Theor Appl Genet (2005) 110: 1419-1428
DOI 10.1007/s00122-005-1968-x

ORIGINAL PAPER

Renate Horn - Anne-Claire Lecouls - Ann Callahan
Abhaya Dandekar - Lilibeth Garay - Per McCord
Werner Howad - Helen Chan - Ignazio Verde

Doreen Main - Sook Jung - Laura Georgi

Sam Forrest - Jennifer Mook - Tatyana Zhebentyayeva
Yeisoo Yu - Hye Ran Kim - Christopher Jesudurai
Bryon Sosinski - Pere Aris - Vance Baird - Dan Parfitt
Gregory Reighard - Ralph Scorza - Jeffrey Tomkins
Rod Wing - Albert Glenn Abbott

Candidate gene database and transcript map for peach,

a model species for fruit trees

Received: 9 August 2004 / Accepted: 15 November 2004 / Published online: 22 April 2005

© Springer-Verlag 2005

Abstract Peach (Prunus persica) is a model species for the
Rosaceae, which includes a number of economically
important fruit tree species. To develop an extensive
Prunus expressed sequence tag (EST) database for iden-
tifying and cloning the genes important to fruit and tree
development, we generated 9,984 high-quality ESTs from
apeach cDNA library of developing fruit mesocarp. After
assembly and annotation, a putative peach unigene set
consisting of 3,842 ESTs was defined. Gene ontology
(GO) classification was assigned based on the annotation
of the single “best hit” match against the Swiss-Prot
database. No significant homology could be found in the
GenBank nrdatabases for 24.3% of the sequences. Using
core markers from the general Prunus genetic map, we
anchored bacterial artificial chromosome (BAC) clones
on the genetic map, thereby providing a framework for the

construction of a physical and transcript map. A tran-
script map was developed by hybridizing 1,236 ESTs from
the putative peach unigene set and an additional 68 peach
cDNA clones against the peach BAC library. Hybridizing
ESTs to genetically anchored BACs immediately localized
11.2% of the ESTs on the genetic map. ESTs showed a
clustering of expressed genes in defined regions of the
linkage groups. [The data were built into a regularly
updated Genome Database for Rosaceae (GDR), avail-
able at (http://www.genome.clemson.edu/gdr/).]

Introduction

Peach [Prunus persica (L.) Batsch] has become a model
species for genetic studies within the Rosaceae (Abbott
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et al. 2002). The diploid genome (2n=16) (Jelenkovic
and Harrington 1972), the small genome size of 300 Mb
(Baird et al. 1994) and the relatively short generation
time for a fruit tree (2-3 years until flowering) facilitate
genetic studies in this species compared to any of the
polyploid species of this family.

Several genomic maps have been constructed for
peach (Chaparro et al. 1994; Dirlewanger and Bodo 1994;
Rajapakse et al. 1995; Dirlewanger et al. 1998; Lu et al.
1998; Shimada et al. 2000), almond (Viruel et al. 1995,
Joobeur et al. 2000), interspecific crosses between almond
and peach (Foolad et al. 1995; Joobeur et al. 1998; Bliss
et al. 2002; Aranzana et al. 2003) and for other closely
related fruit trees like apricot (Hurtado et al. 2002) and
cherry (Wang et al. 1998). From these maps, a general
Prunus genetic map that was developed (Joobeur et al.
1998) based on the interspecific cross between almond
and peach serves as a reference for genome analysis in the
genus Prunus. Recently, 96 simple sequence repeat (SSR)
markers have been added to this general map (Joobeur
etal. 1998), and 24 single-locus SSRs highly polymorphic
in peach and covering the whole genome have been pro-
posed for a ““genotyping set’” useful as a reference for
fingerprinting, pedigree and comparative genetic analyses
(Aranzana et al. 2003). SSR markers developed by several
other groups have also been shown to be useful in char-
acterization and genetic diversity studies across species in
the genus Prunus (Cipriani et al. 1999; Sosinski et al.
2000; Dirlewanger et al. 2002; Wang et al. 2002). In
addition to the marker and map development, large-in-
sert genomic libraries have been constructed for peach
(Wang et al. 2001; Georgi et al. 2002; Georgi et al.
unpublished). The bacterial artificial chromosome (BAC)
library developed from the DNA of the peach rootstock
Nemared represents a theoretical eight- to ninefold hap-
loid genome equivalent (Georgi et al. 2002), while the
BAC library from the haploid peach cultivar Lovell
covers a nine- to tenfold haploid genome equivalent
(Georgi et al. unpublished). Wang et al. (2001) used the
traditional cultivar Jingyu to develop a BAC library with
an average insert size of 95 kb and a sevenfold coverage.

Fruit quality determines the economic value of peach.
Traits such as peach/nectarine (Chaparro et al. 1994;
Rajapakse et al. 1995; Bliss et al. 2002), melting flesh/
stony hard flesh (Warburton et al. 1996), freestone/
clingstone (Warburton et al. 1996; Dettori et al. 2001),
polycarpel (Bliss et al. 2002) and flesh color (Rajapakse
et al. 1995; Warburton et al. 1996; Bliss et al. 2002) have
been mapped. Quantitative trait loci (QTLs) for traits
such as soluble sugars (sucrose, fructose, glucose and
sorbitol) and organic acids (malic, citric and quinic
acid), which determine fruit quality in peach, have been
localized on maps (Dirlewanger et al. 1999; Etienne et al.
2002). A candidate gene approach has been used to
identify the genes placed within these QTL intervals.
However, progress in identifying candidate genes con-
trolling many important fruit tree characters is ham-
pered by the lack of comprehensive transcript and
physical maps.

Therefore, we initiated a peach expressed sequence
tag project with the goal of developing an extensive
peach EST database for identifying and cloning genes
important to fruit and tree development. We sequenced
9,984 high-quality peach ESTs and assembled and
annotated these into contigs and singletons to define the
first putative unigene set of peach. ESTs represent a
valuable source for developing markers either by directly
using them as probes (Wu et al. 2002) or by developing
microsatellite markers (Kantety et al. 2002; Thiel et al.
2003) or markers based on single nucleotide polymor-
phisms (SNPs)(Bundock et al. 2003; Neuhaus and Horn
2004) from the sequences, which can then be genetically
mapped. Their genetic map location may be determined
by hybridizing them against previously marker-an-
chored contigs or BACs (i.e. placing them on an inte-
grated physical/genetic map). We applied this approach
to localize ESTs on the Prunus general genetic map and
to develop a transcript map for peach.

We report here the development of a peach EST
database and the construction of a transcript map using
the peach unigene set as probes. To facilitate gene
identification and functional studies in peach, we
annotated the fruit EST set using the structured
vocabulary provided by the Gene Ontology Consortium
(2001). The peach EST database provides a very valu-
able resource that will considerably enhance the isola-
tion and characterization of agronomical important
genes in Rosaceae.

Materials and methods
Fruit cDNA libraries

RNA was extracted according to Callahan et al. (1992)
to develop the peach unigene set (PP_LE) from fruit
collected at the mature picking (8/10) and at the eating
ripe (8/17) stages from a doubled haploid peach selec-
tion, P-21-5-2N. This doubled haploid peach line is
homozygous at all loci, so similar sequence ESTs should
represent different genes (i.e., family members) and not
different alleles of the same gene. Extracted RNA was
treated with DNase using a DNA-free kit (Ambion,
Austin, Tex.) according to the manufacturer’s direc-
tions. PolyA+ RNA was isolated using a PolyATtract
IV kit according to manufacturer’s directions (Promega,
Madison, Wis.). Five micrograms of polyA+ RNA, as
measured by absorbance at 260 nm, was used to con-
struct a cDNA library in the Uni-ZAP XR vector |
using the Lambda ¢cDNA construction kit (Stratagene,
La Jolla, Calif.) according to manufacturer’s directions.
This vector permits directional cloning of the cDNA
into the Xhol and EcoRI sites and excision as pBlue-
script SK. The titer of the un-amplified library was
approximately 2.5x10° plaques per milligram vector
DNA. Twenty individual phage plaques were placed
individually in 5 ml of NZY broth (Gibco, Gaithers-
burg, Md.) and grown overnight. Following chloroform



treatment and a brief centrifugation to pellet the bacte-
rial debris, five ml of each culture was subjected to PCR
(AmpliTaq; Applied Biosystems, Foster City, Calif.)
with M13 forward and reverse primers using the fol-
lowing cycle conditions: one cycle at 95°C for 10 min,
one cycle at 80°C for 30 min, then, after addition of Tagq,
30 cycles at 95°C for 1 min, 55°C for 1 min, and 72°C
for 1 min. When the amplified inserts were resolved on a
gel the average insert size was greater than 500 bp. The
library was then converted to plasmids. Following mass
excision of 100 ml of the primary library according to
manufacturer’s instructions (Stratagene), cells were in-
fected with the resulting phagemids, yielding over 10,000
individual plasmid containing clones.

A second cDNA library (LF) was constructed in the
same way from fruit of the peach cultivar Loring, which
had 21-40 N firmness (nearly ripe) and 41-60 N firm-
ness (early ripe).

Sequencing

Plasmid preparations were performed in a 96-well
format according to the protocol given at the web site
http://www.genome.arizona.edu/information/protocols/
prep_web.ppt. Plasmids were sequenced by ABI Prism
BigDye Terminator Cycle Sequencing (Applied Biosys-
tems, Foster City, Calif.) using T7 primer. Sequence
reactions were analyzed on an ABI Prism 3700 Sequencer.

EST processing and annotation

EST data processed at Clemson University Genomic
Institute (CUGI) utilizes publicly available software
incorporated into a fully automated in-house developed
script (PROCEST). The processing occurs in three stages

In Stage I, which consists of trace file processing,
sequence trace files are converted into fasta files and
quality-score files using the PHRED base-calling program
(Ewing et al. 1998). Vector and host contamination are
identified and masked using the sequence comparison
program cross_MATCH (Gordon et al. 1998). Vector
trimming excises the longest non-masked sequence, and
further trimming removes low-quality bases (PHRED score
less than 20) at both ends of a read. Sequences are dis-
carded if they have more than 5% ambiguous bases,
more than 40 PolyA or PolyT bases, or fewer than 100
high-quality bases (minimum phred score of 20). At this
stage of processing the script generates an overall sum-
mary report file, clone report tables, a Genbank
submission file and rFasTa-formatted library files of the
high-quality trimmed sequences and associated quality
values. The FAsTA library is further filtered to remove
reads having significant similarity with mitochondrial,
rRNA, tRNA, or snoRNA sequences downloaded from
the Genbank nucleotide database.

In Stage II processing, which consists of the assembly
of high-quality sequences, the filtered library file is
assembled using the contig assembly program capr3
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(Huan and Madan 1999). More stringent parameters
(-p 95, -d 60) are typically used to prevent over-assem-
bly and help identify potential paralogs.

In Stage III processing, which consists of annota-
tion, both the filtered library and the contig consensus
library file are compared pairwise against the GenBank
nr protein database using the FAsTx3.4 algorithm (Pear-
son and Lipman 1988). The most significant matches
(< 1x107°%) for each contig and individual clones in the
library are recorded. The script generates a web page,
which displays the best protein match for each contig
and singleton. The unigene data set was derived by
selecting the clone that best represented each contig, and
the singletons that had either unique protein matches
(<1x107?) or no significant matches. The sequence,
assembly and homology data were stored in an Oracle
relational database management system, facilitating
efficient data querying and display. From our newly
created Genome Database for Rosaceae resource
(http://www.genome.clemson.edu/gdr/), users can view
contig assembly, clones and annotation, download the
library and unigene sequence libraries and search their
sequences against the EST database using our BLAST/
FASTA server facility.

High-density BAC filters

The BAC library, prepared from leaves of the peach
rootstock Nemared (Georgi et al. 2002), was used to
make high-density BAC filters. This BAC library, which
consisted of 44,160 clones (eight- to ninefold coverage of
the genome), was spotted onto three filters using a 4x4
pattern. Colonies on the filters were incubated for 16 h
at 37°C on LB agar plates containing 12.5 pg/ml chl-
oramphenicol. Filters were denatured for 7 min in
denaturing solution (1.5 M NaCl, 0.5 M NaOH), fol-
lowed by 7 min in neutralization solution (1.5 M NaCl,
0.5 M Tris/HCI pH 7.2, 1 m M EDTA) and finally were
washed for 1 min in 2x SSC.

Hybridization of the ESTs to the high-density
BAC filters

Bacteria were grown for 4 h at 37°C in shaking culture
at 280 rpm. The insert was amplified by PCR from 1 pl
of these cultures using T7 and T3 primers in 1 U
AmpliTaq polymerase, 10 pmol of each primer, and
0.25 m M dNTP in 1x PCR buffer (Applied Biosystems,
containing 1.5 m M MgCl,). After a 2-min denaturation
at 2 min 94°C, DNA amplification was performed for 30
cycles of 1 min at 94°C (denaturing), 2 min at 55°C
(annealing) and 2 min 72°C (polymerization), with a fi-
nal extension for 4 min at 72°C. PCR products were
separated on a 2% agarose gel to estimate the amount of
product. The PCR product in a 20-pl volume corre-
sponding to 150 ng was denatured for 5 min at 94°C and
cooled down on ice before 10 ul of the labeling mix was
added to each sample. The labeling mix contained 6.0 pl
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OLB [Sol A:Sol B:Sol C=1:2.5:1; Sol O con-
tained1.25 M Tris/HCl pH 8.0; Sol A contained 1 ml
solution O, 18 pul f-mercaptoethanol, 5 ul each of dTTP
(0.1 M), dGTP (0.1 M), dATP (0.1 M); Sol B contained
2 M HEPES/NaOH; Sol C contained pd(N)6 random
hexamer at 90 OD units/ml), 1.2 ul BSA (1 mg/ml),
0.3 pl Klenow (5 U/ pul), 1 ul a-[**P]JdCTP (10 uCi) and
1.5 Wl H>O. Samples were incubated at 37°C for 1 h.
Labeled probes were separated from unincorporated
nucleotides on Sephadex G50 spin columns.

BAC filters were prehybridized in 30 ml of hybrid-
ization buffer [0.25 M Na phosphate buffer pH 7.2, 7%
sodium dodecyl sulfate (SDS)] at 65°C for at least 1 h.
The 8-16 labeled PCR products from individual ESTs
were bulked and denatured for 10 min at 94°C before
being added to the hybridization buffer. Hybridization
was performed overnight at 65°C in a hybridization
oven. The filters were washed twice for 40 min each time
at 65°C in 2x SSC containing 0.1% SDS in the tubes
and then once for 10 min at 65°C in 1x SSC containing
0.1% SDS. The filters were exposed to X-ray films for
34 days. For rehybridizations, BAC filters were strip-
ped by boiling in 0.5% SDS solution for 20 min.

Positive BAC clones were verified and assigned to
individual probes by rehybridization to colony dot blots.
Detected BACs were grown in a 96-well format (100 pl
LB medium, 12.5 pg/ml chloramphenicol) overnight.
From these plates, bacterial clones were stamped onto a
nylon membrane (up to 48 BAC clones/membrane) and
grown overnight on LB agar plates (12.5 pg/ml chl-
oramphenicol) at 37°C. Bacteria were lysed for 7 min in
denaturing solution (1.5 M NaCl, 0.5 M NaOH), then
for 7 min in neutralization solution (1.5 M NaCl, 0.5 M
Tris/HCl pH 7.2, 1 m M EDTA). Dot blots were briefly
washed in 2x SSC solution and dried. After UV cross-
linking the dot blots were hybridized to individual
probes as described for the BAC filters.

Results
Generation and assembly of fruit ESTs

We generated a cDNA library from the developing fruit
mesocarp of peach to provide a resource of expressed
genes important for fruit development and to establish a
transcript map for peach based on the Prunus general
genetic map (Joobeur et al. 1998).

The insert size of the clones for the peach cDNA
library ranged from 0.3 kb to 2.4 kb, estimated from
PCR amplification of 156 clones. The average sequence
length was 1.2 kb. All 13,331 cDNA clones were 5’-se-
quenced with an overall success rate of 75%, calculated
after the removal of poor-quality and vector sequences.
This resulted in 9,984 successful reads with an average
length of 502 bp. These sequences were submitted to
NCBI GenBank dbEST (accession nos. BU039022
through BU49005). Using the assembly program cap3,

the ESTs were assembled into 1,309 contigs and 3,500
singletons. Annotation consisted of a pairwise compar-
ison of both the filtered library and the contig consensus
library against the GenBank nr protein database using
the FasTx3.4 algorithm. Of the 1,309 contigs, 1,200 were
found to have significant matches (< 1x10~"), while 109
had no significant matches and were annotated as
putatively unknown. The 3,500 singletons identified by
the assembly process were further filtered out by
removing those with a similar protein match to either
contigs, the clones comprising the contigs or other sin-
gletons. This resulted in 2,533 unique singletons, of
which 1,708 had significant matches ( < 1x10~?), and 825
had no matches. The tentative unigene set for peach was
derived by selecting the clones that best represented the
contigs and the unique singletons. This annotated set
consists of 3,842 putative unique genes arrayed in 96-
well microtiter plates, which are publicly available at the
Clemson University Genomics Institute web site (http://
www.genome.clemson.edu). It is notable that 24.3% of
the ESTs of the putative peach unigene set had no sig-
nificant homology in the NCBI Genbank. These se-
quences are of special interest as some may be unique to
fruiting tree species, thus worthy of future study.

Functional annotation of fruit ESTs

We characterized the Prunus persica EST sequences with
respect to functionally annotated genes in the Swiss-Prot
database. Of the 1,552 sequences from the putative peach
unigene set that had matches with the Swiss-Prot data-
base, 1,439 could tentatively be assigned gene ontology
(GO) classifications based on the annotation of the single
“best hit” match against the Swiss-Prot database
(<1x107?). Functional assignments of peach ESTs de-
scribed here are at the “inferred from electronic anno-
tation” (IEA) level of evidence (see The Gene Onotology
Consortium 2001). Figure 1 summarizes the assignments
of peach sequences to major molecular functions and
biological processes. For the molecular functions, peach
ESTs were assigned to nine GO terms, of which 76.6%
are covered by three GO terms: 57.5% catalytic activity
(GO: 0003824), 9.7% binding (GO: 0005488), and 9.4%
transporter activity (GO: 0005215). For the biological
processes, peach ESTs were assigned to three GO terms
(Fig. 1b), with the GO term physiological process (GO:
0007582) representing 59.4% of the assigned ESTs.
Annotation of peach EST sequences with respect to the
GO terms molecular function, biological process and
cellular component are regularly updated and can be
accessed at http://www.genome.clemson.edu/gdr/.

Physical map framework

To anchor BACs onto the genetic map and to provide a
framework for the physical map, we used 141 probes
representing different marker types (RFLP, SSR and



Fig. 1 General statistics for the
number of proteins in the peach
proteome that were assigned to
high-level gene ontology (GO)
terms from each of the two gene
ontologies, molecular function
and biological process. ESTs
may be assigned to more than
one GO term. Also note that
child terms (not shown) may
have more than one parent term
(for example, “hydrolase/
hydrolyzing glycosyl
compounds” is a child of both
“enzyme” and ‘‘defense/
immunity protein’).

a Molecular function.

b Biological process

A GO terms: M

Obsolete molecular function |1
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AFLP markers from peach as well as RFLP markers
from Prunus ferganensis, cherry and almond) to screen
the Hindlll peach BAC library (theoretical eight- to
ninefold haploid genome equivalents). The majority of
these markers was derived from the general Prunus ge-
netic map based on the cross ‘Texas’ x 'Earlygold’,
which consists of 246 markers (Joobeur et al. 1998). This
map covers 491 cM of the peach genome. In addition,
we implemented a “‘neighbors’” map approach in which
we extrapolated locations of loci from other maps to
their nearest neighbors in the general Prunus map.
Shared loci on the two genetic maps defined an interval
containing the locus of interest. The 141 probes repre-
sent 153 markers, with an average spacing of 4 cM be-
tween the markers if loci with two or more markers are
counted as one (Fig. 2). About one-half of the core
markers are single-copy, whereas the remaining probes
are present in two or more copies in the genome. Sixty-
nine single-copy core markers identified an average of
4.1 BACs with a range of 1-15 BACs per probe. As the
library represents a theoretical eight- to ninefold haploid
genome equivalent, each single-copy sequence should be
present about eight times if all sequences are equally
represented in the library. The lower number of BAC
clones identified is probably due to the high stringency
used in identifying positive clones, which might miss
clones with weak hybridization signals but gives a higher
reliability for the detected positive clones by reducing
the number of false positives.

The remaining core markers represent sequences that
are present in the genome in more than one copy. Sev-
enty-two probes with two or more copies gave 1-30
positive BAC clones with an average of 5.5 hits per
probe. The hybridization results confirm that the peach
BAC library provides good genome coverage, since po-
sitive BAC clones were detected with all 153 core
markers distributed all over the peach genome. In total,
the core markers identified and anchored 679 BACs on
the genetic map.

By anchoring BACs on the genetic map using core
markers, a framework for the physical map has been
established. This framework also provides a basis for
assigning physical/genetic locations for our ESTs, thus,
constructing a transcript map.

Transcript map of peach fruit ESTs

To develop a transcript map, 1,236 ESTs from the peach
unigene set (PP_LE) and an additional 68 cDNA clones
(LF) from a second fruit-specific cDNA library were
hybridized to the three high-density peach BAC filters
representing 44,160 BAC clones. As for the 141 core
probes, hybridization of the BAC filters was performed
using bulks of 8-16 probes. Positive BAC clones were
then verified by hybridization to single EST probes by
dot blot hybridizations. This represents a very eco-
nomical way to perform the hybridizations (bulks) and
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Fig. 3 Frequency of BACs detected by peach EST probes

to reliably identify positive BAC clones, as the dot blots
represent a second hybridization. EST probes that
hybridized to BACs that had been previously anchored
by core markers, can be presumed to map to the same
location on the general Prunus genetic map as the cor-
responding marker.

Each EST probe detected between 1 and 43 BAC
clones (Fig. 3). On average, 3.8 BAC clones hybridized
to each EST, resulting in a total number of 4,983 BAC
clones attached to EST probes. In total, 147 EST probes
shared BACs with previously marker-anchored BACs,
which immediately localized the ESTs on the genetic
map. The ESTs mapped to 79 marker locations corre-
sponding to 73 core probes. The transcript map devel-
oped on this basis is shown in Fig. 2. Localization and
annotation of these ESTs are given in the Electronic
Supplementary Material (ESM) Table 1. The ESTs are
sorted according to the location of the core markers on
the linkage groups of the general Prunus genetic map.

Between 1 and 32 ESTs were mapped to single loca-
tions, with an average of two ESTs per map position
(Fig. 4). ESTs showed a clustering in certain regions of
the linkage groups. On linkage groups G4 and G5, 32
ESTs hybridized to two BACs (028F08 and 082I18),
detected also by the restriction fragment length poly-
morphism (RFLP) probe ACS55. As probe ACS55 map-
ped to two locations (linkage groups G4 and G5) in the
peach genome, it cannot be distinguished at this point
whether the ESTs are divided between the two or if only
one of them contains all the ESTs. To identify an
overlap between 028F08 and 082118, the two BAC
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clones were digested with HindIII and hybridized using
one of the BAC clones as a probe, respectively. A
hybridization signal of 7 kb was common to both BAC
clones, demonstrating an overlap or duplication of 7 kb
between the two BACs (data not shown). This likely
explains why a number of EST probes hybridized to
both BAC clones, whereas others hybridized to only one
of them (ESM Table 1). The cluster of ESTs anchored to
ACS55 consists of ESTs that in most cases represent
singletons with no match to the database, indicating that
these regions might contain a cluster of genes specific to
fruit trees or to peach. Five ESTs show different per-
centages of homology to the allergen protein from
Prunus armeniaca and might represent members of a
gene family in this region. Other clusters of genes con-
taining three to seven ESTs were detected on all linkage
groups except for G7 and GS8. Hybridizing the ESTs to
genetically anchored BACs immediately provided ge-
netic map localizations for 11.2% of the ESTs and re-
sulted in the first transcript map for peach.

All hybridization data are incorporated in the Gen-
ome Database for Rosaceae (http://www.genome.clem-
son.edu/gdr/), which is publicly available and regularly
updated at Clemson University. The database can be
searched for BACs, ESTs, markers and maps.

Discussion

By sequencing 13,331 c¢cDNA from the developing
mesocarp of peach fruit, we obtained 9,984 successful
reads and submitted these to NCBI GenBank dbEST.
After assembly and annotation, these 5’-sequences were
used to define a putative peach unigene set of 3,842
ESTs. EST assembly tends to overestimate the actual
number of genes represented because a failure of the
ESTs to assemble can result from non-overlapping
ESTs, alternative splicing, sequencing errors and se-
quence polymorphism. To reduce redundancy, we fil-
tered the singletons for similar protein matches and only
selected the clone with the most significant match to
represent the gene.

GO terms were assigned to the “best hit” match
against the Swiss-Prot database. Gene ontology helps to
describe gene products in a standardized way and thus
facilitates cross-species comparison (Camon et al. 2003).

Fig. 4 Localization of EST 457
probes on the general Prunus 4071
map. The frequency of > 3571
localizing peach ESTs at a g 3017
location anchored by a marker @ 257
is shown g_ 204
Q 151
W 101
54 [
0

EST/ Location
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The number of ESTs assigned to each GO term was
calculated to allow a comparison of the relative per-
centages of the ESTs assigned to each term. However,
ESTs may be assigned to more than one GO term,
therefore ESTs may be counted more than once. For
molecular functions, the ESTs from the developing fruit
cDNA library show the highest percentage for the cat-
egory catalytic activity, which is consistent with the ex-
pected high metabolic activity in the developing tissue.
For biological processes, the highest number of ESTs
was assigned to the category physiological process.
Deeper levels of GO terms are shown at the web site.
The assignment of GO terms provides a powerful tool
for researchers seeking to find candidate genes for the
trait of interest.

About 24% of the ESTs from the peach unigene set
were not homologous with sequences in the GenBank
nr protein database. Also, in citrus, 17% of the ESTs,
developed from 180-day-old whole immature seedlings
failed to match with significance to any protein sequence
found in public databases (Bausher et al. 2003). In Vitis,
12% of the ESTs showed no significant homology to any
of the deposited sequences (Terrier et al. 2001). The
percentage of sequences lacking homology will decrease
as more sequence data are added to the public genome
databases. Lack of homology might also be related to
sequencing, post-processing and annotation errors.
However, some of these sequences might represent genes
unique to fruit trees, or sequences that might have
evolved rapidly within the species. Therefore, some of
these sequences might represent the most interesting for
further investigations of fruit trees.

Using core markers from the general Prunus genetic
map (Joobeur et al. 1998), we anchored BAC clones on
the genetic map, thereby providing a framework for the
physical and the transcript map. The development of a
transcript map through the hybridization of ESTs to
previously genetically anchored BAC clones proved to
be an efficient approach for the construction of a tran-
script map. Using this approach, 11.2% of the ESTs
were immediately assigned to locations on the general
Prunus genetic map. In total, 147 ESTs were positioned,
distributed over all linkage groups. These ESTs can
provide additional SSR and SNP anchor loci for the
map.

A cluster of 32 ESTs that mapped to the marker
ACS55 is of special interest because most of the ESTs
were not homologous to sequences in the NCBI data-
base. Five of the ESTs in that cluster showed different
percentages of homology to the P. armeniaca putative
allergen protein, indicating the presence of a gene family
for this protein in the region. A number of ESTs from
this region might be unique to fruit trees or might have
rapidly evolved from a common ancestor to fulfill new
functions in fruit trees. It will be interesting to investi-
gate whether the genes representing these ESTs are also
present in other fruit trees (e.g., apricot or apple) and
whether they also cluster in one region. A clustering of
ESTs, even though not that pronounced, was also

observed on other linkage groups apart from linkage
groups 7 and 8. Previous sequencing of single peach
BAC clones also revealed concentrations of potential
gene encoding regions followed by SSR-rich regions
(Georgi et al. 2002).

The putative peach unigene set provides a valuable
source for probes to be mapped on the general Prunus
map, for candidate gene approaches in isolating genes,
and for the development of microarrays for global
differential gene expression analysis. To increase the
number of possible anchors for the framework of the
physical map, we are aiming at developing PCR-based
genetic markers from the ESTs of the peach unigene set
and mapping these on the general Prunus map. In
peach, ESTs (Jung et al. 2004) as well as BAC clones
(Georgi et al. 2002; Wang et al. 2002) have proven to be
a valuable source material for the development of SSR
markers. To extend the transcript map, additional ESTs
from the peach unigene set will be hybridized on the
BAC library filters. The development of new cDNA
libraries for peach shoots, flower buds and disease-
resistant roots are in progress to permit integration of
transcribed sequences from other tissues into the tran-
script map. The established EST database for peach
that we report here represents a unique resource for
cloning agronomical important genes in Rosaceae using
candidate gene approaches. This will accelerate the
isolation of genes and their association with traits of
interest and will facilitate the analysis of their differ-
ential expression. All our Prunus structural and func-
tional genomics resources such as BAC libraries (peach,
cherry, plum and apricot) and EST unigene libraries
(peach and almond) are housed at the Clemson
University Genome Institute and are publicly available
through the online ordering system (http://
www.genome.clemson.edu/orders).
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