distinctions likely represent nth-order radiation of the species from its true center of
origin, presumed to be in the Tien Shan Mountains. This is commonly referred to
as the “Central Asian Center”, and is based in the mountains of west-central China.
The region known as the “Inner-Asiatic Center” is represented by a region recog-
nized as modern day Afghanistan, Tajikistan, Uzbekistan and northwestern India.
The “Asia Minor Center” is described as the third region, represented by Iran and
Turkmenistan, as well as the South Caucasus region between the Caspian and Black
Seas. This center includes Armenia, the namesake of the species. These classifi-
cations agree well with the delineations based on fruit traits presented by Kostina
(1969).

Apricots were extensively cultivated in Armenia and eventually engrained in
the culture, as evidenced by foods and folklore. Dried apricots were historically
a valuable resource for trade. The expansion of apricots into Europe was fostered
by Alexander the Great and a Roman general named Lucullus, who brought a
series of fruit tree species to the European continent from adjacent Asian territo-
ries (reviewed in Faust et al. 1998). Apricots have long been a prized commod-
ity in Persia, and modern day Iran remains one of the world’s foremost apricot
producers. Today many South Americans refer to the apricot as the “damasco”,
signifying its cultivation in the Middle East. Apricots were introduced to the New
World by English Settlers who brought the crop to the colonies in eastern North
America, but the crop never prospered. The species became a productive part of
New World cultivation when Spanish missionaries ferried the apricot westward to
settlements on the Pacific Ocean where it remains a valuable species to this day
(Boriss et al. 2006).

Today, the vast majority of apricot production derives from Asia, Northern Africa
and Europe, with Turkey (17% of world production) and Iran (11%) being the largest
producers according to a UN FAO survey in 2005. That year, the worldwide area
under cultivation was nearly 400,000 ha and the production was 2.6 million MT.
Apricots are cultivated throughout temperate climates worldwide, but only thrive
in Mediterranean climates where hot summers and cool, wet winters predominate
(Boriss et al. 2006). In fact, apricot productivity is principally delineated by cli-
mate conditions. Apricots grow well in the Mediterranean as well as regions that
experience cold winters. The apricot surpasses peach in coldhardiness, as the tree
can survive temperatures as cold as –30◦C. The Siberian apricot, Prunus sibirica,
survives extremes to –50◦C and may serve as a genetic source for cold tolerance.
Cold-induced dormancy is a prerequisite for flowering and most cultivars benefit
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from the sustained chilling incurred in Asian and Mediterranean climates. The tem-
perature fluctuations observed over parts of North America make it not as suitable
for apricot production and limit its range of cultivation, although some cultivars
are succesfully grown. Production is frequently hampered by untimely spring frosts
that can affect developing flower buds and limit fruit set. This is exacerbated by the
tendency of apricots to flower early relative to other tree fruit crops.

In South Australia, apricots are heavily cultivated near the town of Mypolonga in
the Riverland region, along with stands in Tasmania, western Victoria and southwest
New South Wales. In the United States, apricot cultivation is predominant in
California, with minor contributions from Washington, Utah and Texas, although
total production is declining from these regions.

Apricots are generally eaten fresh, canned or dried (Hormaza et al. 2007),
although in some areas of Asia kernel production for edible seed and oil is more
important than for fruit. Japanese apricots are eaten processed rather than fresh,
mostly as pickles, and have been found to contain bioactive compounds (Chuda
et al. 1999; Utsunomiya et al. 2002; Utsunomiya et al. 2005).

1.5 Traits of Economic Importance

To understand how genomic tools may be implemented in apricot improvement,
it is necessary to define the current suite of challenges to be resolved. Certainly
the two major issues, self incompatibility and susceptibility to PPV, also known as
“Sharka”, are being addressed already. Adaptation to climatic conditions in specific
production areas is a high priority for current breeding programs (Hormaza et al.
2007) and should be a target for future QTL studies. Apricots tend to flower early in
the spring, and this attribute has significantly limited its range of cultivation. Many
breeding programs have therefore considered later blooming as a desirable trait that
reduces the risk of frost damage. The “Hunza” apricot was introduced to the United
States in the late 1980s from Pakistan and was shown to flower 30 days later than
the usual cultivars (Faust et al. 1998). However, in frost-free areas, early blooming
is targeted, to produce early maturing cultivars (Hormaza et al. 2007).

In a study of tree growth habits in Mexico designed to inform breeding deci-
sions, twenty different variables were scored in a population of apricot genotypes
that exhibited a wide variation in growth habits and flowering time (Perezgonzales
1992). In a multivariate analysis of the data, yield potential was associated with
bud number, flower number, and the number of fruits per unit length of fruiting
spurs. In Europe, a study of morphological, phenological and fruit quality traits of
important commercial clones from Spain, France and Italy revealed a narrower than
expected range of variation (Badenes et al. 1998). However, a study within the larger
germplasm resources of the Irano-Caucasian eco-geographical group found a wide
variation in harvest season, fruit yield, total soluble solids, total acidity, fruit, and
pit and kernel mass (Asma and Ozturk 2005). This germplasm, although mostly
small-fruited, is a source of variation for breeders, especially the ‘Levent’ apricot
that exhibits very late ripening.
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2 Molecular Markers

Apricots, like all perennial tree crops, require a substantial investment in time, labor
and space to propel genetic studies. Here, the application of molecular markers is
very useful, especially considering the far-ranging effects of geographical and envi-
ronmental conditions that may affect phenotype. Like other crops in the Rosaceae,
molecular markers hold great promise for hastening the development of new culti-
vars and as a means for germplasm protection.

The development of molecular markers in apricot benefits from the high
degree of synteny observed among Prunus species (Dirlewanger et al. 2004). The
peach ‘Earliglow’ × almond ‘Texas’ (TxE) linkage map discussed in “Genomics
of Almond” is an outstanding reference map for apricot, and loci for self-
incompatibilty and Sharka resistance have been mapped in association with other
markers that may prove useful in further studies.

A series of traditional molecular markers have been used to answer questions
in apricot, typically in regard to relatedness of genotypes and to map genes asso-
ciated with traits of interest. Early molecular evidence of genetic variability was
observed using isozyme analyses. Patterns of inheritance were traced among five
isozyme loci, primarily for the detection of hybrids and general characterization of
germplasm (Byrne 1989; Byrne and Littleton 1989). Variation in aspartate amino-
transferase banding patterns has also been used to analyze interspecific plum × apri-
cot crosses (Pashkoulov et al. 1995). A report on the isozyme-based genetic diversity
of apricot examined 94 accessions from North America, Europe and northern Africa
for 10 isozyme systems (Badenes et al. 1996). The results revealed extensive poly-
morphism among North American genotypes that could be categorized into discrete
subgroups, one of which was composed of PPV resistant germplasm (discussed later
in this chapter) that appeared similar to Asian species.

De Vicente et al. (1998) employed 31 genomic and cDNA probes from almond
to study a set of 52 European and North American apricot cultivars. The group of 25
Spanish cultivars had a lower level of polymorphism than the others, suggesting that
bottlenecks may have occurred in the recent history of the apricot and have eroded
its genetic variability. Restriction Fragment Length Polymorphism (RFLP) analyses
generated a series of tools that could be used to delineate wild apricot germplasm
from highly cultivated material (Uematsu et al. 1991).

Random Amplified Polymorphic DNA (RAPD) markers have utility in apri-
cot because of the higher degree of heterozygosity relative to peach. They have
been implemented for germplasm studies in P. mume and P. armeniaca. Shimada
et al. (1994) separated 54 P. mume genotypes into seven groups using 95 primer
pairs. A study by Mariniello et al. (2002) that sought a means to differentiate
apricot cultivars (P. armeniaca) from the Campania region of Italy from those of
other Italian regions, Europe and North America. They found that the OL9 primer
(5’ ACGCCAGTTC 3’) produced a product specific to the Campania cultivars
(Mariniello et al. 2002). Similarly, the two morphologically indistinguishable culti-
vars, ‘Hajihalioulu’ and ‘Hasanbay’, were genotyped with a set of RAPD markers
(Takeda et al. 1998). The results confirmed suspicions that these visually identical
plant lines were in fact the same, as no RAPD variability could be detected.
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The ability of Amplified Fragment Length Polymorphisms (AFLP) markers to
detect variability has been valuable to studies in apricot. Their high sensitivity to
polymorphism and large number of alleles makes them useful for describing relat-
edness or genetic diversity as well as for linkage mapping. Diversity studies with
AFLPs have been used to describe the relatedness of various cultivars and apricot
species. A study of 47 cultivars representing a large geographical range was assayed
with five AFLP primer pairs, yielding over 350 polymorphic products. Analysis
allowed clustering of various cultivars that agreed well with known geographical
origin, and confirmed that P. mume, P. briganiaca and P. dasycarpa were distant
relatives, while P. holosericia was actually a variant of P. armeniaca (Hagen et al.
2002). The same applied to 14 P. mume cultivars from China and Japan (Fang et al.
2005). Similarly, while expanding on an earlier analysis based on simple sequence
repeat (SSR) markers (Krichen et al. 2006), analysis of 31 cultivars of Tunisian apri-
cots with an extensive set of AFLPs allowed clustering of Tunisian apricots into two
distinct sub-types that correlated well with their geographical distribution (Krichen
et al., (2008).

Similarly, analysis of Simple Sequence Repeats (SSRs) has been useful in study
of apricot genetic variation. SSR analyses in apricots have benefited from well-
defined primer sets designed for use in peach, especially those shown to be portable
across Prunus species (Cipriani et al. 1999). Zhebentyayeva et al. (2003) showed
that levels of polymorphism exhibited in a germplasm collection of 74 P. armeni-
aca accessions were greater with SSRs (from peach) than with other co-dominant
marker systems (isoenzymes, RFLPs). Peach SSR primers were used to character-
ize a suite of cultivars from North America, Greece, Spain and France (Sanchez-
Perez et al. 2005). The study revealed that peach-based primers could generate
substantial evidence of variability, with an average number of alleles per locus of
4.1 and as many as 9. The results of this study validated the use of peach SSRs
in apricot as the clustering of genotypes agreed well with plant pedigree and geo-
graphical distribution. Peach SSR markers were used to examine how populations of
higher heterozygosity could be used to introduce genetic variability into less poly-
morphic populations in Spanish breeding programs. A study by Sanchez-Perez et al.
(2006) surveyed several discrete populations of varying heterozygosity and explored
how complementary crosses could enrich the genetic diversity of less heterozygous
Spanish cultivars.

Heterologous SSR markers have also been used to assess diversity of native
P. armeniaca apricot populations. Comprehensive SSR analysis of landrace culti-
vars of Tunisia (Krichen et al. 2006) preceded the AFLP study discussed above
(Krichen et al., (2008), demonstrating the use of molecular fingerprinting as a tool
for germplasm conservation. In another study, eight selected SSR primers from
peach were used to determine the population genetic structure of P. armeniaca apri-
cots from three populations growing in the wild in West China (He et al. 2007).
Genetic variation was mainly found among individuals within the populations, how-
ever, the populations were also different at most SSR loci, and this information was
used to devise a conservation strategy.
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Gao et al. (2004) used SSRs from sweet cherry (5), sour cherry (10) as well as
peach (9) to show that SSR primers developed in several other Prunus species could
be implemented to study diversity in P. mume. Ahmad et al. (2004) confirmed the
transferability of SSR markers among Prunus species in a study that involved 25
SSRs from cherry and three from peach to distinguish seven apricot, one plumcot
and six pluot cultivars.

SSR markers have been developed from apricot genomic (Lopes et al. 2002;
Messina et al. 2004) and cDNA libraries (Decroocq et al. 2003). Hagen et al. (2004)
developed SSRs from fruit expressed sequence tags (EST) libraries as well as a
genomic leaf cDNA library. Maghuly et al. (2006) used ten of the homologous
primer combinations developed by Lopes et al. (2002) and Messina et al. (2004)
to undertake the first demonstration of genetic variability in a large collection of
P. armeniaca apricot cultivars (133) and related species (3). The homologous SSRs
were selected for their high level of polymorphism and this was higher than reported
with SSRs from peach (Romero et al. 2003; Zhebentyayeva et al. 2003). Most of
the East European cultivars clustered together. American cultivars have European
germplasm in their pedigree, and have been enriched with germplasm of Asian ori-
gin. The cluster that included accessions from Pakistan only exhibited a high allelic
variability, consistent with its seedling rather than clonal origin.

A very elegant recent study further investigating the enrichment of American
cultivars with germplasm of Asian origin was specifically related to PPV resis-
tance and used a combination of AFLP and SSR technology (Zhebentyayeva et al.
2008). Twenty-seven AFLP markers found to be associated with resistant geno-
types and not shared with European cultivars were used to trace putative introgres-
sions into American breeding germplasm. The results indicated that native central
Asian germplasm had contributed to the resistance of ‘Harlayne’ and ‘Goldrich’,
and that Chinese material had been introgressed into American cultivars ‘Stark
Early Orange’, LE 2904, LE 3276 and ‘Vestar’ used in PPV resistance breeding.
Maximum likelihood analysis for genetic similarity of the PPV resistance region in
resistant genotypes with five SSR markers linked to the PPV resistance on Linkage
Group 1 (LG1) demonstrated the relatedness of resistant American cultivars ‘Stark
Early Orange’, ‘Goldrich’ and ‘Harlayne’ with the Chinese cultivars ‘Yuan-sin’,
‘Mai-che-sin’ and ‘In-ben-sin’. It was concluded that Chinese apricot cultivars
and/or the wild species P. mandshurica and P. sibirica var. davidiana were important
sources of PPV resistance in North American breeding material.

2.1 Genetic Linkage Maps

A number of genetic maps have been constructed in P. armeniaca, principally with
the goal of elucidating mechanisms of PPV resistance (see below for discussion
of PPV resistance mapping). The first map was a partial ‘Goldrich’ (resistant) ×
‘Valenciano’ (susceptible) (GxC) map constructed in a progeny of 81 F1 individuals
using mainly AFLP (82) and RAPD (33) markers, with a few almond RFLP (4) and
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peach SSR (9) markers (Hurtado et al. 2002). Eight linkage groups were constructed
for ‘Goldrich’ and seven for ‘Valencia’, with a total length of 511 cM, respectively
467 cM for two cultivars. Vilanova et al. (2003a) chose a F2 population of ‘Lito’
(‘Stark Early Orange’ (resistant) × ‘Tirynthos’), to enable studies of both PPV resis-
tance and self-incompatibility. One hundred AFLPs and 29 peach and cherry SSRs
mapped to 11 linkage groups covering 602 cM. Lambert et al. (2004) specifically
chose markers previously used to construct the TxE map (Aranzana et al. 2003;
Joobeur et al. 1998) to enable the alignment of the apricot map in ‘Polonais’ ×
‘Stark Early Orange’ with those of almond and peach. The map construction uti-
lized 142 individuals, and employed 88 RFLP probes used for the TxE map, with 20
SSR primer pairs from peach, 14 from apricot, and one from P. davidiana. Eighty-
eight AFLP markers served to improve map density. The map length encompassed
538 cM and 699 cM for ‘Polonais’ and ‘Stark Early Orange’, respectively. Most
markers in each of the eight apricot linkage groups aligned with those in the TxE
map, indicating a high degree of collinearity among the genomes of apricot, peach
and almond.

The maps developed by Dondini et al. (2007) in a progeny of 125 individu-
als from a ‘Lito’ × BO 81604311 cross were the first to include a substantial
number of SSR markers derived from apricot. Of the total of 185 SSR markers
mapped, 74 were from an apricot genomic library and the remainder were from
peach, almond and cherry. Eight linkage groups were obtained for each parent and
total map length was 504 cM and 620 cM for ‘Lito’ and BO 81604311, respec-
tively. The maps aligned well with other published Prunus maps from almond,
peach and ‘Myrobalan’, indicating that information from one genetic map will
help breeders locate the same loci in related species. The progeny are expected
to segregate for fruit size, firmness, flesh soluble solids and acid content, making
it a valuable resource for trait mapping. Recently, a new set of peach and apri-
cot SSR markers has increased the resolution of the existing GxC and F2 ‘Lito’
maps, providing a strong association between discrete markers and PPV resistance
loci that translates well to other breeding populations (Soriano et al. 2008). The
addition of 43 SSR markers to mapping in GxC did not substantially change the
length of the maps in ‘Goldrich’ or ‘Currot’ (designated ‘Valencia’ in Hurtado
et al. 2002) and the authors believe that the maps may cover 38–58% and 37–56%
of the parental genomes, respectively. The new ‘Lito’ map (designated LxL-98)
remained unchanged in length after the addition of 37 new SSR markers, but may
cover 55–77% of the nuclear genome. The latest map available was constructed in
a BC1 population of only 67 individuals from a cross between apricot selection LE-
3246 (‘Stark Early Orange’ × ‘Vestar’) and ‘Stark Early Orange’, and represents
a combined map for LE-3246 and ‘Vestar’. It consists of 330 AFLPs and 26 SSRs
assigned to eight linkage groups and extends over 523 cM. Bulked segregant anal-
ysis in a related population identified AFLPs segregating with PPV resistance and
resulted in the development of SSR primers that detected loci mapping to the same
linkage group as PPV resistance. No linkage maps have been reported to date in
P. mume.
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3 Significant Traits

3.1 Self-Incompatibility

Self-incompatibility is a mechanism in flowering plants that prevents self-
fertilization, ensuring efficient outcrossing. Self-incompatible genotypes cannot
be grown in mono-cultures, because of their need for other genotypes to function
as pollinizers, which in turn requires bees for pollination. Cultivar mixtures limit
production because the various genotypes must be treated individually with respect
to flowering, harvest, pest management, tree maintenance and other cultural aspects.
There is considerable interest from growers and breeders alike to understand the
molecular-genetic basis of self-incompatibility. In apricot, European cultivars are
generally described as self-compatible, while those of Asian or Iranian-Caucasian
origin are typically self-incompatible (Kostina 1969). A mixture of self-compatible
and self-incompatible cultivars have been identified in European and North
American selections (Burgos et al. 1997).

The gametophytic mechanisms have been well elucidated in recent years
and hinge on the diversity of a small gene family at the highly variable self-
incompatibility (S)-locus. The genomic region of the S-locus contains principally
two types of genes, alleles of the S-RNase and an F-Box protein (or several F-Box
proteins). Polymorphism in this locus and interplay between components allows a
plant to discriminate between its own pollen and that of a separate plant. Hence,
incompatible pollen tubes cannot negotiate the style, precluding fertilization.

The precise mechanism lies in the S-RNase encoded within the S-locus. The
S-RNases degrade the ribonucleic acid (RNA) within the extending pollen tube,
inhibiting viable descent through the style. However, in order for outcrossing to
occur, some pollen must be permitted to succeed on its quest to fertilization. To facil-
itate this process, specific pollen-resident F-box proteins (SFBs, for S-haplotype-
specifc F-Box) target the non-self RNase for proteolytic degradation. F-box proteins
are a diverse family of adapters that participate in the specific recognition and ubiq-
uitination of target proteins. Targeted proteins are covalently tagged with ubiquitin
chains that designate it a substrate for proteolysis via the 26S proteosome. In a com-
patible scenario, the F-box protein degrades the non-self RNase allowing the tube to
grow, whereas in an incompatible situation the RNase remains active and cytotoxic.
Thus, both stylar and pollen specific factors dictate the degree of compatibility.

The early description arose from study of the Japanese apricot, P. mume. Here
the first pollen-part mutant S haplotypes were characterized (Ushijima et al. 2004).
PCR and Southern blotting techniques can delineate self-compatible from self-
incompatible genotypes in this species (Tao et al. 2000). The S-locus has been
mapped in detail, revealing the presence of RNases and three F-box proteins, one
that is solely expressed in pollen and therefore is like the gametophytic determi-
nant (Entani et al. 2003). The sequences of the pistil and pollen components of self
incompatibility have been identified and provide a basis for use of molecular mark-
ers (Tao et al. 2002; Yaegaki et al. 2001; Yamane et al. 2003).
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Studies in P. armeniaca showed that the S-locus resides on LG6 (Vilanova et al.
2003a). Original descriptions indicated that the locus contained one allele for self-
compatibility (Sc) and seven alleles for self-incompatibility (S1-S7) (Alburquerque
et al. 2002; Burgos et al. 1998). A careful assessment of Hungarian germplasm
revealed the presence of at least nine additional alleles (Halasz et al. 2005), where
the variability arose from Asian genotypes that have contributed to the frost tol-
erance traits of regional cultivars. Other efforts have also expanded the resolu-
tion of the composition of the S-locus, noting the precise sequences of proteins
encoded therein. These tools provide a basis for analysis of any apricot popula-
tion and allow the construction of marker systems to select for self-compatible
germplasm.

3.2 General Pathogen Resistance

Nucleotide binding site-leucine-rich-repeat (NBS-LRR) proteins have been directly
implicated in disease resistance (Belkhadir et al. 2004) and two studies have
approached the issue of resistance in apricot via cloning of these genes. The first
study identified more than 80 different sequences from ‘Stark Early Orange’ by
cloning the PCR products of a single primer pair based on conserved NBS sequences
(Dondini et al. 2007). All of the apricot RGA sequences were members of the toll-
interleukin receptor (TIR) family. When 10 sets of primers based on hypervariable
regions were used to amplify a panel of DNA from PPV resistant and susceptible
genotypes, one primer pair was amplified in PPV resistant genotypes only.

In order to facilitate identification of genomic regions containing candidate resis-
tance genes against a range of pathogens, AFLP-resistance gene analogue (RGA)
markers were developed and mapped on the LxL map (Soriano et al. 2005). Devel-
opment of the AFLP-RGA markers involved first identifying apricot resistance
genes of the NBS-LRR class using degenerate PCR primers that targeted con-
served NBS regions. These primers identified 43 unique proteins in ‘Goldrich’ and
‘Lito’, which could be aligned into 6 distinct groups of resistance gene analogs, all
of which belonged to the TIR group of NBS-LRRs. Family-specific primers were
then developed from non-consensus NBS regions and used to develop AFLP-RGA
markers. These markers utilized standard AFLP primers coupled with the RGA
family-specific primers and resulted in 27 polymorphic markers, of which 16 were
mapped to five linkage groups on the F2 ‘Lito’ map of Vilanova et al. (2003a). A
degree of clustering was indicated on LG6 and LG8, and four markers were dis-
tributed over LG1. This map will complement a more extensive map constructed in
peach (Lalli et al. 2005).

3.3 Sharka Disease

Infection with PPV is the most limiting factor in apricot cultivation and the most
economically devastating fruit disease in Europe (Hurtado et al. 2002). Description
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of the disease spectrum known as Sharka dates back to Bulgaria in the early 1900s,
where patterns of susceptibility and manifestation were observed on plums. Also
known as Plum Pox, the disease was then identified on specific Prunus genotypes as
it crept throughout Eastern Europe during the first half of the 19th century. Sharka
symptoms have not only been observed on apricots, but also on plums, peaches
and nectarines. Infection may result in severe deformation of fruit and significant
reduction in yield. There are no known controls aside from complete destruction
of infected materials, as well as the adjacent trees. PPV disease has spread to five
continents, showing up for the first time in the USA in a Pennsylvanian orchard in
1999.

The causative agent was determined to be a potyvirus, discernable as six specific
sub-types. The first two were designated Dideron (PPV-D) and Marcus (PPV-M)
(Candresse et al. 1998), and there are currently several additional sub-types that can
be discriminated. PPV spreads via aphid vectors. In acute transmission, aphids feed
on infected trees, the virus resides in their stylet and then can be transmitted to other
adjacent uninfected trees. There also is evidence that some aphids may harbor the
virus in their salivary glands, making them chronic, potent vectors of viral spread.
Approximately 20 aphid species are capable of disease transmission, some of which
may pass the virus directly to their offspring.

3.3.1 Symptoms

The presentation of PPV infection varies greatly between genotypes, and even clonal
plants may exhibit contrasting symptoms, depending on ambient environmental
conditions. Foliar symptoms may appear as chlorotic lesions, contrasting ring pat-
terns and yellowing of the veins. Flowers of some Prunus species take on a speck-
led color pattern. The most economically relevant damage occurs on fruits, where
necrotic rings cause severe deformation of apricot fruits. In some cases, infected
trees show no obvious symptoms, until a dramatic decrease in yield is observed.
Ultimately, the disease hinders productivity, leads to poorer grade fruit, and short-
ens the life of the tree.

3.3.2 PPV Detection

Evaluation of germplasm for PPV sensitivity is relatively simple. Buds containing
the relevant serotype are grafted onto growing branches and then evidence of the
virus can be detected in other parts of the tree by enzyme-linked immuno-sorbent
assays (ELISA). Evidence of PPV is detectable within a year, is most prevalent
in newly infected young trees, and varies in degree greatly within Prunus species.
Polak (1998) observed that many apricot cultivars harbored some of the highest
concentrations of Sharka, but ‘Stark Early Orange’ permits only low levels to accu-
mulate.

The ELISA test has become a staple for germplasm evaluation in various breed-
ing programs (Toma et al. 1998). Greenhouse-grown apricots grafted to infected
peach scions were evaluated for PPV and compared against the same apricot
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genotypes as 5-year-old field grown plants (Rubio et al. 2008). The materials were
evaluated by ELISA as well as by visual inspection, and generally the greenhouse
and field detection methods agreed, suggesting that greenhouse evaluation may
replace field screening and be a useful measure to curb the spread of the disease.

3.3.3 Sources of PPV Resistance

One of the major goals of PPV eradication programs has been the development of
resistant germplasm. The PPV-M resistant apricot cultivars ‘Stark Early Orange’ and
‘Stella’ were identified among North American selections, however, their poor fruit
characteristics and substantial chilling requirements meant that they were unsuitable
for European cultivation. The basis for their resistance was therefore of interest, as if
it could be identified it may be introduced into breeding populations. The consensus
is that of the origin of PPV resistance is likely Asian, however, evidence has been
presented that it is not conferred by Prunus mandshurica, a Central Asian apricot
relative that was used as a source of frost-resistance genes in North American breed-
ing programs (Rubio et al. 2003), though this view was not shared by Zhebentyayeva
et al. (2008). In the latter study dendrograms generated from AFLP and SSR anal-
ysis of aboriginal European, Asian and North American cultivars provide evidence
that P. mandshurica and other Chinese accessions were the source of PPV resistance
in North American germplasm.

3.3.4 Genetic Analysis of Resistance Mechanisms

The genetic mechanisms of Sharka resistance have been the subject of much contro-
versy, which can be explained by the complicating fact that even resistant materials
may temporarily show symptoms.

Resistance to PPV has been shown to be conferred by various modes of inheri-
tance, under the control of one (Dicenta and Audergon 1998; Dicenta et al. 2000),
two (Rubio et al. 2007; Vilanova et al. 2003a), or three genetic loci (Guillet
Bellanger and Audergon 2001; Salava et al. 2005), depending on the many envi-
ronmental and experimental variables that could influence disease presentation.
Genetic linkage maps generated with the resistant genotype ‘Stark Early Orange’
or ‘Goldrich’ did not clearly indicate the number of loci underlying resistance.
A QTL-based approach using the susceptible parent ‘Polonais’ crossed with ‘Stark
Early Orange’ defined four discrete genomic regions associated with resistance. One
of these regions mapped to LG1 of ‘Stark Early Orange’, and accounts for 56% of
the phenotypic variation (Lambert et al. 2007). Two other QTL provided a minor
contribution to resistance, and a third was observable only in the first year of infec-
tion. A population developed from a cross between ‘Stark Early Orange’ and the
susceptible cultivar ‘Vestar’ (Lalli et al. 2008) and segregating for PPV sensitiv-
ity was used to generate the genetic linkage map described in Section 2.1. PPV
resistance segregated with markers on LG1. In a separate, contemporaneous study,
Soriano et al. (2008) added additional SSR markers to the established GxC and the
LxL-98 maps and obtained results that indicated control of the trait by at least one
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major dominant locus on LG1 in agreement with aforementioned QTL studies from
Lambert et al. (2007) and Lalli et al. (2008). Several SSR markers resident to this
interval were tested in two independent populations segregating for PPV resistance,
which confirmed that they may have profound utility in marker assisted selection
(Soriano et al. 2008), yet only one putative marker has been shown to faithfully
segregate with Sharka resistance (Dondini et al. 2007).

To further describe the inheritance of PPV resistance, Karayiannis et al. (2008)
performed a genetic analysis of PPV-M resistance in a large hybrid population
(1178 trees, 12 crosses) over an extensive period, revealing that accessions NJA2,
‘Harlayne’, ‘Veecot’, ‘Sunglo’, ‘Orangered’ and ‘Stark Early Orange’ are het-
erozygous for resistance and pass the trait on as a monogenic dominant trait. The
resistance in NJA2 and ‘Orangered’ originated from ‘Scout’, a Canadian selec-
tion raised from Chinese seeds (Karayiannis et al. 2008), again implicating the
Asian origin. ‘Harlayne’ and ‘Veecot’ both share ‘Reliable’ as a common resistant
ancestor.

Both ‘Orangered’ and ‘Harlayne’ have been described as immune to PPV, as
neither exhibits post-inoculation evidence of infection, even with sensitive PCR-
based assays (Fuchs et al. 2001). The precise mechanisms are open to speculation,
but include the possibility of virus translocation, development of a hypersensitive
response, or RNA-mediated gene silencing.

3.3.5 Transgenic Mitigation of Sharka

Transgenic technologies have been utilized in addressing PPV disease. These
trials have been confined to plum, where a robust transformation system facili-
tates its application. This work is also described in chapter 13 within this vol-
ume. Briefly, the advantage is that direct incorporation of a transgene cassette
may induce durable resistance to the virus, circumventing the years of selection,
co-introgression of undesirable traits, and multigene effects experiences in tradi-
tional breeding. The first attempt involved introducing the PPV coat protein into
plum using Agrobacterium-mediated transformation techniques (Scorza et al. 1994).
The regenerated plants were challenged by grafting of infected buds onto them
(Ravelonandro et al. 1997). The most resistant plant line expressed low levels of
coat protein mRNA and had no detectable coat protein. Analysis of genomic DNA
indicated that the transgene was methylated, consistent with the hypothesis that the
expression was controlled by post-transcriptional gene silencing. Trees from one
‘Honeysweet’ transgenic line, the C5 genotype, remained resistant as they exhibited
only mild symptoms to infection via naturally occurring aphid populations in the
field, whereas nearby cultivars exhibited marked symptoms (Hily et al. 2004).

In safety trials, the transgenic plum trees showed no effects on the composi-
tion of, or numbers in, aphid or arthoropod populations. There was no evidence of
recombination between the transgene and viruses from the environment. Overall,
the risk assessment indicates that there was no evidence of engineered plums posing
a higher risk than non-engineered trees (Capote et al. 2007).
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3.4 Bitterness

Kernel taste is a trait that is significant to some breeders, as ‘bitter’ apricot seeds
high in cyanogenic glucosides can be utilized for extraction of commercial amygda-
line and ‘sweet’ seeds could potentially be used for flavoring pastes. It was believed
that seed bitterness was a recessive monogenic trait, however, segregations deter-
mined in a multi-family study on inheritance of this trait have indicated that it is
more likely to be based on five independent genes. Interactions among recessive
alleles of three genes are postulated to control different steps in a pathway deter-
mining biosynthesis and/or transport of cyanogenic glucosides, while interactions
between two dominant alleles would control catabolism of cyanogenic glucosides
(Negri et al. 2008). This hypothesis could be tested using QTL mapping in suitably
designed populations.

3.5 Color

An analysis of the genetic control of carotenoid levels in apricots was performed on
the grounds that an improvement in carotenoid levels in pickled Japanese apricot
could provide a health benefit, as well as enhance its attractiveness. Two cultivars
of P. mume with different patterns of ripening were used for a RNA gel blot anal-
ysis of the genes involved in fruit carotenoid accumulation (Kita et al. 2007). In
the fruit of a cultivar that exhibits carotenoid accumulation on the tree, both the
phytoene synthase gene PmPSY-1 and the downstream genes lycopene B-cyclase
(PmLCYb), β-carotene hydroxylase (PmHYb), and zeaxanthin hypoxidase (PmZEP)
were induced, while in fruit of a cultivar exhibiting ripening after harvest, only
PmPSY-1was substantially induced. Ethylene was found to play a role in the induc-
tion of PmPSY-1, being a pre-requisite for its induction.

3.6 Flowering Time

A QTL analysis of the control of flowering time (‘early’ vs ‘late’) is underway at
University of the Western Cape (South Africa) in collaboration with the CEBAS-
CSIC (Spain). A back-cross design is being used, where a selection (‘506/07’)
from the cross ‘Orange Red’ (late flowering) and ‘Currot’ (early flowering Spanish
cultivar) has been crossed back to ‘Currot’ (Jose A. Campoy pers.comm.).

3.7 Genes Associated with Ripening

Several specific ripening-related genes have been isolated from apricots. Mbeguie-
A-Mbeguie et al. isolated an ACC-oxidase clone (Mbeguie-A-Mbeguie et al. 1999)
and two expansins (Mbeguie-A-Mbeguie et al. 2002) from a ripe apricot fruit cDNA
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library. Mita et al., (1999) documented the expression of ACC oxidase as well as
ACC synthase in P. mume, and showed that expression patterns mirrored enzyme
activity. Later the same group used fluorescent differential display to identify a set
of 15 transcripts that were inducible by ripening or ethylene treatment (Mita et al.
2006). The transcripts encode an expansin, a water channel, pectate lyase, a series
of metabolic enzymes, a transcription factor and a series of novel or hypothetical
proteins. A subset was also induced by wounding, and all candidates are excellent
targets for further study.

4 Genomics Resources

A 101,376 BAC library with an average insert size of 64 kb constructed of
‘Goldrich’, and representing 22x coverage of the apricot genome (Vilanova et al.
2003b) has been used to construct a contig around the S-RNase region.

The same library was used recently to develop SSR markers targeted to LG1.
BAC libraries were probed with RFLP sequences mapping to this linkage group
of the TxE Prunus map (Vilanova et al. 2003b). The selected BACs were then
hybridized to repeat sequences that indicated the potential presence of SSR markers.
Primers flanking these polymorphic regions were designed and resulted in devel-
opment of eight polymorphic SSR markers (Vilanova et al. 2006), The markers
aprigms 2, 18 and 24 have been demonstrated to map to LG1 of ‘Goldrich’ (Soriano
et al. 2008).

5 Regeneration and Transformation

Definitive functional tests of gene activity require a transgenic system, and as
illustrated throughout several chapters in this volume, Prunus transformation and
regeneration is nothing short of challenging. Apricot regeneration from embryonic
tissues was reported by several groups using Murashige and Skoog media supple-
mented with BA, TDZ and/or 2-4-D (Goffreda et al. 1995; Pieterse 1989). Stage 2
embryos were chosen as explants in both studies. A later study on regeneration of
apricot from vegetative explant sources illustrated that regeneration frequency was
highly genotype dependent and that each genotype had specific optima for light
conditions, gelling agents, explant source and growth regulators (Perez-Tornero
and Burgos 2000; Perez-Tornero et al. 2001; Perez-Tornero et al. 2000). Burgos
and Alburquerque (2003) showed that the ethylene inhibitors silver thiosulfate and
aminoethoxyvinylglycine had a positive effect on regeneration frequency. Surpris-
ingly kanamycin had strong positive effects on regeneration frequency in specific
cultivars. Strong effects of various gelling agents were observed. This study estab-
lished ‘Helena’ as a useful in vitro system for efficient regeneration.

Machado et al. (1992) reported successful transformation and regeneration of
embryonic apricot ‘Kecskemeter’ cotyledonary tissues with the PPV coat protein
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and β-glucuronidase enzyme. Over the next two years several studies by Petri and
colleagues would carefully test a series of parameters likely to affect apricot trans-
formation. The first report by Petri et al. (2004) demonstrated transient and sta-
ble transformation of a GFP construct in vegetative tissue. The study utilized the
‘Helena’ cultivar and Agrobacterium-mediated transformation. Careful considera-
tion was paid to culture conditions, Agrobacterium type used, the use of acetosy-
ringone during co-cultivation and overall co-cultivation time. Using this system the
same research group later tested the effect of aminoethoxyvinylglycine, putrecine,
spermidine and/or silver thiosulfate on transformation frequency, in combination of
pulse treatments of 2-4-D (Petri et al. 2005b). Alternative aminoglycoside antibi-
otics were tested as plantlet selection agents. These careful tests revealed the high
phytotoxicity of gentamycin and strong selection efficacy of paromomycin and
kanamycin in the apricot system (Petri et al. 2005a). Although no reports have tested
specific processes in transgenic apricot, the aforementioned optimization studies are
invaluable in establishing a firm foundation for application of such technologies to
relevant production questions.

6 Conclusions

Apricots are highly similar to other well-studied Prunus species on many levels.
From the general fruit characteristics, to disease sensitivity, to the colinearity
between genomes, to overarching production challenges, apricot is much like its
Prunus cousins. However, its unique cultural attributes, novel traits that make it
suitable for specific climates, and specific fruit qualities render apricots unique in
the genus. Although sparse genomics resources are present for apricot relative to
peach, cherry and plum, new technologies will allow rapid application of genomics
tools to apricot breeding and productivity. The transformation capacities may speed
resolution of gene function and ultimately assist in mitigating some of the barriers
that threaten apricot production.
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16. Introduction to Rosa

Hilde Nybom

1 Major Economic Use/Value of Roses and Limitations
to Production

The ornamental value of rose flowers has been recognized and enjoyed since the
dawn of civilization. A huge number of cultivars has been developed either as garden
plants or for the cut rose market, and more recently as indoor pot plants. In addition,
the fruits, i.e. the rose hips, have been identified as a source of ornamental value and
are now being commercialised in several countries. Rose flowers are also used for
rose oil production, and to a lesser extent, for direct consumption or making various
types of food products like tea, jam and candy. Rose hips are similarly used for food
products, and attention is now drawn also to their medicinal properties.

Commercial rose breeding and production used to take place only in the indige-
nous rose areas, i.e. mainly in the temperate regions of the Northern hemisphere.
Most of the large rose breeding companies still have their centres in Europe or
North America, but now they often have independent production facilities around
the world, including the subtropics in both the Northern and Southern hemispheres.

2 Garden Roses (Including Landscape Roses)

Roses have been planted around human habitations for at least two millennia. In
China, rose cultivation can be traced back to the Han dynasty (141–87 BC) when
rose bushes adorned the gardens of the imperial palace (Guoliang, 2003). In West
Asia and Europe, the culture of roses similarly goes far back in history, especially
in the Orient where roses were grown for their beauty and the production of rose
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oil. From there, cultivation spread to Egypt, Greece and the Roman empire. Plants
of R. moschata and R. foetida were probably grown and appreciated for their orna-
mental values, whereas R. damascena was grown both as an ornamental (recurrent
blooming varieties) and for rose oil production (Joyeaux, 2003). At about 1200 AD,
the rose was known in all of Europe, where it was regarded as an ornamental as well
as a medicinal plant.

Presently, garden rose plants are produced commercially in almost all temper-
ate and subtropical countries around the world, usually by grafting on rootstocks.
Production of saleable plants requires 1–3 years. The most popular cultivars are
currently derived from the Hybrid Tea and Floribunda groups, and to a smaller
extent also from some Miniature and Shrub types. Improved ornamental value and
increased fragrance are common breeding goals.

Lately, disease resistance has received increasing interest from both scientists
and breeders. The causal organism of black spot, Diplocarpon rosae Wolf in its
perfect stage and Marssonina rosae (Lib.) Died. in the imperfect, forms circular or
irregularly coalescent spots on the upper leaf surfaces. Resistance is rare but has
been found in wild species (Debener et al., 1998; Vries and Dubois, 2001) and
some OGR cultivars (Carlson-Nilsson, 2002). Both a single, dominantly inherited
resistance gene (Malek and Debener, 1998; Zhang, 2003) and polygenic mechanism
(Xue and Davidson, 1998; Shupert et al., 2007) have been reported. Several other
fungi also cause dark spots on the leaves, e.g. Sphaceloma rosarum (Pass.) Jenkins,
often known as anthracnose.

Podosphaera pannosa (Wallr. ex Fr.) de Bary causes powdery mildew and grows
on the surface of all green tissues, mainly on leaves but also on young stems,
flower buds and rose hips. This is one of the most severe diseases in both field and
glasshouse rose production (Linde and Debener, 2003). As with black spot, resis-
tance to powdery mildew has been reported to be controlled by major genes (Linde
and Debener, 2003; Linde et al., 2004; Lammerts, 1945; Xu et al., 2005) and QTLs
(Schlosser, 1990; Zhang, 2003; Dugo et al., 2005; Linde et al., 2006; Xu et al.,
2007). Another common mildew disease is downy mildew, caused by Perenospora
sparsa Berk.

Nine different species of Phragmidium have been reported to cause rust on
roses (Horst, 1983), a disease that is especially common in temperate regions with
cool temperatures and moist conditions. Orange or brown discolorations of the
tissue appear on the upper leaf surface, eventually leading to wilting and defo-
liation. A certain level of tolerance has been noted for some ornamental rose
cultivars.

Roses are becoming increasingly popular not just in carefully tended gardens but
also as landscape plants, thus adorning road sides and more rustic types of public
parks and habitation areas. Obviously hardiness in all different respects is needed
for these plants, i.e. the ability to grow well under adverse weather conditions and to
withstand attacks from fungi and insects. In addition, these landscape plants should
preferably offer ornamental qualities during a large part of the year, thus leaves,
flowers and hips are all important, as well as a natural plant shape that does not
require pruning to look good.
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3 Cut Roses

The commercially important cut-rose industry started just before the year 1900,
when the first specially constructed glasshouses were taken into use. Nowadays, the
grafted rose plants for cut-flower production are usually grown in carefully climate-
controlled glasshouses, where the plants can be harvested throughout the year after
a growth cycle of 2–3.5 months depending on the quality of light, heating, irrigation,
fertilization and CO2 supplementation. Worldwide cut-rose production is estimated
to cover about 8500 ha, with an annual production of 15–18 billion stems a year
(Blom and Tsujita, 2003).

The most obvious characteristics of a successful cut-rose cultivar relate to its
ornamental values, like color, size and shape of flower, leaves, neck and prickles
(Chaanin, 2003). Red is still the most popular flower color, with more than 30% of
the market. Other classic colors are yellow, pink and white. The so-called sunshine
colors, apricot and orange, have been fashionable for some years, and efforts are
also made to develop cultivars with even more unusual colors like brown, purple
and green. These colors, as well as bicolored and striped patterns, have considerable
novelty value but are not likely to ever capture a large share of the market.

Sufficient strength and length of the stem are important characteristics as is suffi-
cient stability of the flower neck. Very large-sized flowers and long stems have been
especially popular in Europe but cultivars with smaller flowers and shorter stems
are now increasing their market share, while spray roses with five or more small
flowers on each stem are very popular especially in Japan. Large and strong prickles
are, of course, not desirable. Fragrance has received increasing attention lately but
is usually associated with softer petals and thus a shorter vase life, often only 8–10
days. By contrast, cultivars with non-fragrant, double flowers often have vase lives
reaching 18 days or more.

Resistance to plant diseases, and a high productivity even at low light and tem-
peratures, are other desirable characteristics. Adaptation to climatic and cultural
conditions has lately become increasingly important for the cut-rose cultivars since
their production areas have expanded, especially in South America and Africa. To
ensure optimal production results, cultivars are often bred and tested for different
geographic areas and subsequently grown only in those areas where they are best
adapted.

4 Pot Roses

Roses have been grown in pots for hundreds of years, but large-scale commercial
production of especially developed pot roses did not start until the 1970s. Nowadays,
pot roses are usually produced from softwood cuttings in heated glasshouses, around
the year, in cycles that take 14–18 weeks.

The pot roses were originally intended mainly for outdoors use on patios but
are now sold mostly as indoor pot plants. They are overall smaller in stature than
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the regular garden or cut flower roses. Specifically they have smaller flowers and
leaves, and thinner shoots. While dwarf roses generally stay below 50 cm, a plant
height of only 25 cm is most desirable especially when marketed as indoor pot
plants. Sometimes application by length-reducing chemicals is used to ensure that
the plants stay sufficiently small.

Pot rose cultivars usually originate from small genotypes (dwarfs) occurring nat-
urally in one of the groups Miniatures (originating from R. chinensis var. minima),
Koster roses, Dwarf Polyanthas and Compactas (Vries, 2003). Crosses have also
been made with Hybrid Tea and Floribunda cultivars. The ornamental value is of
prime importance, and efforts are now being made to increase flower size without
raising overall plant size. Hardiness, disease resistance against black spot and pow-
dery mildew, and prolonged shelf life are other common breeding goals. Especially
the latter is important since potted roses usually succumb quickly when kept in the
overly heated and poorly lit and aerated living conditions that human beings tend to
favor.

5 Rose Oil Production

The use of flowers and leaves to produce desirable odors, to improve the smell of
ourselves and our environments, has a long history. Among the most valuable and
useful of the natural perfume oils are the essential oils extracted from roses. More
than 400 volatile substances have been identified in rose oil but only about 20%
of the wild species can be characterized as ‘fragrant’ (Schulz, 2003). Amount and
composition of the essential rose oils vary strongly between species and cultivars.
Presently, R. damascena (Bulgarian rose oil) and R. centifolia (Moroccan rose oil)
are the most important species for production of rose oils (attar of roses) and a
semisolid extract (rose concrete). Some local production in e.g. Turkey, Bulgaria
and Russia is based on the less productive but more hardy and resistant R. alba and,
to a smaller extent, on R. moschata, R. rugosa and R. bourboniana.

Rose plants grown for oil production are usually propagated with cuttings. Inter-
estingly, several molecular marker-based studies (Baydar et al., 2004; Rusanov
et al., 2005) suggest that the R. damascena plants used for essential oil production
in Bulgaria and Turkey represent a single genotype. This genotype also dominates
in the major production zone of Iran although much diversity was found throughout
the production areas of Iran (Babaei et al., 2007; Kiani et al., 2007). It appears that
the original oil bearing clones used in Turkey and Bulgaria were obtained from Iran
and that this region is a center of diversity for R. damascena.

6 Ornamental Fruits

In the constant search for novelty, various kinds of decorative fruits now increase
their share of the ornamental plants market. The attractive value and good shelf-life
of rose hips make these very useful for wreath making and cut-branch arrangements.
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A commercial production of rose hip branches has therefore recently emerged in
Turkey and Italy. Ornamental rose hip cultivation is conducted outdoors and requires
diligent control of pests and diseases to ensure the production of spot-free hips.
Breeding and selection is carried out to produce rose hip branches with brightly
colored, uniform and firm fruits in large clusters on long branches (Baktir et al.,
2005). Early coloring of the rose hips enable growers to harvest the branches before
they are fully ripe, thus extending storage ability and shelf-life. The plants should
also be free from physiological disorders and show good resistance against fungi
and insects.

7 Culinary and Medicinal Fruits

Rose hips have long been used in food products like tea, jam, marmalade and dessert
soup, and for the production of some more specialized items like rose seed oil. Most
of the raw material for commercial rose hip based products is harvested from wild
or naturalized dogroses, especially in Chile, which is the world’s largest exporter of
rose-hip pulp.

Rose hips have more recently attracted attention because of their potential health
benefits. The hips from taxa in sect. Caninae have a remarkably high content of
carotenoids, vitamin C and phenolic compounds (Olsson et al., 2005) that can act
as powerful antioxidants and scavengers of free radicals and thus prevent the lipid
peroxidation associated with arteriosclerosis, cancer and chronic inflammation.

To date, the commercially most important medicinal effect of rose hips concern
treatment of osteoarthritis with a standardized rose-hip powder, prepared from the
seeds and husks of R. canina fruits (Warholm et al., 2003; Winther et al., 2005).
Several commercial rose hip plantations have thus been implemented in North-
ern Europe for the production of rose-hip powder marketed as a health-promoting
food additive. Several other health-beneficial effects of rose hips have been reported
(Cinar and Colakoglu, 2005) and may lead to a future increase in commercial rose-
hip production.

In south west China, a traditional drink called Cili is made from hips of the
chestnut rose, R. roxburghii. This is thought to have senescence-retarding and cancer
prevention properties related to its high vitamin C content and superoxide dismutase
activity (Ma et al., 1997). It is seen as a promising fruit crop in China and is being
bred to improve the commercial varieties available (Wen and Deng, 2005).

8 Rootstocks

Both garden roses and indoor-grown roses for cut-rose production are usually
grafted on rootstocks. A rootstock should be easy to propagate and have good com-
patibility with scion cultivars. Since seedlings tend to be comparatively homoge-
neous in the dogrose species, many seed-propagated rootstocks, ‘Edelcaninas’, have
been selected from this section. These rootstocks are still used for propagation of
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garden roses whereas indoor-grown roses have been grafted on clonally propagated
rootstocks which show better vigour control. Some breeding of clonal rootstocks
still takes place, but an increasing number of cut-rose and landscape rose produc-
tion units have recently started to make use of own-rooted cultivars.

9 Taxonomy and Classification

9.1 Taxonomy of Wild Species

The relatively well-defined genus Rosa contains perennial, often shrubby species
with open flowers that have numerous stamens and free carpels, and develop into
urn like fruits containing achenes.

Basic chromosome number is 7, with most taxa being diploid, tetraploid or pen-
taploid. Taxonomy within this genus has been quite controversial. According to
Shepherd (1954), even Linnaeus realized some of these difficulties since he very
succinctly stated that: ‘The species of Rosa are very difficult to determine and
those who have seen few species can distinguish them more easily than those who
have examined many’. For many years, Rehder’s classification system (Rehder,
1940) was widely accepted and it is still used as a basis for modern treatises (e.g.
Wissemann, 2003), with the genus Rosa divided into four subgenera; Hulthemia,
Platyrhodon, Hesperhodos and Rosa. The first three subgenera contain only one or
two species each whereas subgenus Rosa contains approx. about 120 to 200 species.
These species are usually divided into 10 sections; Pimpinellifoliae, Rosa, Caninae,
Carolinae, Cinnamomeae, Synstylae, Indicae, Banksiae, Laevigatae and Bracteatae,
with the four latter sections having only one to three species each. Actually, sect.
Rosa also contains only one wild species, R. gallica, but several hybridogenous
‘species’ representing cultivated entities are commonly classified into this section.

In the last two decades, various DNA-based approaches have been used to
improve the taxonomical treatment of Rosa. Jan et al. (1999) conducted a RAPD-
based phenetic analysis of 119 accessions, representing 36 species (one species each
from the subgenera Platyrhodon and Hesperhodos, and 34 species from 8 sections
of subgenus Rosa). Their results suggested that the two subgenera Platyrhodon and
Hesperhodos should be placed within subgenus Rosa. In a more recent study com-
prising phenetic as well as phylogenetic approaches, Koopman et al., manuscript
submitted) used AFLPs to analyse 93 accessions from 47 species, comprising
three subgenera and six sections. It was suggested that subgenera Hulthemia and
Platyrhodon should be included in subgenus Rosa. The broadest sequencing study
so far published was carried out with analysis of cpDNA IGS and nrDNA ITS in a
total of 119 Rosa species representing all four subgenera, and all 10 sections within
subgenus Rosa (Wissemann and Ritz, 2005). This study, as well as a study on the
cpDNA matK gene (Matsumoto et al., 1998) likewise suggest the lack of a sound
genetic basis for a subgeneric division of the genus Rosa.
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As for the division into sections, Synstylae appears to be monophyletic
(Matsumoto et al., 2000; Wu et al., 2000; Koopman et al., 2008), except for its
only European representative, R. arvensis, which probably does not belong in the
section. The closest affinity of sect. Synstylae appears to be with sections Indi-
cae (Wu et al., 2000; Wissemann and Ritz, 2005) and Rosa (Koopman et al.,
2008).

Species of sect. Carolinae are embedded within sect. Cinnamomeae according to
RAPD (Jan et al., 1999), AFLP (Koopman et al., 2008), SSR (Scariot et al., 2006)
and sequencing data (Wissemann and Ritz, 2005), suggesting that these two sections
should be merged. In addition, Pimpinellifoliae occurred in the same cluster as sec-
tions Carolinae and Cinnamomeae in an SSR study (Scariot et al., 2006). Various
studies indicate that sect. Pimpinellifoliae is polyphyletic, and that R. spinosissima
should be separated from the other species (Matsumoto et al., 1998; Wissemann and
Ritz, 2005; Koopman et al., 2008).

In spite of its size (currently, about 50 species are acknowledged) and hybridoge-
nous origination, the mainly European section Caninae (also known as dogroses)
apparently constitutes a well-circumscribed monophyletic group, according to
RAPD (Debener et al., 1996), AFLP (Koopman et al., 2008), SSR (Scariot et al.,
2006) and ITS sequences (Matsumoto et al., 2000; Wissemann and Ritz, 2005).
Its closest affinities are probably with sections Rosa and Synstylae (Wissemann
and Ritz, 2005). The section Caninae is characterised by a unique, asymmetri-
cal meiosis which results in heterogamy and matroclinal offspring (Nybom et al.,
2006). Although sharing some ITS sequence types with species in other sections,
thereby confirming their hybridogenous origin, the Caninae species also have one
unique ITS sequence type which is further evidence of their monophyly (Ritz et al.,
2005).

So far, few DNA-based studies have been conducted with the aim to unravel intra-
sectional differentiation of taxa except in sect. Caninae. For this section, a number
of subsections are recognized on morphological character combinations, with Cani-
nae, Rubigineae and Vestitae being the largest. DNA marker analysis however tends
to produce fewer and larger groups of taxa than the morphological characters do
(Olsson et al., 2000). Possibly subsect. Rubigineae can still be treated as a mono-
phyletic entity but the other subsections overlap considerably according to AFLP
data (De Cock et al., 2008; Koopman et al., 2008). Moreover, species delimitations
are weak, and genetic distances between sampled genotypes are sometimes more
closely associated with geographic distances than with taxonomic distances (De
Cock et al., 2008).

9.2 Classification and Identification of Cultivars

The wild ancestors of cultivated roses are mainly found in the sect. Synstylae species
R. moschata, R. wichurana and R. multiflora; the sect. Rosa species R. damascena
and R. gallica; the sect. Indicae species R. chinensis and R. gigantea; and the sect.
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Pimpinellifoliae species R. foetida (Wylie, 1954). By selection and hybridization of
these 8 species, a truly amazing variability in shape, color and fragrance has been
achieved.

Rose cultivars are generally divided according to their age into two main cate-
gories, ‘Old Garden Roses’ (OGR) and ‘Modern Roses’ with 1867 as the cut-off
point, i.e. the year that ‘La France’ was introduced on the market. Many of the OGR
cultivars have large and fragrant flowers, but bloom only during a short period each
year. In 1751, the first China roses reached Europe, and thus recurrent-blooming
was introduced to European rose breeding, eventually resulting in the development
of the Modern Roses. More than 10,000 rose cultivars have now been named and
registered.

To classify rose cultivars further, numerous authors have constructed their own
schemes with variable numbers of horticultural groups based on original parentage
and morphological characteristics. In 2000, the World Federation of Rose Societies
agreed on a system with a total of 34 groups of cultivars, 21 belonging to the cate-
gory OGR and the remainder to Modern Roses (Cairns, 2003). Well-known groups
among OGR are e.g. Alba, Bourbon, Centifolia, Damask, Hybrid China, Hybrid
Gallica, Moss, Noisette, Portland and Tea. Especially popular and abundant among
the Modern Roses are Hybrid Tea (of which ‘La France’ was the first cultivar),
Grandiflora, Floribunda and Polyantha.

Recently, AFLP analysis showed that rose cultivars could be grouped into a Euro-
pean ‘Rosa’ cluster related to R. damascena and R. gallica, and an Oriental ‘Syn-
stylae’ cluster related to R. moschata, R. wichurana and R. multiflora (Koopman
et al., 2008). The ‘Rosa’ cluster had a mainly European genetic background and
included cultivars belonging to the Damask, Centifolia, Gallica, Alba, Moss, and
Portland cultivar groups which all have their main ancestry in the old European
garden roses in sect. Rosa, although many of them also include influences of the
Hybrid China roses. The ‘Rosa’ cluster also showed a (more distant) affinity with
sect. Caninae from which the female parent of the Alba roses is thought to originate.
The ‘Synstylae’ cluster contained cultivars mainly belonging to the Moschata, Mul-
tiflora, Noisette, Bourbon, Tea, and Polyantha groups together with R. moschata,
while a cluster with R. wichurana and R. multiflora was sister to this group, sug-
gesting that the ‘Synstylae’ cluster has a mainly Oriental genetic background. The
Hybrid perpetuals, derived from crosses between Hybrid China roses and R. gal-
lica/R. damascena hybrids, appeared to be closer to the R. gallica/R. damascena
background.

An SSR-based investigation of both wild species and cultivars similarly resulted
in a large and mainly European ‘Rosa’ cluster which this time also contained the
Hybrid China roses and one of the Noisette cultivars (Scariot et al., 2006). This
‘Rosa’ cluster again showed affinity to the wild species in sect. Caninae as well as
to the Alba roses. Species and cultivars affiliated with sections Indicae, Carolinae
and Cinnamomeae, and Synstylae were further apart in the dendrogram.

Successful attempts to identify rose cultivars, and to distinguish between culti-
vars originating as sports or from genetic recombination, respectively, have been
made with band profiles obtained with AFLPs (Vosman et al., 2004) and SSRs
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(Esselink et al., 2003). Through quantification of ratios between band peak areas,
exact allelic configuration can be achieved with many of the SSR markers also for
tetraploids (Esselink et al., 2004).

10 Available Genetic Resources

New, improved rose cultivars are generally obtained from crosses between elite cul-
tivars and subsequent selection among very large seedling progenies. However, this
method has now been used so long that it becomes increasingly difficult to find suf-
ficiently improved new genotypes, especially for characteristics like disease resis-
tance and adaptation to adverse production and cultivation conditions. Therefore, it
may become necessary to introduce ‘new blood’ from wild or naturalized species or
from more or less forgotten old cultivars.

The genus Rosa is distributed in the temperate regions of the Northern hemi-
sphere, in Eastern Asia, Europe and Western Asia, and North America. Roses also
occur in warmer areas in New Mexico (USA), Iraq, Ethiopia, Bengal and southern
China. Especially China is an important centre of genetic diversity, with many rose
species growing in C and SW parts. Bushy, large-flowering, double and recurrent-
blooming cultivars were developed in China about 1000 years ago. Many cultivated
and highly disease-resistant old roses are still available in some areas of China and
could be useful for modern breeding programs (Guoliang, 2003). Another important
centre of diversity, especially for sect. Caninae, is found in Turkey (Ercisli, 2005).

Wild species and old cultivars are grown in rosaries around the world, but the
origination and determination of this material is often insufficiently documented.
New inventories may be needed for obtaining material with high variability and
desirable genes. Knowledge about the amount and partitioning of genetic variability
is unfortunately lacking for most rose species except for some taxa in sect. Caninae
as well as a few European non-Canina species that have been analyzed with DNA
markers (Olsson et al., 2000; De Cock et al., 2008).

11 Major Features of Rose Genetics

Wild rose species are most often diploid and have a regular meiosis with 7 bivalents.
Usually these are ring bivalents with one cross-over in each chromosome arm. How-
ever, sections Cinnamomeae and Carolinae contain both 2x and 4x species together
with a few 6x and 8x species in the former, and there are some polyploids also in
other sections like R. chinensis (sect. Indicae) which has been denoted as 2x, 3x and
4x, and R. gallica (sect. Rosa) which is a tetraploid.

Species in sect. Caninae are characterized by the peculiar canina meiosis (Lim
et al., 2005). Regardless of ploidy level (usually 5x, but some 4x and 6x taxa also
occur), only 7 bivalents are formed in the first meiotic division. The remaining
chromosomes occur exclusively as univalents and are not included in viable pollen
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grains, which contain only the 7 divided bivalent chromosomes. All the univalents
are, however, transmitted to one of the daughter cells in the female meiosis, and
are eventually included in the viable egg cells, which therefore contain 21, 28 or 35
chromosomes depending on ploidy levels. SSR-based analyses of different species
and offspring from controlled crosses suggest that bivalent formation involves one
biparentally inherited, highly homozygous diploid genome, whereas the remaining
2, 3 or 4 haploid and often highly differentiated genomes are maternally transmitted
(Nybom et al., 2004, 2006).

12 Cross Breeding

Rose breeding is usually conducted by crossing different cultivars or genotypes and
selecting among the resulting seedlings. Almost all presently grown rose cultivars
are tetraploid and usually interfertile. Number of multivalents in these 4x hybrids
differs among genotypes, but based on the most commonly encountered meiotic
chromosome associations, segregation often appears to be intermediate between
allotetraploid and autotetraploid (Byrne and Crane, 2003).

Crosses among diploids or between different ploidy levels are more problem-
atic than on the tetraploid level, and embryo rescue may be needed. Some triploids
produce a relatively high proportion of viable haploid and/or diploid gametes, with
a potential to act as bridges in a breeding program. In crosses between triploids
with tetraploids, using the triploids as pollen parents results in reasonably high seed
set and mostly 4x offspring whereas the reciprocal crosses are less successful and
produce more triploids (Huylenbroeck et al., 2005).

Since pollen produced by dogroses is haploid, these species behave as diploids
when used as paternal parents. Unfortunately male fertility is considerably lower
(pollen stainability c. 20–30%) than in diploid species (>75%). Using the dogroses
as maternal parents produces more offspring but these become highly polyploid
(6x–8x). For crosses involving dogrose species, the matroclinal inheritance makes
direction of the cross very important even when the species are at the same ploidy
level (Werlemark and Nybom, 2001).

Manipulation of ploidy levels has been attempted by in vitro culture of anthers
and unfertilized egg cells. Successful haploidization has however been achieved
only through in situ parthenogenesis using irradiated pollen and subsequent embryo
rescue. Some of the resulting dihaploid plants have been used as seed parents in
crosses with diploid wild species as male parents. Unfortunately, many dihaploids
produce unreduced gametes, resulting in 3x or 4x offspring (El-Mokadem et al.,
2002).

Another way to combine wild species with cultivars is to raise diploids to the
tetraploid level. The most well-known rose amphidiploid, R. kordesii, arose sponta-
neously from the sterile diploid ‘Max Graf’ (R. rugosa × R. wichurana) and has had
a large influence on rose breeding. Ploidy level can be increased also through the
use of colchicine and oryzalin (Kermani et al., 2003). A second avenue is provided
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by the occasional production of 2x pollen in diploid rose hybrids through a first
division restitution thus capturing much of the heterozygosity present in the diploid
parent (Crespel et al., 2006).

References

Babaei, A., Tabaei-Aghdaei, S.R., Khosh-Khui, M., Omidbaigi, R., Naghavi, M.R., Esselink, G.D.,
and Smulders, M.J.M. (2007). Microsatellite analysis of Damask rose (Rosa damascena Mill.)
accessions from various regions in Iran reveals multiple genotypes. BMC Plant Biology 7, (8
March 2007).
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1 DNA Markers Available and Future Developments

The development of SSRs designed for rose has accelerated in the last several
years and is now a focal point of the map development especially as we move
towards developing a consensus map to combine the mapping data from the various
maps that have been developed. In the past 5 years, there have been reports from
Europe (Esselink et al., 2003; Debener, personal communication; Yan et al., 2005a;
Hibrand-Saint Oyant et al., 2007), the USA (Zhang et al., 2006), and Japan (Kimura
et al., 2006) describing the development of both genomic (256 primer pairs) and
EST (44 primer pairs) based microsatellites. Of these, 168 of the genomic primer
pair sequences are proprietary and are available via a MTA (material transfer agree-
ment) with restrictions on their commercial use in breeding or in variety protection
(Esselink et al., 2003; Yan et al., 2005a; Debener, personal communication, ConCi-
pio) (Table 1).

Mapping work has shown that each of these major groups of microsatellites (Rh,
Rw, and EST-SSRs) map to all 7 of the linkage groups of rose (Yan et al., 2005a;
Zhang et al., 2006; Hibrand-Saint Oyant et al., 2007). The only set of SSRs mapped
to several maps are those developed in the USA (Zhang et al., 2006). These 30 SSRs
have been mapped to the 90–69 map (Zhang et al., 2006), the 97/7 map (Zhang,
2003), and the Hw map (Hibrand-Saint Oyant et al., 2007). Using this data, a pre-
liminary partial consensus map was developed with 5 of the 7 linkage groups (LG)
by Sriyani Rajapakse (Byrne et al., PAG talk, Jan 2007) (Fig. 1). Current work
in the USA, Europe and Israel is working towards rose maps with sufficient over-
lapping microsatellites to enable the development of a consensus map for the rose
genome.

With a primary interest in the use of molecular markers to aid in the development
of highly disease resistant plant varieties (Byrne, 2007) several research groups have
developed, characterized, and mapped RGAs (resistance gene analogues) and PKs
(protein kinase) as an approach to find markers for the loci controlling resistance

D.H. Byrne (B)
Department of Horticultural Sciences, Texas A&M University, College Station, TX USA

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
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Fig. 1 Partial Consolidated rose map combining the tetraploid 90–69 F2 map and the diploid 97–7
and Hw maps. Consolidation done by Dr. Sriyani Rajapakse

to powdery mildew and black spot (Xu et al., 2005; Yan et al., 2005a; Linde et al.,
2006; Hattendorf and Debener, 2007b). Thus far, RGAs have been mapped onto 3
mapping populations. This includes a few selected RGA derived RFLPs near the
CRPM1 locus on the Rosa roxburghii map (Xu et al., 2005) and about 50 RGA
loci mapped on both the 94/1 and 97/7 populations (Yan et al., 2005a; Linde et al.,
2006). In both of the latter populations the RGAs clustered heavily on LGs 1 and
7 with few or none on the LGs 3 and 6. Interestingly there were no RGAs located
close to the major powdery mildew QTL clusters or the Rpp1 loci on LGs 3 and
4 although several co-localized with some minor QTLs on other LGs (Linde et al.,
2006; Hattendorf and Debener, 2007b). The closest RGA locus to the Rdr1 locus
was about 20 cM away (Hattendorf and Debener, 2007a). The 24 PK loci mapped
on the 94/1 population were not associated with disease resistance either (Yan et al.,
2005a).

SNPs or single nucleotide polymorphisms represent the third generation of
molecular markers. SNPs are the most abundant co-dominant marker class. In com-
parison to SSRs, due to their abundance, they can easily be detected by direct
sequencing of genomic regions or ESTs. However as they are mainly bi-allelic, they
are less polymorphic than SSRs. In plants, they can be used for diverse applications
such as marker assisted selection, germplasm fingerprinting, gene mapping, popula-
tion structure analysis (as LD analysis), and genome wide analysis. Furthermore dif-
ferent techniques have been developed in human to genotype with high throughput
SNPs protocol (SNPlex, Illumina®, chip based technologies, Amplifluor®, Taq-
Man®). As rose is a highly heterozygous plant, SNPs can be easily detected, and
represent a large new source of markers. In rose, SNPs have been reported to exist
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every 64–68 bp in the PR2 and PR5 genes in Rosa roxburghii which is comparable
to the frequency seen in rice (170 bp), maize (48 bp) (Xu et al., 2007) and Prunus
mume (55 bp) (Fang et al., 2005). In a study to discover new markers for resistance
to powdery mildew, SNPs were searched for within the PR2 (pathogenesis-related
gene family class 2: B-1,3-glucanase) and PR5 (pathogenesis-related gene family
class 5: osmotin) genes as created in rose via degenerate primers. The 23 SNPs
discovered were converted to SNAPs (single nucleotide amplified polymorphism)
to create a simple efficient marker that is scored as absent or present. The SNAP
primer pairs were tested and 19 gave good products and 17 were polymorphic and
mapped in the R. roxburghii mapping population. Sixteen mapped to the same link-
age group and one (Glu7) was linked to a minor QTL for powdery mildew (Xu et al.,
2007). This approach has promise as an additional procedure for finding markers for
targeted regions of the genome.

2 Use of Markers for Identification and Studies of Rose
Population Structure, Taxonomy, Domestication,
and Diversity Studies

Since the early 1990s, the papers published using various molecular markers in the
study of rose varieties, germplasm, and species has increased dramatically from 0
to 1 per year to 5–6 per year. This increase corresponded to the development of
the PCR based markers which were less expensive per unit of information than
either isozymes or genomic probe technology such as RFLPs, mini satellites or
microsatellites.

Varietal identification has been an important field of inquiry especially as it per-
tains to patent rights of roses and other plants. UPOV (International Union for the
Protection of New Varieties) introduced the concept of essentially derived varieties
(EDV) in 1991 to protect the rights of breeders (UPOV, 1991). In the case of roses,
this would be the right of the original breeder to any commercially useful sports
(somatic mutations) of the varieties that they develop. It has been shown repeatedly
that either RAPDs (Torres et al., 1993; Gallego and Martinez, 1996; Matsumoto
and Fukui, 1996; Debener et al., 1997, 2000; Benedetti et al., 2001; Mohapatra
and Rout, 2005) , AFLPs (Debener et al., 2000; Zhang et al., 2001; Vosman et al.,
2004; Wen and Deng, 2005) or SSRs (Esselink et al., 2004; Rusanov et al., 2005;
Scariot et al., 2006; Babaei et al., 2007) are very useful to distinguish among vari-
eties and their seedlings but not necessarily between their sports . Consequently it
is a straightforward process to determine whether a plant is a sport of a variety.
Of these three markers, RAPDS is the least consistent among different laboratories
(Jones et al., 1997) and consequently is the least desirable choice. The most con-
sistent among laboratories and easiest to genetically interpret are SSRs and ISSRs
which were recently improved (Laurent Crespel, personal communication). Never-
theless, AFLPs have been shown to be sufficiently consistent among laboratories to
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easily distinguish among sports and seedlings of rose varieties (Vosman et al., 2004)
and thus useful for EDV evaluations.

These three markers, beyond being used for varietal identification are versatile
and have been used effectively in assessing the segregation patterns in dog roses
(Werlemark et al., 1999; Nybom et al., 2004, 2006), quantifying the heterozygosity
of roses (Crespel et al., 2001), in bulked segregant analysis in search of a marker
for the Rdr1 gene (Malek et al., 2000), the identification of outcrosses (Debener
et al., 2003), and in a range of diversity and phenetic studies. The early studies
used RAPDs and mostly examined a few varieties and/or species (Debener et al.,
1996; Millan et al., 1996; Walker and Werner, 1997; Olsson et al., 2000). A few
topics such as the relationships among rose species (Matsumoto et al., 1998; Jan
et al., 1999; Wissemann and Ritz, 2005; Koopman et al., manuscript submitted) and
the diversity of Rosa damascena (Iwata et al., 2000; Baydar et al., 2004; Rusanov
et al., 2005; Tabaei-Aghdaei et al., 2006; Babaei et al., 2007; Kiani et al., 2008)
have been studied with a variety of molecular markers all of which support the same
conclusions confirming the usefulness of molecular markers.

3 Current Situation for Linkage Maps

Genetic mapping for rose has been done or is being developed in both diploid and
tetraploid rose populations (Tables 2 and 3). The diploids consist of three groups of
crosses. The German populations (94/1 and 97/7) that are based on an introgression
population combining traits of R. multiflora with those of Garden roses (Debener
and Mattiesch, 1999; Linde and Debener, 2003; Yan et al., 2005b; Linde et al.,
2006). The second group involves various crosses with R. wichurana. This includes
the population developed in France (Hw) (Crespel et al., 2002), in Spain (Dugo
et al., 2005) and in the USA (WOB) (Shupert et al., 2007). It is also interesting
to note that the R. wichurana genotype used in both the Spain and the USA rose
mapping populations is the same genotype, ‘Basye’s Thornless’. The third mapping
population is a population of Rosa roxburghii, developed to study the inheritance of
powdery mildew resistance (Xu et al., 2005).

On the tetraploid level, a map has been developed with the 90-69 F2 popula-
tion which is a complex hybrid that involves parentage of cultivated roses and both
tetraploid (R. carolina and R. virginiana) and diploid (R. rugosa rubra and R. wichu-
rana Basye’s Thornless’) species in its recent breeding history (Rajapakse et al.,
2001; Zhang et al., 2006). In the mapping efforts for the black spot resistance gene,
Rdr1, three tetraploid populations, all crosses with the rose 91/100–5 which is het-
erozygous for the Rdr1 gene, were used in a bulked segregant analysis study to
locate markers that could be mapped onto the diploid map. The third tetraploid pop-
ulation, a cross between the cut flower varieties ‘Golden Gate’ and ‘Fragrant Cloud’
was made to study the complex traits of fragrance and post harvest quality (Zamir,
personal communication).
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Given the highly heterozygous nature of the parents in most of these crosses, the
general approach to their analysis has been using the pseudo test cross approach
first described by Grattapaglia and Sederoff (1994) for use in forest trees. To further
complicate mapping, from 10 to 39% of the markers have exhibited distorted seg-
regation (Table 2). This segregation distortion could be caused by the interspecific
nature of the crosses used, self incompatibility segregating in some of the popu-
lations, gametophytic selection by sub-lethal genes conferring low viability on the
zygote, embryo, or seedling level or maybe competitive differences in the perfor-
mance of genetically variable pollen. Whatever the reason, high levels of segrega-
tion distortion limit the quality of the map by limiting the number of markers that are
used in making the initial frame work map as the markers with distorted segregation
ratios are only added in the last mapping step.

The tetraploid mapping requires larger populations as compared to the diploids
for the same quality map and are more difficult to map because the mapping pro-
grams are designed for the diploid situation. Thus the mapping is generally restricted
to loci that are behaving as diploids.

The lengths of the diploid maps reported vary from 238 to 545 cM on 6 to 8
linkage groups and the tetraploid maps vary from 674 to 920 cM on 14 to 23 link-
age groups (Table 2). Thus the total length of the diploid is about 500 cM with an
average chromosome length between 70 and 80 cM (Yan et al., 2005a). The density
of the maps ranges from low of 5.83 cM/marker (Dugo et al., 2005) to a high of
1.9 cM/marker (Yan et al., 2005a) with the majority being at medium density of
2.5–4.0 cM/marker (Table 2).

The earliest maps used RAPDs and AFLPs (Debener and Mattiesch, 1999;
Rajapakse et al., 2001) and consisted of male and female parent maps as these
markers do not lend themselves for map integration. Later as other markers such as
RFLPs, SSRs, RGAs, PKs, SCARs, CAPs (Table 2) and most recently SNP derived
SNAPs (Xu et al., 2007) were developed they have been and are being incorporated
into the maps. At the present time there are several hundred microsatellites available
for rose (Esselink et al., 2003; Yan et al., 2005a; Kimura et al., 2006; Zhang et al.,
2006) and mapping of these have allowed the integration of the male and female
maps (Yan et al., 2005a; Linde et al., 2006; Zhang et al., 2006; Hibrand-Saint Oyant
et al., 2007). With microsatellite mapping data a preliminary consensus map for 5
of the 7 chromosomes has been constructed for the maps of 97/7, 90-69 F2, and
the Hw (Rajapaske, personal communication; Byrne et al., 2007 – PAG meeting
abstract) (Fig. 1). As the various research groups place other SSRs and codominant
markers on the maps, a rose consensus map will be developed.

The objective of mapping is to better understand the organization of the genome
in question and to find markers for specific traits that might facilitate the breed-
ing process. Consequently, a range of qualitative and quantitative trait loci have
been placed on the maps. These include qualitative traits such as loci that con-
trol pink/white flower color, single/double flower corolla, white petal stripes, black
spot resistance, powdery mildew resistance, recurrent flowering, and stem and peti-
ole prickles. Among the QTLs mapped include those controlling powdery mildew
resistance, plant vigor, stem prickle density and size, leaf size, flower size, days to
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flowering or to 50% bloom, and petal number (Table 4). Unfortunately, although
these QTL studies are interesting, most used a small number of progeny which lim-
its the accuracy of the mapping and thus the usefulness of the markers identified
for the specific traits. In these mapping studies, a number of close linkages between
a trait and a marker such as a RAPD or AFLP have been reported as well as a
SCAR (SCM10) and two CAP (Rd1, RdY) markers for Rdr1 (Malek et al., 2000;
Kaufmann et al., 2003; Zhang, 2003), two SCAR markers for Rpp1 (Linde et al.,
2004) and two RGAs (RGA22C, Glu 7 RGA) for a major and minor QTL for pow-
dery mildew resistance (Xu et al., 2005, 2007).

4 Inheritance of Known Characters

Roses have been cultivated for several thousand years but only since the late part of
the 19th century have breeders been doing controlled crosses in the development of
new varieties as opposed to planting out open pollinated seed and selecting among
the seedlings (Krüssmann, 1981). At present, there are a few public breeding efforts,
hundreds of small private breeders and scores of large breeding operations that name
and release several hundred new varieties of roses every year throughout the world.
In spite of all this breeding effort, the inheritance of the major traits is poorly under-
stood due to the lack of public research into the breeding and genetics of the species.
Nevertheless, in recent years in conjunction with the development of linkage maps
of the rose this knowledge has increased several fold (Table 4).

The earliest reports on the inheritance of traits in the USA focussed on orna-
mental characteristics and were not necessarily well documented but revealed the
breeder’s conclusions from a few documented cases and his breeding experience
(Hurst, 1941; Lammerts, 1945; Morey, 1954). This was followed with additional
work in the1960s on the inheritance of red color (Lammerts, 1960, 1964), 1970s on
the inheritance of the recurrent bloom trait (Semeniuck, 1971a, b), in the 1980s in
Holland, Canada and India, and finally in the last 20 years a flurry of activity con-
nected with the development of genetic linkage maps for a variety of rose mapping
populations in the USA, Asia (China), and Europe (Spain, Germany, Holland, and
France).

5 Flower Traits

The most important trait in roses is the recurrent blooming trait, a probable vernal-
ization mutation which reduces the juvenility period and allows the plant to con-
tinuously bloom without any need for a vernalization period. This trait was intro-
duced from China during the period of exploration and was initially integrated into
European roses by random crosses from gardens where both types grew. This trans-
formed the rose into the most popular ornamental plant in the world. As early as
1941, Hurst indicated that the recurrent trait was recessive to the seasonal bloom
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but it was not established until 1971 by Semeniuck (1971a, b) and then further con-
firmed by several others (Vries and Dubois, 1984; Debener, 1999; Crespel et al.,
2002; Dugo et al., 2005). Recently it has been mapped on the Hw map (Crespel
et al., 2002) (Tables 2 and 3).

The inheritance of the flower form (single vs. double flowers) was first reported
in 1999 (Debener, 1999; Debener and Mattiesch, 1999) as a dominant allele in the
locus conferring the double corolla/flower state and has since been confirmed in
other rose progenies (Crespel et al., 2002; Yan et al., 2005b; Linde et al., 2006;
Shupert et al., 2007). This locus has been mapped on several rose populations with
different names: Blfo, d6, Dc, NP (Debener and Mattiesch, 1999; Crespel et al.,
2002; Zhang, 2003; Linde et al., 2006; Hibrand-Saint Oyant et al., 2007). Prelimi-
nary data using SSR markers showed that Blfo and NP/d6 are on the same homol-
ogous linkage group (Hibrand-Saint Oyant, personal communication). Within the
double corolla/flower category there is a wide range of petals from 5 to several hun-
dred. Genetic analysis in several populations indicates that the number of petals
within the double flower is additive and controlled by several QTLs (Debener et al.,
2001; Zhang, 2003; Hibrand-Saint Oyant et al., 2007).

Flower size (flower diameter, petal length) appears to be additively inherited with
a high (h2 > 0.70) heritability (Lal et al., 1982; Dugo et al., 2005; Shupert et al.,
2007). Mapping of this trait indicated that there were 4 major QTL loci, 2 each on
the first two linkage groups of each of the parents (Dugo et al., 2005).

Flower production has not been well studied. A small study in India indicated
that floriferousness (number of flowers a plant produced) was highly heritable with
a broad sense heritability of 0.96. More recent work focussed on flower production
during the warm summer months and mapped a single gene (Rb = repeat bloom) on
the D2 linkage group of the 97/7 progeny (Zhang, 2003).

Flower color in rose is extremely important and has been studied repeatedly
beginning with early studies which indicated which colors were dominant over the
others and suggestions on the breeding course to obtain specific colors (Lammerts,
1945; Morey, 1954). Subsequent studies by Lammerts (1960; 1964) with tetraploid
roses concluded that there was a gene A/a which controlled the presence of cyanidin
(red) and a gene M/m which controlled the magenta color. With the magenta color
gene, the color was dependent on the gene dose with dark purple being homozy-
gous dominant (MMMM), a solerino purple corresponding to a duplex condition
(MMmm) and a homozygous recessive state (mmmm) giving a non fading currant
red (assuming a red background with dominant A allele present). Since the pink to
red color is controlled by a range of anthocyanins, the inheritance of specific antho-
cyanins (quercetin, kaempferol, cyanidin, peonin and pelargonidin) was examined
in tetraploid roses. Both these studies came to the conclusion that these pigments
were quantitatively inherited (Vries et al., 1980; Marshall et al., 1983). Recent work
with diploid populations has identified a locus (Bfla) on the A2/B2 linkage group
of the 94/1 map which controls pink and white color. In this case, pink is domi-
nant over white although in one population (WOB), the heterozygous plants were a
lighter pink as compared to the homozygous pink plants (Debener, 1999; Debener
and Mattiesch, 1999; Yan et al., 2005b; Shupert et al., 2007). Finally in the 97/7
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population, when the flower color was rated into 4 categories (Crimson, dark pink,
pink, and pale) several QTLs were located on the 4th linkage group of this map
(Zhang, 2003).

Beyond anthocyanins, the color in roses is determined by a range in carotenoids
which give colors in the yellow/orange range. Lammerts (1945; 1960) hypothe-
sized from his breeding experience that deep yellow was recessive to light yel-
low. The only other study describes a general breeding procedure to develop yel-
low everblooming roses utilizing R. foetida as the source of yellow flower color.
Although the authors never hypothesize its mode of inheritance, the breeding pro-
cedure indicates that yellow is dominant as it is expressed in the F1 and segregates
in the back cross progenies (Vries and Dubois, 1978).

The presence or absence of white stripes on the petals, although it did not segre-
gate as expected for a single dominant trait, was nevertheless mapped onto the 97/7
rose map on the 3rd linkage group along with the loci for double flowers and prickles
(Linde et al., 2006).

QTLs for flowering time (50% bloom) were located on two chromosomes by
Dugo et al. (2005) and another QTL (first bloom) was located on another chromo-
some by Hibrand-Saint Oyant et al., 2007). It has been suggested that the location of
the QTLs were different because the flowering times were measured differently, and
thus the two groups measured different aspects of this complex trait (Hibrand-Saint
Oyant et al., 2007).

Flower fragrance is a very complex trait which is controlled by a multitude of
chemical pathways as well as environmentally sensitive (Verhoeven et al., 2003) but
has been bred for successfully over the years as evidenced by the presence of won-
derfully fragrant varieties. The inheritance appears to be quantitative (Lammerts,
1945) but recent work looking at the monoterpene alcohol and aldehyde pathway
that is responsible for the typical European rose fragrance indicates that there is
also a major gene is responsible for turning the pathway on and off (Cherri-Martin
et al., 2007) in addition to an array of genes that modify the quantity of the various
scent components. Current work in the functional genomics of fragrance in rose is
beginning to identify the key enzymes that create and regulate the various fragrance
components and promises to lead to the development of better tools and understand-
ing of this essential trait (Vainstein et al., 2003)

6 Plant Traits

In studies of growth type, the climbing growth types was found to be dominant over
non-climbing growth types (Lammerts, 1945; Morey, 1954), and the dwarf type was
found to be dominant to non dwarf types (Dubois and Vries, 1987). It is not known
if these two traits are controlled at the same locus. In a recent mapping study, when
a spreading bush growth type was crossed with a sprawling ground cover growth
type the resultant F1 plant was of an intermediate growth type. Upon selfing the F1
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plant, the F2 segregated for all three types in a ratio to suggest that these forms were
inherited co dominantly (Rajapakse et al., 2001).

Other growth type related traits such as the length of the flowering stem
(Lammerts, 1945), the branch number, plant height and plant spread (Lal et al.,
1982) all were inherited as polygenic characters with the last three with a high broad
sense heritability (h2 = 0.88–0.95) (Lal et al., 1982).

Plant vigor, an important trait in cut rose breeding, was measured using 10 param-
eters (number of nodes, stem thickness, shoot length, chlorophyll content, leaf area,
specific leaf weight, leaf dry weight, stem dry weight, total dry weight and growth
rate) in a replicated progeny at two sites. The additive h2 for each individual trait
ranged from moderate to moderately high (0.48–0.71). QTL analysis identified 42
QTLs which clustered mainly on three chromosomes (I-2, I-6, I-7 of 94/1 popula-
tion). Very importantly it was shown that although a GxE interaction exists it was
much smaller than the main genetic effect of the trait (Yan et al., 2007).

Leaf size whether measured as leaf width, leaf area, or leaflet number was found
to be quantitative in nature (Lammerts, 1945; Zhang, 2003; Shupert et al., 2007)

There is a major locus controlling the presence or absence of stem prickles with
the presence being the dominant allele (Debener, 1999; Linde et al., 2006; Shupert
et al., 2007). Another independent locus controls the presence or absence of peti-
ole prickles (Rajapakse et al., 2001). Among germplasm with the dominant gene
for stem prickles, the density and size of the prickles is quantitatively inherited
(Lammerts, 1945; Lal et al., 1982; Crespel et al., 2002; Zhang, 2003).

Additional traits that have been analyzed include the male sterility, dwarfness,
the moss trait (dominant with modifiers), MDH-2 (co-dominant), foliage glossiness
(glossy dominant over dull), flower neck strength (quantitative), and the ability of
rose callus to form somatic embryos (additive) (Lammerts, 1945; Lewis and Basye,
1961; Vries and Dubois, 1984; Rajapakse et al., 2001; Burrell et al., 2006).

7 Adaptation Traits

There have been numerous reports on the varietal differences in resistance to
black spot (Wenefrida and Spencer, 1993; Carlson-Nilsson, 2000), powdery mildew
(Mence and Hildebrandt, 1966; Atkiss, 1978; Ferrero et al., 2001), nematodes
(Wang et al., 2004a), and cold hardiness (Lehmushovi, 1987; Karam and Sullivan,
1991). As might have been expected for black spot and powdery mildew both major
gene and quantitative inheritance has been reported.

Two major genes (Rdr1, Rbs) have been mapped for black spot resistance within
10 cM on the same linkage group (Malek and Debener, 1998; Debener et al.,
2003; Zhang, 2003; Yan et al., 2005b). The Rdr1 locus was found tightly linked
to an AFLP marker (M10) which was converted into a SCAR (SCM10), several
RFLPs (BMA1-4) (Malek et al., 2000) and several BAC end markers (Kaufmann
et al., 2003). Subsequently one of the RFLP fragments (BMA3) was converted into
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CAP marker (RdrY) (Zhang, 2003). These markers may be useful in MAS (marker
assisted selection).

Powdery mildew resistance was first reported as a dominant gene in 1945
by Lammerts and more recently the dominant resistance genes Rpp1 (Linde and
Debener, 2003; Linde et al., 2004) and Rpm (Zhang, 2003) as well as a major resis-
tance QTL, CRPM1 (Xu et al., 2005) have been mapped. A SCAR marker has been
developed for the Rpp1 loci and a RGA (Resistance Gene Analogue) derived RFLP
marker (RGA22C) has been located close to the CRPM1 locus (Xu et al., 2005)
which should facilitate MAS (Linde et al., 2004). Other QTLs for powdery mildew
have also been located on maps of 3 rose mapping populations (Zhang, 2003; Dugo
et al., 2005; Xu et al., 2005, 2007; Linde et al., 2006). Unfortunately, at this point
it is not known how these powdery mildew resistance major genes or QTLs are
related.

Resistance to both nematodes (Meloidogyne hapla) and winter cold have been
reported to be polygenic (Svejda, 1977b, a, 1979; Wang et al., 2004b).

8 Physical Maps, BAC Libraries and Current Situation
for Positional Cloning

The construction of BAC libraries is the first step towards the construction of a
physical map and the positional cloning of genes of interest in rose. Thus far two
BAC libraries have been constructed and one is under construction (Kaufmann
et al., 2003; Hess et al., 2007). Thus far there is a BAC library constructed from
a colchicine-induced tetraploid of Rosa rugosa var alba cv C5-23 which has been
used for chromosome walking and contig assembly for the Rdr1 black spot resis-
tance gene (Kaufmann et al., 2003). The other BAC library was constructed from the
Rosa chinensis cv ‘Old Blush’ with the objective of using it for positional cloning
of the recurrent blooming gene (Hess et al., 2007). The two libraries are comple-
mentary as they are constructed from genetically diverse genotypes and used dif-
ferent restriction enzymes (HindII versus BamHI) for the partial digestion step. A
third library from the multiflora derived black spot resistant 88/124–46 rose com-
prises 60,000 clones with an average insert size of 46 kb. This is being done with
pCLC04541 cosmid that allows the transmission of small inserts via Agrobacterium.
The objective of this library is to achieve complementation of the black spot resis-
tance gene Rdr1(Kaufmann et al., 2003; Debener, personal communication).

In the construction of both BAC libraries, the basic procedure describes by Zhang
(2003) was modified to minimize the interference of the high levels of polysaccha-
rides and phenols in rose tissue which tend to lower the resultant DNA quality.
Although both the German (Kaufmann et al., 2003) and the American (Hess et al.,
2007) laboratories grew the plants in the greenhouse and put the leaves through a
dark treatment for 3–8 days before extraction, they differed in the subsequent steps.
With the R. rugosa library, high levels of PVP 40 (4%), 0.13% DIECA, 0.1% ascor-
bic acid, and 0.5% 2-mercaptoethanol was used in the extraction buffer to counter-
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act the high phenolic concentration of the initial extraction (Kaufmann et al., 2003).
The approach with the ‘Old Blush’ library was to heavily fertilize and prune the
rose bushes to induce rapid growth in the dark followed by an increased number of
wash/filter steps (from 1–2 to 6) of the nuclei before they were embedded into the
LMP agarose plugs (Hess et al., 2007).

Although a contig of the Rdr1 locus was constructed and the several markers
(AFLP, CAP and BAC end markers) were mapped within a cM of the Rdr1 locus,
the high heterozygosity of the rose genome created the situation of having allelic
forms of the same locus. As compared to creating a BAC library of the homozygous
plant, this situation in a heterozygous plant essentially doubles the work involved
in the development of a contig and positional cloning of a gene (Kaufmann et al.,
2003).

9 Synteny to Other Rosaceous Crops

The comparative genome studies will allow the transfer of genetic and genomic
information between species (e.g. orthologous gene controlling disease resistance
or flowering) and may help to elucidate the genome relationships and evolution
within the Rosoideae tribe (Rosa, Fragaria and Rubus, mainly) and more distant
genera within the Rosaceae family (such Malus, Pyrus or Prunus).

The alignment of the genetic maps reveals a high synteny between species of a
same genus, for instance, it was proposed that the Prunus genome can be treated
as a single genetic entity (Arus et al., 2006), with a single exception of a recip-
rocal translocation. In rose, the first step was to develop consensus markers with
other Rosaceae species. The first attempt was done using heterologous microsatel-
lite primer pairs from Malus, Prunus, and Fragaria. Of the 31 apple, 22 peach
and 8 sour cherry SSRs screened on rose DNA only a two apple, 6 peach, and
none of the sour cherry SSRs were mapped to a rose map (Rajapakse et al., 2001;
Dugo et al., 2005; Zhang et al., 2006; Hibrand-Saint Oyant et al., 2007). Recently,
the screening of strawberry primers on rose DNA revealed a much higher rate of
good amplification and polymorphism and seven new consensus polymorphic SSR
markers were developed (Hibrand-Saint Oyant et al., 2007). Anonymous SSRs are
not convenient markers for genome comparison in Rosaceae. Their transferability
is too low (problem of amplification and present of the SSR) between the tribes.
However, within the tribe, in the case of SSR, in the coding sequence (as EST-
SSR) the transferability is higher, and those markers can be used in synteny studies
(Rousseau et al., 2006). SSRs from Fragaria were transferred to Rosa (and vice
versa) not by looking for SSR polymorphism in the homologue sequences but by
detecting SNPs using the SSCP technique. By such a method, the transferability
was increased to 10%. Furthermore, strawberry homologues of candidate genes for
floral initiation in rose were isolated in strawberry (Rousseau et al., 2006). Twenty
four candidate genes were tested and 25% can be amplified and were polymorphic in
strawberry.
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From these new consensus markers, Rousseau et al. (2006) started a macrosyn-
teny study between Rosa and Fragaria. The 24 markers provided anchor points
to link the 7 homologous linkage groups. Preliminary results indicate numerous
rearrangements between Rosa and Fragaria (Hibrand Saint Oyant L. and Denoyes,
unpublished). New consensus markers need to be developed, and those markers have
also to be tested in other species from the Rosoideae tribe (Rubus) and Rosaceae
family. Possible good consensus markers are marker based on coding sequences
that are single or low copy. This is the case for COS (Conserved Orthologue Set)
previously developed in tomato (Fulton et al., 2002) or the Gene Pair Haplotype
developed in strawberry (Davis et al., 2008).

Interestingly, macrosynteny between the strawberry and rose diploids reveal that
the locus controlling recurrent blooming and perpetual flowering in rose and straw-
berry respectively are homologous (Hibrand Saint Oyant L. and Denoyes B., unpub-
lished). This raised the question whether the RB locus has the same function as
genes for seasonal/recurrent flowering in strawberry (Albani et al., 2004) and pri-
mocane bearing in blackberry and raspberry (Lopez-Medina and Moore, 1999; Lim
and Knight, 2000).

To date, QTL mapping has been the method of choice for localizing the genetic
basis of ornamental traits in rose. However QTL mapping presents limitations as
the need for large progenies (especially in perennial species as rose), the time and
space necessary for their phenotyping, and the fact that traits depend on the envi-
ronment. Now genetics are moving towards LD (Linkage Disequilibrium) mapping
to identify genomic regions contributing to specific phenotypes. LD mapping iden-
tifies correlations between a trait and a marker (reviewed by Mackay and Powell,
2007). According to LD decay, LD mapping may help to validate candidate genes
or detect new QTLs in genome wide associations. The major advantage of LD map-
ping is that you do not need crosses as it relies on population samples. Development
of LD mapping will need an international effort for the development of adequate
populations (determination of the number of individual, population structure) and
high density marker map to identify genome wide associations. The development of
high density, based on SSR or SNP map will be feasible with the complete genome
sequencing of rose.
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18. Functional Genomics in Rose

Fabrice Foucher

1 Introduction

Rose is in the infancy of genomics as the genome sequence is not available and only
few tools have been developed. Here, we will present all the tools (cDNA libraries,
EST, databases, microarrays) that have been developed and their uses in molecular
approaches to study different ornamental traits as scent, color, flower development
and senescence.

2 The Tools Available for the Genomic Approaches

2.1 cDNA Libraries

Several cDNA libraries have been constructed from petals at different stages, and
recently from vegetative and floral apices (Table 1).

2.2 EST Production

From these cDNA libraries, ESTs have been sequenced. Today, in the public
databases (NCBI sources, www.ncbi.nlm.nih.gov), 9,289 rose ESTs are present.
This number represents a small numbers as compared to other Rosaceae species
such as apple (260,000) or Prunus (90,000). However in the rosoid section, this
EST production is significant compared to the 20,000 ESTs available in strawberry
or 300 EST in Rubus.

Channeliere et al. (2002) presented the first overview of genes expressed in rose
petals. Petals represent important organs as they influence flower form, determine

F. Foucher (B)
Inra Angers, UMR Génétique et Horticulture (GenHort), Angers, France

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 18,
C© Springer Science+Business Media, LLC 2009

381



382 F. Foucher

Table 1 List of the cDNA libraries developed in rose

Rose varieties Tissues and stages
Number of
ESTs References

R. hybrida ‘Kardinal’ Petal Stage 4 of senescing
rose

– Fukuchi-Mizutani et al.
(1995) and
Fukuchi-Mizutani
et al. (2000)

R. hybrida ‘Kardinal’ Petal Stage 8 of senescing
rose

– Wang et al. (2004a)

R. hybrida ‘Ilseta’ Young flowers – Chmelnitsky et al.
(2003)

R. chinensis ‘Old Blush’
(OB)

Petals at different stages 1794 Channeliere et al. (2002)

R. hybrida ‘Fragrant
Cloud’ (FC)

Petal at stage 4 2466 Guterman et al. (2002)

R. hybrida ‘Golden Gate’
(GG)

Petal at stage 4 1045 Guterman et al. (2002)

R. wichurana Vegetative apices 1932 Foucher et al.
(manuscript
submitted)

R. hybrida ‘Black
Baccara’ (BB)

Terminal apices during
the floral transition

2041 Foucher et al.
(manuscript
submitted)

vase life and are the principal site of scent production. From a Rosa chinensis ‘Old
Blush’ petal cDNA library, 1,794 5’ESTs were produced and clustered in 877 unique
sequences. After gene annotation, a large proportion of the sequences had no known
function. For the ESTs with an assigned function, the main categories are defense
or stress function. Furthermore, a significant proportion of EST showed similarities
with genes involved in primary and secondary metabolism, putatively involved in
scent production (Channeliere et al., 2002).

In another study, Guterman et al (2002) used two different rose varieties: R.
hybrida ‘Fragrant Cloud’ (FC) and ‘Golden Gate’ (GG). FC is an old garden variety
with large red fragrant flowers that have a short vase life, whereas GG is a modern
cut-flower rose with small yellow flowers and only faint scent, but it has a long vase
life. From both cDNA libraries, ∼3,500 ESTs were produced (Table 1). This set of
ESTs represents after clustering 2,139 unique sequences (contigs). The distribution
of unique genes among functional classes (based on the Munich Information Center
Sequence) is identical between the two rose cultivars (Guterman et al., 2002). A
large number (around 15%) are putatively unique sequences related to metabolism,
and might be involved in scent production. Interestingly, a contig, with a strong
similarity with a sesquiterpene synthase, contains ESTs only from FC. This gene
may be involved in the synthesis of terpene, one important component of rose scent
(Flament et al., 1993).
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Recently, a new set of ESTs was produced from vegetative and floral buds
(Foucher et al., manuscript submitted). The vegetative apices were obtained from
Rosa wichurana, a non recurrent rose, whereas the floral buds came from R. hybrida
‘Black Baccara’ (BB), a recurrent modern variety. After clustering, theses new
ESTs represent 2,336 unique sequences, which were assigned to different functional
classes according to the GO SLIM classification (Clark et al., 2005). No major dif-
ferences were found in the distribution of the ESTs from the two different cDNA
libraries. These ESTs may help to understand the molecular basis of the floral initi-
ation as R. wichurana is once blooming and BB is recurrent.

In conclusion, today, around 10,000 ESTs are available in rose. For a better and
larger representation of the transcriptome, new ESTs need to be produced by further
work with the existing cDNA libraries and the creation of additional cDNA libraries.
In the three previous studies, the redundancy of the EST collection was around 60%
(Channeliere et al., 2002; Guterman et al., 2002; Foucher et al., manuscript submit-
ted). This low redundancy indicates that these libraries are a good source for data
mining and new sequencing may allow the discovery of new genes. Furthermore,
cDNA libraries must be constructed from other tissues to study other processes such
as the damage caused by leaf pathogens. Production of ESTs from leaves infected
and not infected by aerial pathogens may help the discovery of new genes involved
in pathogen resistance.

2.3 EST Databases Developed on Rose

Currently, rose ESTs are compiled databases hosted by the GDR (Genome Database
for the Rosaceae, www.bioinfo.wsu.edu/gdr/projects/rosa/unigeneV3/index.shtml)
and by the URGI (Genomic-Info Research Unit, urgi.versailles.inra.fr/GnpSeq/).
The GDR rose database includes 5,305 ESTs, representing 2,963 putative unigenes,
whereas the URGI database lists 9,817 ESTs representing 4,765 unigenes. The ESTs
in the GDR overlap with those in the URGI. This last database is the more complete
sequence database on rose. Both databases offer the possibility to screen Rose ESTs
or contigs by BLAST or by keywords according to the annotation.

These rose ESTs are important tools for rose genetics and genomics. They
are a good source of candidate genes for ornamental traits (see next chap-
ter) and can be used for the development of molecular markers. Bioinformatic
analyses of Rosaceae ESTs indicated that 4% of Rosaceae ESTs (Jung et al.,
2005) and that 21.4% of the rose EST unigenes (http://www.bioinfo.wsu.edu/
gdr/projects/rosa/unigeneV3/rosa ssr.shtml) contain putative microsatellites. Thus
far, forty-four polymorphic SSRs developed from ESTs from vegetative and flo-
ral apices cDNA libraries for microsatellites have been characterized and incor-
porated into a rose genetic map (Hibrand-Saint Oyant et al., 2007). Further-
more as ESTs come from different rose varieties, presence of SNPs (Single
Nucleotide Polymorphisms) can be evaluated. The survey of SNP in the rose
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GDR database revealed the presence of 320 putative SNPs on 705 contigs
(www.bioinfo.wsu.edu/gdr/projects/rosa/unigeneV3/rosa snp.shtml).

ESTs can also be used in comparative genomics. Within the Rosoideae tribe (Fra-
garia, Rosa and Rubus) mapping of highly conserved EST may help to develop
synteny approach to study specific genes, as it was previously done between Ara-
bidopsis and Brassica (Lan et al., 2000; Suwabe et al., 2006). ESTs can also be
used to identify genes under selection in different lineages as was developed with
success using ESTs from lettuce and sunflower (Church et al., 2007). And finally,
EST production is the first step for transcriptomic approaches.

2.4 Transcriptomic Tools (Micro-Arrays)

Only one transcriptomic approach has been developed in rose. Guterman et al.
(2002) have selected the unigenes from the variety ‘Fragrant Cloud’, which pro-
duces a strong perfume. From their EST library they selected a limited number
of 350 unigenes with the following putative functions of primary and secondary
metabolism, development, transcription, cell growth, cell biogenesis and organiza-
tion, cell rescue, signal transduction, and unknown functions to further study the
scent production in rose (see next chapter). Today, more unigenes are available from
different tissues (around 5,000 from petals, vegetative and floral apices) which will
allow the construction of a new array with a better representation of the rose tran-
scriptome. Such microarrays can be used to study traits linked to vegetative and
floral development.

2.5 Isolation and Expression Studied of Genes Involved
in Important Ornamental Traits

Two approaches are used to isolate new genes involved in important ornamental
traits: the micro-array and the candidate gene approach.

2.6 Scent Production and Emission in Rose

Rose floral scent is a complex mixture of chemicals that include three major classes
of compounds: phenolic derivatives, terpenoids, and fatty acid derivatives (Flament
et al., 1993). Until recently, little was known about the enzymes and genes responsi-
ble for the biosynthesis of these substances. Genomic approaches were used to ana-
lyze the transcriptome of rose petals and lead to characterization of several genes
putatively involved in scent production (Channeliere et al., 2002; Guterman et al.,
2002).

Using a micro-array, Guterman et al. (2002) have compared the gene expres-
sion during petal development (stage 1 and 4) and between a perfume and non-
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perfume rose varieties (‘Fragrant Cloud’, FC, and ‘Golden Gate’, GG, respectively).
Forty unique genes were upregulated during FC petal maturation and showed higher
expression in FC flowers than in GG. As FC emits more perfume than GG and per-
fume is mostly produced at stage 4, these genes might be involved in scent pro-
duction and emission. Indeed, 38% of these genes are classified as a secondary
metabolism function (i.e. glutamate decarboxylase and sesquiterpene synthase)
(Guterman et al., 2002). This high level of gene expression is correlated with a
high level of sesquiterpene (Germacren D) production and emission by FC. The
differential expression was confirmed by Northern blot analysis (Guterman et al.,
2002). Furthermore, 88 genes are upregulated during FC petal development (com-
parison between stage 1 and 4). Among those genes, a few are related to secondary
metabolism and might code for enzymes involved in scent production such as 2
OMT (O-methyltransferase), a monoterpene synthase, decarboxylase, hydrolases,
aminotranferases and aldehyde dehydrogenase (Guterman et al., 2002). This first
transcriptomic experiment successfully isolated candidate genes involved in scent
production or emission.

2.7 Production of Phenolic Methyl Ester (DMT and TMB)

The phenolic methyl esters, DMT (3,5-dimethoxy toluene) and TMB (1,3,5-
trimethoxy benzene) are two major scent compounds in rose. Their synthesis
required the methylation of precursors (orcinol and phloroglucinol, respectively).
Two OOMTs (Orcinol O-methyl transferase, RhOOMT1 and 2) were isolated by
differential expression (Guterman et al., 2002) or EST analysis (Channeliere et al.,
2002; Scalliet et al., 2002). The two genes are upregulated during petal develop-
ment (comparison of petals at stage 1 and 4 in FC). Using GFP fused to OOMT,
Scalliet et al., 2006 showed that OOMT is localized specifically in the petal, and
predominantly in the adaxial epidermal cells.

Using degenerated primers, three other OOMTs genes were isolated in Rosa
chinensis var spontanea (RcOMT1, 2 and 3). The allelic relationship between
RcOOMT and RhOOMT genes is unknown as no genetic data are avail-
able. RcOMT1 efficiently methylated eugenol and isoeugenol to yield volatile
methyleugenol and isomethyleugenol respectively (Wu et al., 2003). Lavid et al.
(2002) also showed that the two RhOOMTs accept other phenolic compounds such
as eugenol. RcOMT1 is expressed in floral organ, and more particularly in stamens,
which are known to be a site a scent production; and expression is enhanced dur-
ing floral development (Wu et al., 2003). In contrast, the two other RcOOMTs are
expressed in all the tissues tested, and their link with scent production is not evident.
Only RcOOMT3 is upregulated during petal development (Wu et al., 2003).

Using crude extract or recombinant protein produced by E. coli, it was shown that
the two RhOOMTs can catalyze the two steps from orcinol to DMT in Rosa hybrida
(Lavid et al., 2002) and the two last steps of the TMB biosynthesis in Rosa chinensis
‘Old Blush’ (Scalliet et al., 2002). However, the OOMTs were unable to methylate
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the phlorogucinol, first step in TMB synthesis (Lavid et al., 2002; Scalliet et al.,
2002). Interestingly, DMT is emitted by GG and not by FC. In both varieties, the
two genes are regulated during petal development (Lavid et al., 2002). Therefore,
the difference between GG and FC is not explained by a regulation at the transcrip-
tional level, and indicating the possible involvement of posttranslational processes
in modulating OOMT enzymatic activity.

DMT is thought to come from Chinese roses. Indeed ancient European roses (as
R. damascena or R. gallica) do not produce DMT. Interestingly, these two OOMT
genes are present in both European and Chinese roses (Scalliet et al., 2006), how-
ever, the genes are only transcribed in the Chinese roses. No transcript, no protein
and no OOMT activity were detected in R. damascena and R. gallica (Scalliet et al.,
2006). Therefore the difference in DMT production between European and Chinese
rose can be explained by a difference in transcription of OOMT genes.

In addition to OOMTs, TMB biosynthesis requires a phloroglucinol O-
methyltransferase, POMT. POMT enzyme was isolated from rose petals by cloning
the full length cDNA after partial sequencing of the protein (Wu et al., 2004). The
POMT gene is specifically expressed in the floral organs, particularly in petals (Wu
et al., 2004).

2.8 Production of Volatile Acetate Esters

Volatile acetate esters, such as geranyl acetate and 2-phenylethyl acetate, are impor-
tant contributors to floral scent in rose. They are major constituents of FC aroma
(Shalit et al., 2003). Acetate esters in plants are thought to be synthesized by the
action of alcohol acetyltransferase (AAT). By transcriptomic approach, one AAT
gene (RhAAT1) was shown to be induced during petal development in FC and GG
(Guterman et al., 2002). The RhAAT1 contains the highly conserved domain of AAT
and its expression is regulated during the petal development (Shalit et al., 2003). The
functional analysis demonstrated the importance of RhAAT1 in volatile ester acetate
production in rose (see next part on translational genomics, this chapter, T. Debener)

2.9 Involvement of ABC Model gene in the Flower Development
of Rose

For ornamental plants, the comprehension of the molecular basis of floral devel-
opment is important as its economical value is dependent on the flower. In snap-
dragon and Arabidopsis, floral development is controlled by floral organ identity
genes that specify the fate of floral organ primordia, the so-called A, B and C classes
of homeotic genes (Weigel and Meyerowitz, 1994). Most of the ABC genes belong
to the MADS box family. A gene candidate approach was developed in rose to iso-
late the homologues of the ABC genes.
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Two homologues of AGAMOUS, C type genes, were isolated (MASAKO C1 and
D1) in R. rugosa (Kitahara and Matsumoto, 2000). These two genes are expressed in
the stamen and carpel, as is found for the AGAMOUS gene in Arabidopsis. Interest-
ingly, the authors suggested the presence of alternative splicing for the AG homo-
logue in rose. RAG, the homologue of MASAKO C1 in Rosa hybrida cv. Motrea,
might be involved in phyllody, the replacement of floral organs with leaf-like organs
in flowers (Meyer, 1966). RAG expression in plants presenting phyllody such as R.
chinensis viridiflora or R. hybrida cv. Motrea (Chmelnitsky et al., 2003) is delayed
during the floral development, which may be responsible of the phyllody phenotype.

Similarly, using degenerated primers, the B-type floral identity homologues,
MASAKO BP and B3 of PISTILLATA and APETALA3 respectively, were isolated
in rose (Kitahara et al., 2001). Both genes are expressed in petals and stamens as
expected for B-type genes, which are required, in interaction with A and C types,
for the development of these floral organs (Weigel and Meyerowitz, 1994). Another
rose B-type gene, MASAKO euB3, homologue to APETALA3, is expressed in all
floral organs (Hibino et al., 2006), an expression pattern which is not expected for
a B-type gene. According to phylogenetic analysis, MASAKO euB3 belongs to the
euAP3 lineage, whereas MASAKO B3 belongs to the TM6 lineage (Kitahara et al.,
2001; Hibino et al., 2006). Functional analysis has been conducted to precisely elu-
cidate the involvement of these genes in rose floral development (see in translational
genomics part, this chapter, T. Debener).

3 Ethylene Signaling and Metabolism and Its Involvement
in Rose Opening and Senescence

The plant hormone ethylene is involved in the regulation of a number of physio-
logical and developmental processes (Johnson and Ecker, 1998), and particularly
in flower development, flower opening and senescence. Its role as a regulator of
flower development is of particular economic importance in rose flower production.
To study the involvement of ethylene in flower development, candidate genes were
found by cloning in rose the homologues of genes known in Arabidopsis to play a
role in ethylene synthesis and signaling.

4 Cloning of Genes Involved in Ethylene Signaling and Synthesis

Ethylene biosynthesis is well characterized and genes coding for the enzymes
involved are well known in different plants. Ethylene is synthesized from methio-
nine through the cyclic amino acid 1-aminocyclopropane-1-carbosylic acid (ACC)
intermediates (Wang et al., 2002). The ACC synthase converts SAM (S-adenosyl
methionine) to ACC, whereas the ACC oxidase converts ACC into ethylene. One
ACC oxidases (RhACO1) and three ACC synthase (RhACS1 to 3) homologues were
isolated in modern roses (Muller et al., 2000b; Wang et al., 2004a; Ma et al., 2006).
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Ethylene synthesis, perception and signaling has been extensively studied in Ara-
bidopsis (Bishopp et al., 2006). At low concentration of ethylene, ethylene recep-
tors are active and can stimulate the negative regulator CTR1 (Constitutive Triple
Response 1), which in turn shuts down ethylene signaling by allowing EIN3 (Ethy-
lene Insensitive 3) degradation. Ethylene binding inactivates the receptors and there-
fore they fail to activate CTR1. As a result EIN3 is not degraded, which leads to
EIN3 accumulation and activation of ethylene responsive genes. Using degenerated
primers, four partial cDNAs with high similarity with ethylene receptors RhETR1
to 4 (Muller et al., 2000a), two partial CTR1 homologues, RhCTR1 and 2 (Muller
et al., 2002) and one EIN3 homologue, RhEIN3 (Muller and Stummann, 2003) were
isolated in miniature roses. In addition a fifth ETR5 homologue (RhETR5) and a
second EIN3 homologue (RhEIN3-2) were isolated in R. hybrida cv Kardinal (Tan
et al., 2006). By expression analysis, the involvement of theses genes was studied
during flower opening and senescence.

5 Ethylene and Flower Opening

Roses respond differently to ethylene during flower development. For instance, in
R. hybrida cv. ‘Samantha’, flower development is stimulated by ethylene, whereas
in R. hybrida cv. ‘Kardinal’, the flower development is inhibited by ethylene (Ma
et al., 2005). In ‘Samantha’, ethylene induced ethylene synthesis via upregula-
tion of RhACS3 and RhACO1 (Ma et al., 2006). RhETR1, RhETR3, RhCTR1 and
RhCTR2 are also induced by ethylene during floral opening and inhibited by ethy-
lene inhibitors in ‘Samantha’. Ethylene biosynthesis genes (RhACS1, 2, 3 and
RhACO1) are expressed similarly during flower development in ‘Samantha’ and
‘Kardinal’. Differences between ‘Kardinal’ and ‘Samantha’ might be in ethylene
response, as ‘Kardinal’ seems to be more responsive to ethylene (Ma et al., 2005)
and produces only low levels of RhETR transcripts (Tan et al., 2006). However RhC-
TRs are expressed more in ‘Kardinal’ than in ‘Samantha’, and RhEIN3 is consti-
tutively expressed (Tan et al., 2006). These results are contradictory, and further
experiments are needed to understand the differences in ethylene signaling between
‘Samantha’ and ‘Kardinal’.

6 Ethylene and Flower Senescence

Flower senescence was studied by comparing two opposite rose varieties with
respect to senescence behavior: R. hybrida cv. ‘Vanilla’ has a long vase life and
is insensitive to ethylene, whereas R. hybrida cv. ‘Bronze’ is a short vase life and
is sensitive to ethylene. The RhACS transcript increased during flower senescence
in ‘Vanilla’, but remained at low level in ‘Bronze’ (Muller et al., 2000b), whereas
RhACO transcript level increased more in ‘Bronze’ as compared to ‘Vanilla’. In
R. hybrida cv. ‘Kardinal’, the expression of the RhACS1 increased dramatically
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as did the ethylene levels as the flower matured towards senescence (Wang et al.,
2004a). Up regulation of this ethylene synthesis genes may be responsible for ethy-
lene synthesis late in flower development and acceleration of petal senescence.

Interestingly, levels of ethylene receptors RhETR1/2 transcripts in ‘Bronze’
(short vase life) increase more than in ‘Vanilla’ (long vase life) and RhETR3 is
induced during senescence in only ‘Bronze’ (Muller et al., 2000a). Therefore flower
longevity may be regulated by the abundance of the ethylene receptors. However,
this hypothesis is not in agreement with the negative regulation model of ethylene
signaling (Bishopp et al., 2006). Furthermore, RhCTR1-1 is slightly induced during
senescence, whereas RhCTR1-2 is constitutively expressed (Muller et al., 2002).
Surprisingly, RhEIN3 is constitutively expressed during flower development, and
not up regulated during senescence by ethylene, as it would be expected (Muller
et al., 2003). This might suggest that EIN3 regulation in rose is not transcriptional.
In conclusion, the role of ethylene in rose senescence needs more investigation to
understand the perception and signaling of ethylene during this process. Functional
approaches may help to better understand the role of these different genes.

Various additional genes have been isolated and proposed to be involved in rose
senescence. A δ9 acyl lipid desaturase was cloned by a differential expression exper-
iment designed to identify senescence-inducible genes (Fukuchi-Mizutani et al.,
1995). The gene is expressed late during flower senescence and may play a role in
the degradation of saturated fatty acids of membrane lipids during petal senescence.
Another fatty acid modifying enzyme lipoxygenase, Rlox1, appears to play a role in
rose senescence. It is expressed in petal tissue, induced by ethylene and strongly up
regulated during senescence (Fukuchi-Mizutani et al., 2000). The authors suggest
that the lipoxygenase may degrade phospholipids that will destabilize the mem-
branes. Finally, an expansin gene, RbEXPA1, is expressed in the petal abscission
zone during senescence and rapidly induced by ethylene (Sane et al., 2007). This
expansin gene might be involved in cell wall modification during petal senescence.

7 Anthocyanin Biosynthesis in Flower Color

Anthocyanin is the principal pigment in flower conferring intense red-to-blue cyanic
colors on petals. A rose homologue of dihydroflavonol 4-reductase (DHR), an
enzyme involved in pink color production in Petunia, is developmentally regu-
lated and parallels anthocyanin production in rose petals (Tanaka et al., 1995).
Sepals, prickles and styles also contain anthocyanins and express DHR. Antho-
cyanin biosynthesis requires glycosylations of precursors that stabilize the molecule
and are normally performed in two steps by different enzymes in plants. In rose, a
new enzyme, RhGT1 that catalyzes glycosylation at two positions successively on
the precursor molecule, was characterized (Ogata et al., 2005). RhGT1 is tempo-
rally and spatially regulated during flower development, according to anthocyanin
synthesis. This new glycosyltransferase represents a new pathway in plants for
anthocyanin synthesis (Ogata et al., 2005).
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Other developmental genes, such as a vacuolar Na+/H+ antiporter (Kagami and
Suzuki, 2005) and a gene related to pathogen resistance as NBS-LRR (Lim et al.,
2005; Hattendorf and Debener, 2007b) and PR (Pathogenesis Related) genes (Xu
et al., 2007) were isolated but no expression data taken. Furthermore, only few of the
previous genes have been validated by functional analysis. These will be described
in the following chapter.
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19. Genetic Engineering and Tissue Culture
of Roses

Thomas Debener and Laurence Hibrand-Saint Oyant

1 Introduction

The recent advances in rose genetics and in functional genetics described in the pre-
vious two chapters have improved our knowledge about interesting characteristics
of the rose. Gene transfer technologies may facilitate the introgression of homolo-
gous or heterologous genes to improve major ornamental traits as e.g., scent, plant
architecture and color as well as biotic and abiotic stress responses and yield.

Genetic transformation of roses requires the availability of reliable protocols for
in vitro culture, for the transfer of genes and for selection and regeneration of trans-
genic plants.

As for many other ornamental crops, in vitro culture of roses can be used (i) for
rapid multiplication of commercial cultivars, (ii) to produce healthy- and disease-
free plants and finally (iii) as a source of explants for plant regeneration as a pre-
requisite for transformation techniques. In vitro propagation of roses is common
practice, particularly for the propagation of pot roses. First reports of in vitro cul-
ture of rose (Rosa multiflora) were made by Elliot (1970). The methods of micro
propagation of roses in vitro were reviewed several times (Skirvin et al., 1984; Rout
et al., 1999; Borissova et al., 2000; Jabbarzadeh and Khosh-Khui, 2005; Pati et al.,
2006).

An efficient in vitro plant regeneration protocol with high multiplication rates
is the ‘key’ technology for various biotechnological techniques such as multipli-
cation of clonal plants, mutation breeding programs by exposing to irradiation or
by somaclonal variation, and biolistic or Agrobacterium-mediated transformation.
However, the wide range of explants and experimental approaches that have been
employed with different rose species and cultivars strongly suggest that a univer-
sal, cultivar-independent method for the production of regenerating tissues, coupled
with efficient conversion and ex vitro acclimation of regenerants, will be difficult
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Department of Molecular Breeding, Institute of Plant Genetics, Hannover, Germany

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 19,
C© Springer Science+Business Media, LLC 2009
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to achieve for rose (Ibrahim and Debergh, 2001). This is further demonstrated by
various studies that have shown that diverse rose varieties respond differently to the
various regeneration protocols (de Wit et al., 1990; Hsia and Korban, 1996; Kim
et al., 2004a; Burrell et al., 2006).

2 Regeneration

Several protocols for whole plant regeneration have been published for roses mainly
via somatic embryogenesis or organogenesis.

2.1 Somatic Embryogenesis (SE)

In vitro multiplication via somatic embryogenesis offers a great potential for plant
regeneration as in most cases embryos develop from single cells which subsequently
may be germinated to completely clonal plants. However, reports of SE in roses did
not emerge until early 1990s. The mechanisms to obtain SE, involve the induction
of embryogenic callus, the differentiation of somatic embryos and finally the germi-
nation of embryos or the regeneration of plants via adventitious shoot formation.

Somatic embryos have been induced on a variety of culture media (Table 1) from
in vitro explants of several rose genotypes (reviewed by Roberts et al. (1995)), but
germination frequencies are often low reaching only a few percent.

The reports have described the induction of somatic embryogenesis on embryo-
genic callus derived from leaves (de Wit et al., 1990; Rout et al., 1991), immature
leaves and stem segments (Rout et al., 1991), immature seeds (Kunitake et al., 1993),
petioles and roots (Marchant et al., 1996; Sarasan et al., 2001), in vitro grown leaf
explants (Kim et al., 2004a), filaments and petioles (Burrell et al., 2006), and leaflets
and petioles (Estabrooks et al., 2007). Van der Salm et al. (1996a) have reported
plant regeneration from embryogenic callus derived from adventitious roots pro-
duced by stem sections of the rootstock cv. Moneyway.

2,4-D is an auxin frequently used to induce callus and/or SE in rose (Roberts
et al., 1990; Matthews et al., 1991; Noriega and Sondahl, 1991; Marchant et al.,
1996; van der Salm et al., 1996b) although it is ineffective for several cultivars (Li
et al., 2002a). Kim et al. (2004a) showed that 2,4-D was useful for callus induction
but not for SE induction. Hsia and Korban (1996) showed, in a high 2,4-D concen-
tration, an increased frequency of both organogenic and embryogenic callus from
R. hybrida leaf explants. In addition to 2,4 D, other auxins as e.g. NAA were used
in roses as well (Dohm et al., 2001). Recently, Estabrooks et al. (2007) compared
2,4,5-T, a synthetic auxin not previously tested in rose, with 2,4-D and concluded
that 2,4,5-T can be used over a greater concentration range and resulted in signif-
icantly greater embryo yield. However, in R. rugosa, where immature seeds were
used as explants, no growth regulators were used in the media for embryo induction
and germination (Kunitake et al., 1993).
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Several investigations also established the crucial role of other growth regulators
and supplements to enhance SE in roses. GA3 was found to induce somatic embryo-
genesis in several rose cultivars (Rout et al., 1991; Marchant et al., 1996; Li et al.,
2002a), L-proline (Rout et al., 1991; Marchant et al., 1996) nicotinic acid and cys-
teine (Kintzios et al., 2000) were used in embryo proliferation medium to enhance
somatic embryogenesis. Sarasan et al. (2001) used a methyl ester (methyl laurate)
to increase development and germination of SE.

2.2 Organogenesis

The first successful rose regeneration via in vitro shoot organogenesis was reported
by Hill (1967). Direct regeneration of adventitious buds in Rosa has been obtained
for a number of different genotypes including species roses using explants such
as leaves, roots or leaflets (Table 2). Lloyd et al. (1988) observed adventitious
buds with media containing BAP and NAA from non-organogenic callus on intern-
odal segments and from leaves and roots without callus from tissue derived from
R. persica × R. xanthina hybrid but not from tissue derived from R. laevigata or
R. wichurana.

The latest references (Dubois and Vries, 1995; Ibrahim and Debergh, 2001; Pati
et al., 2004) demonstrated the importance of two phases in this organogenesis pro-
cess. In the first induction phase, the explants were cultured on media containing
TDZ, NAA or IBA and silver nitrate (AgNO3). TDZ, a cytokinin-like phenyl urea
derivative, is able to induce diverse morphogenic responses, ranging from tissue pro-
liferation to adventitious shoot and embryo-formation in many woody plant species
(Chevreau et al., 1989; Fiola et al., 1990; Korban et al., 1992; Escalettes and Dosba,
1993; Huetteman and Preece, 1993; Ledbetter and Preece, 2004; Song and Sink,
2005). The beneficial effects of AgNO3 during the induction phase (Dubois and
Vries, 1995; Ibrahim and Debergh, 2001; Pati et al., 2004) and for SE germination
(Kim et al., 2004a) have been reported. This is presumably caused by silver nitrate’s
indirect inhibition of ethylene synthesis.

Other factors that improve organogenesis have been studied, for instance the age
of donor explants (4 weeks of pruning, Ibrahim and Debergh, 2000; Pati et al.,
2004), an incubation of 7 days in the dark for the first induction phase, a low PAR
(photosynthetically active radiation: 15 μmol/mμ/s) during the regeneration phase
and a relative humidity of 85% in culture vessel of donor explants (Ibrahim and
Debergh, 2001; Castillon and Kamo, 2002).

3 Genetic Transformation

The methods applied for rose transformation are based either on biological vectors,
e.g. Agrobacterium-mediated transformation or non-biological vectors, e.g. particle-
bombardment or biolistic transformation. Agrobacterium is a logical approach given
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the natural susceptibility of rose and many other Rosaceae species to infection of
these bacteria. However, rose is considered to be recalcitrant for genetic manip-
ulation due to low transformation and regeneration rates. To date, there are fif-
teen reports on Agrobacterium-mediated and bombardment-mediated transforma-
tion reports in rose (Table 3). So far all the genotypes used are tetraploids.

Most of the published transformation protocols used Agrobacterium-mediated
transformation and somatic embryogenesis for regeneration. Only Marchant et al.
(1998b; 1998a) reported methods to optimize biolistic gene delivery in rose which
requires a shorter callus phase, thus reducing the chance of unwanted somaclonal
variation. However, the transgenic plants obtained contained 2–6 copies of the intro-
duced genes.

The strains of Agrobacterium used in these reports are diverse (C58C1 and
AGL0: Derks et al., 1995; Condliffe et al., 2003; GV3101: Souq et al., 1996; van
der Salm et al., 1997, 1998; Li et al., 2002b; EHA105 and GV2260: Dohm et al.,
2001, 2002; LBA4404: Kim et al., 2004b). Kim et al. (2004b) demonstrated that
additional virE/virG genes could be used to improve the transformation efficiency
in rose. In the same way, some reports used acetosyringone, a plant specific phe-
nolic compound, during the co-cultivation step (Derks et al., 1995; Condliffe et al.,
2003; Kim et al., 2004b). In many species, even if acetosyringone is not essential
for successful transformation, its presence in co-cultivation medium may influence
the transformation frequency (Firoozabady and Moy, 2004).

To date, all binary transformation vectors harboured the neomycin phosphos-
transferase gene (nptII) for selection based on kanamycin resistance and several
reports used the GUS and GFP marker genes to improve the regeneration and trans-
formation system. Li et al. (2002b) reported a study on the selection by kanamycin;
they used a concentration of 50 mg l−1 kanamycin for selection of transformed leaf
tissue and 100 mg l−1 for selection of both transformed embryogenic callus and
secondary somatic embryos. Firoozabady et al. (1994) and Derks et al. (1995) have
used 300 mg l−1 for selection of putative transformed embryogenic callus whereas
(van der Salm et al., 1997; 1998) used only 5 mg l−1 for selection of root formation.

For the improvement of the rose rootstock or cultivar performance by genetic
modification, rol genes, known for the modification of rooting characteristics and
whole plant architecture were inserted into rose (Souq et al., 1996; van der Salm
et al., 1997, 1998). The introduction of ROLA, B, and C genes enhanced adventi-
tious root formation of the rose grown in the greenhouse as well as the beneficial
stimulation of axillary bud break of untransformed scions on grafted plants on trans-
formed rootstock (van der Salm et al., 1997, 1998)

The development of plants resistant to fungal diseases has been one of the major
goals of genetic engineering in roses. Thus far, the rice chitinase gene (Marchant
et al., 1998b), several genes from Barley (class II chitinase, class IIβ-1,3-glucanase
and type I ribosome inhibiting protein), the T4-lysosyme from T4 phage (Dohm
et al., 2001) and the Ace-AMP1 gene isolated from onion seeds to enhance pow-
dery mildew resistance (Li et al., 2003) have been inserted into rose. Marchant et al.
(1998b) demonstrated that chitinase activity in the transformed plants increased the
resistance of rose to the Diplocarpon rosae pathogen whereas for Dohm et al. (2001)
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only the ribosome inhibiting protein and not the chitinase or the glucanase gene
showed a reduction of black spot susceptibility. Transformed rose plants with the
T4-lysosyme gene inserted showed reduced powdery mildew disease symptoms (Li
et al., 2003). As all theses genes encoded antifungal proteins, the generated trans-
genic plants may have resistance to a broad range of pathogens (Dohm et al., 2001).
Consequently, the transgenic lines generated by Dohm et al. (2001) were evaluated
for resistance to black spot, powdery mildew and downy mildew of roses. Prelim-
inary results show that a number of transgenics show enhanced resistance to these
pathogens (Debener unpublished results). Surprisingly, resistance for these three
pathogens turns out to be dependent on the strain of the pathogen with some plants
being resistant to one strain but susceptible to another and vice versa. In addition
plants resistant to powdery mildew may be susceptible to black spot and vice versa
indicating that this lytic enzyme gene insertion approach in roses does not necessar-
ily lead to pathogen independent resistance.

Several reports discuss the problem of somaclonal variation associated with the
regeneration process (Arene et al., 1993; Souq et al., 1996; Dohm et al., 2001;
Condliffe et al., 2003; Kim et al., 2004a) but so far the amount of observed
somaclonal variation in transgenic plants regenerated via somatic embryogenesis
is low.

The time for the generation of a whole transformed rose is long, usually between
6 to 12 month to obtain independent shoots after callus induction on roots (van der
Salm et al., 1996a; Dohm et al., 2001) and more than 12 months to promote shoot
regeneration (Li et al., 2003).

4 Gene Function Studies by Expression in Model Organisms

Because of the disadvantages of roses as genetics systems (high heterozygosity,
polyploidy) only a few genes have been analysed molecularly and biochemically as
compared to other plant species. Furthermore, as roses are considered to be recalci-
trant to plant transformation, no functional studies by expression of candidate genes
in roses have been published to date. Instead, the few studies on rose genes pub-
lished used model systems as e.g. E. coli and Arabidopsis thaliana to verify the
function of cloned rose genes.

4.1 Genes Related to Flower Color

Genes coding for proteins with functions in the flavonoid metabolism are among the
best studied genes in ornamental plants. Therefore, they also were among the first
genes cloned from cultivated roses. Tanaka et al., (1995) isolated and characterised a
rose dihydroflavonol 4-reductase gene which catalyses the stereo specific reduction
of (+) dihydroflavonols to 3,4-cis leucoanthocyanidins the immediate precursors of
the anthocyanidins. As DFRs from different plant species have different substrate
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specificities leading to specific anthocyanidins, the specificity of the rose DFR was
analysed in transgenic petunias. A full length cDNA was cloned into the binary vec-
tor pCGP293 under the control of the constitutive Mac promoter and transferred
to petunia. All transgenic plants had a distinctive new salmon pink petal color and
accumulated up to ten fold more pelargonidin compared to wild type plants indicat-
ing a predominant substrate specificity of rose DFR for dihydrocaempherol.

4.2 Genes Related to Flower Structure

As previously described in the functional genomics part (this chapter, F. Foucher),
putative organ identity genes presenting similarity with C type, MASAKO C1 and
D1 (Kitahara and Matsumoto, 2000) or with B type, MASAKO P1, B3 and euB3
(Kitahara et al., 2001; Hibino et al., 2006) were isolated. To further characterise
putative functional differences between the C function genes Masako C1 and D1,
Kitahara et al. (2004) introduced them under the constitutive 35 S promoter into Ara-
bidopsis and Torrenia plants. For both Masako C1 and D1 transgenic Arabidopsis
plants expressing these genes displayed homeotic transformations as to be expected
for C function genes. Both genes induced the conversion from sepals to carpel like
structures and from petals to stamens which in some cases also produced pollen.
Both Masako C1 and D1 acted in a similar way indicating similar and maybe redun-
dant functions in rose flower development.

The different functions of the class B genes were characterised by introducing
all three genes with the constitutive 35S promoter separately into Arabidopsis and
tobacco (Hibino et al., 2006). None of the plants expressing the transgenes displayed
any homeotic transformation of flowers. However, when pair wise combinations of
rose transgenes in Arabidopsis were generated by crossing lines transgenic for the
individual constructs, the flower structures changed. Combinations of Masako BP
and Masako B3 showed a homeotic transition from sepals to petals and modified
carpels into staminoid carpels corresponding to the observations on ectopic expres-
sion of the Arabidopsis genes PI/AP3. Combinations of Masako BP with Masako
euB3 plants only transformed the first whorl into petals. This indicates that in roses
the combined action of the gene products of Masako B3 and Masako BP is involved
in petal and stamen development whereas the combined action of the gene products
of Masako B3 and Masako euB3 is only involved in petal development. Further func-
tions of Masako BP and Masako euB3 in stamen development remain elusive as the
number of transgenic lines investigated was not sufficient for further conclusions.

4.3 Scent Related Genes

Several groups have isolated genes related to scent production in roses (see previous
chapter on functional genomics). A candidate gene for Germacren D synthase was
expressed in E. coli and feeding experiments with both E. coli extracts and cell free
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extracts from rose petals confirmed that this gene is responsible for the conversion
of farnesyl diphosphate into Germacren D, a sesquiterpene and component of the
floral scent of roses (Guterman et al., 2002).

Similarly, a gene for an alcohol acetyltransferase identified in an EST collec-
tion was analysed in feeding experiments of E. coli extracts which demonstrated
that the preferred substrate of the Rh AAT1 gene is the alcohol geraniol which is
converted into geranylacetate (Shalit et al., 2003). In vitro experiments also showed
that this enzyme accepts citronellol, nerol, octanol, hexanol, phenylethylalcohol and
benzyl alcohol as substrates. The acetylation of geraniol and octanol was later con-
firmed by expression of the gene under the 35S promoter in petunia (Guterman
et al., 2006). GC analyses of the head space of non transgenic petunias revealed
the emission of benzaldehyde, benzyl alcohol and 2-phenyl ethyl alcohol as well as
benzyl acetate and methyl benzoate whereas several transgenic lines emitted five to
ten times higher levels of benzyl acetate and phenyl ethyl acetate. When transgenic
plants were artificially fed either with geraniol or 1-octanol they emitted geranylac-
etate and octylacetate volatiles which are not detected in non transgenic petunia.

The largest group of scent related genes characterised from roses so far are
the O-methyltransferases (OMT). Although all characterised O-methyltransferases
from roses accept several substrates, there are distinct substrate patterns of different
OMT enzymes. Apart from transcript analyses via northern blot and RT-PCR, all
genes have been cloned into expression vectors expressed in E. coli and either puri-
fied proteins or protein extracts from E. coli cultures were analysed for substrate
specificity in assays in vitro. To date several O-O-methyltransferases with orcinol
as the major substrate have been cloned and analysed from a number of rose vari-
eties which share DNA sequence similarities of around 95% in their coding regions
(Lavid et al., 2002; Scalliet et al., 2002; Wu et al., 2003). Therefore, it has not been
possible to determine which of these genes are allelic to each other and where in the
rose genome these genes are located.

Apart from the orcinol-O-methyltransferases, phloroglucinol-O-
methyltransferases (Wu et al., 2004) and C-O-methyltransferases utilising
caffeic acid as a substrate have been analysed molecularly and biochemically by
heterologous expression in E. coli (Scalliet et al., 2002; Wu et al., 2003)

4.4 Senescence Related Genes

A number of genes with functions in rose flower senescence, mainly from the ethy-
lene metabolism, have been characterised both on the DNA and expression level.
However the only gene for which the gene product has been characterised function-
ally is a lipoxygenase induced by the senescence of rose petals (Fukuchi-Mizutani
et al., 2000). Lipoxygenase activity was confirmed by heterologous expression of the
full length cDNA in E. coli and a subsequent lipoxygenase enzyme assay. Both the
low optimum pH at 4.8 and the expression pattern (increase during petal senescence)
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parallels findings for a carnation lipoxygenase also thought to be involved in petal
senescence (Rouet-Mayer et al., 1992).

4.5 2.5 Na+/H+ Antiporter Genes

Na+/H+ antiporter proteins are responsible for the control of the Na influx, efflux
and vacuolar compartmentation and therefore important in the adaptation of plants
to increased salt concentrations in the environment. Based on degenerate primers
designed on sequences of previously isolated Na+/H+ antiporter genes, Kagami
and Suzuki (2005) isolated a cDNA clone from flower buds of Rosa hybrida cv.
Watarase. The RhNHX1 cDNA with an open reading frame of 1632 nucleotides
displays a 74.1% amino acid identity to the Arabidopsis thaliana gene AtNHX1
therefore not only suggesting a function as a Na+/H+ antiporter but also indicating
that the protein is localised in the tonoplast. Southern blot analyses indicates that
RhNHX1 is a member of a multigene family similar to those plant species studied so
far and RNA expression increases after treatment of plants with NaCl solutions sug-
gesting a role in the salt stress response of roses. However, the key experiment for
the assignment of a function to RhNHX1 was the expression in the Na+/H+ antiporter
defective yeast mutant nhx1 which could be complemented by the rose gene. Apart
from its function in salt stress, the authors speculate the utility of this gene in flower
color modification in rose after ectopic expression.

4.6 Proteomic Studies

Only two studies have been published on analyses of whole organ proteomics of
roses to date.

4.7 Defense Related Gene Products

Suo and Leung (2002) investigated the changes in protein expression in rose leaves
after treatment with BTH (benzo-1,2,3-thiadiazole-7-carbothioic acid S-methyl
ester) a synthetic resistance inducing chemical. As previous studies had shown an
increase in resistance of BTH treated roses to black spot the authors proposed to
identify proteins induced as candidates for resistance factors. Proteins from inter-
cellular washing fluids were extracted 0 to 7 days after BTH treatment and were
analysed via 2D gel electrophoresis and western blots. Western blots probed with
antibodies against tobacco PR proteins (PR 1, 2, 3 and 5) revealed the induction
of PR proteins between 2 days (PR1) and 4 days (PR 3) after treatment with BTH.
In addition, 2D Gels revealed 7 protein spots that increased in intensity after BTH
treatment and 7 spots that only occurred after the treatment. The protein expression
patterns of BTH treated leaves were found to be very similar to black spot inocu-
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lated leaves, only the BTH treatment lead to a faster and stronger induction of some
PR genes. However, no further analysis of the differentially expressed spots was
conducted to identify the proteins. As for other pathosystems, the authors conclude
that the PR proteins and the differentially expressed proteins analysed via 2D gels
have a role in pathogen resistance.

4.8 Scent Related Gene Products

As an extension of their work on the transcriptome studies on the expression of
scent related genes in rose petals Dafny-Yelin et al. (2005) published a report on
proteome maps of developing rose petals. They extracted total proteins from petals
of the strongly scented variety Fragrant Cloud at three developmental stages (1:
buds closed, 4: buds open, and 6: flower fully opened) and analysed protein maps
with 2D gel electrophoresis and comassie blue staining. A comparison of the maps
from these time points revealed that from a total of 978 distinct protein spots, 421
were present at all stages and 575 were present only in one or two stages. 12.5 %
of all proteins were stage specific. The subset of spots from stage 4 that were anal-
ysed and annotated fell into 11 functional classes among which genes for energy
metabolism and general metabolism were the largest groups. Noteworthy is a large
number of stress related proteins for which corresponding genes have already been
identified during the transcriptome studies conducted previously (Guterman et al.,
2002). Also surprising is a lack of correlation between protein expression and tran-
script expression as revealed by micro array analyses. This could be explained by
the observation that multiple proteins are generated by posttranslational modifica-
tions and a precise determination of single gene expression is not possible due to
the tetraploid nature of the target genome and a lack of strictly gene specific probes
for genes from multigene families.
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Part IV
Strawberry

(Chapters 20 – 23)

On behalf of the Fragaria research community, we dedicate this section to the
memory of Dr Günter Staudt. His death on May 22, 2008, at 81 years, deprives
us of an inspirational and beloved colleague. His many works in the field of Fra-
garia systematics, taxonomy, and biogeography have guided our thinking and will
illuminate the efforts of generations to come. Günter - we miss you.



20. Strawberry Genomics: Botanical History,
Cultivation, Traditional Breeding,
and New Technologies

Kim E. Hummer and James Hancock

1 Origin, Speciation, and Evolution

The Origin of Strawberries – Cherokee Nation

When first man was created, he lived with the mate Creator gave him. When they began to
quarrel, first woman left her husband. The man followed, sad and crying, but first woman
kept going and never looked behind. Unetlanv, the Creator, took pity on first man and asked
him if he was still angry with his wife. He said he wasn’t, so Unetlanv asked him if he would
like to have her back. He answered, ‘yes!’

Unetlanv put a patch of the ripest huckleberries in the path of first woman, but she passed
right on by. A little further, he put a big clump of blackberries, but she didn’t notice these,
either. One by one, Unetlanv put fresh fruits in her path, but these she also refused to see.
Suddenly, she saw a patch of large, ripe strawberries in front of her. She had never seen
these before. She bent down to gather a few to eat, and as she picked them up, and she
thought, ‘My husband would love to eat these!’ She gathered a bunch of the finest berries
and started back along the path to give them to him. He met her with joy, and together they
went home.

Today, strawberries are often kept in traditional homes. They remind us not to argue, and
are a symbol of good luck.

(Cherokee Nation, 2007).

Strawberries, genus Fragaria L., are the most economically important soft fruit
worldwide. This genus is a member of the Rosaceae, sub-Family Potentilloideae
(formerly classified in Rosideae), has Duchesnea and Potentilla as close rela-
tives. While Mabberley (2002) proposed reuniting, i.e., submerging, Fragaria under
Potentilla, further research (Eriksson et al., 2003) has suggested that Mabberley was
premature in this judgment, and in present majority botanical opinion the genus sta-
tus has been retained.

The common dessert strawberry, Fragaria × ananassa Duchesne ex Rozier
nothosubsp. ananassa, is a regular part of the diet of millions of people and is cul-
tivated in the arable regions of the globe from the arctic to the tropics. More than

K.E. Hummer (B)
USDA ARS National Clonal Germplasm Repository, 33447 Peoria Road, Corvallis,
OR 97333-2521, USA

K.M. Folta, S.E. Gardiner (eds.), Genetics and Genomics of Rosaceae, Plant Genetics
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 20,
C© Springer Science+Business Media, LLC 2009
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Fig. 1 World strawberry
production (FAO, 2007). MT
per year

75 countries have significantly reportable amounts of strawberry production (FAO,
2007). Annual world production of strawberries has more than doubled in the last
20 years to over 3.6 million metric tons (Fig. 1). Most of the production occurs
in the northern hemisphere (98%), though no genetic or climatic barriers prevent
expansion to the south.

Fragaria includes 21 species (Table 1) distributed in the north temperate and
holarctic zones (Staudt, 1989, 1999a, b; Rousseau-Gueutin et al., 2008). An accu-
rate synonymy and phylogeny of the strawberry species is emerging. European
and American species of Fragaria have been rigorously defined by Staudt (1989,
1999a), who, with colleagues, is proceeding to examine Asian species (Staudt
1999b, 2003, 2005; Staudt and Dickoré, 2001). Chinese species are under study
(Dai et al., 2007; Lei et al., 2005) but require further collection and examination in
light of global taxonomy. The distribution of specific ploidy levels within certain
continents reflects the history and evolution of these species (Staudt, 1999a).

2 Diploid Species

Diploid strawberries can be distinguished by their plant habit, foliage, inflores-
cence structure, flowers and fruit (Table 2). Fragaria viridis has one of the smallest
genomes of vascular plants (Hodgson, 2007). The F. vesca genome is also small.
At 164 Mb (Akiyama et al., 2001) it is only slightly larger than that of Arabidopsis
thaliana.

Although 12 diploid (2n = 2x =14) species are native to Eurasia (Table 1), only
F. vesca is indigenous in northern Eurasia and North America. It is also the only
diploid species of North America. Along with other factors, the broader distribu-
tion of F. vesca suggests that it originated during the Cretaceous (Staudt, 1989). Its
ancestor may be basal for the genus.

Although Darrow (1966) and subsequent authors (Hancock, 1999) describe
F. vesca as native circumpolar boreal, and their distribution maps show F. vesca
throughout Northern Europe, Asia and North America, this diploid species is not
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Table 1 World strawberry (Fragaria L.) species. After Hancock (1999) and Rousseau-Gueutin
et al. (2008)

Species Ploidy Geographic distribution

F. bucarica 2x Western Himalayas
F. daltoniana J. Gay Himalayas
F. gracilis A. Los. North China
F. innumae Makino Japan
F. mandshurica Staudt North China
F. nilgerrensis Schlect. Southeastern Asia
F. nipponica Lindl. Japan
F. nubicola Lindl. Himalayas
F. pentaphylla Lozinsk North China
F. vesca L. Europe, Asia west of the Urals, North America
F. viridis Duch. Europe and Asia
F. yezoensis Japan
F. corymbosa 4x Northern China
F. gracilis Northwestern China
F. moupinensis (French.) Card Northern China
F. orientalis Losinsk syn. =

F. corymbosa Lozinsk
Russian Far East/ China

F. tibetica spec. nov. Staudt China
F. × bringhurstii Staudt 5x California
F. moschata Duch. 6x Euro-Siberia
F. chiloensis (L.) Miller 8x Western N. America, Hawaii and Chile
F. virginiana Miller North America
F. × ananassa Duch. ex Lamarck Cultivated worldwide
F. iturupensis Staudt 10x Iturup Island, Kurile Islands

native east of the Urals to Kamchatka (Hultén, 1927–1930), Hokkaido, Japan
(Makino, 1979), western Alaska (Hultén, 1968) or Hawaii (Degener, 1975). This
species has been recently introduced, i.e., since the time of European explorers,
into these regions. F. vesca most likely initially arrived in North America from the
east, i.e., Europe, and dispersed to the west developing into the North American
subspecies (F. v. subsp. americana and F. v. subsp. bracteata).

While diploid strawberries have some barriers to inter-fertility, they can be
crossed, and meiosis is regular even where interspecific hybrids are sterile
(Hancock, 1999). At least three overlapping interfertile groups of diploid species
have been suggested (Bors and Sullivan, 1998): (1) F. vesca, F. viridis, F. nubicola
and F. pentaphylla, (2) F. vesca, F. nilgerrensis, F. daltoniana and F. pentaphylla,
(3) F. pentaphylla, F. gracilis and F. nipponica. Fragaria iinumae may belong in
group 3, as no fertile seeds have been recovered when it was crossed with either
F. vesca, F. viridis or F. nubicola, but it has not been sufficiently artificially crossed
with other species to accurately classify it. Fragaria iinumae does, however, have a
glaucous leaf trait that is unique among the diploids, and its chloroplast RFLPs clus-
ters it with F. nilgerrensis in a group that is isolated from the rest (Harrison et al.,
1997).
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3 Higher Ploidy Species

Polyploidy in Fragaria probably arose through unification of 2n gametes. Unre-
duced gametes are relatively common (Hancock, 1999; Hancock et al., 2007).
Bringhurst and Senanayake (1966) found frequencies of giant pollen grains (a
result of unreduced gametes) to be about 1% of the total. Over 10% of the natu-
ral hybrids generated of these two species resulted from unreduced gametes. Staudt
(1989) observed restitution in microsporogenesis of a F1 hybrid of F. virginiana ×
F. chiloensis.

From the biogeography of the genus, the pattern of occurrence of the polyploids,
and the distribution of specific characteristics, Staudt (1999) speculated on Fra-
garia origin and evolution. He suggested that East Asia is a center of origin for
diploid strawberries. The tetraploid species (2n = 4x = 28) are also East Asian
natives. More recently Rousseau-Gueutin et al. (2008) examined phylogeny of Fra-
garia using GBSSI-2 and DHAR nuclear genes sequences (Fig. 2). They concluded
that their results provided ‘evidence of the occurrence of multiple polyploidization
events within Fragaria and of the allopolyploid origin of the hexaploid and octo-
ploid species.’ However, they could not discriminate between autopolyploid versus
allopolyploid origins for the five tetraploid species.

Fig. 2 Phylogenetic hypothesis for intrageneric relationships in Fragaria based on GBSSI-2 and
DHAR nuclear genes sequences. Each line represents species from a specific ploidy level (diploid
to octoploid). Bracketed species present congruent data between the two genes. Species in the
same bracket belong to the same clade. Dashed lines indicate a soft incongruence between the two
datasets.
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They suggested that ;the analysis of additional variable nuclear genes might
provide the needed information to better resolve the relationships between closely
related diploid Fragaria species, to clarify the position of F. bucharica and F. viridis,
and to better understand the origin of all Fragaria polyploid species.’

The tetraploids may have spread to the periphery of diploid Fragaria’s ranges.
Fragaria orientalis is probably an autopolyploid of F. mandschurica (Staudt, 1959,
2003). The tetraploid F. corymbosa Los. has been submerged under F. orientalis
(Staudt, 2003). F. nilgerrensis is probably the diploid progenitor of the tetraploid
F. moupinensis (Darrow, 1966; Staudt, 1999). Fragaria tibetica seems to be a
tetraploid descendent of F. pentaphylla. Heteroecy occurs in strawberries in asso-
ciation with doubling of the chromosome number. Diploid Fragaria species are
not dioecious, though tetraploids (Staudt and Dickoré, 2001), and octoploids are.
Tetraploid Fragaria species are interfertile (Hancock, 1999).

Wild, naturally occurring pentaploid (2n = 5x = 35) strawberry species have
been observed in California (F. × brinhurstii Staudt) and Jilin, China (Lei et al.,
2005). These strawberries produce no fertile offspring.

The hexaploid (2n = 6x = 42), F. moschata, is solely European. The musk straw-
berry, as it is commonly known, is a dioecious, tall vigorous plant that produces
few runners. Leaves are large, dark green, rugose, rhombic, prominently veined and
pubescent. The flowers are large and the inflorescence is superior to the foliage
but droops with ripe berries. The fruit is purplish red, soft, irregularly globose and
has a strong flavor. The calyx reflexes. Red and white fruited forms are cultivated
(Hancock, 1999).

Native octoploid strawberries are found primarily in North and South America,
however, a small distribution of one octoploid species occurs on Iturup, one of the
Kurile Islands (Staudt 1989). This pattern of distribution could be explained if the
first hypothetical octoploid arose in East Asia and migrated via an Alaskan-Siberian
land bridge to North America.

A limited distribution of a few colonies of an Asian decaploid F. iturupensis,
(Hummer et al., 2009) grows on the rock skree on the eastern flank of Volcano
Atsunupuri, on Iturup, in the Kurile Islands, now part of the Russian Federation.
This location might have provided a refugia from the most recent glaciation, which
is reported to have come only as far south as the northern part of Iturup Island. F. itu-
rupensis has fruit similar in shape and flavor components to those of F. vesca, though
its plant and leaves resemble F. virginiana subsp. glauca (Staudt, 1989, 2008).

After arriving in Northwestern America, the hypothetical octoploid may have dif-
ferentiated into two ecologically distinct groups such as are present today (Staudt,
1999). Fragaria chiloensis and F. virginiana may be extreme forms of one species
that separated during the Pleistocene, and subsequently evolved differential adap-
tations. One group, F. chiloensis, became adapted to coastal habitat; the second,
F. virginiana, to montane continental conditions. While spreading along the coast,
F. chiloensis developed the typical shiny, coriaceous, glabrous leaves of the species
that we know today. The dispersal of F. chiloensis to Hawaii and Chile may have
occurred via bird migrations from North America (Hancock, 1999). Potter et al.
(2000) found that F. virginiana and F. chiloensis carry similar cpDNA restriction
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fragment mutations. Nucleotide sequences of the nuclear internal transcribed spacer
(ITS) region and two contiguous non-coding regions of cpDNA also support a sister
relationship that may indicate a monophyletic origin for these two species. Staudt
(1999) proposed that an ancient F. vesca and a hypothetical octoploid Fragaria
ancestor could have been members of the Arcto-Tertiary flora present from Alaska
to Greenland and Siberia that occupied temperate upland areas at middle latitudes
in North America during the Eocene. Arcto-Tertiary flora invaded lowlands as tem-
peratures decreased in the Miocene. Towards the end of the Miocene, many species
moved developed that are closely related to those of the present day (Wolfe, 1969;
Ritchie, 1984).

Staudt (1999) postulated that F. iturupensis may be a primitive form related to
F. virginiana subsp. glauca. Thus far molecular analyses have concurred (Njuguna
et al., 2007). Strawberries are reported on multiple islands surrounding Hokkaido
and in the greater and lesser Kuriles. Further exploration and study of strawberries of
northern Pacific Islands is needed to determine where other higher ploidy strawberry
colonies exist and what their phylogenetic role may have been.

4 Cultivated Octoploid Strawberries

The most economically important strawberry, F. ×ananassa nothosubsp. ananassa,
has 2n = 8x = 56 chromosomes. It is an accidental hybrid of two octoploids
and arose in the mid-1700’s when plants of F. chiloensis imported from Chile
were planted in France near F. virginiana transplanted from the eastern North
America.

Three hypothetical genome formulae have been suggested for the wild and culti-
vated octoploids: AAAABBCC (Federova, 1946), AAA’A’BBBB (Senanayake and
Bringhurst, 1967), and AAA’A’BBB’B’ (Bringhurst et al., 1990). Bringhurst et al.’s
(1990) suggestion reflects the contention that octoploids are completely diploidized
with strict disomic inheritance. F. vesca is likely to be the A genome donor; F. innu-
mae, the B genome donor (Davis et al., 2006). Hybrids of F. iinumae that had been
chromosome doubled and F. ×ananassa were highly fertile. Studies of the AdH
gene also confirm that ancestors of F. iinumae could be linked to the ‘B’ genome
(Davis et al., 2006). F. viridis may also be part of the background of octoploid straw-
berries. Like F. vesca, its chromosomes pair regularly with those of F. chiloensis,
F. virginiana and F. ×ananassa. F. viridis could represent the A’ genome. Davis and
Yu (1997) demonstrated that F. nubicola or F. pentaphylla could also be represented
in the A’ group because each are interfertile with F. viridis. The chromosomes of
these species share high levels of homology.

Inheritance patterns of the octoploids are in dispute. Lerceteau-Köhler et al.
(2003) concluded that F. ×ananassa has mixed segregation ratios using amplified
fragment length polymorphism (AFLP) markers, as they found that the ratio of cou-
pling vs. repulsion markers fell between the fully disomic and polysomic expec-
tations. However, three other studies evaluating isozyme, simple sequence repeat
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(SSR) and restriction fragment polymorphism (RFLP) segregation observed pre-
dominantly disomic ratios, indicating that the octoploid strawberry is completely
diploidized (Arulsekar and Bringhurst, 1981; Ashley et al., 2003).

The incorporation of traits from a number of lower ploid species has been accom-
plished through pollinations with native unreduced gametes or by artificially dou-
bling chromosome numbers. The utility of this approach has been shown for a
wide range of species in Fragaria and in the related genus Potentilla (Hancock,
1999). Particular success in incorporating lower ploidies into the background of
F. × ananassa has come through combining lower ploidy species and then doubling
to the octoploid level (Bors and Sullivan, 1998).

5 Intergeneric Hybrid

Recently Potentilla palustris (L.) Scop. was crossed with Fragaria ×ananassa
Duchesne ex Rozier to produce inter-generic hybrid plants that resemble a straw-
berry but have pink flowers. These plants are everbearing, with strawberry like
fruit. Hammer and Pistrick (2003) have proposed the name F. ×rosea (Mabb.)
K. Hammer et Pistrik for this artificial hybrid. Cultivars of these hybrids have been
named and patented (Ellis, 1989).

6 History of Cultivation

6.1 Classical

‘Fraga’ is the Latin word for the strawberry. Linnaeus chose this as a derivative
for the genus name. Roman poets Virgil and Ovid wrote of ‘fraga’ in their poetry.
Virgil (70 to 19 BCE), wrote ‘humi nascentia fraga’ [child of the earth] in his third
Eclogue. Virgil confirms that strawberries were not cultivated during his time when
he writes only a warning to children picking wild strawberries to beware of serpents
lurking in the grass. Ovid wrote of the ‘arbuteos fructus mon-tanaque fraga’ [(They
gathered) Arbutus berries and mountain strawberries] in his Metamorphoses, book
I, v. 104, as furnishing a food of the golden age and again in the 13th book, ‘mollia
fraga.’ Pliny separates the, ‘terrestribus fragis,’ [ground strawberry] from the arbu-
tus tree in his lib. xv, c. 28. Cato, a Roman Senator (234-149 BCE) mentioned the
medicinal uses of strawberries.

The Greeks, Theophrastus, Hippocrates, Dioscorides and Galen, however, did not
mention strawberries; nor did other Latin writers on agriculture, Varro, Columella
or Palladius. The strawberry is cited in Apuleius Platonicus for its medicinal value
(Hedrick, 1919). Strawberries are not mentioned in the Bible, nor do they appear in
any Egyptian or Greek art. This could be because of their northernly distribution of
the species.
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In the 12th century an abbess named Saint Hildegard von Binger declared straw-
berries unfit for consumption because they grew along the ground where snakes and
toads most likely crawled upon them. Her words had such an effect on the local
political figures that they, too, made similar declarations, discouraging the popula-
tion from eating the berries. Among Europeans, this belief held for several years. In
the mid 18th century, Charles Linnaeus, the Swedish botanist, put this superstition
to rest by switching to a diet consisting only of strawberries to prove them edible
(Darrow, 1966).

6.2 Old World

Fragaria vesca, the alpine strawberry or fraise de bois, was the first strawberry
domesticated in the old world. The ancient Romans and Greeks originally cultivated
it in gardens, and by the 1300’s, this plant was being grown across Europe (Darrow,
1966). F. vesca had its widest popularity in the 1500’s and 1600’s in Europe before
the introduction of strawberry species from the New World.

The musk-flavored F. moschata (hautbois or hautboy) was also planted in gardens
by the late 15th century, along with the green strawberry, F. viridis. F. viridis was
used solely as an ornamental all across Europe, while F. moschata was utilized for
its fruit by the English, Germans and Russians.

6.3 New World

Fragaria vesca dominated strawberry cultivation in Europe, until F. virginiana from
eastern Canada and Virginia began to replace it in the 1600’s. Jacques Cartier,
who discovered the St. Lawrence River in 1523, was most likely the first to bring
F. virginiana to the Old World. Cartier mentioned strawberries numerous times in
his diary (Hancock, 1999; Wilhelm and Sagen, 1974). The clones that arrived in
Europe were wild because the aboriginal peoples of North America did not culti-
vate strawberries.

A Chilean clone of F. chiloensis was brought into Europe in the early 1700’s by
a French spy, Captain Amédée Frézier (Darrow, 1966; Wilhelm and Sagen, 1974).
This strawberry had been domesticated in Chile for about 1,000 years by the indige-
nous Mapuches, and was spread widely by the Spanish during their colonization
period (Hancock, 1999).

6.4 New World Species Brought to Europe

Unfortunately, after arriving in Europe, the Chilean strawberry did not bear fruit for
several years and early reports on it were negative. The plants were barren because
Frézier had brought back pistillate plants and the need for cross pollination was
not recognized. The young French Botanist Antoine Nicholas Duschesne discov-
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ered that the ‘Chili’ would produce fruit when pollinized by F. moschata or F. vir-
giniana, two other higher ploidy plants. The ‘Chili’ did not cross with the diploid
F. vesca. The Chilean strawberry reached its highest acclaim in Brittany, and by the
mid-1800’s, probably more F. chiloensis was cultivated in France than in its native
country.

Unusual seedlings with unique combinations of fruit and morphological charac-
teristics began to appear in the gardens of Brittany after F. chiloensis was brought
to France. While the origin of these seedlings was initially mysterious, Duchesne
determined in 1766 that they were hybrids of F. chiloensis × F. virginiana and he
named them Fragaria × ananassa to recognize the perfume of the fruit as smelling
like pineapple (Ananas). The first hybrids of the ‘Pineapple’ or ‘Pine’ strawberry
may have been selected early in the commercial fields of Brittany, and in botanical
gardens across Europe.

The dessert strawberry, F. ×ananassa, now dominates strawberry cultivation
and is grown in the arable regions of the world. F. vesca is generally restricted
to home gardens where the small, aromatic fruit are considered a delicacy; most
of the cultivars grown are everbearers. F. chiloensis is currently grown to a small
extent in Chile, but has been largely replaced by F. ×ananassa. Neither F. viridis
nor F. moschata is of current commercial importance.

6.5 Economic Importance

The USA is the leading producing nation with approximately 25% of the world’s
crop, followed by Spain, Japan, Poland, Italy and the Korean Republic. California
dominates the strawberry industry in the USA with over 80% of the total production.
The industries in Spain, the Korean Republic and the USA have grown steadily over
the last two decades, while production in Japan, Italy and Poland have declined in
the last decade, after dramatic increases in the 1970’s and 1980’s.

6.6 Nutritional Components

The strawberry is widely appreciated for its delicate flavor, aroma and nutritional
value. Ripe strawberries are composed of approximately 90% water and 10% total
soluble solids (Hemphill and Martin, 1992), and contain numerous important dietary
components. They are extremely high in vitamin C and a standard serving of straw-
berries (10 fruit) supplies 95% of the recommended dietary requirements (Maas
et al. 1996). The main soluble sugar components in strawberries are glucose and
fructose, which are over 80% of the total sugars and 40% of the total dry weight
(Wrolstad and Shallenberger, 1981). The primary organic acid is citric acid, which
composed 88% of the total acids (Green, 1971). The strawberry also contains signif-
icant levels of ellagic acid, which is thought to be an anticarcinogenic (Maas et al.,
1991).
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Red color develops through the production of anthocyanins, primarily
pelargonidin-3-glucosidase (Wrolstad et al., 1970; Kalt et al., 1993), although at
least eight pelargonidin- and two cyanidin-based anthocyanins have been detected
in strawberry juice (Bakker et al., 1994). Cyanidin 3-glucoside is the second most
common anthocyanin. The total concentration of anthocyanins varies 16-fold across
cultivars, and there is some variation in anthocyanin composition, although no clear
associations between individual anthocyanins and color have been observed (Bakker
et al., 1994).

Glucose, fructose and sucrose are the major soluble sugars found in the fruit of
strawberries during all stages of ripening. Glucose and fructose are found in almost
equal concentrations (Maas et al., 1996), and they rise continuously during fruit
development from 5% in small green fruit to 6–9% in red berries (Kader, 1991).
Sucrose levels are generally much lower, and show little accumulation until about
the middle of fruit development (Forney and Breen, 1985). Invertases probably play
an important role in regulating sweetness, by regulating hexose and sucrose levels
(Ranwala et al., 1992; Manning, 1998).

Strawberry flavor is a complex combination of sweetness, acidity and aroma. The
most intensely flavored fruits generally have high levels of both titratable acidity
(TA) and soluble solids, while the blandest fruit are low in both these components
(Kader, 1991). The primary components of flavor have not been completely elu-
cidated, but strawberry aroma is thought to originate from a complex mixture of
esters, alcohols, aldehydes and sulfur compounds (Dirinck et al., 1981; Pérez et al.,
1996). Hundreds of volatile esters have been correlated with strawberry ripening
and aroma development, with methyl- and ethyl-esters of butanoic and hexanoic
acids being among the most prevalent (Larsen and Poll 1992; Pérez et al.; 1992,
1996). Other components in high concentration are trans-2-hexenyl acetate, trans-
2-hexenal, trans-2-hexenol and 2,5-dimethyl-4-hydroxy-3(2H)-furanone (furaneol).
Concentrations of these volatiles vary widely among cultivars and produce large
variations in aroma quality (Hirvi, 1983; Shamaila et al., 1992; Pérez et al., 1996,
1997).

Aroma and fragrance content also varies across species. Several researchers
consider 2,5-dimethyl-4-hydroxy-3(2H)-furanone (furaneol) and 2,5-dimethyl-4-
methoxy-3(2H) furanone (mesifurane) as being particularly important aroma con-
tributors (Pyysalo et al. 1979; Larson and Poll 1992; Sanz et al. 1994; Pérez
et al., 1996). The wild species F. vesca and F. virginiana have much stronger
aroma than the cultivated types (Hirvi and Honkanen, 1982). F. vesca contains
high amounts of ethyl-acetate, but low amounts of methyl-butyrate, ethyl-butylate,
and furanone. Fragaria nilgerrensis contains high levels of ethyl-acetate and
furanone, but low levels of methyl-butyrate and ethyl-butyrate. Hybrids between
F. vesca and F. ×ananassa have intermediate levels of fragrance and aroma,
while crosses between F. nilgerrensis and F. ×ananassa more closely resemble
F. nilgerrensis.
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7 Traditional Breeding

The dessert strawberry is an outcrossing crop that is sensitive to inbreeding (Morrow
and Darrow, 1952; Melville et al., 1980). It is asexually propagated by runners,
so most breeding programs have been based on pedigree where elite parents are
selected for intercrossing each generation. The strawberry germplasm base is rel-
atively narrow (Sjulin and Dale, 1987), but if adequate population sizes are main-
tained, changes in levels of homozygosity across generations appear to be minimal
(Shaw, 1995). Since highly heterozygous genotypes can be propagated as runners,
few breeding programs have developed hybrid cultivars using inbred lines, although
a few cultivars have been developed in this manner.

Selfing has been used in a number of instances to concentrate genes of inter-
est (Hancock et al., 1996) and backcrossing can incorporate specific traits. Barritt
and Shanks (1980) moved resistance to the strawberry aphid from native F. chiloen-
sis to F. ×ananassa. Bringhurst and Voth (1978, 1984) transferred the day neu-
trality trait from native F. virginiana subsp. glauca to F. ×ananassa. About
three generations were necessary to restore fruit size and yield to commercial
levels.

In 1817, formal strawberry breeding was initiated in England by Thomas A.
Knight (Darrow 1966; Wilhelm and Sagen 1974). He was one of the first systematic
crop breeders. He used clones of both F. virginiana and F. chiloensis in his crosses.
He produced ‘Downton’ and ‘Elton’ cultivars, noted for their large fruit, vigor and
hardiness. Michael Keen, a market gardener near London, also became interested
in strawberry improvement about this time and developed ‘Keen’s Imperial’ whose
offspring, ‘Keen’s Seedling’ is in the background of many modern cultivars. This
cultivar dominated strawberry acreage for about 100 years.

Thomas Laxton of England was the most active breeder during the later part
of the 18th century. He released ‘Noble’ and ‘Royal Sovereign’. These two culti-
vars were grown on both sides of the Atlantic, and were popular until the middle
of the 20th century. ‘Nobel’ was known for earliness, cold hardiness and disease
resistance. ‘Royal Sovereign’ was popular because of earliness, productivity, flavor,
attractiveness and hardiness.

In 1836, Charles Hovey, of Cambridge, Massachusetts, produced the first impor-
tant North American strawberry, ‘Hovey’, by crossing the European pine strawberry,
‘Mulberry’ with a native clone of F. virginiana. This was the first American fruit
cultivar produced from an artificial cross. For a while this strawberry was the major
pomological product in the country (Hedrick 1925).

Albert Etter of California developed dozens of cultivars around the turn of
the century with native F. chiloensis clones (Fishman 1987). His most successful
cultivar was Ettersburg 80 (1910), which was widely grown in California, Europe,
New Zealand and Australia. It was renamed ‘Huxley’ in England and was popular
until 1953. Ettersburg 80 was extremely drought resistant, of high fresh and pro-
cessing quality, because of the solid bright red color. Other outstanding Etter culti-
vars were ‘Ettersburg 121’, ‘Fendalcino’ and ‘Rose Ettersburg’. While his releases
were very successful as cultivars, their greatest lasting impact was as breeding par-
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ents. Most California cultivars (and many others) have an Ettersburg cultivar in their
background (Darrow 1966; Sjulin and Dale 1987).

In the middle of the 20th century, a number of particularly successful breed-
ing programs emerged in Scotland, England, Germany and Holland. In Scotland,
Robert Reid developed a series of red stele resistant cultivars utilizing American
‘Aberdeen’ as a source of resistance. His cultivar ‘Auchincruive Climax’ dominated
acreage in Great Britain and northern Europe until its demise due to June yellows in
the mid-1950’s. In England, D. Boyle produced a large series of cultivars with the
prefix ‘Cambridge’. ‘Cambridge Favorite’ (1953) became the most important of the
group and dominated the acreage in Great Britain by the 1960’s. In Germany, R. von
Sengbusch’s produced a ‘Senga’ series, of which ‘Senga Sengana’ (1954) became
paramount. ‘Senga Sengana’ was widely planted for its processing quality and is
still important in Poland and other eastern European countries. In the Netherlands,
H. Kronenberg and L. Wassenaar’s released several cultivars, of which ‘Gorella’
(1960) made the greatest impact. It was noted for its size, bright red glossy skin and
red flesh. B. Meelenbroek who followed in this program released ‘Elsanta’ (1981),
considered the ideal fresh market cultivar for its bright color, flavor and regular size.

Many breeding advances in the eastern United States have come from the U. S.
Department of Agriculture (Hancock, 1999). George Darrow at Beltsville, Mary-
land, developed ‘Blakemore’ which became the major southern US cultivar in the
mid-1930’s and ‘Fairfax’ was widely planted in the middle of this century from
southern New England to Maryland and westward to Kansas. These two cultivars
were used extensively in breeding, finding their way into the ancestry of a diverse
array of cultivars grown in all parts of the US. Other important releases from Darrow
were ‘Pocahontas’, ‘Albritton’, ‘Surecrop’ and ‘Sunrise’. D. H. Scott, A. D. Draper
and G. J. Galletta followed Darrow and released ‘Redchief’ (1968), ‘Earliglow’
(1975), ‘Allstar’ (1981), and ‘Tribute’ and ‘Tristar’ (1981). All of these cultivars
are still grown today. Tribute and Tristar were the first day-neutrals widely grown
in the eastern US and remain the leaders today. An active USDA breeding program
has also been conducted at Corvallis, Oregon, initially by Darrow, G.F. Waldo and
F.J. Lawrence, and now C. Finn. Some of the more important cultivars emerging
from this program were ‘Siletz’ (1955) and ‘Hood’ (1965). ‘Hood’ is considered
the premier berry for processing.

Several other state and federal supported programs have released important culti-
vars in the USA and Canada. Some of the most significant ones from the USA were
‘Honeoye’ and ‘Jewel’ (New York), ‘Raritan’ (New Jersey) and ‘Sweet Charlie’
(Florida). From Nova Scotia came ‘Bounty’, ‘Glooscap’ and ‘Kent’.

H. Thomas and E. Goldsmith’s of the University of California released the
important cultivars ‘Lassen’ and ‘Shasta’ in 1945. ‘Shasta’ was widely grown in
the central coast of California in the 1950’s and 1960’s because of its large size,
firmness and long season. ‘Lassen’ was grown extensively in southern California
about the same period, prized for its short rest period and high productivity. R.
Bringhurst and V. Voth took over the California-Davis program in the 1950’s and
generated a succession of internationally important, Mediterranean adapted culti-
vars have including ‘Tioga’ (1964), ‘Tufts’ (1972), ‘Aiko’ (1975), ‘Pajaro’ (1979),
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‘Chandler’ (1983), ‘Selva’ (1983), ‘Camarosa’ (1992) and ‘Seascape’ (1991). Most
recently, Doug Shaw has released ‘Diamonte’ from this program.

The greatest concentration of breeding activity outside of Europe and the USA
has been in Japan. Two very important cultivars were produced there: H. Fukuba’s
‘Fukuba’ (1899), noted for its large size and high flavor (Darrow, 1966), and K.
Tamari’s ‘Kogyoku’ (1940), respected for its vigor, earliness and fruit size. ‘Fukuba’
was the most important cultivar in forcing culture until the early 1970’s. ‘Kogyoku’
was one of the leading field grown cultivars after World War II, until it lost impor-
tance to the American import ‘Donner’ in the 1950’s.

8 Structural Genomics

Marker systems have been developed in strawberry for genetic linkage mapping and
QTL analysis (Sargent et al., 2004, 2007; Hadonou et al., 2004). These are broadly
applicable across strawberry species, although SSRs developed from other Rosaceae
species show only limited amplification. Davis and Yu (1997) provided the first
diploid map of F. vesca, using RAPD markers and isozymes, plus some morpho-
logical traits. They crossed F. vesca f. semperflorens ‘Baron Solemacher’ and a wild
clone of F. vesca ssp. vesca from New Hampshire, and developed an 80-marker map
in the F2 population that represented the seven linkage groups and was 445 cM long.
Unusually high levels of segregation distortion were noted (47%) that were skewed
toward ‘Baron Solemacher’. Davis and Yu speculated that the segregation distortion
was caused by the maternal cytoplasm favoring maternal genes. Davis also used a
candidate gene approach to determine the molecular basis of the yellow fruit color
locus (c) in diploid strawberry. Using PCR they degenerated primer pairs to examine
segregation patterns in intron length polymorphisms of genes involved in the antho-
cyanin biosynthetic pathway. They studied F2 progeny populations of a wild clone
of northern California F. vesca × F. vesca ‘Yellow Wonder’ and ‘Yellow Wonder’
× F. nubicola from Pakistan, and were able to place five genes into their previously
published map. They found F3H, the gene encoding flavanone 3-hydrolase, to be
the likely candidate for the yellow fruit color locus.

Most recently, a diploid map of 78 markers was constructed from a hybrid pop-
ulation of F. vesca subsp. vesca f. semperflorens × F. nubicola (Sargent et al.,
2004). The authors used a combination of SSRs, SCARs, gene specific markers and
morphological markers that came from the GenBank data base and other studies.
The seven linkage groups were identified in their 448 cM map. Segregation distor-
tions were noted at 54% of the loci that were skewed toward the paternal parent
F. nubicola. They speculated that the segregation distortions were due to meiotic
irregularities or the self-incompatible nature of F. nubicola. Only one octoploid
map has been published to date. Lerceteau-Köhler et al. (2003) used 727 AFLP
markers and 119 individuals to build both a female and a male map from the cross
of ‘Capitola’ × CF1116 [Pajaro × (Earliglow × Chandler)]. The female map was
built with 235 markers and was 1604 cM long, while the male map was 1496 cM
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long with 280 markers. Only 3.2% of the markers displayed distorted segregation
ratios. They detected 30 linkage groups on the female and 28 on the male side,
but did not develop a consensus map of the two parents. The female genome was
estimated at 2870 cM, while the male was 1861 cM. Two abstracts have described
work on octoploid genetic maps, Viruel et al. (2002) and Weebadde et al. (2008).
Viruel et al. used 300 SSR and RFLP markers and 86 progeny to build a consensus
linkage map with 17 linkage groups and a total distance of 627 cM. 120 markers
were unlinked or linked to only one marker, suggesting the need for more markers
to build a complete map. Only 10% of the markers showed distorted segregation
ratios. Weebadde et al. genotyped fifty-seven individuals of the cross ‘Tribute’ ×
‘Honeoye’ with AFLP markers. Out of 611 polymorphic bands obtained using 52
primer combinations, 410 single dose fragments (SDRFs) were identified and 23
linkage groups. Most of the markers (255 out of 410) remained unlinked, indicating
the need for more markers and larger population sizes to build a map with wide
genome coverage.

9 Functional Genomics

Only a few strawberry QTL analyses have been conducted. In Weebadde et al.
(2008), two AFLP markers were significantly associated with segregation of the
day-neutrality trait at a 0.01% level and five at a 0.1% level. Several of these markers
were not linked, indicating that day-neutrality is a quantitative trait in the octoploids.
Haymes found AFLP markers linked to three red stele resistance genes (Hokanson
and Maas, 2001). Lerceteau-Köhler et al. (2003) found fourteen QTL associated
with seven characters (fruit height, ratio fruit height/diameter, fruit color, firmness,
malate content, glucose content and ratio fructose to glucose). The percentages of
phenotypic variance explained by the QTLs ranged from 12 – 20%.

10 Biotechnological Approaches to Genetic Improvement

Currently, two transgenic herbicide resistant cropping systems are common for soy-
bean, maize, rapeseed, and cotton: RoundupReady® (active agent: glyphosate) and
Liberty Link® (active agent: glufosinate). These systems may have application for
strawberry. Weed infestation in fields is one of the major problems in all small
fruit crops, particularly strawberry. To control weeds in many crops, non-selective
and broad-spectrum herbicides, such as glyphosate and phosphinothricin, are used
although they can only be applied as a directed spray under the bushes and avoid-
ing any contact with the green tissues. Herbicide-resistant plants can be expected to
broaden the application of non-selective herbicides and to provide a simple, inex-
pensive, potent, and environmentally friendly management for weed control.

With the impeding ban on methyl bromide (MB) fumigation in strawberry pro-
duction, growers have lost the most effective control for weeds and soil pathogens.
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Yields in today’s cultivars are reduced by 50% in non-fumigated soil. Limited
genetic variability for resistance has been found to the broad range of pathogens
controlled by MB fumigation (Particka and Hancock, 2005). Herbicide resistant
strawberries with the CP4.EPSP synthase gene or PAT would allow for the effective
control of weeds, and a transgene like pcht28 that provided resistance to a broad
range of fungal pathogens could restore considerable yield potential. To minimize
marketers concerns about the acceptance of transgenic fruit, targeted expression of
these genes to just vegetative tissue would likely be required. The use of marker-free
selection systems might also prove beneficial.

The incorporation of transgenes for fruit rot resistance and increased firmness in
strawberries, such as the antisense of genes for pectate lyase and polygalacturonase-
inhibiting protein, would be highly beneficial if the public will accept them. Straw-
berries are highly perishable, and even with controlled atmosphere storage and
refrigeration, a high proportion of fruit are lost due to softening and fungal disease.
In particular, Botrytis and Phytopthora are sources of substantial crop losses.

Transgenic breeding could also provide resistance to major virus diseases such
as strawberry crinkle and yellows. In addition to expression of coat protein for pro-
tection against these diseases, application of RNA interference (RNAi) technology
could be exploited to obtain virus-resistant plants (Tenllado et al. 2004; Hoffmann
et al. 2006).

The distribution of small fruit cultivation is often restricted by low temperature
stress. Frost tolerance during bloom and winter cold hardiness may reduce crops.
While some genetic variability for these characteristics exists, very little improve-
ment has been made by plant breeders. The incorporation of genes such as CBF1
could provide the necessary genetic variability to improve this trait, if phenotypic
effects could be limited by targeting expression to floral tissues or cold periods
(Kasuga et al. 2004).

Cool temperatures during flowering also limits yields. When temperatures are
low during bloom, pollinator activity is greatly reduced leading to poor seed set,
reduced fruit size, irregularly shaped fruits and low yield. The incorporation of a
gene that induces parthenocarpic fruiting like the defH9-iaaM auxin-synthesizing
gene would be very beneficial in areas where cool conditions prevail during polli-
nation.

Transgenic approaches might also be employed to modify the secondary
metabolism of strawberries to improve their nutritional quality and flavor (Scalzo
et al., 2005). Successful modification of the nutritional value of tomatoes through
metabolic engineering and transformation has provided a novel example of the use
of organ-specific gene silencing to enhance the nutritional value of fruits. Bio-
chemical pathways might be altered through transgenic approaches to enhance
anthocyanin production and strengthen aroma. Numerous genes have been identi-
fied in strawberry that are associated with aroma (Aharoni et al., 2000, 2004) and
flavonoid metabolism (Manning, 1998).

Several obstacles are working against the acceptance of transgenic strawberries.
The economic value of these fruit crops is limited compared to many of the agro-
nomic crops and as a result there is only modest private stimulus to develop new
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biotechnological products. A second issue is that strawberries outcross and have
widespread, native relatives in close proximity to cultivated fields. Most transgenic
releases to date have been with species that do not have nearby congeners, greatly
reducing the risk of the movement of the transgene into wild species populations.
The release of transgenic strawberries will require more scrutiny and in-depth eco-
logical studies than have been required of previous releases. A third issue is reluc-
tance of the fruit industry to introduce products with a potential negative backlash
from people leery of consuming transgenic crops.

A strong influx of federal and state funds, along with a careful analysis of what
people’s perceptions are regarding transgenic fruit is needed to stimulate strawberry
biotechnology research. Until this happens, transgenic strawberries will remain as a
research tool without commercialization. Using marker-free transformation systems
and targeted expression of transgenes will minimize public concern, but the fear of
the technology must be abated before transgenic strawberries will be commonly
accepted.
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21. Strawberry (Fragaria spp.) Structural
Genomics

Daniel J. Sargent, Thomas M. Davis, and David W. Simpson

1 Cytology and Interfertility

The genus Fragaria has a basic chromosome number of seven (x=7) (Ichijima,
1926), and four main fertility groups are recognized: the diploids (2n=2x=14)
which include the model species for the genus, F. vesca, (Oosumi et al.,
2006) amongst the 14 described species; the tetraploids (2n=4x=28) includ-
ing F. orientalis; the single hexaploid species F. moschata (2n=6x=42); and four
octoploid species (2n=8x=56): F. chiloensis, F. iturupensis, F. virginiana and the
hybrid cultivated strawberry, F. ×ananassa. The octoploid species are thought
to be allo-octoploids, with a proposed genome composition of AAA’A’BBB’B’
implying contributions from at least four distinct ancestral diploid genomes
(Bringhurst, 1990). However, the prior genome composition models (AAAAB-
BCC and AAA’A’BBBB) of Fedorova (1946) and Senanayake and Bringhurst
(1967), respectively, recognized the possibility of an autopolyploid component,
and the genome compositions of the octoploid species have yet to be rigorously
established.

Numerous diploid progenitors have been proposed for the octoploids, includ-
ing the broadly distributed F. vesca, and the Japanese endemic species F. iinumae
(Hancock, 1999). In addition to the intensive research attention accorded to F. vesca,
other diploids are being utilized in Fragaria genomic research, including F. iinu-
mae (Folta and Davis, 2006), F. viridis (Sargent et al., 2003; Nier et al., 2006), and
F. nubicola (Sargent et al., 2004a; Sargent et al., 2006; Sargent et al., 2007; Vilanova
et al., 2008).

Recently, Staudt (2006) addressed the taxonomy of three Himalayan diploid
Fragaria species, F. bucharica, F. daltoniana and F. nubicola. In that monograph,
species accessions that had previously been identified as F. nubicola were re-
assigned to F. bucharica. Accessions of what is now F. bucharica, including the IPK
accession 94056-33.K (F. nubicola 601) = NCGR accession PI551851 (CFRA520),
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have been cited by many researchers previously as F. nubicola (Lin and Davis, 2000;
Potter et al., 2000; Deng and Davis, 2001; Sargent et al., 2004a, b, 2006, 2007; Davis
et al., 2006a; Monfort et al., 2006; Vilanova et al., 2008), and in the light of the
report of Staudt (2006) must now be reclassified as F. bucharica. The diploid Fra-
garia reference map FV×FN (see section on linkage mapping below) must therefore
be renamed FV×FB.

In addition to the recognized species groups described above, rarely occurring
pentaploids (2n=5x=32) have been found growing in the wild. The pentaploid
F. ×bringhurstii Staudt. is thought to have arisen from cross-fertilization between
the octoploid F. chiloensis and the diploid F. vesca (Bringhurst and Khan, 1963).
Also, in a survey of 15 F. orientalis genotypes, a pentaploid plant was found that
had been collected in the Julin Province of North Eastern China (Lei et al., 2005).
In addition, various fertile polyploids have been produced artificially, such as the
decaploid strawberries (2n=10x=70) produced from chromosome doubling of a
hybrid between F. chiloensis and F. nilgerrensis (2n=2x=14) (Noguchi et al., 2002).
The hybrid species F. ×bifera, consisting of both diploid (2n=2x=14) and triploid
(2n=3x=21) members, was shown to have arisen from hybridization between
F. vesca (as female) and F. viridis (Staudt et al., 2003).

The chromosomes of Fragaria are rather small, ranging in size from 0.9 – 1.7
microns in length (Yarnell, 1928) and display very little variation in morphology
between species (Iwatsubo and Naruhashi, 1989, 1991). Ichijima (1926) studied
the cytology of Fragaria chromosomes at various levels of ploidy. In the diploid
species studied, no irregular chromosomal behavior was observed in the course of
heterotypic division and the 14 somatic chromosomes were clearly seen and could
be readily counted at metaphase. In the octoploid Fragaria, it was difficult to count
the somatic chromosomes, which were closely and irregularly packed, and it was
found that counts were best made during late diakinesis. Chromosome number in
these experiments could not be determined definitely, but it was reported that it
appeared to be 56, which would be expected for an octoploid species with a hap-
loid chromosome number of x=7. Byrne and Jelenković (1976) observed only biva-
lents in meiotic spreads from nine cultivated genotypes. More recently, Lim (2004)
applied fluorescent in situ hybridization (FISH) to F. vesca using the 45S and 5S
rRNA genes, which revealed six 45S and two 5S sites within the 14 somatic chro-
mosomes of F. vesca. The experiments of Lim (2004) enabled the construction of an
F. vesca karyotype with three pairs of marker chromosomes, but the technique has
yet to be extended to the genetically and cytologically more complex genomes of
the octoploid Fragaria species.

High levels of interfertility have been reported between diploid Fragaria
species (Senanayake and Bringhurst, 1967; Evans, 1964; Jones, 1955; Sargent
et al., 2004b; Bors and Sullivan, 2005a) as well as between diploid species
and those at other levels of ploidy (Bors and Sullivan, 2005b; Noguchi et al.,
2002). Such interfertility suggests that species within the genus are not highly
diverged.
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2 Phylogenetic Analyses

The phylogenetic relationships between the different Fragaria species have been
studied using chloroplast DNA (cpDNA) fingerprints (Harrison et al., 1997a) and
sequence data from both cpDNA and the nuclear encoded ITS region (Potter et al.,
2000). Both these studies reported low phylogenetic resolution with only a few
monophyletic species groups such as F. viridis and F. nilgerrensis, while a major
clade containing F. vesca, F. bucharica (formerly F. nubicola) and the polyploid Fra-
garia was recovered with strong bootstrap support, further supporting the hypothesis
that all Fragaria species are closely-related.

Sargent (2005) studied the phylogenetic relationships between many of the diploid
Fragaria in more depth, utilizing sequence data from the ITS and four cpDNA regions,
and resolved a phylogeny that contained three major diploid clades, the first con-
taining a single species, F. iinumae, another containing many of the Asiatic diploid
species, and a third containing F. vesca, F. bucharica and F. viridis. However, since
he did not include any of the polyploid species in his analyses, this study did not
provideanyfurtherevidencetowardstheoriginsoftheoctoploidFragariaspecies.

A soon-to-be submitted study based on an intron-containing region of the Alcohol
dehydrogenase (ADH) gene (DiMeglio and Davis, unpublished data), and encom-
passing most of the Fragaria diploid and polyploid species, suggests diploids
F. vesca, F. bucharica, F. mandshurica, and F. iinumae as possible genome donors to
the octoploid species. Thus, this study provides enhanced illumination of the octo-
ploid species’ ancestry, and will help elucidate the pattern of reticulate evolution that
is thought likely to have occurred in the evolution of the economically-important
octoploid species.

3 Molecular Markers

The term ‘molecular marker’ can be applied to a large number of different tech-
niques that detect variation at the DNA level, all of which have been used to a greater
or lesser degree to assay variation between Fragaria species and varieties. His-
torically, arbitrary PCR-based marker systems, such as amplified fragment length
polymorphisms (AFLP), random amplified polymorphic DNA (RAPD) and inter-
simple sequence repeats (ISSR) have been used to detect variation between culti-
vated strawberry varieties for the purposes of cultivar identification and fingerprint-
ing (Arnau et al., 2003; Degani et al., 2001; Gidoni et al., 1994; Graham et al.,
1996; Kuras et al., 2004; Tyrka et al., 2002; Debnath et al., 2008.) and for pop-
ulation genetics studies (Harrison et al., 1997b; Porebski and Catling, 1998; Har-
rison et al., 2000; Carrasco et al., 2007), and many such applications have been
summarized in detail by Hokanson and Maas (2001). However, when using arbi-
trary marker systems, there are difficulties in reproducing or interpreting the finger-
prints produced between different laboratories. Consequently, standard reference
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fingerprints for cultivated strawberry varieties have not been established for the pur-
poses of plant variety protection using these marker systems. Despite these difficul-
ties, RAPD marker evaluation continues to find applications in diversity assessment
and cultivar identification (Korbin et al., 2002; Kuras et al., 2004; Milella et al.,
2006) and has been used in at least one forensic investigation to identify patented
plant varieties (Congiu et al., 2000).

Arbitrary marker systems have also been used both directly and indirectly in the
construction of genetic linkage maps in Fragaria. Building upon a strategy for the
identification, and targeted development of codominant RAPD markers in F. vesca
(Davis et al., 1995), RAPD markers were employed as the primary framework of the
first Fragaria (F. vesca) linkage map (Davis and Yu, 1997), while Lerceteau-Köhler
et al. (2003) used AFLP markers to produce an outline map of the cultivated straw-
berry F. ×ananassa. Such marker systems have the advantage of generating large
numbers of segregating markers per primer combination used, and are thus useful
for saturating molecular maps as they are rapid to use and relatively inexpensive.
However, the suitability of such markers for the purposes of linkage mapping is
hampered, because their interpopulational transferability is limited.

Therefore, for the purposes of developing marker-assisted selection in a wide
range of germplasm and for comparative mapping, arbitrary markers must first be
converted to sequence-characterized amplified regions (SCARs). A limited number
of SCARs, including three that are linked to traits of economic importance, have
been developed for Fragaria. These include markers for resistance to Phytopthora
fragariae (Haymes et al., 2000) and for the Rca2 Colletotrichum acutatum resis-
tance locus (Lerceteau-Köhler et al., 2005) in the cultivated strawberry, and mark-
ers tightly linked to the Seasonal-flowering locus (the mutant form of which has
been assigned the gene name semperflorens) in F. vesca (Albani et al., 2004). Davis
et al. (1995) also converted a codominant RAPD marker from F. vesca into a SCAR
marker and this SCAR was subsequently mapped as marker B194 in the FV×FB (for-
merly FV×FN) map of Sargent et al. (2004a; 2006). SCAR markers closely linked
to traits of interest are powerful tools for pre-selection of germplasm with superior
characteristics for breeding, but have the disadvantage of being difficult to develop.

The advent of large numbers of molecular markers with a high degree of repro-
ducibility for the genus Fragaria, such as microsatellites, gene-specific intron length
polymorphisms, and cleaved-amplified polymorphic sequence (CAPS) markers, has
largely superseded the use of arbitrary markers in recent years for both the construc-
tion of linkage maps (Deng and Davis, 2001; Sargent et al., 2006. 2007) and for the
studies of relatedness and identification of strawberry cultivars (Davis et al., 2006a;
Gil-Ariza et al., 2006; Govan et al., 2008; Hadonou et al., 2004; Kunihisa et al.,
2003, 2005).

3.1 Microsatellites

Microsatellites, or simple sequence repeats (SSRs), are short stretches of tandemly-
repeated DNA motifs that are abundantly dispersed throughout eukaryotic genomes.
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Recently, they have become the marker of choice for Fragaria due to their codom-
inant, multiallelic, and highly polymorphic nature, the ease with which they can be
rapidly and reliably genotyped, and their high degree of reproducibility and trans-
ferability between cultivars and species. Recent genetic investigations in Fragaria
employing SSRs include linkage analyses (Sargent et al., 2004a, 2006) and cultivar
identification (Gil-Ariza et al., 2006; Govan et al., 2008).

Microsatellite markers have been developed for Fragaria by a large number of
different groups (Nourse et al., 2002; Ashley et al., 2003; James et al., 2003; Sar-
gent et al., 2003, 2004a, 2006; Cipriani and Testolin, 2004; Hadonou et al., 2004;
Bassil et al., 2006; Monfort et al., 2006; Lewers et al., 2005; Cipriani et al., 2006;
Gil-Ariza et al., 2006;Shimomura and Hirashima, 2006) and to date, more than 200
distinct SSR primer pairs have been reported, isolated from Fragaria species at
both the diploid (F. bucharica, F. vesca and F. viridis) and octoploid (F. ×ananassa
and F. virginiana) level. Their inherent usefulness as genetic markers stems from
the instability of the SSR repeat, which leads to their highly polymorphic nature,
coupled with flanking DNA sequence that exhibits much greater stability and from
which locus-specific primers are designed. The relative stability of the primer
sequences between species within Fragaria, particularly when SSRs are designed
from coding DNA sequence, means that SSRs have proved to be highly transferable
between species within the genus (Davis et al., 2006a), and thus SSRs that amplify
single loci in diploid species often amplify multiple, distinct loci in the octoploid
species (Ashley et al., 2003; Govan et al., 2008)

Despite their high levels of transferability and thus utility for mapping and diver-
sity studies within Fragaria, the transferability of Fragaria SSR markers to other
closely-related genera such as Rubus and Rosa is much reduced (Lewers et al.,
2005), and in more distantly-related genera within Rosaceae such as Prunus and
Malus, amplification and polymorphism of Fragaria SSRs has been shown to be
minimal (Sargent et al., unpublished data), with almost no markers proving useful
for comparative mapping. Even EST-SSRs have not proved useful for comparative
mapping studies between Fragaria and more distantly-related genera, due mainly
to the fact that the majority are isolated from the 3’ and 5’ un-translated regions of
genes which are generally less conserved than exon sequences. Thus, while SSRs
remain the marker of choice for linkage mapping studies within Fragaria, their util-
ity for synteny studies and comparative mapping within the Rosaceae is severely
limited.

3.2 Gene-Specific Markers

Gene-specific markers are useful for mapping because, being derived from coding
sequence, they represent markers with biological function. In addition, since primer
pairs are usually designed within coding regions of the gene, they are often highly
conserved and thus, gene-specific markers can be transferred between species, and
in many cases between distantly-related genera.
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The first gene-specific sequence-tagged site (STS) marker in Fragaria was devel-
oped from the ADH sequence of Wolyn and Jelenković (1990) by Davis and Yu
(1997). Primer pairs for the ADH marker were designed flanking introns II and
III of the gene from exon sequence. These revealed intron length polymorphisms
between the parents of the F. vesca mapping population of Davis and Yu (1997)
that could be scored via agarose gel electrophoresis. Subsequently, using a similar
approach to primer pair design to that employed by Davis and Yu (1997), Deng
and Davis (2001) developed a set of degenerate primer pairs that amplified STS
markers for genes of the anthocyanin biosynthesis pathway, utilizing DNA and pro-
tein sequences deposited into the EMBL database. Their primer pairs were able
to amplify markers for five genes in the anthocyanin biosynthesis pathway and
one associated transcription factor. By exploiting intron length polymorphisms, the
authors were able to map these gene-specific markers in a number of interspecific
diploid Fragaria progenies. The mapping of these gene-specific STS markers pro-
vided strong evidence, through co-segregation of the yellow/white fruit color locus
c and the anthocyanin gene Flavanone 3-hydroxylase (F3H), that a mutation in this
gene may be responsible for the yellow fruit color phenotype in F. vesca ssp. vesca
f. semperflorens ‘Yellow Wonder’.

More recently, Sargent et al. (2007) designed a set of primer pairs for 24 genes of
known function, predominantly from Fragaria mRNA sequences deposited in the
EMBL database. The primer pairs they designed flanked polymorphic introns and
they were able to map all 24 genes to 29 loci on the diploid Fragaria genome, bring-
ing the total number of markers for genes of known-function mapped in the genus
to 35. In addition, the transferability of many of these markers to both Malus and
Prunus was demonstrated, and they were able to locate five of these genes on maps
of those species. Additionally, Brese and Davis (unpublished data) have mapped
two ribosomal protein genes isolated from a Fragaria EST library to the FV×FB
reference map, however their transferability to other rosaceous genera has yet to be
demonstrated.

3.3 Cleaved Amplified Polymorphisms

The cleaved amplified polymorphic sequence (CAPS) marker concept is finding
useful application in strawberry. In the original CAPS application in Arabidopsis
(Konieczny and Ausubel, 1993), and its initial use in strawberry (Kunihisa et al.,
2003, 2005), restriction enzymes were used to digest PCR products generated by
primer pairs located in conserved exon sequences flanking introns, and fragment
length polymorphisms were visualized on agarose gels. Upon refining their CAPS
primer design protocol to enhance locus-specificity in the octoploid strawberry,
Kunihisa et al. (2005) were able to distinguish between 64 cultivars using a min-
imum of nine CAPS markers.

In a novel application of the CAPS concept, Davis et al. (2007a, 2008) have
described a new molecular marker type called the “gene pair” marker. While the
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conventional CAPS approach specifically mines polymorphisms in introns, gene
pair markers are aimed at exploiting polymorphisms in intergenic regions, the detec-
tion of which is facilitated by the comparatively small (1–5 kb) intergenic distances
encountered in Fragaria (Davis et al., 2008). A gene pair marker is generated using
a primer pair in which one primer is located in an exon of one gene, and the second
primer is located in an exon of an immediately adjacent gene. Thus, the respective
PCR product includes an entire intergenic interval, as well as any exon and intron
sequence flanked by the primer pair. The initially described CDPK1-BHLH1 straw-
berry gene pair locus was also amplifiable in Prunus, Rubus, and Rosa (Davis et al.,
2007a), suggesting that gene pair markers will find application in intergeneric syn-
teny studies in the Rosaceae.

3.4 Isoenzymes

The early history of isozyme marker utilization in Fragaria centered at the Uni-
versity of California, Davis (Arulsekar and Bringhurst 1983), where the Peroxi-
dase (PX) and Phosphoglucoisomerase (PGI) isozyme systems were employed by
Hancock and Bringhurst (1978, 1979) in studies of variation in natural populations
of diploid F. vesca and the octoploids F. chiloensis and F. virginiana. Monogenic
segregation ratios for the first molecular marker scored in Fragaria; the codomi-
nant isoenzyme Phosphoglucose isomerase (Pgi-2), were then reported in F. vesca
(Arulsekar and Bringhurst, 1981). Subsequently, electrophoretically detectable vari-
ation among octoploid strawberry cultivars (F. ×ananassa) was studied using three
isoenzyme systems: PGI, Leucine aminopeptidase (LAP), and Phosphoglucomutase
(PGM) (Bringhurst et al., 1981). Genetic models were developed for the inheritance
of both Pgi and Lap in F. ×ananassa (Arulsekar et al., 1981), on the basis of which
the authors advanced the claims that all four detected Pgi loci were active and that
the cultivated octoploid strawberry is diploidized. Subsequent studies of isozyme
variation in the cultivated strawberry have been reviewed in detail by Hokanson and
Maas (2001). Isozyme markers also played a key role in the first two reports of
quantified genetic linkage in Fragaria, and these are discussed in the section below
on linkage map development.

3.5 Restriction Fragment Length Polymorphisms (RFLPs)

Restriction fragment length polymorphism markers (RFLPs) have been character-
ized and used for mapping in a number of rosaceous genera, including Malus
(Maliepaard et al., 1998) and Prunus (Dirlewanger et al., 2004), but to date, no
nuclear RFLP probes have been directly developed from Fragaria species (although
chloroplast restriction fragments were used to study the phylogeny of Fragaria by
Harrison et al. (1997a). Viruel et al. (2002) successfully used a set of RFLPs pre-
viously developed from and mapped in Prunus, to construct a linkage map for the
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cultivated strawberry. Despite only 22% of the 123 probes tested revealing useable
polymorphisms for mapping in the cultivated strawberry, they successfully demon-
strated the transferability of these probes between distantly-related rosaceous gen-
era, and thus the applicability of RFLPs for comparative mapping between Prunus
and Fragaria. More recently, Vilanova et al. (2008) screened 65 Prunus RFLP
probes in the grandparents of the diploid Fragaria reference map FV×FB, and were
able to map 40 of these probes, allowing the first direct comparisons between the
diploid Prunus and Fragaria genomes to be made.

4 Resistance Gene Analogues

Degenerate PCR primers targeting conserved regions of nucleotide binding site
(NBS) domains (Leister et al., 1996) have been used to isolate resistance gene ana-
logues (RGAs) from F. vesca, F. chiloensis, and F. ×ananassa (Martinez-Zamora
et al., 2004). No RGA loci have been incorporated into any published Fragaria link-
age map; however, four RGA-based gene pair loci (see below) have been located on
the F. vesca and FV×FB linkage maps (Davis et al., in preparation) and Marchese
et al. (unpublished data) have used the arbitrary RGA primers reported in Rajesh
et al. (2002) to locate eight RGA loci to the FV×FB reference map.

5 Linkage and Physical Maps-Diploid

Due to its allo-octoploid, hybrid nature, the cultivated strawberry F. ×ananassa,
is one of the most genetically complex fruit crop species. As a result, researchers
studying genetics and genomics in the genus Fragaria have been concentrating the
majority of their efforts to date on the study of a series of model diploid systems,
utilizing the diploid F. vesca (Cipriani et al., 2006; Davis and Yu, 1997; Davis et al.,
2007b) and its interfertile relatives such as F. bucharica (Sargent et al., 2004a, 2006,
2007) and F. viridis (Nier et al., 2006).

5.1 Morphological Markers

Richardson (1914, 1918, 1920, 1923) was the first researcher to discuss the phe-
nomenon of linkage between phenotypic traits under major-gene control in diploid
Fragaria. Subsequently, Brown and Wareing (1965) presented a study of the mode
of inheritance of morphological traits in diploid Fragaria. They reported the pro-
duction of F2 and backcross (BC1) progenies to study the inheritance of four mor-
phological traits and concluded that non-runnering (or runnerless) (r), perpetual
flowering (or semperflorens) (s) and yellow/white fruit color (c) were controlled by
three independently segregating major genes, and that the ‘bushy’ phenotype of one
parental line was under the control of the r gene, or a second gene tightly linked
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to this locus. Since then, only two further morphological characters under single
gene control have been described in diploid Fragaria, the long-stemmed phenotype
arborea (arb) (Guttridge, 1973) and more recently, a pale-green leaf phenotype (pg)
was reported by Sargent et al. (2004b) in F. vesca.

5.2 Molecular Markers

The report of a close (1.1 cM) linkage between the Shikimate dehydrogenase (Sdh)
isozyme locus and the c locus governing the yellow (versus red) fruit color trait
in F. vesca (Williamson et al., 1995) was followed quickly by the description of
linkage (18.9 cM) between the Pgi-2 isozyme locus and the r locus governing the
runnerless (versus runnering) trait in F. vesca (Yu and Davis, 1995). Based on the
priority of these initial reports, the respective marker pairs were used to anchor F.
vesca linkage groups I and II, respectively, in the first Fragaria linkage map (Davis
and Yu, 1997), and this nomenclature has been followed on all subsequent diploid
linkage maps in Fragaria (Cipriani et al., 2006; Nier et al., 2006; Sargent et al.,
2004a, 2006, 2007). More recently, Albani et al. (2004) reported the development
of three SCAR markers derived from ISSRs linked at 3.0, 1.7 and 0 cM from the s
locus on linkage group VI (which they denoted SFL for Seasonal flowering locus),
in a BC1 F. vesca progeny of 1,049 individuals.

5.3 Linkage Map Construction

Davis and Yu (1997) were the first to report a genetic linkage map for diploid Fra-
garia. Their map was developed from an intraspecific F2 population derived from
the cross F. vesca ssp. vesca ‘Baron Solemacher’ × F. vesca ssp. americana ‘WC6’
(BS×WC6) and was constructed using 78 molecular loci, including 11 codomi-
nant and 64 dominant RAPD markers, the STS marker for the ADH gene and the
isoenzymes Pgi-2 and Sdh-1. The BS×WC6 progeny also segregated for two mor-
phological characters s and r, one of which (r) was mapped in their population. The
resultant map covered seven discrete linkage groups and a total genetic distance of
445 cM. The transferability of some of the RAPD markers employed by Davis and
Yu (1997) was sufficient to allow linkage groups and map positions of five genes
and one transcription factor involved in the anthocyanin biosynthetic pathway in
diploid Fragaria to be determined. The co-segregation of one of the genes in this
pathway, Flavanone 3-hydroxylase (F3H), with the yellow/white fruit color locus (c)
was identified in a progeny of 40 F2 individuals through a candidate gene approach
(Deng and Davis, 2001).

The growth of interest in the development of transferable genetic markers for
Fragaria, primarily in the development of microsatellite markers from genomic
DNA and EST libraries, prompted the production of a second generation linkage
map for diploid Fragaria from a segregating interspecific F2 population of the cross
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F. vesca 815 ×F. bucharica 601 (formerly F. nubicola 601) (Sargent et al., 2004a, b,
2006, 2007), designated FV×FB. This population segregates for three morphologi-
cal characters, r, s and pg. To date, 234 molecular loci (172 SSRs, 16 gene-specific
STSs 40 RFLPs, five ESTs, and one SCAR) have been mapped through collabo-
ration between laboratories in the UK, Spain, France and the USA using the full
FV×FB mapping population. The map covers seven linkage groups with a total
genetic distance of 606.8 cM (just 25% greater coverage than the first generation
diploid Fragaria RAPD map of Davis and Yu (1997)) and has since been adopted
as the international reference population for the genus (Fig. 1).

5.4 Selective, or Bin Mapping

Traditionally, adding further loci to a linkage map has meant analyzing co-
segregations of markers in the entire mapping progeny from which the map was
derived. However, using the approach of ‘selective’, or ‘bin’ mapping, it is possible
to place new markers onto well-saturated framework maps using a minimum num-
ber of well-chosen seedling genotypes that maximize the recombination breakpoints
observed in the entire population (Vision et al., 2000; Howad et al., 2005). Sargent
et al. (2008) recently defined a set of bins for the FV×FB mapping population span-
ning the Fragaria genome, and collaboration between researchers in the UK, Spain
and Italy has resulted in 99 SSRs and four gene-specific markers being added to the
FV×FB map using a reduced set of just six seedlings. The use of a selective map-
ping strategy in Fragaria affords considerable savings in labor and laboratory costs
over conventional mapping, and thus permits markers to be assigned map positions
with the minimum of time and effort.

5.5 Comparative Mapping

Since the adoption of SSR and gene-specific markers for map construction in Fra-
garia, and the recent application of RFLPs to the Fragaria reference map (Vilanova
et al., 2008), it has been possible to compare maps of different diploid Fragaria
mapping progenies and also to align the reference maps of different genera within
the Rosaceae. Nier et al. (2006) constructed a linkage map of a backcross progeny
from a wide interspecific cross between F. vesca and F. viridis. Their map was com-
posed of 33 molecular markers and covered 241.6 cM.

Despite being significantly shorter than the genetic distance covered by the same
markers in the FV×FB reference map, marker order was conserved between the two
maps. Likewise, Cipriani et al. (2006) developed a set of novel SSRs and mapped
these markers in a small intraspecific F. vesca population. These markers were sub-
sequently bin mapped in the FV×FB population of Sargent et al. (2008) and, once
again, conservation of marker order between the two maps was observed, indicating
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that the chromosome structure of F. bucharica, F. vesca and F. viridis is essentially
colinear at the macrosynteny level.

Through the mapping in the Fragaria and Prunus reference maps of 71 anchor
loci (40 RFLPs, 23 ESTs and eight gene-specific STS markers) Vilanova et al.
(2008) were able to compare, for the first time, the genomes of two of the most
distinct taxa within Rosaceae. Their results showed a high degree of synteny con-
servation between the genomes of the two genera, with most of the loci of five of
the eight linkage groups of Prunus showing correspondence with only one Fragaria
linkage group homologue each. Their results suggested that there have been many
chromosomal rearrangements, with at least 47 breakpoints occurring since diver-
gence of the two genera. However, the conserved synteny displayed between the
genomes of Fragaria and Prunus is sufficient to indicate that information gained on
marker or gene position in one species within the Rosaceae can be used to inform
studies in another. The development of structural genomics resources for Prunus is
currently at a more advanced stage than for Fragaria and this knowledge will permit
the use of Prunus resources for the benefit of research in Fragaria.

5.6 Octoploid Mapping

As previously stated, linkage mapping utilizing octoploid Fragaria species has been
hampered by their highly complex genetic nature, and thus, mapping resources are
less well developed than for the diploid species. However, the advent of the diploid
Fragaria reference map (FV×FB) saturated with transferable markers (Sargent
et al., 2004a, 2006, 2007; Vilanova et al., 2008), has facilitated the development
of linkage maps of F. ×ananassa.

In the first report of marker-trait linkage in the cultivated strawberry, bulked
segregant analysis (BSA) was used to identify a cluster of seven RAPD markers
linked to the Rpf1 locus, which confers race-specific resistance to red stele root rot
(Haymes et al., 1997). The RAPD marker OPX-16C, which was linked in repul-
sion phase to Rpf1, was later converted to a SCAR marker that was linked to the
resistance gene in coupling phase (Haymes et al., 2000). The occurrence of 1:1 seg-
regation patterns for the RAPD markers scored in the mapping population (Md683
× Senga Sengana) of Haymes et al. (1997, 2000) stands in contrast to the claim of
Zhang et al. (2003) that single copy RAPD loci are undetectable in octoploids.

The first linkage map of the cultivated strawberry (F. ×ananassa) was published
by Lerceteau-Köhler et al. (2003). Their map was derived from the F1 popula-
tion ‘Capitola’ (CA75.121-101 × ‘Parker’) × CF1116 [‘Pajaro’ × (‘Earliglow’ ×
‘Chandler)] and consisted of 119 individuals mapped using a two-way pseudo test-
cross strategy utilizing single-dose markers that segregated 1:1. Initially, all markers
linked in coupling phase were mapped, after which, the data was inverted to allow
markers linked in repulsion to be identified. Once all linkages were determined, sep-
arate male and female maps for the progeny were constructed. These initial linkage
maps were composed of 515 single dose AFLP markers that segregated in 28 male
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and 30 female linkage groups with an average of ten and 7.8 markers per linkage
group respectively. The female map spanned a total of 1604 cM, while the male
map covered 1496 cM, equating to average linkage group lengths of 53.5 cM and
53.4 cM respectively.

Most of the linkage groups identified were shown to be in coupling/repulsion,
indicating that the F. ×ananassa genome exhibits predominantly disomic behavior.
However, the Lerceteau-Köhler et al. (2003) linkage map contained at least one
large group of markers that all segregated in coupling phase, possibly indicative
of polysomic segregation behavior. More recently, the map of Lerceteau-Köhler
et al. (2003) was extended using a larger population of 213 individuals (Rousseau-
Gueutin et al., 2008). This extended population was mapped using the original
AFLP markers of Lerceteau-Köhler et al. (2003), along with the addition of fur-
ther AFLP, SCAR and SSR markers. Based upon SSR marker commonality, four
F. ×ananassa linkage groups with apparent homoeology to linkage group III of the
FV×FB reference map were initially described (Davis et al., 2007b). The addition
of codominant, transferable SSR markers and the larger progeny size employed in
their study allowed Rousseau-Gueutin et al. (2008) to integrate the majority of the
male and female linkage groups of Lerceteau-Köhler et al. (2003) and to further
identify the four distinct homoeologous linkage groups for each of the seven diploid
Fragaria linkage groups of the FV×FB reference map.

The mapping of additional codominant markers also allowed the authors to con-
clude that segregation in the cultivated strawberry is predominantly disomic, which
is consistent with the findings of Ashley et al. (2003) who observed only disomic
Mendelian segregations in the study of two controlled crosses of accessions of the
species F. virginiana and concluded that the genome of this octoploid was highly
diploidized. However, linkage groups that contained markers exclusively in cou-
pling were again observed in the study of Rousseau-Gueutin et al. (2008), sug-
gesting that polysomic segregation may still occur in isolated incidences within the
F. ×ananassa genome.

A consensus map of 43 linkage groups encompassing 429 AFLP markers that
could be mapped as single dose resitriction fragments (SDRFs) was constructed
using 127 progeny from the cross ‘Tribute’ × ‘Honeoye’, and was 1541 cM in total
length (Weebadde et al., 2008). The population was screened for flowering habit in
four locations, and eight QTL were identified, none of which explained more than
36% of the variation, indicating that day-neutrality was inherited as a polygenic
trait.

A less extensive linkage mapping study has been conducted in F. ×ananassa
which attempted to isolate markers closely linked to the gene governing the ever-
bearing trait (Ev) (Sugimoto et al., 2005). In their investigation, RAPD markers were
identified closely linked to the Ev locus in a small subset (N=26) of the F1 progeny
from the cross ‘Everberry’ × ‘Toyonoka’. Five linked markers were then mapped in
the full progeny of 199 seedlings and a map was produced spanning 39.7 cM, with
the closest flanking markers located 11.8 cM and 15.8 cM on either side of the Ev
locus, which segregated in a 1:1 Mendelian ratio expected for a single gene trait.
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5.7 Association Mapping

SCAR markers derived from RAPD marker OPX-16C, which belonged to a cluster
of RAPDs linked to red stele resistance/susceptibility, were assessed for association
with resistance in a broad sampling of cultivars and breeding selections (Haymes
et al., 2000). The presence of marker SCAR-R1A correctly identified 23 of 34 resis-
tant genotypes. Eight of the 11 divergent genotypes belonged to a common pedi-
gree, and their loss of linkage could be explained by a single crossover early in the
pedigree. Only one of 53 susceptible genotypes possessed SCAR-R1A. Two AFLP-
derived SCAR markers that were closely linked to the Rca2 gene for Colletotrichum
acutatum resistance in cultivar ‘Capitola’ were assessed in 43 F. ×ananassa culti-
vars (Lerceteau-Köhler et al., 2005). Of 28 resistant cultivars tested, 75 and 46%
carried the STS-Rca2˙417 and STS-Rca2˙240 markers, respectively, while neither
marker was detected in any of the 14 susceptible cultivars.

The Pedigree Genotyping concept (van de Weg et al., 2004) aims at integrating
linkage and pedigree-based data as a means of exploiting breeding materials to bring
higher resolution to the analysis of marker-trait associations. Pedigree Genotyping
requires the use of multi-allelic markers such as SNPs or SSRs, and a dedicated
software package to calculate the genetic values of different marker alleles. In this
approach, all of the alleles of a given locus are traced through a multigenerational
pedigree, and their associations with measured phenotypic values are assessed. By
providing a basis for predicting phenotypic value based upon genotype, Pedigree
Genotyping is envisioned as a potentially powerful tool in the service of marker
assisted selection (van de Weg et al., 2004).

6 Whole Genome Sequencing

The small size of the basic Fragaria genome is favorable for whole genome
sequencing. The cytologically determined C value for Fragaria vesca was reported
to be 164 Mbp (Akiyama et al., 2001), from which a 206 Mbp C value was extrap-
olated (Folta and Davis, 2006; Davis et al., 2007b) to account for the discrepancy
between the 125 Mbp genome size attributed to the Arabidopsis thaliana standard
by Akiyama et al. (2001) and its 157 Mbp C value as cytologically determined by
Bennett et al. (2003). Data suggesting that the subgenomes of the octoploid species
may have diminished in size since these species arose from their diploid ancestors
have been considered by Davis et al. (2007b).

An initial ∼1% (1.75 Mbp) sampling of the F. vesca genome has been obtained
by sequencing 50 genomic inserts (GenBank numbers EU024823-EU024872) from
a fosmid library of F. vesca ssp. americana ‘Pawtuckaway’ (Davis et al., 2006b).
Of these 50 sequenced clones, 30 were chosen at random and 20 were identified by
using candidate gene sequences to probe library filters. Initial analysis indicates a
protein-encoding gene density of about 1 gene per 6 kb, while SSR loci with five or
more repeats occurred at a frequency of about 1 per 5 kb.
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1 Introduction

The most economically important strawberry species is the octoploid Fragaria ×
ananassa, grown worldwide over a wide range of latitudes for fresh market and
processing industry. The small-fruited diploid F. vesca and the musky-flavored
hexaploid F. moschata are grown on a much smaller scale only for local fresh mar-
kets and pastry industry. The largely unexploited genetic pool contain species and
genotypes differing for important breeding traits such as: fruit size, aroma, firm-
ness and chemical composition; dioecy/hermaphroditism; response to photoperiod;
resistance to pathogens and pests; hardiness, etc. (Darrow, 1966; Faedi et al., 2002;
Døving et al., 2005; Ulrich et al., 2007; and references therein).

From the biotechnology point of view, the relatively small genome of Fragaria
species (<1.5-fold the Arabidopsis genome for diploid Fragaria genotypes) makes
them an attractive target for future genomics initiatives. Concomitantly with other
sequencing efforts in the last years, the number of Fragaria DNA sequences in
public databases has exponentially increased to exceed 53,000 entries – including
both core nucleotide sequences and expressed sequence tags (ESTs) of as many
as fifteen Fragaria species – as of June 2008. Yet, the developed ‘omics’-based
tools and databases (Aharoni et al., 2000, 2002a, 2002b; Folta et al., 2005; Carbone
et al., 2006; Gil-Ariza et al., 2006; Hjernø et al., 2006; Jung et al., 2008) have to
be further implemented into comprehensive knowledge platforms. Therefore, one
of the main challenges of the ‘post-genomic era’ remains the integration of high-
throughput technologies coupled to efficient mathematical algorithms and model-
ing, aimed at unraveling metabolic networks and a better understanding of plant
physiological processes.

This review focuses on progress in functional molecular and biotechnology stud-
ies, pinpointing research reports related to major breeding traits. Readers are also
referred to previous reviews for more exhaustive coverage of existing literature
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(Hokanson and Maas, 2001; Folta and Davis, 2006) and to other chapters of this
book for investigations on translational genomics and molecular markers.

2 Fruit-Related Traits

Strawberry fruits contain thousands of metabolites, many of which have a strong
impact on consumer’s senses and health. Analytical research has focused on the
identification and quantification of such metabolites throughout fruit development
and in the post-harvest chain of fresh and processed fruit. To date, most analyti-
cal biochemistry studies on strawberry have relied on specifically devised extrac-
tion/separation methods to identify/quantify specific compounds of interest (see
below). The only report on comprehensive non-targeted metabolic analysis of straw-
berry identified 5,844 unique mass peaks by analyzing fruits at four developmen-
tal stages, with eight combinations of extraction/ionization methods and FTMS
(Fourier transform mass spectrometry) technology (Aharoni et al., 2002a). Hun-
dreds of compounds belonging to different biochemical classes (e.g., sugars, fatty
and phenolic acids, amino acids, esters, terpenes, alkaloids, flavonoids) could be
grouped according to differences in developmental accumulation profiles. Ultra high
resolution and mass accuracy (<1 ppm) and throughput make FTMS approach lur-
ing, but high cost and cumbersome use of the instrument, difficulty in positive struc-
tural identification and inability to distinguish isomers are drawbacks that have lim-
ited its use in plant research. However, this work is a milestone for the development
of high-throughput research in Fragaria and other fruit species.

3 Volatile Compounds

Studying the origin of volatiles emitted by strawberry is a worthwhile and chal-
lenging area of research because strawberry flavor is extremely popular worldwide
(Bood and Zabetakis, 2002). More than 360 volatiles are produced by the strawberry
fruit but not all are equally important for the overall aroma as it was demonstrated
by application of an aroma extract dilution analysis. Among the volatiles only about
fifteen odorants were shown to contribute to the smell of strawberry due to their
high flavor dilution factors (Schieberle and Hofmann, 1997; Jetti et al., 2007).
Furthermore, calculation of odor activity values (ratio of concentration to odor
threshold) revealed six compounds (Z)-3-hexenal, 4-hydroxy-2,5-dimethyl-3(2H)-
furanone (HDMF), methyl butanoate, ethyl butanoate, methyl 2-methylpropanoate,
and 2,3-butanedione as the key flavor compounds in the typical strawberry-like
odor of the juice. However, studies using five different strawberry cultivars showed
that there are species-specific significant volatiles such as ethyl butanoate, methyl
butanoate and γ-decalactone, and generally important strawberry aroma compounds
such as HDMF, linalool and ethyl hexanoate (Larsen et al., 1992).
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Volatile esters are produced by virtually all soft fruits. They probably serve a dual
role as attractants for animals, insects and humans and as protectants against pests
and pathogens. The last step in their biosynthesis is catalyzed by alcohol acyltrans-
ferases (AATs), which link alcohols to CoA-activated acyl moieties (Fig. 1A). The
substrates are provided by the metabolism of either fatty acids or amino acids. A
strawberry AAT cDNA (SAAT) was identified during profiling studies of ripening-
induced genes utilizing cDNA microarrays (Aharoni et al., 2000). The recombinant
SAAT enzyme catalyzed the formation of esters found in strawberry, using aliphatic,
medium chain alcohols in combination with various chain length acyl-CoAs as sub-
strates. The activity of SAAT with aromatic substrates and the tertiary monoterpenol
linalool was negligible. The identification of SAAT-related genes in a number of
fruit species led also to the isolation and heterologous expression of an AAT gene
from wild strawberry (Fragaria vesca) VAAT (Beekwilder et al., 2004). Although
the VAAT enzyme is closely related to SAAT, its activity is quite distinct. VAAT
is much more active on short chain alcohol substrates which are not preferred by
SAAT. These characteristics are in agreement with the substrate preference reported
for enzyme extracts of wild and cultivated strawberry fruits (Olias et al., 2002).
Thus, substrate preference could not be predicted on the basis of sequence infor-
mation and was not necessarily reflected in the representation of esters in the cor-
responding fruit volatile profiles. The results suggested that the specific profile of
a given fruit species is, to a significant extent, determined by the supply of precur-
sors. A correlation between the expression of an AAT gene, total AAT activity and
the presence of related esters in strawberry fruit headspace was demonstrated by
molecular and biochemical studies (Carbone et al., 2006). Recently, overexpression
of SAAT in lactic acid bacteria resulted in the production of octyl acetate, demon-
strating the availability of suitable substrates in the host and offering the opportu-
nity to use the plant gene to develop biotechnological process for the production
of natural esters (Hernández et al., 2007). Ethanol, the precursor of ethyl butanoate
and ethyl hexanoate is probably formed by an enzymatic reduction of acetaldehyde,
which is formed from pyruvate by the action a pyruvate decarboxylase (PDC). Two
strawberry PDC genes have been cloned but only FaPDC1 is induced during fruit
ripening (Moyano et al., 2004).

Terpenoids are derived from the mevalonate pathway, which is active in the
cytosol, or from the plastidial 2-C-methyl-D-erythritol-4-phosphate pathway. Both
pathways produce the C5 units that can be used by prenyl transferases in con-
densation reactions to produce the monoterpene precursor geranyl diphosphate
(GDP), the sesquiterpene precursor farnesyl diphosphate (FDP), and diterpene and
carotenoid precursors. Linalool, nerolidol, α-pinene, and limonene are the quanti-
tatively predominant volatile terpenes in strawberry and can reach up to 20% of
the total fruit volatiles (Loughrin and Kasperbauer, 2002). A substantial advance in
the understanding of mono- and sesquiterpene formation in strawberry fruit and
their functions during strawberry domestication has been made by cloning and
functional expression of a nerolidol synthase 1 (NES1) gene and characterization
of its gene product as a bifunctional mono- and sesquiterpene synthase (Fig. 1B,
Aharoni et al., 2004). The recombinant FaNES1 enzyme generated (S)-linalool
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and trans-(S)-nerolidol from GDP and FDP, respectively. Although similar genes
were found in wild and cultivated strawberry species, only FaNES1 is exclusively
present and highly expressed during fruit ripening in cultivated octoploid varieties.
Green fluorescent protein localization studies demonstrated that a change in subcel-
lular localization – due to a truncation at the N-terminus – let the FaNES1 enzyme
encounter both GDP and FDP, resulting in the production of (S)-linalool and trans-
(S)-nerolidol. In contrast, a second terpene synthase (pinene synthase, PINS) gene
is primarily expressed in wild strawberry species while an insertional mutation
reduced its expression in cultivated species (Aharoni et al., 2004). In Fragaria vesca,
FvPINS produced α-pinene and thus provided the substrate for a pinene hydroxy-
lase which catalyzed the C10 hydroxylation of α-pinene to myrtenol. In Fragaria ×
ananassa, the loss of α-pinene further influenced the fruit flavor profile because the
olefin is no longer available as a substrate for the downstream compound myrtenol
and myrtenyl acetate (Aharoni et al., 2004). In vivo feeding experiments using
[5,5-2H2]mevalonic acid lactone and [5,5-2H2]-1-deoxy-D-xylulose confirmed the
biosynthesis of (S)-linalool, trans-(S)-nerolidol, and α-pinene in the cytosol via the
mevalonic pathway (Hampel et al., 2006). These results nicely demonstrate how
simple mutations can affect the overall flavor profiles that are eventually selected
for during domestication.

The furanone HDMF is quantitatively a minor constituent in the headspace of
strawberry fruit but, because of its low odor threshold value, it is considered as
one of the most important volatiles of the overall flavor (Fig. 1C; Schieberle and
Hofmann, 1997). The first indication for the enzymatic formation of HDMF was
provided by a study demonstrating the correlation between fruit ripening stage
and HDMF levels. Incorporation experiments with radiolabeled precursors and sub-
stances labeled with stable isotopes revealed D-fructose-1,6-diphosphate as an effi-
cient biogenetic precursor of HDMF. In strawberry, D-fructose-1,6-diphosphate is
transformed by an as yet unknown enzyme to 4-hydroxy-5-methyl-2-methylene-
3(2H)-furanone (HMMF), which serves as substrate for an oxidoreductase recently
isolated from ripe fruit (Raab et al., 2006). Sequence analysis of two peptide frag-
ments showed identity with the protein sequence of a strongly ripening-induced,
auxin-dependent putative quinone oxidoreductase (FaQR). Because the recombi-
nant protein reduced only the artificial substrate 9,10-phenanthrene quinone out of
a number of quinones tested and formed HDMF from HMMF, the enzyme was
renamed enone oxidoreductase (EO) (Klein et al., 2007). Highly similar sequences
were identified in a tomato and pineapple expressed sequence tag collection. Both
species also produce HDMF in their fruits. The Solanum lycopersicun EO was
expressed and biochemical studies confirmed the involvement of SlEO in the
biosynthesis of HDMF (Klein et al., 2007). In strawberry HDMF is further metabo-
lized by an O-methyltransferase (OMT) to 2,5-dimethyl-4-methoxy-3(2H)-furanone
(DMMF) (Fig. 1C). The corresponding cDNA was cloned from strawberry and
functionally expressed (Wein et al., 2002). A common structural feature of the
accepted substrates was an ortho-diphenolic structure also present in HDMF in its
dienolic tautomer. FaOMT transcripts were absent in root petiole, leaf and flower but
accumulated during ripening in strawberry fruit. Transformation of strawberry with
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the FaOMT sequence in antisense orientation, under the control of the CaMV 35S
promoter, resulted in a near total loss of DMMF, demonstrating the in vivo methyla-
tion of HDMF by FaOMT (Lunkenbein et al., 2006c). Due to the high significance
of HDMF as flavor molecule, these studies provide a foundation for the improve-
ment of strawberry flavor, for the biotechnological production of HDMF and for the
development of markers to identify plants with high flavor potential from breeding
populations.

4 Polyphenol Compounds

Ripe strawberry fruits accumulate large amounts of anthocyanin pigments and other
polyphenols. These secondary metabolites have attracted much attention since they
provide both visual and nutraceutical qualities to the fruit, as well as prevent/protect
from degenerative and cardiovascular diseases (e.g., Hannum, 2004; Mink et al.,
2007; Seeram, 2008). Levels and qualitative composition of flavonoids in straw-
berry fruits depend on genetic, developmental and environmental factors as well as
post-harvest manipulations (e.g., Bakker et al., 1994; Kalt et al., 1999; Häkkinen
and Törrönen, 2000; Wang and Lin, 2000; Anttonen et al., 2006; da Silva et al.,
2007; Tulipani et al., 2008) also through transcription factors. The vast literature
on phenylpropanoid and flavonoid pathways (e.g., Davies and Schwinn, 2006 and
references therein) have boosted molecular research on berry species (e.g., Jaakola
et al., 2002) and strawberry (see below). Because of the obvious change in color
associated to anthocyanin biosynthesis that can be visually scored, the flavonoid
pathway is also an excellent system for functional studies.

Strawberry fruit (i.e., receptacle) development lasts about 35 days from pollina-
tion to full ripening. Within 10–12 days after anthesis, a first peak of gene/enzyme
activity is associated with the production of flavan-3-ol-derived compounds;
15–20 days later, a second peak boosts the synthesis of anthocyanins – mostly
pelargonidin-3-glucoside (Perkins Veazie, 1995) – in fully developed fruits, which
accumulate at levels higher than those of other polyphenols. (Poly)phenols are
synthesized through a series of enzymatic reactions involving different types of
enzymes (Fig. 2A). Hence, end products are produced through a series of reac-
tions such as glycosylations, condensations, acylations, methylations, esterifica-
tions, etc. . A remarkable example of cross-talk between secondary metabolite
and hormone pathways in strawberry is represented by the reversible inhibition
of phenylpropanoid and flavonoid gene expression by auxins, produced by ach-
enes (Moyano et al., 1998; Aharoni et al., 2002b; Lunkenbein et al., 2006a).
Phenylpropanoids are synthesized from phenylalanine by the sequential action of
phenylalanine ammonia-lyase (PAL), cinnamic acid 4-hydroxylase (C4H) and p-
coumarate:CoA ligase (4CL). Such compounds can be directed towards the syn-
thesis of flavonoids or lignin precursors. At early strawberry ripening stages, PAL
activity has been associated with fruit astringency and the synthesis of proantho-
cyanidin (PA) compounds (Cheng and Breen, 1991).
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Fig. 2 (A). Simplified representation of selected polyphenol metabolic routes most relevant to
strawberry. For major flavonoid classes, 4’- (above) and 3’,4’-hydroxylated (below) aglycones are
indicated in each box, respectively. For enzyme acronyms, see text. (B). Phylogenetic analysis of
strawberry glycosyltransferases derived from full length cDNAs present in Genbank as of July
31, 2007. Protein sequences were aligned using ClustalW (http://www.ebi.ac.uk/clustalw/); the
dendrogram was obtained with Treeview (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html)

A dual O-methyltransferase (FaOMT), implicated in HDMF biosynthesis, was
shown to be able to methylate phenylpropanoids as well (Lunkenbein et al., 2006c).
A further example of multifunctional enzymes is given by strawberry cinnamoyl
aldehyde dehydrogenase (CAD) and coumaroyl CoA reductase (CCR), generally
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involved in the biosynthesis of monolignols and associated with vascular system
(Anterola and Lewis, 2002; Blanco-Portales et al., 2002), but which play a role also
in fruit firmness (see below). Wang et al. (2007) have recently reported the occur-
rence of cis- and trans-resveratrol (stilbenes) in strawberry fruits, which accumulate
in the receptacle at higher levels than in achenes, with a decreasing trend over fruit
development. The levels of resveratrol were also found to be affected by genotype,
cultural practices, and environmental conditions. This report opens new perspectives
for the characterization and improvement of stilbene in strawberry, whose biosyn-
thesis is catalyzed by the enzyme stilbene synthase (STS; Fig. 2A).

The first steps in flavonoid biosynthesis are catalyzed by chalcone synthase
(CHS) and chalcone isomerase (CHI), which condense one phenylpropanoid and
three malonyl-CoA molecules and shape the C15 three-ring flavonoid structure,
respectively (Fig. 2A). Because of its key position at the beginning of the flavonoid
pathway, CHS has been a target of several studies also in strawberry. Molecular and
biochemical investigations showed that the expression of four FaCHS genes fol-
lows a two-phase pattern, with two peaks at early and late fruit development stages;
the single early peak of FaCHS enzyme activity might indicate cultivar-dependent
variation or post-translational regulation of enzyme expression (Halbwirth et al.,
2006; Almeida et al., 2007). Inhibition of FaCHS expression blocks the biosynthesis
of downstream flavonoids: transgenic and Agroinfiltrated plants, respectively over-
expressing antisense and RNA interference (RNAi) FaCHS constructs, had fruits
with reduced anthocyanin and flavonoid content, and redirection of metabolite flux
towards phenylpropanoid compounds, in correlation with reduced FaCHS transcript
levels (Lunkenbein et al., 2006b; Hoffmann et al., 2006). Using F. vesca or F. vesca
× F. nubicola segregating populations, Deng and Davis (2001) mapped CHS and
CHI genes to linkage groups (LGs) III and VII, respectively; on the other hand, Sar-
gent et al. (2004) found such genes tightly linked in LGVII using a larger F. vesca
× F. nubicola F2 population.

The sequential action of flavanone 3β-hydroxylase (FHT), dihydroflavonol 4-
reductase (DFR) and anthocyanidin synthase (ANS) enzymes leads to the synthesis
of anthocyanidin pigments. These enzymes in octoploid strawberry have a prefer-
ence for 4’-hydroxylated flavonoids (Almeida et al., 2007), in line with the massive
production of pelargonidins in ripe fruits. Expression of FaFHT and FaANS genes
has a two-peak pattern, consistent with the synthesis of PAs and anthocyanins at
early and final fruit development stages, respectively. Contrasting data on FaDFR
gene and enzyme expression during fruit development exist in literature: a steady
increase of FaDFR expression with a single peak at turning/red stages was scored
by Real Time PCR (Almeida et al., 2007; Schaart et al., unpublished), while North-
ern analysis and enzymatic assays pointed out a two-phase expression, like for pre-
vious flavonoid genes (Moyano et al., 1998; Halbwirth et al., 2006). Genetic studies
in diploid Fragaria populations mapped FHT, DFR and ANS genes respectively to
LGs I, II and V, and associated yellow fruit color (absence of anthocyanins) to the
c locus, encoded by FHT (Deng and Davis, 2001). Such results were confirmed in
larger studies using SSR and functional markers (Sargent et al., 2004, 2006, 2007,
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2008). In F. × ananassa, the only flavonoid gene mapped so far has been FaDFR
(Lerceteau-Köhler et al., 2003).

Side-chain products flavonols and flavan-3-ols are produced by the action of
flavonol synthase (FLS), leucoanthocyanidin reductase (LAR) and anthocyanidin
reductase (ANR). Flavonols are compounds present in variable amounts in ripe
fruits of different genotypes (Hernanz et al., 2007 and references therein), and
their concentration was shown to decrease from turning to red stage consistently
with FaFLS enzyme activity (Halbwirth et al., 2006). Catechin and epicatechin are
the most common flavan-3-ols, although afzelechin and epiafzelechin accumulate
in fruits of some genotypes. FaFLS, FaLAR and FaANR were shown to accept
preferentially 3’,4’-hydroxylated flavonoid substrates (Almeida et al., 2007), but
this feature is likely to be cultivar-dependent. Flavan-3-ol monomers can form het-
erodimers with anthocyanins (Fossen et al., 2004), homodimers, and PA polymers;
the enzymes responsible for the formation of such compounds are still unknown.
Because of their large molecular weight, intact PAs are difficult to analyze, but
recent progress in analysis of PA cleavage products, obtained e.g. by phloroglu-
cinol treatment followed by LC, enabled to decompose PAs into their flavan-3-ol
constituents and determine their levels (Kennedy and Jones, 2001). Indeed, a large
PA pool, higher than that of anthocyanins, was found also at red ripe stage (Almeida
et al., 2007), a finding opposite to the decreasing trend of flavan-3-ols during fruit
development (Halbwirth et al., 2006).

The numerous flavonoid glycosyltransferase (FGT) enzymes add various sugar
moieties prior to compartmentalization into the vacuole. Plant GTs accept a wide
range of substrates: thus, their properties need to be functionally demonstrated (Vogt
and Jones, 2000). In strawberry, a number of GTs have been isolated, which cluster-
ize into different clades (Lunkenbein et al., 2006a; Fig. 2B). One FGT (AAU12366),
very similar to two other entries (Fig. 2B), is a UDP-glucose:flavonoid 3-O-
glucosyltransferase (F3GluT), showing a higher specificity for anthocyanidins than
for flavonols; its gene and enzyme expression was induced at late ripening stages
in different cultivars (Manning, 1998; Halbwirth et al., 2006; Almeida et al., 2007;
Griesser et al., 2008). Downregulation of FaFGT in agroinfiltrated fruits by RNAi
reduced levels of pelargonidin – but not of cyanidin – derivatives, and led to an
increase of upstream flavan-3-ols. Most FaFGT-silenced fruits had a less intense
red color and of a different hue. The absence of a white fruit phenotype, and
steady levels of 3-O-glucosides of cyanidin, flavonols and flavan-3-ol: anthocyanin
heterodimers respectively indicate the presence of other glycosyltransferases with
redundant and specific F3GluT function in the genome of F. × ananassa (Griesser
et al., 2008). FaGT2 (AAU09443, Fig. 2B) is a UDP-glucose:cinnamate glucosyl-
transferase, whose transcript levels correlated with the presence of relevant phenyl-
propanoid glucosides in fruits and other organs in wild type and transgenic plants
(Lunkenbein et al., 2006a). Most interestingly, recombinant FaGT2 is active not
only on cinnamic and p-coumaric acids, but also on other aromatic and aliphatic
substrates, pointing its role of as detoxification enzyme (Landmann et al., 2007).
The other strawberry glycosyltransferases still await molecular and biochemical
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characterization to correlate their properties with chemical composition of straw-
berry fruits.

Although an increasing amount of information on structural genes involved in
flavonoid biosynthesis has become available, so far only one transcription factor
(TF) controlling flavonoid biosynthesis has been described for strawberry. Aharoni
et al. (2001) identified and characterized FaMyb1, a ripening regulated member of
the Myb family of TFs. Overexpression of FaMyb1 in tobacco led to the suppression
of anthocyanin and flavonol synthesis in flowers of transgenic lines, suggesting that
FaMyb1 acts as a repressor of transcription rather than as a transcriptional activator.
At present, additional strawberry genes homolog to flavonoid biosynthesis-related
TFs – three of the Myb gene family, four of the Myc (bHLH) gene family and one
WD 40 repeat transcription factor gene – are being individually characterized at PRI
Wageningen. These genes are homolog to TFs controlling flavonoid biosynthesis in
other species and show an expression pattern consistent with flavonoid accumulation
during strawberry fruit development (Schaart et al. unpublished results).

Although a vast literature on flavonoids has been accumulated, some critical steps
in the metabolism and ecology of polyphenol compounds still have to be unraveled
– e.g., PA biosynthesis, the possible involvement of degradation/oxidation enzymes
(e.g., polyphenol oxidases) in regulating metabolite levels, the role of polyphenol
compounds in strawberry resistance to biotic and abiotic stress – possibly by the
combination of reverse genetics- and ‘omics’-based approaches.

5 Fruit Firmness

Fruit firmness is one of the most important quality traits in strawberry breeding
programs. Fruit firmness is a genetically complex trait: therefore, breeding for opti-
mal fruit firmness is a difficult task in the polyploid background of most Fragaria
species. Moreover, the observed inverse correlation between firmness and flavor
emission (Salentjn et al., 2003) makes the discovery of genetic key factors for fruit
firmness and susceptibility to damage (vulnerability) a challenge.

Strawberry cultivars can differ significantly in textural aspects like internal fruit
firmness, vulnerability and post-harvest shelf life. Texture of fruits is determined
by cell turgor pressure and by the intrinsic characteristics of cell wall. Modifica-
tion and turn-over of the primary cell wall is required for both growth and softening
of fruits. The timing and extent of polysaccharide solubilization and depolymer-
ization may vary among genotypes, causing different softening rates. Rosli et al.
(2004) have analyzed the polysaccharide content of fruit cell walls during fruit
development and ripening. Among three cultivars that differed in firmness of ripe
fruits – ‘Camarosa’ the firmest, ‘Pajaro’ intermediate and ‘Toyonaka’ the softest –
main differences in cell wall content were only detected at immature stages. Dur-
ing fruit development, levels of water-soluble polymers increased in all three culti-
vars until white fruit stage, after which they remained constant in ‘Camarosa’ and
‘Pajaro’, but decreased in ‘Toyonaka’. On the contrary, the amount of HCl-soluble
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pectin fraction decreased during ripening. It was suggested that during fruit develop-
ment the accumulation of water-soluble polymers is due to de novo synthesis rather
than a change of solubility of the fraction. Then, during ripening, the water-soluble
polymers in ‘Camarosa’ and ‘Pajaro’ are supposed to come from degradation of
HCl-soluble pectins, as de novo synthesis was found to be absent at late ripening
stages (Knee et al. 1977). In contrast, in ‘Toyonaka’ no net accumulation of water-
soluble polymers was observed, suggesting that both pectin fractions are actively
degraded.

The amount of hemicellulosic polysaccharides and cellulose also decreased dur-
ing fruit ripening in all three cultivars tested, but no differences in hemicellulose or
cellulose content among cultivars were detected at ripe stages. This suggests that
this polysaccharide does not have a key-role in strawberry fruit softening. This con-
clusion was not supported by experiments describing the antisense down-regulation
of FaCel1 alone (Woolley et al., 2001) or in combination with FaCel2 (Palomer
et al., 2006), both genes encoding an endo-ß-(1,4)-glucanase. Fruits of these anti-
sense FaCel strawberry plants showed only a partial reduction of ß-(1,4)-glucanase
specific activity and no change in fruit softening, suggesting a more complex situa-
tion with possible redundant ß-(1,4)-glucanase activities present in strawberry. In a
recent paper, differential expression of FaXyl1, coding for fruit-specific ß-xylosidase
that participates in hemicellulose metabolism, was described (Bustamante et al.,
2006). Expression of FaXyl1 and ß-xylosidase activity were higher in ‘Toyonaka’
than in ‘Camarosa’, suggesting a correlation between FaXyl1 expression and fruit
softness, thereby supporting a key role of hemicellulose degradation during fruit
softening.

Several fruit-specific pectin-modifying genes have also been cloned from straw-
berry, like ß-galactosidase (Trainotti et al., 2001), polygalacturonases (Redondo-
Nevado et al., 2001; Figueroa et al., 2008) and pectin (methyl) esterases (Castillejo
et al., 2004). Pectate lyase genes isolated from ripe fruits have been proposed as
other candidates for pectin degradation in both F. × ananassa and F. chiloensis
(Medina-Escobar et al., 1997; Figueroa et al., 2008). The role of this ripening-
specific gene in fruit softening was assessed in antisense transgenic strawberry
plants showing a suppression of FaPel1 expression (Jiménéz-Bermúdez et al., 2002).
Eleven out of twenty antisense FaPel1-transgenic lines showed higher external fruit
firmness, ranging from 149 to 179% when compared with fruits of control plants.
Interestingly, these plants showed no differences in general fruit traits like weight,
color, shape and soluble acids. However, analysis of flavor and aroma was not
reported. At PRI Wageningen, antisense transgenic strawberry plants have been
made using a multigene antisense construct for the joint repression of five different
cell wall modifying genes. This construct contained antisense sequences of FasPG
(Redondo-Nevado et al., 2001), FaPG-like (Salentjn et al., 2003), FaPel1 and FaPel2
(Medina-Escobar et al., 1997) and FaExp2 (Civello et al., 1999) under the regulation
of a single CaMV 35S promoter. Only one transgenic line, CWas34, showed signif-
icant firmer fruits than fruits of wild type plants. In this line the expression of all
five genes was stably repressed to levels of 4–11% for FasPG, 21–33% for FaPG-
like, 45–79% for FaPel1, 3–29% for FaPel2 and 10–11% for FaExp2, as compared
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to wild type fruits and measured over two successive years. In order to study the
relationship between firmness and aroma, the aroma of fruits from different trans-
genic lines was compared by a panel test: 11 out of 12 panelists marked fruits of
two different transgenic lines (including CWas34) as having a recognizable differ-
ent aroma (Salentjn EMJ and Schwab W, unpublished data). GC-MS analysis of
these fruits has to be performed to characterize differences in volatile composition
in transgenic fruits. The above described results indicate that cell wall modifica-
tions may have an effect on fruit flavor and aroma, supporting the above-mentioned
negative association between texture and flavor.

Also expansins are intimately involved in the fruit softening process. These pro-
teins help cell wall-modifying enzymes to gain access to the cell wall. Expansin
activity was detected in ripening strawberry fruits and seven different expansin
genes (FaExp 1-7) were isolated (Civello et al. 1999, Harrison et al., 2001). A
direct correlation between mRNA expression levels and fruit firmness was found
for three out of five FaExp genes. The transcript levels were higher in the soft ‘Toy-
onaka’, than in the two firmer ‘Camarosa’ and ‘Selva’ (Dotto et al., 2006). More-
over, accumulation of expansin proteins during ripening started earlier in the softest
cultivar.

Salentjn et al. (2003) used DNA microarray technology to investigate differen-
tial gene expression during fruit ripening, with a focus on fruit firmness. Several
candidate genes related to cell wall degradation were found to be differentially
expressed in fruits of the soft ‘Gorella’ compared to the firm ‘Holiday’, further con-
firmed by Northern analysis. Two different pectin methyl esterase-like genes and
a polygalacturonase-like gene were up-regulated in ‘Gorella’. The cell wall loos-
ening enzyme expansin (FaExp2) and another polygalacturonase showed a slight
increase in transcript level. Remarkably, mRNAs coding for enzymes involved in
lignin biosynthesis showed a clear differential expression profile among both cul-
tivars. Most dramatic differences were observed for a cinnamoyl CoA reductase
(FaCCR) homologue. Two different FaCCR clones showed a more than 20-fold
higher level of expression in fruits of ‘Gorella’ (soft), whereas transcript levels of a
cinnamyl alcohol dehydrogenase (FaCAD) gene were 2–3 times higher in ‘Hol-
iday’ (firm). CCR and CAD catalyze successive steps in the lignin biosynthetic
pathway, and differences in expression may lead to differences in lignin content
and composition in both cultivars. Since lignin is found in vascular tissues (Aha-
roni et al., 2002b) and the amount of vascular tissue is associated with fruit texture
(Jewell et al., 1973), the genetic background controlling differences in lignin con-
tent and composition may be important for fruit firmness. The finding that high
fruit firmness was correlated with up-regulation of FaCAD and down-regulation of
FaCCR in five additional genotypes (Carbone et al., 2006) allows to speculate a
general involvement of CAD and CCR in the control of such an important trait in
strawberry.

Altogether, it is clear that ripening-related fruit softening is a complex process
involving the concerted action of different cell wall modifying enzymes. Future
research will identify the functional allelic variation that plays a key role in fruit soft-
ening, to develop markers for breeding strawberry cultivars with improved firmness.
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Alternatively, such information may be useful for improvement of fruit firmness in
existing important strawberry cultivars using a transgenic approach.

6 Hormone Metabolism

Already by 1950, Nitsch demonstrated that the presence of auxins produced by
achenes is essential for receptacle expansion during strawberry fruit development.
Removal of achenes at early developmental stages stops fruit development, but this
effect can be restored by applying synthetic auxins to de-achened fruits. Much later,
the essential role of auxin during ripening was demonstrated by Given et al. (1988),
who showed that the declining production of auxin in the achenes modulates the rate
of ripening. This finding was supported by the observation that declining auxin lev-
els trigger fruit ripening by inducing the expression of specific ripening-associated
genes. This relates in particular to genes involved in flavonoid biosynthesis and soft-
ening (Medina-Escobar et al., 1997; Manning, 1998; Harpster et al., 1998; Moyano
et al., 1998; Aharoni et al., 2002b; Castillejo et al., 2004; Palomer et al., 2004).
Nevertheless, examples of ripening-related genes that are not affected by auxin, e.g.
FaExp2, a cell wall-related expansin gene, have also been described (Civello et al.,
1999; Aharoni et al., 2002b).

Free auxin levels peak in the receptacle and achenes before white fruit stage and
then decline as fruit ripens. Auxin is also found as ester or amide conjugated forms
(Archbold and Dennis, 1984) or as a protein conjugate (Park et al., 2006b). The
interconversion between free and conjugated forms may be part of the mechanism
that determines active auxin levels in the receptacle, which regulates fruit develop-
ment and ripening.

Ethylene plays a prominent role in ripening of climacteric fruits, but the func-
tion of ethylene in the non-climacteric strawberry ripening process is still unclear.
In strawberry, ethylene production is low, decreasing during fruit development and
then increasing at red ripe stage (Knee et al., 1977; Abeles and Takeda, 1990).
Administration of inhibitors of ethylene synthesis and ethylene action to large green
strawberry fruits did not affect ripening, indicating that ethylene is not essential for
regulation of ripening of strawberry fruits (Given et al., 1988). However, ethylene
may have a role in strawberry fruit development and ripening, since application of
1-methylcyclopropane (1-MCP), an inhibitor of ethylene action, resulted in a mod-
ified expression of many genes associated with ripening such as pectate lyase and
ß-galactosidase (Balogh et al., 2005). A similar observation was done by Castillejo
et al. (2004) who described that a fruit-specific pectin esterase (FaPE1) gene was
up-regulated in fruits treated with 1-MCP. On the other hand, in fruits treated for
24 hours with ethylene, as well as in overripe senescing fruits, FaPE1 mRNA levels
decreased. These results indicate a negative regulation of FaPE1 expression exerted
by ethylene. Three different strawberry ethylene receptor genes have been cloned
(Trainotti et al., 2005). Their expression is induced by ethylene and the three genes
show differential expression during fruit ripening, giving additional evidence for a
possible role of ethylene in the ripening of strawberries.



470 W. Schwab et al.

7 Vitamins

Strawberries are rich in vitamin C (vitC or ascorbic acid), which has a primary
role for human health. In nature, vitC is synthesized from D-glucose-6-phosphate
(D-Glu-6-P) via different routes: in animals, D-Glu-6-P is channeled through the
D-glucuronic acid pathway to form the precursor gulono-1,4-lactone; in plants,
a more complex route, involving different sugar compounds (fructose, mannose),
takes to the synthesis of precursor galactono-1,4-lactone (Wheeler et al., 1998). An
alternative plant pathway to vitC synthesis, supposed to proceed from the degra-
dation of the cell wall constituent pectin through galacturonic acid (GalUA), was
validated by Agius et al. (2003). A strawberry GalUA reductase gene was cloned
and found to be expressed in ripening fruits at levels directly correlated with vitC
content. Its overexpression in Arabidopsis increased vitC levels in leaves, provid-
ing a proof-of-concept demonstration for engineering vitC in fruits through this
alternative GalUA pathway. Following molecular genetics studies implemented
in other fruit species (e.g., Davey et al., 2006), major QTLs involved in straw-
berry vitC biosynthesis could be determined and mapped for molecular breeding
purposes.

8 Sugar and Acid Composition

Consumers’ perception of fruit quality is based on hedonistic and sensorial
attributes. Among the latter, levels of sugars and organic acids, and the relative bal-
ance/ratio of the two pools, play an important role in taste perception.

Glucose, fructose and sucrose –in order of abundance – are the main sugars in
strawberry fruits; their concentration is affected by genetic and environmental fac-
tors (Shaw, 1988). Glucose provides also the building block for the synthesis of
starch, the main carbohydrate reserve material in plants. The key step of glucose
to starch conversion is catalyzed by ADP-glucose pyrophosphorylase (AGPase),
mostly located in plastids. Park and Kim (2007) isolated the sequences of AGPase
large (FagpL1 and FagpL2) and small (FagpS) subunits. The expression of FagpL1
and FagpS was constantly high throughout fruit development, while FagpL2 was
weakly expressed only in leaves, suggesting a control of the expression of AGPase
genes at both transcriptional and post-transcriptional levels. In order to modify sugar
content in strawberry, Park et al. (2006a) inhibited the expression of FagpS by an
antisense approach with a fruit-specific promoter: transgenic plants had a decreased
starch content and concomitant increased soluble solid content, limited to fruits and
most pronounced at red stage. This work opens the way to molecular breeding of
sugar content in fruits. Another recent report analyzed the enzyme activities of five
key enzymes (soluble acid invertase (sAIV), sucrose synthase (SS), sucrose phos-
phate synthase (SPS), hexokinase (HK) and fructokinase (FK)) in sugar biosynthe-
sis during fruit ripening, highlighting different developmental patterns of enzyme
activity and sugar accumulation (Xie et al., 2007). The critical study of this article,
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written in Chinese, was limited only to its English abstract. Fortunately, sequences
of strawberry sAIV, SS, FK, two SPS and three HK are available in Genbank, allow-
ing further molecular analyses. Duangsrisai et al. (2007) described the cloning and
expression analysis of two genes involved in sorbitol metabolism in strawberry.
NAD+-dependent sorbitol dehydrogenase (FaSDH) and sorbitol-6-phosphate dehy-
drogenase (FaS6PDH) genes were cloned by RT-PCR strategies relying on sequence
homology. Transcript levels of FaSDH and FaS6PDH quantified in fruits, leaves
and shoot tips. However, enzyme activity in fruits and leaves was detected only for
FaSDH.

To date, the limited information on molecular physiology of strawberry fruit’s
main organic acids (citric, malic and succinic, in order of concentration) ham-
pers research on such compounds. Famiani et al. (2005) analyzed the information
from other crops (grape, tomato), which showed an inverse correlation between
the increase of phosphoenolpyruvate carboxykinase (PEPCK) enzyme activity and
citrate and/or malate content in fruits. The hypothesis that PEPCK can have a
role in the catabolism of such organic acids was indirectly confirmed in ana-
lyzing strawberry fruits, which have steady citric and malic acid content and
are devoid of PEPCK activity throughout fruit development, a situation differ-
ent from that of other berry species investigated. Thus, the characterization of
strawberry PEPCK gene(s) is a first target for molecular breeding of fruit acid
content.

9 Allergens

Similarly to other fruits, strawberries contain proteins which give rise to allergic
reactions. The strawberry Fra a 1 protein family, homologous to the major birch
pollen allergene Bet v 1, include several IgE-binding peptides with small intra- and
inter-genotype sequence variability, though subjected to post-translational modifica-
tions accounting for different protein mobility in 2-D gel electrophoresis (Karlsson
et al., 2004; Musidlowska-Persson et al., 2007). Proteomics studies compared white-
and red-fruited varieties, pointing a number of Fra a 1 protein spots associated with
low-allergen content in concert with reduced anthocyanin biosynthesis in the white
genotype, and assessed the degree of biological variation due to genetic and envi-
ronmental factors (Hjernø et al., 2006; Alm et al., 2007). Ad hoc-devised procedures
for protein extraction from strawberry fruit samples were also reported (Zheng et al.,
2007).

Other strawberry allergens include profilins and lipid transfer proteins (LTPs),
represented also in Rosaceaous species. Strawberry LTPs were shown to be strongly
expressed in all fruit tissues and accumulated upon abiotic stress (Yubero-Serrano
et al., 2003). Other LTPs and profilins were isolated by screening a strawberry fruit
cDNA library and expressed in yeast to test their properties, finding that a strawberry
LPT had a lower allergenicity than its apple or peach homologs, thus being suitable
for immunotherapy purposes (Zuidmeer et al., 2006).
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10 Control of Flowering

Flower formation in strawberries is induced by low temperatures and shortened pho-
toperiods. However, genotypes of all Fragaria species show, in their development
of flower buds, a great range of response to temperature and day length (Heide and
Sonsteby, 2007 and references therein). They exist as short-day, long-day or pho-
toperiod insensitive (day-neutral or ‘everbearing’) cultivars. Phytohormones such as
auxin and cytokinins have been shown to play a role in floral induction and differen-
tiation in strawberry (Hou and Huang, 2005; Eshghi and Tafazoli, 2007). It is likely
that auxin is produced in young leaves and transported through the vascular tissues
to the shoot apical meristem. A gene encoding an auxin-binding protein (ABP1) has
already been isolated from strawberry by screening a genomic library with an ABP1
cDNA from maize (Lazarus and MacDonald, 1996). A cDNA with homology to
a gene family known as GAST (gibberellic acid-stimulated transcript) was isolated
during a search for genes differently expressed in strawberry fruits (de la Fuente
et al., 2006). Members of this gene family have been associated with events like cell
division, cell elongation or cell elongation arrest. FaGAST1 was highly expressed
in fruits at the white and red-ripe stages and in roots where the expression was con-
fined to the cells at the end of the elongation zone. Transgenic F. vesca lines carrying
FaGAST under the control of the CaMV 35S promoter showed delayed growth of
the plant and fruits with reduced size and exhibited late flowering and low sensi-
tivity to gibberellin. But photoperiod effects on petiole growth rate appear not to
be mediated by changes in the levels of endogenous gibberellins (Wisemann and
Turnbull, 1999).

A consequence of the transition to flowering is that meristem growth often
becomes determinate. Once the initiation of the floral organs has been completed,
stem cell division is inhibited. AGAMOUS (AG) imposes determinacy on the meris-
tem and is required for stamen and carpel initiation (Battey and Tooke, 2002).
Expression of a putative homolog of AG from strawberry (FaAG1) was confined
to stamens, carpels, and developing fruit consistent with the role to control the pat-
terning and timing of floral organ development (Rosin et al., 2003). Histone H4 is
one of the 5 main histone proteins involved in the structure of chromatin in eukary-
otic cells. It is a core element of the nucleosome and is conserved among eukaryotes.
Transcription of the H4 gene occurs in the ‘S phase’ of the cell cycle. In shoot apices,
cell division can be detected by observing the expression of H4 transcripts. When
strawberry plants were placed under flower-inducing conditions, expression of the
H4 gene and thus cell division could be observed in the central zone before enlarge-
ment of the shoot apex occurred (Kurokura et al., 2006). Changes in the expression
pattern of H4 gene took place before morphological changes were visible.

Current research is interested in finding sources of genes for day-neutrality that
are better adapted to continental climates (Weebadde et al., 2008). It is assumed that
a dominant allele of a single gene causes seasonal instead of continuous flowering
(everbearing) in F. vesca and some F. × ananassa species (Battey and Tooke, 2002;
Albani et al., 2004; Sugimoto et al., 2005). When genetics of photoperiod sensitivity
and flowering were investigated in progeny between sets of elite F. virginiana selec-
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tions and F. × ananassa cultivars it was confirmed that day-neutrality is regulated
by a single dominant gene (Hancock et al., 2002). However, only a few day-neutral
F. virginiana produced ratios consistent with a single dominant gene model when
crossed with short-day F. × ananassa. This result suggested that day-neutrality is
either being regulated by different genes in the different Fragaria species or its
regulation is polygenically inherited in both species but may be a threshold trait.
This implies that several different sources of day-neutrality may exist in natural
populations. However, the availability of markers and the small genome size of
F. vesca (164 Mb) make the isolation and characterization of the dominant gene
conferring restricted-flowering period feasible. Randomly amplified polymorphic
DNA (RAPD) markers for the ‘everbearing’ gene in F. × ananassa were found
using Japanese octoploid cultures (Sugimoto et al., 2005). The development of more
closely linked inter-simple sequence repeats (ISSR)-derived sequence characterized
amplified regions (SCAR) markers around the SEASONAL FLOWERING LOCUS
(SFL) were reported in F. vesca (Albani et al., 2004). The markers can be used to
assist large-scale screenings of the mapping population for future positional cloning
efforts.

11 Resistance to Abiotic Stress

In their natural environment, strawberry plants are exposed to different abiotic
stresses such as cold, water deficit, high temperature, salinity, heavy metals and
mechanical wounding. It is estimated that such stress conditions can potentially
reduce the yield of crop plants by more than 50% (Vij and Tyagi, 2007). Thus, stud-
ies of the physiological, biochemical and molecular aspects of stress tolerance have
been conducted to unravel the intrinsic mechanisms developed during evolution to
mitigate against stress by plants.

Freezing tolerance is induced in perennial and winter annual plants by low tem-
perature and/or a short photoperiod. Screening of a differential cDNA library pre-
pared from cold-acclimated strawberry plants yielded several cDNAs (Fragaria
cold-regulated, Fcor) showing differential expression at low temperature (NDong
et al., 1997). Fcor1 and Fcor2 are expressed in all tissues while Fcor3 is specific to
leaves. It was suggested that Fcor1 may be useful as a molecular marker to select
for this trait but the effect of differential gene expression on the freezing toler-
ance was not studied. A full-length cDNA encoding a calcium-dependent protein
kinase (CDPK) has been isolated from a strawberry fruit library (Llop-Tous et al.,
2002). FaCDPK1 is expressed in roots, stolons, meristems, flowers, and leaves.
Transcripts were not detected in young fruits, but accumulated as fruit turned to
white. A significant increase in FaCDPK1 mRNA level in fruit was observed after
10 h of cold treatment (4◦C). The results suggested a role of FaCDPK1 in fruit
development as well as in the response of the fruit to low temperature. Similarly, an
ortholog of a cold-induced transcription factor (CBF1) important in the cold accli-
mation response in Arabidopsis thaliana were cloned from strawberry (Owens et al.,
2002). FaCBF1 transcript levels were up-regulated in leaves following exposure to
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4◦C, but receptacles of two transgenic lines carrying a CaMV35S-CBF1 construct
showed no significant change in freezing tolerance, although they expressed the
transgene at low level. But also foreign genes were utilized to confer cold resistance
to strawberry plants. The wheat Wcor410a acidic dehydrin gene has been shown
to be associated with the plasma membrane and its level has been correlated with
the degree of freezing tolerance in different wheat genotypes (Houde et al., 2004).
Transgenic strawberry lines containing Wcor410a expressed the protein at a level
comparable with that in cold-acclimated wheat. However, improvement of freez-
ing tolerance was only observed in cold-acclimated transgenic plants, suggesting
that the WCOR410 protein needs to be activated by additional factors induced dur-
ing cold acclimation. Another means of increasing frost resistance is the transfer
of genes encoding antifreeze protein (AFP) from Antarctic fish. Strawberry plants
were successfully transformed with AFP genes by using codons that were optimally
expressed in the strawberry plant, but the effect on cold tolerance was not reported
(Khammuang et al., 2005). Although a number of cold-induced genes have been
cloned from strawberry and other crops, it appears that the knowledge of their func-
tion in cold resistance is still in its infancy.

Contrarily, glycine betaine has been known to accumulate during cold acclima-
tion in different crops. In strawberry leaves a two-fold accumulation of glycine
betaine increased the cold tolerance from –5.8◦C to −17◦C (Rajashekar et al., 1999).
Similarly, exogenous application of either abscisic acid, which triggers betaine pro-
duction, or glycine betaine improved freezing survival and re-growth in whole
plants. But also osmotic and drought stress can cause significant accumulation of the
amino acid derivative in many plants. This has led to propose that the accumulation
of such compatible solute in plants is an adaptive mechanism against environmental
stresses, making it an attractive target to confer tolerance in strawberry via genetic
engineering of the biosynthetic pathways.

Osmotin was originally identified as the predominant protein accumulated in
salt-adapted tobacco cell cultures and belongs to the pathogenesis-related (PR) pro-
teins. Many studies have demonstrated that the expression of osmotin-like proteins
(OLPs) can be activated by a variety of abiotic stress factors but also by microbial
infections. An OLP2 gene that is expressed at different levels in leaves, crowns,
roots, green fruit, and red fruit has been recently cloned from strawberry (Zhang
and Shih, 2007). The positive response of FaOLP2 to three abiotic stimuli (abscisic
acid, salicylic acid and mechanical wounding) suggested that it may help to protect
against environmental stresses and pathogens. Transgenic strawberry plants carrying
an osmotin gene from tobacco showed improved tolerance to salt stress in leaf disc
senescence assay (Husaini and Abdin, 2008). Similarly, the expression of a straw-
berry non-specific lipid transfer (Fxaltp) gene is induced by abscisic acid, salicylic
acid and mechanical wounding but repressed by cold stress (Yubero-Serrano et al.,
2003). The investigation of gene expression responding to hydrodynamic stress in
an agitation tank has allowed the cloning of an additional novel stress-response
gene (tuf, turbulent flow) from strawberry (Takeda et al., 2003). The deduced amino
acid sequence contained a nucleotide binding site domain of plant disease resis-
tance genes, although some functional motifs showed differences. The study also
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demonstrated that CDPK expression was increased due to agitation. Although tran-
scription of these genes was induced under artificial stress condition, they may also
hold a function to protect plants against abiotic stress in their natural environment.

Organisms respond to high temperatures and other stresses by synthesizing a
specific group of proteins known as heat-shock proteins (HSPs). A strawberry HSP
gene was isolated from a subtractive cDNA library showing significant sequence
identity to cytoplasmic class-I low molecular weight HSPs (Medina-Escobar et al.,
1998). However, expression data suggested that this class of HSPs has also a heat
stress-independent role in plant development, including fruit ripening. In another
study it was reported that strawberry plants exposed to gradual heat stress showed
more peroxidase activity than control plants which is associated with heat acclima-
tion (Gulen and Eris, 2004). Thus it appears that the transcription of at least some
peroxidase genes is temperature-dependent.

Peptide methionine sulphoxide reductase (PMSR) proteins play an important
role in protecting cells against oxidative damage under salt stress and during the
infection by pathogens. Fapmsr has been cloned from strawberry fruits and expres-
sion was only detected in the receptacles of red mature fruits (Lopez et al., 2006).
The recombinant protein reduced free methionine sulphoxide to methionine and
protected Escherichia coli against the damage produced by the addition of H2O2.
The findings agree with the hypothesis that the strawberry-ripening transcriptional
program is an oxidative stress-induced process (Aharoni et al., 2002b). Salt tol-
erance of transgenic strawberry containing the late embryogenesis abundant pro-
tein LEA3 gene from barley was significantly increased in comparison with control
plants (Wang et al., 2004). However, clear experimental evidence supporting the
exact function of LEA3 proteins is still lacking.

The results show that abiotic stress tolerance is a complex trait and, although a
number of genes have been identified to be involved in the abiotic stress response,
there remain large gaps in our understanding. Up to now, only a small set of genes
that are known to be responsive to stress or are involved in imparting tolerance can
be related to defined cellular functions.

12 Resistance to Biotic Agents

As most domesticated plants, strawberry is susceptible to many diseases and pests,
with high costs in terms of yield losses and/or pesticide treatments. This makes
genetic resistance a major breeding target. The phase-out of methyl bromide in
many developed countries increases the difficulties in getting acceptable yields in
non-fumigated soils, urging to pursue disease resistance together with sustainable
crop management practices. Strawberry varieties fully resistant to any disease or
pest have not been bred so far, nor have wild species been extensively character-
ized as sources of resistance. The identification and exploitation of gene pools from
cultivated and wild Fragaria species, and their introgression and pyramiding – ide-
ally through marker-assisted selection – in new genotypes, are key strategies for
breeding durable resistant strawberry varieties.
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Anthracnose is a major strawberry fungal disease, caused by the three Col-
letotrichum species C. acutatum, C. fragariae and C. gloeosporioides, and charac-
terized by damages to vegetative organs and fruits. Breeding programs claimed the
selection of resistant varieties (e.g., Smith et al., 1996). Studies on F. × ananassa
segregating populations and on pathogenity groups of the fungus showed that resis-
tance factors to anthracnose can be either polygenic (Giménez and Ballington, 2002;
Denoyes-Rothan et al., 2005) or Mendelian. The latter mechanism of resistance was
investigated in segregating genotypes and by bulk segregant analysis using AFLP
markers, which were converted into SCAR markers that segregated with resistance
and mapped to LG4 of the female map (Winterbottom, 1991; Lerceteau-Köhler
et al., 2005). Besides conventional breeding, somaclonal variation in strawberry
regenerants was assessed as a promising approach for obtaining more resistant geno-
types (Hammerschlag et al., 2006).

Phytophthora spp. are soil-born pathogens with a wide range of hosts. Only
monogenic dominant loci associated with resistance to Phytophthora fragariae have
been identified, the first being the Rfp1, linked to SCAR markers developed from
RAPD ones (Haymes et al., 1997). Other dominant Rfp resistance loci were identi-
fied and tested over a wide range of F. × ananassa genotypes (Van de Weg, 1997;
Haymes et al., 2000). A vast genetic study of segregating populations from fifty
bi-parental crosses among twenty elite genotypes analyzed the genetic variation
for resistance to Phytophthora cactorum after artificial inoculation (Shaw et al.,
2008). The molecular and biochemical characterization of PcF, a small extracellular
phytotoxic peptide produced by Phytophthora cactorum, described unique features
among Phytophthora spp. pathogenesis-related proteins and lays the foundation for
bioassays to screen strawberry resistant genotypes (Orsomando et al., 2001).

Another soil-borne pathogen is Verticillium dahliae, which attacks vascular tis-
sues causing severe plant losses. Screening of varieties and breeding populations
indicate that (partial) resistance is based on polygenic factors with additive effect,
although Mendelian inheritance was not ruled out (Zebrowska et al., 2006). On
the other hand, studies on varieties and F1 populations showed that both mono-
and polygenic factors are involved in the resistance to Fusarium wilt (Mori et al.,
2005). As to Botrytis cinerea, the causative agent of grey mold rot, reports only dealt
with the evaluation of genotype resistance or the characterization of plant and fun-
gal genes expressed during infection (e.g., Mehli et al., 2005; Schaart et al., 2005;
Chandler et al., 2006). This notwithstanding, no molecular markers associated with
resistance loci for these important fungal pathogens have been developed so far.

Cost- and time-effective DNA sequencing technologies enable affordable anal-
ysis of plant and microorganism genomes, ultimately allowing the development
of new markers for fine mapping and the discovery of new genes and products,
linked to resistance properties. Sequencing programs provide datasets which can be
screened for information on resistance-associated factors, based on conserved func-
tional domains. Sequencing of Fragaria spp. cDNA and genomic DNA libraries
enabled the identification of resistance gene analogues (RGAs) and polymorphic
transferable microsatelllites (Cipriani and Testolin, 2004; Lewers et al., 2005; Folta
et al., 2005; Gil-Ariza et al., 2006; Keniry et al., 2006; Monfort et al., 2006). An
alternative strategy is the homology-based amplification with degenerate primers.
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Such approach led to the characterization of several types of RGAs in three Fra-
garia species (Martı́nez-Zamora et al., 2004).

Sources of resistance to bacterial diseases and arthropod pests are largely unex-
ploited in the Fragaria genus. In genetic screenings, resistance factors to Xan-
thomonas fragariae in F. virginiana, F. virginiana × F. × ananassa, and non-
octoploid Fragaria genotypes were detected (Maas et al., 2000; Xue et al., 2006).
Barritt and Shanks (1980, 1981) investigated segregating progenies of F. chiloen-
sis × F. × ananassa, finding resistance/tolerance factors to aphids and spider mites.
These studies had no molecular follow-up. Despite encouraging results against pests
were achieved using genetically-modified (GM) strawberry plants (Reviewed in
Chapter 4), pending regulations on the use of GM crops is a serious limitation to
the exploitation of DNA technologies.

Last but not least, many plant natural products and peptides still have to be
screened for their antibiotic or deterrent properties, and represent a ‘hidden arsenal’
for plant defense. The recent assessment of antifungal activity against C. acutatum
by plant volatile organic compounds (VOCs) opens new perspectives in the biolog-
ical control of pathogens. Growth of mycelium and spore germination were inhib-
ited by VOCs produced by lipoxygenase-mediated degradation of C18 fatty acids
(Arroyo et al., 2007). Fragarin, a small molecule of 316 Da isolated from straw-
berry leaves, was shown to have a broad antibiotic spectrum and to be more active
against bacterial than fungal pathogens. Fragarin was described as a phytoanticipin,
a constitutively-present defense compound differing from phytoalexins, which are
synthesized in response to stress (Filippone et al., 1999). A strawberry phytocys-
tatin, encoded by the Cyf1 gene, was shown to be expressed in several organs – but
not in the receptacle – and to be active against several cysteine proteinases, Botrytis
cinerea and Fusarium oxysporum plant pathogens (Martı́nez et al., 2005). Elicita-
tion of plant defence responses was shown to be driven by pectin methyl esterase 1
gene, through partial demethylation of cell wall oligogalacturonides (Osorio et al.,
2008). Elicitor treatments were investigated in the attempt to induce the synthe-
sis of resistance compounds against spider mites (Warabieda et al., 2005). Finally,
an elegant study on Arabidopsis plants, engineered with the strawberry FaNES1
gene to produce novel sesquiterpenes, showed that it is possible to indirectly protect
plants from insect pests by stimulating – and mimicking – the emission of VOCs
produced upon phytofagous insect feeding, which eventually attract ‘bodyguard’
predator mites (Kappers et al., 2005).

Acknowledgment CR and JGS acknowledge financial support from the EU project FLAVO
(FOOD CT-2004-513960) for molecular research on the flavonoid pathway.

References

Abeles FB, Takeda F (1990) Cellulase activity and ethylene in ripening strawberry and apple fruits.
Sci Hortic 42: 269–275
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23. GMO Strawberry: Methods, Risk
and Benefits

Bruno Mezzetti

1 Introduction

The potential for profitable applications of biotechnology to many fruits and vegeta-
bles, tree fruits and nuts, can be limited by the high cost of research, development
and regulatory approval combined with the small plantations and the diversity of
varieties. Further, experimentation with perennials such as fruit trees, berry and nuts
is comparatively expensive (because the experimental unit is larger and takes more
time), and it is costly and not easy to bring into new plantations or replacing existing
orchards with a new variety. For these reasons biotech application in horticultural
crops are quite limited at research level and commercialization is almost completely
absent. Horticultural crops use much less land but their production is of much higher
value. Upon this situation, the development of biotechnology applications in horti-
cultural crops and the achievement of market acceptance can be expected, in the near
future, mainly for those crops with a broader importance in cultivation and market.

Among fruits, strawberry is perceived as an interesting crop for the development
and application of most the advanced biotechnological application, including gene
cloning and recombinant technology, because of its large-scale production, based on
a quite limited variety diversity (almost the 60% of world production is covered by
a variety), and with the interesting peculiarity to be grown as annual fruit (Mezzetti,
2003).

New tools and transgenic systems may aid in the dissection of molecular-genetic
mechanisms that underlie traits of interest to strawberry researchers and the straw-
berry industry. However, the rapid, high-throughput transformation and regeneration
system required to efficiently study functional and translational genomics in culti-
vated strawberry has not been developed. Transformation of octoploid strawberry
has been well documented (James, 1987; Liu and Sanford, 1988; Nehra et al., 1990;
Barcélo et al., 1998; Passey et al., 2003; Ricardo et al., 2003), but the efficiency
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varies among cultivars, requiring 40–112 days for the emergence of the first visi-
ble shoots. Furthermore, a given media formulation only works well with a subset
of cultivars (Passey et al., 2003; Gruchala et al., 2004). The genetic lines and cul-
ture conditions that support efficient transformation of diploid strawberry have also
been carefully defined (Alsheikh et al., 2002; Oosumi et al., 2006). These systems
have great potential for supporting reverse-genetic analyses for genes of interest
(Oosumi et al., 2006) as well as an advanced genetic linkage map (Davis and Yu,
1997; Sargent et al., 2006, 2007) but the diploid systems still require substantial
average regeneration time and the results may not be directly applicable to crop
species.

However, for the availability, at least for some genotypes, of efficient regen-
eration and transformation protocols this crop can be considered an interesting
model for the development of basic genomics and recombinant DNA studies among
rosaceous species.

2 Strawberry Regeneration and Agrobacterium Transformation

Several studies on strawberry have clearly demonstrated the importance of various
factors such as genotype (Liu and Sanford, 1988; James et al., 1990, Nehra et al.,
1990), type and source of explant (Nehra et al., 1989), hormonal balance and incu-
bation conditions (Liu and Sanford, 1988; Nehra et al., 1989) on successful regen-
eration via adventitious organogenesis of transformed clones.

Recently, there have been important changes in the use of non-conventional
approaches to breeding berries. A considerable number of studies have used the
strawberry in biotechnological experiments of gene cloning, genetic transforma-
tion, fingerprinting and mapping for disease resistance, although detailed develop-
mental and physiological characterization of the whole sequence of the organogenic
processes in strawberry somatic tissues is still lacking (Mezzetti, 2003). Despite
the sufficient regeneration levels achieved from leaf explants for some commercial
strawberry genotypes, the regeneration of transformed strawberry plants remains
difficult and appears to be strongly genotype dependent.

Agrobacterium-tumefaciens-mediated transformation of regenerated strawberry
plants from calli or leaf discs has been demonstrated by several groups (James et al.,
1990; Nehra et al., 1990; El Mansouri et al., 1996; Barcélo et al., 1998). However,
it is clear that the production of a new transformed strawberry plant is strictly influ-
enced by the virulence of the Agrobacterium strain (James et al., 1990; Uratsu et al.,
1991) and by the availability of a highly efficient regeneration protocol.

To date, the most successful plant differentiation process for recombinant DNA
technology in strawberry remains adventitious shoot organogenesis directly from
somatic tissue or via previous callus formation. The types of explants used for
inducing regeneration is also an important factor. For several Fragaria × ananassa
genotypes, efficient regeneration protocols have been identified using different types
of somatic tissues (Foucault and Letouze, 1987; Liu and Sanford, 1988; Rugini and
Orlando, 1992; Graham et al., 1995; Passey et al., 2003), although leaf tissue has
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been the most studied (Liu and Sanford, 1988; Nehra et al., 1989; Sorvari et al.,
1993) and in most cases has displayed the highest regeneration frequencies (Passey
et al., 2003). Leaf explants have also been particularly useful for shoot regeneration
and genetic transformation of wild strawberry (F. vesca; El Mansouri et al., 1996;
Haymes and Davis, 1997; Balokhina et al., 2000; Jimenez-Bermudez et al., 2002;
Agius et al., 2003; Mezzetti et al., 2004a).

The shoot regeneration response of leaf tissue has mainly been related to the
genotype and the medium composition (plant growth regulators [PGRs] and the
type of nutrient medium). The light and dark cycles are also known to affect tis-
sue regeneration responses, although the effects seen can differ, depending on the
genotype-PGR interactions (Liu and Sanford, 1988; Nehra et al., 1989). The major
factor affecting regeneration efficiency, however, appears to be the genotype. Culti-
vated strawberry varieties have shown large variability in the differentiation compe-
tence of their somatic tissues, and the effects of PGR treatments in the induction of
this process appear to be related to specific genetic factors (Passey et al., 2003).

The regeneration media that have generally been seen to produce the greatest
shoot regeneration are Murashige and Skoog (1962) (MS) medium supplemented
with 6-benzylaminopurine (BA) and indole-3-butyric acid (IBA) (Barcélo et al.,
1998; Passey et al., 2003). The ability of 1-phenyl-3-(1,2,3-thiadiazol-5-yl) urea
(thidiazuron; TDZ) to induce a high shoot regeneration efficiency in woody plant
tissues, in particular, has also been reported (Huetteman and Preece, 1993; Bhag-
wat and Lane, 2004; Meng et al., 2004). In strawberry, the effect of TDZ has been
explored recently in a restricted number of Fragaria × ananassa cultivars. This
cytokinin-like PGR showed specific responses that were dependent on the genotype
and the type of tissue (Passey et al., 2003). Among the auxins, 3-benzo[b]selenienyl
acetic acid (BSAA) is a new molecule that is highly active and that has already been
tested on some crops, where it was shown to be highly effective for the induction of
somatic embryogenesis (Lamproye et al., 1990). However, it has not yet been tested
for its ability to induce organogenesis in woody plants, with particular reference to
the strawberry.

Among several strawberry genotypes tested by Landi and Mezzetti (2006) the
regeneration and transformation response varied mainly depending to the genotype.
The highest efficiency in genetic transformation (about 5%) was observed from the
genotypes with the highest leaf tissue regeneration efficiency (100% of leaf tissue
regeneration), such as for example Sveva, a newly released octoploid cultivar (F. ×
ananassa) and the diploid F. vesca cv. Alpina W.O. Genotypes such as cvs. Onda
and Paros, performing with an intermediate leaf tissue regeneration efficiency (about
80% of leaves with adventitious shoots) showed a reduced Agrobacterium trans-
formation efficiency (1–3%). Strawberry genotypes showing much lower percent-
ages of leaf tissue regeneration (lower then 40%) can be quite more difficult to be
transformed.

The Agrobacterium tumefaciens mediated transformation represents one of the
most common techniques of recombinant DNA, and it is largely employed to obtain
genetically modified plants. Efficient transformation and regeneration methods are
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a priority for successful application of recombinant DNA technology to vegetative
propagated plants such as strawberry.

To date, the most resourceful plant differentiation process for recombinant DNA
technology in strawberry remains adventitious shoot organogenesis directly from
somatic tissue or a previous callus formation. The genotype and type of explants
represent important factors affecting the regeneration process and consequently the
genetic transformation efficiency.

The achievement of stable genetically transformed plants is also strictly related
to the antibiotic (kanamycin) selection protocol, starting from the early stage of
leaf tissue regeneration, immediately after the Agrobacterium infection and co-
culture, and including the in vitro proliferation and rooting of newly selected shoots.
Depending to the efficiency of the standard regeneration and transformation proto-
col, the first stable newly produced transgenic line can be available after 5–6 months
from the first transformation experiment.

A new challenge for rapid regeneration and transformation system for cultivated
strawberry based on discovery of a new genetic line derived from a productive
Florida cultivar, ‘Strawberry Festival’, was attempted by Folta et al. (2006). Efforts
to develop an efficient regeneration system from ‘Strawberry Festival’ directly did
not yield results comparable to published benchmarks. A new approach was devised.
Instead of attempting to identify a media formulation that supported high frequency
regeneration in a recalcitrant cultivar, the segregation of the octoploid strawberry
genome was explored to produce a rapid-cycling genotype that regenerates well
on a given medium formulation. This was the first example of a strawberry breeding
program specifically addressed to the selections of octoploid strawberry progeny for
ease of genetic manipulation and vigorous growth in vitro. A comparable approach
proved valuable in creating the rapid cycling ‘Regen-S’ alfalfa (Bingham, 1989),
REL-1 and REL-2 sugar beet and ‘Coker 310FR’ cotton (Kumar et al., 1998) genetic
lines. This genetic selection strategy resulted in a new strawberry genotype and a
supporting regeneration protocol that allows progression from explant to a rooted
plant in fewer than 60 days. The genetic line has been designated as ‘Laboratory
Festival #9’ (LF9) to commemorate its lineage as well as its potential to serve as a
valuable resource for studies of gene function in Fragaria. The regeneration capac-
ity of various tissues was examined carefully to identify the tissue that best supports
rapid regeneration. The results indicate that explant sources vary in the number of
shoots produced and the time it takes to produce them. Although leaves and stolons
readily regenerate, the best response was observed in petioles. The regeneration
potential from all explants is higher in young tissue. Petiole segments favor polar
production of callus and shoots, biasing production on the basipetal end. This obser-
vation suggests that a polar distribution of growth regulators, or sensitivity to growth
regulators exists along the organ, leading to gradients within the explant. The dif-
ferential accumulation results in more vigorous callus growth and eventual shoot
generation from the basipetal tissues of the explant. Petiole explants originating
from positions adjacent to the leaf perform better than those adjacent to the crown,
indicating a possible difference in sensitivity to growth regulators between these tis-
sues. Together, the data indicate that the optimal tissue for regeneration is the 1 cm
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petiole segment below an expanding young leaf. Regeneration and transformation
is so efficient in this tissue that many transgenic shoots may be derived using only a
few leaf-adjacent petiole segments as starting tissue.

The LF9 system represents a potentially valuable tool to the Rosaceae research
community. The successful identification of the LF9 genetic line and derivation of
protocols supporting efficient and rapid transformation and regeneration represents
an important basis for high-throughput studies of gene function in cultivated straw-
berry, an under-studied yet economically important plant species (Folta et al., 2006).

3 Genes for Strawberry Improvement

The Rosaceae family is comprised of many species exhibiting great phenotypic
diversity. Although the family members represent valuable tree crops, such as peach
and apple, as well as brambles, roses, almonds, and strawberries, development of
efficient transgenic systems to test interspecies gene function have not been widely
reported. Currently, transformation of tree crops is only possible in a time scale of
years. Recent efforts have identified genes involved in important processes relevant
to dormancy, fruit quality and fruit production, yet transgenic assessment of gene
function is slow. Members of the Rosaceae family share strong sequence similarity
across many genes studied, suggesting that tests of gene function in a heterologous
strawberry system will be informative.

Strawberry genotypes with a well characterized rapid-cycling transformation
protocol can serve as the foundation for tests of gene function in cultivated straw-
berry, but also for other Rosaceae important specie. These resources could be used
for strawberry improvement either through transgenic approaches or through devel-
opment of markers linked to genes of relevant function that may be used in marker-
assisted selection.

The regeneration and transformation protocols developed for several berry geno-
types are now used for the insertion of new gene constructs known for controlling
important agronomic characters.

3.1 Disease and Pest Resistance

Agrobacterium-mediated transformation was used to introduce the CpTi gene in
strawberry against attack by vine weevil (Otiorhynchus sulcatus F. Coleoptera:
Curculionidae) (Graham et al., 1997a). The degree of protection against insect
feeding conferred upon transgenic strawberry lines expressing the Cowpea trypsin
inhibitor was evaluated under glasshouse conditions. Insect bioassays were car-
ried out using Otiorhynchus sulcatus in two experiments and in both experiments
there was a highly significant reduction in damage by weevil larvae on the trans-
genic lines. Strawberry cultivars (Fragaria × ananassa) Melody, Rhapsody and
Symphony were used in transformation experiments carried out using the cowpea
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[Vigna unguiculata] protease [proteinase] trypsin inhibitor (CpTi) gene construct
(Graham et al., 1995). A simple visual assay technique was developed to identify
those plants expressing CpTi. Trypsin acts on the substrate alpha-N-benzoyl-DL-
arginine-p-nitroanilide (BAPNA) to produce p-nitroaniline (p-na).

Strawberry plants were transformed with the coat protein gene from strawberry
mild yellow edge luteovirus to confer resistance to the associated disease (Finstad
et al., 1995).

Both for raspberry and strawberry the gene controlling polygalacturonase
(PG) enzyme was mostly studied both for his effect in increasing resistance to
some important fungi (Botrytis and Colletotrichum) and also for controlling fruit
maturation.

Grey mold, caused by Botrytis cinerea, is a common and destructive disease of
strawberries in all growing regions throughout the world. Primary infection occurs
on strawberry flowers but development of the typical grey mold symptoms occurs
after the fruit has developed and begun to ripen. The most commonly infected flo-
ral organs are the petals and stamens. The receptacle, which will develop into the
strawberry fruit, normally becomes infected by the fungus growing down the fila-
ment but infection via the petals is also possible, particularly when petal abscission
is delayed.

Currently no cultivars are resistant to B. cinerea and true resistance has not been
reported in any Fragaria × ananassa germplasm. There are differences in suscepti-
bility but these can be attributed mainly to plant morphological characteristics that
affect the microclimate around the flowers and fruit. The use of heterologous PGIP
genes to control B. cinerea infection has proved successful in experiments carried
out in California with transgenic tomatoes. The PGIP gene (from pear fruit) that had
been used in these tomato experiments was introduced into strawberry cultivar Pega-
sus at HRI East Malling using Agrobacterium-mediated transformation (Simpson
et al., 1999). The disease response of transgenic clones of Pegasus, confirmed pos-
itive for the PGIP gene by southern blot analysis, was tested challenging detached
flowers by spraying each flower with 1 ml of a conidial suspension of B. cinerea
(1 × 104 / ml).

The results have also been encouraging for three other clones but for these the
results have not been entirely consistent for all flower parts across all four exper-
iments. There was thus no correlation between levels of PGIP and observed dif-
ferences in susceptibility to B. cinerea. These results were not conclusive but it is
encouraging that a small number of the transgenic clones showed reduced suscepti-
bility to infection by B. cinerea on detached flowers.

Researchers have reported that enhanced chitinase levels in transgenic strawberry
plants can indeed reduce the damage caused by powdery mildew fungi (Asao et al.,
1997; Asao et al., 2003). Chalavi et al. (2003) isolated a chitinase gene (pcht28) from
Solanum chilense and transferred it into ‘Joliette’ strawberry using Agrobacterium-
mediated transformation. Introduction of the pcht28 gene was verified by Southern
blot analysis and its expression by Northern blot. In growth chamber studies, the
transgenic strawberry plants that expressed pcht28 had significantly higher resis-
tance to Verticillium dahliae. Ricardo et al. (2006) obtained transgenic strawberry
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lines by expressing three defense genes: ch5B (encoding a chitinase protein from
kidney bean (Phaseolus vulgaris)), gln2 (encoding a glucanase protein from tobacco
(Nicotiana tabacum)), and ap24 (encoding a thaumatin-like protein from tobacco).
The results showed that the expression of the ch5B gene in transgenic strawberry
increased the resistance to gray mold while it had no significant effect on anthrac-
nose disease resistance.What reported above are the few examples available on the
GM technology applications for introducing genes for disease resistance in straw-
berry, when much more should be done on this topic by considering all pest and
diseases affecting this fruit during cultivation and post-harvest.

3.2 Flower and Fruiting

Among the major agronomic characters, flowering and fruiting are developmental
processes of both heuristic and applied interest. In this regard, modification of flow-
ering and fruiting can improve agricultural production in both a quantitative and
qualitative manner.

Studies on the effect of changing of plant hormonal regulation on plant devel-
opment and fruiting is seen with an important knowledge for the improvement of
strawberry agronomic performances, including plant adaptability and resistance to
diseases. These modifications can be easily achieved with the introduction of genes
able to modify endogenous plant growth regulators (PGRs).

The DefH9-iaaM gene that is expressed specifically in placenta and ovules
(Rotino et al., 1997), consistent with results obtained in other species, e.g. egg-
plant, tomato, tobacco (Spena and Rotino, 2001), also promotes parthenocarpy in
Rosaceae (Mezzetti et al., 2004b), however, pathenocarpic fruits (i.e. from emas-
culated flowers) did not develop fully. The DefH9-iaaM auxin synthesizing gene
when expressed and biologically active in strawberry can promote, under cultivation
conditions that allow pollination and fertilization, the increase of fruit productivity
by enhancing the number of inflorescences per plant and the number of flowers per
inflorescence. So far auxin plays a role in plant fecundity in this perennial rosaceous
species.

Another powerful tool for manipulation endogenous phyto-hormones is the trans-
formation with oncogenes originating from Agrobacterium tumefaciens or A. rhizo-
genes an example from the latter being the rol genes which have proven highly
useful for improving certain agronomic traits and even for producing novel plant
morphogenesis. The rol genes are showing an increasing importance in floricultural
crops (Zuker et al., 2001; Casanova et al., 2005), while few authors have studied the
effect of the rol genes, and particularly of rolC, in fruit plants (Welander and Zhu,
2006).

In most plants, the rolC gene was driven by the constitutive promoter CaMV-35S
to obtain more pronounced changes in phenotype, as described by Schmulling et al.
(1988), Nilsson et al. (1996), Gardner et al. (2006), and in some cases producing the
most dramatic changes on plant and flower architecture (Mitiouchkina and Dolgov,
2000; Winefield et al., 1999).
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The potential use of the rolC gene in improving strawberry cultivation was
assessed by the evaluation of the modifications induced by the expression of the
gene on plant phenotype and as a consequence on their adaptability, production and
quality. The effect of the rolC gene in strawberry was studied on 4 rolC clones
of ‘Calypso’, transformed by using the Agrobacterium-mediated approach (Maz-
zara et al., 1998). In vitro root development of the rolC lines differed from the
control with an increase in root number and a sharp decrease in root apparatus
length. Furthermore, correlations were detected in the transgenic lines between the
rolC expression level and some characters in vivo. Lines with the highest level of
expression produced more leaves of smaller dimension, while showing a reduced
height. This leads to the “bushy” phenotype determined by the modification induced
with the rolC gene (Mezzetti et al., 2004b). Agronomic trials showed that the over-
expression of rolC gene in strawberry has modified traits of economic interest such
as increased plant adaptability, productivity and tolerance to a soil-borne/diseases,
as well as fruit quality. These important agronomic improvements were associated
to an increased symbiotic rolC – strawberry root/mycorrhize interaction (Landi and
Mezzetti, 2006).

3.3 Quality – Maturation

All major breeding and biotechnology programs on berries has as major priority
the improvement of fruit quality. In general, a clear definition of quality is quite
difficult and changes depending to the different destinations of the fruits. However,
for berries the following components can be considered of major importance: flavor
(a complex combination of sweetness, acidity, and aroma), firmness and self-life.

All these aspects are controlled by the complex developmental process related
to fruit ripening, that involves specific changes in gene expression and cellular
metabolism (Manning, 1994). In climateric fruits these events are coordinated by
the gaseous hormone ethylene, which is synthesized autocatalytically in the early
stages of ripening. Non-climacteric fruits do not synthesize or respond to ethylene in
this manner, yet undergo many of the same physiological and biochemical changes
associated with the production of a ripe fruit.

Wild strawberry is an attractive model system for studying ripening in non-
climacteric fruit, because of its small diploid genome, its short reproductive cycle,
and its capacity for transformation. Eight ripening-induced cDNAs were isolated
from this species after differential screening of a cDNA library (Nam et al., 1999).
The predicted polypeptides of seven clones exhibit similarity to database pro-
tein sequences, including acyl carrier protein, caffeoyl-CoA 3-O-methyltransferase,
sesquiterpene cyclase, major latex protein, cystathionine gamma-synthase, dehydrin
and an auxin-induced gene. None of these proteins appear to be directly related to
events generally associated with ripening such as cell wall metabolism or the accu-
mulation of sugars and pigments, rather, their putative functions are indicative of
the wide range of processes upregulated during fruit ripening.
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mRNA populations in ripening strawberry (Fragaria × ananassa) fruit were
examined using polymerase chain reaction (PCR) differential display (Wilkinson
et al., 1995). Five mRNAs with ripening-enhanced expression were identified using
this approach. Three of the mRNAs appeared to be fruit-specific, with little or no
expression detected in vegetative tissues. Sequence analysis of the cDNA clones
revealed positive identities for three of the five mRNAs based on homology to
known proteins. These results indicate that the differential display technique can
be a useful tool to study fruit ripening and other developmental processes in plants
at the RNA level.

3.4 Tissue Softening

Tissue softening accompanies the ripening of many fruits and initiates the processes
of irreversible deterioration. Expansins are plant cell wall proteins proposed to dis-
rupt hydrogen bonds within the cell wall polymer matrix. Expression of specific
expansin genes has been observed in tomato (Solanum lycopersicum) meristems,
expanding tissues and ripening fruit. It has been proposed that a tomato ripening-
regulated expansin might contribute to cell wall polymer disassembly and fruit soft-
ening by increasing the accessibility of specific cell wall polymers to hydrolase
action. Expansin gene expression was examined in strawberry (F. × ananassa) (Civ-
ello et al., 1999). Strawberry differs significantly from tomato in that the fruit is
derived from receptacle rather than ovary tissue and strawberry is non-climacteric.
A full-length cDNA encoding a ripening-regulated expansin, FaExp2, was isolated
from strawberry fruit. The deduced amino acid sequence of FaExp2 is most closely
related to an expansin expressed in early tomato development and to expansins
expressed in apricot fruit rather than the previously identified tomato ripening-
regulated expansin, LeExp1. Nearly all previously identified ripening-regulated
genes in strawberry are negatively regulated by auxin. Surprisingly, FaExp2 expres-
sion was largely unaffected by auxin. Overall, the results suggest that expansins are
a common component of ripening and that non-climacteric signals other than auxin
may coordinate the onset of ripening in strawberry.

A novel E-type endo-beta-1,4-glucanase with a putative cellulose-binding
domain is highly expressed in ripening strawberry fruits of the octoploid cultivar
Chandler (Trainotti et al., 1999). Two full-length cDNA clones (faEG1 and faEG3,
respectively) have been isolated by screening a cDNA library representing tran-
scripts from red fruits. Southern blot analysis of genomic DNA suggests that the
strawberry endo-beta-1,4-glucanases (EGases) are encoded by a multigene family
and are predominantly expressed during the ripening process. In agreement with
other ripening-related genes in strawberry, the expression of faEG1 and faEG3 is
also down-regulated by treatment with the auxin analogue NAA. Differences in
temporal expression of the two EGase genes in fruits are not accompanied by dif-
ferences in spatial expression. The pattern of expression and the sequence charac-
teristics of the two polypeptides suggest that the two strawberry EGases operate in
a synergistic and coordinate manner.
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Antisense technology resulted an useful tool to prevent strawberry fruit from
softening by suppressing particular genes involved in fruit softening without altering
fruit quality (Mathews et al., 1995; Woolley et al., 2001; Jimenez-Bermudez et al.,
2002; Palomer et al., 2006; Sesmero et al., 2007).

Llop-Tous et al. (1999) isolated two cDNA clones (Cel1 and Cel2) from a cDNA
library obtained from ripe strawberry (Fragaria × ananassa) fruit encoding diver-
gent endo-beta-1,4-glucanases (EGases) [cellulases]. The EGases differ in their sec-
ondary and tertiary structures and in the presence of potential N-glycosylation sites.
By in vitro translation it was shown that Cel1 and Cel2 bear a functional signal pep-
tide, the cleavage of which yields mature proteins of 52 and 60 kDa, respectively.
The Cel2 EGase was expressed in green fruit, accumulating as the fruit turned from
green to white and remaining at an elevated, constant level throughout fruit ripen-
ing. In contrast, the Cel1 transcript was not detected in green fruit and only a low
level of expression was observed in white fruit. The level of Cel1 mRNA increased
gradually during ripening, reaching a maximum in fully ripe fruit. The high levels
of Cel1 and Cel2 mRNA in ripe fruit and their overlapping patterns of expression
suggest that these EGases play an important role in softening during ripening.

3.5 Carbohydrate

Carbohydrate content and balance play an important role in determining the fla-
vor and processing quality of the strawberry. As the fruit ripens, the sugar balance
favors the hexoses glucose and fructose rather than sucrose. This will have con-
sequences for the osmotic potential of the fruit cells and may result in an overall
adjustment of water import, fruit growth and potential for processing. In many fruit
species the enzyme invertase [beta-fructofuranosidase] is responsible for catalysing
the breakdown of sucrose. An invertase that is located in the cell wall may regu-
late the unloading of sucrose from the phloem and control assimilate accumulation
whereas an invertase located in the vacuole may regulate sucrose and hexose stor-
age. Invertase genes cloned from potato, encoding cell wall and vacuolar forms,
were integrated into two strawberry cultivars, Symphony and Senga Sengana, via
A. tumefaciens-mediated transformation (Bachelier et al., 1997). Transgenic plants
were be assessed for modified growth, sugar balance, flavor and processing quality
(Graham et al., 1997b).

Recently, Park et al. (2006) generated transgenic plants that incorporated an anti-
sense cDNA of ADP-glucose pyrophosphorylase (AGPase) small subunit (FagpS)
driven by the strawberry fruit-dominant ascorbate peroxidase (APX) promoter, to
evaluate the effects on carbohydrate contents during fruit development. The results
showed that the levels of AGPase mRNA were drastically reduced in the red stage
of fruits in all the transgenic plants. The suppression of the AGPase small subunit
in transgenic plants resulted in a 16–37% increment of total soluble sugar content
and a 27–47% decrease of the starch content in mature fruit without significantly
affecting other fruit characteristics such as color, weight and hardness. Results from
previous studies suggested that, through biotechnological alternation, the AGPase
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gene might be used for improving soluble sugar content and decreasing starch con-
tent in strawberry fruits.

3.6 Fruit Flavor

Fruit Flavor is a result of a complex mixture of numerous compounds. The forma-
tion of these compounds is closely correlated with the metabolic changes occur-
ring during fruit maturation. DNA microarrays and appropriate statistical analyses
were used to identified a novel strawberry alcohol acyltransferase (SAAT) gene that
plays a crucial role in flavor biogenesis in ripening fruit (Aharoni et al., 2000).
Volatile esters are quantitatively and qualitatively the most important compounds
providing fruity odours. Biochemical evidence for involvement of the SAAT gene
in formation of fruity esters is provided by characterizing the recombinant pro-
tein expressed in Escherichia coli. The SAAT enzyme showed maximum activity
with aliphatic medium-chain alcohols, whose corresponding esters are major com-
ponents of strawberry volatiles. The enzyme was capable of utilizing short- and
medium-chain, branched, and aromatic acyl-CoA molecules as cosubstrates.

The results suggest that the formation of volatile esters in fruit is subject to
the availability of acyl-CoA molecules and alcohol substrates and is dictated by
the temporal expression pattern of the SAAT gene(s) and substrate specificity of the
SAAT enzyme(s).

MADS-box genes encode putative transcription factors that are highly conserved
among eukaryotes. The name arises from the four original members of this family,
which are MCM1 in yeast, AG in Arabidopsis, DEFA from Antirrhinum, and SRF
in humans (Schwarz-Sommer et al., 1992). Genetic analyses have shown that plant
MADS-box genes are homeotic and control the spatial and temporal locations of
specific organs.

AGAMOUS, from Arabidopsis, is a MADS-box gene that is responsible for
stamen and carpel identity. It is also involved in maintaining the floral meristem
and preventing it from reverting from a determinate state to an indeterminate state
(Mizukami and Ma, 1995). Homologs of this gene have been found in diverse plant
species including tobacco (Kempin et al., 1993), tomato (Pnueli et al., 1994) and
recently also in strawberry (Ahroni et al., 1999).

All these molecular studies on factors affecting strawberry fruit quality will open
for the future really interesting opportunity to improve knowledge on the mecha-
nisms controlling such complex but important agronomic character.

4 Biotechnology for Berry Nutritional Quality

Conventional breeding is one mean of achieving the development of berries rich
in nutritional compounds; the genetic diversity available within sexual compati-
ble species of any given crop will limit the extent of improvement. Transgenic
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approaches can provide an alternative, although there is currently public concern
about their use in contemporary agriculture, particularly when genes derived from
organisms other then plants are used.

Up to date, transgenic approaches were successfully used to increase the nutri-
tional value of several worldwide important crops, for example rice (Paine et al.,
2005) and tomato (Davuluri et al., 2005). However, these approaches have not
increased both carotenoids and flavonoids simultaneously, except in some cases
associated with several plant development defects (Gilberto et al., 2005).

Regarding berries, a first interesting result was the demonstration that the biosyn-
thesis of L-ascorbic acid in ripe strawberry fruit can occur through D-galacturonic
acid. Furthermore, it was demonstrated that vitamin C levels can be increased
in A. thaliana plants by over-expressing the strawberry gene GaiUR, encoding a
D-galacturonic acid reductase (Agius et al., 2003).

The role of DefH9-iaaM and rolC genes in improving fruit production and nutri-
tional quality was studied for the first time in transgenic strawberries (Mezzetti et al.,
2004a, b). The aim of this study was to better identify the potential use of both genes
in improving strawberry agronomic performances and the antioxidant attributes of
control and transgenic lines of two strawberry (F. × ananassa) genotypes (breeding
selection AN93.231.53 and Calypso). Also for this type of study, differences in fruit
Total Antioxidant Capacity (TAC) were determined by using TEAC (Scalzo et al.,
2005) and in Total Polyphenols (TPH) by Folin-Ciocalteu. The increased productiv-
ity lead by DefH9-iaaM did not altered TAC, while the pleiotropic changes induced
by rolC were also improving fruit TAC. The increase in plant strawberry productiv-
ity, caused by the DefH9-iaaM, gene is bound to be due, either directly or indirectly,
to transgene expression, and consequently to increase auxin synthesis (Indole Acetic
Acid – IAA) in the flower buds (Mezzetti et al., 2004b). The increased flowers IAA
content induced by the expression of the DefH9-iaaM gene strongly affected plant
morphogenic development, but without changing fruit components controlling qual-
ity and antioxidant capacity (Scalzo et al., 2005). The increased plant cytokinin
metabolism induced by the expression of rolC gene had an effect on plant develop-
ment (increased vigour and adaptability), but also lead to an improvement of fruit
nutritional quality (mainly sugar content and TAC). The highest yield of rolC lines
was mainly related to a larger fruit number with a reduced fruit weight but also asso-
ciated to increased fruit total sugar content and TAC (Scalzo et al., 2005). This study
represents the first evidence of rolC effect on fruit quality and antioxidant capacity.
Further agronomical studies for the genetically modified strawberry, as well as the
appropriate risk assessment, are now required.

Recently a great stride has been taken in identifying and characterizing, through
biochemical and molecular means, the major enzymes and genes involved in
flavonoid and proanthocyanidin biosynthesis during fruit development (Almeida
et al., 2007).

The cloning and biochemical characterization of a glucosyltransferase involved
in anthocyanin biosynthesis in strawberry fruit was reported by Griesser et al.
(2008). Data were reported on the ripening-related and auxin-controlled expression
of this gene. Whereas, by using other techniques to verify the function of glyco-
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syltransferases in planta, was also reported the RNA interference (RNAi)-mediated
down-regulation of an anthocyanidin-3-O-glycosyltransferase gene in a commer-
cially important fruit crop, thus confirming its function in planta.

While an ongoing work has produced AmDFR and MiANS transgenic lines of
Calypso and Sveva and preliminary transcriptomic studies on Sveva – DFR evi-
denced a deep perturbation of the whole pathway. These new transgenic lines rep-
resent unique new material for molecular and biochemical studies to elucidate the
regulation of flavonoid pathway and improve the nutritional properties of strawberry
(Montironi et al., 2009).

5 GM Strawberry Field Trials and Risk Assessment

GMO acceptability is linked to an appropriate evaluation for their potential risks for
the environment (gene flow and gene impact on other micro-organism) and for their
benefits in agricultural practices (reduce inputs, improvement of yield, quality and
nutritional value).

The recent evolution of molecular biotechnology has promoted the development
of new DNA recombinant technologies with important perspectives of application
on agricultural systems and food industries, but at the same time opening a contro-
versial discussion on their risks and benefits for the environment and the consumers.

These novelties for agriculture and food industries have induced the European
and National institutions to identify specific and restricted rules able to guarantee
the safeguard of human health and environment and useful to overcome the uncer-
tainty showed by the EU consumers. With this aim the European Commission (EC)
has adopted Directive 2001/18/EC (repealing Directive 90/220/EEC) to govern the
deliberate release of GMOs into the environment. The new 2001/18/EC directive
was adopted in different EU countries by supporting mainly the following two spe-
cific needs: (a) update the authorization procedures by facing more in deep also the
environmental and health factors linked with the deliberate release of GM plants in
the environment; (b) overcome the EU and National moratoria for GMO produc-
tion and commercialization by introducing the traceability rules on GMO products.
Beside this, the situation for EU research on GM crops still remain critical in com-
parison with rules adopted in all the other world areas.

Regulatory authorities and consumers are concerned about the environmental
safety of GMO and are demanding for commercial transgenic plants to be free of
unnecessary genes, such as marker genes (antibiotic resistance) or vector backbone
sequences (Schaart et al., 2004, Mihály et al., 2006). Schaart et al. (2004), for exam-
ple, used an inducible site-specific recombinase to obtain marker-free transgenic
strawberry plants using a bifunctional selectable marker gene for the initial positive
selection of transgenic tissue. When shoots had regenerated on kanamycin (Kan),
leaf explants from KanR shoots were treated with dexamethasone, which induces
the recombinase gene, and subsequently subjected to a second round of regeneration
in the presence of 5-fluorocytosine (5-FC). The codA gene converted the non-toxic
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5-FC to cytotoxic fluorouracil (Stougaard, 1993), leading to the death of cells that
still contain the marker genes. After negative selection, they successfully obtained
30 putative marker-free transgenic plants.

Field trials are a prerequisite step for assessing risk and benefit of a new GM
plants and as consequence for market approval. The aim of the field trials is to test,
in small-scale experiments, the stability of the inserted gene, the characteristics of
the GM crop compared to the conventional one (e.g. growth characteristics), and
most importantly to assess any potential risk to human health, animal heath and to
the environment. The data obtained from field trials constitute a core part of the
information submitted to regulators for safety assessment. The field trials often rep-
resent a long and expensive stage in the development process (i.e. from laboratory
design to the submission for marketing) of a GMO.

Regarding gene flow two main lines of research can be envisaged:

(1) Hybridization potential of transgenic strawberries with their wild relatives.
This issue can be addressed on the following levels:

– Potential gene flow from transgenic to wild strawberries by honeybees,
important if not main pollen vectors of strawberries, should be tested
in the greenhouse with arrays of transgenic, wild and hybrid strawber-
ries, arranged randomly or aggregated and exposed to honeybees, whose
foraging behaviour will be monitored.

– The potential for hybrid formation can be tested with hand-cross pol-
linations of emasculated flowers, and hybrid fertility will be tested by
sowing hybrid seeds and examining seedling establishment.

(2) Potential ecological consequences of gene flow from transgenic to wild straw-
berries.

A prerequisite for addressing this issue is the study of the basic demographies
of transgenic, wild and hybrid strawberries. Demographies of the variants can be
examined using matrix models. Competition experiments between the three variants
can allow to assess the invasive potential of transgenic and hybrid strawberries.

Both main approaches are instrumental for assessing the extinction risk of wild
strawberries by hybridization with transgenic strawberries, or alternatively for pro-
viding arguments for a possible cultivation of transgenic strawberries.

To evaluate long term effects and alterations on non-target organisms the use
Drosophila melanogaster, a classical non-target organism that can normally eat
strawberries cultivated in open field, is seen as the most easily applicable model.
Tests in drosophila seem to be the most desiderable (Wurgler et al., 1984), as the
species has several useful qualities: a short generation time (10–12 days), numer-
ous progeny, few chromosomes, many diverse markers, and a genome completely
sequenced. These organisms are grown easily, research with this species is relatively
inexpensive, and the organization of genes and chromosomes is comparable. It is a
relatively long-lived organism to which substances to test can be applied in different
way, and their effects on individual stages of the development of gametes can be
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studied. Furthermore, indirect mutagens are activated by the enzymatic system the
same as they are in mammals.

A further point to study will be the question of genotoxicity, especially at high
concentrations of single components, so Drosophila can be used to measure a wide
range of genetic changes: recessive lethal, visible mutations, deletions, translo-
cations, chromosome loss, dominant lethal, non disjunction. To assess short-term
effects and appearance of unforeseen cellular damages, fractionated extracts should
be tested on transformed and primary cell cultures and in vivo on model mice.

Finally, NMR should be applied to assess the metabolic profiles and evaluate pos-
sible alterations triggered by using different strawberry extracts on distant cellular or
vertebrate model systems. Furthermore, mice biological fluids (especially urine) can
be investigated to detect potential consequence for humans from a reliable animal
model.

A possible final goal is to propose the NMR approach as a simplified, non-
invasive and accurate method to evaluate metabolic alteration in organisms fed with
different food components either GM or non-GM. In particular, such an NMR pro-
tocol should be oriented towards the use of mice urine as the fluid of election to
track metabolic profiles upon GM food.

6 Conclusions

The past EU moratoria created a negative impact on the development of appropriate
and accurate research programs on the assessment of GMOs risk and benefit, as a
consequence of the dramatic reduction of the trial notification in most of the EU
countries and particularly in Italy. This situation clearly created a lack of science
based information useful to better identify the real perspectives of GMOs applica-
tion for improving the productivity and quality of the major crops of interest partic-
ularly for EU countries.

Now we have the important need to implement research trial notifications in the
EU countries and to create a European network for the larger and coordinated activ-
ities related to the assessment GM plants risk and benefits.

Essential knowledge is required for a sound risk assessment of planting trans-
genic strawberries commercially under outdoor conditions. In particular, to asses
potential detrimental effects such as unwanted gene flow from transgenic to wild
strawberries and potential ecological consequences on biodiversity, including the
potential of extinction of wild strawberries by hybridization with transgenic straw-
berries. No systematic investigation of these issues is available so far, even though
potential detrimental effects of growing transgenic strawberries are clearly and
repeatedly stated in the literature.

As strawberries are a niche product, these findings will mainly be relevant for
smaller farms. Under increasing global warming conditions, the importance of
growing strawberries may actually increase, but also with the need of new high
quality varieties well adapted to different growing conditions and/or cultivation
systems.
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Furthermore, strawberry is a charismatic crop and consumed directly without
being processed, and hence the population will react particularly sensibly to a poten-
tial offer of transgenic strawberries. This requires a particularly sound ecological
risk assessment for a commercial cultivation of transgenic strawberries.

In addition, strawberries may also serve as a model for other cultivated Rosaceae
such as fruit trees of which transgenic varieties have already been developed (e. g.
plum and cherry trees) or are under development (e. g. apple or peach trees). Straw-
berries have the same basic flower structure and the same main pollen vectors (honey
bees), but much shorter life cycles, and hence are much more easily amenable to
experimentation.

Among the different research carried out on strawberry genetic manipulation
really few reached the field for a deep risk and benefits evaluation, the hope for the
future is that a changed situation in rules and public acceptance produce a favorable
climate for complete lab. to field GM strawberry risks and benefits evaluation.
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Mihály K, Ingrid MM, and Bánfalvi Z (2006) Generation of marker- and backbone-free transgenic
potatoes by site-specific recombination and a bi-functional marker gene in a non-regular one-
border Agrobacterium transformation vector. Transgenic Res 15:729–737.

Mitiouchkina TY, and Dolgov SV (2000) Modification of chrysanthemum plant and flower archi-
tecture by rolC gene from Agrobacterium rhizogenes introduction. Acta Hort 508: 163–169.



GMO Strawberry: Methods, Risk and Benefits 505

Mizukami Y, and Ma H (1995) Separation of Ag function in floral meristem determinacy from
that in reproductive organ identity by expressing antisense AG RNA. Plant Mol Biol 28(5):
767–784.

Montironi E, Costantini E, Mourgues F, Rosati C, and Mezzetti B (2009) Engineering strawberry
anthocyanin levels by transformation with late flavonoid pathway genes. Int. Strawberry Sym-
posium Huelva (SP). Acta Hortic., in press

Murashige T, and Skoog F (1962) A revised medium for rapid growth and bioassays with tobacco
tissue cultures. Physiol Plant 15: 473–497.

Nam YW, Tichit L, Leperlier M, Cuerq B, Marty I, and Lelievre JM (1999) Isolation and character-
ization of mRNAs differentially expressed during ripening of wild strawberry (Fragaria vesca
L.) fruits. Plant Mol Biol 39: 629–636.

Nehra NS, Stushnoff C, and Kartha KK (1989) Direct shoot regeneration from leaf discs. J Am
Soc Horti Sci 114:1014–1018.

Nehra NS, Chibbar RN, Kartha KK, Datla RSS, Crosby WL, and Stushnoff C (1990) Genetic trans-
formation of strawberry by Agrobacterium tumefaciens using a leaf disk regeneration system.
Plant Cell Rep 9: 293–298.

Nilsson O, Moritz T, Sundberg B, Sandberg G, and Olsson O (1996) Expression of the Agrobac-
terium rhizogenes rolC gene in a deciduous forest tree alters growth and development and leads
to stem fasciation. Plant Physiol 112(2):493–502.

Oosumi T, Gruszewski HA, Blischak LA, Baxter AJ, Wadl PA, Shuman JL, Veilleux RE, and
Shulaev V (2006) High-efficiency transformation of the diploid strawberry (Fragaria vesca)
for functional genomics. Planta 223(6):1219–30.

Paine JA, Shipton CA, Chaggar S, Howells RM, Kennedy MJ, Vernon G, Wright SY,
Hinchliffe E, Adams JL, Silverstone AL, and Drake R (2005) Improving the nutri-
tional value of Golden Rice through increased pro-vitamin A content. Nat Biotechnol 23:
482–487.

Palomer X, Llop-Tous I, Vendrell M, Krens FA, Schaart JG, and Boone MJ (2006) Antisense down-
regulation of strawberry endo-β-(1,4)-glucanase genes does not prevent fruit softening during
ripening. Plant Sci 171: 640–646.

Park JI, Lee YK, Chung WI, Lee IH, Choi JH, and Lee WM (2006) Modification of sugar compo-
sition in strawberry fruit by antisense suppression of an ADP-glucose pyrophosphorylase. Mol
Breed 17:269–279.

Passey AJ, Barrett KJ, and James DJ (2003) Adventitious shoot regeneration from seven commer-
cial strawberry cultivars (Fragaria × ananassa Duch.) using a range of explant types. Plant
Cell Rep 21: 397–401.

Pnueli L, Hareven D, Rounsley SD, Yanofsky MF, and Lifschitz E (1994) Isolation of the tomato
AGAMOUS gene TAg1 and analysis of its homeotic role in transgenic plants. Plant Cell 6(2):
163–173.

Ricardo VG, Coll Y, Castagnaro A, and Ricci JCD (2003) Transformation of a strawberry cultivars
using a modified regeneration medium. Hort Science 38:277–280.

Ricardo VG, Ricci JCD, Hernández L, and Castagnaro AP (2006) Enhanced resistance to Botry-
tis cinerea mediated by the transgenic expression of the chitinase gene ch5B in strawberry.
Transgenic Res 15:57–68.

Rotino GL, Perri E, Zottini M, Sommer H, and Spena A (1997). Genetic engineering of parheno-
carpic plants. Nat Biotechnol 15: 1398–1320.

Rugini E, and Orlando R (1992) High efficiency shoot regeneration from calluses of strawberry
(Fragaria × ananassa Duch.) stipules of in vitro shoot cultures. J Hortic Sci 67: 577–582.

Sargent DJ, Clarke J, Simpson DW, Tobutt KR, Arús P, Monfort A, Vilanova S, Denoyes-Rothan
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24. Raspberries and Blackberries:
The Genomics of Rubus

Julie Graham and Mary Woodhead

1 Taxonomy

The genus Rubus is comprised of a highly heterozygous series of some 500 species,
with ploidy levels ranging from diploid to dodecaploid (Jennings, 1988; Meng and
Finn, 2002). Members of the genus can be difficult to classify into distinct species
for a number of reasons, including hybridization between species and apomixes
(Robertson, 1974; Dickinson et al., 2007; Evans et al., 2007). For a description of the
genus and the species contained within see Skirvin et al. (2005). The domesticated
subgenera Idaeobatus and Eubatus contain the raspberries, blackberries, arctic fruits
and flowering raspberries, all of which have been utilized in breeding programs. The
most economically important Rubus species are the raspberries, the European red
raspberry, R. idaeus L. subsp. idaeus, the North American red raspberry R. idaeus
subsp. strigosus Michx and the black raspberry (R. occidentalis L.). The red rasp-
berry being diploid has been the focus of most of the developments in molecular
genetics.

Rubus subgenus Idaeobatus is distributed principally in Asia but also East and
South Africa, Europe and North America. In contrast, subgenus Eubatus is mainly
distributed in South America, Europe and North America (Jennings, 1988). The
members of subgenus Idaeobatus are distinguished by the ability of their mature
fruits to separate from the receptacle.

2 Diversity

Roach (1985) and Jennings (1988) gave accounts of the early domestication of
red raspberry (Rubus idaeus L). During the 19th Century, the North American
red raspberry (R. idaeus subsp. strigosus Michx) was introduced into Europe and
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subsequently crossed with the European sub-species (R. idaeus subsp. vulgatus
Arrhen.). Five parent cultivars dominate the ancestry of red raspberry; ‘Lloyd
George’ and ‘Pynes Royal’ entirely derived from R. idaeus var. vulgatus and
‘Preussen’, ‘Cuthbert’ and ‘Newburgh’ derived from both sub-species. Controlled
crossing began slightly earlier in the US than the UK with the introduction of
‘Latham’ in 1914 (McNicol and Graham, 1992). Domestication has resulted in a
reduction of both morphological and genetic diversity in red raspberry (Graham
et al., 1996; Haskell, 1960; Jennings, 1988) with modern cultivars being geneti-
cally similar (Dale et al. 1993; Graham and McNicol, 1995). Similar work on the
genetic relatedness of black raspberries using RAPD markers was carried out and
raised similar concerns of a narrow genetic base with the need for more incorpo-
ration of more diverse germplasm into black raspberry breeding (Weber, 2003).
Relatedness in blackberries has also been examined using pedigree analysis with
similar findings recommending the diversification of the gene pool (Stafne and
Clark, 2004). This restricted genetic diversity is of serious concern for the future
of Rubus breeding, especially when seeking durable host resistance to intractable
pests and diseases for which the repeated use of pesticides in some regions is inef-
fective, unsustainable or unacceptable for certain selected markets, such as ‘organic
production’. The gene base can and is being increased by the introduction of unse-
lected raspberry clones and species material (Knight et al., 1989). However, the time
required to produce finished cultivars from this material can be considerable, par-
ticularly if several generations of backcrossing are required to remove undesirable
traits. Efforts are being made to conserve the biodiversity of berries across Europe
(Bartha-Pichler, 2006) and an interest in the conservation of genetic resources
has led to studies on wild raspberry populations in various countries. Studies in
Scotland have show wild raspberries to be genetically and physiologically differ-
entiated from each other and from cultivars (Marshall et al., 2001; Graham et al.,
1997, 2003). Similar studies using phenotypic characteristics have been carried
out on twelve wild raspberry populations in Russia (Ryabova, 2007) where wild
populations were examined for characteristics which may be useful in cultivated
raspberries. Romanian (Rusu et al., 2006a) and Bulgarian red raspberries (Badjakov,
personal communication) have been studied to determine their similarity with
European and American germplasm using SSR markers. Genetic diversity has been
examined in natural populations of black raspberry (R. coreanus) in Korea using
ISSR markers (Hong et al., 2003) and overall genetic relationships among popula-
tions were associated with geographic location. Black raspberry (R. leucodermis)
populations have also been evaluated for traits of importance for use in red and
black raspberry breeding (Finn et al., 2003). With concern over climate change
coupled with the desire for limiting ‘flown food’ to reduce the carbon footprint
of agriculture and horticulture, availability of suitable varieties will be crucial for
the future success of raspberry commercial cultivation. This conservation of genetic
resources may prove to be invaluable in securing germplasm for future breeding
programs.
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3 Breeding Objectives

Rubus breeding is a long slow process hampered by several genetic problems, which
depending on species, include polyploidy, apomixes, pollen incompatability and
poor seed germination. As far as we are aware there are 30 Rubus breeding pro-
grams in 19 countries, almost all of which are in Europe or North America. Breed-
ing programs sponsored by end-users or government aim to develop appropriate
germplasm enabling their particular industry to realize its potential and thus goals
vary from program to program. As new challenges arise and new production sys-
tems are developed, breeding programs are faced with meeting these demands with
new cultivars. The core primary objectives in raspberry breeding include: high qual-
ity fruit, good yield, shelf life and suitability for shipping, if for the fresh mar-
ket, suitability for mechanical harvesting for the processing market, adaptation to
the local environment and improved pathogen resistance (Graham and Jennings,
2008).

3.1 Fruit Characters

While many characteristics are important in the successful acceptance of new cul-
tivars, fruit quality must be considered the premier factor. Flavor, appearance and
shelf life are the main attributes of fresh market quality and are essential for repeat
purchase of fruit by consumers. Flavor is a highly subjective trait but can be broken
down into multiple descriptors for taste, texture and other sensory characteristics.
Good, acceptable flavor in raspberry tends to be fruity, sweet and floral with a desire
for some acidity but no bitterness (Harrison et al., 1999). Color, brightness, size and
shape contribute to the appearance and success of a variety and are crucial for initial
purchase of fruit by consumers. A naturally dark color can be perceived as overripe
by fresh market retailers, whereas a darker color is desirable for processing. Large
fruit size is an attractive characteristic to both consumers and producers as it is more
cost effective to pick.

3.2 Plant Characters

Plant habit is important for plantation management and has a major effect on yield
potential. In summer fruiting types, the most important characteristics include the
number and height of young canes, consistency of bud break, internode length, lat-
eral length and position of laterals (Dalman, 1991). In primocane fruiting types
(where fruit is produced on first year canes) the amount of branching and extent
of lateral development on the primocanes are major yield components. In both types
erect, spineless canes are desirable (Jennings, 1988).
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3.3 Phytochemicals

Raspberries were first used in Europe for medicinal purposes (Jennings, 1988), and
once again there is heightened interest focused on these fruit as major sources
of antioxidants, such as anthocyanins, catechins, flavonols, flavones and ascor-
bic acid; compounds that protect against a wide variety of human diseases, par-
ticularly cardiovascular disease and epithelial (but not hormone-related) cancers
(Deighton et al., 2000; Moyer et al., 2002). There has been a recent explosion of
data on berry fruit and their impact on human disease (e.g. Marinova and Ribarova,
2007; Rupasinghe and Clegg, 2007) As a result, the consumption of these berries
is expected to increase substantially in the near future as their value in the daily
diet is publicized. A concerted effort by the public health authorities in Finland, for
example, has promoted the consumption of small berry fruits to their populations
(Puska et al., 1990). Recent epidemiological studies have suggested the efficacy of
compounds found at high concentrations in berries for the prevention of a number
of chronic diseases and studies are now aimed at understanding the mechanisms of
action of specific groups of phytochemicals. For a review of the literature on the
potential health benefits of berry fruits see Hancock et al. (2007).

3.4 Production

While strawberries remain the best selling soft fruit, other fruits such as raspberry,
are gaining popularity because of the increasing all year round availability. Raspber-
ries have always been attractive as fresh dessert fruits or for processing from frozen
berries into conserves, purees and juices.

The Scottish bred ‘Glen Ample’, released in the mid-1990’s (www.fruitgate
way.co.uk), supercedes older varieties such as ‘Malling Jewel’, ‘Glen Clova’, ‘Glen
Prosen’ and ‘Glen Moy’. ‘Glen Ample’, along with ‘Tulameen’ and recently the
new cultivar ‘Octavia’ dominate the UK market and acreage due to their desirable
fresh market characteristics. Serbia is a major world producer and exporter of rasp-
berries, producing one quarter of the world tonnage. 90% of the acreage is domi-
nated by the North American ‘Willamette’. Protected cropping and out of season
production in European countries is expanding so that in areas of southern Spain
nearly 100% of fresh market raspberries are being grown under polytunnels. The
early season ‘Glen Lyon’ has a low chilling requirement which makes it suitable
for re-propagation and manipulation of canes and is currently the ideal variety for
this production system. These protected cropping systems have been adopted by
the UK industry to improve fruit quality and extend the season. Since the major-
ity of fresh market production goes to large supermarket chains, the demand for
good fruit quality, flavor and shelf life is high. In other European countries, Pacific
Northwest-bred cultivars have led the industry, such as ‘Meeker’, ‘Willamette’ and
‘Tulameen’. The primocane-fruiting (plants fruit in their first year) ‘Heritage’ has
led the industry in many countries. In Scandinavia, the hardy Norwegian variety
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‘Veten’ has been the mainstay for many years, now ‘Glen Ample’ has taken the
lead. In the US, ‘Meeker’ and ‘Willamette’ developed in the mid-1900s are the pri-
mary cultivars although recent publicly developed ‘Cowichan’ and ‘Coho’ are being
widely planted. Black raspberry (R. occidentalis L.) production has traditionally
been concentrated almost completely in Oregon with ‘Munger’ and ‘Jewel’ being
the leading varieties; however, a strong South Korean industry has developed over
the past five years. A recent study carried out on the costs associated with blackber-
ries (Rubus subgenus Rubus) as a crop for the southeastern United States for both
the pick your own and wholesale markets (Safley et al., 2006) has shown this could
be a profitable venture. Blackberry as a commercial crop is also gaining popularity
in Europe, showing one of the biggest rises in cultivation aside from blueberries
(Jennings, personal communication.).

Machine harvesting of processing raspberries is the standard practice for most
major raspberry production regions around the world and is essential where pick-
ing labor is expensive or unavailable. Despite advances in machine technology, it
appears that the major improvements in harvesting will come from plant breed-
ing (Cormack, 1989). No single attribute has been found to determine successful
machine harvest-ability but a range of interacting traits such as uniform, strong
vigor and good cane density with an upright habit governs harvest performance.
Medium length laterals with good fruit presentation is also desirable. Maturity, phys-
ical shape of the berry and receptacle all contribute to ease of pick. This will help
ensure that a high percentage of uniform, ripe fruit with acceptable process quality
and minimal green fruit are harvested throughout the season (Hall et al., 2002).

In the UK and Europe, a move from outside field plantations to protected crop-
ping systems has taken place in an effort to extend the cropping season and to
improve fruit quality. Protected cropping and out-of-season production in European
countries is expanding, so that in areas of southern Spain nearly 100% of fresh mar-
ket dessert raspberries for early, main and late season are being grown under tunnels
(Brennan et al., 1999) mainly ‘Glen Lyon’. Such changes in agronomic practices
affect plant growth, seasonality and fruit quality and have implications for a shift in
pest and pathogen pressures. Recently, breeding programs in the UK have responded
to this change in production by trialing and selecting germplasm under protected
cropping systems (FruitGateway.Co.UK) www.fruitgateway.co.uk.

4 Limitations

Concern over environmental impact and sustainability of agricultural and horticul-
tural practices is leading to a greater emphasis on pest and disease resistance, as
well as the ability of plants to withstand local environmental stresses. The changes
in environmental, cultural and agronomic practices within the industry will impact
strongly on the nature of the germplasm required for the future. Greater conserva-
tion of genetic resources and utilization of diverse locally adapted germplasm will
be required for future viability of raspberry production.
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The incorporation of novel resistance/tolerance to pests and diseases is regarded
as essential for the development of cultivars suitable for culture under integrated
pest management (IPM) systems. Sources of resistance in diverse Rubus sp. to many
pests and diseases have been identified and exploited in conventional cross-breeding
(Keep et al., 1977; Jones et al., 1984; Jennings, 1988; Knight, 1991; Williamson
and Jennings, 1992; Briggs, 1965; Briggs et al., 1982; Jones, 1986; Martin, 2002;
Woodford et al., 2002). However, germplasm bearing single resistance genes, when
planted over extensive areas, can eventually be overcome by the rapid evolution of
new biotypes of pests, so that new types of host resistance are required to sustain
plant protection (Birch et al., 2002; Jones et al., 2002). Pest and diseases of raspberry
in Europe have been extensively reviewed in Gordon et al., (2006).

5 Structural Genomics

Breeding methods used in raspberry have changed very little over the last 40 years
or so, and little novel germplasm has made its way into commercial cultivars. How-
ever, with the narrowing genetic base coupled with the increasing demands from
consumers, new breeding methods are required to meet demands. The speed and
precision of breeding can be improved by the deployment of molecular tools for
germplasm assessment, management and the development of genetic and physical
maps. Red raspberry (Rubus idaeus) is a good species for the application of molecu-
lar and genomics techniques, being diploid (2n = 2x = 14) with a very small genome
(275 Mbp) making it highly amenable to complete physical map construction and
map-based gene cloning.

The availability of abundant genetic variation in natural and experimental pop-
ulations and adaptation to a range of diverse habitats (Keep, 1972; Graham et al.
1997, 2003; Marshall et al. 2001; Balciuniene et al., 2005; Ryabova, 2007) offers
researchers a rich source of variation in morphology, anatomy, physiology, phenol-
ogy and response to a range of biotic and abiotic stressors. The ability to vegetatively
propagate individual plants provides opportunities to capture genetic variation over
generations and replicate individual genotypes to partition and quantify the environ-
mental and genetic components of variation of genetic linkage maps. These are nec-
essary to develop diagnostic markers for polygenic traits and, in the future, possibly
identify the genes behind the traits. Understanding the genetic control of commer-
cially and nutritionally important traits and the linkage of these characteristics to
molecular markers on chromosomes is the future of plant breeding. This facilitates
the development of diagnostic markers for polygenic traits and the identification of
genes controlling complex phenotypes.

6 DNA Markers

The development and application of molecular markers has been reviewed by
Antonius-Klemola (1999), Hokanson (2001) and Skirvin et al. (2005). As well
as the deployment of anonymous DNA markers such as RAPDs (Graham et al.,
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1994, 1997; Pattison and Weber, 2003) and AFLPs (Graham et al., 2006), SSR and
EST-SSR markers have been developed (Graham et al., 2002, 2004, 2006; Stafne
et al., 2005; Lewers et al., 2005; Lopes et al., 2006; Woodhead et al., 2008) which
allow the development of genetic linkage mapping, fingerprinting and assessments
of diversity to be undertaken in raspberry. Work is now underway at SCRI to develop
single nucleotide polymorphism (SNP) markers for specific genes and transcription
factors of interest.

7 Linkage Mapping

To date there are several genetic linkage maps available for raspberry (Pattison and
Weber, 2003; Pattison et al., 2007; Graham et al., 2004, 2006; Sargent et al., 2007)
which have largely been constructed in order to identify markers for particular pest
and disease resistances, although they can of course be used to identify markers
for other traits. Graham et al. (2004) utilised a cross between the phenotypically
diverse European red raspberry ‘Glen Moy’ and the North American ‘Latham’.
This wide cross segregates for a large number of important traits, thus the same
population and this reference map can be used for the major breeding objectives
(Table 1). SSR markers from both genomic and cDNA libraries from ‘Glen Moy’
and ‘Autumn Bliss’ were used together with AFLP markers to create a linkage map.
An enhanced map with further SSR and EST-SSR and gene markers has recently
been completed (Graham et al., 2006). This work has highlighted the importance
of maps and markers for raspberry breeding with demonstration of a tight associ-
ation between Gene H and resistance to two fungal diseases, cane botrytis (Botry-

Table 1 Important plant characters segregating in the ‘Glen Moy’ and ‘Latham’ cross utilized for
generating a raspberry linkage map (Graham et al., 2004, 2006)

Character Glen Moy Latham

Canes Hairy (Hh) Not hairy (hh)
Spine free Spiny
Green/brown Brown/purple

Fruit Large Small
Sweet Sour
Thimble shape Round
Early ripening Late ripening
Pale red Dark red

Pest and Disease
Root rot susceptible Root rot resistant
Rust Susceptibility Rust resistance
Resistance to spur blight Susceptible to spur blight
Resistance to cane botrytis Susceptible to cane botrytis

Other Not hardy Hardy
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tis cinerea) and spur blight (Didymella applanata (Niessl) Sacc.) on linkage group
2 (Graham et al., 2006). This gene is a valuable marker as raspberry breeders in
general have limited resources and rarely include a primary screen for fungal dis-
eases. It had been reported previously that some disease resistances were associated
with distinctive morphological traits, most notably that of cane pubescence (fine
hairs) determined by Gene H (genotype HH or Hh), the recessive allele of which
gives glabrous canes (genotype hh). Raspberry cultivars and selections with fine
hairs (pubescent canes) were reported to be more resistant to cane botrytis (Botrytis
cinerea), cane blight (Leptosphaeria coniothyrium) and spur blight than non-hairy
ones (Knight and Keep, 1958; Jennings and Brydon, 1989), but more susceptible
to cane spot (Elsinoe veneta), powdery mildew (Sphaerotheca macularis) and yel-
low rust (Phragmidium rubi-idaei) (Keep, 1968; Anthony et al., 1986; Jennings and
McGregor, 1988; Williamson and Jennings, 1992). No association between Gene H
and rust or cane spot susceptibility was detected in this recent study. How Gene H
contributes to the disease resistance has not been determined, and work to saturate
the map region around Gene H is underway using AFLPs, as well as identifying
candidate genes in the region (Woodhead, Graham and Smith, personal communi-
cation.).

Raspberry root rot caused by Phytophthora fragariae var. rubi is probably the
most destructive disease in raspberry plantations (Wilcox et al., 1993; Wilcox and
Latorre, 2002; Seemüller et al., 1986) and it has been the focus of several stud-
ies (Graham and Smith, 2002; Pattison and Weber, 2003; Pattison et al., 2007).
Resistance to Phytophthora root rot (PRR) is found in cultivars derived from Rubus
idaeus subsp strigosus, the native North American red raspberry but less so in those
derived from Rubus idaeus vulgatus, the European red raspberry (Pattison and Weber,
2005). Thus, generating crosses between the two can facilitate the identification of
the genes underpinning this resistance. Using a ‘Glen Moy’ (R. idaeus vulgatus)
× ‘Latham’ (R. idaeus strigosus) mapping population two regions, one on each of
two linkage groups have been identified and further research aimed at confirming
these in a second population through glasshouse and field trials has been completed
(Graham et al., unpublished data). BAC clones have been mapped into the resis-
tance regions and will be sequenced to identify any genes in the region (Graham
and Smith personal data). Using a RAPD-based linkage map from a cross between
‘Latham’ and ‘Titan’, Pattison and Weber (2003) also identified markers clustered
on 2 linkage groups which were associated with disease score QTL for PRR using
bulk segregant analysis. Recently this work has been extended to include AFLP,
RAPD and resistance gene analog polymorphism (RGAP) markers in other ‘Latham’
and ‘Titan’ populations (Pattison et al., 2007). Considerable progress towards iden-
tifying markers and ultimately the gene(s) responsible for resistance to this dis-
ease is being made and this can be incorporated into raspberry breeding programs,
allowing the rapid identification and selection of durable resistant genotypes.

Aphids (particularly Amphorophora idaei (Borner) and Aphis idaei van der
Goot) are one of the most damaging arthropod pests in raspberry (Gordon et al.,
1997), due to direct feeding damage to susceptible cultivars and because they act
as vectors for virus transmission (Gordon et al., 2006). Breeding for host plant
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resistance to raspberry aphids, over the past 40 years has reduced the need for
pesticides and controlled the spread of aphid borne viruses (Birch et al., 2005; Birch
and Jones, 1988). However, over the 10–15 years it takes to produce a new variety by
conventional breeding methods, insect pests are constantly adapting and overcom-
ing plant resistance genes. Several types of aphid resistance genes, minor/multi-gene
and single major genes e.g. A1 and A10 with different mechanisms have been used
against A. idaei in sequence by raspberry breeders, however in the UK each type of
major gene resistance has been broken. To date, minor gene-based aphid resistance
remains durable in raspberry but it provides only partial resistance (Birch et al.,
2005). Efforts to identify new sources of aphid resistance from wild species and
other cultivars is underway, as is the development of molecular markers to speed up
the selection of promising genotypes (Birch et al., 2005). In addition, efforts to map
aphid resistance genes by anchoring marker data from appropriate segregating pop-
ulations to the published raspberry maps are underway (Sargent et al., 2007) with
the determination of the linkage group for A1. Determining the map location of a
number of aphid resistance genes from various sources will allow the discrimination
of different genes and gene pyramiding in new raspberry cultivars.

Recent surveys of commercial raspberry crops in the UK have found that many
virus diseases are becoming increasingly prevalent (Jones and McGavin, 2004).
Another virus Raspberry bushy dwarf virus (RBDV) is also causing serious con-
cern. RBDV is a pollen borne virus which has been re-emerging in the past 15
years throughout raspberry growing regions of the world (Martin et al., 2004),
mainly because RBDV-immune plants (carrying the Bu gene) are being replaced by
RBDV-susceptible plants with superior agronomic traits (Jones et al., 1998; Jones
and McGavin, 2004). The disease causes crumbly fruit and yield reduction (Mar-
tin et al., 2004), and is therefore an important target for crop improvement. Several
isolates of RBDV have been sequenced (MacLeod et al., 2004) and genetic transfor-
mations have been undertaken to produce RBDV resistant plants (MacLeod et al.,
2004; Martin et al., 2004). Attempts to develop markers for other viral resistance
genes have been carried out for raspberry leaf spot and raspberry vein chlorosis
utilizing the ‘Glen Moy’ × ‘Latham’ cross of Graham et al. (2004). Field screen-
ing was carried out to measure symptom production of leaf spot and vein chlorosis
in 2 different environments. These traits were analyzed for significant linkages to
mapped markers and resistance loci were found on linkage groups 2 and 8 (Rusu
et al., 2006b).

Work towards the genetic mapping of health-related compounds has been ini-
tiated in Rubus (Stewart et al., 2007). Berries are extremely high in antioxidants,
exhibiting up to 4 times more antioxidant capacity than non-berry fruits, 10 times
more than vegetables and 40 times more than cereals (Halvorsen et al., 2002). They
contain high levels of the antioxidant vitamins A, C and E and very high levels of
non-essential but strongly antioxidant phenolic compounds. Phenolics can account
for 90% or more of the overall antioxidant capacity found in berry fruit (Deighton
et al., 2000), the most readily visible of which are the anthocyanin pigments. These
pigments impart the deep, vibrant colors of berries and can be found at concentra-
tions of up to 500 mg 100 g FW−1. Berries represent a significant dietary source of
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anthocyanins, as only 24 out of 100 common foods contain anthocyanins and non-
berry anthocyanin containing foods typically contain less than 100 mg 100 g FW−1

(Wu et al., 2006). Progress in mapping anthocyanins has been made by Kassim et al.,
2009). Here high performance liquid chromatography (HPLC) was used to quantify
eight major anthocyanins cyanidin and pelargonidin glycosides: -3-sophoroside, -3-
glucoside, -3-rutinoside and -3-glucosylrutinoside across two seasons and two envi-
ronments in progeny from a cross between two Rubus subspecies, Rubus idaeus
(cv. Glen Moy) × Rubus strigosus (cv. Latham). The eight antioxidants mapped
to the same chromosome region on linkage group (LG) 1 of the map of Graham
et al., (2006), across both years and from fruits grown in the field and under pro-
tected cultivation. Seven antioxidants also mapped to a region on LG 4 across years
and for both field and protected sites. A chalcone synthase (PKS 1) gene sequence
(Zheng et al., 2001; Zheng and Hrazdina, 2008) mapped to LG 7 but did not underlie
the anthocyanin QTLs identified. However other candidate genes including bHLH
(Espley et al., 2007), NAM/CUC2 (Ooka et al., 2003) like protein and bZIP tran-
scription factor (Holm et al., 2006; Mallappa et al., 2006) underlying the mapped
anthocyanins were identified (Kassim et al., 2009). The shift in focus from vita-
min C and micronutrients towards the polyphenolics causes something of a chal-
lenge for any breeding effort, since the polyphenolics are chemically diverse and
the content of individual health-promoting compounds varies in raspberry fruit due
to both developmental and genetic factors (Beekwilder et al. 2005). However, with
the emergence of metabolomics the simultaneous analysis of multiple metabolites
at specific time points is now feasible. In Rubus a metabolomic approach has been
used to identify bioactive compounds in a segregating mapping population planted
under two different environments (Stewart et al., 2007). As a greater understanding
of the relative importance and bioavailability of the different antioxidant compounds
is achieved, it may become possible develop and identify those raspberry genotypes
with enhanced health-promoting properties from breeding programs (Beekwilder
et al. 2005).

8 Physical Mapping

Large insert genomic libraries (BACS) are both invaluable tools and a source of
genomic DNA for physical mapping, positional cloning and as a scaffold for whole
genome sequencing. Rubus idaeus is an ideal candidate for BAC library construc-
tion, since it is diploid (2n = 2x = 14) and has a very small genome (275 Mbp). The
small genome size of raspberry makes it highly amenable to complete physical map
construction, and thereby provides a platform for map-based gene cloning and com-
parative mapping with other members of the Rosaceae (Dirlewanger et al., 2004).

One of the most challenging steps required for the construction of plant large-
insert genomic libraries is the isolation of high molecular weight DNA (HMW-
DNA), either in the form of embedded protoplasts or nuclei. Raspberry and
other soft-fruit species have, however, proven recalcitrant to standard genomic
DNA extractions as they contain very high levels of carbohydrates, particularly



Raspberries and Blackberries: The Genomics of Rubus 517

polysaccharides, and polyphenolic compounds. They require heavily modified
methods for ordinary genomic DNA isolations (Woodhead et al., 1998; Millan-
Mendoza and Graham, 1999) and in order to prepare HMW-DNA suitable for the
construction of BAC libraries a novel nuclei isolation procedure was developed
(Hein et al., 2005). This DNA is of high quality and has been used for the construc-
tion of the first publicly available red raspberry BAC library from the European red
raspberry, ‘Glen Moy’. Currently, the library comprises over 15,000 clones with an
average insert size of approximately 130 kb (6–7 genome equivalents). Hybridiza-
tion screening of the BAC library with chloroplast (rbcL) and mitochondrial (nad1)
coded genes revealed that contamination of the genomic library with chloroplast
and mitochondrial clones was very low (>1%) (Hein et al., 2004).

Initial screening of the BAC library employed probes for chalcone synthase,
phenylalanine ammonia lyase and a MADS-box gene involved in bud dormancy
(Hein and Williamson, personal communication). More recently, the library has
been probed with genes involved in epidermal cell fate (Woodhead, Graham and
Williamson, personal communication), fruit quality genes (Woodhead and McCal-
lum, personal communication) and a peach ever-growing gene (Abbott, personal
communication).

Future work will focus on anchoring the physical map to the genetic map, which
will enable alignment of the maps and the identification of genomic regions har-
bouring genes controlling important phenotypes. Some progress has been made
here specifically for linkage groups 2, 3 and 6 of the map of Graham et al., (2006)
(Graham et al. unreported data). An integrated physical/genetic map will also allow
the extent of synteny or colinearity of the Rubus genome with other members of the
Rosaceae to be determined.

The availability of a detailed genetic linkage map, together with a deep coverage
bacterial artificial chromosome library, will be of great value in the identification of
the genetic factors that underpin a wide range of commercially important character-
istics such as the appearance, texture and the sensory attributes (taste and aroma) of
raspberry fruit and the genetic resistance to pests and diseases. The establishment
of gene-phenotype relationships will allow gene-based selection in breeding and the
functional assignment of genes for commercially important traits.

9 Functional Genomics

Understanding the function of genes and other parts of the genome is known as
functional genomics. In raspberry, as with many other species, functional genomics
is at an early stage.

The advances in genomics technologies have lead to a massive increase in the
numbers of DNA sequences held in public databases. However, a search of the
NCBI nucleotide database for Rubus retrieved only 2239 sequences, a large num-
ber of which are actually viral sequences. In comparison, a similar search for the
peach yielded 100,021 hits. The number of raspberry sequences is, however, very
likely to increase rapidly as efforts are under way to sequence EST libraries gener-
ated from different tissues and developmental stages. At the Scottish Crop Research
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Institute, cDNA libraries have been generated from leaves (approximately 6500
clones), canes (approximately 8000 clones) and roots (approximately 7300 clones)
and further libraries are being constructed from fruit and shoots (Graham, Smith,
Woodhead and McCallum unpublished data). As well as providing sequence infor-
mation on genes expressed in these tissues, these resources are being used to identify
DNA markers (EST-SSRs and SNPs) for use in the genetic mapping programs.

Fruit quality characteristics in raspberry are key drivers for breeding programs
and a greater understanding of the processes and genes involved in quality will
enable more targeted breeding in the future. Genes up-regulated during fruit ripen-
ing have been identified using classical plus/minus screening of cDNA libraries
(Jones et al., 1999) and RNA fingerprinting techniques (Jones et al., 2000). Amongst
the genes identified were cell wall hydrolases involved in fruit softening and ACC
oxidase (Jones et al., 2000) involved in the ethylene biosynthetic pathway. Rasp-
berry fruit ripen in response to ethylene (Burdon and Sexton, 1990a, b) but the
ripening-related increase in ethylene biosynthesis is not associated with an increase
in respiration rate (Jennings, 1988; Perkins-Veazie and Nonnecke, 1992).

The phenylpropanoid pathway is important in raspberry, as end products con-
tribute to the color and aroma of the fruit and are involved in other processes such
as lignin production. Aroma and color in raspberry fruit are partly derived from the
polyketide derivatives benzalacetone and dihydrochalcone which are formed dur-
ing fruit ripening as a result of the action of several enzymes, polyketide synthases
(PKS), benzalcetone synthase and chalcone synthase (CHS) during fruit develop-
ment. A number of PKS genes have been characterised from raspberry (Zheng
et al., 2001; Kumar and Ellis, 2003). Kumar and Ellis (2003) reported the PKS
gene family in Rubus consists of at least 11 members and expression analysis of 3
cDNAs showed they exhibited tissue-specific and developmental patterns of expres-
sion, with two cDNAs up-regulated during fruit ripening. Work is underway to iden-
tify and map these genes in the ‘Glen Moy’ × ‘Latham’ mapping population and
raspberry BACs containing these PKS genes have been identified and are being char-
acterized (Kassim, Paterson, Graham and Woodhead, personal communication).

Genes encoding 4-coumarate:CoA ligase, an enzyme that activates cinnamic acid
and its derivatives to thioesters which then serve as intermediates for the produc-
tion of phenylpropanoid-derived compounds that influence fruit quality have also
been studied. Kumar and Ellis (2003) have characterized the 4-coumarate:CoA lig-
ase (4CL) genes in raspberry found there are three genes which are differentially
expressed in various organs and during fruit development and ripening. Based on
the expression patterns and substrate utilization profiles of the recombinant proteins,
they suggest that 4CL1 is involved in the biosynthesis of phenolics in leaves, 4CL2
in cane lignification and 4CL3 in the flavonoid and/or flavor pathway in fruit. These
genes are also being targeted in the Rubus mapping program (Woodhead, Graham
and Smith, personal communication).

A further project to characterise bud dormancy phase transition in woody peren-
nial plants at a molecular level generated a total of 5300 ESTs from endodormant
(true dormancy) and paradormant (apical dominance) raspberry meristematic bud
tissue (Mazzitelli et al., 2007). PCR-products from these cloned cDNA fragments
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have been spotted onto glass slides and have been used in microarray experiments
to identify genes that show differential expression. At present, approximately 380
clones exhibit up or down regulation during the endodormancy – paradormancy
transition. Some of these ESTs, including one encoding a MADs-box gene, a MYB
gene and several containing SSRs have been identified and mapped in the ‘Glen
Moy’ × ‘Latham’ mapping population and these underlie mapped ripening stage
QTL and will form the basis of future studies (Woodhead et al (2008) Graham et al
(2009)).

10 Future Strategies

Through the creation of genetic and physical map resources in raspberry, there is
now the real possibility of linking phenotype with genotype in raspberry. Initial
research will focus on mapping key commercial and environmentally important
traits. Closer links with other members of Rosaceae community to facilitate shar-
ing of marker data/co-linearity/synteny etc. should allow progress to be made in a
timely manner.

Ultimately, the information derived from Rubus genomic programs will be
adapted and used to drive more efficient, targeted breeding to provide superior culti-
vars with high fruit quality (flavor, nutrition etc) and durable resistance to pests and
diseases as well as a greater understanding of the key processes driving plant and
fruit quality characteristics.
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25. Loquat (Eriobotrya Lindl.)

Maria L. Badenes, Shunquan Lin, Xianghui Yang, Chengming Liu,
and Xuming Huang

1 Origin and Botany

Loquat (Eriobotrya japonica Lindl., Rosaceae, Maloideae) is a subtropical ever-
green fruit tree that blooms in fall and early winter. Records on loquat in China span
over 2,000 years. Loquat species are native to the South East of China (Fig. 1). The
medium and low region of Dahube river and South East of the Gongga Montains

Fig. 1 Origin and spread of loquat species
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are considered the primary center of origin for Eriobotrya japonica (Zhang et al.,
1990), with the Yunnan region as a secondary center (Yang et al., 2005).

The loquat cultivated in Japan was introduced from China in ancient times and
its cultivation in Japan was described as early as 1180 (Ichinose, 1995). In 1784,
the loquat was introduced from Guangdong into the National Garden at Paris,
and in 1787 it was introduced into the Royal Botanical Gardens at Kew, England.
Thereafter, loquat was distributed around the Mediterranean countries, including
Algeria, Cyprus, Egypt, Greece, Israel, Italy, Spain, Tunisia and Turkey. Some-
time between 1867 and 1870, loquat was introduced to Florida from Europe, and to
California from Japan. Chinese immigrants are assumed to have carried the loquat
to Hawaii (Morton, 1987). Cultivation spread to India and Southeastern Asia, the
East Indies, Australia, New Zealand, Madagascar, and South Africa. Loquats are
now distributed in many Asian countries, for example, Laos, Nepal, Pakistan, South
Korea, and Vietnam; in Armenia, Azerbaiian and Georgia; and in the Americas,
including Argentina, Brazil, Chile, the mountains of Ecuador, Guatemala, Mexico,
and Venezuela. Generally, loquats are found between latitudes 20 and 35◦ North or
South. but can be cultivated up to latitude 45◦ under marine climates (Lin et al.,
1999). Currently, the crop is grown in temperate and subtropical areas, sharing the
same environmental areas as citrus.

2 Genetic Resources and Diversity

2.1 Studies According to Pomological Characters

Loquat was described first time as a species in 1784 by Thunberg, who included it
in the Mespilus genus. In 1822, the English botanist, John Lindley, named the genus
Eriobotrya from Greek, erio-, wool, and botrys, a cluster, referring to the woolly,
clustered panicles (Huxley, 1992). Eriobotrya is often confused with Mespilus, and
sometimes with Crataegus and Photinia. The number of loquat species is disputed
and opinions vary among authors. However, it is known that there are at least 22
species and 10 varieties or forma. Most of them originated in Southern China, and
the remainder in Southeastern Asia (Lin, 2007 ). The taxonomy of genus Eriobotrya
is also still under dispute, one system is based on the lower surface of young leaves
having hair or not, another is based on blooming from late autumn to early winter,
or spring, unfortunately neither is accepted widely.

Only E. japonica is cultivated for its fruit. Eriobotyra deflexa and E. prinoides
have been used as rootstocks, but they are less widely used than Photinia serru-
lata Lindl. in China and Cydonia, Malus, Pyrus, and Pyracantha in Mediterranean
regions. Because more than 95% of loquats are grafted on E. japonica seedlings, it is
clear that other species of Eriobotrya could be used as rootstocks and this approach
is under evaluation with 10 species at South China Agricultural University. Eri-
obotrya cavaleriei Rehd. has been used to make wine. E. prinoides Rehd. & Wils.
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has been used for Chinese medicinals and other species are under evaluation for this
purpose.

A summary of the main cultivars grown in each country can be found in Badenes
et al. (2006) and Llácer et al. (2004).The self-incompatibility of many cultivars
(Carrera et al., 2007)) and propagation from seed has provided a range of cultivars
optimal for different cropping areas. In all areas established, loquat species exist
as diverse genetic lines, and germplasm collections have been established in China,
Japan and Spain (Zheng, 2007; Lin, 2004; Llácer et al., 2004; Terai, 2002). Species
from China possess great diversity; more than any other location. E. japonica has
been grown in 10 different regions on China, and there are more than 1000 acces-
sions described in the various Chinese germplasm collections (Zheng, 2007). For
example, there are 83 cultivars (or selections) of E. japonica in Zhejiang, 78 in
Fujian, 57 in Jiangsu, 31 in Anhui, 18 in Guangdong, and 9 in Sichuan (Zhang et al.,
1990). The largest collection of germplasm, more than 250 cultivars, is located in
Fuzhou, however less than 50 cultivars are widely cultivated in China.

A number of these cultivars have been classified as either “whitish flesh” or
“orange” in China, the former make up 30 percent of the number of total cultivars
in China (Ding et al., 1995), and some whitish flesh cultivars, such as ‘Zhaozhong’
and ‘Baiyu’, are the leading cultivars in Jiangsu province. Among orange cultivars,
loquats have formed different ecological types in various zones during the long
course of their cultivation and acclimatization. Ecotypes in China can be divided
into two cultivar groups: the north subtropical cultivar group (NSCG) and the south
subtropical cultivar group (SSCG) (Ding et al., 1995). Hence, cultivars in China are
divided into three groups, namely, whitish group, north subtropical group, and south
subtropical group.

Most cultivars cultivated in Japan belong to the north subtropical group. Several
cultivars, such as ‘ShiroMogi’, could be placed in the whitish-flesh group. Three cul-
tivars (‘Mogi’, ‘Tanaka’, and ‘Nakasakiwase) account for 95% of the total crop area.
Spanish commercial production depends on only four cultivars: ‘Algerie’, ‘Magdal’,
‘Golden Nugget’ (from USA), and ‘Tanaka’ (from Japan) with ‘Algerie’ being the
main cultivar.

Assembly of germplasm and diversity studies based on pomological traits
have also been carried out in the Spanish collection (Badenes et al., 2000;
Leguizamón and Badenes, 2003; Martı́nez-Calvo et al., 2006). Separate genetic
resources reside in Japan, where the crop was introduced more than 1000 years
ago the collections are maintained at the National Institute of Fruit Tree Science
(http://www.fruit.affrc.go.jp). Most cultivars come from local selection, as only
a few cultivars grown in Japan or introduced from Japan in other countries are
derived from breeding. Ranking in third place in terms of diversity are the European
Mediterranean countries. The European germplasm collection is held at Instituto
Valenciano de Investigaciones Agrarias (IVIA), in Spain. This collection was built
from surveys made in the Mediterranean countries under the framework program
GENRES, section of underutilized fruits (Badenes et al., 2004b).

However, the usage of loquat germplasm is very low. In Mediterranean areas,
loquat is still referred to as an under-utilized fruit, and this may be due to
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under-development of germplasm resources. Several countries such as Spain, Japan,
and China are now attaching importance to cultivar improvement. It is anticipated
that genetic diversity of genus Eriobotrya will be more widely exploited in the near
future.

Crop improvement is being carried out both by breeding programs and selection
of accessions from germplasm resources. Breeding programs are located in China
(Zheng, 2007; Shih, 2007), Japan (Terai, 2002) and recently one has been started in
Spain. However, the varieties grown mostly come from selections made by growers
in the cropping areas. Surveys and selection of accessions are being carried out in
China (Zheng, 2007; Mediterranean countries (Llácer et al., 2004), Turkey (Polat,
2007; Karadeniz and Şenyurt, 2007), and Pakistan (Hussain et al., 2007).

2.2 Use of Molecular Markers for Diversity Studies

2.2.1 Genetic Diversity in Cultivars and Allied Species

Genetic diversity is an important parameter utilized for fruit improvement, either by
selection or application of various breeding methodologies. Information on genetic
diversity is also valued for the management of germplasm and for evolving con-
servation strategies. Although DNA markers are generally considered the best tools
for determining genetic diversity, as they are unlimited in number and independent
of environmental interaction, and show high polymorphism, valuable insights have
been gained from isoenzyme studies.

Isoenzymes

Degani and Cai (1987) were the first to use isoenzyme markers in loquat genetic
studies, characterizing the major cultivars of E. japonica ‘AKK01’, ‘AKK013’ and
‘Zikm’, all cultivated in Israel.

Since 1990, when E. prinoides Rehd. & Wils. var.dadunensis H.Z. Zhang was
identified and named, isozyme analysis has been used in studies concerning the
genetic relationships among E. japonica (used for its fruit), E. prinoides Rehd. &
Wils. var. dadunensis H.Z. Zhang and E. prinoides Rehd. & Wils. A combination of
morphological observation of pollen grains under the scanning electric microscope
and peroxidase isozyme analysis enabled the conclusion that E. prinoides Rehd. &
Wils. var.dadunensis H.Z. Zhang, was a relatively independent population which
was located between E. prinoides Rehd. & Wils. and E. japonica in evolutionary
position and might be one of the ancestors of E. japonica (Zhang et al., 1990) .

In contrast, analyses of peroxidase isozyme profiles led Li et al. (1992) to draw
different conclusions: that E. prinoides Rehd. & Wils., E. prinoides Rehd. & Wils.
var. dadunensis H.Z. Zhang was an independent taxon, and E. japonica had origi-
nated from a hybrid of E. prinoides Rehd. & Wils. var. dadunensis H.Z.Zhang and
E. prinoides Rehd. & Wils. Tang (1997) investigated the chromosomal karyotype
and peroxidase isozymes and found that E. prinoides Rehd. & Wils. var. dadunensis
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H.Z. Zhang have two chromosomal karyotypes, which were similar to E. japon-
ica (3A) and E. prinoides Rehd. & Wils.(2A), and also concluded that E. pri-
noides Rehd. & Wils. var. dadunensis H.Z. Zhang was a hybrid of E. japonica and
E. prinoides Rehd. & Wils.

However, Cai et al. (2004) in their initial study of 120 accessions from 4 species
of Eriobotrya and a later study of 4 species and 1 variant of Eriobotrya with 12
allozymes, confirmed that E. prinoides Rehd. & Wils. var. dadunensis H.Z. Zhang
was a relatively independent population located between E. prinoides Rehd. & Wils.
in evolutionary position, serving as a link between E. japonica and the other mem-
bers in Eriobotyra (Cai et al. (2005). The same authors extended this study with
more accessions (Cai et al., 2007) and the final results supported the classification
made by Zhang et al., (1990), agreeing with former classifications of the genus based
on morphology and biological characters,

RAPDs

Vilanova et al. (2001), used RAPDs (Random Amplified polymorphic DNA)
(Williams et al., 1990) to analyze the genetic diversity of loquat with accessions
that included 33 loquat cultivars from Italy, Spain, Japan and Portugal The clus-
ter analysis results were consistent with the geographical and genetic origins of
the accessions. For example, ‘Algerie’, ‘Cardona’, ‘Peluche’, ‘Buenet’ and ‘Marc’
were grouped in the same cluster. They also pointed out that RAPD markers could
be used to identify seedling cultivars that were derived from the same ancestor,
but not sports. A larger group of accessions from surveys made in Spain, Italy and
Greece was studied by Badenes et al. (2002), who concluded that the diversity was
low due to the relatively recent introduction of loquat into Europe, and suggested the
broadening the collection with more accessions from Asia. In China, RAPD markers
have been used to study both taxonomic and phylogenetic relationships. Chen et al.
(2003) analyzed the genetic relationships of Eriobotyra by UPGMA, and divided
11 loquat genetic resource accessions into 2 groups. Eight cultivars were grouped
together and 3 wild accessions made up another group. Later, in 2007, they stud-
ied the genetic relationships and taxonomy of 65 representative loquat germplasm
accessions. According to UPGMA cluster analysis of RAPD bands, 65 loquat plants
were clustered two main groups. E. prinoides Rehd. & Wils., ‘Guizhouyesheng’,
‘Taiwangpipa’ and ‘Hainanyesheng’ belonged to the wild group and the other acces-
sions to the cultivated group. This result was consistent with that of the traditional
classification in the previous studies, however the classification of the cultivated
group based on cluster analysis was somewhat different from the traditional classi-
fication (Chen et al., 2007).

2.2.2 Genetic Diversity in Wild Species

Most of the above mentioned studies on loquat have been performed on different
cultivars of E. japonica, with few involving wild species. Since South China Agri-
cultural University started to collect wild loquat resources in 2000, 19 wild loquats
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(including species, variants and forma) have been collected and conserved. Anal-
ysis of genetic diversity of species in genus Eriobotrya is being undertaken using
molecular markers such as RAPDs, AFLPs and SSRs.

RAPDs/AFLPs

Yang et al. (2007) studied the genetic relationships among E. japonica, E. prinoides
Rehd. & Wils. var. dadunensis H.Z. Zhang. and E. prinoides Rehd. & Wils. using
RAPD and AFLP marker analyses. They showed that E. prinoides Rehd. & Wils.
var .dadunensis H.Z. Zhang might have originated from the hybridization of E.
japonica and E. prinoides Rehd. & Wils., confirming the opinion of Tang (1997)
based on isoenzyme markers (see above).

ISSR

The phylogenetic relationships among 17 accessions of genus Eriobotrya from
China analyzed by ISSR (Xie et al., 2007), indicated that the accessions could be
clustered into 4 groups and that E. kwangsiensis Chun. was a new species.

rDNA ITS Sequences

Phylogenetic relationships within Eriobotrya were established based on the rDNA
ITS (ribosomal DNA internal transcribed spacers sequences). A phylogenetic tree
of 15 loquat species was generated using Photinieae serrulaia L. and Rhaphiolepis
indica (L.) Lindl. as outgroups. The result showed that Eriobotrya Lindl. species
formed a monophyletic group, closely related to Rhaphiolepis indica rather than
Photinieae serrulaia (Li et al., 2007b) (Fig. 2). In the consensus tree, the loquat
(Eriobotrya Lindl.) was divided into two main clades. Seguin Loquat (E. seguinii
Card) and Henry Loquat (E. henryi Nakai) formed a clade which may be the most
primitive taxon in loquat (Eriobotrya Lindl.). The second clade was composed of the
other taxa, which were divided into four groups: Tibet Loquat (E.elliptica Lindl.),
Bengal Loquat (E.bengalensis Hook. f.), Narrowleaf Bengal Loquat (forma angus-
tifolia Vidal) formed one group; Malipo Loquat (E. malipoensis Kuan), Daduhe
Loquat (var. dadunensis H.Z.Zhang), Loquat (E. japonica Lindl.) another; Bigflow
Loquat (E. cavaleriei Rehd) , Fragrant Loquat (E. fragrans Champ); Taiwan Loquat
(E. deflexa Nakai ) Kokshun Loquat (var. koshunensis Nakai) and Salwin Loquat (E.
salwinensis Hand-Mazz the third group; and the final group included Taiwan Loquat
(E. deflexa Nakai) and Kokshun Loquat (var.koshunensis Nakai), which may be the
most recent species of loquat ( Eriobotrya Lindl.).

SSRs

SSR (Simple Sequence Repeat) markers (Rafalski et al., 1996) have also been
used for diversity studies. Badenes et al. (2004a) used sequences of SSRs cloned
from Malus species to study a set of loquat accessions and found a high degree
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Fig. 2 Majority-rule consensus trees based on ITS sequences. Numbers above branches are boot-
strap percentages after 1000 replications. Asterisk indicates outgroups. (Figure from Li et al.,
2007b)

of transferability between the Malus and Eriobotrya genera. This transferability
was confirmed by Soriano et al. (2005), who used 30 SSR sequences from Malus
(Guilford et al., 1997; Gianfranceschi et al., 1998) to study a group of 40 loquat
accessions and found that 43% of sequences from Malus amplified in Eriobotrya.
Thirty-nine polymorphic alleles allowed the identification of origin and genetic dis-
tance among accessions.

In general, application of molecular markers in studies of loquat genetic diversity
and genetic relationships is still at its initial stage. Compared with other fruit crops,
relevant studies in loquat lag behind, and should be strengthened so that molecular
markers play an more important role in loquat breeding.

2.2.3 Cultivar Identification

The traditional methods of identifying fruit cultivars depend on botanical, morpho-
logical, palynological and biochemical traits including isoenzymes etc. In recent
years, DNA based molecular markers have been widely used in identification of fruit
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varieties. Pan et al. (2002) identified loquat cultivars using the RAPD technique,
in which two primers screened (S255, S232) distinguished 16 cultivars. Fukuda
(2002) also reported that 108 polymorphic bands generated by 28 random primers
could identify 69 cultivars from Japan, China, Israel, Greece, Mexico and Amer-
ica. RAPDs have also been used to elucidate the identity of cultivars in Chinese
collections (He et al., 2007).

Soriano et al. (2005) investigated the genetic relationships among 40 loquat
accessions that originated from different countries, and were part of the germplasm
collection at IVIA. Thirty primer pairs of flanking microsatellites previously identi-
fied in Malus × domestica (Borkh.) were tested for amplification in loquat. Thirteen
of them amplified polymorphic products and unambiguously distinguished 34 geno-
types within the 40 accessions analyzed. Six accessions showing identical marker
patterns were Spanish local varieties thought to have been derived from ‘Algerie’ by
a mutational process very common in loquat species. Using SSRs and AFLPs, Feng
et al. (2007) confirmed that ‘Ninghaibai’ was a new white flesh cultivar.

2.2.4 Pedigree Analysis

In fruit crops, there are many natural hybrids. Some cultivars are derived from
seedling selection, some from deliberate crosses, and others provide useful tech-
niques for pedigree analysis of fruit crops.

‘Zaozhong 6’ is the first hybrid loquat released in China and is cultivated
widely across China. Chen et al. (2004) used RAPD markers to confirm that
‘Zaozhong 6’ was a hybrid of ‘Jiefangzhong’ (a Chinese cultivar) with ‘Moriowase’
(a Japanese cultivar). ‘Chuannong No.1’ is a new variety developed recently, but
has an unknown pedigree. Its pedigree analysis was carried out by Luo et al. (2007)
using the RAPD technique. The results showed that ‘Longquan No. 5 (77-1)’ was
likely to be the parent of ‘Chuannong No. 1’.

3 Genetic Mapping

Gisbert et al. (2009) developed microsatellite sequences from Eriobotrya japonica
cultivar ‘Algerie’ and screened them across a set of 20 accessions that included
plant material from Asian countries. These results confirmed that SSRs from
loquat, along with sequences from Malus and Pyrus provide enough markers
for genetic studies of loquat. Currently, 27 SSRs from loquat and 163 SSRs
from Malus have been used to construct the first genetic linkage map of loquat
shown in Fig. 3 (Gisbert et al., 2009). The markers from Malus have been used
as anchor loci for establishing synteny with the maps of other members of the
Rosaceae.

In addition, construction of a molecular genetic map of loquat using SRAP
(sequence related amplified polymorphism) markers is being carried out at South
China Agricultural University.
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4 Biotechnology Techniques Applied in Loquat Breeding

4.1 Genetic Transformation

Experiments are under way to explore shortening of the loquat juvenile period (Song
et al., 2007) using the LEAFY gene. Such efforts may speed breeding efforts and
possibly affect the physiology of dormancy and fruit yield. LEAFY is one of the key
genes expressed early in plant floral meristem differentiation and it has been shown
that the transcriptional factor expressed by LEAFY gene can activate its downstream
gene AP1 in model-plants such as Arabidopsis thaliana (Weigel and Nilsson, 1995),
rice (He, et al., 2000), tobacco (Kelly et al., 1995). The gene ejLFY related to floral
formation was isolated from loquat and used to transform leaf discs of tobacco plants
mediated by Agrobacterium tumefaciens. Transgenic plants of loquat carrying this
gene are not available yet. Efforts in this direction are aimed at speeding breeding
of loquat and studies of a possible effect on physiology of dormancy and fruit yield.

4.2 Use of Polyploidy in Breeding

The production of seedless fruits is an important breeding objective in loquat. Sev-
eral techniques that use the sterility produced by polyploidy are under study. Direct
embryogenesis from anther culture of loquat (Eriobotrya japonica L.) has been
investigated for its application in obtaining polyploid genotypes with different lev-
els of ploidy (Li et al., 2007a). Occurrence of natural polyploidy has been described
as another interesting source of variability for breeding (Guo et al., 2007)

4.3 Research on Loquat Breeding by Mutagenesis

Jiang et al., (2007) studied the effect of different doses of Co γ ray irradiation on
loquat shoots. The plant material showed a strong sensitivity to γ ray irradiation, and
the mutagenesis effect was significant. The mutants followed a normal distribution,
suggesting irradiation is a useful method to increase variability and that selection of
favorable mutants could be a good breeding strategy.
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Karadeniz, T. and Şenyurt, M. 2007. Pomological characterization of loquat selections of the black
sea region of Turkey. Acta Horticulturae. (ISHS), 750:113–116.

Kelly, A.J., Bonnlander, M.B. and Meeks-Wagner, D.R. 1995.The tobacco homolog of
FLO-RICAULA and LEAFY is transcriptionally expressed in both vegetative and floral meris-
tems. Plant Cell, 7:225–234.

Leguizamón J. and Badenes, M.L. 2003. Multivariate analysis as a tool for germplasm studies,
example of analysis of germplasm loquat data. International Workshop on Characterization of
Genetic Resources of Temperate Zone Fruits for the Tropics and Subtropics. Acta Hor., 606:
29–35.

Li, J.Q., Hou, C.X., Luo, N., Deng, Q.X. and Wang, Y.Q. 2007a. Direct embyogenesis from anther
culture of loquat. Acta Horticulturae. (ISHS) 750:209–214.

Li, P., Lin, S.Q., Hu, G.B. and He, Y.H. 2007b. A Preliminarily Phylogeny Study of the Eriobotrya
based on the ITS sequences. Acta Horticulturae, 750:241–244.

Li, X.L. Jiang, L.G. and Jiang, J.G. 1992. Studies on the relationship of the genus Eriobotrya in
Sichuan. Journal of Southwest Agricultural University, 14: 539–542

Liebhard, R., Gianfranceschi, L., Koller, B., Ryder, C.D., Tarchini, R., Van De Weg, E. and Gessler,
C. 2002. Development and characterisation of 140 new microsatellites in apple (Malus ×
domestica Borkh.). Molecular Breeding 10:217–241.

Lin, S. 2004. Plant material of loquat in Asian countries. First International Symposium on Loquat,
Valencia, Spain, April 2002. Options Méditerranéennes, 58:41–44.
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26. Genomics Tools Across Rosaceae Species

Elisabeth Dirlewanger, Béatrice Denoyes-Rothan, Toshiya Yamamoto,
and David Chagné

1 Introduction – Toward a Rosaceae Genome
as a Unique System?

Rosaceae geneticists and molecular biologists, whether focusing on ornamental,
fruit crops or trees grown for their timber, have very similar challenges, which
are to create varieties that can compete in a globalized market. Rosaceae breed-
ers’ objectives are to improve the product quality (e.g. improved fruit quality) and
productivity (e.g. improved phenology). There is also a pressure from the growers
in response to the consumer demand to develop pest and disease resistant culti-
vars, production of which will have a lesser impact on the environment and pro-
duce fruits with high health benefits. One could wonder if the processes underly-
ing comparable characters found in several species throughout the Rosaceae family
are also similar at the molecular level. The assumption of comparative genomics
is, ‘yes they are’. However such a hypothesis can be a risky statement because
of the great diversity found within the Rosaceae family. For instance, the type of
fruit varies among peach, strawberry and apple, varying from drupe, false fruit
(the true fruit being the akene) and pome, respectively. Consequently, one could
wonder how the genetic and molecular factors controlling a trait like fruit texture,
for instance, could be conserved between all fruit types. Hence, one great chal-
lenge of the Rosaceae genomics community is to integrate their work and validate
their findings across species and genera, in order to verify whether the comparative
genomics hypothesis of existence of conserved candidate genes, Quantitative Trait
Loci (QTLs) and major loci is true or not. Comparative genome mapping is the
part of comparative genomics that aims at transferring genetic information, such as
the position of major genes, QTL or candidate genes between species, in order to
validate their position or assist analysis of less-studied species. Practically, compar-
ative genome mapping determines the linkage between homologous genes of related
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species and is often measured by the degree of synteny, that is the conservation of
gene content, and colinearity, that is the conservation of the gene order between
conserved genomic regions. Comparative genome mapping has recently been iden-
tified by the international Rosaceae research community as a key area which
needs some substantial efforts in the near future (http://en.wikisource.org/wiki/
International Rosaceae Whitepaper#FUNCTIONAL GENOMICS). In addition to
assessing the conservation of genes and the traits they control traits between species,
comparative genome mapping is also a powerful tool for studying the genome evo-
lution within the family, e.g. detection of chromosomal rearrangements (Schmidt,
2002).

However, compared to other groups of organisms, the understanding of the
Rosaceae family genome synteny, in term of chromosomal rearrangements and
identification of conserved regions still relies on few examples (Dirlewanger et al.,
2004b; Yamamoto et al., 2004a; Arús et al., 2005; Denoyes-Rothan et al., 2006).
Cereal crops are a good example of plant species for which efforts have been
made in the 1990s to integrate all the research carried out in separate species
(Causse et al., 1994; Da Silva et al., 1995). Cereal researchers have done so
by using common tools between species, such as high density maps enriched
in orthologous transferable markers and by developing a public online database
(Gramene http://www.gramene.org/plant ontology). This made it possible to iden-
tify conserved syntenic blocks between a wide range of species, and then strate-
gies for the choice of the first species for whole genome sequencing (rice) (Kilian
et al., 1995; Asnaghi et al., 2000). At the first glance, the grass model seems
be attractive for the Rosaceae researchers and a few years ago, peach was cho-
sen as the model species for Rosaceae (Horn et al., 2005; Shulaev et al., 2008).
This choice is, at present, not so clear and arguments have been made for apple
and also strawberry (Folta and Dhingra, 2006; Folta and Davis, 2006). The recent
announcement of the whole genome sequencing of apple and peach (both due in
2008) makes these two species good candidates as reference species. However,
these species lack the optimized reverse genetics tools that exist in strawberry
(Oosumi et al., 2006; Folta et al., 2006). A consensus was recently reached by
the Rosaceae community that there is no one specific model species for Rosaceae.
Hence the Rosaceae model looks more like a complex system without a refer-
ence species that other species that gravitate around, and consisting of a more
multifaced model with each species bringing some original information, thanks
to specific resources developed in each (Shulaev et al., 2008). This underlines
the requirement for comparative genomics, that will make this information use-
able for all Rosaceae, including those for which no genome sequence has been
initiated. The identification of homologous chromosomes or chromosomal frag-
ments between species of the whole family and the development of a large set
of common orthologous markers transferable to a wide range of Rosaceae are
desired resources. We will discuss the development of such tools in the following
chapter.
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2 The Genome Structure of Rosaceae

2.1 Chromosome Numbers and Genome Size

Most of Rosaceae species have a chromosome number ranging from x = 7 to x = 9,
except for species of the Maloideae subfamily which have a chromosome number
of x = 17 (Table 1).

Table 1 Mean 2C values and ploidy levels of Rosaceae species

DNA content (pg/2C) Ploidy Source

Spiraeoideae x = 9

Physocarpus opulifolius (L.) Maxim. 0.42 2x 1
Spiraea chinensis Maxim. 0.42 1
Physocarpus bracteatus (Rydb.)

Rehd. 0.43 1
Spiraea crenata L. 0.46 1
Stephanandra incisa (Thunb.) Zabel 0.53 1
Neillia simensis D. Oliver 0.54 2x 1
Spiraea pubescens Turcz. 0.94 2x 1
Exochorda giraldii Hesse x = 8 1.11 2x 1
Spiraea wilsonii Duthie 1.59 1
Spiraea nipponica Maxim. 1.75 2x 1
Spiraea sargentiana Rehd. 1.84 1

Amygdaloideae x = 8
Prunus persica (L.) Batch. ‘Madison’ 0.54 2x 3
Prunus persica (L.) Batch. ‘Red Haven’ 0.55 2x 1
Prunus armenaica L. ‘Sundrop’ 0.60 2x 3
Prunus subhirtella Miq. 0.60 2x 1
Prunus avium (L.) L. ‘Van’ 0.67 2x 3
Osmaronia cerasiformis x = 6 0.98 2x 1
Prunus serotina J.E. Ehrh. 1.00 4x; 5x; 6x 1
Prunus x spp. ‘4X’ 1.36 4x 3
Prunus cerasus L. ‘Montmorency’ 1.42 4x 3
Prunus x spp. ‘Standley’ 1.83 6x 3
Prinsepia uniflora Batal. 3.09 4x 1

Rosodeae
Rosa wichuraiana Crepin x = 7 0.20 2x 2
Rubus idaeus L. x = 7 0.58 2x 3
Rosa blanda Aiton x = 7 0.60 3x 2
Acaena magellanica (Lam.) Vahl. x = 7 0.60 6x 4
Potentilla fructicosa L. 0.80 2x; 4x; 6x 1
Rhodotypus scandens (Thunb.) Mak. x = 9 0.74 2x 1
Rubus odoratus L. x = 7 0.76 2x 1
Neviusia alabamensis A. Gray x = 9 1.02 2x 1
Sanguisorba minor Scop. x = 7 1.10 4x 2
Aphanes arvensis L. x = 8 1.10 6x 5
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Table 1 (continued)

DNA content (pg/2C) Ploidy Source

Dryas octopetala L. x = 9 1.16 2x 1
Rosa acicularis Lindley x = 7 1.30 6x 2
Rosa multiflora Thunb. ex J. Murr. x = 7 1.65 2x; 4x 1
Duchesnea indica (Andr.) Focke x = 7 3.00 6x; 12x 1
Fragaria vesca x =7 0.55 2x 6
Fragaria moschata x =7 1.53 6x 6
Fragaria ananassa x =7 1.85 8x 6

Maloideae x = 17

Pyracantha ‘Royal’ 0.99 1

Pyrus communis L. ‘Bartlett’ 1.11 2x 3
Chaenomeles speciosa (Sweet) Nakai 1.20 2x 1
Pyrus calleryana Decne. 1.26 2x 1
Amelanchier sp. 1.31 1
Sorbus alnifolia (Siebold & Zucc.)

Koch 1.36 2x 1

Sorbus americana Marsh 1.30 2x 1

Pyracantha coccinea E. J. Roem. 1.41 2x 1
Cydonia oblonga Mill. 1.45 2x 1
Mespilus germanica L. 1.48 2x 1
Eriobotrya japonica (Thunb.) Lindl. 1.54 2x 1
Cotoneaster melanocarpa Lodd. 2.24 4x 1
Photinea parvifolia (E. Pritz.)

Schneid. 2.29 1

Aronia arbutifolia (L.) Pers. 2.57 2x; 4x 1

Crataegus crus-galli L. 2.71 3x; 4x 1
Malus × domestica (Borkh.) ‘Gala’ 1.57 2x 7
Malus ionensis 2.57 3x 7
Malus floribunda 1.46 2x 7
Arabidopsis thaliana (x = 5) 0.33–0.36 2x 8

Table reproduced and updated from Dickson et al. (1992). References used: (1) Dickson et al.
(1992); (2) Bennett and Smith (1991); (3) Arumuganathan and Earle (1991); (4) Bennett et al.
(1982); (5) Bennett and Smith (1976); (6) Denoyes-Rothan, unpublished results; (7) Tatum et al.
(2005); (8) Bennett et al. (2003).

Overall, Rosaceae species have small genomes compared to other families of
angiosperms (Bennett and Leitch, 2004). Some species such as Rosa wichura-
iana (0.2 pg/2C) maintain a DNA content (2C values, evaluated by flow cytom-
etry) comparable to Arabidopsis thaliana (0.33–36 pg/2C) (Bennett et al., 2003)
(Table 1). When values of subfamily are compared between diploid species, the
Spiraeoideae subfamily has the smallest average genome size, closely followed by
Amygdaloideae. In general, the range of variation of DNA content of Rosaceae is
rather small compared to other taxa (Dickson et al., 1992). Not surprisingly, the
range of variation within a genus and among species of similar level of ploidy is
very small.

Nuclear DNA content in diploid Maloideae ranges from 1.11 pg/2C to
1.57 pg/2C, 2–3 times larger than species of the other subfamilies. This observation,
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in combination with the fact that the basic chromosome number for all of the gen-
era is x = 17 (Sax, 1931, 1932; Kovanda, 1965), indicates that a duplication event
occurred during the Maloideae genome evolution. A debate exists about the allo-
or auto-polyploid origin of Maloideae. Recent molecular genetic studies denied
the wide-hybridization hypothesis that the subfamily Maloideae originated from
allopolyploidization between Amygdaloideae (x = 8) and Spiraeoideae (x = 9),
and supported the autopolyploid origin of hybridization between closely related
members of Spiraeoideae (Morgan et al., 1994; Evans and Campbell, 2002). Mor-
gan et al. (1994) reported that phylogenetic analysis of nucleotide sequences of
ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit (rbcL) gene do not
provide evidence for close relationships between Maloideae and Amygdaloideae,
however do indicate a close relationship between Maloideae and some genera
of Spiraeoideae. Sequence analysis of GBSSI (granule-bound starch synthase,
waxy) genes has demonstrated that the subfamily Maloideae originated from an
autopolyploidisation event involving only members of a lineage that contained
the ancestors of Gillenia, in the subfamily Spiraeoideae (Evans and Campbell,
2002).

2.2 Ploidy Levels

Polyploidy is widely spread in plants, where at least 30–80% of angiosperms
have experienced one or more polyploidization events in their evolutionary history
(Masterson, 1994; Wendel, 2000; Bennett, 2004; Keith and Wendel, 2005). A recent
comparison of the whole genome sequences generated for four plant species (Ara-
bidopsis, rice, poplar and grapevine) suggested the three dicotyledonous species,
Arabidopsis, poplar and grapevine, had a common hexaploid ancestor (The French-
Italian Public Consortium for Grapevine Genome Characterization, 2007). The
evolution of genome structure and of associated rearrangements that are due to poly-
ploidization can be studied through comparative genetic mapping between polyploid
species and their diploid relatives. When high degrees of macrosynteny and colin-
earity are revealed, genetic information can then be transferred from diploids to
polyploids (Sorrells, 1992). In the genus Fragaria, which displays species show-
ing a range of ploidy level from diploid (2x = 14) to octoploid (8x = 56), high
levels of macrosynteny and colinearity between diploid and octoploid species have
been shown (Denoyes-Rothan et al., 2006). These result suggested that major chro-
mosomal rearrangements have not been frequent in the evolution of Fragaria after
polyploidisation events. However, the evident reduction of the genome size of the
octoploid genome compared to the size expected if the octoploid genome was four
times the size of the diploid one) (16% see values above) could be due to events
which followed the origin of a polyploid, such as loss of DNA segments which
were not detected by comparative mapping (reviewed in Osborn et al., 2003). Alter-
natively, this discrepancy prompts speculation that the diploid genomes originally
contributed to the octoploid species were not of uniform size.
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The Rosaceae family also includes genera that are considered as allopolyploid
such as Malus and Pyrus, where triploid and tetraploid plants have been found (Sax,
1932; Kovanda, 1965).

3 Tools for Genomics Analyses in Rosaceae

Comparative genetic studies have demonstrated that molecular marker tools such
as Simple Sequence Repeats (SSRs), developed in Prunus are applicable to other
species in the genus (Lambert et al., 2004; Dirlewanger et al., 2004b). These results
suggest that development of structural and functional genomics tools in one family
member might greatly enhance genomics efforts for many, if not most of the other
species in the Rosaceae.

3.1 Rosaceae Genomics Database Resources

Centralized database and bioinformatics tools are critical for comparative
genomics research in Rosaceae. The Genomics Database for the Rosaceae (GDR;
http://www.rosaceae.org) serves as a communication hub within the scientific com-
munity and incorporates most of the family’s publicly available structural and func-
tional genomics knowledge. The GDR is the outcome of a US-based initiative for
Rosaceae genomics (Jung et al., 2004, 2008). The database gives access to compre-
hensive and frequently updated data on genetic and physical maps, molecular mark-
ers and gene annotation, and facilitates communication among researchers (e.g. by
posting conference announcements). The genetic linkage maps of various Rosaceae
species including apple and pear (Maloideae), peach, almond, apricot and cherry
(Prunoideae), strawberry, raspberry and rose (Rosoideae) are accessible and can be
aligned using common markers.

The other public database for Rosaceae comparative genomics is ESTree, an
Inter-university Centre for several research units in Italy devoted to the implemen-
tation of genomics and functional genomics in peach (Lazzari et al., 2005). The
ESTree database (http://www.itb.cnr.it/estree) comprises a collection of Prunus per-
sica and Prunus amygdalus expressed sequenced tags (EST) and is intended as a
resource for functional genomics. Sequenced clones are derived from twelve peach
libraries and three almond libraries produced in nine different labs. Libraries were
prepared from various tissues (fruit mesocarp at different developmental stages, skin
fruit, and shoot). Both databases are interconnected and constitute useful tools for
genomic studies.

3.2 Structural Genomic Tools

3.2.1 Physical Maps

Genome-wide physical maps have already proven to be powerful tools and infras-
tructures for advance genomics research and especially for map-based cloning of
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Mendelian loci (Arondel et al., 1992) and QTL (Frary et al., 2003). In plants, phys-
ical maps have been constructed for a wide range of species, including Arabidopsis
thaliana (Mozo et al., 1999), sorghum (Klein et al., 2000), rice (Chen et al., 2002),
soybean (Wu et al., 2004) and poplar (Kelleher et al., 2007). In Rosaceae, progress
has been made mainly on peach and apple. Efforts toward constructing a physical
map and integrating the physical map with the linkage map in Prunus, almond, and
peach, are well under way (Horn et al., 2005; Wang et al., 2002; Joobeur et al.,
1998; Georgi et al., 2002; Jung et al., 2004; see also GDR website). More recently,
an apple physical map was developed (Han et al., 2007). Both physical maps will
play a critical role in advanced genomics research, including marker development
in targeted chromosome regions, fine-mapping and isolation of genes and QTL,
conducting comparative genomics analyses of plant chromosome and large-scale
genomic sequencing.

In peach, the use of marker hybridization data from the TxE Prunus genetic map
to the physical map has provided evidence of duplication of chromosomal regions
within the peach genome (Abbott et al., 2007).

3.2.2 Molecular Markers

A large number of molecular markers of varying types have been developed for
Rosaceae genetic map construction and represent an invaluable resource for com-
parative genome mapping. However, not all these markers are potential orthologous
markers.

gDNA SSRs

Markers developed from genomic SSRs have been shown to be transferable between
species belonging to the same genus and to the same subfamily (Dirlewanger et al.,
2004b; Bao et al., 2007). Within the genus Prunus, the level of transportability is
extremely high. For example, among 277 Prunus SSRs (141, 58, 31, 9, 4 and 6
from peach, apricot, almond, sweet cherry, sour cherry and Myrobolan plum, respec-
tively), 95.3 % showed a PCR amplification in Myrobolan plum (Dirlewanger et al.,
2004a). For this reason, gDNA SSR markers were intensively used to compare
Prunus linkage maps (Dirlewanger et al., 2004b). Detailed comparisons were made
using SSR markers in common SSR markers between the reference Prunus map
TxE (Joobeur et al., 2000) and the genetic maps of P. armeniaca (Lambert et al.,
2004), P. davidiana (Foulongne et al., 2003), P. avium (Dirlewanger et al., 2003)
and P. cerasifera (Dirlewanger et al., 2004a).

In the Maloideae, genomic SSRs developed in Japanese pear (Pyrus pyrifolia)
could be transferred into other species of the genus Pyrus, e.g. European pear
(P. communis), Chinese pears (P. ussuriensis, P. bretshneideri) and P. calleryana
(Kimura et al., 2002; Yamamoto et al., 2002; Bao et al., 2007). It was reported
that SSR markers developed in apple produced discrete amplified fragments in
several Pyrus genotypes, indicating that apple SSRs could also be applicable
to pear (Yamamoto et al., 2001). Liebhard et al. (2002) reported that apple
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SSRs successfully amplified in species of other Maloideae genera (Amelanchier,
Cotoneaster, Crataegus, Cydonia, Mespilus, Pyrus and Sorbus). Cross-genus appli-
cation of SSR markers developed in pear and apple was examined for quince (Cydo-
nia oblonga). It was revealed that 77 out of 118 SSR markers producing one or more
reproducible amplified bands could be used in quince, including 20 SSRs from pear
and 57 SSRs from apple (Yamamoto et al., 2004b).

In Rosoideae, microsatellites have been mainly developed in Fragaria from
species of different ploidy levels: from the cultivated octoploid strawberry, F. ×
ananassa (Davis et al., 2006; Rousseau-Gueutin et al., 2008), from the octoploid F.
virginiana (Ashley et al., 2003), from three diploid species, F. vesca (James et al.,
2003; Cipriani and Testolin, 2004; Hadonou et al., 2004), F. viridis (Sargent et al.,
2003) and F. nubicola (Sargent et al., 2004). Genomic SSRs have also been devel-
oped in other Rosoideae genera, such as Rubus (Graham et al., 2002; Stafne et al.,
2005; Lopes et al., 2006) and Rosa (Zhang et al., 2006; Hibrand-Saint Oyant et al.,
2008). The transferability of genomic SSRs was reported to be high within the genus
Fragaria, with 70–100% being transferable (Ashley et al., 2003; Davis et al., 2006;
Rousseau-Gueutin et al., 2008), but only 20% could be transferred to other genera
in the Rosoideae, such as Rosa (Rousseau-Gueutin, unpublished results) and Rubus
(Stafne et al., 2005).

At the inter-sub-family level, gDNA SSRs transferability is very low, as been
shown between Prunus and Malus. Cipriani et al. (1999) found that only 18%
of peach SSRs could be amplified in apple. Similarly, Yamamoto et al. (2004b)
observed that only about one-tenth of the Prunus SSRs could be transferred in to
the genetic maps of ‘Bartlett’ and ‘Housui’ the genus Pyrus. Only one out of 15
apple SSR markers was transportable to Amygdaloideae (Liebhard et al., 2002).

All those results suggest that genomic SSRs are limited to comparison between
closely related species, most likely due to the fact that they arise from non-coding
regions with great variability between species. Therefore they are inadequate for
map comparisons between species of two subfamilies.

EST-Based Markers

The increase in availability of ESTs for Rosaceae has provided a valuable resource
of molecular markers. For instance, SSR motifs were found in approximately
17% of apple ESTs (Newcomb et al., 2006). EST-based SSRs are supposed to
be more transferable than the genomic ones as they are linked to more conserved
expressed sequences. They have been obtained for several genera of Rosaceae:
peach (www.rosaceae.org; strawberry (Gil-Ariza et al., 2006; Bassil et al., 2006a
and 2006b; Lewers et al., 2005; Folta et al., 2005), Rubus (Lewers et al., 2008) and
apple (Celton et al., 2008).

However, very little is known about their transferability within Rosaceae. Unpub-
lished data showed that the SSR motif can be lost from one species to another
one as observed between Fragaria and Rosa (Denoyes-Rothan, pers comm.)
or between apple and peach (E. Rikkerink, personal communication). However
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some cross-species transferability has been observed between apple and pear
(Celton et al., 2008).

Because of their abundance in all regions of the genome (i.e. to the order
of one SNP every 100 bp), markers based on single nucleotide polymorphisms
(SNPs) can be developed readily from ESTs. Bioinformatics tools make it pos-
sible to identify them in EST databases, as has been shown in apple (Newcomb
et al., 2006). Although most SNPs are not conserved between species, their high
abundance makes them attractive for the development of orthologous markers.
Because of the high sequence homology found in ESTs developed from differ-
ent plant species (Van der Hoeven et al., 2002), orthologous markers can be
developed for virtually any gene. A set of EST-based SNPs detected in candi-
date genes involved in the production of anthocyanin pigments was mapped in
apple (Chagné et al., 2007). This strategy was also chosen for the mapping of
candidate genes involved in fruit quality in the ISAFRUIT Integrated European
project (http://www.isafruit.org/Portal/index.php). In this project, 150 candidates
genes selected from the Prunus and Malus ESTs will be mapped (Howad et al.,
2005) in the TxE reference map and those located in QTL regions will be mapped
in peach and apricot maps. Some of them are already mapped in apple linkage maps
(Hidras European project).

Several COS (Conserved Ortholog Set) markers, developed from Solanaceae
(Fulton et al., 2002), have been tested as a source of transportable markers
(Dirlewanger unpublished results). Among the 24 primer pairs already available in
the SOL Genomics Network (SGN) database (http://www.sgn.cornell.edu), eight
give amplification on the five Rosaceae species analysed: peach, sour cherry,
almond × peach, sweet cherry and strawberry. However, the polymorphism
observed after sequencing the PCR product was very low. COS markers constitute
a source of transposable markers, even between different families, however but the
polymorphism may be lower than observed with other EST markers.

Gene Pair Markers

Gene pair markers are an innovative tool for comparative linkage mapping recently
developed in Fragaria vesca, where genes are closely spaced, i.e. approximately
one gene per 6 kb (Davis et al., 2008). As a consequence of the small intergenic
distances, PCR primers targeted to conserved exon sequences in two adjacent genes
(referred to here as a ‘gene pair’) can be used to amplify a product that contains an
entire intergenic region flanked by gene-defining exon sequences. Such intergenic
regions are rich sites of useful polymorphisms, including SNPs, insertion/deletions
and SSRs.

Comparison of strawberry exon sequences with homologous EST sequences
from other rosaceous species (e.g. cherry, rose, raspberry and apple) species-specific
will enable amplification of gene pair loci in multiple rosaceous species. Gene
pair markers constitute a useful new tool for comparative linkage mapping in the
Rosaceae family, and this approach may be applied in other taxa featuring small
genomes with commensurately short intergenic distances. The use of this marker
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will probably increase with the availability of the upcoming whole genome sequence
for apple and peach, which will make it possible to access intergenic sequence infor-
mation readily.

3.3 Functional Genomics Tools

3.3.1 EST and Candidate Gene Sequencing

In the last five years, a considerable effort has gone into developing more advanced
genomics resources in Rosaceae. Extensive EST collections developed from straw-
berry (Folta et al., 2005), apricot (Grimplet et al., 2005), apple (Korban et al. 2005;
Newcomb et al., 2006; Park et al., 2006) and peach are available (Horn et al., 2005).
All these ESTs constitute a powerful source of candidate genes. These sequences
were used to identify candidate genes for pest and disease resistance (Rikkerink
et al., 2003; Casado-Diaz et al., 2006), flavor (Souleyre et al., 2005) and color
(Espley et al., 2007; Chagné et al., 2007) in apple and are currently used in the
ISAFRUIT European Integrated project.

3.3.2 Microarray

Microarrays or DNA/RNA chips are a powerful tool used for the characterization
of gene expression in plants. The expression of a large number of genes can be
simultaneously assayed by hybridizing oligonucleotide probes with labelled RNA
prepared from plants subjected to different treatment or from different tissue types,
and looking for hybridization patterns that suggest a significant change in expres-
sion. Microarrays have been developed for several members of the Rosaceae, such as
apple (Crowhurst et al. 2005), peach (Trainotti et al. 2005) and strawberry (Aharoni
et al., 2000; Casado-Diaz et al., 2006). Microarrays made it possible to study the
expression pattern of genes involved in fruit ripening and flavor in strawberry (Aha-
roni et al., 2000 and 2004) and apple (Schaffer et al., 2007), and in resistance to
diseases (Casado-Diaz et al., 2006). In peach, microarrays were used to analyse tran-
scriptome changes during the transition from pre-climacteric to climacteric phase in
the fruit (Trainotti et al., 2005).

Microarrays can also be used for comparative genomics, and preliminary results
have shown that a microarray developed from apple ESTs could be used to hybridize
other Rosaceae’s RNA such as pear and peach (R. Schaffer et al., Apple Functional
Genomics, this volume).

3.3.3 Transformation

Initially transformation was used to introduce various heterologous (trans)genes
largely aimed at providing pathogen or pest protection. More recently, it has been
used to deliver endogenous genes in order to identify their function. This strategy
was used for the Vf gene candidate HcrVf2 introducing an apple homologue of the
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Arabidopsis regulatory gene NPR1 as well as apple proteins that are known to inter-
act with the Erwinia amylovora secreted type III effector protein DspE (Belfanti
et al., 2004; 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 plant development to create a novel phenotype such as been shown
with an apple knock-out for 1-aminocyclopropane-1-carboxylic acid (ACC) oxidase
and/or ACC synthase (Schaffer et al., 2007). Methods for gene knock-down using
RNA interference technology have also begun in apple (Gilissen et al., 2005). In
strawberry, several cultivars have been successfully transformed, making studies of
Fragaria gene function possible in an homologous system. Two systems, using a
diploid ‘Hawaii-4’ and an octoploid ‘LF9’ have been defined and present a high
level of efficient transformation and a rapid cycling (Folta et al., 2006). In peach,
several reviews have been published (Scorza and Hammerschlag, 1992; Srinivasan
and Scorza, 1999, 2005), however but the transformation efficiency remains very
low and is affected by many factors such as the environment and the antibiotic selec-
tion pressure. However, plum has been repeatedly used to develop transgenic trees
and this system can be used routinely (Padilla et al., 2003).

3.4 Comparative Genome Mapping – Colinearity in Rosaceae

One contribution of genetic mapping to fundamental studies in plant biology is the
ability to study genome organization and evolution in closely related species by
studying the degree of conservation at the level of the whole genome, chromosome
or chromosomal segments (macrocolinearity) and at the level of gene sequences
(microcolinearity) (Schmidt, 2002; Paterson et al., 2004). Comparative genome
mapping aims at identifying conserved genome blocks, and regions of lesser conser-
vation. In addition to gaining information gained on genome evolution, comparative
genome mapping can serve as a starting point for initial mapping and gene cloning
investigations in less characterized species.

3.4.1 Colinearity Within Genera and Within Subfamilies

Prunus v Prunus

The position of common markers from the reference TxE map was compared to
the map position in several Prunus species and interspecific hybrids. This made it
possible to align the maps of seven species: peach, almond, apricot, sweet cherry,
Myrobalan plum, P. ferganensis and P. davidiana (Dirlewanger et al., 2004b; Arús
et al., 2005). The distribution and order of markers in all Prunus species resulted in
a general pattern of complete synteny, except for a reciprocal translocation between
peach and almond on linkage groups 6 and 8 (Jáuregui et al., 2001; Dirlewanger
et al., 2004a). This suggests that the Prunus genome could be treated as a single
entity.



550 E. Dirlewanger et al.

Fragaria Diploid v Octoploid

By developing genetic linkage maps of the complex octoploid cultivated straw-
berry F. × ananassa using single dose AFLP and microsatellite (SSR) markers, two
parental maps comprising 28 and 26 linkage groups were obtained for the female
and the male parents, respectively (Rousseau-Gueutin et al., 2008). Almost all of
these linkage groups were in coupling/repulsion phase, however a small proportion
were observed to be in coupling phase only. These results suggest that although dis-
omic behavior is prevalent in the cultivated strawberry F. × ananassa, that residual
levels of polysomic segregation may still occur.

Two maps, one developed from the octoploid cultivated strawberry F. ×
ananassa (Lerceteau-Kohler et al., 2003) and another developed from the diploid
inter-specific cross F. vesca × F. bucharica (Sargent et al., 2006), were com-
pared using 51 common SSR markers (Denoyes-Rothan et al., 2006; Rousseau-
Gueutin et al., 2008). The octoploid genetic parental maps were assembled into
seven homoeologous groups (HGs) and each HG was found to be homologous to
one linkage group of the diploid map. The observed macrosynteny and colinearity
were very high, except for two putative inversions, identified by single SSR mark-
ers. These results indicate that polyploidisation in Fragaria was not accompanied
by important structural rearrangements and that the diploid and octoploid genomes
are highly conserved.

Malus v Pyrus

Colinearity between Malus and Pyrus was examined. When the maps of the Euro-
pean pears ‘Bartlett’ and ‘La France’, and the Japanese pear ‘Housui’ were com-
pared with those of apple cultivars ‘Fiesta’ and ‘Discovery’ (Liebhard et al., 2003)
using apple SSRs, pear linkage groups could be successfully aligned to the apple
ones (Yamamoto et al., 2004a, 2007). These findings showed that positions and
linkages of SSR loci are well conserved between pear and apple, suggesting that
partial synteny exists between both genera. Pierantoni et al. (2004) also reported
that more than 100 apple SSR markers could be positioned on pear genetic linkage
maps. Silfverberg-Dilworth et al. (2006) described the mapping of 6 pear SSRs in
the linkage maps of apples ‘Fiesta’ and ‘Discovery’, whose positions were identified
in the same homologous linkage groups. This was confirmed by a later study based
on a larger set of pear SSRs mapped in a ‘Malling 9’ × ‘Robusta 5’ apple rootstock
map (Celton et al. 2008).

Fragaria v Rosa

A comparative mapping study has been initiated among two closely related genera
in the Rosoideae tribe, Fragaria and Rosa. A total of 125 primer pairs developed
from gDNA SSRs and EST-SSRs were tested. Only twelve (10%) were polymor-
phic in both populations (Rousseau et al., 2006). In addition to the SSRs, mark-
ers derived from floral initiation candidate genes were tested. Preliminary results
using 20 markers provide anchor points between the homologous linkage groups
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and important structural rearrangements have been found. These results suggest Fra-
garia linkage groups are composed of at least two Rosa linkage groups.

3.4.2 Colinearity Between Genera Belonging to Different Subfamilies

Malus and Prunus

Only a small amount of information is available concerning the comparison of the
Malus and Prunus genome and this is based on studies using only restriction frag-
ment length polymorphism (RFLP) and isoenzyme markers (Dirlewanger et al.,
2004b). Based on the few common markers (24 RFLPs and 6 isozymes) located
on the Prunus TxE and on the apple Prima × Fiesta maps, the Prunus linkage
group (called G) G3 and G7 are homologous to two apple linkage groups each
as expected if they correspond to two homeologous chromosomes. The G1, corre-
sponding to the longest Prunus chromosome corresponds to two homeologous apple
linkage groups (called L) (L13) and L16) on its upper part, and to the apple L8 on its
lower part.

Concerning microsynteny, no information is available until now but the complete
sequence of the two genomes in a near future will clarify relationship among them.

Fragaria and Prunus

The diploid genomes of Prunus (2n = 2x = 16), that include all the stone fruits
(peach, apricot, cherry and plum) and almond, and Fragaria (2n = 2x = 14), the
wild and cultivated strawberries, were compared using 71 orthologous markers,
including 40 restriction fragment length polymorphisms (RFLPs), 29 indels or sin-
gle nucleotide polymorphisms (SNPs) derived from expressed sequence tags (ESTs)
in both genera and two simple-sequence repeats (SSRs) (Vilanova et al., 2008).
These markers were mapped in the reference maps of both species, provided good
coverage of the Prunus (75%) and Fragaria (77%) genomes, and indicate a clear
pattern of synteny, with most markers on each chromosome of one of these species
mapping to one or two chromosomes of the other. A large number of rearrange-
ments (36) were identified, most of which produced by inversions (27) and the rest
(9) by translocations or fission/fusion events. A simple example are the markers of
two highly syntenic groups (Fragaria linkage group V and Peach linkage group 5),
which would require a single inversion to be placed in the same order. These results
provide the first framework for the comparison of the position of genes or DNA
sequences for these two economically valuable and yet distantly-related genera of
the Rosaceae.

3.4.3 Beyond the Family: Comparative Mapping Among Peach or Apple,
Arabidopsis and Populus

The comparison of genome structure among plants that diverged over a signifi-
cant time allows an insight into plant genome evolution. Such comparisons have
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been made at the whole genome sequence level between Arabidopsis, rice, poplar
and grapevine, making it possible to identify a possible paleo-hexaploid ancestral
genome for dicots (The French-Italian Public Consortium for Grapevine Genome
Characterization 2007). In addition, identification of significantly conserved regions
can identify functional chromosomal units. As no genome sequence is available yet
for Rosaceae, the macrosyteny between peach and Arabidopsis was studied by com-
paring the Prunus map with the Arabidopsis thaliana genome sequence (Jung et al.,
2006). Using a set of RFLP markers mapped in the TxE map (Dominguez et al.,
2003), 37 syntenic regions were identified, covering 23 and 17% of the Prunus and
Arabidopsis genomes, respectively indicating a high level of macrosynteny between
the species. The longest of these regions included 13 markers for a distance of
25 cM in linkage group 2 of Prunus and 16 homologous sequences spanning 5.4 Mb
in chromosome 5 of Arabidopsis. At the microsyteny level, BACs and BAC end
sequences spread along the peach genome were compared to Arabidopsis sequences
(Georgi et al., 2003). Predicted genes in these sequences were homologous to genes
scattered along the five chromosomes of Arabidopsis. These two studies concur in
detecting a fragmentary preservation between these two genomes putatively sepa-
rated for more than 90 million years.

Very recently, homologies between peach and poplar genomes were analysed
(Jung, personal communication). A peach BAC sequence was reported to be highly
homologous to two poplar fragments located on two linkage groups in poplar. These
new results suggest that the whole genome sequence already available from poplar
(Tuskan et al., 2006) will be useful for Rosaceae studies. The same type of study was
performed with apple by mapping apple BAC end pairs to the Populus, Arabidopsis
and rice genomes (Xu et al., 2001, 2002; Han and Korban, 2008). Results indicate
that apple has a higher degree of synteny with the closely related Populus than with
the distantly related Arabidopsis.

4 Challenges for the Future

4.1 Structural and Comparative Genomics; Whole Genome
Sequencing

Comparative genomics is just beginning in the Rosaceae, with the genomes of
only a few species having been compared in depth. One of the key elements that
have facilitated this progress has been the existence of a reference high-density
genetic map for Prunus (TxE), which was constructed with transferable markers.
An in-depth knowledge of the synteny among and between different subfamilies
will help in designing strategies at the whole family level to localise homologous
regions containing genes/QTLs of interest, describing allelic variation, identifying
candidate genes located at a target region and finding markers tightly linked to a
gene/QTL.
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The future priorities would be:

– Continuing to develop highly polymorphic orthologous markers that are trans-
portable to a wider range of species. Such markers could be based on gene pair
markers and EST-based SNPs.

– Developing genetic maps or whole genome sequence for Rosaceae species that
are not yet available such as Spiroideae.

– Exploring the three Rosaceae genome sequences that will soon be available
(peach, apple and strawberry): the alignment of these genomes will contribute
a wealth of information on genome evolution in the Rosaceae family.

– Completing physical maps/genetic maps of key species. Is it predictable that with
the ongoing reducing cost for sequencing and expected advances in bioinformat-
ics, more genome sequences will be coming in the near future. Considering the
small genome size of some species belonging to the Spiroideae or Rosoideae
subfamilies, it would not be surprising to see them sequenced soon.

4.2 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 genotype information to desirable phenotype information. Associa-
tion genetics, i.e. genetic analysis based on linkage disequilibrium (LD) using col-
lections of unrelated genotypes, is a strategy complementary to other approaches
such as gene/QTL mapping and gene cloning. The extent of LD conservation
depends on the history of the species, its reproduction mode (i.e. self-pollinated or
outcrossing) and whether the population used is structured or not. Association stud-
ies attract an especially high interest in fruit tree genetic studies, because they do not
require the creation of large segregating populations, that takes a long time and is
expensive. The phenotype information, sometimes already available, on genotypes
of interest can be found in germplasm repositories or breeders’ collections. Knowl-
edge of the syntenic relationships between different species would allow the choice
of the best genotype collection and species for these applications. For example, in
the highly syntenic genus Prunus where it is likely that species with high (peach)
and low (apricot, almond, cherry) LD conservation exists (Aranzana et al., 2008),
peach collections may be adequate for whole genome scans to find gene or QTL
positions and apricot, almond or cherry populations may be more useful for the
validation of candidate genes.

The development of methodologies that can generate and analyse large numbers
of data points, in the order of hundreds of thousands SNPs per individual assay,
will be required to improve the chances of identifying candidate genes for any given
phenotype by whole genome scans. Such a density of markers would be required to
cover the genome of Roseceae species, in particular species with a slow decay of
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LD and a relatively small genome such as peach. For the moment such technologies
have only been applied to human genetics. For example, the use of a 500 K SNPs
assay (GeneChip 500 K Mapping Array Set, Affymetrix) made it possible to identify
genes associated with common diseases in human (WTCCC 2007). Even though
these technologies are not developed yet for Rosaceae, it is certain that Rosaceae
geneticists will benefit from the technical and statistical advances made by model
systems.
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linkage map for almond using RAPD and SSR markers. Genome 43:649–655
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27. Application of Genetic Markers
in Rosaceous Crops

Vincent G.M. Bus, Daniel Esmenjaud, Emily Buck, and François Laurens

1 Introduction

Genetic markers can assist plant breeders to improve their breeding outcomes in
several ways, from assessing genetic diversity of the germplasm used in breeding
to marker assisted selection (MAS) to variety protection (Charcosset and Moreau,
2004). Major investments in genomic research over the last 15 years have made a
wealth of markers available to breeders for MAS, sometimes called marker assisted
breeding (MAB), for traits of interest in the different rosaceous crops. Research
on marker identification and mapping is most advanced in apple (Gardiner et al.,
2007), followed by peach/nectarine (Abbott et al., 2007), and has been reviewed in
previous chapters of this book. Breeders could see the advantages of MAS when
the technology was still in its infancy in the 1980s, when the potential of MAS
as an integrated tool in breeding was demonstrated through modelling (Lande and
Thompson, 1990; Lande, 1992). However, while markers have been developed for
many traits in nearly as many crops (Young, 1999), their application in MAS has
been relatively low even in the breeding of cereals (Dekkers and Hospital, 2002),
and is even lower in perennial crops, including the rosaceous crops (Byrne, 2007).
In a recent survey of over 100 fruit and ornamental breeding programs of perennial
crops from around the world, cost was identified as one of the main reasons why less
than 50% of breeders used molecular markers in their programs (Byrne, 2007). Also,
the use of genetic markers may be underestimated, as some commercial breeding
companies may prefer to keep the genetic markers as a trade secret (Davis et al.,
2007).

Markers are increasingly used for MAS in breeding particularly in apple
(Gardiner et al., 2006; Kellerhals et al., 2009). MAS typically involves targeted
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selection with a few markers in large breeding families (Dayteg et al., 2007). The
reason for the low uptake of marker technology in the Rosaceae may initially have
been as much about having access to the technology as well as the cost of develop-
ment and implementation, which is relatively high for small crops if the resources
are not shared. Also, MAS development is not always straightforward (Young, 1999)
because of: (1) a limited understanding of gene networks, epistatic and pleiotropic
effects, and genotype by environment effects (Ribaut and Ragot, 2007); (2) traits
that are mostly quantitatively inherited; and (3) a limited knowledge on allelic diver-
sity of quantitative trait loci (QTL). Furthermore, a degree of complexity is added in
the case of the Rosaceae, as most of them are outcrossing species with levels of het-
erozygosity that are higher than the phenotypic levels of variation. This, however,
has not hampered the major efforts going into the mapping of QTL for complex
traits, such as fruit quality in apple (King et al., 2001; Liebhard et al., 2003a; Costa
et al., 2009; Kenis et al., 2008; Picañol et al., 2009; Tartarini et al., 2008) and dis-
ease resistance in several crops (Liebhard et al., 2003b; Calenge et al., 2004, 2005a;
Dondini et al., 2004; Linde et al., 2006). MAS for QTL has advanced to the valida-
tion and application stages in apple following the identification of QTL for scab and
fire blight resistance in apple (Liebhard et al., 2003b; Calenge et al., 2004; Khan
et al., 2007; Tartarini et al., 2008).

Assuming that polygenic traits are controlled by a number of QTL that are inher-
ited in a Mendelian fashion (Hospital and Charcosset, 1997), the principles of MAS
as applied to major genes apply to QTL, too. The issue with QTL, however, is that
because of their often minor effects on the traits of interest, their map positions
are less precise than for major genes, and are defined by an interval with a high
likelihood to contain the QTL. As a consequence, it is recommended to use sev-
eral well-chosen markers spanning the interval to ensure the QTL is introgressed
(Gimelfarb and Lande, 1995). However, when comparing MAS with phenotypic
selection, MAS was found to be very efficient for fixing QTL alleles, but that
genetic gain was not necessarily larger than with phenotypic selection because of
genetic and/or environmental interactions (Moreau et al., 2004). The application
of MAS for QTL has been shown to be effective for the introgression of desired
traits through backcrossing in self-pollinating crops where application of this tech-
nology is more advanced. In tomato, five chromosomal regions with 11 QTL for
fruit quality traits were successfully introgressed from cherry tomato into large-
fruited cultivars with the aid of MAS (Lecomte et al., 2004), although some QTL
lacked consistency even in related backgrounds because of gene interactions (Chaı̈b
et al., 2006). One to three markers were used for each chromosomal region, where
two markers were sometimes more effective than three. To reduce the cost through
lower marker data points (MDP), stepwise selection was advised, as the selection
involved MAS for five putative chromosomal regions for acylsugar-mediated multi-
ple pest (Lawson et al., 1997) and black mold (Alternaria alternata) (Robert et al.,
2001) resistance in tomato. Breeding families were screened first with polymerase
chain reaction (PCR)-based markers before restriction fragment length polymor-
phism (RFLP) markers were applied on sub-sets of the families. Whereas in the
case of black mold MAS was successful, as the heritability was increased compared
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with phenotypic selection, with only a few of the selected plants not carrying all
the resistance QTL (Robert et al., 2001), the introgression of the pest resistance was
less effective, as the genetics of the resistance were not completely understood and
additional phenotypic evaluation was required (Lawson et al., 1997). In maize, the
marker-assisted backcross approach (MABC) targeting five chromosomal regions
involved in drought-related yield and flower traits was regarded as very effective,
even though large populations requiring many MDP for genotyping were generated
for each breeding cycle (Ribaut and Ragot, 2007). Although most rosaceous crops
involve outbreeding species, the expectation is that MAS will also be successful in
these crops.

In this section, we review the progress in the application of genetic markers in
rosaceous crops. We will discuss: (1) the cost-effectiveness of MAS; (2) advances
in marker technology; and (3) the success of marker application. For the last, we
will evaluate their implementation in the Rosaceae as a selection tool in foreground
selection (Hospital and Charcosset, 1997), based on some examples, and touch on
their use in background selection approaches (Hillel et al., 1990). In the absence
of information in the Rosaceae, examples on selection strategies for genetic gain
based on genotypic and phenotypic selection will be drawn from experience gained
in other, mostly self-pollinating, crops (Charcosset and Moreau, 2004). A major
contrast between these and the rosaceous crops is that in the latter, MAS is mostly
still at the validation stage, whereas for some of the major food crops, complete
systems covering several generations have been designed. This is a reflection of
MAS having primarily been applied in the Rosaceae for the pyramiding of resistance
genes that have been introgressed separately in the final stages of backcrossing, a
strategy that has proved effective in e.g. rice (Hittalmani et al., 2000; Singh et al.,
2001; Gopalakrishnan et al., 2008) and wheat (Nocente et al., 2007).

2 The Cost/Benefit of Marker Assisted Selection

2.1 Genotypic Versus Phenotypic Selection

As trees of many of the rosaceous fruit crops have long juvenile periods, early
genotypic selection promises major advantages over phenotypic selection. In resis-
tance breeding, it is the only route to early selection for pyramided resistance genes,
by-passing a cumbersome test-cross generation otherwise needed because epistatic
effects hinder phenotypic selection (Luby and Shaw, 2001). The general premise
for successful MAS is that markers should be closely linked to the gene of inter-
est, efficient for the screening of large populations, highly reproducible, economical
to use, and user-friendly (Mohan et al., 1997), in order to improve the probabil-
ity of selecting superior genotypes (Knapp, 1998). MAS provides the opportunity
for early selection for traits expressed in mature plants and increased accuracy of
difficult-to-phenotype traits, particularly when they have a low heritability (Xie and
Xu, 1998; Kumar, 1999; Oraguzie et al., 2004b; Collard et al., 2005), and much
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smaller populations are required to ensure the selection of progeny with the desired
combination of traits (Knapp, 1998). Once the genetics of a trait are fully under-
stood, MAS could be reduced to ‘genotype building’ to create individuals with the
desired combination of alleles at each locus (Dekkers and Hospital, 2002). Mod-
elling, to date mostly done for self-pollinating crops, of the foreground selection
process in which a limited number of loci are targeted, has shown that fewer gener-
ations are required than with phenotypic selection (Servin et al., 2004). The effec-
tiveness of MAS can be improved further by extending it to background selection
to select ideotypes for a range of desired traits (Hospital and Charcosset, 1997).
As this requires a large number of genetic markers, optimal breeding and selection
strategies need to be designed to reduce the otherwise high costs.

Not only the cost of genotypic versus phenotypic selections needs to be weighed
up (Luby and Shaw, 2001), but also the return of investment on getting a new product
to market. The cost of MAS is determined by the number of MDP as a function of
the number of progeny times the number of generations required to achieve breeding
goals (Frisch and Melchinger, 2001). Generally, minimal MDP are required when
several selection steps are applied, the population size is increased over the genera-
tions, and target genes are combined in early backcross stages. While there are some
reports of MAS being more cost-effective than phenotypic screening when targeting
a single gene, particularly when it is recessive (e.g. Iyer-Pascuzzi and McCouch,
2007), or QTL (e.g. Yu et al., 2000), the choice between MAS and conventional
selection involves a trade-off between time and money, which usually reflects the
contrast between public and private breeding programs (Morris et al., 2003). A plant
breeder must have a detailed understanding of the cost structure for both genotypic
and phenotypic screening to determine the economic benefits of precision selection
of MAS (Dreher et al., 2003). This includes the time savings achieved for early fore-
ground selection of mature traits, as well as for background selection for the donor
genome to reduce populations. As these costs are highly specific to each breed-
ing program, cost savings will only be discussed in general terms in this chapter,
except to say that labour usually is the highest cost factor in both phenotypic and
genotypic selection. A major reduction in labour costs in genotypic selection can be
achieved by automating the most labour-intensive step of DNA extraction (Dilworth
and Frey, 2000; Mace et al., 2003) once leaves have been harvested from the plants
(Dayteg et al., 2007). Leaf harvesting not only is a labour-intensive step, but also is
one prone to errors related to sampling the correct plants and placing the samples
in the correct wells of the plates, as they generally are the carrier of choice. While
the financial gains in staple arable crops (e.g. Wang et al., 2005) mostly involve
the improvement of production-related traits (Lande and Thompson, 1990), in hor-
ticultural crops they more often are based on value-added traits that differentiate
new products in the marketplace, such as colored skin and flesh, and novel flavor
and texture traits in rosaceous crops. The value of new products is greatly enhanced
by being first to market (Morris et al., 2003) and the chances of this are increased
through the application of MAS to accelerate development (Dekkers and Hospital,
2002). The economic advantage of a gene should be at least equal to the duration of
its introgression multiplied by the average economic progress of the crop per unit of
time (Charcosset and Moreau, 2004).
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2.2 Marker Assisted Selection Technology

The current high costs of the technology from DNA extraction and genotyping to
data analysis (Dekkers and Hospital, 2002), will see MAS implemented in major
crops first e.g. rice (Hittalmani et al. 2000; Singh et al. 2001) and wheat (Nocente
et al. 2007), however, the expectation is that the development of high-throughput
systems will reduce costs. Polymerase chain reaction (PCR)-based markers have a
considerable advantage over other types of markers (Batley and Edwards, 2007).
For example, PCR markers have replaced isozyme markers and genomic DNA blot
analysis in genotyping Prunus accessions for their incompatibility alleles because
of their simplicity, reproducibility, and ease of use (Tao et al., 1999; Barckley et al.,
2006). Removing the electrophoresis step will considerably improve the efficiency
of PCR-based MAS (Gu et al., 1995) and the high resolution melting technique
(Liew et al., 2004; Montgomery et al., 2007) is a major enabling step in the direc-
tion of high-throughput MAS. The high specificity of simple sequence repeat (SSR)
or microsatellite markers combined with the possibility of multiplexing (Frey et al.,
2004) makes marker-intensive selection, such as background selection, more readily
achievable. SSR analysis requires DNA of high quality involving more purification
steps (Kasem et al., 2008), which the latest generation of automated DNA extrac-
tion systems are able to deliver (Mace et al., 2003), but is compensated for by the
relatively minor cost increase of multiplexing compared with single assays (Dayteg
et al., 2007). Another major strength of SSR markers is that they are often highly
polymorphic and hence very informative.

A major cost of MAS is upfront capital investment in equipment, which often is
ignored in the cost estimates (Morris et al., 2003). The use of a single core system is
advisable as it not only minimises the investment required, but also provides more
flexibility and improves the reliability (Dayteg et al., 2007). Another significant
cost is the process of identifying genetic markers linked to traits of interest (Young,
1999), which becomes more expensive as the genetic complexity of the trait of inter-
est increases and the contribution of the individual alleles to the trait decreases.
Strategies developed to increase the efficiency of marker identification, such as the
candidate gene approach (Gardiner et al., 2003; Baldi et al., 2004; Calenge et al.,
2005b; Peace et al., 2005; Naik et al., 2006; Chagné et al., 2007), genome scan-
ning approach (GSA) (Patocchi et al., 2005; Erdin et al., 2006; Silfverberg-Dilworth
et al., 2006), bin mapping (Howad et al., 2005; Celton et al., 2008), and the use
of genomics technologies to screen expressed sequence tags (ESTs) (Newcomb et
al., 2006; Chagné et al., 2007), have been applied to the rosaceous crops. A more
extensive technique of QTL identification is the pedigree genotyping approach (Van
de Weg et al., 2004, 2009), which takes advantage of the several generations of
backcrossing through which many breeding programs have gone. Genomic regions
and allelic variants of genes are linked with phenotypic traits across generations and
families, i.e. identity by descent, rather than using a single large family to map these
traits, as is commonly done in QTL mapping. The FlexQTLTM software (Biometris,
Wageningen UR, NL) was developed for multiple QTL mapping (Bink et al., 2009)
and was successfully validated for acidity and fruit firmness QTL (Stankiewicz-
Kosyl et al., 2009; Tartarini et al., 2009).
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Once markers have been identified, MAS can increase economic returns, as the
larger selection gains compensate for the higher costs of MAS because higher selec-
tion gains compared with phenotypic selection (Moreau et al., 2000) will accelerate
the breeding process (Yousef and Juvik, 2001).

2.3 Advances in Marker Technology

As a result of the large numbers of breeding lines that need to be genotyped for
MAS, molecular breeders of rosaceous crops face a technical challenge to increase
throughput. Laboratory automation is becoming a ‘must do’ if one wants to reduce
the genotyping cost. Robotic liquid handling platforms and fully automated DNA
extraction systems are being utilized in rosaceous crops to remove bottlenecks such
as DNA purification, PCR reaction set up, electrophoresis (Frey et al., 2004; Cook
and Gardiner, 2004) and data collection. MAS on tens or even hundreds of thousands
seedlings per year (Dayteg et al., 2007) is now achievable for genotyping by a single
laboratory equipped with up-to-date automation devices. Automated systems are
less prone to human errors and enable better traceability of the developed breeding
lines and their genotypes, which is important for breeders who want to achieve high
quality standards for commercial outcomes.

As genotyping a large number of seedlings becomes more feasible, the next
challenge for the breeders is to select for a larger number of traits/markers. Some
types of molecular markers are suitable for multiplexing, but may be limited to a
maximum number per reaction. PCR-free large parallel assays are the future for
high-throughput genotyping technologies based on a high density of informative
markers covering the whole genome. Because of their abundance in the genome,
SNPs, single feature polymorphisms (SFPs) and restriction site-associated DNA
(RAD) markers will be some of the markers of choice in array-based MAS (Edward
et al., 2008; Gupta et al., 2008). A high-throughput technique of up to 500,000
scores per reaction using the Affymetrics GeneChip 500 K array has been developed
for the human genetics project (Consortium TWTCC, 2007). Finding a causative
mutation using the candidate gene approach seemed like a daunting task a few
years ago, but has since been applied to rosaceous crops. The decreasing price
of sequencing and fast-paced improvement in the sequencing technologies makes
it conceivable for parents of each breeding line, and even each progeny, to be
sequenced in the near future. The relevant polymorphisms could readily be screened
in their progeny using high-throughput assays, such as the diversity array technol-
ogy (DArT) (Jaccoud et al., 2001; Kilian et al., 2005) and MassARRAY system
(Irwin, 2008).

2.4 Breeding Strategies and Marker Assisted Selection

In some cases, a combination of phenotypic and genotypic selection will be most
effective in achieving the highest genetic gain. An example is where QTL have
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remained undetected in mapping studies (Wilde et al., 2007) or where QTL are too
small to justify the investment in genotyping a large population with the many MDP
required (Lande and Thompson, 1990). Stepwise or tandem selection based on both
genotype and phenotype within each generation or across generations, starting with
marker only selection in the first generation(s), will be most efficient in identifying
progeny carrying all the genetic factors that contribute to the trait being expressed at
the desired level (Charcosset and Moreau, 2004; Liu et al., 2004) and was demon-
strated for Fusarium head blight resistance in wheat (Wilde et al., 2007, 2008).

Closely linked markers, preferably within 1 cM of the gene (Gupta et al., 1999),
will ensure their long-term usefulness for MAS over many generations of breed-
ing (Hospital et al., 2000, 2001). The availability of several more distant mark-
ers that flank the gene on either side will also result in sufficient precision of
MAS in the short-term (Spelman and Bovenhuis, 1998; Gardiner et al., 2007), but
not in the long-term, as linkages are expected to be broken. Higher transportabil-
ity is expected of markers identified through linkage disequilibrium (LD) map-
ping, as linkage is preserved following numerous recombination events in diverse
germplasm (Oraguzie et al., 2007b). Genes themselves functioning as markers or
functional markers derived from the gene (Andersen and Lübberstedt, 2003; Forster
et al., 2008) enable gene assisted selection (Byrne, 2003; Wilcox et al., 2007) and
the very highest selection efficiency. A very good example of this are the endopoly-
galacturonase markers endoPG-4 and endoPG-5 that can discriminate and perfectly
predict the three phenotypes based on the allelic combinations at the Freestone-
Melting flesh locus in peach (Peace et al., 2005).

3 Marker Applications in the Rosaceae

3.1 Genetic Diversity and Breeding Parent Selection

A set of diverse germplasm is required for the long-term success of any breeding
program with evolving breeding objectives. The maintenance of germplasm often
is more about maintaining genes, rather than accessions with specific phenotypes,
hence an understanding of the diversity and phylogeny of species at the molecular
level is required for the acquisition of germplasm (Rajapakse, 2003). Genetic mark-
ers can help breeders to maintain and exploit gene pools efficiently by reducing
the duplication of genes and establishing a ‘core collection’ that represents most of
the diversity of a genus (Kumar, 1999). Such a core collection has been established
for apple (Hokanson et al., 1998, 2001, 2001) and has been studied for example
health compounds (Stushnoff et al., 2003) and winter hardiness (Luby et al., 2004).
A specific core collection has been developed for Malus sieversii (Volk et al., 2005),
which is regarded as a major progenitor of the domesticated apple (Vavilov, 1951;
Hokanson et al., 1997; Forsline et al., 2003). The discriminatory power of markers
is relied upon for the fingerprinting of cultivars for variety protection (Smith and
Helentjaris, 1996). Fingerprinting has been applied specifically to rosaceous crops
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for this purpose (Koller et al., 1993; Gerlach and Stosser, 1998; Testolin et al., 2000);
however, it is more extensively used to understand the genetic relationships within
and/or between species (e.g. Dunemann et al., 1994; Oliveira et al., 1999; Oraguzie
et al., 2001, 2005; Teng et al., 2001, 2002; Harris et al., 2002; Kimura et al., 2003;
Nybom, 2003; Coart et al., 2006; Guarino et al., 2006; Volk et al., 2006, 2008;
Wiedow, 2006; Ramos-Cabrer et al., 2007; Sorkheh et al., 2007; Zhebentyayeva
et al., 2008a). SSR markers are also very useful for studying synteny between distant
species within a genus as well as across genera within the Rosaceae (Dirlewanger
et al., 2004b; Yamamoto et al., 2004; Howad et al., 2005; Arús and Gardiner, 2007;
Dondini et al., 2007; Celton et al., 2008) and breeders can take advantage of these
findings to identify markers for traits of interest in their specialist crop.

Markers can help to identify putative parents of cultivars derived from chance
seedlings (Nybom and Schaal, 1990; Harada et al., 1993; Gardiner et al., 1996a), and
help to rectify ‘breeder errors’. For example, accessions ‘Nova Easygro’ (Crowe,
1975) and PRI 1640–100 (Giongo et al., 2001) were thought to carry the Vr scab
resistance gene from Russian apple R12740-7A (Dayton and Williams, 1968), but
the marker evidence for ‘Nova Easygro’ actually carrying Rvi6 (previously Vf (Bus
et al., 2009)) is particularly strong (Cheng et al., 1995; Gianfranceschi et al., 1996).
Another example of breeder error is accession A722-7, which was expected to carry
the Rvi12 (Vb) gene from Hansen’s baccata #2 (Alston, pers. comm.), was shown to
carry the Rvi11 (Vbj) gene from M. baccata jackii (Gygax et al., 2004). Also, two
accessions of OR18T26 (‘Starking’ × M. baccata jackii) were shown to be genet-
ically different, with only one of them actually having derived from M. baccata
jackii. A third example are the F2 selections 26829-2-2 and 26830-2 of M. flori-
bunda 821 (Hough et al., 1953), which both carried a CHVf-1 marker allele that
was present in neither parent of the ‘Rome Beauty’ × M. floribunda 821 cross to
commence the introgression of this gene into apple cultivars (Vinatzer et al., 2004).
Markers can also help to clarify the genetics of a trait. Although the scab resis-
tance of Russian apple has long been known to be complex (Dayton et al., 1953),
it has mostly been referred to simply as Vr, suggesting it to be a single gene resis-
tance. Later, the name Vr was associated with a gene conditioning stellate necrotic
(SN) resistance reactions (Aldwinckle et al., 1976); however, following the map-
ping of this gene (Hemmat et al., 2002) and the Rvi2 (Vh2) gene from Russian
apple R12740-7A, which also conditions SN reactions, to the same region on link-
age group 2 (LG2), it has recently been argued that they are the same gene, and that
Vr conditions chlorotic (Chl) reactions similar to those induced by Rvi6 (Bus et al.,
2005b). As resistance genes often reside in gene clusters that may carry several
functional alleles, the ability of pathogen strains to overcome multiple resistance
genes clouds the interpretation of gene-for-gene relationships and hence the map-
ping of resistance genes. This was demonstrated by the Rvi2 and Rvi8 (Vh8) scab
resistance genes, for which differential races of Venturia inaequalis were required
to discern the genes where most of the markers were unable to do so (Bus et al.,
2005a). Also, markers for resistance genes can sometimes be present in suscepti-
ble accessions, e.g. randomly amplified polymorphic DNA (RAPD) markers for the
scab resistance genes Rvi2, Rvi5 (Vm), Rvi6 and Rvi12 were present in M. sieversii
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germplasm that showed scab symptoms (Luby et al., 2001). The 433 bp allele of a
sequence characterised amplified region (SCAR) marker, L19SCAR, for the latter
gene (Bus et al., 2005a) is present in several high quality susceptible apple cultivars,
and emphasizes the need for breeders to ensure they select informative markers for
use in MAS (Gardiner et al., 2006).

4 Marker Assisted Selection

4.1 Foreground Selection

The introduction of a specific trait into a new cultivar generally involves a two-stage
selection process, where foreground selection for one or a few specific traits is per-
formed, followed by a second selection step for the combination of all the other traits
of interest within the subpopulation carrying the main trait or traits. This process is
commonly applied to several generations of (pseudo)backcrossing to introgress spe-
cific traits from inferior genetic backgrounds into high quality cultivars (Dekkers
and Hospital, 2002). Early selection for individuals carrying the favorable alleles
for the main trait is essential to increase the efficiency of the breeding process and
MAS is an effective tool to achieve this, as it removes the need for test crosses in
the case of pyramided resistance genes, and enables selection for traits that are not
expressed until the plants are mature.

MAS is a useful way to select for resistance to pests and diseases that are not
present in the geographical location of the breeding program (Collard et al., 2005).
For example, the availability of genetic markers for the Sd-1 (Roche et al., 1997;
Cevik and King, 2002), Vn-k (Terakami et al., 2006) and PPV (Sicard et al., 2008;
Soriano et al., 2008; Zhebentyayeva et al., 2008a) genes allows New Zealand breed-
ers to select for apple leaf-curling aphid (Dysaphis devecta), pear scab (Venturia
nashicola) and plum pox virus resistance, respectively, as none is present in this
country.

4.2 Resistance Gene Pyramiding

In general terms, gene pyramiding is defined as the accumulation of a number of
genes to create an ideotype (Servin et al., 2004). However, most reports on this topic
have focused on the pyramiding of resistance genes to develop durable resistances
to pests and diseases. MAS is mostly applied in resistance breeding because of its
potential value in the selection of breeding lines with durable resistance, and genetic
marker development was mainly initiated with this in mind. While there are some
examples of single resistance genes having proved to be durable (Johnson, 2000),
there are more examples of single genes, or sometimes combinations of resistance
genes, that have been overcome by pathogens. Validation of the durability of resis-
tance gene combinations is difficult as it is determined a posteriori (Alexander and
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Bramel-Cox, 1991); however, the validity of the strategy can be deduced from the
fact that many natural pyramids, which in the case of apple often consist of major
effect genes (Bus, 2006), have shown to be durable. In the absence of information
as to which gene combinations may provide the most durable resistance, it seems
prudent to breed for pyramids of major genes. The gene pyramiding itself may,
however, be delayed until the genes are in a genetic background suitable for cultivar
breeding, as this approach will require fewer MDP across the whole process of gene
introgression, provided the initial maintenance of separate breeding lines in the field
is cost-effective.

As many of these major genes condition distinct phenotypic resistance reactions,
they lend themselves well to studying the effectiveness of MAS for gene pyramid-
ing. In most cases the pyramiding is applied to resistance genes that are inherited
independently, but sometimes it involves the selection of linked genes. This requires
a well-planned breeding strategy (Bus et al., 2004) as well as markers that are either
gene-specific or produce gene-specific alleles to identify the individual genes. For
example, L19SCAR, as mentioned above, does not distinguish the linked Rvi2 and
Rvi8 genes (Bus et al., 2005a). However, several multi-allelic SSR markers with
specific alleles linked to each of the genes are able to discriminate between them
(Gardiner et al., 2006).

In the following we provide several examples of breeders working towards MAS
application in the Rosaceae (most crops) and their reasons to do so, and actually
applying it (mainly for resistance genes in apple and self-incompatibility in Prunus).
The examples show the usefulness of genetic markers and MAS covering the prin-
ciples of e.g. epistatic effects and synteny between species.

4.3 Malus

There are many breeding programs for apple, which all have improving fruit quality
and disease resistance as their main objectives (Laurens, 1999). Markers increas-
ingly become available for traits related to fruit quality and are ready for use in
MAS (Chagné et al., 2007; Gardiner et al., 2007; Oraguzie et al., 2004; Costa et al.,
2008, 2009; Kenis et al., 2008; Zhu and Barritt, 2008). However, most MAS valida-
tion and applications concern disease resistance, where the focus to date has been on
the pyramiding of resistance genes to apple scab (Bus et al., 2000, 2002; Kellerhals
et al., 2008) as most markers have been developed for this disease (Gardiner et al.,
2007).

4.4 Pyramiding Apple Scab Resistance Genes 1: Rvi6 × Rvi2

Genetic markers that have been developed from the resistance genes themselves are
very powerful, as they are expected to provide a 100% success rate. The Vfa2SCAR
is derived from one of the four paralogs in the Rvi6 scab resistance gene cluster
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(Vinatzer et al., 2001; Xu and Korban, 2002). In the sub-set of plants showing the
typical Chl resistance reactions with limited sporulation typical of the Rvi6 gene of
a A157R08T149 (Rvi6) × A068R03T057 (Rvi2) family, the marker did indeed not
show any recombination (Table 1). The Chl progeny comprised both the Class 3A
and 3B (Chevalier et al., 1991) seedlings, which confirmed that seedlings of both
these classes indeed carry the gene (Gardiner et al., 1996b). With Rvi6 mapping
to LG1 (Maliepaard et al., 1998) and Rvi2 to LG2 (Bus et al., 2005b), the genes
were expected to segregate independently. However, the phenotypes did not meet
the segregation ratio of SN:Chl:S = 2:1:1 (P(χ 2>8.33; df=2) = 0.02) as there
was a distortion towards susceptible (S) plants (Table 1). Such distortions are com-
mon for both genes (Bus et al., 2005b; Gao and van de Weg, 2006). Out of the 354
seedlings that showed either Chl resistance reactions or S symptoms, 9.0% were
recombinants, all of them susceptible seedlings with the Vfa2 marker (Table 1). The
issue of glasshouse screening conditions inducing sporulation on seedlings carrying
resistances applies to other resistance genes that condition hypersensitive response
(HR) reactions, such as Rvi2, too, which would have compounded the error rate of
MAS in this example. Considering all 648 seedlings, 15.3% were recombinants for
the L19SCAR linked to the Rvi2 gene, with 9.9% of the SN seedlings not showing
the marker, but 19.8% of the non-SN plants showing the marker. The overall recom-
bination rate for this gene was much higher than expected based on earlier research,
where the marker was mapped much closer to the gene (Bus et al., 2002, 2005b;
Gardiner et al., 2007). Genotypic selection in the A157R08T149 × A068R03T057
family for pyramided scab resistance genes based on the L19SCAR and Vfa2SCAR
markers required 1,296 MDP and reduced the population to 158 seedlings, of which,
however, only 107 (68%) actually carried the Rvi2 gene based on the number of
progeny showing the SN phenotype typical of this gene (Table 1). We attribute such
a high level of sporulating seedlings to the high disease pressure of the glasshouse
screening, which will make some of the seedlings carrying the gene appear sus-
ceptible to varying degrees, depending on the gene (Bus et al., unpublished data).

Table 1 Validation of marker assisted selection for progeny with the pyramided Rvi2(Vh2) and
Rvi6(Vf) scab resistance genes with the L19SCAR and Vfa2SCAR markers in a A157R08T149 ×
A068R03T057 family. L19SCAR is linked to Rvi2, which conditions stellate necrotic (SN) resis-
tance reactions, and Vfa2SCAR is linked to Rvi6, which conditions chlorotic (Chl) resistance reac-
tions that show some sporulation under glasshouse screening conditions. Susceptible (S) seedlings
show abundant sporulation

Marker Phenotype

L19 Vfa2 SN Chl S Total

+ + 107 43 8 158
+ – 158 0 19 177
– + 24 119 24 167
– – 5 0 141 146

Total 294 162 192 648
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Additional field observations on the resistance status of apple plants will enable
us to determine the accuracy of both the genotypic and the phenotypic glasshouse
screens (King et al., 1998; Tartarini et al., 2000). Underperformance of the latter tip
the balance in favor of MAS as a more cost-effective strategy in breeding programs
even for major resistance genes, particularly if functional markers derived from the
genes of interest are available, as a single marker will be sufficient to achieve a
100% success rate.

The variability in the resistance reactions conditioned by the Rvi6 resistance and
its genetics have long been a point of discussion (Gessler, 1989). The variability in
resistance expression (Tartarini et al., 2000) is perhaps influenced by the size of the
chromosomal region around the gene introgressed from the donor parent M. flori-
bunda 821 (King et al., 1999; Huaracha et al., 2004) through linkage drag. No acces-
sions have been reported to date where the introgressions have been reduced to the
Rvi6 gene itself. Such accessions will be superior breeding parents if the extended
introgression contained undesirable genes (Hospital, 2001), as has been demonstrated
in several cases with tomato (Robert et al., 2001; Lecomte et al., 2004), but they
may at the same time have lost possible scab resistance or modifier genes or QTL
that enhance the Rvi6 resistance (Durel et al., 2003). MAS is the primary tool to
remove introgressions on either side of the gene of interest, but separate genera-
tions will be required to achieve this, as double recombinations generally are very
low within a distance of 15–20 cM (Kearsey, 1997). The consistent phenotypes (3A
and 3B, rarely 2 or 1) of the Rvi6 seedlings in the glasshouse scab screening at
Plant and Food Research indeed suggest that the resistance-enhancing factors are
absent in the breeding parents and that MAS for this gene specifically targets Rvi6.

4.5 Pyramiding Apple Scab Resistance Genes 2: Rvi2 × Rvi4

The A176R02T281 × A176R03T191 cross was designed to re-combine the Rvi2
and Rvi4 (Vh4) scab resistance genes, which both originated from Russian apple
and both map to LG2 at a distance of about 40 cM (Bus et al., 2005b). As the genes
were combined through intermediate hosts, they segregated independently without
segregation distortion, as confirmed by the phenotypic segregation ratios with the
HR resistance (Rvi4 gene) reactions masking the expressing the SN reactions (Rvi2)
(HR:SN:S = 2:1:1 (P(χ 2>1.53; df=2) = 0.47) (Table 2). The recombination rate
of 12.7% between the 8283SNP marker and Rvi4 was more favorable than expected
based on a mapping distance of 17 cM (Gardiner et al., unpublished data), while a
recombination rate of 7.0% between the CH05e03SSR marker and Rvi2 was con-
siderably higher than expected based on earlier mapping distance of about 4 cM
or less (Bus et al., 2005b; Gardiner et al., 2007), but less than half compared with
L19SCAR in the Rvi6 × Rvi2 family in the example above. Similarly to the latter
family, the population would have been reduced by more than 75% to 90 plants
(Table 2), which is 22.8% of the population, when relying on MAS alone. However,
based on the recombination rate of 7% between CH05e03SSR and Vh2, only an
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Table 2 Validation of marker assisted selection for progeny with the pyramided Rvi2 and
Rvi4 scab resistance genes with the 8283SNP and CH05e03SSR markers in a A176R02T281
× A176R03T191 family. 8283SNP (= M4) is linked to Rvi4, which conditions hypersensitive
response (HR) resistance reactions, and CH05e03SSR (= M2) is linked to Rvi2, which conditions
stellate necrotic (SN) resistance reactions under glasshouse screening conditions. Susceptible (S)
seedlings show abundant sporulation. The genotypes (all assumed in heterozygous state; only one
allele is shown for each gene and marker locus) are presented for each marker-phenotype combi-
nation, with the four expected genotypes printed in bold

Marker Phenotype

8283 CH05e03 HR SN S Total

+ + 81 9 0 90
Rvi4 M4 Rvi2 M2 rvi4M4Rvi2M2 rvi4M4rvi2M2
Rvi4M4rvi2M2

+ – 97 0 11 108
Rvi M4 rvi2 m2 rvi4M4Rvi2m2 rvi4M4rvi2m2
Rvi4M4Rvi2m2

– + 20 79 3 104
Rvi4m4Rvi2M2 rvi4 m4 Rvi2 M2 rvi4m4rvi2M2
Rvi4m4rvi2M2

– – 10 10 75 95
Rvi4m4Rvi2m2 rvi4m4Rvi2m2 rvi4 m4 rvi2 m2
Rvi4m4rvi2m2

Total 208 98 89 395

estimated 75 progeny, i.e. those with genotype Rvi4M4Rvi2M2, of the 81 HR plants
with both markers actually carry both scab resistance genes, which is 83% out of
the 90 seedlings showing both markers, or 19.0% of the whole population. Preced-
ing MAS with a phenotypic selection for the HR seedlings reduces the progeny,
and therefore the number of MDP with CH05e03SSR, to about half, which in this
case will result in the selection of 101 seedlings, of which 94 seedlings (23.8 % of
the population) carry both genes (Table 2). Nevertheless, given the relatively long
genetic distances of the markers to their respective genes, this is a respectable out-
come of MAS, as the findings were in general agreement with the expected outcome
for two independently segregating genes.

4.6 Pyramiding Woolly Apple Aphid Resistance Genes: Er1 × Er3

In contrast to the scab resistance genes, genes conferring resistance to other pests
and diseases usually do not show distinct phenotypes, while phenotyping often is
much more cumbersome. For example, apple trees carrying woolly aphid resistance
genes either show no symptoms or low numbers of galls that do not appear to vary
in size or form among the different genes conditioning them. Recently, the first three
Er genes were mapped, and Er1 from ‘Northern Spy’ and Er3 from ‘Aotea 1’ were
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Table 3 Validation of marker assisted selection with the NZsn O05 marker for pyramided woolly
apple aphid resistance genes Er1 and Er3 in a ‘Northern Spy’ (a1b) × S26R01T053 (a3c) family.
While the a alleles of NZsn O05 were identical for both resistance genes, the subscripts (1 for Er1
and 3 for Er3) were added to show that the low numbers of a1a3 and a3b genotypes are the result
of segregation distortions associated with the Er3 gene in S26R01T053

Phenotype Segregation

Genotype 0 1 2 3 4 5 Ra Total Sa

a1a3 34 1 0 0 1 2 38 35 3
a3b 29 2 0 1 1 9 42 31 11
a1c 102 25 2 2 3 12 146 127 19
bc 23 6 4 1 5 109 148 29 119

Total 188 34 6 4 10 132 374 222 152

a R = resistant (classes 0–1) ; S = susceptible (classes 2–5).
Adapted from (Bus et al., 2009)

found to be linked, as they both mapped near the top of LG8 (Bus et al., 2009).
The genes are used in both apple rootstock and scion cultivar breeding and have
been pyramided to develop cultivars with durable resistances. Validation of MAS
for progeny carrying both genes in a ‘Northern Spy’ (Er1) × S26R01T053 (Er3)
family showed that a large segregation distortion associated with the Er3 gene had
occurred (Table 3). As was demonstrated previously (Bus et al., 2000), this did not
affect the effectiveness of MAS, as 35 out of 38 plants that were homozygous for
the a allele of the NZsn˙O05 marker, were indeed resistant to the pest. However,
with the marker mapping about 8 cM (p = 0.08) from Er1 and 4 cM (q = 0.04)
from Er3, an estimated n(1–p)(1–q) = 31 progeny, or 81% of all 38 homozygous
progeny (Table 3), would indeed carry both genes, with the other resistant plants
carrying either Er1 or Er3 only.

In the first generation, all plants with both resistance genes will carry them in
repulsion phase, but in the next generation it is possible to select progeny carrying
them in coupling phase (Bus et al., 2004). This will facilitate the efficient backcross-
ing of the combined genes into new cultivars, as well as the addition of other woolly
aphid resistance genes into the pyramid.

5 Prunus

5.1 Genetic Mapping of Traits

In Prunus, genetic maps have been developed for all the economically important
crops of this genus and MAS for horticultural traits is progressing towards the
implementation phase. With 22 major genes and 14 QTL mapped in peach/nectarine
(Abbott et al., 2007), breeders can commence applying MAS to a number of traits
of interest in this crop, but there are no reports of the success of MAS to date. In
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plum, the focus has been on resistance to root-knot nematodes (RKN) (see below)
and plum pox virus (Esmenjaud and Dirlewanger, 2007), with the latter resistance
also being an important trait in apricot (Lalli et al., 2008; Sicard et al., 2008; Soriano
et al., 2008). In almond, seven major genes (Martı́nez-Gómez et al., 2007) and five
candidate genes for drought resistance (Campalans et al., 2001) have been mapped.
MAS is routinely applied in almond breeding to assign breeding parents to cross-
incompatibility groups (Ortega and Dicenta, 2003; Barckley et al., 2006). MAS for
self-incompatibility is also successfully applied to apricot (Hormaza et al., 2007)
and cherry (Dirlewanger et al., 2007), where markers derived from S-ribonucleases
(Tao et al., 1999) are used to genotype sweet cherry (reviewed by Iezzoni et al.,
2005), Japanese apricot (Tao et al., 2000; Yaegaki et al., 2001) and Chinese apricot
(Qi et al., 2005). A high-throughput system based on microarray technology has
now been developed for the rapid and accurate genotyping of Prunus germplasm
for self-incompatibility (Pasquer et al., 2008).

Since many traits, such as self-incompatibility, fruit texture, and pest and disease
resistance are of common interest to the different Prunus crops, comparative mapping
(e.g. Joobeur et al., 1998; Cipriani et al., 1999; Dirlewanger et al., 2004a; Clarke
et al., 2008; Olmstead et al., 2008) is well advanced in this genus. This research,
together with the development of physical maps in the major rosaceous genera Prunus
(Zhebentyayeva et al., 2008b) and Malus (Han et al., 2007; Han and Korban, 2008),
will serve as a springboard to the Rosaceae at large (e.g. Dirlewanger et al., 2004b).

An example of this is the investigation into the evolutionary relationships among
self-incompatibility alleles, which have been studied extensively in apple (e.g.
Nybom et al., 2008) and pear (e.g. Sanzol and Robbins, 2008) as well as in Prunus,
showing that the S-ribonucleases from Malus/Pyrus are distinctly different from
those of Prunus, since the Maloidae diverged more recently (Ma and Oliveira, 2002;
Sassa et al., 2007).

5.2 Root-Knot Nematode Resistance in Prunus Rootstocks

Prunus species have long been severely affected by various nematodes (Sharpe
et al., 1969; Nyczepir, 1991; Nyczepir and Halbrendt, 1993). The most damag-
ing pests among them are the highly polyphagous root knot nematode (RKN),
Meloidogyne spp., which form characteristic gall symptoms on the roots. As the
highly toxic nematicides are progressively removed from the market, resistant root-
stocks are the most economic and environmentally sound method for nematode
control (Layne, 1987; Cook and Evans, 1987). The predominant species occurring
world-wide (Sasser and Freckman, 1987) are M. arenaria, M. incognita and M.
javanica. A fourth species, the ‘peach RKN’, M. floridensis, restricted to South-
ern USA where it is highly destructive (Handoo et al., 2004), overcomes the resis-
tance of the commonly used peach and almond rootstocks. The primary target for
gene pyramiding is to combine major gene resistances to multiple nematode species
rather than several genes to a single species, since the risk of a nematode species
overcoming resistance with extensive economic consequences is limited. This risk
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is low because the three predominant RKN species reproduce by obligate partheno-
genetic mitosis (Triantaphyllou,1985) and thus have less adaptive capability than
meiotic species, and have poor self-dispersal abilities in the soil for virulent strains
to spread, unless aided by sub-standard sanitation practices by growers. Despite this,
an evaluation test applying a high and continuous pressure of nematode inoculum
has been developed to be used at INRA (Esmenjaud et al., 1992) for the screening
of high-level resistance genes.

Sources of resistance characterized in Prunus spp. exhibit different spectra to
the RKN and have either an isolate-, species-, or a genus-specific range of resis-
tance (Esmenjaud et al., 1994). For example, differential resistances to several RKN
isolates have been identified in the peach rootstock GF.305. Species-specific resis-
tances have been characterized in the peach cultivar ‘Shalil’, which is resistant to
M. arenaria and M. incognita, but not to M. javanica. A genus-specific resistance
has been identified in the ‘Myrobalan’ plum accessions P.2175 and P.2980 (alleles
Ma1 and Ma3, respectively; Table 4) (Esmenjaud et al., 1996; Rubio-Cabetas et al.,
1998). They are highly resistant to the four RKN mentioned above (Lecouls et al.,
1997; Rubio-Cabetas et al., 1998) and to other tested Meloidogyne species, such as
M. mayaguensis (Esmenjaud et al., 1994, 1997; Rammah and Hirschmann, 1988;
Rubio-Cabetas et al., 1999) as no virulent populations are known to date. The Ma
gene has been mapped to LG7 of the Prunus reference map (Claverie et al., 2004a;
Dirlewanger et al., 2004a, 2004b), where it forms part of a cluster of three TIR-NBS-
LRR candidate genes (Claverie et al., 2006; Esmenjaud and Dirlewanger, 2007).The
Mi gene conferring M. incognita resistance was mapped in the middle of LG2 of
‘Nemared’, a rootstock derived from ‘Nemaguard’ (Ramming and Tanner, 1983).
STS markers for resistance to M. incognita have been obtained from the Japanese
peach ‘Juseitou’ (Yamamoto and Hayashi, 2002). Lastly, a single gene designated
RMia, with two alleles from ‘Nemaguard’ (RMia Nem ) and GF.557 (RMia 557 ) con-
trolling resistance to both M. arenaria and M. incognita, has been demonstrated
(Table 4). Since the RMia gene shares markers with Mi (Yamamoto and Hayashi,
2002), and maps to the same region on LG2 (Claverie et al., 2004a; Dirlewanger
et al., 2004a, 2004b), both genes are presumably closely linked or allelic, if not the
same. In almond, resistance to M. javanica has been identified from the ‘Alnem’
seedlings and shown to be controlled by a single major gene (Kochba and Spiegel-
Roy, 1975, 1976). This source is also resistant to M. arenaria (Scotto La Massèse
et al., 1984). The gene to M. javanica has been preliminarily located on LG 7 in the
vicinity of Ma and has been designated RMja (Esmenjaud, unpublished), but it is
not yet known whether RMja also controls M. arenaria (Table 4).

In Prunus rootstock material, the three major RKN resistance genes with a com-
plete dominance, from plum (Ma), peach (RMia) and almond (RMja), are being
pyramided (Esmenjaud et al., 2009) in interspecific hybrids of the type ‘Myrobalan’
× peach (Ma+Rmia), ‘Myrobalan’ × almond (Ma+RMja), or ‘Myrobalan’ ×
almond-peach (Ma + RMia), created by INRA fruit breeding units (UREF Bor-
deaux and UGAFL Avignon). Breeding is particularly stressed for the tri-species
hybrid progeny P.2175 × (‘Garfi’ × ‘Nemared’)22 which is being selected for pyra-
miding Ma and RMia genes. In ‘Myrobalan’ plum, several reliable SCAR markers
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SSR6

SSR12

M 1 2 3 4 5 6 7 8 9 10 11 12 13 14* 15 16 17 18 19 20 21 22

S

R

R

S

Fig. 1 Multiplex amplification of the two co-dominant single sequence repeat (SSR) markers
SSR6 and SSR12 flanking the Ma1 allele among 22 segregating Prunus individuals of the cross
P.2175 × P.2646 (Ma1/ma × ma/ma). R = resistant marker allele, S = susceptible marker allele.
M = 100 bp molecular weight marker ladder. 14∗ = recombinant individual within the window of
the two markers

flanking (SCAL19 and SCAFLP4, both <1 cM) or co-segregating (SCAFLP2) with
the Ma1 allele in P.2175 (Lecouls et al., 1999, 2004; Claverie et al., 2004b), have
been identified by bulked segregant analysis (BSA) (Michelmore et al., 1991) and
are available for MAS of all interspecific crosses. SSR markers for Ma have also
been identified through the cloning strategy and will be useful, particularly when
they flank the gene and can be multiplexed for the direct genotyping of the indi-
viduals (Fig. 1). For the RMia peach gene, STS markers developed by Yamamoto
and Hayashi (2002) can be used, but more reliable markers are being investigated
(Esmenjaud, unpublished). Selection of this tri-species material is also in progress
under conventional methods for complementary adaptive characteristics, such as tol-
erance to waterlogging and drought (Esmenjaud, 2004; Dirlewanger et al., 2004c).

6 Fragaria

6.1 Anthracnose Resistance

Anthracnose in strawberry is attributed to three species: Colletotrichum acutatum
Simmonds, C. fragariae Brooks and C. gloeosporioides (Penz.) Penz. and Saac.,
which can infect most parts of the plants (Smith, 2008; Denoyes and Baudry, 1995).
However, in terms of economic losses that accumulate to millions of dollars world-
wide each year, the most severe effects have been attributed to C. acutatum (Smith,
2008). The European Economic Community now have strict quarantine controls
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in place, with destruction of affected plants, as various spraying and management
schemes have resulted in mixed success (Freeman, 2008; Sjulin, 2008). Resistant
cultivars are seen as the long-term solution to sustainable disease control and MAS
plays an important role in developing new cultivars with durable resistance.

Plant accessions and cultivars of Fragaria species resistant to C. acutatum have
been identified and developed through intensive breeding programs (Simpson et al.,
1994; Winterbottom, 1991; Denoyes et al., 2005). Two major modes of resistance
have been determined: a polygenic quantitative resistance to strains of pathogenic-
ity group 1, and a single dominant gene, Rca2, controlling resistance to strains of
pathogenicity group 2, although some minor genes may contribute to this resis-
tance in certain cultivars (Denoyes et al., 2005). Two SCAR markers derived
from amplified fragment length polymorphism (AFLP) markers were mapped to
within 2.8 and 0.6 cM onto one side of Rca2 in an octoploid cultivated straw-
berry (F. × ananassa) ‘Capitola’ × ‘Pajaro’ F1-population (Lerceteau-Köhler et al.,
2002, 2005). The SCAR markers were then validated within other populations and
germplasm to ensure they could be used effectively over several sources of resis-
tance and genetic backgrounds, by screening them against 43 genotypes or culti-
vars of F. × ananassa (Lerceteau-Köhler et al., 2005). Their success rate was high,
with 81.4% of resistant/susceptible genotypes correctly identified using the closer
STS-Rca2˙417 marker. Research is now in progress on the polygenic resistance to
pathogenicity group 1. Initial investigations have resulted in the detection of five
QTL, none of which correlates to the linkage group containing Rca2 (Denoyes-
Rothan et al., 2004). It is anticipated that the use of STS-Rca2-417 for Rca2 and
markers for major QTL will enable the pyramiding of the resistances to provide
a wider spectrum of control of C. acutatum in strawberry (Denoyes-Rothan et al.,
2004, 2005; Lerceteau-Köhler et al., 2005).

The development and application of MAS technologies within the ‘smaller’
Rosaceae crops, such as Rubus spp. and strawberry, has focused on foreground
selection. The main emphasis has been for the selection of disease and pest
resistance; however, there also are a few examples of markers for physiologi-
cal/horticultural traits (Albani et al., 2004; Folta and Davies, 2006; Graham and
Smith, 2002; Graham et al., 2006; Weebadde et al., 2008). More interestingly,
research into the transferability of molecular markers between rosaceous crops
could open up new doors for selection for shared/related traits. This new era of
synteny holds great interest for these smaller crops.

7 Rubus

7.1 Phytophthora Root Rot Resistance in Raspberry

One of the main diseases in raspberry is root rot caused by the oomycete Phytoph-
thora fragariae var. rubi (Harrison et al., 1998) and it is regarded as one of the
main reasons for raspberry (Rubus idaeus) decline within Europe and the Americas
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(Wilcox et al., 1993). Fungicides provide marginal disease control in the field and
nursery stocks (Wilcox et al., 1999; Duncan and Cooke, 2002); hence attention
largely shifted to sourcing resistances that now are extensively used in both Amer-
ican and European programs (Knight, 1991; Jennings and Brennan, 2002; Spiegler
and Thoss, 1993; Barritt et al., 1979; Daubeny et al., 1992; Kempler et al., 2002).
In 2005, the need for further breeding for Phytophthora resistance in raspberry was
raised as one of two main areas breeding programs need to focus on (Finn et al.,
2005) and several institutes are investigating the use of MAS to increase selection
efficiency to develop improved cultivars.

Resistance to Phytophthora root rot appears to be under quantitative control
(Pattison et al., 2007) with additive (Barritt et al., 1979) or non-additive (Nestby and
Heiberg, 1995) gene effects. Using the resistant cultivar ‘Latham’ and F1, F2, B1 and
B2 populations led to the conclusion that a dominant two gene-model was the most
likely form of inheritance in these populations, with other minor genes involved.
More recent work by Weber et al. (2008) has resulted in the development of two
molecular markers being mapped to two QTL involved in disease resistance, plant
disease index, petiole lesion and root regeneration score. These markers, SCAR618
and CAP464, were then tested for efficiency on 18 different genotypes, varying in
resistance levels, and various populations known to segregate for resistance. Over-
all, SCAR618 was more efficient than CAP464, with accuracies of 62 and 56%,
respectively, but their combined use resulted in the correct identification of 85% of
resistant individuals (Weber et al., 2008). The development of these markers and
their validation in various breeding material has now made the application of MAS
for Phytophthora resistance possible. Further marker development with improved
efficiencies across a wider range of material facilitated by the identification of resis-
tance gene analogues (RGAs) (Samuelian et al., 2008) is planned for the future, to
enable better utility of these markers within breeding programs (Weber, personal
communication).

8 Background Selection

8.1 Whole Genome Selection

Where foreground selection focuses on the identification of individuals with a tar-
geted trait, either monogenic or polygenic, followed by a second stage selection
for general traits, background selection aims to combine both steps into one. Many
resistance genes, but also some fruit quality traits have been introgressed from wild
species that have little in common with the cultivated species. When the species are
crossed, the genome of the resultant progeny will consist of a combination of both
parental genomes at variable levels, i.e. the genome of the high quality backcross
parent has been diluted. With the aid of whole-genome selection (WGS) (Pradhan
et al., 2003; Varshney et al., 2005), the genotype of the cultivated parent can be
restored by using MAS to select against the chromosomal regions from the donor
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parent (Paterson et al., 1991). Applying WGS without targeting specific genes in a
recurrent selection program is more suitable for population improvement based on
random mating of individuals selected for their genotype (Ribaut and Ragot, 2007).
The targeted introduction of traits, however, is more efficient for the development
of the ideotype for a crop because of a priori knowledge of marker linkage to a trait
(Charcosset and Moreau, 2004). It can be achieved by foreground selection for the
trait of interest, through e.g. MABC (Ribaut and Ragot, 2007) or pedigree breeding
(Christopher et al., 2007), while selecting against the genome of the donor parent
with three neutral markers per chromosome (Hospital and Charcosset, 1997). The
expectation is that fewer generations would be required for the introgression of the
desired trait(s), particularly when a combination of targeted traits are introgressed
from several donor parents (Servin et al., 2004). Simulation studies showed that,
under the assumption of tight marker-trait linkage, the targeted selection of 50 QTL
in a markers-only recurrent selection approach was very effective in increasing the
frequencies and fixation of favorable alleles (Hospital et al., 2000).

8.2 Reducing the Juvenile Period

In most tree fruit crops, the juvenile period lasts several years, hence the ‘fast-
breeding’ approach is being evaluated, where the breeding process is accelerated
by reducing both the number of generations through background selection and the
generation times required. The Plant and Food Research approach is based on apply-
ing the principles of tree physiology and involves the use of a climate chamber,
which greatly limits the number of seedlings to which fast-breeding can be applied.
Hence, background selection is applied to reduce progenies to a few plants that carry
the target gene(s) in a genetic background most similar to that of the high quality
parent. The technology is being validated on a ‘Royal Gala’ × A689-24 family
segregating for the Pl2 powdery mildew resistance gene (Bus et al., 2000) derived
from the crabapple ancestor M. zumi and alleles from higher quality ancestors. Since
marker-based WGS can be applied to select for differing contributions of the grand-
parental genomes, the theoretical limits of such selection pressure were assessed
by estimating the contribution of each grandparent to each progeny. A genetic map
has been developed for this population and a selected set of markers covering the
whole genome is being screened across the progeny, to identify seedlings with the
desired new trait as well as high proportions of genome inherited from the high
quality grandparent(s)/low proportions of the low quality ancestor(s). The ‘Royal
Gala’ × A689-24 progeny carrying the gene indeed carried a higher proportion of
the genome of A368-12, the Pl2 parent of A689-24 (Fig. 2) (Volz et al., 2009). The
elite seedlings are grown on their own roots in controlled environment rooms to
advance flowering within two years of crossing, from which a further introgression
cycle can be repeated.

Alternative methods of bypassing the juvenile period involve the use of trans-
genic plants. Overexpression of the BpMADS4 gene from silver birch (Betula
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pendula) in apple resulted in some transformants flowering after about four months
since the introduction of the gene while still in the in vitro phase (Flachowsky
et al., 2007). Most flowers were morphologically normal and developed normally
into fruit following successful pollination by non-transformed accessions, which
confirmed the proof of concept for fast-breeding. An alternative approach to reduc-
ing the juvenile period has been the silencing of the PcTFL1-1 gene, which was
isolated from the pear cultivar ‘Spadona’ (Flaishman et al., 2009). The transgenic
35S:PcTFL1–1 ‘Spadona’ plants produced flowers after five to eight months, which
developed into fruit after pollination and produced fertile seed. The seedlings grown
from these seed produced flowers five months after sowing, while grafted trees flow-
ered continuously and produced fruit with normal shape, color and taste (Flaishman
et al., 2009). The pollen and resultant seed when applied to non-transformed culti-
vars were also viable. The high and consistent flowering rates give the transgenic
plants an advantage over the physiological approach, which has a lower and more
unpredictable success rate.

9 Conclusion and Perspectives

In this chapter we have presented, without aiming to be complete, an overview of the
‘state of the art’ of genetic marker application in the rosaceous crops. It is clear that
genetic markers greatly assist breeders in their ability to identify the best perform-
ing potential cultivars in what ultimately is a phenotypic selection that integrates all
traits (Kumar, 1999). However, the level at which genotypic selection will replace
phenotypic selection is different for each breeding programme, depending on the
available resources. The diverse range of relatively small crops, together with their
often disadvantageous genetic and physiologic characteristics, such as outcrossing
and therefore heterozygous nature, long juvenile period and large plant size means
that genetic and genomic studies in the Rosaceae are more time-consuming and
expensive compared with those in the major crops. The continued effort into the
mapping of horticultural traits reflects the confidence breeders have in MAS playing
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an important role in cultivar development as it progresses to the implementation
phase in the larger rosaceous crops. These first experiences have shown that some
practical limitations will have to be overcome before MAS becomes a selection tool
routinely applied for many traits on thousands of seedlings. The current levels at
which technologies, such as automated DNA extraction, multiplexing and the cre-
ation of dense genetic maps operate are well below the requirements for the future. A
major hurdle before cheap high-throughput systems become the norm is the require-
ment for fast and error-free leaf sampling techniques. The collation and analysis of
the large amount of data generated with new technologies, such as SNP discovery
involving the miniaturization of high-throughput systems, create an additional level
of complexity and need adequate analytical capacity to process them (Gupta et al.,
2008; Pattemore et al., 2008). High resolution mapping of a large number of QTL
through e.g. association mapping (Oraguzie et al., 2007a) will allow the association
of complex phenotypes with alleles of genes, themselves used as functional mark-
ers, and their interactions (Paran and Zamir, 2003; Kroymann and Mitchell-Olds,
2005). Knowledge of the allelic diversity can then be converted into a selection
index involving the weighting of the different loci as a practical and efficient tool
for the breeders.

With genotyping technology advancing rapidly to the stage where genome
sequencing of each progeny will be commonplace, accurate phenotyping forms the
bottleneck to breeders taking full advantage of MAS. The identification of QTL in
general and small QTL in particular needs a considerable investment in time, and
development of the appropriate phenotyping skills needs to be weighed against the
economic benefits of MAS for the traits of interest.
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Denoyes-Rothan B, Lerceteau-Köhler E, Guérin G, Bosseur S, Bariac J, Martin E, and Roudeillac
P (2004) QTL Analysis for resistances to Colletotrichum acutatum and Phytophthora cactorum
in octoploid strawberry (Fragaria × ananassa). Acta Hort 663: 147–151

Dilworth E, and Frey JG (2000) A rapid method for high throughput DNA extraction from plant
material for PCR amplification. Plant Molec Biol Rep 18: 61–64

Dirlewanger E, Cosson P, Howad W, Capdeville G, Bosselut N, Claverie M, Voisin R, Poizat C,
Lafargue B, Baron O, Laigret F, Kleinhentz M, Arús P, and Esmenjaud D (2004a) Microsatellite
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J (2008) A genetic linkage map for an apricot (Prunus armeniaca L.) BC1 population mapping
plum pox virus resistance. Tree Genet Genomes 4: 481–493



Application of Genetic Markers in Rosaceous Crops 593

Lande R (1992) Marker-assisted selection in relation to traditional methods of plant breeding. In:
Stalker HT, Murphy JP (eds) Plant Breeding in the 1990s. Proceedings of the Symposium on
Plant Breeding in the 1990s, CAB International, Wallingford, pp 437–451

Lande R, and Thompson R (1990) Efficiency of marker-assisted selection in the improvement of
quantitative traits. Genetics 124: 743–756

Laurens F (1999) Review of the current apple breeding programmes in the world: objectives for
scion cultivar improvement. Acta Hort 484: 163–170

Lawson DM, Lunde CF, and Mutschler MA (1997) Marker-assisted transfer of acylsugar-mediated
pest resistance from the wild tomato, Lycopersicon pennellii, to the cultivated tomato, Lycop-
ersicon esculentum. Molec Breed 3: 307–317

Layne REC (1987) Peach rootstocks. In: Rom RC, Carlson RF (eds) Rootstocks for Fruit Crops.
John Wiley and Sons, New York, pp 185–216

Lecomte L, Duffe P, Buret M, Servin B, Hospital F, and Causse M (2004) Marker-assisted intro-
gression of five QTLs controlling fruit quality traits into three tomato lines revealed interactions
between QTLs and genetic backgrounds. Theor Appl Genet 109: 658–668

Lecouls AC, Rubio-Cabetas MJ, Minot JC, Voisin R, Bonnet A, Salesses G, Dirlewanger E, and
Esmenjaud D (1999) RAPD and SCAR markers linked to the Ma1 root-knot nematode resis-
tance gene in Myrobalan plum (Prunus cerasifera Ehr.). Theor Appl Genet 99: 328–336

Lecouls AC, Rubio-Cabetas MJ, Voisin R, Bonnet A, Duval H, Salesses G, Dirlewanger E and
Esmenjaud D (2004) Marker-assisted selection for the wide-spectrum resistance to root-knot
nematodes conferred by the Ma gene from Myrobalan plum (Prunus cerasifera) in interspecific
Prunus material. Molec Breed 13: 113–124

Lecouls AC, Salesses G, Minot JC, Voisin R, Bonnet A, and Esmenjaud D (1997) Spectrum of
the Ma genes for resistance to Meloidogyne spp. in Myrobalan plum. Theor Appl Genet 85:
1325–2334
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1 Plant Genome Sequencing Overview and History

The long-term goal of plant genomics is to identify, isolate and determine the func-
tion of plant genes that are associated with both vegetative and reproductive phe-
notypes. Most phenotypes require the coordinated activity and regulatory control of
suites of genes over time and in precise positions within the plant. Until recently,
the idea of establishing a comprehensive approach to isolate and characterize all
the genes involved in any complex phenotype was a daunting one, and oftentimes it
has been necessary to perform whole genome sequencing to obtain all of the gene
sequences. The sequence of several plant genomes have been generated including
the Arabidopsis, poplar and rice genomes, with the model legume Medicago and
sorghum well underway. In addition, large amounts of expressed sequence tag (EST)
information are being obtained for many other plants, including rosaceaous plants.
The advances in genomics, informatics, and phylogenetics have been developed
and refined by these reference projects, to the point that it is now thought that, in
many cases, the vast majority of genes of a plant can be identified without the com-
plete genome sequence, however the EST approach to gene identification does not
provide valuable information regarding promoters and other non-coding regulatory
elements.

One of the first eukaryotic genomes to be completely sequenced was that of the
small mustard species Arabidopsis thaliana. During the past decade, Arabidop-
sis has emerged as one of the most widely used model organisms for studying
the biology of higher plants. Its genome was chosen for sequencing because it is
highly compact, about 125 Mb, with little interspersed repetitive DNA (Arabidop-
sis Genome Initiative, 2000). However, since Arabidopsis is rather distantly related
to the cereal crops that provide the bulk of the world food supply, the genome of
rice has also been sequenced. Rice was chosen because, in addition to its impor-
tance as a food source for about one quarter of the human population, it has one of
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the most compact genomes among the cereals. It contains about 3.5 times as much
DNA as Arabidopsis but only about 20% as much DNA as maize and about 3% as
much DNA as wheat (Bennett and Smith, 1991; Goff et al., 2002; Yu et al., 2002).
However, the genome organization of the cereals appears to be very highly con-
served; rice, wheat, maize, sorghum, millet and other cereals exhibit a high degree
of synteny (Gale and Devos, 1998). The differences in genome size primarily reflect
the amplification of interspersed repetitive sequences (Bennetzen et al., 1998); there
is no evidence that angiosperms with large amounts of DNA per cell have sub-
stantially greater numbers of functional genes than angiosperms with relatively
small DNA contents. This is particularly significant for our various approaches
to sequence rosaceaous genomes. Because of extensive synteny among the cereal
genomes, knowledge of gene order and organization in rice may be used to isolate
and characterize the corresponding genes in other cereals (McCouch, 1998). Thus,
for instance, if a genetic locus encoding a useful trait is mapped between a pair of
closely linked molecular markers in wheat, it may be possible to identify candidate
genes for the rice ortholog by analyzing the rice genome sequence located between
the rice orthologs of the molecular markers.

The sequences of Arabidopsis, poplar and rice provide us with three reference
genomes from which the genome contents of other angiosperms can be extrap-
olated. It seems likely that as the costs of DNA sequencing continue to drop
and technologies improve, additional genomes of other important plants will ulti-
mately be sequenced. However, for the foreseeable future, additional complete
(euchromatin and heterochromatin) plant genome sequences will probably not be
available because of the high costs for whole genome sequencing of any of the
major crops. Extensive, partial cDNA and BAC sequence information may be pub-
licly available for a majority of the genes from many important plant species,
both crop and non-crop (Pennisi, 1998). There are currently more than 3,000,000
EST sequences from numerous plant species in public databases, and this num-
ber is expected to continue to grow rapidly during the next several years. Thus,
as genes associated with functions or traits in one plant are cloned, it will usu-
ally be possible to identify the orthologs responsible for the trait in other plant
species, including those in the more basal lineages, by a database search or by
using the sequence information to clone the corresponding gene from the species of
interest.

Although flowering plants have evolved during the past 130 million years or so,
and might therefore be expected to be very similar at the genomic level, substantial
morphological, developmental and metabolic diversity exists. A major challenge to
understanding the genetic basis of interspecific diversity is that, in at least some
cases, minor changes in the structure or expression of a gene can lead to major
changes in phenotype. Understanding the basis of this diversity is key to under-
standing how to effect rational improvements in the utility of crop species. Knowl-
edge of the genetic basis for intraspecies variation in specific traits should be useful
in selecting or creating useful variation within a species. Because of the relatively
recent radiation of the angiosperms, we consider it likely that there will be very
few protein-encoding angiosperm genes that do not have orthologs or paralogs in
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the model genomes. Therefore, understanding the genetic basis for diversity may
devolve to identifying the relevant differences in the control of expression or the
function of essentially the same set of genes. Indeed, it has been hypothesized that
the developmental diversity of angiosperms may largely result from changes in the
cis-regulatory sequences of transcriptional regulators (Doebley and Lukens, 1998).
As can be seen from an examination of the peach EST data shown elsewhere in this
book, this is not entirely true. Indeed, a large proportion (approx. 20%) of the peach
and almond ESTs remain ‘orphans’ in the databases, showing no significant homol-
ogy to other ESTs present. These are likely to be genes that are Rosaceae, peach,
tree or fruit specific transcripts that cannot appear in the existing models. There-
fore it would appear that we need genome sequence from additional model species
before we can truly realize the promise of plant genomics.

1.1 Genome Sequencing Strategies

The majority of Eukaryotic genomes that have been sequenced (the rice and
Arabidopsis plant genomes in particular) have employed a BAC by BAC approach
(Arabidopsis Genome Initiative, 2000; Goff et al., 2002). This strategy requires that
a complete, ordered physical map constructed from large insert (BAC, PAC, cosmid)
genomic clones must first be available for the species under study. A minimal tile
of contigs is extracted from the map, and the individual clones are then subjected
to shotgun sequencing. The primary advantage of this approach over whole genome
shotgun (WGS) is that reassembly of the sequences is much easier due the smaller
number of sequences being assembled in each step of the project. In addition, the
physical map provides positional context for each sequence. Moreover, problematic
sequences are readily isolated to a defined region of the genome, facilitating reso-
lution. The downside to this approach is the cost; physical maps are costly, require
high levels of specialized expertise and are time-consuming to generate. That is in
addition to the raw sequencing costs.

One of the most recent plant genome sequencing strategies that has been devel-
oped is known as gene enrichment. The first example of this was a method based
on methylation filtration (Rabinowicz, et al., 1999). This strategy does not attempt
to obtain the entire genome sequence for a plant, but instead allows for focusing
upon gene rich regions (gene space) of the genome for sequencing. In this proce-
dure, total plant DNA is isolated, and the highly methylated DNA is excluded from
cloning. As the majority of non-coding, repetitive plant DNA is methylated and
therefore excluded from cloning, the resulting genomic libraries are highly enriched
for genes (Rabinowicz, 2003). Another approach to isolate the gene space of a
genome employs renaturation kinetics (Cot) of DNA to clone just the low copy
fraction of the DNA (Peterson et al., 2002). Several projects are underway to test
this and other methods of genespace enrichment on the maize genome (2,500 Mb)
(Palmer et al., 2003; Whitelaw, et al., 2003), tobacco (Opperman, personal commu-
nication), and Medicago (Young et al., 2005).



604 B. Sosinski et al.

The whole genome shotgun (WGS) sequencing strategy has emerged as a useful
method to decode genomes of species that have relatively small genomes, partic-
ularly bacterial. The list of prokaryotic genomes that have been sequenced using
WGS is vast, but notably includes Haemophilus influenzae (Fleischmann et al.,
1995) and several Bacilli (Kunst et al., 1997: Takami et al., 2000). For the most part,
these genomes are simple having one or a few chromosomes and limited amounts
of repetitive DNA. The WGS approach has also been successfully employed for
the generation of the poplar genome sequence (Tuskan et al., 2006). Briefly, the
WGS technique employs total genomic DNA that is sheared either mechanically
or enzymatically, is then size selected and cloned. These clones are then randomly
sequenced until as much as a twelve-fold genome coverage is achieved. These ran-
dom sequence reads are then assembled, and the resulting sequence gaps are closed
by primer walking, PCR etc. In the case of complex genomes, including plants,
WGS alone can be a problematic sequencing solution due to genome size and com-
plexity, as has been reported with the human genome project (Waterston et al., 2003)
where difficulties arose with the assembly of repetitive regions. This consideration
is often balanced with the fact that WGS is the most affordable way to rapidly make
progress with genome sequencing.

2 Sequencing Technologies

Sequencing based on Sanger chemistry remains the most widely utilized technology
to capture genomic information from small microbial genomes to the large human
genome. Currently, the automated sequencers employing Sanger chemistry can gen-
erate 1–2 million base pairs (bp) in 24 hrs with an average read length of 550–800 bp
and with great accuracy (Hall, 2007). However, the demand for sequence generation
in resolving biological questions has far exceeded the output possible with Sanger
chemistry-based projects and this approach is increasingly becoming prohibitive
due to the time and costs involved. Recent years have seen the advent of novel high-
throughput sequencing technologies that are aimed at generating large amount of
sequence data at a fraction of the cost (Margulies et al., 2005; Shendure et al., 2005;
Braslavsky et al., 2003). The sequence read length from the new sequencing tech-
nologies ranges between 35 bp to 400, which is far below the threshold required to
resolve the repeat structure of larger complex genomes. However, there are other
complementary methodologies that offshoot this disadvantage. A brief description
of three new technologies that have been successfully commercialized is provided
here.

2.1 Pyrosequencing

Pyrosequencing, sequencing-by-synthesis, was first described over a decade ago
(Ronaghi et al., 1999). However, it has been commercialized very recently by 454
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Life Sciences (Roche) and is based on a novel and highly parallel system based on
pyrosequencing chemistry (Nyren et al., 1993). As the name suggests, sequence is
generated from a single DNA molecule template as the complementary DNA strand
is synthesized in a complex reaction. The single DNA templates are coated on beads
and preloaded into a microfabricated glass plate containing 1.6 million pico liter
reaction wells. The DNA sequence is determined when four nucleotides are sequen-
tially delivered through the plate. Incorporation of a new nucleotide results in a
stoichiometric release of pyrophosphate that further generates ATP. The ATP thus
generated catalyzes the conversion of luciferin resulting in emission of photons. The
visible signal generated in each reaction well is captured by a CCD camera and the
entire continuum of these signals is converted to corresponding sequence via signal
processing (Margulies et al., 2005).

2.2 Illumina’s Solexa Sequencing Technology

The Solexa technology is also based on sequencing-by-synthesis principle and is
similar to 454 platform till the library preparation stage. Thereafter, it relies on the
solid phase bridge PCR technique (Chetverina and Chetverin, 1993) for amplifi-
cation of the targeted DNA templates arranged as random array of clusters on a
flow cell (Bentley, 2006). Sequence is generated from the DNA templates using
four-color fluorescent chemistry via repeated primer extension with reversible dye-
terminators.

2.3 SOLiD Technology

The Supported Oligonucleotide Ligation and Detection Platform (SOLiD) technol-
ogy has been developed by Applied Biosystems (ABI). It is based on the poly-
merase colony approach and employs hybridization-ligation chemistry (Shendure
et al., 2005; Mitra et al., 2003). The sequencing is performed by iterative cycles of
hybridization of a mixture of sequencing primers and fluorescent probes.

3 Next Generation Technologies

In addition to the above-mentioned technologies, research is ongoing to develop
even better sequencing platforms to cut down the time and costs drastically. Some
of these methods include a nanofluidic-based sequencing system, single molecule
based approaches and nanopore sequencing. One of the new technologies to watch
out for is microchip electrophoresis based sequencing. The technology allows for
sequencing 600 bp in 6.5 minutes (Fredlake et al., 2008). This is the only technol-
ogy that is near implementation amongst the new ones that are being developed
currently.
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4 Peach Genome Sequencing

4.1 Rationale

Peach (Prunus persica) is considered one of the genetically best characterized
species in the Rosaceae, peach has distinct advantages that make it suitable as a
model genome species for the Rosaceae. In contrast to some Prunus species, such
as cultivated plums and sour cherries, that are polyploid (Moore and Janick, 1975),
peach is a diploid with n = 8 (Jelenkovic and Harrington, 1972) and has a compar-
atively small genome: 5.9 × 108 bp or 0.61 pg/diploid nucleus (Baird et al., 1994).
This is only about twice the value for Arabidopsis thaliana, and is currently thought
to be approximately 300 MB (Arumuganathan and Earle, 1991). Peach has a rela-
tively short juvenility period of 2–3 years compared to most other fruit tree species
that require 6–10 years. In addition, a number of genes for fundamentally important
traits have been genetically described in peach, including genes controlling flower
and fruit development, tree growth habit, dormancy, cold hardiness, and disease and
pest resistance.

4.1.1 Sequencing Methodology

Given the relatively small genome size of peach (300 MB) combined with the fact
that robust EST and physical map resources are available, an argument for each
of the sequencing approaches can be made. Budgetary considerations make the
WGS approach quite attractive, but sequence assembly issues may persist. The
fact that peach has become a model species for Prunus and also for the fam-
ily Rosaceae to some extent, compels us to consider the robust BAC by BAC
approach in order to obtain high quality reference sequence, but it may not be
necessary or desirable to obtain the sequence of the repetitive intergenic regions
of the peach genome. On the other hand, targeting the gene space of peach for
sequencing is quite attractive as it offers an affordable way to obtain the sequence
of the most critical genomic regions – the genes. Given the small size of the peach
genome and resulting likely small fraction of repetitive DNA; it is unlikely that the
benefit of gene space enrichment will outweigh the technical complexities of its
application.

A number of comparative studies have been conducted within Rosaceae and
Prunus that indicate that the genomes within the family and species are highly
collinear. The transferable markers (RFLPs, SSRs and isozymes) mapped in the
Prunus reference (TxE) population have been used for the construction of linkage
maps in other Prunus species. Detailed comparisons can be established between
this map and those of almond (Joobeur et al., 2000), apricot (Lambert et al.,
2004), P. davidiana (Foulongne et al., 2003), cherry (Dirlewanger et al., 2003) and
P. cerasifera (Dirlewanger et al., 2004). The distribution of the markers into the
eight linkage groups and their order within each linkage group was generally identi-
cal between species, suggesting a high degree of synteny. Excepting one published



Rosaceaous Genome Sequencing: Perspectives and Progress 607

example of a translocation difference between linkage group 6 and 8 in peach and
almond (Jauregui personal communication), these results strongly indicate that the
group of Prunus species studied shares a nearly identical genome, and that the infor-
mation on gene sequence and position obtained in one of them would be generally
useful for the rest. Recently, significant genome synteny has been identified between
peach and the model plant genomes excluding Arabidopsis and rice through com-
parisons of sequenced Prunus BACs with the model genome sequences (Jung et al.,
2009).

At the Plant and Animal Genome XV Meeting on 01/16/07, Jerry Tuskan from
the Joint Genome Institute (JGI) announced the new roster of plants that will be
targeted for genome sequencing at JGI. Peach has been selected for an 8X whole
genome shotgun (WGS) that will be completed by the end of 2009. This selection
was made in part due to the fact that peach is a tree that is closely related to poplar,
and there is a belief that the availability of the peach genome will assist in closing
the remaining gaps in the poplar genome (Tuskan and Rokhsar, personal commu-
nication; Jung et al., 2009). Since the original genome sequencing announcement,
genomic researchers in Italy have committed to providing 4X of the total 8X that
will be generated.

As peach is primarily an outcrossing species, the majority of peach accessions are
quite heterozygous, which can be problematic for genomic sequence assembly. To
overcome this issue, both the US and Italian groups have agreed to employ a doubled
haploid ‘Lovell’ accession for genome sequencing. In addition to being effectively
homozygous across the genome (fixed), this doubled haploid was also employed
as the substrate for physical mapping in peach (Zhebentyayeva et al. 2008). We
anticipate that the doubled haploid nature of ‘Lovell’ will simplify the assembly of
the WGS sequence in the near term, and will be directly applicable for sequence gap
closing and finishing in the long term.

Our approach for sequencing the peach genome will combine both WGS and
ultimately BAC by BAC approaches to provide a cost-effective, but effective means
of obtaining this midsize genome. Initially we will obtain an 8X WGS of the peach
genome using the robust standard Sanger sequencing. Eventually, BACs from the
minimal tiling path of the peach physical map will be pooled, and shotgun sub-
libraries made for sequencing (Cai et al., 2001). The pooling approach will lower
sheared library expenses by 10-fold over the course of the project, and the com-
plexity of the genome strongly suggests that reconstruction will be achievable. Any
pools of BACs that fail to assemble can be deconstructed for individual sequencing.
While this approach will cost slightly more than a WGS approach alone, the data
from other genome sequencing projects indicates that we will obtain a much more
robust and accurately assembled genome. Moreover, this approach will let us selec-
tively target certain areas of the genome for subsequent additional sequencing due
to increased biological interest. It will likewise provide a more robust template for
subsequent finishing if that becomes needed or feasible. Our goal is to obtain high-
quality reference sequence of the peach genome. This resource will be of immedi-
ate utility to the Rosaceae community, as well as to those interested in comparative
genomics and evolution.



608 B. Sosinski et al.

4.2 Annotation and Assembly

For the initial annotation of the peach genome, we will employ the tools already
in place at JGI that were employed for the poplar genome. Briefly, once the draft
sequence is available we will identify a first-draft reference set of putative protein-
coding gene loci using homology-based, and expressed sequence tag (EST)–based
methods. As mentioned above, to aid the annotation process, additional full-length
sequences, from full-length enriched cDNA libraries from peach, will be generated
and used in training the gene-calling algorithms. In addition to gene prediction,
repetitive sequences, including SSRs will be characterized (Tuskan et al., 2006).
We anticipate that once this annotated draft of the peach genome is available, further
community-based efforts will continue to refine the annotation.

The current (2007/2009) timeline for peach sequencing is as follows. We antici-
pate completion of an initial 2X of Sanger sequencing by the end of the summer ’08
that will additionally include a 15X coverage of fosmid ends. An additional 4X con-
tribution from the Italian group should follow in the early months of 2009. Depend-
ing upon the quality of assembly at that time, additional (up to 2X) WGS reads will
be generated at that time. To enhance the annotation of the peach genome, up to 1
million 454 EST reads will be generated during the project.

5 Apple Genome Sequencing

5.1 Rationale

Apple (Malus sps) is an ancient tetraploid that behaves as a diploid and is com-
prised of 55 species (Phipps et al., 1990). The apple genome represents one of
the larger genomes in Rosaceae; 1.54 pg DNA/2C nucleus or 750 Mb per haploid
genome complement (Tatum et al., 2005). The International Rosaceae community
recognizes apple as a model for functional genomics (Rosaceae White Paper –
http://www.bioinfo.wsu.edu/gdr/community/rosexec/; Folta et al., 2006). This sta-
tus has been bestowed on apple due to the availability of over 300,000 apple ESTs
in the public database (Newcomb et al., 2006), genomic libraries, microarray expres-
sion data and physical maps (Han et al., 2007). Apple is highly amenable to genetic
manipulation in vitro (Malnoy et al., 2007; Teo et al., 2006) enabling functional
genomics studies (Norelli et al., 2007). Owing to long juvenility, phenotypic con-
sequences of genetic perturbations manifest themselves after an extended duration
of time. However, development of non-juvenile transgenic apple lines is expected to
abbreviate this timeline to a few months (Flachowsky et al., 2007) enabling large scale
testing of gene function for developing functionally-validated molecular markers.

5.2 Sequencing Methodology

Sequencing of the apple genome has benefitted from two independent initiatives,
which have recently coalesced into an international consortium described below.
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In the first project, the cultivated variety ‘Golden Delicious’ was chosen for sequenc-
ing by the Istituto Agrario San Michele all’Adige (IASMA) as this variety accounts
for over 80% of this region’s production and for its importance to the rest of the
world (second most cultivated variety). The availability of a ‘Golden Delicious’-
derived double haploid (DH) genotype provided an additional advantage for under-
taking an integrated approach to sequence the apple genome. The IASMA initiative
concentrated on the cultivated heterozygous ‘Golden Delicious’ material and was
funded by the Province of Trento, Italy. The choice to sequencing a heterozygous
apple was based on our recent successful experience of sequence a largely heterozy-
gous genotype of grape, i.e. the Pinot Noir (Velasco et al., 2007). The grape genome
sequencing initiative resulted in collaboration between IASMA and Myriad Genet-
ics Inc. that resulted in the development of several methodologies to assemble and
anchor largely heterozygous genomes (Cartwright et al., 2007; Velasco et al., 2007;
Zahrkikh et al., 2008). These methods are being applied to the current ‘Golden Deli-
cious’ apple genome sequencing project that is being carried out jointly between
IASMA, Myriad Genetics Inc. and 454/Roche. Based on our prior experience with
grape genome sequencing and assembly, the strategy for obtaining and assembling
the heterozygous apple genome sequence has been modified to increase the effi-
ciency of this process. The amount of Sanger sequencing has been reduced to 4X
coverage (7X coverage in grape) and that of 454 pyrosequencing has been increased
to 10 X coverage (4X in grape; Velasco et al., 2007). This adjustment in the strategy
has been catalyzed by new advances in pyrosequencing that generate much longer
reads (∼ 400 bp) and the possibility to perform paired-end sequencing on short and
long insert (3–16 kb) libraries. These new developments obviate the need, at least
partially, for obtaining fosmid and BAC-end sequences for genome scaffolding.

The Sanger approach consisted of obtaining sequence from 27 different libraries
of various insert sizes (1.5–3 kb; 7–15 kb: fosmid and BACs) and was completed in
the summer of 2007. The pyrosequencing approach was initially based on obtaining
sequence from the existing chemistry that produces an average of 260 bases per
read. During the current year that has been substituted with the new chemistry that
increases the average read length to almost 400 bases.

The completion of the project is based on the collaboration between IASMA,
INRA at Angers, France (PI. Charles-Eric Durel), and Plant and Food Research,
New Zealand (PI: Sue Gardiner). These groups are sharing 5 crossing populations
in apple to develop a reliable and an extremely dense integrated molecular map to
anchor the genomic scaffolds to chromosomes. These maps are based on internation-
ally shared SSRs and SNPs developed on the ‘Golden Delicious’ assemblies produced
at various stages of sequencing progress (5x; 7x; 9.5x; 11x). The project data will be
made publicly available via the Genomic Database forRosaceae hosted at Washington
State University (PI: Dorrie Main) and GenBank in the next few months.

A complementary public initiative to sequence the Double Haploid (DH)
‘Golden Delicious’ apple is underway at Washington State University, USA.
This initiative was established with seed funding from WSU, the Washington
Tree Fruit Research Commission and has now found additional support through
USDA-NRI (PIs: Dhingra and Kalyanaraman). A collaboration between WSU
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(Dhingra), University of Washington (Roger Bumgarner) and INRA at Angers,
France (Lespinasse, Chevreau and Durel) served as the foundation of this initia-
tive. This project aims at capturing the apple genome sequence circumventing the
traditional BAC by BAC approach. The methodology comprises of assembling 4X
whole genome shotgun sequence on a scaffold of ∼37,000 BAC end sequences
and paired-end reads generated by 454 sequencing. A 6X BAC library from the
DH ‘Golden Delicious’ genotype is being constructed and will be publicly avail-
able to the community after completion of the project. A relatively simpler genetic
organization of the DH material is expected to simplify the in silico genome assem-
bly. The available data has been successfully assembled using a parallel assembler
(Bumgarner lab). However, the repeat structures remain to be resolved. The devel-
opment of higher-end computational methods continues to integrate the repeat ele-
ments in genome assemblies (Kalyanaraman and Dhingra Labs). The apple genome
is several-fold larger than strawberry and peach genomes. It would be interesting
to study the repeat structure and gene organization. We expect to observe a large
degree of synteny between the genomes of the three members of Rosaceae.

As of this date, ∼ 1.5X coverage of the DH apple has been obtained using pyrose-
quencing and this data will soon be available via GenBank upon quality validation.
In addition, the data will be accessible to the general public via the apple genome
project portal hosted at www.genomics.wsu.edu. The final dataset will be submitted
to Genomic Database for Rosaceae hosted at WSU.

The IASMA project and the WSU-based public initiative have now metamor-
phosed into an International Consortium for Apple Genome Sequencing (iCAGeS).
The consortium comprises of INRA at Angers (PIs – Lespinasse, Chevereau and
Durel) and the University of Western Cape, South Africa (PI: J. Rees). The South
African group is utilizing the DH material and generating sequences using Illu-
mina’s Solexa technology. The iCAGeS provides a platform to integrate various
datasets being generated by the participants and provide a comprehensive under-
standing of apple genome structure to the community.

6 Fragaria Genome Sequencing

The woodland strawberry, Fragaria vesca, has the smallest genome of any econom-
ically important plant species, with relatively small numbers of repetitive sequences
and, therefore, sequencing of its genome can fully utilize the advantages of the 454
technology and provide an invaluable resource to the plant research community.

The Strawberry Genome Sequencing Consortium, comprised of experts in a wide
array of research areas, was created in the spring of 2008 with the aim to sequence
the full genome of the F. vesca (http://strawberry.vbi.vt.edu).

At present, the largest publicly available genomic sequence resource in Rosaceae
is that of F. vesca, from which approximately 1.75 Mb of genomic sequence derived
from 50 genomic sites (as fosmid clones), has been deposited in GenBank under
accession numbers EU024823-EU024872.This work was performed by Dr. Thomas
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Davis, one of the Consortium participants. Preliminary analysis of these sequences
has revealed a gene density of about 1 gene per 6 kb and an SSR density of about
one SSR locus per 5 kb. An extensive collection of diploid and octoploid strawberry
ESTs derived from different tissues and developmental stages that have also been
deposited to GenBank by Consortium members. The available Fragaria genomic
sequence database will provide a valuable resource for the assembly and annotation
of other rosaceous genomes.

The genomic sequencing is being performed at the VBI Core Laboratory Facil-
ity (CLF; http://www.vbi.vt.edu/core˙laboratory˙facility/). In January 2007 the first
Roche GS-FLX was installed in the VBI CLF. Since installation several full bacte-
rial genome sequencing project have been completed at the VBI CLF. Recently we
started a pilot project to sequence the F. vesca genome and have already generated
∼8X full genome coverage. It is anticipated that we will need ∼15X (3 Gb) cover-
age of the genome. In addition, the Consortium will perform sequencing of cosmids
and BACs.

To complete the genome sequencing we will utilize a F. vesca genomic BAC
library in the pECBAC1 vector that is currently available at Dr. Shulaev’s lab at
VBI. The average insert size is about 130 Kb (Fig. 1). Sequencing of the individual
BAC clones will help with anchoring contigs derived from the GS-FLX sequencing
and with completing the genome sequencing.

The genome will be assembled and annotated as a joint community project.
Members of the Consortium have significant experience in all aspects of full genome
sequencing, assembly and annotation and have pledged to fund and support this
joint Rosaceae Community effort. The end result of this collaboration, the complete
genome sequence of F. vesca, will be distributed freely to the research community
and the annotated genome will be hosted by the Genome Database for Rosaceae
(GDR; http://www.bioinfo.wsu.edu/gdr/).

Fig. 1 Agarose gel electrophoresis of DNA isolated from 28 randomly selected F. vesca BAC
clones. DNA was digested with NotI enzyme. The marker is Lambda Ladder (with bands every
50 Kb). The cloning enzyme is MboI and the vector is pECBAC1 (BamHI site)
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in strawberry, 471
lipid transfer proteins (LTPs), 471
profilins, 471

in transformed apple, 157
Allotetraploidization, 7
Almond/Almond genomics, see Prunus dulcis
Alternaria alternata, 175
Amelanchier spp., 12
American Society of Horticultural Sciences

(ASHS), 55–56
1-Aminocyclopropane carboxylic acid (ACC)

oxidase antisense plums,
282–283

Amplified fragment length polymorphism
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methodology, 608–610
rationale, 608
Sanger approach, 609
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Rvi6 x Rvi2, 572–574
resistance genes 2, pyramiding in
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pumila;Malus spp.
Apricots, see Prunus armeniaca L.
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Aronia melonicarpa, 11
Aronia, see Aronia melonicarpa
Asia, 317, 347, 526

apple production in, 74
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strawberry, 450
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Bacterial artificial chromosome (BAC) libraries

apples, 93–94
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Bacterial disease resistance, apple, 145–151
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Benzo-1,2,3-thiadiazole-7-carbothioic acid

S-methyl ester (BTH), 404–405
6-Benzylaminopurine (BA), 489
Bin mapping

apples, 110
Rosaceae, 30

Biotechnical approaches to pear improvement,
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See also under Pear
Biotechnology for berry nutritional quality,

497–499
DefH9-iaaM genes, 498
rolC genes, 498

Biotechnology in Loquat breeding, 535
genetic transformation, 535

Biotic agents, strawberry resistance to, 466
anthracnose, 476
Botrytis cinerea, 476
DNA sequencing technologies, 476–477
Phytophthora cactorum, 476
Phytophthora fragariae, 476
Verticillium dahliae, 476

Bitter kernels, almond, 203–204
Bitterness, apricot, 328
‘Black Baccara’ (BB), 382
Black cherry, 9–10
Black spot disease, 175, 361
Blackberries, see Rubus spp.
BLAST analysis, Rosaceae, 28
Bloom time

almond, 200–203
peach, 228

alterations in, 228
Botrytis cinerea, 476
Brambles, 12
Breeding/Breeding programs

almond, 189
time-tested seedlings selections, 189

apples, 75
cross breeding, roses, 348–349
in peach, 225–230, 235–239

See also under Prunus persica (Peach)
pear, traditional breeding, 165–166

fruit tree breeding methods, 165
Rosaceae

genetic tests in, 41
MAS in, 56–58, 564–565

Rubus spp., 507–509
strawberry, 426–428

See also under Strawberry
sweet cherries, 294–295

Bulked segregant analysis (BSA)
in peach, 251
strawberry, 448

C
Caffeic acid O-methyltranfeases (COMT)

coding, 107–108
Candidate gene approach, Rosaceae, 35–37,

262, 548
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cauliflower mosaic virus (CaMV) 35S

promoter, 37
co-localization of, 36–37
expressed sequence tags (ESTs), 36
gene expression regulation, 38
gene-specific markers, 35
inducible promoter for over-expression, 38
peach, 247–249, 262
RNA-dependent RNA polymerase
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RNA interference (RNAi), 38–39
suppression subtractive cDNA hybridiza-

tion (SSH), 36
transcriptional gene silencing mecha-

nisms, 38
transient RNAi expression by agroinfiltra-

tion, 39
virus-induced gene silencing (VIGS)

system, 39
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Cauliflower mosaic virus (CaMV) 35S

promoter, 37–38
cDNA libraries, functional genomics in

rose, 381
cDNA-amplified fragment length poly-

morphism (cDNA-AFLP),
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Cell adhesion, in transformed apple, 150
Chaenomeles genus, 12
Cherries

botanical descriptions, 292–293
history of, 291–293
See also Prunus spp.; Sweet and sour

cherries
China, 317, 343, 526

apple production in, 74
peach production, 224

Chloroplast DNA (cpDNA) fingerprints, 171
in strawberry phylogenetic analyses, 439

Cinnamoyl aldehyde dehydrogenase (CAD),
463–464

Cisgenics, 77
Cleaved-amplified polymorphic sequence

(CAPS) markers, 63
strawberry, 440, 442–443

Cloning, in almond, 194, 207
Codon usage assessment, apples, 129–131

using cDNA sequences, 129
Color

apricot, 328
modification, in transformed apple, 150
in roses, 369–370

Comparative genome mapping
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Populus, 551–552
in Rosaceae, 549–552
in Rosaceae, colinearity between

genera belonging to different
subfamilies, 551

Fragaria, 551
Malus, 551
Prunus, 551

in Rosaceae, colinearity within genera and
within subfamilies, 549–551

Fragaria diploid v octoploid, 550
Fragaria v Rosa, 550
Malus v Pyrus, 550
Prunus v Prunus, 549

Comparative genomics in Prunus, 239–242
between Prunus and Malus, 239
bulk-segregant analysis (BSA), 240
DFR (dihydroflavonol 4-reductase), 240
EKO (ent-kaurene oxidase), 240
SSR markers in, 240
synteny analysis, 239

Comparative genomics, in Rosaceae crop
improvement, 28–29

Comparative mapping, 86
strawberry, 440–442

Conserved Ortholog Set (COS) markers, for
Rosaceae species, 547

Conventional taxonomy, Rosaceae, 5–7
intergeneric hybridization, 5
Parsimonious tree, 6
species definitions, 5

Coumaroyl CoA reductase (CCR), 463–464
Crop improvement in Rosaceae, genomics

approaches, 26–42
comparative genomics, 28–29
fields of study, 27–29
functional genomics, 28
structural genomics, 27
techniques, 29–42

allele mining, 41
candidate gene approach, 35–37
centralized web portal and database,

42–43
genetic mapping, 29–31
Genome Database for Rosaceae (GDR),
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genotyping, 40–42
marker-assisted breeding (MAB),

40–42
marker-assisted selection (MAS), 40
marker-trait associations, 40
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metabolomics, 34–35
Pedigree Based Analysis (PBA), 44
proteomics, 34–35
QTL analysis, 29–31
random insertional mutagenesis, 39
shared mapping resources, 43
standardized phenotyping, 43–44
virus-induced gene silencing (VIGS)

system, 39
See also Candidate gene approach;

Microarray analysis; Transcript
profiling

Crop production techniques, 55
transgenic biotechnology, 55
See also Marker assisted selection (MAS)

Cross breeding, roses, 348–349
Cryoconservation, apples, 80
Cultivar identification, in Loquat, 531–532
Cultivar transformation, plum, 287
Cultivated octoploid strawberries, 421–422

hypothetical genome formulae, 421
inheritance patterns, 421–422

Cut roses, 341
adaptation, 341
characteristics, 341
colors, 341
fragrance, 341
industry, importance, 341

Cydonia genus, 12

D
2,4-D auxin, 394
Decamer random oligonucleotide primers,

87–89
Defense related gene products, roses,

404–405
BTH, 404

DefH9-iaaM genes, 498
for strawberry improvement, 493

Dihydroflavonol 4-reductase gene, 401–402
Diploid strawberry species, 414–418

See also under Strawberry
Direct organogenesis in roses, 398
3,5-Dimethoxy toluene (DMT), 385
Disease resistance, almond, 205–206
Disease resistance, apple, 145–152

apple scab, 145–152
bacterial disease resistance, 145–151

in transformed apple, 146
fire blight, 145–152
promoters for, 151

NPR1 gene, 151

See also Fungal disease resistance
Disease resistance, markers for, 60–62

in apricot, 61–62
powdery mildew resistance genes, 61
in strawberry, 61
Vf gene, 60–61

Disease resistance, peach, 225
Distribution, Rosaceae, 3–5
DNA markers, 171–176

for roses, 353–356
diploid maps, 355
PKs (protein kinase), 353
RGAs (resistance gene analogues), 353
SNPs, 355–356
tetraploid maps, 355

for Rubus spp., 512–513
taxonomical relationships in Pyrus assessed

by, 170–171
AFLP, 171–172
associated with interest genes, 173–176,

See also Interest genes
chloroplast DNA (cpDNA), 171
inter-simple sequence repeat (ISSR),

172
microsatellites, 171–172
RAPD, 171–172
SNPs, 171–172
SSR marker tool, 169–171

DNA markers for genetic diversity in apples
evaluation, 87–91

aspartate aminotransferase (AAT), 87
decamer random oligonucleotide

primers, 88
EST sequence datasets, 86
genotyping of apple cultivars, 87–88
glutamate oxaloacetate transaminase

(GOT), 87
18-mer arbitrary primer P-T, 88
phosphoglucomutase (PGM), 87
RAPDs, 87
RFLPs, 87
SSR-based maps, 85, 88, 92

common set of SSR markers, proposal
for, 89–90

Durable disease resistance apple varieties,
strategies for, 75–77

cisgenics in fruit trees, 77
fire blight resistant apple cultivars, 76
marker assisted selection, 76
pest resistance, 77
QTL, 76

Dysaphis Devecta, 103
Dysaphis Plantaginea, 102–103
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E
Ecology, Rosaceae, 3–5
Economic importance, Rosaceae, 7–13

Amygdyloideae, 7–10
See also Prunus spp.

Maloideae, 8, 10–12
Rosoideae, 8, 12–13
Spiraeoideae, 8

Endo-beta-1,4-glucanases (EGases), 495
EndoPG studies

in mealiness in peach and nectarine, 24–26
in peach, 249

Endopolygalacturonase (endoPG), 22
Endosperm, Rosaceae, 3
England, 526
Enzyme-linked immuno-sorbent assays

(ELISA) test for sharka disease
in aprioct, 325

Eriobotrya japonica Lindl. (Loquat), 11,
525–535

biotechnology in Loquat breeding, 535
by mutagenesis, 535
use of polyploidy in, 535

botany, 525–526
China, 526–527
cultivar identification, 531–532
diversity, 526
England, 526
genetic mapping, 532–534
genetic resources, 526
India, 526
Japan, 526, 527
molecular markers for, 528–532

See also Molecular markers
origin, 525–526
pedigree analysis, 532
pomological characters, studies according

to, 526–528
Eriosoma Lanigerum, 103–104
Erwinia amylovora, 101, 145–152
Essentially derived varieties (EDV), 356
Ethylene, in strawberry ripening, 469
Ethylene-induced ripening, apples, 135,

137–138
Ethylene production in transformed apple, 148,

154–156
Ethylene signaling in roses

genes cloning in, 387–388
opening, 387, 388
senescence, 388–389

Europe, 316–318, 340
apple production in, 74

new world strawberry species brought to,
423–424

pears, 169–170
Expansins, 495
Expressed sequence tag (EST) profiling

studies, 31–32
almonds, 194
apples, 86, 121–128

clustering of sequences, 128
Malus cDNA libraries, publicly

available, 121–128
microRNAs and their targets identified

from, 131–133
tissues, 128

apricot, 321
peach, 259–260
roses, 381–383

See also under Functional genomics in
rose

F
Ferjalou Jalousia x Fantasia (JxF)

maps, 237
Field trials, in GM strawberry, 499–501
Fingerprinting, 569–570
Fire blight disease

in apples, 101–102
Erwinia amylovora causing, 101, 145
QTLs in, 101
resistance to, creating, 145–152

Flavanone 3-hydroxylase (F3H), 442
Flesh browning decrease, in transformed apple,

147, 149
Flower traits, rose, 364, 369

recurrent blooming trait, 364
See also under Structural genomics

Flowering control, in strawberry, 472–473
Flowering related traits, in apple structural

genomics, 106
Flowering time, apricot, 328
Foreground selection, in MAS, 571
Fossil records, Rosaceae, 2

Turonian fossils, 2
Fragaria spp. (Strawberry), 413–431,

580–581
anthocyanins in, 425
anthracnose resistance, 580–581
aroma, 425
biotechnological approaches to genetic

improvement, 429–431
herbicide-resistant plants, 429
methyl bromide (MB) fumigation,

429–430
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Fragaria spp. (Strawberry) (cont.)
RNA interference (RNAi) technol-

ogy, 430
transgenes incorporation, 430

botanical history, 413–431
chromosomes of, 438
cultivation, 413–431

classical, 422–423
history of, 422–425
new world species brought to Europe,

423–424
new world, 423
old world, 423

cytology, 437–438
dessert strawberry, 413–414
diploid species, 414–418

characteristics, 416
F. daltoniana, 415
F. gracilis, 415
F. innumae, 415
F. mandshurica, 415
F. nilgerrensis, 415
F. nipponica, 415
F. nubicola, 415
F. pentaphylla, 415
F. vesca, 415
F. viridis, 415
overlapping interfertile groups of, 415

Diploid v octoploid, 550
economic importance, 424
evolution, 413–414
flavor, 425
fragrance content, 425
functional genomics, 429
genome sequencing, 610–611
higher ploidy species, 419–421

See also Cultivated octoploid
strawberries

interfertility, 437–438
intergeneric hybrid, 422
new technologies, 413–431
nutritional components, 424–425
origin, 413–414
phylogenetic analyses, 439

chloroplast DNA (cpDNA) finger-
prints, 439

resistance gene analogues, 444
speciation, 413–414
structural genomics, 428–429, 437–450

See also Molecular markers; Whole
genome sequencing

titratable acidity (TA), 425
traditional breeding, 426–428

backcrossing, 426
dessert strawberry, 426
England, 426–427
formal strawberry breeding, 426
Germany, 427
Holland, 427
Scotland, 427
selfing, 426

world production, 414
See also Functional molecular biology

research
‘Fragrant Cloud’ (FC), roses, 382, 385
Freestone endoPG gene, 23
Freestone non-melting flesh (FNMF), 23
Fruit, Rosaceae, 3
Fruit firmness, strawberry, 466–469

DNA microarray technology, 468
expansins, 468

Fruit flavor, strawberry, 497
Fruit quality, apple structural genomics,

106–109
amylopectin, 107
amylose, 107
apple starch, 107
caffeic acid c O-methyltranfeases (COMT)

coding, 107–108
cDNA-AFLP, 107
RT-PCR analysis, 107
Sorbitol, 107

Fruit quality, peach, 226–227
Fruit quality traits, markers for, 62–64

acidity in apple fruit, 63
apple Md-Exp7SS R marker, 63
fruit shelf-life and storability, 63

Md ACO-1, 63
Md-ACS1, 63

in pear, 63
cleaved-amplified polymorphic

sequence (CAPS), 63
RAPD markers, 63

Fruit-related traits, strawberry, 458
Functional genomics

apple, 121–141
codon usage assessment, 129–131
GC content, 129–131
heterologous expression, 139–140
Malus EST datasets, 121–129, See also

under Expressed sequence tag
(EST)

See also Gene expression in apple;
Transient assays

in peach, 259–271
BAC fingerprinting, 267
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candidate gene map, 262
cDNA arrays, 261
ESTs, 259–260
integrated genetic/physical/EST

functional genomics database,
267–268

microarray technologies, 261
proteome, peach, 270–271
proteomics analysis, 262
Prunus resistance gene map as tool,

268–270
transcriptome, 266–267

plum, 284–287
marker-free transgenic plums,

regeneration, 286
phytoene desaturase (PDS) sequence,

285
in Rosaceae crop improvement, 28

BLAST analysis, 28
forward approach, 28
genome-wide analysis, 28
reverse approach, 28

strawberry, 429
tools for Rosaceae species, 263–265,

548–549
candidate gene databases, 265–266
candidate gene sequencing, 548
EST, 548
ESTs, 264
gene expression infruits, 265
microarray, 548
Prunus persica ESTs sequences, 266
resource development, 263–265
transformation, 548–549

Functional genomics in rose, 381–390
ABC model gene involvement in flower

development, 386–387
Anthocyanin biosynthesis in flower color,

389–390
cDNA libraries, 381

‘Black Baccara’ (BB), 382
‘Fragrant Cloud’ (FC), 382
‘Golden Gate’ (GG), 382
Rosa chinensis, 382

3,5-dimethoxy toluene (DMT), 385
EST databases, 383–384

GDR, 383
opening, ethylene signaling and

metabolism in, 387, 388
Orcinol O-methyl transferase

(OOMTs), 385
Rosa chinensis var spontanea, 385

senescence, ethylene signaling and
metabolism in, 387, 388–389

tools available for, 381–387
transcriptomic tools (micro-arrays), 384

ornamental traits, genes involved
in, 384

1,3,5-trimethoxy benzene (TMB), 385–386
See also Scent

Functional markers in peach, 247–249
candidate gene approach, 247–249
candidate gene mapping, 247–249
catalase (Cat1) isozyme locus mapping, 248
EndoPG studies, 249
expressed sequences (ESTs), 247
plum pox virus (PPV) resistance, 249
in silico single nucleotide polymorphism

(isSNP) detection, 248
transcripts mapping, 247–249

Functional molecular biology research in
Fragaria, 457–477

acid composition, 470–471
allergens, 471
flowering control, 472–473
fruit-related traits, 458

See also Fruit firmness; Hormone
metabolism; Polyphenol
compounds; Volatile compounds

sugar, 470–471
vitamins, 470
See also Abiotic stress

Fungal disease resistance, apple, 151–152
in transformed apple, 146
See also Scab

G
Gametophytic self-incompatibility (GSI), 64

almond, 197
sweet and sour cherries, 304

Garden roses, 339–340
Asia, 339
China, 339
Diplocarpon rosae in, causing disease, 340
disease resistance, 340
Europe, 339
Podosphaera pannosa in, causing disease,

340
Gastrodia antifungal protein (GAFP), 283–284
Gene expression in apple, global changes in,

133–138
AT genes identification, 135
ethylene-induced ripening, 135, 137–138
gene ontology (GO) examination, 133–134
heterologous hybridizations, 135
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Gene expression (cont.)
LOX genes identification, 135, 137
microarray analysis, 134
PD genes identification, 135
transcription regulation in, 138
using pathway maps, 135

Gene function validation, apple, 144–157
Gene ontology (GO) examination, in apples,

133–134
Gene pyramiding, 571–572

apple scab resistance genes 1
Rvi6 x Rvi2, 572–574

apple scab resistance genes 2
Rvi2 x Rvi4, 574–575

woolly apple aphid resistance genes
Er1 x Er3, 575–576

Genes for strawberry improvement, 491–497
Agrobacterium-mediated approach, 494
carbohydrate, 496–497
DefH9-iaaM gene, 493
disease resistance, 491–493
flower, 493–494
fruit flavor, 497
fruiting, 493–494
MADS-box genes, 497
pest resistance, 491–493
quality – maturation, 494–495
rol genes, 493
SAAT gene, 497
wild strawberry, 494
See also Biotechnology; Tissue softening

Gene-specific markers, for strawberry,
441–442

Genetic diversity in Loquat wild species,
529–531

ISSR, 530
RAPDs/AFLPs, 530
rDNA ITS sequences, 530

Genetic diversity in Malus spp., evaluating,
88–89

See also under DNA markers
Genetic engineering of Plum (Prunus

domestica), 277–288
acclimatization, 278
Agrobacterium tumefaciens mediated

transformation, 277, 284
cultivar transformation, 287
functional genomics, 284–286

marker-free transgenic plums,
regeneration, 286

phytoene desaturase (PDS) se-
quence, 285

methodology description, 278–281

new traits introduction, 281–284
1-Aminocyclopropane carboxylic acid

(ACC) oxidase antisense plums,
282–283

gastrodia antifungal protein (GAFP),
283–284

honeysweet, 281–282
intron hairpin PPV-CP, 282
small interfering RNA (siRNA)

production, 283
transgenic plums, regeneration, 280

Genetic engineering of roses, 393–405
defense related gene products, 404–405
expression in model organisms, studies,

401–405
genes related to flower color, 401–402
genes related to flower structure, 402
genetic transformation, 397–401

Agrobacterium-mediated transforma-
tion, 397–399

neomycin phosphostransferase gene
(nptII), 399

in vitro plant regeneration, 393–394
2.5 Na+/H+ antiporter genes, 404
proteomic studies, 404
scent related gene products, 405
senescence related genes, 403–404
See also Regeneration

Genetic linkage maps in pear, 173
Genetic mapping, Rosaceae, 29–31

association mapping, 31
Bin-mapping, 30
in Loquat, 532
Prunus reference map, 30
reference maps, 30
sweet and sour cherries, construction,

295–299
See also under Sweet and sour cherries

See also Marker technology
Genetically-modified (GM) strawberry plants,

see GMO strawberry
Genetic traits in peach, 228–229
Genome content, cherries, 293–294
Genome Database for Rosaceae (GDR), 42–43
Genome sequencing, Rosaceaous, 601–611

BAC approach, 603
next generation technologies, 605
perspectives, 601–611
progress, 601–611
strategies, 603–604
whole genome shotgun (WGS) sequencing

strategy, 604
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See also Apple genome sequencing;
Fragaria spp.; Peach genome
sequencing; Sequencing
technologies

Genome structure
between species based on Pyrus linkage

maps, 179–180
of Rosaceae, 541–544

chromosome numbers, 541–543
genome size, 541–543
ploidy levels, 543–544

Genomic research in Rosaceae crops,
19–46

genetic basis of agronomically significant
traits, 20–26

impacting established plantings
production, 20

See also Crop improvement; Functional
genomics; Structural genomics

Genomic resources in peach, 228–229
Genomics, Rosaceae, 13–14

genetic improvement, 14
physiological development, 14
systematic challenges, 13–14

Genomics opportunities, 55–66
See also Crop production techniques;

Marker assisted selection (MAS)
Genomics tools across Rosaceae species,

539–554
comparative genome mapping, 539–540
Genomics Database for the Rosaceae

(GDR), 544
QTLs, 539
See also Structural genomic tools

Genotypic versus phenotypic selection, cost of,
565–566

Genotyping, in Rosaceae, 40–42
Genus names within Rosaceae, ICBN accepted

names, 4
Glutamate oxaloacetate transaminase

(GOT), 87
Glycine betaine, 474
GMO strawberry

Agrobacterium Transformation, 488–491
benefits, 487–502
field trials, 499–501
methods, 487–502
risk, 487–502

assessment, 499–501
strawberry regeneration, 488–491

‘Golden Gate’ (GG), roses, 382, 385
Grey mold, 492
Guardian x Nemaguard (GxN) maps, 238

H
Haploidization, 348
Harrow Blood (HB) x Okinawa (Oki) (PMP2)

maps, 238
Hawthorn, 11
Health issues, apples, 80–81
Heat-shock proteins (HSPs), in strawberry, 475
Heterologous expression, apple genes,

139–140
in Arabidopsis, 139–140
LHP1, 139

High-density genetic linkage maps, pear, 179
High information content fingerprinting

(HICF) technique, peach,
251–252

Honeysweet, 281–282
Hormone metabolism, strawberry, 469

auxin levels, 469
ethylene, 469

Horticultural traits, apples, 104–106
Hunza apricot, 318
4-Hydroxy-2,5-dimethyl-3(2H)-furanone

(HDMF) in strawberry, 460
4-Hydroxy-5-methyl-2-methylene-3(2H)-

furanone (HMMF), 461
Hygromycin phosphotransferase (hpt), 196

I
Illumina’s Solexa sequencing technology, 605
Immediately Quick Frozen fruit market

(IQF), 57
India, 526
Indole-3-butyric acid (IBA), 489
Integrated genetic/physical/EST functional

genomics database, peach,
267–268

Integrated high-density genetic linkage
maps, 177

Intergeneric strawberry hybrid, 422
International Society of Horticultural Science

(ISHS), 55–56
Inter-simple sequence repeat (ISSR),

taxonomical relationships in
Pyrus assessed by, 172

Intra-specific sweet cherry genetic linkage
map, 296

Intron hairpin PPV-CP, 282
Isoenzymes/Isozyme markers

almond, 191–194
electrophoresis method, 198
for Eriobotrya japonica Lindl. (Loquat),

528–529
for strawberry, 443
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Isoenzymes/Isozyme markers (cont.)
Leucine aminopeptidase (LAP), 443
peroxidase (PX) isozyme system, 443
phosphoglucoisomerase (PGI) isozyme

system, 443
Phosphoglucomutase (PGM), 443

J
Japan, 526
Juvenile period, reducing, 583–584

K
Kanamycin selection, in almond genetic

transformation, 196
‘Kecskemeter’ cotyledonary tissues, 329–330
Kernel bitterness, almond, 203–204

L
‘Lapins’, 296
Leaves, Rosaceae, 2
LeExp1, 495
Leucine aminopeptidase (LAP), 99, 443
LIKE HETEROCHROMATIN PROTEIN1

(LHP1), 139
Linkage disequilibrium (LD), 553

almond, 209
apples, 85–86

Linkage mapping
almond, 191

main characteristics, 192
for apple genomics, 89–92
apricot, 319–320
for Rubus spp., 513–516

aphids, 514–515
RAPD-based linkage map, 514
raspberry bushy dwarf virus (RBDV),

515
RGAP markers, 514

in Rosaceae crop improvement, 27
pear, 177–180

European pears, 177–179
Japanese pears, 177–179

sweet and sour cherries, 291–308
Linkage maps, roses, 357–364

90–69 F2, 359
94/1, 358
94/1R, 358
97/7, 359
AFLPs, 363
current situation for, 357–364

diploid populations, 357
‘Fragrant Cloud’, 357
‘Golden Gate’, 357
tetraploid populations, 357

diploid maps, 363
Hw, 360
pseudo test cross approach, 363
RAPDs, 363
rose mapping families, 361–362
Spain, 360
tetraploid mapping, 363

Linkage maps-diploid, strawberry, 444–450
association mapping, 450
bulked segregant analysis (BSA), 448
codominant markers, 449
comparative mapping, 446–448
construction, 445–446
molecular markers, 446
morphological markers, 444–445
octoploid mapping, 448–449
pedigree genotyping concept, 450
selective mapping, 446
single dose restriction fragments (SDRFs),

449
Lipid transfer proteins (LTPs), 471
LIPOXYGENASE (LOX) genes in apples, 135
Long sylleptic axillary shoots (LSAS), 106
Loquat, see Eriobotrya japonica Lindl.
Lovell x Nemared (LxN) maps, 242

M
Maloideae, 5, 8, 10–12
Malus pumila (apples), 11

See also Apple genome sequencing
Malus spp.

MAS in, 572
microarrays, 34

Malus x domestica (Apples), 73–81
breeding, 75–78

See also Recurrent breeding strategies
‘Delicious’ cultivars, 73–74
disease resistance varieties, strategies for,

75–77
See also Durable disease resistance

apple varieties
genetics of, 77–78
‘Golden Delicious’ cultivars, 73–74
health issues, 80–81
nutritional value, 80–81
in Switzerland, quality and production

criteria, 75
worldwide production, 74

America, 74
Asia, 74
China, 74
Europe, 74
Russia, 74
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See also Functional genomics, apple;
Structural genomics, apple

MapQTL, Rosaceae, 31
Maps

derived from peach intraspecific crosses,
237–239

derived from peach x almond crosses,
236–237

See also Linkage maps; Physical maps
Marker-assisted backcross approach (MABC),

565
Marker assisted breeding (MAB), application

in Rosaceous crops, 40–42,
563–565

Marker assisted seedling selection (MASS), 41
Marker assisted selection (MAS), 40, 567–568

in apple structural genomics, 109
application in Rosaceous crops, 563–565
breeding strategies and, 568–569
cost/benefit of, 565–569

genotypic versus phenotypic selection,
565–566

labor costs reduction, 566
minimal MDP, 566
single core system use, 567

foreground selection, 571
Malus, 572
PCR-based markers, 567
in peach, 249–251

F/f (flesh adhesion) character, 249–250
Ma/ma resistance gene, 250
root-knot nematode resistance (RKN),

250–251
resistance gene pyramiding, 571–572
SSR markers, 557
sweet and sour cherries, 291–308

Marker assisted selection (MAS), in Rosaceae
breeding programs, 56–58

important categories, 57
private breeding programs, 56–58
questions, 56
response duration, 56
traits for developing new crops, 59–65

disease resistance traits, apple, 59
powdery mildew resistance genes, 61
QTL markers in, 59
resistance to diseases, markers for,

60–62, See also Diseases
resistance

resistance to nematode pathogens,
markers for, 59–60

scab resistance genes, 60–61
self-incompatibility, markers for, 64–65

See also Fruit quality traits; Pests
resistance; Tree architecture

traits listing, 57–58
Marker-free transgenic plums, regenera-

tion, 286
Marker maps, almond

main characteristics, 192
major gene mapping, 191–194
QTL mapping, 191–194

Marker technology in Rosaceae, 563–585
advances in, 568

diversity array technology (DArT), 568
linkage disequilibrium (LD)

mapping, 569
PCR-free large parallel assays, 568

background selection, 582–584
reducing the juvenile period, 583–584
whole-genome selection (WGS),

582–583
breeding parent selection, 569–571
fingerprinting, 569–570
genetic diversity, 569–571
See also Marker assisted selection (MAS)

Marker-trait associations, 40
Mealiness in peach and nectarine, 24–26

endoPG enzyme in, 25
heritability in, 25
QTL analysis, 25
quantitative traits, 25–26

Medicinal fruits, roses, 343
Medlar, see Mespilus germanica
Melting Flesh (MF)

Freestone endoPG gene, 23
Melting flesh endoPG gene, 22
in nectarine, 21–24
in peach, 21–24

18-mer arbitrary primer P-T, 88
Mespilus germanica, 11
Metabolism modification, in transformed

apple, 147, 154–156
alerginicity, 156–157
flavor composition, 154–156
Mal d 1 allergen, 156–157
See also Ethylene production; Sugar:

accumulation
Metabolomics, Rosaceae, 34–35
Methyl bromide (MB) fumigation,

429–430
Mexico, 318
Microarray analysis

of gene expression in apple, 133–134
in peach, 261
for Rosaceae species, 548
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Microarray analysis, Rosaceae, 33
advantages, 34
limitations, 33–34
Malus microarrays, 34
one-channel arrays, 33
two-channel arrays, 33

MicroRNAs (miRNAs), apples,
identification

from EST databases, 131–133
miR156, 132
miR167, 132

Microsatellites, see simple sequence repeats
(SSRs)

Mildew Immune Seedling (MIS), Pl-m Gene
from, 100

‘Modern Roses’, 346
Molecular maps, for apple genomics, 92
Molecular markers

in apricot, 319–321
See also under Prunus armeniaca L.

development in almond, 189–190
for Eriobotrya japonica Lindl. (Loquat),

528–531
genetic diversity, 529–530
genetic diversity in wild species,

529–531
isoenzymes, 528
RAPDs, 529

in peach, 235–239
for Rosaceae species, 545–548

COS (Conserved Ortholog Set)
markers, 547

EST-based markers, 546–547
gDNA SSRs, 545–546
gene pair markers, 547–548
See also Functional genomics tools

for strawberry, 439–444
arbitrary marker systems, 440
cleaved-amplified polymorphic

sequence (CAPS) markers, 440,
442–443

gene-specific markers, 441–442
isoenzymes, 443
microsatellites, 440–441
RAPD, 439–440
RFLPs, 443–444
SCARs, 440
STS markers, 442

Monogenic apple traits, genomic location,
94–109

Mountain ash, 11
Multi-autonomous-transformation (MAT)-

vector system, 286

Mutagenesis, Loquat breeding by, 535
Mutation induction, pear, 166

N
2.5 Na+/H+ antiporter genes, roses, 404
Near-isogenic line (NIL) collections, almond,

209
Nectarine, see Prunus persica
Nematode pathogens

markers for resistance to, 59–60
Ma resistance alleles, 59–60
root knot nematode (RKN), 60

Nematode resistance, 365
Neomycin phosphostransferase gene (nptII),

196, 399
New crops/products, 55–66

See also Crop production techniques;
Marker assisted selection (MAS)

New Jersey Pillar x KV 77119 (NJxKV) maps,
238

Nomenclature, Rosaceae, 1–7
Non-melting flesh (NMF) peach, 22
Nucleotide binding site-leucine-rich-repeat

(NBS-LRR) proteins, 324
Nutritional value, apples, 80–81

O
Octoploid mapping, strawberry, 448–449
‘Old Garden Roses’ (OGR), 346
Oligonucleotide probes, 33
O-methyltransferases (OMT), 403
One-channel arrays, 33
Opening of rose flower, ethylene signaling and

metabolism in, 387, 388
Orcinol O-methyl transferase (OOMTs), 385
Organogenesis, of roses, 397

direct organogenesis, 398
in vitro shoot organogenesis, 397

Origins, Rosaceae, 1–2
fossil records, 2

Turonian fossils, 2
Ornamental cherries, 10
Ornamental fruits, roses, 342–343
Osmotin, 474
Ovary, Rosaceae, 3

P
Pakistan, 318
Papaya ringspot virus (PRV) coat protein (CP)

gene, 281
Peach, see individual entires below; Prunus

persica
Peach genome sequencing, 606–608

annotation, 608
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assembly, 608
methodology, 606–607
rationale, 606
transferable markers, 606
whole genome shotgun (WGS), 603

Peach tree short life (PTSL), 220
Pear/Pear genomics, 11–12, 163–181

biotechnical approaches to improvement,
166–168

gene transfer, 168
genetic linkage maps in pear, 172
haploidization, 166–167
in vitro methods, 167
protoplast technology, 167
transgenes introduction, 167

botanic characteristics, 163–164
fruit tree breeding methods, 165
marketing, 167
mutation induction, 166
origin, 163–164
production, 164–165
rootstock breeding programs, 166
self-sterility, 166
speciation, 163–164
traditional breeding, 165–166
utilization, 164–165
worldwide production, 164–165
See also Structural genomics

Pedigree analysis
in Loquat, 532
Pedigree Based Analysis (PBA), 44
for QTLs mining and detection, 110

Pedigree genotyping concept, strawberry, 450
Peptide methionine sulphoxide reductase

(PMSR), in strawberry, 475
Peroxidase (PX) isozyme systems, 443
Pest resistance

apple varieties, strategies for, 77
peach, 225–226

Pests resistance, markers for, 62
Er1 apple gene, 62
Er2 apple gene, 62
Er3 apple gene, 62
Sd1 gene, 62
Sd2 gene, 62

Phenolic methyl esters, 385–386
Phenylpropanoid pathway in raspberry, 518
6-Phosphogluconatedehydrogenase (6-

PGD), 87
Phosphoglucoisomerase (PGI) isozyme

systems, 443
Phosphoglucomutase (PGM), 87, 443
Phosphomanose isomerase gene (pmi), 196

Physical mapping
for apple genomics, 91–93
diploid, strawberry, 444–450

molecular markers, 445
morphological markers, 444–445

peach, 252–253
AFLP-based genetic linkage maps, 252
BAC libraries, 251
HICF technique, 251
use of, 251–252

pear, 177–180
European pears, 177–179
Japanese pears, 177–179

in Rosaceae crop improvement, 27
for Rosaceae species, 544–545
for Rubus spp., 516–517

BAC library, 517
DNA isolations, 516–517
MADS-box gene, 517

Phytochemicals, Rubus spp., 510
Phytophthora cactorum, 476
Phytophthora fragariae, 476
Phytophthora root rot resistance in Raspberry,

581–582
Pl-1 mildew resistance gene from M.

robusta, 97
Pl-2 mildew resistance gene, 99

from M. zumi, 101
Pl-d mildew resistance gene, 100

from D12, 100
Pl-m mildew resistance gene, 100

from Mildew Immune Seedling (MIS), 100
Ploidy levels, Rosaceae, 543–544
Ploidy strawberry species

higher ploidy species, 419–421
hexaploid, 419
octoploid, 419
pentaploid, 420
tetraploids, 419

Plum, see Prunus domestica
Plum pox virus (PPV) disease (Sharka), 59,

225, 249, 268–270, 281, 325
in apricot, 324–325

See also under Prunus armeniaca L.
Pl-w mildew resistance gene, 98

from White Angel, 99–100
Polygenic apple traits, genomic location,

94–109
Polygenic traits mapping in peach, 242–247

anchored markers distribution on LGs
of, 243

QTLs for, 242–247
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Polymerase chain reaction (PCR)-based
markers application in
Rosaceous crops, 564

Polyphenol compounds, in strawberry,
462–466

cinnamoyl aldehyde dehydrogenase
(CAD), 463

coumaroyl CoA reductase (CCR), 463
flavonoid biosynthesis, 464–465
A dual O-methyltransferase (FaOMT), 463

Polyphenol oxidase (PPO), 156
Polyploidy in Loquat breeding, 535
Populus, 551–552
Positional cloning, roses, 372–373

physical maps for, 372–373
BAC libraries, 372–373
current situation for, 372–373

Pot roses, 341–342
dwarf roses, 342

Powdery mildew (Podosphaera leu-
cotricha), 76

resistance genes, 61, 362
structural genomics, 96–97

Precosity, in transformed apple, 147
Profilins, 471
Proteome, peach, 270–271

two dimensional gels (2D-gels) in, 270
Proteomics analysis

in peach, 262
quantitative comparative pro-

teomics, 262
Rosaceae, 34–35
roses, 404

Prunus armeniaca L. (Apricot), 9, 315–330
bitterness, 328
botanical attributes, 316
classification, 315
color, 328
cultivation, history, 316–318
dried apricots, 317
flowering time, 328
genetic linkage maps, 321–322
genomic architecture, 316
genomics-based opportunities in, 315–330
genomics resources, 329
Hunza apricot, 318
molecular markers, 320–321

AFLP markers, 316–318
development, 319
EST libraries, 321
heterologous SSR markers, 320
RAPD markers, 319
RFLP analyses, 319–321

SSR markers, 320–321
origin, 316–318
pathogen resistance, 324

AFLP-resistance gene analogue
(RGA), 324

regeneration, 329–330
ripening, genes associated, 328–329
self-incompatibility, 323–324

S-RNase in, 323
Sharka disease, 324–327

causative agent, 325
PPV detection, 325–326
PPV resistance, sources of, 326
resistance mechanisms, genetic

analysis, 326–327
symptoms, 325
transgenic mitigation of, 327

significant traits, 323–329
traits of economic importance, 318
transformation, 329–330
wild trees, 316

Prunus avium L. (sweet cherry), 291–308
See also Sweet and sour cherries

Prunus cerasus L. (sour cherry), 291–308
See also Sweet and sour cherries

Prunus domestica
adventitious shoot regeneration in, 278
transformation, 279
See also Genetic engineering

Prunus dulcis, 9, 187–211
agronomic characters, and their genetic

basis, 197–208
See also Agronomic characters

association mapping, 209
breeding for improved cultivars, 188–189
cDNA-AFLP technique, 194
EST collections, 194–208
evolution, 187–188
gene cloning, 194–208
genetic transformation, 194–197

See also Transformation
history, 187–188
linkage disequilibrium conservation

(LD), 209
molecular markers development, 189–190

isozyme genes for, 189–190
near-isogenic line (NIL) collections, 209
self-incompatibility systems in, 190
variability analysis, 189–190

Prunus fruticosa Pall. (ground cherry tree), 292
Prunus persica (Peach), 223–230

breeding programs, traditional, 225–230
bloom time, 227
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disease resistance, 225
fruit quality, 226
pest resistance, 225
plum pox (PPV) disease, 226
replant problems, 226
ripening times, 227
tree borer problems, 226

China, 223
genetic traits in, 228–229
genomic resources in, 224–225

public molecular resources, 229
genomics to breeding programs,

translating, 229
mealiness in, 24
Melting Flesh (MF) in, 21–24
Prunus persica x (P. persica x P.

ferganensis) (PxF) maps, 237
worldwide production, 224
See also Functional genomics; Structural

genomics
Prunus resistance gene map as functional

genomics tool, 268–270
candidate resistance gene database, 269
plum pox (Sharka) disease, 268–270
resistance gene analogues (RGAs), 269
SNP markers, 268

Pseudo test cross approach, in roses linkage
maps, 363

Pyramiding, see Gene pyramiding
Pyrosequencing, 604–605
Pyrus genus, 11–12

primary species in, 164
Circum-Mediterranean, 164
East Asian, 164
European, 164
Mid-Asian, 164

See also Pear
Pyruvate decarboxylase (PDC), in straw-

berry, 459
PYRUVATE DECARBOXYLASE 1 (PD1)

gene in apples, 135

Q
Quality–maturation, genes for strawberry

improvement, 494–495
Quantitative trait loci (QTLs)

almond, 191–194
apples, 85
application in Rosaceous crops, 29–31,

564–565
association mapping, 31
Bin-mapping, 30
JoinMap software, 31
MapQTL use, 31

Prunus reference map, 30
reference maps, 30
traditional, 30

for durable disease resistance apple
varieties, 75–77

in new crops development, 59
for peach, 227, 244–246

for resistance, 246–247
sweet and sour cherries, 299–303

bloom time QTL, identification, 300
Quince, 12

R
Random Amplified Polymorphic DNA

(RAPD) markers, 29, 292
apples, 85, 87
apricot, 319
for Eriobotrya japonica Lindl. (Lo-

quat), 525
taxonomical relationships in Pyrus assessed

by, 170–171
Random insertional mutagenesis, 39
Rapid amplification of cDNA ends

(RACE), 202
Raspberries, see Rubus spp.
Raspberry bushy dwarf virus (RBDV), 515
Ready screening, 40
Recurrent blooming trait, roses, 364
Recurrent breeding strategies, apples, 77

genetic diversity increase, sources for, 78
genetic resources, 79–80

Convention on Biological Diversity
(CBD), 79

cryoconservation, 80
European Cooperative Program

for Plant Genetic Resources
(ECPGR), 79

International Network for the
Improvement of Banana and
Plantain (INIBAP), 79

plant genetic resources (PGR), 79–80
sources for increased genetic diversity, 78

Reference maps, 30
Regeneration, roses, 394–401

organogenesis, 397
Somatic Embryogenesis (SE), 394–397

2,4-D auxin, 394
in vitro multiplication via, 394–397

Regeneration, strawberry, 488–491
MS medium, 489

Resistance gene analogues (RGAs)
Prunus, 269
strawberry, 444
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Resistance gene pyramiding, 571–572
Restriction fragment length polymorphism

(RFLP) analyses, 29, 296
apples, 85, 87
apricot, 319
in Rosaceous crops, 564
strawberry, 443–444

Reverse genetics, apple, 145–157
Ripening times, peach, 227
Ripening, apricot, genes associated, 328–329
Risk assessment, in GM Strawberry, 499–501
RNA interference (RNAi) technology, 430
Robustness, 40
RolC genes, 493, 494, 498
Root-knot nematode resistance (RKN), 60

in peach, 250–251
resistance in Prunus rootstocks, 577–580

Rootstock breeding programs
pear, 166
roses, 343–344

Rosa chinensis var spontanea (RcOMT), 385
Rosaceae Consortium of Mapping Populations

(RosPOP), 43
Roses, 13, 339–349

classification, 344–347
RAPD based phenetic analysis, 344
Rehder’s classification system, 344

cross breeding, 348–349
among diploids, 348
between different ploidy levels, 348
raise diploids to tetraploid level, 348

culinary fruits, 337
cultivars

classification, 345–347
identification, 345–347
‘Modern Roses’, 346
‘Old Garden Roses’ (OGR), 346
‘Rosa’ cluster, 346
‘Synstylae’ cluster, 346

economic value, 339
genetic resources, 347
genetics, major features of, 347–348
medicinal fruits, 343
ornamental fruits, 342–343
production limitations, 339
rootstocks, 343–344
rose oil production, 342

plants propagated with cuttings for, 342
taxonomy, 344–347

DNA-based approaches, 344–345
of wild species, 344–345

See also Cut roses; Garden roses; Genetic
engineering; Pot roses; Structural
genomics; Tissue culture

Rosoideae, 5, 8, 12–13
Brambles, 12
Rosa spp., 13
strawberry, 13

Rubus spp., 12, 507–519, 581–582
breeding, 509–511
diversity, 507–508
DNA markers, 512–513
domestication, 508
fruit characters, 509
fruit quality characteristics in raspberry,

518
genes encoding 4-coumarate, 518
limitations, 511–512
phenylpropanoid pathway in raspberry, 518
phytochemicals, 510
phytophthora root rot resistance in,

581–582
plant characters, 509
production, 510–511

machine harvesting of processing
raspberries, 511

structural genomics, 512
taxonomy, 507
See also Linkage mapping; Physical

mapping
Russia, apple production in, 74
Rvi2 x Rvi4, pyramiding in, 574–575
Rvi6 x Rvi2, pyramiding in, 572–574

S
Sakura, 10
S-allele typing

sweet and sour cherries, 304–306
Sanger chemistry, 604
Scab disease, apple, 145–151, 173–174

control, 151
hcrVf2 gene resisting, 152
progression, in vitro test evaluating, 152
Venturia inaequalis, 151–152

Scab resistance, 60–61, 94–96
EST-derived STSs (E-STSs), 95
QTLs for, 96
RAPD markers in, 94
SCAR markers in, 95

Scent, roses
‘Fragrant Cloud’ (FC), 382
‘Golden Gate’ (GG), 382
micro-array tools, 384–385
production and emission, 384–385
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related genes, 402–403
alcohol acetyltransferase, 403
geraniol, 403
octanol, 403
O-methyltransferases (OMT), 403
roses, 401–402

See also Volatile acetate esters
Selective mapping, strawberry, 446
Self-fertility, in transformed apple, 147
Self incompatibility (SI), 175–176

in almond, 197, 199
apricot, 323–324
markers for, 64–65

PCR-based S-allele typing, 64
S-allele typing, 64–65
S-RNase-based S typing, 65

sweet and sour cherries, 303–304
breeding for self-compatibility,

306–307
gametophytic self-incompatibility

(GSI), 304
MAS, 307–308
S-allele typing, 304–306
SFB sequence polymorphism, 305
S-RNase-based self-

incompatibility, 304
Senescence in rose flower, ethylene signaling

and metabolism in, 383, 384–385
Senescence related genes, roses, 403–404

Lipoxygenase activity, 403
Sequence-characterized amplified regions

(SCARs), strawberry, 440
Sequence-tagged site (STS) marker in

Fragaria, 442
Sequencing technologies, 604–605

Illumina’s Solexa sequencing technol-
ogy, 605

pyrosequencing, 604–605
SOLiD technology, 605
See also Apple genome sequencing;

Fragaria spp.; Genome
sequencing, Rosaceaous; Peach
genome sequencing

Serviceberry, 12
Sharka disease, see Plum pox virus (PPV)

disease
Shell hardness, almond, 204–205
Simple sequence repeat (SSR) markers, 29,

88–91
in apples, 85, 88, 89–91

common set of SSR markers, proposal
for, 89–90

apricot, 319–321

heterologous SSR markers, 320
nucleotide repeats detection, 91
in pear, 91
in quince, 91
for roses, 353
for strawberry, 440–441
taxonomical relationships in Pyrus assessed

by, 170–171
Single-dose restriction fragments (SDRF), 299

strawberry, 449
Single nucleotide polymorphism (SNP)

markers, 268
roses, 353
taxonomical relationships in Pyrus assessed

by, 170–171
S locus F-box brothers (SFBB), 176
Small interfering RNA (siRNA) production, in

plum leaves, 283
Solexa sequencing technology, 605
SOLiD technology, 605
Somatic Embryogenesis (SE), of roses,

394–397
2,4-D auxin, 394
in vitro multiplication via, 394–397

Sorbitol, 107
Sorbitol-6-phosphate dehydrogenase gene

(S6PDH), 155
Sorbus spp., 11
Spiraeoideae, 5, 7, 8
S-RNase alleles of almond, 201–203
Standardized phenotyping, Rosaceae, 43–44
Strawberry, see Fragaria spp.
Structural genomics, apple, 85–111

BAC libraries, 93–94
bin mapping, 110
linkage maps, 91–93
marker-assisted selection, 109
molecular maps, 92
monogenic traits, 94–109
pedigree-based approaches for mining and

detection of QTLs, 110
physical maps, 91–93
polygenic traits, 94–109
QTLs, 85
RFLPs, 85
SSR-based maps, 85, 88, 92
whole genome physical map, 110–111
whole genome sequencing, 111
See also DNA markers

Structural genomic tools for Rosaceae species,
544–548

association mapping, 553–554
physical maps, 544–545
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Structural genomic tools (cont.)
whole genome sequencing, 552–553
See also under Comparative genome

mapping; Molecular markers
Structural genomics, in Rosaceae crop

improvement, 27
genome maps, 27

bin-mapping approach, 27
linkage maps, 27
physical maps, 27

Structural genomics, peach (Prunus persica),
235–253

breeding in, 235–239
maps derived from intraspecific crosses,

237–239
Akame x Juseito (AxJ), 238
Ferjalou Jalousia x Fantasia (JxF), 237
Guardian x Nemaguard (GxN), 238
Harrow Blood (HB) x Okinawa (Oki)

(PMP2), 238
Lovell x Nemared (LxN), 238–239
New Jersey Pillar x KV 77119

(NJxKV), 238–239
Prunus persica x (P. persica x P.

ferganensis) (PxF), 237
Suncrest x Bailey (ScxB), 238–239

maps, markers available on, 240
molecular markers in, 235–239
peach x almond crosses, maps derived

from, 236–237
See also Comparative genomics;

Functional markers; Marker
assisted selection (MAS);
Physical mapping; Polygenic
traits mapping

Structural genomics, pear, 168–181
association mapping, 181
genetic diversity, 168–171

Asian pears, 168–170
European pears, 168–170

linkage maps, 177–180
European pears, 177–179
genome structure between species

based on, 179–180
integrated high-density genetic linkage

maps, 177
Japanese pears, 177
partial genetic linkage maps, 177

physical maps, 177–180
European pears, 177–179
high-density genetic linkage maps, 177
Japanese pears, 177

RAPD-based genetic maps, 177

taxonomical relationships assessed by
DNA markers, 171–172

See also DNA markers
Structural genomics, roses, 353–374

adaptation traits, 365, 371–372
black spot resistance, 365, 371
cold hardiness, 365
nematode resistance, 365, 372
powdery mildew resistance, 365, 372

color, 367, 369
white stripes, 370
yellow/orange range, 370

flower form, inheritance of, 369
flower production, 369
flower traits, 364, 366

color, 367, 369
flowering time, 366
fragrance, 367, 370
male sterility, 367
moss character, 367
number of petals, 366
recurrent blooming, 366
repeat flowering ability, 366
size, 367, 368

flowering time, 366
inheritance of known characters, 364
markers for identification and studies,

356–357
diversity studies, 356–357
domestication, 356–357
population structure, 356–357
taxonomy, 356–357
varietal identification, 356

phenotypic characters, genetic control of,
365

plant traits, 368, 370–371
growth type, 370
leaf size, 371
vigor, 371

SSRs developed for, 354
See also DNA markers; Linkage maps;

Positional cloning
Structural genomics, strawberry, 428–429,

437–450
Sugar

accumulation in transformed apple, 148,
154–155

in strawberry, 470–471
Suncrest x Bailey (ScxB) maps, 239
Supported Oligonucleotide Ligation and

Detection Platform (SOLiD), see
SOLiD technology
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Suppression subtractive hybridization
(SSH), 32

disadvantage, 32
Sweet and sour cherries

breeding objectives, 294–295
economic importance, 294
gene mapping and QTLs detected, 299–303

bloom time QTL, identification, 300
genetic maps construction, 295–299

intra-specific sweet cherry genetic
linkage map, 296

random amplified polymorphic DNA
(RAPD), 296

genome content, 293–294
linkage maps, 291–303
marker assisted selection, 291–303
QTL detection, 291–303
self incompatibility (SI), 299–303

See also individual entry
Switzerland, apple production, quality and

production criteria, 76

T
Tart cherry, 9
Taxonomy, Rosaceae, 1–7

See also Conventional taxonomy
Terpenoids, in strawberry, 459
Tetraploid mapping, roses, 357, 363
Tissue culture of roses, 393–405
Tissue softening, in strawberry, 495–496

antisense technology, 496
endo-beta-1,4-glucanases (EGases), 495
expansins, 495
FaExp2, 495
LeExp1, 495

Tobacco, transient assays of apple genes
in, 140

Transcript profiling, Rosaceae, 31–34
cDNA-amplified fragment length

polymorphism (cDNA-AFLP),
32, 36

expressed sequence tag (EST) profiling
studies, 31–32

disadvantage, 32
microarray analysis, 33
oligonucleotide probes, 33
suppression subtractive hybridization

(SSH), 32
Transcriptome, Prunus persica, 266–267
Transcriptomic tools (micro-arrays), roses, 384
Transcripts mapping in peach, 247–249
Transformation, apple, 143–157

of Greensleeves, 144

leaf disk transformation method, 144
traits expressed in transformed

apple, 146
allergens, 150
apple allergen, 150
bacterial resistance, 146
cell adhesion, 150
colors, 150, 152–154
decreased flesh browning, 147, 149
down regulation of ethylene

production, 148
fungal resistance, 146
modified metabolism, 147, 154–155
precosity, 147, 153–154
self-fertility, 147, 153
size, 152–153
sugar accumulation, 148
tree characteristics, 147, See also

individual entry
tree height, 147, 152–154

Transgenic analysis, Rosaceae, 37–40
Agrobacterium-mediated plant transforma-

tion technology, 37
strawberry, 429
transgenic biotechnology, 55
transgenic mitigation of sharka in

apricot, 327
Transient assays of apple genes in tobacco, 140

MYB transcription factors, 140
promoter activity, 140

Tree architecture, apple, 104–106
QTLs for, 105

Tree architecture, markers for, 64
1,3,5-Trimethoxy benzene (TMB),

385–386
Two-channel arrays, 33

V
Variability analysis in almond, 189–190
Venturia inaequalis, 151–152
Venturia nashicola, 173–174
Venturia pirina, 173
Verticillium dahliae, 476
Virus-induced gene silencing (VIGS)

system, 39
Vitamins, in strawberry, 470
Volatile acetate esters, roses

production, 386
geranyl acetate, 386
2-phenylethyl acetate, 386

Volatile compounds, strawberry, 458–462
chalcone isomerase (CHI), 464
chalcone synthase (CHS), 464
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HDMF (4-hydroxy-2,5-dimethyl-3(2H)-
furanone), 460–461

4-hydroxy-5-methyl-2-methylene-3(2H)-
furanone (HMMF), 461

pyruvate decarboxylase (PDC), 459
terpenoids, 459

W
Web portal and database, Rosaceae, 42–43
White Angel, Pl-w Gene from, 99–100
Whole genome physical map, apples, 110–111

Whole genome sequencing
Rosaceae species, 552–553
strawberry, 450

Whole genome shotgun (WGS) sequencing
strategy, 582–583, 603–604, 610

Wild species of rose, taxonomy of, 344–345
Wild strawberry, 494
Woolly apple aphid (WAA), 103–104

pyramiding in
Er1 x Er3, 575–576

Worldwide apple production, 74–75
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