
Abstract Partial genomic and cDNA sequences of the
RNase alleles S1, S7, S8 and Sf were obtained from 
Prunus dulcis cvs ‘Ne Plus Ultra’, ‘Ferragnes’ and ‘Non-
pareil’ 15–1, and IRTA Selection 12–2. Total DNA was
extracted from leaves, and cDNA was prepared from to-
tal RNA extracted from styles. The partial cDNA se-
quences of the S1 allele from ‘Ferragnes’, and the S7 and
S8 alleles from ‘Nonpareil’ 15–1, matched those report-
ed in the literature for the alleles Sb, Sc and Sd respec-
tively. The sequences of the S1, S7, S8 and Sf alleles
found in genomic DNA contained introns of 562, 1,530,
2,208 and 689 bp respectively. The exon/intron splice
junction sites of all alleles followed the GT/AG consen-
sus sequence rule, and the sequences were found to be
highly conserved.
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Introduction

Gametophytic self-incompatibility occurs in the family
Rosaceae (Sedgley 1994; Newbigin 1996), which in-
cludes a number of ornamental and fruit-tree crops such
as Malus, Potentilla, Prunus, Pyrus, Rosa and Rubus. 
A single gene at the S locus encodes an allelic series of
stylar glycoproteins with ribonuclease activity, known as
S-RNases, and pollen grains expressing the S-alleles en-
coded by their haploid genome are rejected by pistils that
express the same S-allele (Ishimizu et al. 1998). In al-
mond, the inhibition of pollen-tube growth occurs in the
style (Pimienta et al. 1983).

Most almonds will not set fruit unless pollinated by
cultivars of different incompatibility genotypes, and thus
the pollination group is a significant agronomic character
affecting the choice of pollinator cultivars. However, a
limited number of almond cultivars grown world-wide
show self-fertility (Dicenta and Garcia 1993), and the 
S-allele for this character, designated Sf, appears to be
derived from the species Prunus webbii that grows wild
in regions of southern Italy (Bošković et al. 1999). Many
almond breeding programmes aim to produce self-fertile
cultivars that would be suitable for monoculture or-
chards, and less dependent on the activity of bees for
pollination (Batlle et al. 1997).

Crossa-Raynaud and Grasselly (1985) used the nu-
merical nomenclature S1, S2, S3, etc. to describe the al-
mond S-alleles, whereas Kester et al. (1994a) used an al-
phabetical nomenclature Sa, Sb, Sc, etc., and divided 27
cultivars into six incompatibility groups. About 93% of
the common commercially important almond cultivars
grown in California, including ‘Mission’, ‘Nonpareil’,
‘Thompson’, ‘Carmel’, ‘Merced’ and ‘Monterey’, occur
in these six groups (Kester et al. 1994a, b). On the basis
of incompatibility observations, Nonpareil was assigned
S7S8 by Crossa-Raynaud and Grasselly (1985), and ScSd
by Kester et al. (1994a). Kester et al. (1994b) equated 
Sd with S8, and inferred that Sc could be equated with
S7. Table 1 shows the reported S-alleles for some select-
ed almond cultivars, including those elucidated by
Bošković et al. (1997) using isozyme analysis.

The primary aim of this research was to compare the
sequences for the S1, S7 and S8 alleles obtained from ge-
nomic DNA with those of cDNA prepared from stylar
RNA to confirm the relationship of Sb, Sc and Sd to S1,
S7 and S8 respectively. A second aim was to identify the
sequence for the Sf gene from the genomic DNA of a 
homozygous selfing progeny developed within the al-
mond breeding programme at the Institut de Recerca i
Tecnologia Agroalimentàries (IRTA), Mas Bové, Spain.
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Material and methods

Plant material

Leaves of the almond cultivars ‘Ne Plus Ultra’ and ‘Nonpareil’
15–1 were collected from the Waite Campus, Adelaide University,
South Australia. Leaves of IRTA Selection 12–2, reported to be
derived from selfing ‘Lauranne’ (Bošković et al. 1999), were col-
lected from IRTA, Mas Bové, Spain. When flowers were at the
balloon stage, styles and stigmas without ovaries of ‘Nonpareil’
15–1 and ‘Ferragnes’, were collected from the Waite Campus,
Adelaide University, and the Loxton Research Centre, South Aus-
tralia, respectively. All plant material was frozen in liquid nitrogen
and stored at –80°C until used.

Isolation of nucleic acid

Genomic DNA was extracted from leaves using the technique of
Mekuria et al. (1999). About 1.5 g were ground to a fine powder
in liquid nitrogen using a pre-chilled mortar and pestle, and added
to 7.5 ml of extraction buffer [3% (w/v) cetyltrimethyl ammo-
nium-bromide (CTAB), 1.4 M sodium chloride, 10 mM ethylene-
diamine tetraacetic acid (EDTA), and 1.0 M TRIZMA base, 
pH 8.0] supplemented with 15 µl of 2-mercaptoethanol and 15 mg
of PVP-40 (Sigma Chemical Co.). The mixture was incubated at
60°C for 30 min and then extracted with an equal volume of chlo-
roform:isoamyl alcohol (24:1) for 10 min. After centrifugation at
2,500 g for 20 min, the upper aqueous phase was mixed with a 2/3
volume of cold isopropanol. DNA strands were spooled, cleaned
with washing buffer (76% ethanol containing 10 mM NH4Ac), and
dissolved in 1 ml of TE buffer (10 mM Tris HCl, 0.1 mM EDTA,
pH 8.0). RNA was digested with DNase-free RNase A and pro-
teinaceous material precipitated with NH4Ac, followed by centrif-
ugation. DNA was precipitated by adding 2 vol of ethanol in the
presence of 0.3 M NaAc, pH 5.2, and, after centrifuging, dissolved
in TE buffer. The quantity and quality of the purified DNA were
assessed by the absorbances at 230, 260 and 280 nm (Mekuria et
al. 1999).

RNA preparation

Total RNA was prepared as described by Shi et al. (1997). Fifty
styles and stigmas, without ovaries, were ground to a fine powder
in liquid nitrogen and mixed with 400 µl of extraction buffer 
(0.1 M LiCl, 0.1 M Tris HCl, pH 8.0, 0.01 M EDTA, and 1%
SDS); 400 µl of phenol (saturated with Tris HCl, pH 8.0) was add-
ed and vortexed for 1 min. Then, 400 µl of chloroform was added,
vortexed for 1 min, and the mixture centrifuged at 17,300 g at
room temperature for 10 min. The aqueous phase was removed, 
an equal volume of 4 M LiCl added, and incubated at –20°C for
3–4 h. The pellet of RNA was collected by centrifuging at 
17,300 g at 4°C for 15 min, dissolved in 400 µl of sterile water,
and re-precipitated with 2.5 vol of ethanol in the presence of 
0.3 M NaAc (pH 5.2). RNA was recovered by centrifuging at
14,000 rpm at 4°C for 15 min, washed twice with cold 70% etha-
nol, and dissolved in 50 µl of 0.1 mM EDTA, pH 7.0. The quality
and quantity of the purified RNA were assessed after electropho-
resis on 1.5% agarose gels in TBE running buffer.

First-strand cDNA synthesis

Total RNA (0.7 µg) was annealed to oligo(dT)18 primer (13 ng/µl)
in a volume of 10.5 µL by heating at 70°C for 10 min, followed by
quick-chilling on ice, and briefly centrifuging. The product was
mixed with 8.5 µl of reverse transcription reaction mixture [1×RT
buffer (Life Technologies), 0.01 M dithiothreitol (DTT), 0.001 M
dNTPs, and 2 U/µl of RNase Inhibitor (Roche Diagnostic Cor-
poration)], mixed gently and incubated at 42°C for 2 min. Then
200 U of Superscript ΙΙ RNase H– Reverse Transcriptase (Life
Technologies) was added, mixed by pipetting gently, and the mix-
ture incubated at 42°C for 50 min. The reaction was terminated by
heating at 70°C for 15 min.

Primers

For the amplification of S1, S7 and Sf alleles from genomic DNA,
the first pair of primers (ConF and ConR; Table 2) was designed
based on conserved regions in the published sequences of the 
S-RNase alleles Sb (AB011469), Sc (AB011470) and Sd
(AB011471) of almond (Ushijima et al. 1998). For the S8 allele,
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Table 1 Reported S-alleles for selected almond cultivars

Cultivar S-alleles References

S-alleles Sequences
(refer to Table 3)

– ‘Ne Plus Ultra’a S1S7 Bošković et al. (1997) –b

SbSc Kester et al. (1994a) Partial sequence of Sb from genomic DNA 
(Tamura et al. 2000)

– ‘Mission’ SaSb Kester et al. (1994a) Complete sequence for Sb from mRNA (Ushijima et al. 1998)

– ‘Nonpareil’ 15–1a S7S8 Crossa-Raynaud and Grasselly (1985); –b

Bošković et al. (1997
ScSd Kester et al. (1994a) Complete sequence for Sc from mRNA (Ushijima et al. 1998)

Partial sequence for Sd from mRNA (Ushijima et al. 1998)

– Selection 12–2a SfSf I. Batlle and P. Arus –b

(personal communication)

– ‘Tuono’ S1Sf Crossa-Raynaud and Grasselly (1985); Partial sequence for Sf from genomic DNA 
Bošković et al. (1997) (Ma and Oliveira 1999)

– ‘Ferragnes’a S1S3 Crossa-Raynaud and Grasselly (1985); –b

Bošković et al. (1997)

a Used in this study b –, no report



the first pair of primers (SdF1 and SdR1; Table 2) was designed
based on the specific sequences from the Sd-RNase alleles
(AB011471) of almond (Ushijima et al. 1998). Other pairs of
primers were designed based on the results of the sequences ob-
tained until the full sequences were completed.

For the amplification of S1 and S7 alleles from cDNA, the 
specific primers were ConF and ConR as described for genomic
DNA. For the S8 allele from cDNA, one specific primer was 
designed based on the sequence of the Sd allele from almond
(Ushijima et al. 1998) and designated SdF, and the other primer
used was ConR (Table 2).

Amplification of genomic DNA 
and double-stranded cDNA encoding the S-RNases

Genomic DNA or first-strand cDNA was amplified using appro-
priate primers (Table 2) in 20 µl of PCR reaction, containing 
1.5 mM MgCl2, 1×Taq DNA Polymerase buffer [67 mM Tris-HCl,
pH 8.0, 16.6 mM (NH4)2SO4, 0.45% Triton X-100, 0.2 mg/ml gel-
atin], 200 µM of dNTPs, 0.25 µM of each primer, and 1.1 unit of
Taq DNA Polymerase (Life Technologies). The PCR programme
consisted of an initial denaturation of 3 min at 95°C, followed by
34 cycles of 30 s at 95°C, 45 s at 55°C, 1 min at 72°C, with a final
extension step of 10 min at 72°C.

Cloning and sequencing of genomic DNA 
and cDNA encoding the S-RNases

Genomic DNA and double-stranded cDNA were inserted into the
pCR 2.1-TOPO 3.9 kb vector using the TOPO TA Cloning Kit 
(Invitrogen). The presence of the insert in plasmid DNA was con-
firmed both by restriction enzyme digestion with EcoRI, and by
PCR using M13 forward (5′-GTAAAACGACGGCCAG-3′) and
reverse (5′-CAGGAAACAGCTATGAC-3′) primers. The nucleo-
tide sequences were determined using the DyeDeoxy Terminator
Sequencing Kit of Applied Biosystems, and sequencing on an Ap-
plied Biosystems Model 337 A. Sequences were aligned with
Clustal X (Thompson et al. 1997) and the aligned sequences were
edited with BioEdit v. 4.8.1 (North Carolina State University; Hall
1999).

Results

Amplification of genomic DNA 
and double-stranded cDNA encoding the S-RNases

Using primers ConF-ConR, the PCR-amplified frag-
ments from the S1, S7 and Sf RNase alleles of genomic
DNA were about 1,100, 2,000 and 1,200 bp respectively.
The corresponding cDNA fragments for S1 and S7 were
about 510 and 490 bp respectively. For the S8 allele, us-
ing SdF1-SdR1 and SdF-ConR, amplified fragments
were about 3,000 and 460 bp from genomic DNA and
cDNA respectively. No amplified products with the cor-
rect sequences were obtained from genomic DNA with
the primer pair SdF and ConR.

Partial nucleotide sequences for S-alleles

The partial sequences for the S1, S7, S8 and Sf genes
from genomic DNA were 1,072, 2,019, 2,823 and 1,205
bp respectively (Table 3; Fig. 1). Similarly, the sequenc-
es for the cDNAs from S1, S7 and S8 were 510, 489 and
465 bp (Table 3; Fig. 1).

Comparison of nucleotide sequences of S1, S7, 
S8 and Sf alleles from genomic DNAs and cDNA

When the nucleotide sequences from three sources, 
stylar RNA, genomic DNA and stylar RNA reported by
Ushijima et al. (1998), were aligned, the partial DNA se-
quences of the S1, S7 and S8 alleles from stylar RNA
were identical to those for Sb, Sc and Sd respectively.
Matching of the sequences from stylar RNA and genom-
ic DNA revealed the presence of introns with sizes of
562, 1,530 and 2,208 bp for the S1, S7 and S8 genes 
respectively (Table 3). The intron size of 662 bp for Sf
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Table 2 Primers used in initial amplification of genomic DNA, and double-stranded cDNAs encoding S-RNases

Primers Sequences (5′→3′) Descriptions PCR

Genomic cDNA
DNA

ConF GTG CAA CAA TGG CCA CCG AC Conserved sequence (forward) for 1st sequence ✓ ✓
from genomic DNA of S1, S7 and Sf, and whole s
equence from cDNA of S1 and S7

ConR TAC CAC TTC ATG TAA CAA CTG AG Conserved sequence (reverse) for 1st sequence ✓ ✓
from genomic DNA of S1, S7 and Sf, and whole 
sequence from cDNA of S1, S7 and S8

SdF AGC AGC AAA CCT TCC AAC C Specific sequence for S8 (forward) – ✓
for whole sequence from cDNA

SdF1 ATT ATG AGC ACT GGA TCT TAC GTG Specific sequence for S8 (forward) ✓ –
for 1st sequence from genomic DNA

SdR1 AAA CAA GAT GTC AAT ATG ATT TCG Specific sequence for S8 (reverse) ✓ –
for 1st sequence from genomic DNA



was determined by matching the partial exon sequence
for Sf with those for the S1, S7 and S8 alleles (Table 3).
Figure 2 shows the homologous regions when all se-
quences are aligned.

The partial sequences of the exons varied from 489 to
510 bp, and showed between 73.22 and 84.70% homolo-
gy (Table 4). There was very little homology between
the introns (Figs. 2 and 3).

Intron/exon structures

For each of the four alleles examined (Figs. 2 and 3), the
sequences of the exon/intron splice junction regions fol-
lowed the GT/AG consensus sequence rule (Thangstad
et al. 1993), and the sequences adjacent to the splice
junctions were highly conserved (Fig. 2).

Composition of the sequences of the S-alleles

Table 5 shows the nucleotide composition of partial ex-
ons and full introns in each S-allele. The sequences of
the introns contained a high proportion of A+T nucleo-
tides (69.93–77.40%), whereas the partial sequences 
of the exons contained a higher proportion of C+G
(43.35–45.86%) compared to the introns (22.60–
32.33%) (Table 5).

Discussion

This study has confirmed and extended previous re-
search on almond S-alleles. It was found that exons of
S1, S7 and S8 in this study showed 100% homology to
Sb (AB011469), Sc (AB011470) and Sd (AB011471)
(Ushijima et al. 1998). For the Sf allele, the sequence ob-
tained in the present study, including the intron, showed
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Fig 1 Scheme of structures of
PCR-amplified products of
genomic DNAs and cDNAs of
four alleles, S1, S7, S8 and Sf, in
almond. Introns are representd
by  the bars between two boxes
which are the exons

Table 3 Sequences from stylar
RNA and genomic DNA com-
pared to reported sequences

Reported sequences Alleles Primers Sequences (number of bp)

Alleles Number of bp Stylar Genomic DNA
RNA

Stylar Genomic Whole Exon Intron
RNA DNA

Sb 884a 556b S1 ConF-ConR 510 1,072 510 562

Sc 751c – S7 ConF-ConR 489 2,019 489 1,530

Sd 731d – S8 SdF- ConR 465 –f – –
S8 SdF1-SdR1 615g 2,823 615 2,208
S8 ConF-ConR – 2,706g 498g –

Sf – 1,208e Sf ConF-ConR – 1,205 543 662

a AB011469 (Ushijima et al.
1998)
b Tamura et al. (2000)
c AB011470 (Ushijima et al.
1998)
d AB011471 (Ushijima et al.
1998)
e AF157009 (Ma and Oliveira
1999)
f No data
g No data but determined from
the sequence derived from
primer pair, SdF1-SdR1

Table 4 Similarity among partial exons of S alleles (S1, S7, S8
and Sf) amplified with primer ConF and ConR 

Pairs of alleles % Similarity

1st allele 2nd allele

S1 S1 100.00
S7 83.92
S8 84.70
Sf 76.32

S7 S7 100.00
S8 80.83
Sf 73.22

S8 S8 100.00
Sf 76.19

Sf Sf 100.00



99.17% homology to the sequence of Sf (AF157009) ob-
tained from the cultivar ‘Tuono’ (Ma and Oliveira 1999).
Furthermore, the sequence of the intron of the S1 allele
in the present study showed 91.27% homology to the in-
tron of the Sb allele from ‘Mission’, ‘Monterey’, and ‘Ne
Plus Ultra’ reported by Tamura et al. (2000).

For amplification of DNA fragments from genomic
DNA and cDNA, sequences from the conserved regions

of Sb, Sc and Sd of almond (ConF and ConR) were used.
The sequences obtained were always identical to either
the S1 allele in the case of ‘Ne Plus Ultra’ (S1S7) and
‘Ferragnes’ (S1S3), or the S7 allele in the case of ‘Non-
pareil’ 15–1 (S7S8). It was concluded that the presence
of either S1 or S7 masked the amplification by PCR of
the second allele. For this reason, primers were designed
based on the sequence of a specific region of Sd
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Fig 2 Sequence aligment 
of S1, S7, S8 and Sf front exons
start at 1–201 bp, introns start at
202–2.583 bp, and back exons
start at 2.584–3.048

Table 5 A/T and G/C ratios of partial sequences of exons and full sequences of introns from S1, S7, S8 and Sf alleles amplified with
primers ConF and ConR

S-allele Exon (partial) Intron

Number of nucleotides % Content Number of nucleotides % Content

A C G T C+G A+T A C G T C+G A+T

S1 172 128 103 107 45.29 54.71 191 55 72 244 22.60 77.40
S7 165 115 97 112 43.35 56.65 488 246 214 582 30.07 69.93
S8 169 125 100 104 45.18 54.82 765 276 344 823 28.08 71.92
Sf 181 137 112 113 45.86 54.14 224 122 92 224 32.33 67.67



(AB011471) to target S8 more specifically in ‘Nonpareil’
15–1. Specific primers, SdF and ConR for S8, were used
effectively for amplification from cDNA but not from
genomic DNA. Another set of primers specific to the S8
allele (SdF1 and SdR1) was designed and used for am-
plifying genomic DNA. Similar results were obtained by
Tamura et al. (2000) for amplification of S alleles in al-
mond. For example, either Sa or Sb was always preferen-
tially amplified from ‘Thompson’ (SaSc), ‘Monterey’
(SbSd) and ‘Ne Plus Ultra’ (SbSc) when specific primers
for these S-alleles were used.

All intron lengths found in this study were longer
than 500 bp. Deutsch and Long (1999) suggested that
introns smaller than 50 bp were significantly less fre-
quent than those with longer sequences, possibly result-
ing from a minimum intron-size requirement for effec-
tive splicing.

The sequences of the partial exons contained a higher
C+G content (43.35–45.86%) than those in the introns
(22.60–32.33%). Brendel et al. (1998) found that indi-
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Fig 3a–d DNA sequences of introns in S1, S7, S8 and Sf alleles. 
a Intron of S1 allele. b Intron of S7 allele. c Intron of S8 allele. 
d Intron of Sf allele

vidual introns of Arabidopsis and maize were typically
15% more U-rich than the flanking exons, or alternative-
ly that the exons were typically 15% more G+C-rich
than their enclosed intron and there was no difference in
the content of A.

Determination of the sequences of the S-RNase genes,
especially that of Sf, is useful for studying the system of
gametophytic self-incompatibility in almonds. In the 
Solanaceae, gametophytic self-incompatibility is a primi-
tive trait and self-compatible plants arose from self-
incompatible plants by alteration of an essential compo-
nent required for the recognition or rejection of self-pol-
len (Kowyama et al. 1994). The mutation segregates
with the S-locus and is associated with low stylar ribonu-
clease activity (Kowyama et al. 1994). In Japanese pear,
Norioka et al. (1996) suggested that self-compatibility
arose as a mutation due to a failure of expression in the
stylar ribonuclease activity. Self-compatibility in almond
is also associated with the absence of stylar ribonuclease
activity. The mechanism of inactivation of the ribonu-
clease may be due to either a deletion of the correspond-
ing genomic fragment or to the production of a defective
protein (Bošković et al. 1999).

Further work will be directed towards utilising the se-
quences obtained in order to identify the self-incompati-



bility groups in Australian almond cultivars, and to over-
come self-incompatibility in the major commercial culti-
vars.
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