
Abstract In almond, gametophytic self-incompatibility
is controlled by a single multiallelic locus (S-locus). In
styles, the products of S-alleles are ribonucleases, the S-
RNases. Cultivated almond in California have four pre-
dominant S-alleles (Sa, Sb, Sc, Sd). We previously reported
the cDNA cloning of three of these alleles, namely Sb, Sc

and Sd. In this paper we report the cloning and DNA se-
quence analysis of the Sa allele. The Sa-RNase displays
approximately 55% similarity at the amino-acid level
with other almond S-RNases (Sb, Sc, and Sd) and this
similarity was lower than that observed among the Sb, Sc

and Sd-RNases. Using the cDNA sequence, a PCR-based
identification system using genomic DNA was developed
for each of the S-RNase alleles. Five almond 
cultivars with known self-incompatibility (SI) geno-types
were analyzed. Common sequences among four 
S-alleles were used to create four primers, which, when
used as sets, amplify DNA bands of unique size that 
corresponded to each of the four almond S-alleles; 
Sa (602 bp), Sb (1083 bp), Sc (221 bp) and Sd (343 bp). All
PCR products obtained from genomic DNA isolated from
the five almond cultivars were cloned and their DNA se-
quence obtained. The nucleotide sequence of these ge-
nomic DNA fragments matched the corresponding S-al-
lele cDNA sequence in every case. The amplified prod-
ucts obtained for the Sa- and Sb-alleles were both longer
than that expected for the coding region, revealing the

presence of an intron of 84 bp in the Sa-allele and 556 bp
in the Sb-allele. Both introns are present within the site of
the hypervariable region common in S-RNases from the
Rosaceae family and which may be important for S speci-
ficity. The exon portions of the genomic DNA sequences
were completely consistent with the cDNA sequence of
the corresponding S-allele. A useful application of these
primers would be to identify the S-genotype of progeny
in a breeding program, new varieties in an almond nurs-
ery, or new grower selections at the seedling stage.
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Introduction

Self-incompatibility (SI) is a widespread inherited repro-
ductive phenomenon in flowering plants that prevents
self-fertilization through rejection of pollen from same
plant. This trait promotes outcrossing while preventing
inbreeding, and thus is an important evolutionary mecha-
nism that maintains genetic variability among plant pop-
ulations. There are two distinct mechanisms that mediate
SI: gametophytic self-incompatibility (GSI) or sporo-
phytic self-incompatibility (SSI) (Nettancourt 1977). In
GSI pollen germinates but pollen-tube elongation is ter-
minated within the style whereas in SSI, the incompati-
bility takes place at the stigmatic surface and pollen fails
to germinate normally (Ebert et al. 1989). Prunus species
exhibit GSI which is controlled by a single S locus hav-
ing several codominant S-alleles. In the case of GSI in
the Solanaceae, Rosaceae and Scrophulariaceae, the S-
alleles encode specific ribonucleases (S-RNases) that
block self pollen-tube growth through the style (McClure
et al. 1989; Huang et al. 1994; Lee et al. 1994; Murfett
et al. 1994, 1995; Kao and McCubbin 1996).

Self-incompatiblity produces individuals that are het-
erozygous for SI alleles because the SI alleles act to pre-
vent the formation of zygotes that are homozygous at the
S-locus. This enforces selection for other features that fa-
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cilitate pollen transfer between individuals, and leads to
the evolution of outcrossing syndromes in such plants. In
breeding programs, progeny will only be obtained if the
parents do not share identical SI alleles. Therefore,
knowledge of SI genotypes of parents is essential for ef-
ficient breeding. Almond (Prunus dulcis), the focus of
this study, is self-incompatible with cross-pollination be-
ing essential for fruit set. Cultivated almond in Califor-
nia has four predominant S-alleles (Sa, Sb, Sc and Sd) that
can be assembled into seven cross incompatibility
groups (CIGs) depending on the combination of individ-
ual S-alleles (Kester et al. 1994). The determination of
the S-genotype of segregating progeny in a cross is a
time-consuming task that involves growing plants to ma-
turity and testing for fruit set with pollen from various
known S-genotypes. The identification of individual 
S-alleles could provide a faster means of identification
not only of progeny but also of new cultivars and selec-
tions.

S-RNases encoded by the S-alleles in almond have
been isolated and their N-terminal amino-acid sequences
determined (Tao et al. 1997). Also, Boskovic et al.
(1997) separated S-RNases using non-equilibrium pH-
gradient electrophoresis, and identified some S-alleles of
almond. These techniques, though useful, can only be
used with mature plants. One of our foci has been to
identify S-genotypes at the seedling stage using genomic
DNA. To do this, we needed the DNA sequences of 
the four S-alleles. Earlier we reported the cDNA cloning
and DNA sequence determination of three of the four 
S-alleles (Sb, Sc, and Sd) of almond (Ushijima et al.
1998b). In this study: (1) the cDNA for the remaining 
S-allele, Sa, was obtained and its DNA sequence was de-
termined, (2) specific primer sets were created that can
be used to generate S-allele-specific PCR products that
are polymorphic for each of the predominant S-alleles,
and (3) partial genomic DNAs encoding S-RNases were
characterized.

Materials and methods

Isolation of total stylar RNA

Total RNA was isolated from freeze-dried styles of ‘Mission’
(SaSb) almond at the balloon stage of flower-bud development us-
ing the hot phenol method (Vries et al. 1988).

Cloning of cDNA encoding Sa-RNase

cDNA encoding Sa-RNase was amplified from total stylar RNA of
‘Mission’ (SaSb) by 3′RACE with the gene-specific primer AS-1
and an adapter primer as described previously (Ushijima et al.
1998b). The 5′ coding region, which was not contained in the
3′RACE clone, was amplified by 5′RACE using the primer 
Pru-C5 and the adapter primer BSRACE-2 as described previously
(Ushijima et al. 1998b). PCR fragments amplified by RACE were
cloned and sequenced as described previously (Ushijima et al.
1998a).

DNA isolation

Total DNA was isolated from young almond leaves of five culti-
vars each belonging to a different CIG (‘Nonpareil’: ScSd, ‘Monte-
rey’: SbSd, ‘Mission’: SaSb, ‘Ne Plus Ultra’: SbSc, ‘Thompson’:
SaSc) using a modified CTAB method. About 50 mg of leaf tissue
was homogenized in liquid nitrogen with 500 µl of ice-cold isola-
tion buffer [10% PEG6000, 0.35 M sorbitol, 0.1 M Tris-HCl 
(pH 8.0), 0.5% spermidine, 0.5% spermine, 0.5% mercaptoetha-
nol]. After centrifugation and removal of the supernatant, the pel-
let was resuspended in 250 µl of lysis buffer [0.35 M sorbitol, 
0.1 M Tris-HCl (pH 8.0), 0.5% spermidine, 0.5% spermine, 0.5%
mercaptoethanol] containing 1/10 vol of 10% lauroyl sarcosine.
After incubation for 10 min at room temperature, 500 µl of CTAB
extraction buffer [2% CTAB, 1.4 M NaCl, 1% PVP-10, 20 mM
EDTA, 100 mM Tris-HCl (pH 8.0), 1% mercaptoethanol] was
added, mixed and incubated for 30 min at 60°C. Then 500 µl of
chloroform-isoamyl alcohol (24:1) was added and the supernatant
was precipitated by isopropanol. After rinsing the pellet with 76%
ethanol-10 mM sodium acetate and dissolving in TE, it was treat-
ed with RNase and incubated for 30 min at 37°C. DNA was pre-
cipitated by ethanol, rinsed with 75% ethanol and dissolved in TE.

PCR analysis

PCR was conducted using about 20 ng of DNA, 2.5 µl of 10× PCR
buffer, 0.12 mM of dNTP mix, 0.125 µM of each primer and 0.2 µl
of Taq polymerase (5 unit/µl, Promega, Wis., USA) in a 25-µl re-
action mixture. Cycling parameters were 5-min initial denatur-
ation at 94°C, 30 cycles of 1-min denaturation at 94°C, 1-min of
annealing at 53°C and 2-min of extension at 72°C, and then, a 
5-min final extension.

Four primers were synthesized using S-allele cDNA sequence
information (Ushijima et al. 1998b); AS1II (forward, 5′-TATT
TTCAATTTGTGCAACAATGG-3′), AmyC5R (reverse, 5′-CAA
AATACCACTTCATGTAACAAC-3′), AlSc1 (forward, 5′-CAG
ACACTTAATCAATTCCAG-3′), and AlSd2 (forward, 5′-CCAC
ATGGCGTGGGATACCTCG-3′). AS1II and AmyC5R are com-
mon sequences between the four S-RNases, and also represent
conserved regions within Rosaceae S-RNases (C1 and C5). AlSc1,
and AlSd2 correspond to specific regions of Sc- and Sd-alleles, re-
spectively. Two primer sets were used for PCR: (1) AS1II and
AmyC5, (2) AlSc1, AlSd2 and AmyC5R (Table 1).

Cloning and DNA sequence of PCR products

Each PCR product was cloned using TOPO TA Cloning kit (Invi-
trogen, Calif., USA) and their sequences were determined and an-
alyzed by MacDNAsis (Hitachi Software, Calif., USA).

Results and discussion

Cloning of the Sa-allele

Following 5′ and 3′ RACE, a 811-bp cDNA sequence
encoding the full-length Sa-RNase allele (DDBJ/EMBL/

Table 1 Primer combinations for S-allele-specific PCRs

Aimed S-allele Forward primer Reverse primer
amplification

Sa and Sb AS1II AmyC5R
Sc and Sd AlSc1 AmyC5R

AlSd2
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GenBank AB026836) was obtained. The deduced amino
acid sequence perfectly matched our previously reported
N-terminal amino-acid sequence of Sa-RNase as separat-
ed on 2D gels (Tao et al. 1997). Comparisons were then
made between the alignment of the amino-acid sequence
of Sa-RNase with that of the other three previously re-
ported S-RNases from almond (Ushijima et al. 1998b) to
evaluate the amino-acid sequence differences (Table 2,
Fig. 1). The similarity of the amino-acid sequence of Sa

with Sb, Sc, and Sd was 54–57%, whereas the similarity
between Sb, Sc, and Sd was 68–76%. The lower Sa simi-
larity was also observed at the nucleotide level. A
65–67% identity of nucleotide sequences was observed
between Sa×Sb, Sa × Sc, Sa×Sd, while a 76–87% nucleo-
tide identity was observed between Sb×Sc, Sb×Sd, and
Sc×Sd. Among the four S-alleles, Sa had less similarity
with the Sb, Sc and Sd-alleles.

According to Ushijima et al. (1998b), the amino-acid
sequence alignment of S-RNases from 12 S-alleles be-
longing to four different members of the Rosaceae fami-
ly (almond; Sb, Sc, Sd, sweet cherry; S2, S3, S6, Japanese
pear; S2, S4, S5, and apple; S2, Sc, Sf) revealed five con-
served regions. Four of the five conserved regions were

similar to those reported by Ioerger et al. (1990) for 
S-RNase belonging to the Solanaceae (C1, C2, C3 and
C5). Our results indicate that all S-RNases in almond
have the same five conserved regions (C1, C2, C3, RC4
and C5) and a hypervariable region (HV), which are
common structural features of the S-RNases of the 
Rosaceae (Fig. 1).

S-allele-specific PCR

PCR analysis was conducted using S-allele-specific
primer sets based on Sa–Sd RNase cDNA sequences to
identify the corresponding S-alleles in almond. Primer
sequences for the AS1II forward primer and the
AmyC5R reverse primer were based upon the common
sequences of the four almond S-alleles within the con-
served regions C1 and C5, respectively. However only
two bands instead of the expected four were amplified. A
0.6-kbp PCR product was observed in the cultivars with
the Sa-allele, ‘Mission’ (SaSb) and ‘Thompson’ (SaSc);
while an amplicon of 1.1 kbp was observed in the culti-
vars with Sb-allele; ‘Monterey’ (SbSd), ‘Mission’ (SaSb)
and ‘Ne Plus Ultra’ (SbSc). These results indicated that
the 0.6-kbp band represented the Sa-allele (Sa-band), and
the 1.1-kbp band represented the Sb-allele (Sb-band)
(Fig. 2). Because the coding regions of Sa- and Sb-alleles
between AS1II and AmyC5R were 518 bp and 527 bp,
respectively (Fig. 3), the existence of an intron in the ge-
nomic DNA between AS1II and AmyC5R was suggest-
ed.

To identify the Sc- and Sd-alleles, we synthesized two
forward primers based on the Sc and Sd gene-specific se-
quences (designated AlSc1 and AlSd2, respectively). By

Fig. 1 Amino-acid sequence
alignment of four S-RNases
from almond. The five con-
served regions (C1, C2, C3,
RC4 and C5) and a hyper-
variable region (HV) are boxed.
AS1II and AmyC5R primer 
regions are underlined. Arrows
indicate the position of introns
in Sa and Sb. Sb, Sc and 
Sd-RNase: DDBJ/EMBL/
GenBank Nucleotide Sequence
Databases, Accession numbers
AB011469, AB011470,
AB011471 (Ushijima et al.
1998b). Sa-RNase: Accession
number AB026836

Table 2 Amino-acid sequence similarity (%) among the S-RNases
of almond

Type S-RNases

Sa Sb Sc Sd

Sa – 57.0 54.2 57.0
Sb – 76.2 75.2
Sc – 68.7
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using three primers (AlSc1, AlSd2 and AmyC5R) in the
same PCR reaction, approximately 0.2-kbp and approxi-
mately 0.3-kbp products were amplified. The approxi-
mately 0.2-kbp product was obtained in the cultivars
with an Sc-allele: ‘Nonpareil’ (ScSd), ‘Thompson’ (SaSc)
and ‘Ne Plus Ultra’ (SbSc); while the approximately 
0.3-kbp product was obtained in the cultivars with the
Sd-allele: ‘Monterey’ (SbSd) and ‘Nonpareil’ (ScSd).
Therefore, the 0.2-kbp band was considered to corre-
spond to the Sc-allele (Sc-band) and the 0.3-kbp band to
the Sd-allele (Sd-band) (Fig. 2). Since the coding region
of Sc- and Sd-alleles were 221 bp and 343 bp, respec-
tively (Fig. 3), amplified genomic DNAs of Sc- and 
Sd-RNases were considered to have a short, or no, intron.

The three sets of primers produced unique bands of a
determinant size that corresponded to each of the four
predominant S-alleles of almond, providing a rapid way
of identifying the S-genotype directly from genomic
DNA. However, we needed to confirm that the bands
amplified by these primers using genomic DNA from the
five different almond cultivars did indeed represent the
four individual S-alleles.

Characterization of genomic DNA encoding S-RNases

Amplicons obtained from almond genomic DNA were
sequenced to compare with cDNA sequences encoding
each of the four S-RNases (Sa: GenBank AB026836, Sb:
AF148466, Sc: AF148467, and Sd: AF148468).

The DNA sequence of the 602-bp amplicon (Sa-
product) and the 1083-bp amplicon (Sb-product) from
‘Mission’ (SaSb) were determined (Tamura et al. 1999;
GenBank AF148465, AF148466). The Sa-amplicon from
‘Thompson’ (SaSc), and the Sb-amplicon from ‘Monte-
rey’ (SbSd) and ‘Ne Plus Ultra’ (SbSc) were also se-
quenced. Amplified products were both longer than
would be expected from the corresponding coding region
in Sa or Sb, and this indicated the potential existence of
introns (Fig. 3). One intron of 84 bp in the Sa-allele and
one intron of 556 bp in the Sb-allele were found within
the hypervariable region (HV), which is common in ro-
saceous S-RNases (Sassa et al. 1996; Ushijima et al.
1998a) (Fig. 4). HV regions of S-RNases in the Solana-
ceae are responsible for the determination of self-
recognition specificity (Matton et al. 1997). Therefore, it
is interesting that, in almond, a HV region includes the
insertion of an intron that varies in size in the two 
S-alleles and these regions may characterize the structure
of individual alleles. DNA sequences of both putative in-
tron regions of the Sa- and Sb-alleles had features consis-
tent with that observed in typical intron regions. The in-
tron regions have a higher AT content, 69% and 78% for
Sa and Sb, respectively, whereas the AT contents of cod-
ing regions for all four alleles vary between 55 and 59%.
Additionally, both Sa and Sb introns contain essential se-
quences necessary for the splicing reaction, i.e., splice
junctions (GT, AG) and branch-point sequences 
(Fincham 1994) (Fig. 4). The exon portions of the ge-
nomic DNA sequences, i.e., the 518-bp sequences of Sa

from ‘Mission’ and ‘Thompson’ and the 527-bp of Sb

from ‘Mission’, ‘Monterey’ and ‘Ne Plus Ultra’, were
consistent with the corresponding coding region of the
cDNA sequence of Sa or Sb, respectively.

The genomic sequences of the Sc-amplicon and 
Sd-amplicon in ‘Nonpareil’ matched perfectly with the
corresponding cDNA sequences encoding Sc-RNase and
Sd-RNase, respectively (GenBank AF148467, AF148468), 
and also Sc-bands of ‘Ne Plus Ultra’ and ‘Thompson’,
and Sd-bands of ‘Monterey’ and ‘Nonpareil’.

Although the primers used in PCR-amplification con-
tained a sequence common to all four almond S-alleles,
only the Sa- and Sb-alleles were amplified. It seems plau-
sible that introns may also be present in the Sc- and Sd-
alleles at a similar, but not necessarily identical, location
and that these intron sequences, or their structure, may
interfere with the PCR reaction. This explanation is sup-
ported by the fact that no PCR-amplification was ob-
served when PCR reactions for the Sc- and Sd-alleles
covered the site of the putative intron region, using for-
ward primers 72-bp and 43-bp upstream of AlSc1 and
AlSd2, respectively (data not shown).

We have identified a unique set of primers that can be
used for the specific amplification of individual almond
S-alleles using a rapid PCR technique. This approach is
useful in evaluating S-genotypes in segregating progeny,
and new cultivars and introductions, using DNA from
seedlings. Recently, similiar approaches have been used
to identify S-alleles in apple (Janssens at al. 1995; 

Fig. 2 PCR analysis of five cultivars of almond; Nonpareil 
(ScSd), Monterey (SbSd), Mission (SaSb), Ne Plus Ultra (SbSc) and
Thompson (SaSc). M DNA size markers/ 123-bp ladder. Left lanes
primer set was [AS1II+AmyC5R]. Right lanes primer set was
[AlSc1+AlSd2+AmyC5R]



348

Verdoodt et al. 1998), sweet cherry (Tao et al. 1999) and
Japanese pear (Ishimizu et al. 1999). Apart from S-
alleles, PCR techniques have allowed the detection of
various markers in fruit trees, such as gender (Hormaza
et al. 1994; Gill et al. 1998) and disease resistance (Yang
et al. 1997; Hemmat et al. 1998). Clearly, the major ad-
vantage here is the ability to evaluate as many traits as
possible at the seedling stage in fruit trees that have a
long juvenile phase.
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