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Abstract Blooming time is one of the most important
agronomic traits in almond. Biochemical and molecular
events underlying flowering regulation must be under-
stood before methods to stimulate late flowering can be
developed. Attempts to elucidate the genetic control of
this process have led to the identification of a major gene
(Lb) and quantitative trait loci (QTLs) linked to ob-
served phenotypic differences, but although this gene
and these QTLs have been placed on the Prunus refer-
ence genetic map, their sequences and specific functions
remain unknown. The aim of our investigation was to
associate these loci with known genes using a candidate
gene approach. Two almond cDNAs and eight Prunus
expressed sequence tags were selected as candidate genes
(CGs) since their sequences were highly identical to
those of flowering regulatory genes characterized in
other species. The CGs were amplified from both
parental lines of the mapping population using specific
primers. Sequence comparison revealed DNA poly-
morphisms between the parental lines, mainly of the
single nucleotide type. Polymorphisms were used to de-
velop co-dominant cleaved amplified polymorphic se-
quence markers or length polymorphisms based on
insertion/deletion events for mapping the candidate
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genes on the Prunus reference map. Ten candidate genes
were assigned to six linkage groups in the Prunus gen-
ome. The positions of two of these were compatible with
the regions where two QTLs for blooming time were
detected. One additional candidate was localized close to
the position of the Evergrowing gene, which determines a
non-deciduous behaviour in peach.

Introduction

Of the Prunus crop species, almond [P. dulcis (Mill) D.
A. Webb; syn. P. amygdalus Batsch] has the earliest
blooming time. Its flowers are frequently destroyed by
late frosts, which severely compromises nut production.
Consequently, the manipulation of late blooming is a
major target for almost all almond breeding pro-
grammes (Kester and Gradziel 1996).

In almond, as in most woody perennials, the physi-
ology and biochemistry of the flowering process is
poorly understood, although some investigations have
been directed towards elucidation of the genetic control
of the determination of flowering time. Variations in
blooming time in almond occur due to the differences in
the chilling and heat requirements before blooming
(Tabuenca 1972; Tabuenca et al. 1972), thereby resulting
in a situation where the blooming date may change from
year to year depending on the winter weather conditions.
However, the blooming sequence of any specific variety
is relatively constant over time.

Blooming time is considered to be inherited quanti-
tatively in the majority of fruit species (Anderson and
Seeley 1993), and most of the results obtained in almond
also confirm this type of transmission (Grasselly 1978).
Kester (1965), however, suggested that in some proge-
nies of the late-blooming budsport Tardy Nonpareil, a
single dominant gene could be involved in determining
the blooming date. He based his conclusion on the
bimodal distribution of blooming dates among the
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progenies he studied. This segregation pattern was also
found by Grassely (1978) and Socias 1 Company et al.
(1998), who followed the transmission of the trait in
several progenies. Thus, blooming time in Tardy Non-
pareil seems to be determined by a major gene, denoted
Lb (with late blooming being dominant over early
blooming), and by several quantitatively inherited
modifier genes.

The Lb gene was first mapped using the progeny
from a cross between D-3-5 (a Lb/Ib heterozygous
genotype) and Bertina (a Spanish cultivar of unknown
origin) (Ballester et al. 2001) and found to be located
on Prunus linkage group 4 (G4). Blooming time has
also been studied as a quantitative character in an
intraspecific peach F, population (Dirlewanger et al.
1999), in an interspecific Prunus persica X P. ferganensis
backcross (Verde et al. 2002) and in the F, of the
interspecific cross between the almond variety Texas
and the peach variety Earlygold (Joobeur 1998). How-
ever, the sequence and specific function of Lb and the
genes responsible for the quantitative trait loci (QTLs)
remain unknown.

One of the possible strategies that can be adopted to
identify these genes is the candidate gene (CG) ap-
proach. CGs are sequenced genes of known or presumed
function that are related with the traits of interest and
which could correspond to major loci or QTLs. In this
context, genes isolated in model species constitute
putative CGs for agronomic species. Most of what we
know about flowering has been learned by studying the
model plant Arabidopsis thaliana. In Arabidopsis, many
genes have been characterized and found to play
important roles in flowering regulation (for reviews, see
Levy and Dean 1998; Mouradov et al. 2002). These
genes can be classified into four groups: flowering-time
genes, meristem-identity genes, flower-organ-identity
genes and late-acting genes (control of ovule
development). Therefore, the question that must be
addressed is just how to choose with some degree of
reliability which kind of genes should be candidates for
Lb and/or QTLs for flowering time in almond. While the
obvious strategy would be to look within the flowering-
time gene group, the fact can not be ignored that,
although flowering in perennial plants may have mech-
anisms in common with those found in annuals,
significant differences must always remain a possibility
and similar genes may play different roles in different
stages. The difficulty in establishing a perfect match
between annuals and perennials with respect to the
regulation of flowering results in the genes within the
three first categories being putative CGs.

In the CG approach the working hypothesis assumes
that a polymorphism within the CG sequence is corre-
lated with the phenotypic variation. An efficient strategy
for mapping CGs consists of discovering single nucleo-
tide polymorphisms (SNPs) or insertion/deletion events
(INDELS) within their sequence among the parents of a
mapping population. A role for the CG in the expression
of a trait is supported if there is a correlation between

phenotype and the allelic polymorphism—i.e., if they
cosegregate in a mapping population. In the absence of
such a correlation, the CG is ruled out as being involved
in trait variation. CGs may have different origins: (1)
when the biochemical and/or physiological pathways
related to a trait of interest are well known, genes
characterized in model species probably have counter-
parts in species of agronomic interest; (2) genes identi-
fied when comparing plants under different conditions
or mutants and wild type, by differential display or by
microarray experiments.

The availability of whole genome sequences and ex-
pressed sequence tag (EST) databases for important
crops is accelerating the process of gene discovery. The
Prunus Genome Database (http://www.genome.clem-
son.edu/) provides access to genomic data of peach and
almond and constitutes a very useful source of infor-
mation for studies on Prunus. To date, this database
included 9,984 ESTs from a peach mesocarp cDNA li-
brary and 2,794 ESTs from an almond developing seed
cDNA library. Prunus EST sequences are also available
though the GenBank EST database.

The purpose of the investigation reported here was to
understand the molecular basis underlying variations in
blooming time in almond. We have localized ten CGs
putatively homologous to flowering regulatory genes
characterized in other plants on the Prunus reference
map (Joobeur et al. 1998). The positions of these CGs
were compared with those of Lb gene and QTLs and the
results discussed within this framework.

Materials and methods
Plant material and DNA isolation

A F, mapping population of 75 individuals derived from
an almond [Prunus dulcis (Mill) D. A. Webb; syn. P.
amygdalus Batsch] ‘Texas’ X peach ‘Earlygold’ (TXE)
interspecific cross was used for mapping the candidate
genes. Trees of the mapping population are maintained
in the field at IRTA-Cabrils. Total DNA was extracted
from young leaves collected shortly after blooming fol-
lowing the method described by Viruel et al. (1995).
Total RNA was extracted from mature flower buds and
pistils according to the method of Gévaudant et al.
(1999).

Isolation of an almond cDNA homologous to LEAFY

The amino acid sequence of the Arabidopsis LEAFY
gene (Weigel et al. 1992) was aligned with the homolo-
gous sequences from Pinus radiata (accession no.
AAB68601), Populus  balsamifera (accession no.
AABS51533), Pisum sativum (accession no. AAC49782),
Lycopersycon esculentum (accession no. AAF66099),
Eucalyptus globulus (accession no. AAC31359) and
Malus x domestica (accession nos. BAB83096 and



BABS83097) using cLustaALw (Thompson et al. 1994).
Based on the amino acid similarity, the conserved re-
gions HPFIVTEP and WYVPTKLRQ were identified.
Using copenop software (http://www.blocks.fhere.org/
codehop.html), we designed the degenerate primers 5'-
CAYCCNTTYATHGTRACDGAGC-3’ (forward) and
5-TGNCGGAGCTTGGTNGGNACRTAC-% (re-
verse) to target these regions for use in PCR amplifica-
tion on almond genomic DNA. PCR conditions were
adjusted empirically to obtain mainly fragments of the
expected size. The PCR products were analysed on a 2%
agarose gel in 1x TBE (45 m M Tris-base, 45 m M boric
acid, ] m M EDTA, pH 8.0), and bands of the expected
size were excised and gel-purified with the QIAquick Gel
Extraction kit (Qiagen, Courtaboeuf, France). Frag-
ments were cloned into the pCR 2.1 vector (Invitrogen,
Carlsbad, Calif.) and sequenced. Sequence analyses re-
vealed that a fragment identical to that of the LEAFY
gene had been amplified. Based on the nucleotide se-
quence of the fragment, specific primers were designed
for amplification of the corresponding cDNA. 3’-Rapid
amplification of cDNA ends (RACE) was performed
using the SMART RACE cDNA Amplification kit
(Clontech, Palo Alto, Calif.) according to the manu-
facturer’s instructions. cDNAs were synthesized from
total RNA extracted from almond mature flower buds
and adaptor-ligated following the instructions of the kit.

Isolation of an almond cDNA homologous
to MADS-box genes

The degenerate primers 5-AARATHGARATHAAR-
MGGATCGARAA-3" (forward) and 5-TCRTAGAG-
RCGGCCDCKGCTDGAGAA-3" (reverse) described
by Kitahara and Matsumoto (2000) for amplification of
MADS-box genes in rose were used for PCR amplifi-
cation on almond genomic DNA. The primers corre-
spond to the sequences KIEIKRIEN and
FSSRGRLYE, two regions from the MADS consensus
sequence containing the characteristic amino acids
within the class-C floral-identity genes (Theissen et al.
1996). PCR conditions, cloning and sequence analyses
were as already described. The amplified genomic frag-
ment revealed sequence homology with MADS-box
genes from different species. A corresponding cDNA
was amplified by RACE, as described in the preceding
section, but with total RNA from pistils.

Prunus ESTs homologous to flowering regulatory genes

A dataset for both the almond and peach EST databases
containing information on sequence, assembly and
homology data is available to users. Homology data
displays the results of most of the significant matches
(EXP<1le™®) for each contigue and individual clone
when compared against the GenBank nr protein data-
base, using the FASTX 3.4 algorithm.
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Both of these EST databases were screened and ESTs
chosen based on their putative identity reported on the
datasets. Sequences of selected ESTs were downloaded
and stored. The deduced amino acid sequence of each
EST was compared with the GenBank nr protein
database but using the BLAST algorithm. The best match
at the overall amino acid sequence level was recorded.

Design of PCR primers

Specific primers designed to target CG fragments were
used for amplification of CGs from parental lines of the
mapping population. To increase the probability of
polymorphism detection between the ‘Texas’ and ‘Ear-
lygold’ genotypes, the following rules were applied when
choosing the primers: (1) for sequences going through-
out 3" untranslated regions (UTRs) primers were de-
signed in this gene-specific region; (2) primers were
chosen to preferentially amplify genomic regions flank-
ing one or more introns. Putative positions of the introns
on peach and almond genes were inferred from homol-
ogous genes. Primers were designed using the software
PRIMER 3 (Rozen and Skaletsky 2000).

Discovery of polymorphisms between parental lines

Genomic fragments of each CG were PCR amplified
from both parental lines and the hybrid under the fol-
lowing conditions: 25 ng of genomic DNA was ampli-
fied by PCR in a 25-pl final reaction volume containing
100 m M Tris-HCI (pH 8.3), 500 m M KCI, 2.5m M
MgCl,, 200 uM of each dANTP, 400 n M of each primer
and 1.25 U Tag DNA polymerase. The PCR conditions
consisted of a preliminary denaturation step of 5 min at
94°C, followed by 30 cycles of 30 s at 94°C (denatur-
ation), 30 s at variable temperatures (annealing)
(Table 2) and 2 min at 72°C (extension), with a final
extension for 5 min at 72°C. PCR products were anal-
ysed by electrophoresis in a 1.5% agarose/1.5% NuSieve
(FMC, Rockland, Me.) gels in 1x TBE and then visu-
alized by ethidium bromide staining.

Bands of the expected size were sequenced, either
directly from the PCR product or after cloning. For
cloning, the PCR product was purified using the QIA-
quick PCR purification kit (Qiagen) and cloned into the
pGEM-T Easy Vector (Promega, Madison, Wis.). In-
serts were sequenced using the ABI Prism Big Dye-
Terminator Cycle Sequencing Ready Reaction kit (PE
Applied Biosystems, Foster City, Calif.) and an ABI
Prism 377 DNA Sequencer (PE Applied Biosystems). A
BLAST search was conducted on either the nucleotide or
the predicted amino acid sequences to confirm homol-
ogies. Sequence data was analysed with the software
package GcG ver. 9.1 (Genetics Computer Group, Uni-
versity of Wisconsin, Madison, Wis.). ‘Texas’ and
‘Earlygold’ genomic fragments were compared for DNA
polymorphisms discovery.
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Generation of markers

SNPs or small-scale INDELs creating differential
restriction enzyme recognition sites between ‘Texas’ and
‘Earlygold’ were used to developed cleaved amplified
polymorphic sequence (CAPS) markers. Genomic frag-
ments of CGs amplified from both parental lines were
further digested with restriction endonucleases using the
recommended temperatures for 3—4 h, according to the
manufacturer’s instructions. CAPS markers were sepa-
rated on agarose gels, stained and observed as described
above.

Large INDEL polymorphisms were detected on the
basis of band mobility shifts. For simple sequence repeat
(SSR) markers, specific primers were designed flanking
the SSR sequence and PCR products were size separated
by polyacrylamide gel electrophoresis (PAGE) in a 6%
gel containing 7.5 M of urea in 0.5x BE bulffer.

Inheritance and linkage analysis for candidate genes

The markers were assayed in the TXE mapping popu-
lation. Segregation data for each candidate gene was
added to the corresponding dataset of the markers
(Joobeur et al. 1998). Linkage analysis was performed
using the software package MAPMAKER/ExP 3.0 (Lander
et al. 1987). Assignment of the CGs to the TXE linkage
groups was done with the Group command with a
LOD2=7.0. The commands TRy and RIPPLE were then used
to assign the position of each CG in the TXE previously
established marker order. Recombination units were
converted into map distances using the Kosambi
(Kosambi 1944) function.

Results

Isolation of almond cDNAs putatively homologous
to the LEAFY and MADS-box genes

Using the degenerated primers described in the Materi-
als and methods we were able to isolate two genomic
fragments from almond. One of the fragments was
highly identical to LEAFY genes while the other showed
sequence homology with a conserved region of the
MADS-box genes. Sequences of these two fragments
were used to design specific primers targeting the coding
regions. Primers were then used to extend fragments by
RACE.

A 3-end cDNA was amplified from a floral meristem
RACE library and named PrdLFY (Prunus dulcis
LEAFY). A second 3’-end cDNA was amplified from a
pistil RACE library and named PrdMADSI1 (Prunus
dulcis MADSI). PrdLFY has a length of 750 bp and
encodes a polypeptide 85% identical to the apple LFY
homologue (Wada et al. 2002). PrdM ADS]1 has a length
of 937 bp, and its predicted polypeptide was found to be
72% identical to MdAMADSI10 from apple (Yao et al.

1999) (Table 1). MdMADSI10 was reported to be the
apple homologue of AGAMOUS-like 11 from Arabid-
opsis. Sequence identities were determined with the BLAST
algorithm by searches throughout non-redundant data-
bases.

Candidate genes selected for mapping

In total, ten CGs (listed in Table 1) were selected for
mapping.

Two of the CGs selected for mapping were the two
cDNAs isolated from almond, PrdLFY and Prd-
MADSI. PrdLFY was chosen on the basis of its se-
quence homology to LEAFY-like genes, since LEAFY is
considered to be a key regulatory gene for flowering in
Arabidopsis. In fact, the constitutive expression of LFY
genes was shown to be sufficient to promote flower ini-
tiation in Arabidopsis as well as in perennial species
(Weigel and Nilsson 1995; Pefa et al. 2001). AGA-
MOUSI I-like from Arabidopsis has a role in the control
of ovule and seed development, and its apple homologue
(MdMADSI10) is expressed only in the fruit core that
develops from ovary tissue and contains the seeds (Yao
et al. 1999). This may suggest function conservation.
Nevertheless, the putative almond homologue (Prd-
MADSI) was isolated from mRNAs being expressed in
the pistils, which may suggest a putative new function.
PrdMADSI was selected as a CG since a putative
function in the control of flowering time could not be
ruled out.

Eight of the Prunus ESTs eight were selected as CGs.
Each EST was designated by the initials Prd or Prp (for
Prunus dulcis or Prunus persica, respectively) followed by
the initials of the gene for which it showed sequence
homology (names of the Arabidopsis genes were used to
facilitate identification). Results of BLAST searches
thought the GenBank nr protein database are given in
Table 1; for each CG, the best result is indicated. The
ESTs selected as CGs were putatively homologous to
either flowering-time genes or to genes known to be in-
volved in the response to light quality (PrpFARI) or to
genes from the gibberellins’ biosynthetic pathway
(PrdGA20).

Amplification of CG in the parental lines

Specific primers were designed to amplify CGs from
Texas and Earlygold genomic DNA. Primer sequences,
size of the cDNA fragment within the primers, size of
the amplified geomic fragments and annealing temper-
atures are given in Table 2 for each CG.

For all CGs only a single product was amplified from
genomic DNA of both parents and the F; hybrid. All
‘Texas’ and ‘Earlygold” PCR products were sequenced,
and the homologies previously reported were confirmed
by BLAST analyses. Amplified fragments ranged in size
from 282 bp to 1,260 bp (Table 2). For eight of the ten



Table 1 Characteristics of partial cDNAs isolated from almond and Prunus ESTs used as candidate genes for mapping
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CGs, PCR fragments amplified from genomic DNA
were longer (94-931 bp; Table 2) than the cDNA found
within the primer sequences. This indicates the presence
of one or more introns in the genomic fragments.

Detection of polymorphisms within the CGs

Sequence analysis of the genomic fragments amplified
from both parental lines revealed that most of the
polymorphisms involved base substitutions, resulting in
the gain or loss of a restriction site rather than length
variation. For six of the CGs (PrdMADSI, PrpAPI,
PrpAGL2, PrpFARI, PrdGA20, PrpCO) it was possible
to identify SNPs within an enzyme recognition site,
thereby enabling their conversion into CAPS markers;
the restriction endonucleases used are listed in Table 2.
For three of the remaining CGs, PrdLFY, PrpFT and
PrdTFL, we detected length polymorphisms in the in-
tronic region on the basis of band mobility shifts. The
INDELS identified were used to map these three CGs.
PrpAP2 also showed a length polymorphism caused by
an SSR located in an intronic region.

Assignment of CGs to linkage groups

The ten candidate genes were assigned to six of the eight
linkage groups in the ‘Texas’ X "Earlygold’ map. Both
the map distances from the origin of the linkage group
of the TXE map (Joobeur et al. 1998) as well as the
closest reference markers are given in Table 2. Candi-
date genes were distributed throughout all of the linkage
groups except for linkage groups 4 (G4) and 8 (GS)
(Table 2, Fig. 1). PrpCO and PrdMADSI mapped to
Gl1, PrdGA20 to G2 and PrpAGL2 to G3. PrdLFY,
PrpAPI and PrdTFL all mapped to G5, PrpAP2 and
PrpFT mapped to G6 and PrpFARI mapped to G7.

Discussion

Once linkage mapping identifies a QTL, there are rela-
tively few options for determining the identity of the
gene or genes that are actually responsible for variation
in the phenotype. Map-based cloning is one possible
strategy that can be adopted to accomplish this goal;
however, it is difficult to apply the the case of species
with a long life cycle, such as fruit trees. The placement
of CGs onto QTL maps have proven useful for finding
associations between genes involved in relevant path-
ways and QTLs in fruit trees (Frewen et al. 2000; Eti-
enne et al. 2002). As a first approach to identify floral
CGs, we used degenerate primers to target conserved
regions of genes identified in model plants as playing
important roles in the control of flowering time
(LEAFY, APETALAI, TERMINAL FLOWER, AGA-
MOUS). Using this strategy two almond cDNAs puta-
tively homologous to LEAFY and AGAMOUS-LIKE 11
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vertical line) and Verde et al. (2002) (thin and wide vertical lines).
The position of the highest LOD for each QTL is indicated with a
horizontal line. Names and positions of the candidate genes are in

boxes
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(AGL 11) genes were isolated, but attempts to optimize
conditions and isolate other genes (APETALAI and
TERMINAL FLOWER) were unsuccessful (data not
shown).

Studies of comparative mapping lead to the conclu-
sion that, at the genome level, the Prunus genus can be
treated as a single genetic entity (Dirlewanger et al.
2004). Because of the high synteny observed, the avail-
ability of a Prunus EST database became an excellent
alternative strategy for identifying floral CGs for al-
mond. After screening this database, we selected eight
ESTs that showed high sequence homology with genes
known to be involved in the control of flowering in other
species. The two almond cDNAs putatively homologous
to LEAFY and AGL 11 genes as well as the eight Prunus
ESTs were considered CGs for the control of flowering
time in almond and placed in the Prunus genetic map.
All ten CGs were polymorphic between the parental
lines, which allowed their segregation analysis in the
TxE population. One important factor for this success
was the high level of polymorphism of this progeny due
to its interspecific nature. The advantage of using this
population was also demonstrated by Etienne et al.
(2002) who used it to map 12 of 18 CGs related to the
variability of sugar and organic acid contents in peach.
According to these authors, the same CGs were mono-
morphic in a intraspecific peach population also used for
the analysis of these traits. The selection of primers for
the amplification of sequences containing 3’'UTRs or
intronic regions also contributed to the attaining of a
high level of polymorphism. The polymorphisms de-
tected in most (60%) of these sequences were SNPs,
while the remainder were indels, one of which corre-
sponded to a microsatellite region. For all the SNPs it
was possible to develop CAPS markers. Although CAPS
have been used successfully for this purpose (Tragoon-
rung et al. 1992; Gilpin et al. 1997), some authors
(Plomion et al. 1999; McCallum et al. 2001) reported
their inefficiency when compared to single-stranded
conformation polymorphisms (SSCPs). We found CAPS
to be very useful and efficient for mapping CGs. The
initial investment in sequencing all of the PCR products
and obtaining their restriction maps was later a clear
advantage since it avoided testing a battery of restriction
enzymes, which is costly in both time and money.
Moreover, CAPS are technically easier than SSCPs since
after digestion the PCR products are resolved in a nor-
mal agarose gel.

Joobeur (1998) found QTLs affecting blooming time
in four positions (G1, G4, G6 and G7) of the Prunus
map using the TxE progeny (Fig. 1). More QTLs for this
character have been described in other Prunus popula-
tions that were comparable to the positions on the TxE
map based on anchor markers: two QTLs (G2 and G7)
were detected by Dirlewanger et al. (1999) and one by
Verde et al. (2002) in G4. It is interesting that some of
these QTLs, although they originate from different ge-
netic backgrounds involving at least three species (al-
mond, peach and P. ferganensis), are located at similar

map positions (G4 and G7). This suggests that the same
genes may affect blooming time in different species. A
QTL found by Joobeur (1998) and another one found by
Verde et al. (2002) are located in the neighbourhood of
the Lb gene, which indicates that the allele of ‘Tardy
Nonpareil’ may be a macromutation (Tanksley 1993) of
a gene that produces major effects compared to those of
the alleles detected in the other peach progenies.

Despite the wide distribution of our ten CGs
throughout the Prunus genetic map, no significant
association was found with the Lb gene. In addition to
Lb, 27 other major genes have been studied in different
populations of various species and integrated into the
TxE map (Dirlewanger et al. 2004). One of these genes is
Evergrowing (Evg). Evergrowing peach is a mutant that
exhibits a different growing winter pattern from that of
wild-type deciduous peach. The terminal apices continue
to grow in winter until killed by low temperatures,
whereas the lateral buds become dormant. Moreover,
the flower buds require fewer chilling hours, and ever-
growing trees bloom earlier than deciduous trees (Wang
et al. 2002a). This gene was first mapped using the
progeny from a cross between a deciduous peach
(‘Empress op op dwarf’) and an evergrowing peach
(P.I. 442380). The microsatellite marker pchgms12 was
found to be tightly linked (1 cM) to Evg (Wang et al.
2002a, b). This marker is polymorphic in TXE and maps
on G1 at a distance 0.6 cM from the PrdMADSI CG
(W. Howad and P. Arus, unpublished results) (Fig. 1).
Considering that Evg influences both cold hardiness and
dormancy, it is interesting to speculate about its putative
identity as a MADS-box gene. It is known that besides
the role of MADS-box genes in floral organ and fruit
development they also are likely to be involved in many
other aspects of plant development. Therefore, the
identity of PrdMADSI should be confirmed and its
function accessed.

With respect to the QTLs, two associations were
observed, one in G7 with PrpFARI and another in G6
with PrpAP2 (Fig. 1, Table 2).

APETALA?2 belongs to the group of meristem-iden-
tity genes. In Arabidopsis it promotes the establishment
of the floral meristem in collaboration with Apetalal,
Leafy and Cauliflowerl. During flower development,
AP2 is essential for the determination of sepals and
petals (Bowman 1993). The co-location we found be-
tween the CG PrpAP2 and the QTL for blooming time
in the G6 has a limited significance. The highest LOD
for the QTL is located at the top of the linkage group,
far away from the location of the CG. The role of a
putative almond APETALA2 homologue for the control
of blooming time is difficult to envisage. Nevertheless, a
putative role in almond flowering is likely. To answer
whether flowering in almond may involve molecular
mechanisms similar to those described in annuals and if
these putative orthologues are in fact involved in the
process, PrpAP2 must be further characterized.

In contrast, the co-location of the CG PrpFARI with
the QTLs in G7 seems to be more significant, since the



CG is located relatively close to the maximum LOD of
one of the QTLs. In Arabidopsis, FARI encodes a nu-
clear protein specific to phytocrome A signalling
(Hudson et al. 1999). The Phytocrome A gene belongs
to the flowering-time gene group and is involved in the
control of flowering time through the photoperiod
pathway. Since almond is a perennial species and flower
initiation occurs during the year preceding blooming, it
is not obvious that similar regulations are involved in the
control of flowering time. Nevertheless, almond also has
a cold requirement during dormancy of flower buds that
resembles vernalization in annuals. Photoperiod regu-
lates dormancy break, which for perennials is probably
the most important factor regulating flowering time.
Based on these assumptions, further work on the char-
acterization of this putative almond FARI homologue
would be interesting.

The co-localization of a candidate gene with a QTL
does not provide a strong enough basis upon which to
draw a conclusion with respect to the responsibility of
this CG in phenotypic variation (Pflieger et al. 2001).
Validation of the implicated CGs is therefore required.
Association mapping provides high QTL resolution
and the power to incorporate a wide range of alleles
and, therefore, may be very useful for CG validation.
Alternatively, physiological analyses may provide evi-
dence for, or against, the role of the CGs. Such
analyses involve measuring CG expression at the
mRNA level (by quantitative reverse transcription-
PCR or Northern blotting) and at the protein level (by
Western blotting) as well as the determination of the
CG activity (e.g. enzyme activity). If the CG is a
member of a multigene family, expression analyses
may only provide an estimation of the collective
expression of the whole family. For the associations
found in this work it will be possible and worthwhile
to analyse the expression patterns of the CGs, at both
temporal and spatial level.

We report here the map location of ten CGs puta-
tively involved in flower development in almond. Co-
segregation analysis between CGs and molecular
markers for blooming showed associations between two
of the CGs (PrpFARI and PrpAp2) and QTLs con-
trolling blooming time. A third candidate gene (Prd-
MADSI) was located very close to the position of the
peach Evergrowing gene. Further characterization of
the CGs will be required in order to validate associa-
tions. Moreover, the isolation and characterization of
CGs may contribute to understanding the molecular
basis of flowering initiation and development in al-
mond.
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