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RECAP ORIGINAL OBJECTIVES

This project seeks to develop a generic system that identifies genes controlling traits of
importance to the Washington tree fruit industry, and to implement this system using the
example of fruit flavor. Understanding the key control points for traits of interest is very valuable for
improving crop production. This knowledge can then be put to practical use, such as in marker-
assisted breeding, controlled sport induction, or chemical genomics. The project uses the candidate
gene approach and capitalizes on expanding genomics databases and a large international network of
tree fruit genomics, genetics, and breeding researchers. Specific objectives are to 1) develop DNA
tests of flavor useful for Washington tree fruit breeding programs, 2) establish a temperate-tropical
fruit genomics channel through linkages between the Rosaceae and papaya genomes, and 3) identify
tropical fruit flavor genes having potential value for the Washington tree fruit industry.

While originally planned for three years, after two years of significant progress in this and companion
projects, advances international in genomics, and recent success in new federal grant funding, we
believe that the next steps to achieving the project’s major goal are best made within the new federal
projects of “RosBREED: Enabling marker-assisted breeding in Rosaceae”, “Genome Database for
Rosaceae”, and “Tree Fruit GDR: Translating genomics to fruit tree agriculture”, and the current
WTFRC-funded projects on genetic marker assistance for WSU’s apple and sweet cherry breeding
programs.

SIGNIFICANT FINDINGS

e  Our multi-pronged approach to channel genomics knowledge of fruit flavor (particularly
sweetness, acidity, and aroma) into the WSU tree fruit breeding programs has successfully
established major components of a system for genetic marker identification, and has generated
several DNA tests with promise for the Pacific Northwest apple and sweet cherry industries.

e A “Master List” of 100 candidate genes with potential contribution to the formation of sweetness,
acidity, and volatile aroma compounds were assembled. These genes provide valuable focal
points for mining the whole genome sequences of apple and peach when publicly released later in
2009.

e Gene expression analyses by Dr. Randy Beaudry at MSU for volatile aroma candidate genes
identified three classes of genes of particular interest, incorporated into the Master List.

e Preliminary whole genome sequencing of sweet cherry by Dr. Amit Dhingra was functionally
connected with marker development within this flavor gene project.

e A “Flavor Gene Map” was created for displaying the many genomic regions relevant to flavor, to
guide genetic marker development.

e Genomic regions in sweet cherry correlated with sweetness, acidity, individual sugars, and malic
acid were placed on the Flavor Gene Map with data from a companion project

e Several promising candidate genes that appear to underlie flavor QTLs (quantitative trait loci,
which are genomic regions correlated with trait performance without the controlling gene
necessarily known) were identified, and are undergoing a process of validation and utility testing
within the apple and sweet cherry Marker-Assisted Breeding (MAB) Pipelines.



e This project has served as a focal point for supporting and collating flavor performance data on
apple and sweet cherry germplasm. Insights into sugar profiles of cherry were made by
comparing data sets from two companion projects. Novel sugar profiles and aroma profiles were
identified in cherry and apple germplasm for exploitation in WSU breeding programs —
particularly as we implement genetic markers for those traits.

e Phenotypic data on apple flavor attributes were obtained by Dr. Beaudry for 184 lines (42 species
and two hybrid lines) from the Geneva Malus core collection. Measurements included internal
ethylene concentration, SSC, “taste” (tart, astringent, sweet, nutty, floral, fruity, bland, acid,
lemon, alcohol, spicy, anise, and other unusual notes), and volatile compounds (volatile esters,
aldehydes, alcohols, and terpenoids).

o We were unsuccessful in 2007 and 2008 to receive Australian funding to support this project’s
specific objectives of establishing and implementing a temperate-tropical fruit genomics channel.
Planned activities on this area for the final years of the project were therefore not conducted.

e Major federal funding has been obtained for two bioinformatics projects and one MAB Pipeline
project, to begin in September 2009. Proposed Rosaceae community-wide work of those projects
overlaps with and supersedes the originally planned system of this present flavor gene project.

RESULTS & DISCUSSION

Flavor attributes are important to the WA tree fruit industry and are high priority targets in the WSU
apple and sweet cherry breeding programs. We have chosen and are testing genes that are likely
suspects influencing in fruit flavor for apple and sweet cherry. We are also collecting and collating
flavor-related performance data for experimental, breeding, and collection germplasm. Finally,
Pedigree-Based Analysis combines the genotypic and phenotypic data to describe the effect of
specific gene variants and their distribution in germplasm. With this system, we are transforming as
many genes as possible into genetic screening tools for breeding, via the marker-assisted breeding
approach. With marker-assisted seedling selection, the infrastructure for which we are developing in
other projects, we can improve the efficiency of breeding operations by reducing the proportion of
seedlings planted in the field with poor genetic value. Economic analyses within concurrent projects
are providing bottom line figures that indicate substantial cost savings by implementing even one
genetic marker that tags an important trait.

The Master List of flavor genes

Candidate genes with potential to contribute to the formation of sweetness, acidity, and volatile aroma
compounds were assembled based on literature and advice from collaborators. This “Master List”
contains (more than) 100 distinct gene sequences representing 51 types of genes (provided as
Appendix 1 in the First Year Continuing Report, August 2008, and available on request).

Gene expression analyses by Dr. Randy Beaudry at MSU for volatile aroma candidate genes
identified three classes of genes of particular interest, incorporated into the Master List. Several
putative genes of branched-chain aminotransferase (BCAT), pyruvate decarboxylase (PDC), and 2-
isopropylmalate synthase (IPMS) were found to have expression patterns that increase concurrently
with branched-chain ester production (details provided in the August 2008 report).



Sweet cherry (“Stella’) whole genome sequence data obtained by Dr. Amit Dhingra at WSU were
screened to identify cherry versions of Master List flavor genes for which no cherry DNA sequences
were previously known. These cherry DNA sequences will facilitate the development of efficient
flavor gene tests for cherry, because differences among genomes can cause some tests developed on
apple and peach sequences to fail when attempted for cherry. Previously, only 1-2% of the DNA
sequences for flavor genes in Rosaceae that we could obtain from public databases were from sweet
cherry.

Master List flavor gene annotation (characterization) needs have provided a useful test case for the
Genome Database for Rosaceae program’s efforts in developing bioinformatics tools for tree fruit
breeding — the focus of the current WTFRC-funded project “Developing an online toolbox for tree
fruit breeding” and the upcoming SCRI-funded project “Tree Fruit GDR: Translating genomics to
fruit tree agriculture” directed by Dr. Dorrie Main at WSU. To date, 37 of the Master List flavor
genes have been identified in both apple and peach (list attached), the combined sequences have been
assembled using different assembly programs, and the best consensus sequences have been annotated
for coding region using the gene prediction program fgenesh and the protein domain program
Interproscan. As part of the newly funded GDR and RosBREED (see below) programs we will align
these sequences against the peach and apple whole genome sequences to generate more detailed

and higher quality comparative annotations which will then be used to identify optimal primer
sequences using PRIMERS, for use in screening on specific breeding germplasm.

“RosBREED” is a U.S. Rosaceae community-wide project that mobilizes international genomics,
statistical, germplasm, breeding, and phenotyping resources to establish and implement a Marker-
Assisted Breeding Pipeline for Rosaceae crops. More than a thousand fruit quality genes will be
chosen for apple, peach, strawberry, and cherry, their sequences and variation thoroughly described,
and their genomic locations pinpointed. Subsequently, fruit quality” genome scans” will be developed
and screened on hundreds of cultivars, selections, and seedlings representing the crops and core
participating breeding programs (which include WSU’s apple and sweet cherry). Collation of existing
performance data plus new standardized data collected for three additional seasons will be combined
with genome scans with Pedigree-Based Analysis to identify and characterize fruit quality genetic
variation. As the flavor genes on the Master List will be included in the genome scans, RosBREED’s
planned activities exceed those intended in the present flavor gene project. Thus it is most efficient to
allow further flavor gene marker development to be conducted within RosBREED.

The Flavor Gene Map

Major flavor trait-influencing regions and flavor candidate genes in the Malus (apple) and Prunus
(stone fruit) genomes were combined into a single visual database, the Flavor Gene Map. This Map
currently has 53 flavor candidate genes and 57 QTLs for sweetness, acidity, volatile aroma, and
astringency (Figure 1). These regions were determined by:

a) Surveying QTL literature on analyses in apple, peach, and cherry (Maliepaard et al. 1998; Wang
et al. 2000; Etienne et al. 2002; Liebhard et al. 2003; Kenis et al. 2008; Dunemann et al. 2009). In
recent scientific conferences, researchers at Plant & Food Research in New Zealand reported the
location of a major locus (2MBAc) on chromosome 2 of apple controlling levels of the major
volatiles contributing to typical apple aroma.

b) Obtaining unpublished data generously provided by colleagues involved in genetic mapping of
flavor candidate genes. At UC Davis, Dr. Eben Ogundiwin has recently placed 12 flavor
candidate genes on the Prunus genome within a study that is developing a “Prunus fruit quality
gene map” (Ogundiwin, Peace, et al., manuscript submitted). At Plant & Food Research, Dr.
David Chagne and students (Mukarram Mohammed and Aurélie Dimouro) mapped 13 flavor



candidate genes from a list compiled by their flavor genomics specialists, Drs. Edwige Souleyre,
Richard Newcomb, Robert Schaffer, and Ross Atkinson. That work was performed with the aim
of identifying the gene controlling the 2MBAc aroma locus, but thus far has not been successful.
Nevertheless, the 13 candidate genes may be discovered to control other aroma loci, and so they
are included on the Flavor Gene Map.

c) Considering also published gene locations of genes involved in the ethylene biosynthesis and
perception pathway. Reports on transgenic apple fruit with the ACS and ACO genes knocked out
(Dandekar et al. 2004; Schaffer et al. 2007) have shown that while sweetness and acidity
development in fruit is apparently independent of ethylene, volatile aroma compounds —
particularly volatile esters — are strongly affected by ethylene. The final enzymatic steps of
volatile aroma compound synthesis are always affected by ethylene levels, and often the initial
enzymatic step is also influenced (Schaffer et al. 2007). The genes for these volatile production
enzymes are part of the Master List of flavor genes, while the ethylene genes are additional.
Because low fruit ethylene production is a target for apple texture genetic improvement in the
WSU apple breeding program, while low ethylene tends to result in lower aroma production, we
seek flavor gene variants that enable pleasing aroma development in low ethylene genotypes.

d) Including cherry QTL data from the WTFRC-funded companion project “Adapting available
genomics tools to enhance Pacific Northwest sweet cherry breeding” with Dr. Amy lezzoni at
MSU. Several QTLs were located for flavor components (SSC, absolute and relative sugar
contents, total soluble solids, malic acid, and astringency) using the MSU experimental
population of NYXEF (a cross between the wild cherry NY54 and heritage cultivar Emperor
Francis).

Many cases were observed on the Flavor Gene Map where candidate genes for a flavor trait were at
the same region as chromosomal regions influencing a flavor trait (i.e. QTLs) (Figure 1). As the map
aligns kindred apple (Malus) chromosomes, and aligns ancestrally tied apple and cherry/peach
(Prunus) chromosomes, QTLs for one crop were often in the same region as for other crops, and
some of the gene-QTL co-locations were also across chromosomes, offering additional opportunities
for gene function validation and utility assessment. Some of the opportunities are already being
investigated further:

e At the bottom end of Malus chromosome 16 is located a major QTL for acidity, and a candidate
gene for acidity showed up in the same place. This is also a region strongly influencing crispness
and juiciness. Predictive tests for these traits based on the this chromosome 16 region are being
developed within the apple MAB Pipeline (companion WTFRC-funded project “Genetic marker
assistance for the Washington apple breeding program”).

e The gene controlling the 2MBAc locus on Malus chromosome 2 is not yet known, but we are
tagging the region with nearby markers (with helpful genomic information provided by David
Chagne at Plant & Food Research), and investigating its usefulness for predicting apple aroma
presence/absence for parents and seedlings of the WSU apple breeding program.

e Inan aligned region on Prunus chromosome 4 and Malus chromosomes 10 and 5 are major QTLs
for sweetness, acidity, and volatiles, and candidate genes for volatiles. This region also holds
major QTLs for texture. The synergistic NRI-funded project “Functional gene markers for tree
fruit texture in Rosaceae” is examining such linkages among traits in detail by measuring texture
and flavor performance of a large apple germplasm set and studying several genes and markers in
this region. That project will consider how selection for specific texture gene variants here would
affect flavor attributes — ultimately to allow efficient selection for the best combination of both.

Other opportunities abound, thanks to the consolidation of otherwise widely dispersed data that the

Flavor Gene Map provides. The Map will continue to be updated with locations of flavor genes and

QTLs as they are discovered and reported. Arising opportunities for developing useful predictive



DNA tests for flavor in Washington tree fruit will be exploited in the WTFRC-funded genetic marker
assistance / MAB Pipeline implementation projects.
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Figure 1: The Flavor Gene Map for apple and sweet cherry. S,s = sweetness, A,a =
acidity, V,v = volatile aroma, x = astringency, e = ethylene. Chromosomal regions
(QTLs — quantitative trait loci) influencing fruit flavor in the genomes of pome fruit
(Malus) and stone fruit (Prunus) are indicated in block capital letters (larger letters =
larger reported effect). Locations of candidate genes for flavor and ethylene
synthesis/perception are shown in lower case letters. Horizontal lines show known
connections between the related genomes. Three co-locations of candidate genes and
QTLs targeted for further marker development are circled.

Flavor Phenotyping
This project has served as a focal point for supporting and collating flavor performance data on apple
and sweet cherry germplasm. Two examples are described below.

Insights into sugar profiles of cherry were made by comparing data sets from two companion
projects. The first data set was collected in collaboration with Dr. Dave Rudell at USDA-ARS
Wenatchee, within the 2008 project “Characterization of principle flavor components in the Cerasus
subgenus members of the Prunus Germplasm Collection”. Approximately 80 accessions from the
USDA cherry collection at Davis were measured for SSC, titratable acidity, and individual sugars and
acids via gas chromatography-mass spectrometry (GC-MS). The second data set was for the MSU



population of NYXEF, described in the previous section. Sugar and acid contents and proportions
were compared between these two data sets, and revealed opportunities for introducing different and
desirable sugar profiles into sweet cherry by (marker-assisted) breeding. These opportunities are
being exploited in the breeding program. Astringency was also examined in the NYXEF population,
and from the resulting data it appears that marker-assisted breeding can readily incorporate breeding
against high astringency — which will improve the efficiency of using wild sources as parents.

Phenotypic data on apple flavor attributes were obtained by Dr. Beaudry for 184 lines (42 species and
two hybrid lines) from the Geneva Malus core collection. Measurements included internal ethylene
concentration, SSC, “taste” (tart, astringent, sweet, nutty, floral, fruity, bland, acid, lemon, alcohol,
spicy, anise, and other unusual notes), and volatile compounds (volatile esters, aldehydes, alcohols,
and terpenoids). As for cherry, this data provides opportunities for introducing unique flavor profiles,
particularly for aroma, into breeding germplasm.
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EXECUTIVE SUMMARY

This project seeks to develop a generic system that identifies genes controlling traits of importance to
the Washington tree fruit industry, and to implement this system using the example of fruit flavor.

Our multi-pronged approach to channel genomics knowledge of fruit flavor (particularly sweetness,
acidity, and aroma) into the WSU tree fruit breeding programs has successfully established major
components of a system for genetic marker identification, and has generated several DNA tests with
promise for the Pacific Northwest apple and sweet cherry industries. Identifying genes with variants
that influence important flavor components of apple and cherry will allow us to better understand the
genetic value of parents and advanced selections of the WSU apple and sweet cherry breeding
programs. The knowledge will also provide a means to genetically manage these traits for crop
improvement.

e The project involved extensive collaboration with experts in the U.S. and other countries,
particularly in collating resources and knowledge on flavor genetics.

e A “Master List” of 100 candidate genes with potential contribution to the formation of sweetness,
acidity, and volatile aroma compounds were assembled. These genes provide valuable focal
points for mining the whole genome sequences of apple and peach.

e A “Flavor Gene Map” was created for displaying genomic regions relevant to flavor, to guide
genetic marker development.

e Several promising candidate genes that appear to underlie flavor QTLs (quantitative trait loci,
which are genomic regions correlated with trait performance without the controlling gene
necessarily known) were identified, and are undergoing a process of validation and utility testing
within the apple and sweet cherry Marker-Assisted Breeding (MAB) Pipelines.

e  Opportunities for introducing unique flavor profiles into Washington tree fruit breeding were
identified and are being exploited.

e Major federal funding has been obtained for two bioinformatics projects and one MAB Pipeline
project, to begin in September 2009. Proposed Rosaceae community-wide work of those projects
overlaps with and supersedes the originally planned system of this present flavor gene project.

While originally planned for three years, after two years of significant progress in this and companion
projects, advances international in genomics, and recent success in new federal grant funding, we
believe that the next steps to achieving the project’s major goal are best made within the new federal
projects of “RosBREED: Enabling marker-assisted breeding in Rosaceae”, “Genome Database for
Rosaceae”, and “Tree Fruit GDR: Translating genomics to fruit tree agriculture”, and the current
WTFRC-funded projects on genetic marker assistance for WSU’s apple and sweet cherry breeding
programs.



