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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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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

xvii



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 ()
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 1
and Genomics: Crops and Models 6, DOI 10.1007/978-0-387-77491-6 1,
© Springer Science+Business Media, LLC 2009
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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). Wikstrom 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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Fig.1 Cladogram based on Rosaceae

the rbcL of the Rosaceae

within Rosales (tree

phylogeny from APG II, Barbeyaceae

APW, 2007, based on Morgan

etal., 1994) Dirachmaceae
Rhamnaceae

Elaeagnaceae
Ulmaceae
Cannabaceae
Moraceae

Urticaceae

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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Migq., Potentillaceae (Juss.) Wilbr., Prunaceae Bercht. & J. Presl, Quillajaceae D.
Don, Rhodotypaceae J. Agardh, Sanguisorbaceae Durande, Spiracaceae 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.

Adenostoma Hook. & Arn.
Agrimonia L.

Alchemilla L.

Amelanchier Medik.

Aphanes L.,

Aremonia Neck. Ex Nestl., nom. cons.

Aria (Pers.) Host, Aronia Medik., nom. cons.

Aruncus L.

Bencomia Webb & Berthel.

Brachycaulos R. D. Dixit & Panigrahi

Cercocarpus Kunth

Chaenomeles Lindl., nom. cons.

Chamaebatia Benth.

Chamaebatiaria (Porter ex W. H. Brewer &
S. Watson) Maxim.

Chamaemeles Lindl.

Chamaemespilus Medik.

Chamaerhodos Bunge

Cliffortia L.

Coleogyne Torr.

Coluria R. Br.

Cormus Spach

Cotoneaster Medik.

Cowania D. Don

Crataegus L.

Cydonia Mill.

Dalibarda L.

Dichotomanthes Kurz

Docynia Decne.

Docyniopsis (C. K. Schneid.) Koidz.

Dryas L.

Duchesnea Sm.

Eriobotrya Lindl.

Eriolobus (DC.) M. Roem.

Exochorda Lindl.

Fallugia Endl.

Filipendula Mill.

Fragaria L.

Geum L.

Gillenia Moench

Guamatela Donn. Sm.

Osteomeles Lindl.

Pentactina Nakai

Peraphyllum Nutt. 60

Petrophytum (Nutt. ex Torr. & A. Gray) Rydb.
Photinia Lindl.

Physocarpus (Cambess.) Raf., nom. cons.
Polylepis Ruiz & Pav.

Potaninia Maxim.

Potentilla L.

Prinsepia Royle

Prunus L.

Pseudocydonia (C. K. Schneid.) C. K. Schneid.
Purshia DC. ex Poir. 70

Pyracantha M. Roem.

Pyrus L.

Quillaja Molina

Rhaphiolepis Lindl., nom. cons.
Rhodotypos Siebold & Zucc.

Rosa L., nom. cons. prop.

Rubus L., nom. cons. prop.

Sanguisorba L.

Sarcopoterium Spach

Sibbaldia L.

Petrophytum (Nutt. ex Torr. & A. Gray) Rydb.
Photinia Lindl.

Physocarpus (Cambess.) Raf., nom. cons.
Polylepis Ruiz & Pav.

Potaninia Maxim.

Potentilla L.

Prinsepia Royle

Prunus L.

Pseudocydonia (C. K. Schneid.) C. K. Schneid.
Purshia DC. ex Poir.

Pyracantha M. Roem.

Pyrus L.

Quillaja Molina

Rhaphiolepis Lindl., nom. cons.
Rhodotypos Siebold & Zucc.

Rosa L., nom. cons. prop.

Rubus L., nom. Cons. prop.

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. & Schitdl. 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 Corréa 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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2 Makis Ma
Pyrus Ma
Heteromeles Ma
Sorbus Ma
Amelanchier Ma
Aronia Ma
Peraphylium Ma
Crataegus Cr
Mespidus Cr
Chaenomeles Ma
Photinia Ma
Erioboirye Ma
Rhaphiolapis Ma
3 = Coloneaster Cr
=0 L— Pyracantha Cr
Ositeomeles Cr
5 Kagenedida Ka
8 Vaveualinia Li
L Porteranthus Gi 5 :
Physocarpus Ne }—Spu"a.eo!leu
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Lyonoth -«— Lyonothamnoideae
7 — Sorbaria So
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rs‘EAmncm' Sp Spiraroll cae
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13 Nevinsia Ke «—— Kerrioileae
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Prunoid eae
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Fragaria Po

Poieniitla Po

Rosa #————— Rosoideae
Rubus #4————— Ruboideae
Fallugia Dr «—— Potentilbideae
Filipendula - Filip end uloid
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— Caanothus
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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, Neillicae, Osmaronieae,
Potentilleae, Prinsepieae, Purshieae, Sorbarieae, Spiraceae). 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

Amygyloideae Prunus

Maloideae Amelanchier

Aronia
Chaenomales

Cotoneaster
Crataegus

Cydonia

Eriobotrya
Malus

Pyrus

Mespilus
Photinia
Pyracantha
Sorbus
Rosoideae Fragaria
Geum
Kerria
Potentilla
Rosa

Rubus

Spiracoideae  Spirea
Exochorda

Physocarpus

Species

armeniaca
avium
cerasus
domestica
dulcis
mume
persica
serotina

alnifolia

melanocarpa
Jjaponica

spp.
spp.

oblonga

mespilus
xdomestica
(M. pumila)
spp-
calleryana
communis
serotina
ussurienses
germanica
spp-

spp-

spp-

X ananassa
.
Jjaponica
spp.

spp.

spp. and
hybrids

prunifolia
racemosa
opulitolius

Common name

Apricot

Sweet cherry
Tart (sour) cherry
European plum
Almond

Mume

Peach, nectarine
Black cherry

Saskatoon,
serviceberry;
shadbush

Black chokeberry

Japanese quince

Cotoneaster

Hawthorn,
thornapple

European quince

Loquat
Apple

Crabapples

Callery pear
European pear
Japanese pear (nashi)
Chinese pear
Medlar

Photinia

Firethorn

Mountain ah, rowan

Strawberry
Avens
Kerria
Cinquefoil
Rose

Blackberry,
raspberry, hybrid
berry

Bridal wreath
Exochorda
Ninebark

Uses

Fresh and processed fruit
Fresh and processed fruit
Fresh and processed fruit
Fresh and processed fruit
Fresh and processed nut
Ornamental

Fresh and processed fruit
Timber species

Landscape ornamental

Processed fruit for juice,
nutriceutical

Landscape ornamental,
processed fruit

Landscape ornamental

Landscape ornamental,
craft uses for wood

Fresh and processed fruit,
dwarfing rootstock for
pear and loquat

Fresh and processed fruit

Landscape ornamentals
Landscape ornamental
Fresh and processed fruit
Fresh fruit

Fresh fruit

Fresh fruit (bletted)
Landscape ornamental
Landscape ornamental
Landscape ornamental

Fresh and processed fruit

Herbaceous perennial

Landscape ornamental

Landscape ornamental

Cut flowers, landscape
ornamental, perfume oil,
medicinal

Fresh and processed fruit

Landscape ornamental
Landscape ornamental
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
8 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 xdomestica= 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 x 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 x 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. xananassa is a hybrid between
F. chiloensis and F. virginiana that was first found in France in the 18" 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 (Afus et al., 2006). The Rosaceae offers genera with
small genomes, such as that of Fragaria vesca with 164 Mbp (Afus et al., 20006),
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.
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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

G2

G3

G4

G5

G6

G6—-G8

G7

Character

Sharka resistance
Evergrowing

Flower color
Root-knot nematode
resistance

Shell Hardness

Broomy (pillar) growth
habit

Double flower

Flesh color around stone

Anther color
(yellow/anthocyanic)

Polycarpel

Flower color

Blooming time

Flesh adhesion

Non-acid fruit

Kernel taste (bitter/sweet)

Skin hairiness
(nectarine/peach)

Leaf shape (narrow/wide)

Plant height (normal/dwarf)

Male sterility

Fruit shape (flat/round)

Self-incompatibility

Fruit skin color
Leaf color (red/green)

Root-knot nematode
resistance

Resistance to powdery
mildew

Leaf gland
(reniform/globose)

Crop

Apricot
Peach

Almond x peach
Peach

Almond
Peach

Peach
Peach
Almond x peach

Peach
Peach
Almond
Peach

Peach

Almond
Peach

Peach
Peach
Peach
Peach
Almond

Apricot

Peach

Peach
Myrobalan plum

Peach

Peach

Population

Lito x Lito

Empress op dwarf x
P1442380

Garfi x Nemared

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

Ferragnes x Tuono

Various progenies

NC174RL x P1
Akame x Jusetou
Texas x Earlygold

Padre x 54P455

Akame xJusetou

D.3.5 x Bertina

(P. ferganesis x 1F310828)
BCl1; Akeme x Jusetou

Ferjalou Jalousia x
Fantasia

Padre x 54P455

Ferjalou Jalousia x
Fantasia

Akame x Juseitou

Akame x Juseitou

Ferjalou jalousie x Fantasia

Ferjalou jalousie x Fantasia

Ferragnes x Tuono;D.3.5 x
Bertina Padre x54P455

Lito x Lito

Akame x Juseitou

Garfi x Nemared; P.2175 x
Felinem, Akeme x
Juseitou

P.2175 x Felinem

(P. ferganensis
IF310828)NC1

(P. ferganensis x
IF310828)NC1
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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 (Afus 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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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 2
allele is recessive to all (f1fl 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 {2 allele
lose very little firmness during ripening whereas the f1 allele (in homozygosity or as
f1£2) 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.

Locus structure Description Associated phenotype
Melting flesh Freestone
endoPG gene endoPG gene
— <50k sy Fallele freestone melting flesh (FMF)
— . f allele clingstone melting flesh (CMF)
—a.—------ — f1allele clingstone non-melting flesh (CNMF)

—— e — n(null) allele  clingstone non-softening flesh (CNSF)

Minor mutations in s .
—— %
Melting flesh gene Quantitative effects on softening?

Minor mutations in A .
—mms— Freestonegene ~ @Uantitative effects on stone adhesion?
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.
20006), 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
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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 Mel:-
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.

»: T
Proteomics .| Functional Therapeutlcs
Metabolomics Genomics — Poossrararanananannn .
Genetic i
) ; Cultural
Transgenic ) »| Enginesring Practices :
Analysis Candidate :
Gene R :
Approach |
Transcript / — » | S .
Profilin ructural >
9 / Genomics v >
Marker :

. ; Assisted :  Improved
Genotyping/ Genetic ; : 'mpr
Sequexﬂzin% Mapping/ »| Breeding ¢ Cultivars

QTL Analysis :
PITTTTTITPTTTPrre Comparative
: Diagnostics ig Genomics
LA ?..........: > "assssmssssssEsss -
e .
. Fields of Technologies/ P :
Key. Study Techniques Deliverables :
"assssmssssssEsss -

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.
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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 RNA,
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 F, or backcross which have relatively simple statistics for QTL
analysis underlying them. However, experimental mapping germplasm of Rosaceae
crops are typified by F; populations, because widespread self-incompatibility and
high heterozygosity, coupled with long generation times for the tree crops, make
it difficult to construct the simpler F, genetic populations. The development of
the double pseudo-testcross strategy (Grattapaglia and Sederoff 1994) allowed
researchers to use F; populations by mimicking the backcross model for each het-
erozygous parent of the cross. Once software became available for QTL analysis of
F; 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” x peach “Earlygold”) reference population for Prunus
consists of just eight plants (one of the parents, the F; hybrid, and six of F, 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 F| 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 x 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
approximately 184,000 Malus 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 MdAMYB10 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.
20006) 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” x “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 Skpl (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. RNAIi 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 (RARP). Although the requirement for RARP 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
GATEWAY™ 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.
20006). 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; Halasz
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 x 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.
. For what traits can you justify the use of MAS?
. 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?
. 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?

AW

[*)}

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-Kohler 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 Mal, 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 x Amygdalus) (Lecouls et al., 2004). Molecular
studies identified two reliable Sequence Characterized Amplified Region (SCAR)
markers, SCAL19¢99 and SCAFLP2;;,, that are linked in coupling to the domi-
nant resistance alleles Mal 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 j,,, 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 xE (Claverie et al., 2004). Peach RKN resistance to M. incognita and M. arenaria
was found in the Nemared rootstock (R pignen) and Shalil sources (R yi4557 through
GFE.557, an almond x Shalil peach hybrid), and in Japanese RKN resistant ornamen-
tal peach Juseitou (Mia) (Yamamoto and Hayashi, 2002). R 4557 and R pgignem 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, Vfal 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 (LGl), Vbj, Vh2, Vh4, VhS
and Vr2 (LG2); Vd (LG10); Vg and Vb (LG12); and Vmm (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 P/I from Malus robusta and PI2 from Malus zumi have been widely used in
apple breeding programes, 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 PI2 in apple was overcome by virulent strains of the powdery mildew fungus
(Caffier and Parisi, 2007). Gardiner et al., 2007 reported pyramiding of P/2 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 PI2-
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-Kohler et al.,
2005). A SCAR marker linked to the Rpfl gene (Haymes et al., 2000) and two
RAPD markers linked to the RpfI1 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-Kohler et al., 2005).

In apricot (Chapter “Genomics Opportunities in Apricot” herein), an SSR
marker, ssrPaCITAS, 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 F; populations) to >95% (in F, 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 ssrPaCITAS
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, Er! 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). Er/ and
Er3 mapped to LG8 while E72 was located on LG17. These genes are used in apple
rootstock and scion cultivar breeding. A SNP marker, NZsn 005, linked to both
Erl and Er3 was effective in identifying individuals carrying both genes from a
‘Northern Spy’ (Erl) x S26R01TO053 (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 E7/ or
Er3 were also reported (Gardiner et al., 2007). The SdI gene for resistance to rosy
leaf-curling aphid (Dysaphis devecta WIk.) was fine mapped on LG7 of apple and
co-localized with RFLP marker MC064 within a 1.3 cM interval between the SSR
marker SASSRa and RFLP marker 2B12a (Cevik and King, 2002). These molecu-
lar markers were also tightly linked to Sd2, indicating that Sd/ 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 A'
(1160 bp) and A (1180 bp) is associated with red color while alleles a' (1230 bp)
and a® (1320 bp) co-segregate with yellow fruit color in apple (Cheng et al., 1996;
Melounovi 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’ x ‘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-ACSI) 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 ACSI-2 allele produced
less ethylene and had firmer fruit than ACS/-1/2 and ACSI-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-ACO] 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 PPACS?2) 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-Exp7ssg marker appears to
be also associated with softening in 41 individuals of a Passe Crassane x 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 fifl 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 SSR®© (Hemmat et al.,
1997), SCB8267¢ (Kim et al., 2003), SCARgs» and SCAR»6 (Tian et al., 2005).
When used in multiplex PCR, SCARgs, and SCAR;¢ 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 (Lépez et al., 2006; Ortega
et al., 2006), apricot (Haldsz et al., 2005; Jie et al., 2005), sweet cherry (Sonneveld
et al., 2003, 2005), and sour cherry (Boskovi¢ 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 Sy allele
(Lopez et al., 2006); and apricot with the S allele (Haldsz 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 (RNA1) 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-Brn5.1™ affecting browning in peach (Ogundiwin
etal., 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 x 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 x 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. x 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 x 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 x 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. x 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. x 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,
20006). 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 (x 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-
Widenswil, 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 P/;,
Pl,, Pld and Plw mildew resistances (Markussen et al., 1995; Seglias and Gessler,
1997; James and Evans, 2004). At Agroscope Changins-Wéadenswil, 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 x
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; Ferndndez-Fernandez 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 aminimum 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
etal., 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. [PGRI 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. x domestica 95% of the accessions tested have
been cryopreserved. For species other than M. x 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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arole 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.
Weeden and Lamb (1985) indicated that 6-phosphogluconate dehydrogenase (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
etal. 1991). Ishikawaetal. (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
etal. 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, M 13 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, arDNA 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. 20006).

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 M 13 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 Vflocus 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 CHO2c11 10

CHO02c06 2 CHO02d08 11

G12 3 CHO1f02 12

NZ05g08 4 GD147 13

CH5106 5 CHO04c07 14

CHO03d07 6 CHO02c09 15

CHO04e05 7 CHO04f10 16

CHO1h10 8 CHO1h01 17
CHCHO1{03b 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), CHO1B12, CHO1E12, CHO1F02, CHO1HO1, CHO1H10,
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CHO2B12 (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 x 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 (HGAS8b, KA4b,
NB102a, NHO09b, 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’ x ‘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, twomaps for applerootstocks ‘M.9” and ‘Robusta5” have been developed
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 pPECBACI 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 ~5x 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-
lIoBACI11 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 ~5x 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), She 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 HindlIlIl instead of BamHI (Han et al.
2007d). The resulting library consisted of 46,791 clones, and was equivalent to ~7 x
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, across of ‘Malling 27’ x ‘Robusta 5°. This library has a total of 41,472 clones
with an average insert size of ~120 kb cloned into the pPECBACI vector. The partial
digest enzyme was Mbol (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 Sau3 Al 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, OPUO01/400, OPAL07/580, OPC08/1100, OPC09/900,
OPAM19/2200, OPK16/1300, OPAR4/1400, S5/2500, S29/1150, B505/1700,
B398/480, P198/750 (Yang and Kriiger 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, Vfal, have been confirmed to confer resistance to scab in transgenic
apple lines (Malnoy et al. 2008).

Three RAPD markers, OPB08/710, OPKO08/848, 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 Vrl (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 CHO2b10, 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’ x ‘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) x ‘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’ x ‘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’ x
‘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 V¥,
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 F; 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 VhS8; 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 ‘Mclntosh’, 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. PI-1 from M. robusta, Pl-2 from M. zumi (Knight and Alston 1968),
Pl-w from White Angel (Gallot et al. 1985), PI-d from the D12 accession (Visser
and Verhaegh 1976), PI-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 PI-d have been shown to be higher than those of P/-1 and PI-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 PI-1 resistance gene determines a necrotic reaction that is typical of this
source of resistance (Alston 1983). Most of the molecular work on PI-I has
been conducted at the Federal Centre for Breeding Research on Cultivated Plants
(Dresden, Germany) using the 78/18-4 accession (‘A142/5’ x ‘Gloster’) as source
of mildew resistance. The pedigree of this selection includes the apple genotype
3762 (MALS9-1; 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 PI-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 PI-
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 PI-/
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 PI-1; while, A142-5 is homozygous (Dunemann et al. 2004).

Although the variability observed for differe