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ABSTRACT

The Genome Database for Rosaceae (GDR) is a
central repository of curated and integrated gene-
tics and genomics data of Rosaceae, an economic-
ally important family which includes apple, cherry,
peach, pear, raspberry, rose and strawberry. GDR
contains annotated databases of all publicly avail-
able Rosaceae ESTs, the genetically anchored
peach physical map, Rosaceae genetic maps and
comprehensively annotated markers and traits.
The ESTs are assembled to produce unigene sets
of each genus and the entire Rosaceae. Other
annotations include putative function, microsatel-
lites, open reading frames, single nucleotide poly-
morphisms, gene ontology terms and anchored map
position where applicable. Most of the published
Rosaceae genetic maps can be viewed and com-
pared through CMap, the comparative map viewer.
The peach physical map can be viewed using
WebFPC/WebChrom, and also through our inte-
grated GDR map viewer, which serves as a portal to
the combined genetic, transcriptome and physical
mapping information. ESTs, BACs, markers and
traits can be queried by various categories and
the search result sites are linked to the mapping
visualization tools. GDR also provides online analy-
sis tools such as a batch BLAST/FASTA server for
the GDR datasets, a sequence assembly server
and microsatellite and primer detection tools. GDR
is available at http://www.rosaceae.org.

INTRODUCTION

The Genome Database for Rosaceae (GDR) is a
curated and integrated web-based database containing
comprehensive genetic and genomic data for the
Rosaceae. Rosaceae contains a number of important
fruit-producing crops: apple (Malus), pear (Pyrus),
raspberries/blackberries (Rubus), strawberries (Fragaria)
and stone fruits (Prunus) such as peach/nectarine, apricot,
plum, cherry and almond. Rosaceae also contains a wide
variety of ornamental plants including roses, flowering
cherry, crabapple, quince and pear. To improve the
economic competitiveness of these crops and to better
understand the biological principles controlling the
various traits of these plants, substantial genomic/genetic
studies are underway by research groups worldwide.
As a result, a wide array of genetic and genomic data
for the Rosaceae species is being accumulated. Of these,
ESTs (Expressed Sequence Tag) are fastest growing
genomic resource. The EST sequences of cDNA libraries
constructed from various tissues and in various conditions
serve as a crucial tool in the development of markers for
genetic mapping, the development of probes for gene
expression studies or direct mapping to genomic clones
or chromosomes, and in gene prediction when large
genomic sequences are available. As of August 2007, there
were 380 000 ESTs from 177 libraries and 20 Rosaceae
species. The availability of genetic map data continues
to accumulate rapidly. Peach, a member of Prunus, is
considered to be the best genetically characterized species
in Rosaceae. Numerous genetic maps exist for peach and
other Prunus species, including the general Prunus TxE
map (1), a highly saturated map with genetic markers and
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agronomically important traits. The TxE map is con-
structed from a cross of peach and almond and many of
its markers serve as anchor points for numerous other
Prunus genetic maps. This map is also used as a frame-
work for the genetically anchored peach physical map and
the peach transcriptome map. Genetic maps from other
genera are also available for apple, pear, rose, raspberry
and strawberry. Molecular markers have also been
developed and utilized in the study of genetic diversity.
Physical maps are available for peach (2) and apple (3),
serving as invaluable resources for marker development,
map-based cloning of genes, large-scale genome sequenc-
ing and comparative genomic analysis among Rosaceae
and across plant families. The genetic and genomic
resources of well-studied organisms can greatly accelerate
the characterization of other closely related organisms.
The anchor markers were shown to be essentially collinear
among Prunus maps, and substantial collinear blocks were
also detected among different genera in Rosaceae (4).

For these numerous and complex data to be efficiently
utilized, a centralized database is essential to curate,
analyze, and integrate the data and provide efficient
interfaces for user access. To meet this need, the Genome
Database for Rosaceae was initiated as previously
reported (5). Here we describe the data and the func-
tionality of GDR with particular focus on the new
enhancements which include: (i) an annotated unigene
data for each genus and the entire family, (ii) extensive
Rosaceae maps, markers, and trait data, (iii) a complete
peach physical map and associated genetic and transcrip-
tome map data, (iv) an enhanced user-interface including
various search sites and CMap for comparative map
viewing, (v) new web-based tools such as the SSR and
CAP3 assembly servers and (vi) enhanced community
resources to facilitate communication among Rosaceae
researchers.

DATABASE DESCRIPTION

GDR data and web interface

GDR data includes various Rosaceae genetics and
genomics data including annotated EST sequences,
markers, traits, genetic maps, peach BAC hybridization
data, peach physical and transcriptome maps and journal
article citations.

Users can access data through individual search sites for
the various data types such as EST, Marker, Trait and
BAC. Various maps can be viewed through graphical
interfaces such as CMap and WebFPC/WebChrom.
If users are interested in a particular species they can go
to the species pages of interest. We currently have species
pages for apple, pear, almond, apricot, cherry, peach,
raspberry, rose and strawberry. Each page lists available
data, analysis tools and funded projects for the species and
provides hyperlinks to the specific sites in GDR and other
internet sites. If users are interested in a specific project,
such as Rosaceae EST unigene or peach physical map,
they can go to the corresponding project page. Project
pages provide data description, data summary and links to
sites for search, download or further analysis. The major

GDR data and the web interface to the data are described
subsequently.

Rosaceae unigene and other annotated EST data. The
GDR contains all the publicly available Rosaceae ESTs
downloaded from the dbEST at NCBI (6). The routine
processing in GDR occurs in three stages: sequence
filtering and trimming to obtain high-quality sequences,
assembly into contigs to reduce the inherent redundancy
and build unigene sets and sequence annotation. The most
recent unigene set was developed from 359 001 high-
quality ESTs, representing 151 cDNA libraries, 17 species
and 20 Plant Ontology curated tissue types. EST data are
downloaded daily from NCBI, and uploaded to the
database for browsing or searching. As of August 7,
2007 GDR contained 380 702 ESTs.
The unigene sets for four genera, Malus, Prunus,

Fragaria, Rosa and Pyrus, were generated using CAP3
(7) with an overlap percentage parameter of 90 (-p 90).
The assembled contigs and singlets for the four sets were
again assembled to generate the putative unigene set for
the entire Rosaceae ESTs. Our annotation procedure
includes pair-wise comparison of both the filtered ESTs
and the EST contig consensus sequences against the
SWISS-PROT, TrEMBL and InterPro databases (8,9)
using BLAST (10). The top ten matches with an
expectation value less than 1e-6 are recorded for each
EST and contig. These matches are used to assign Gene
Ontology (11) terms that facilitate searching sequences by
keywords and grouping sequences by similar function.
Plant Structure Ontology (12) is also utilized to annotate
the ESTs with the tissue from which the ESTs are
generated.
Additional sequence annotation includes computational

analysis of simple sequence repeats (SSR) and open
reading frames (ORF) on both the filtered ESTs and the
contigs. SSR analysis is performed using a modified
version of a Perl script SSRIT (13) to select sequences that
contain dinucleotide motifs occurring at least five times,
trinucleotides four times and tetranucleotide or pentanu-
cleotide three times. To examine the location of SSRs in
the EST sequences in relation to the putative coding
region, we use the FLIP (14) program. Using the FLIP
output, we select the longest ORF as the putative coding
region and report the location of SSRs in relation to the
putative coding region. Primer3 (15) is also utilized to
generate primers for the SSRs where possible using the
default software parameters. The single nucleotide poly-
morphisms (SNPs) for the contigs are generated with the
autoSNP (16) package using default stringencies for
the genera unigene contigs.
In addition to the ESTs downloaded from NCBI, GDR

also provides project-specific EST analyses in collabora-
tion with other research groups. ESTs analyzed by the
GDR team currently include almond, peach, strawberry
and raspberry.
The project page, ‘Rosaceae EST unigene’, is a good

starting point for an overview of the various annotated
data for the genera and family unigenes. The page
provides a chart with the numbers of ESTs, unigenes,
contigs and singlets for each unigene set and links to the
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individual unigene pages. The individual unigene project
page displays the aims and overall results of the project
with a side bar containing links to the EST search sites,
library details, protocols and downloads, putative homol-
ogy, microsatellite analysis and contact and publication
information. A link to the gene ontology (GO) classifica-
tion is also available for the Rosaceae family assembly and
is also being made available for the genera assemblies.
The genera unigene assemblies are available from the
original data overview page and include a page in the side
bar linking to SNP analysis. Downloadable data includes
batch sequence in fasta format, homology results file
in Excel format and SSR/ORF/primers results in Excel
format. Individual project pages are also available with
the similar content as in the Rosaceae EST unigene pages.
The EST search site is for those users who are interested

in a subset of ESTs. They can choose to search ESTs of
the entire Rosaceae or the genus of interest by selecting
the appropriate tabs. Users can also either search ESTs
or contigs. In each search page, ESTs or contigs can be
searched by their name(s), assembly results, sequence
features such as SSR or SNP, taxonomy, tissue type and
putative function including match description, match
organism and GO term. Users can also perform a batch
search by uploading a file with EST names. Previous
unigene versions are also available for search to help those
who have been using an older version in their research.
A simple search can be conducted by typing a clone name
or accession number, selecting ESTs that belong to
a certain unigene set or containing sequence features
such as SSR or SNP. The search category ‘tissue type’ lists
all the tissues assigned from the Plant Ontology terms to
the various cDNA libraries. The ‘putative function’
category allows users to enter descriptions, source organ-
isms or GO terms relating to a gene of interest. The search
will find genes with SWISS-PROT matches to any of these
keywords. All of the search categories can be combined to
suit the users’ need. The results can be downloaded in
fasta format or as a tab-delimited file with SWISS-PROT
homology results containing hyperlinks back into the data
for each sequence retrieved.
Instead of displaying all the details on one page, the

EST details page initially displays the clone information
and the sequence with a side bar containing links to
library details, unigene information, sequence homology,
SSR/ORF information, map position and anchored BACs
when applicable (Figure 1). A unigene information page
provides the contig name and hyperlink for both the genus
and family unigenes (Figure 1). The contig page gives
similar annotation data for the contig with additional
links to the SNP results and the comprising ESTs. Also
available from the EST or contig page is the InterProScan
Web Services. This Web Service allows users to directly
scan for protein signatures without going to the EBI site
and uploading the sequences. For the ESTs anchored
to peach BACs and/or to Rosaceae genetic maps, the
EST detail page provides a link to view the ESTs’ map
positions using the GDR Map Viewer or CMap.

Rosaceae genetic map, peach physical and transcriptome
map. The GDR currently contains data for 37 genetic

maps from apple, pear, almond, apricot, cherry, peach,
raspberry, rose, strawberry and inter-specific crosses
within Prunus. We use CMap, the web-based comparative
map tool, to allow users to compare maps from different
cultivars and species. The comparative mapping facilitates
the data transfer from well-studied species to less-studied
ones. For example, the GDR map collection includes the
TxE map, which is recognized as the reference map for
Prunus. The TxE map, constructed from an almond �

peach F2 population, contains 826 markers with a total
distance of 524 cm (1,4). The TxE map contain many
markers that are used in the construction of maps of other
Prunus species such as peach, apricot, sour cherry, plum �

almond–peach hybrid and almond x peach, but also other
Rosaceae species such as apple and pear.

The essential collinearity of the anchored markers in the
Prunus maps and the presence of large collinear blocks
among different genera in Rosaceae, such as Prunus and
Malus (4), enable comparative mapping, an invaluable
tool for cross-utilization of data in Rosaceae. In addition
to the directly-mapped genetic markers, the TxE map in
GDR-CMap displays peach transcriptome map data,
major trait loci affecting agronomic characters found in
various Prunus species, and pathogen resistance loci
(Figure 2). The peach transcriptome was established by
the hybridization of the putative unique ESTs from a
peach cDNA library of developing fruit mesocarp (17).
The peach ESTs were anchored to the TxE map by
hybridization to the genetically anchored peach BACs
(17). The position of major trait loci have been established
in the TxE map using the data from different linkage maps
anchored with the TxE reference map (4). Candidate genes
representing analogs of major resistance genes have been
anchored to this map by the hybridization to the
genetically anchored peach BACs (18).

GDR-CMap serves as an integrative tool in the
utilization of the data anchored to the TxE reference
map in the study of other species in Prunus and other
genera in Rosaceae. Genetic maps of apple and pear also
share considerable markers, enabling the comparison
between Malus and Pyrus. The anchored features, such
as marker and ESTs, in the map are also linked to the
corresponding GDR sites so that all the relevant infor-
mation for the features can be viewed (Figure 2).

Another important resource in GDR is the peach
physical map data. The peach physical map is constructed
from two peach BAC libraries (19) using High-
Information-Content Fingerprinting and FPC software.
The physical length of the map is estimated to be 303 cm,
which is 104.5% of the peach genome. Also available are
the markers that have been used in the integration
of the physical map with the peach transcriptome map
and the Prunus general map. The markers include ESTs
and various genetic markers that have been used in direct
BAC hybridization and other genetic markers that are
developed from BAC end sequences or EST-SSRs that
are developed from BAC-hybridized ESTs. To date, 2636
BAC-associated markers are integrated into the physical
map. GDR uses two tools available from the WebAGCoL
Package (20) to display the current peach physical map.
WebFPC displays the BAC contigs with associated
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Figure 1. EST and contig page. (A) SSR/ORF information page showing the EST sequence along with the position of SSRs and the longest ORF.
(B) Unigene information page showing the assembly displaying the unigene resulted from genus or family level assembly. The unigene name is linked
to the corresponding contig page. (C) Contig information page with the sequence and the side bar. (D) Contig sequence homology page showing the
best SWISS-PROT and TrEMBL matches.
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markers and ESTs. WebChrom displays the BAC contigs
anchored to each linkage group of the general Prunus
map. All the ESTs, markers and BACs displayed in
WebFPC or WebChrom are directly linked to the detail
site of GDR. In addition, the combined genetic, physical
and transcriptome map can be viewed using an in-house
developed GDR map viewer. In this GDR map viewer,
the general Prunus map is displayed with markers,
anchored ESTs, hybridized BACs and anchored BAC
contigs. Direct links to WebFPC and CMap are provided
for comparative map viewing or contig assembly viewing.

Rosaceae genetic markers and traits. To provide more
details of the genetic markers and traits that have been
used in genetic map development or genetic diversity
studies, we developed an extensively annotated molecular
marker database. Currently, over 1400 extensively
annotated markers are available from GDR. The marker
annotation includes marker aliases, source cultivar,
source description, primer sequences, PCR conditions

and references, in addition to previously available data
such as map position, associated ESTs and associated
BACs (Figure 2). While annotation of trait data is at an
initial stage, the traits are annotated in GDR with aliases,
published symbol, curated trait category, taxon, trait
description, screening method, map position and refer-
ences. The marker search site allows both a simple search
by name and an advanced search with various search
categories. The search category includes marker type, the
species from which the marker is developed, the species to
which the marker is mapped, map position, markers with
associated BAC clones and markers with associated ESTs.
Users can also upload a file of names to get the detailed
data. In trait search site, users can search trait by name,
symbol, taxon or curated trait category.

Web-based analysis tools

GDR web-based tools include a FASTA server,
BLAST server, CAP3 Assembly server and SSR server.

Figure 2. CMap and the marker detail page. (A) A screenshot of a CMap page that shows the comparison between G1 of TxE map and the Apricot
map. The transcriptome map and the anchored trait positions are also available in TxE map. (B) A marker detail page that is hyperlinked from
CMap page.
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The FASTA/BLAST servers allow users to conduct
sequence homology analyses against various sequence
databases including annotated sequences in GDR.
The databases includes ESTs of the Rosaceae or each
genus from NCBI, genera-specific unigene sets, as well
as a family-wide unigene, Rosaceae genomic or protein
sequences from NCBI, Arabidopsis protein sequences
from TAIR and the ESTs, unigene sets, SSR-containing
ESTs from individual cDNA libraries of peach mesocarp,
almond, octoploid strawberry and diploid strawberry.
Peach mesocarp ESTs that are anchored to the peach
BACs are also available for sequence analysis. Batch
sequences can be uploaded for analysis and the results are
returned as both raw aligned output and parsed out in
Excel. The output in Excel has hyperlinks to the GDR
and NCBI sites. FASTA formatted library files of both
the sequences with or without matches are provided to
allow the user to easily conduct further batch searches
in GDR and other databases. An EST assembly server
using the CAP3 program is also available so that users can
assemble their own EST sets. The server returns the raw
output, a summary report and a fasta file containing the
combined contig sequences and singlet sequences, which
are also available as individual files. The contig file lists
the contig number and comprising clone names in the
comment line for each assembled transcript. Also avail-
able is a SSR server that allows user-defined SSRs to be
identified in uploaded sequences. Users can also choose
to run Primer3 along with the SSR-detection program to
generate primer sets for the SSRs.

Community resources

GDR provides access to community-based news on
various pages under the ‘community’ header bar, such as
Rosaceae genomics, USRosEXEC, conferences, meetings,
funding, employment, mailing lists and message boards.
USRosEXEC stands for US Rosaceae Genomics,
Genetics and Breeding Executive Committee, which
serves as a communication and coordination focal point
for the community. The USRosEXEC page provides the
official documents, meeting minutes, membership and
subcommittee information. Several mailing lists, in addi-
tion to the GDR mailing list, are available to serve the
community with information for specific interests or
purposes, and the archives can be viewed through the
message board sites. All the publications in Rosaceae
genomics and genetics are also available in GDR through
the publication search site.

CONCLUSION AND FUTURE DIRECTION

We have substantially extended the data and the func-
tionality of GDR since our first report (5). This is reflected
in the usage of GDR, with 218 409 visits and 2 070 880
pages accessed between August 1, 2006 and July 31, 2007.
The new enhancements include unigene development for
the Rosaceae and each genus, Rosaceae map, marker
and trait databases, the completed peach physical map,
new sequence assembly and SSR servers analysis tools,
and more project and community resources. We will

continue in our efforts to curate and integrate future
genomics and genetics data including the apple physical
map, microarray data, and the forthcoming genome
sequences of apple and peach.
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