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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-



22 C. Peace and J.L. Norelli

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



Genomics Approaches to Crop Improvement in the Rosaceae 23

Freestone endoPG gene is associated with clingstone fruit, where fibers remain
attached to the stone. It is possible that minor allelic variants may underlie less
extreme phenotypes of flesh fiber adhesion. Together, the two endoPG genes under-
lie the Freestone-Melting flesh (F-M) locus, and although the two genes are separate,
their identical encoded amino acid sequence and same genomic location identifies
the F-M locus as being pleiotropic. Combinations of presence/absence of the two
genes exist in naturally occurring trees, representing the four known major func-
tional alleles of F-M (Fig. 1).

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

Melting flesh 
endoPG gene

Freestone 
endoPG gene

<50 kbp

Locus structure Description Associated phenotype

F allele

f allele

f1 allele

n (null) allele

freestone melting flesh (FMF)

clingstone melting flesh (CMF)

clingstone non-melting flesh (CNMF)

clingstone non-softening flesh (CNSF)

Minor mutations in 
Melting flesh gene Quantitative effects on softening?

Quantitative effects on stone adhesion?Minor mutations in 
Freestone gene

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

1.1.3 Mealiness in Peach and Nectarine

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

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

Within melting flesh cultivars, susceptibility to mealiness appears to be a quan-
titative trait with a significant genetic component (Peace et al. 2005a). Heritability
was calculated as 0.25–0.30 within melting flesh progeny of two peach popula-
tions, with duplicated trees and observations conducted over three years (Peace et al.
2006), indicating that unless this genetic component is controlled by many small-
effect loci, it should be feasible to discover and exploit loci conditioning mealiness
susceptibility. Genetic models based on phenotypic segregation in controlled crosses
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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 Melt-
ing flesh endoPG gene on mealiness, absence of the Freestone gene or other, less
extreme, alleles of the F-M locus may be expected to quantitatively affect meali-
ness susceptibility. Indeed, in a melting flesh population segregating only for pres-
ence of the Freestone endoPG gene, a QTL for mealiness susceptibility co-located
with the F-M locus (E. Ogundiwin et al., manuscript in prep.). A comprehensive
microarray analysis is currently underway to identify additional candidate genes
associated with mealiness and elucidate the functional relationships (Ogundiwin
et al. 2008).

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

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

1.2 Genomic Approaches for Crop Improvement

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

Structural
Genomics

Comparative
Genomics

Functional
Genomics

Candidate
Gene

Approach

Genetic 
Mapping/

QTL Analysis

Marker
Assisted
Breeding

Cultural
Practices

Genetic
Engineering

TherapeuticsProteomics
Metabolomics

Transgenic 
Analysis

Improved
Cultivars

Transcript
Profiling

Genotyping/
Sequencing

Fields of
Study DeliverablesTechnologies/

TechniquesKey:

Diagnostics

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

Structural Genomics

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

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

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

Structural genomics is also applicable to a finer scale, in determining the physical
structure of individual loci. The structural organization of the self-incompatibility
locus of Prunus, for example, as described by Ushijima et al. (2004), deepens our
understanding of the functioning, diversity, and manipulation of the evolutionarily
and commercially important traits of cross-compatibility and self-fertility.
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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 RNAi,
over-expression of a transgene, and some types of transcript profiling. Given the
large cost of one-gene-at-a-time functional testing, such studies are usually lim-
ited to genes with known or at least strongly suspected horticulturally significant
function.

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

Comparative Genomics

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

1.2.2 Technologies and Techniques

Genetic Mapping and QTL Analysis

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

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

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

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

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

Transcript Profiling

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

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

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



Genomics Approaches to Crop Improvement in the Rosaceae 33

advantage of cDNA-AFLP is that it facilitates direct, side by side comparison of
transcript fragments from different cultivars under different experimental conditions
for cross cultivar comparisons. Because cDNA-AFLP requires extraction of individ-
ual DNA fragments from gels to obtain sequence information, it is labor intensive
and is not amenable to high-throughput data recovery. cDNA-AFLP has been widely
used to characterize transcriptional responses in the Rosaceae (Balogh et al. 2005;
Campalans et al. 2001; Geuna et al. 2007; Jensen et al. 2003)

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

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

Proteomics and Metabolomics

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

Candidate Gene Approach

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

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

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

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

Transgenic Analysis

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

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

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

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

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

Genotyping and Marker-Assisted Breeding

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

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

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

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

1.3 Outlook

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

1.3.1 A Centralized Web Portal and Database

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

1.3.2 Shared Mapping Resources

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

1.3.3 Standardized Phenotyping

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

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

1.3.4 A Uniting Statistical Approach

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

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

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

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

2 Conclusions

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