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Abstract Self-incompatibility in the genus Prunus is con-
trolled by two genes at the S-locus, S-RNase and SFB. Both
genes exhibit the high polymorphism and high sequence
diversity characteristic of plant self-incompatibility sys-
tems. Deduced polypeptide sequences of three myrobalan
and three domestic plum S-RNases showed over 97% iden-
tity with S-RNases from other Prunus species, including
almond, sweet cherry, Japanese apricot and Japanese plum.
The second intron, which is generally highly polymorphic
between alleles was also remarkably well conserved within
these S-allele pairs. Degenerate consensus primers were
developed and used to amplify and sequence the co-adapted
polymorphic SFB alleles. Sequence comparisons also indi-
cated high degrees of polypeptide sequence identity
between three myrobalan and the three domestic plum SFB
alleles and the corresponding Prunus SFB alleles. We dis-
cuss these trans-specific allele identities in terms of S-allele
function, evolution of new allele specificities and Prunus
taxonomy and speciation.
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Introduction

Self-incompatibility in Prunus, to which the stone fruits
belong, is controlled by a multiallelic S-locus acting gamet-
ophytically in pollen. A pollen grain is rejected if its
S-allele matches one of those in the style, whereas pollen
with an S-allele not matching either in the style is accepted
(Crane and Lawrence 1929). The gametophytic S-locus is
bipartite, containing an element expressing specificity in
the style (stylar-S) and another element expressed in pollen
(pollen-S) (Lewis 1949). The stylar-S component in Prunus
encodes a polymorphic ribonuclease, S-RNase (BoSkovi¢
and Tobutt 1996). A pollen-S gene for Prunus has been
identified more recently, which encodes an S-linked F-box
protein, or SFB (Ushijima et al. 2003).

To date, molecular techniques have detected some 19
distinct S-RNase alleles in sweet cherry (P. avium) (Sonne-
veld et al. 2001, 2003; De Cuyper et al. 2005), 29 alleles in
almond (P. dulcis) (Ortega etal. 2005), nine alleles
in Japanese apricot (P. mume) (Tao et al. 2002), 15 alleles
in European apricot (P. armeniaca) (Halasz et al. 2005) and
14 alleles in Japanese plum (P. salicina) (Beppu et al.
2003). The origin of S-locus allelic diversity has interested
geneticists for many years. The S-locus is under balancing
selection (Wright 1939), in which rare haplotypes have a
selective advantage and are less likely to be lost by genetic
drift. Thus the S-locus sustains a marked degree of allelic
diversity, unlike the majority of plant genes, but akin to
other self/nonself recognition systems such as plant patho-
gen resistance genes, fungal mating types (Wu et al. 1998)
or the mammalian MHC complex (Klein 1987).
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For most genes, new alleles can arise from the progres-
sive accumulation of non-synonymous point mutations.
Generation of new S-alleles is unlikely to be so straightfor-
ward, because of the co-adaptation of the two genes at the
S-locus in S-RNase-based self-incompatibility (Lewis
1949). Correct function of the S-locus depends upon inter-
action of stylar-S and pollen-S gene products in pollen
tubes. Thus the generation of a new S-allele specificity
requires complementary mutations to occur in both stylar-S
and pollen-S components. Mutation at only one or other of
the components could cause breakdown of the self-incom-
patibility system leading to self-compatibility, as demon-
strated by the chimeric S-RNase experiments of Zurek et al.
(1997). Precisely how complementarity is maintained dur-
ing S-allele evolution has not been satisfactorily explained.

Molecular techniques have allowed researchers to char-
acterise S-RNases in several important and widely sepa-
rated plant families, including the Rosaceae, Solanaceae
and Scrophulariaceae. As a group, S-RNases share greater
similarity with each other than with plant non-S RNases or
fungal RNases (Despres et al. 1994; Ushijima et al. 1998;
Steinbachs and Holsinger 2002), possibly indicating a sin-
gle common origin of all plant S-RNases (Igic and Kohn
2001; Roalson and McCubbin 2003). Within plant families,
S-RNases often show interspecific shared polymorphism, in
which alleles from different species can be more similar
than alleles in the same species (Ioerger et al. 1990). As a
consequence of balancing selection, individual S-RNase
lineages can persist for very long times in a population and
in the subsequent species into which it may diverge. Thus
very similar S-alleles can be shared by relatively divergent
species (Richman and Kohn 1996).

Pollen-S gene sequence data from S-RNase based
incompatibility systems is more restricted, though candi-
dates have been identified in the Scrophulariaceae (Lai
etal. 2002) and the Solanaceae (Sijacic et al. 2004). Each
encodes an F-box protein expressed in pollen that may
function by binding non-self S-RNases and catalysing their
polyubiquitination, prior to proteolysis by the 26S protea-
some (Ushijima et al. 2003). Proof of SFB function in
pollen rejection was obtained by investigating several well-
documented self-compatible mutants. Thus the Sf allele in
P. mume was caused by a 6.8 kb insertion into the SFB cod-
ing region (Ushijima etal. 2004); and Sonneveld et al.
(2005) found the P. avium self-compatible mutant S;" was
found to be caused by a complete deletion of S; SFB
(Sonneveld etal. 2005) and a 4bp frameshift in S,
(Ushijima etal. 2004; Sonneveld etal. 2005). Like S-
RNase, Pollen-S also shows patterns of trans-specific evolution
(Ikeda et al. 2003; Qiao et al. 2004).

Our work on self-incompatibility has focused on
P. avium and P. dulcis, by developing methodologies
for identifying S-alleles (Sonneveld etal. 2001, 2003;
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Sutherland et al. 2004a), genotyping Prunus -cultivars
(Tobutt etal. 2001; Ortega etal. 2005), phylogenetic
studies (Sonneveld 2002), and characterising pollen-S in
Prunus (Sonneveld et al. 2005; Ortega et al. 2006). These
approaches have been recently extended to hexaploid
domestic plum (P. domestica) and diploid myrobalan
(P. cerasifera) (Sutherland 2005; Sutherland et al. 2004b,
2007). Six S-RNases were identified from the two plum
species, which showed very high sequence identity with
those of other Prunus species, far higher than is typically
observed in interspecific comparisons. Their corresponding
SFB alleles also revealed high sequence identities with
those available in databases. These are outstanding exam-
ples of “interspecific shared polymorphism”, or “trans-
specific identity”, first identified in S-RNases by Ioerger
etal. (1990), where sequence identities between alleles
from different species exceed that found between alleles of
the same species. This paper focuses on the deduced poly-
peptide sequences and introns of the trans-specific S-RNase
alleles and on the deduced polypeptides of the associated
SFB alleles, and discusses their possible evolutionary
significance.

Experimental procedures
Plant materials

The following accessions were used for amplifying and
sequencing S-RNase and SFB sequences: Myrobalan
(P. cerasifera) accessions M1 (S;S,), M3 (S;S4), P2944
(5;S,) and C34-1 (S,S;) were held at East Malling
Research. Domestic plum (P. domestica) cultivars “Blue
Rock” and “Verity” came from the National Fruit Collec-
tion at Brogdale, UK. Almond cultivar (P. dulcis) CEBAS-
I (§;35,0) was provided by CEBAS-CSIC Murcia, Spain;
“Gabaix” (S,,S,,) and “Pestafieta” (S,,S,;) were provided
by SIA-SDA Zaragoza, Spain. Japanese plums (P. salicina)
“Burmosa” (S,S,), “Formosa” (5,5,) and “Bonnie” (S,S;)
were provided by The National Institute of Fruit Tree
Science, Tsukuba, Japan. Japanese apricot (P. mume)
cultivar “Bungo” (S,) was also provided by the National
Institute of Fruit Tree Science.

DNA extraction

Genomic DNA was extracted from ground buds or young
leaves. A miniprep protocol of the CTAB extraction tech-
nique described by Doyle and Doyle (1987) was used, with
the following modifications: 2% PVP 40 (polyvinyl pyrolli-
done) (Sigma, St Louis, USA) was added to the extraction
buffer, and the final concentration of S-mercaptoethanol
(Sigma, St Louis, USA) was raised to 1%.
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Consensus primer PCR for characterising Prunus S-RNase
coding regions and second introns

S-RNase alleles were amplified from genomic DNA of the
following species and accessions: P. cerasifera M3 and
C3-41; P. domestica “Blue Rock” and “Verity”; P. dulcis
“Pestafieta”; P. mume “Bungo”; P. salicina “Bonnie”.
Degenerate consensus primers hybridising to the C1 and C5
conserved regions of Prunus S-RNases were used: forward
primer EM-PClconsFD (5'-TTTCARTTTGTKCAACAR
TGGC-3") and reverse primer EM-PC5consRD (Sutherland
etal. 2004a). Reaction conditions were as described in
Sutherland et al. 2004a. Samples were pooled and mixed
with 4 pl loading buffer, and separated by electrophoresis at
100 V on 1.5% TAE agarose gels. After the gels were
stained in 0.5 pg/ml ethidium bromide, bands were excised
and PCR products were purified using the Qiagen QIAEX
IT DNA Extraction Kit. Purified PCR products were cloned
using the Invitrogen Original TA Cloning Kit (Invitrogen,
Carlsbad, USA). E. coli colonies containing correctly sized
inserts were identified with M13 primers and sequenced at
Imperial College Advanced Biotechnology Centre, London,
UK. Each allele was sequenced in triplicate using indepen-
dent colonies.

Consensus primer PCR for characterising S-RNase first
introns

First introns of P. domestica S; (“Blue Rock™) and
P. domestica Sy (“Verity”) were amplified using a modified
version of the PCR technique described by Sonneveld et al.
(2003). The four introns were chosen on the basis of their
taxonomic distance: P. domestica and P. salicina are very
closely related and are within the same subfamily (Prunus),
whereas P. domestica and P. avium are taxonomically more
distant. We were interested to see if there was a relationship
between taxonomic distance of the species and sequence
distance of the introns. PalconsF was used as a consensus
forward primer in conjunction with new allele-specific
reverse primers hybridising with the variable regions of the
S-RNase sequence: DpSgrev (5'-CAGCTGAGTATTCGC
CTGTAC-3") and DpSgrev (5'-CATGTAACAGCTGAG
TGCTCTTAGCT-3"). The PCR reaction contained 10-20 ng
DNA, 2 ul 10 x PCR Buffer (Qiagen), 2.5 mM MgCl,,
0.2mM dNTPs, 0.5U Taqg polymerase (Qiagen) and
0.25 uM of forward and reverse primers, giving a final
reaction volume of 20 pl. PCR reaction conditions were:
initial denaturation at 94°C for 2 min, then 35 cycles of
94°C for 1 min, 60°C for 1 min, 72°C for 1.5 min, and a
final 10 min extension at 72°C. Amplified products were
purified, cloned and sequenced as described above.

Consensus primer PCR for characterising Prunus SFB
alleles

DNA sequences of eight published Prunus SFB alleles
were aligned using ClustalX (DNAStar, Madison, USA).
The sequences were: P. dulcis S; (AB092966), S;
(AB096858), S, (AB092967), Sy (AB079776) (Ushijima
et al. 2003), P. mume S; (AB081648), S, (AB101440), S,
(AB101441) (Entani etal. 2003) and P. avium S,
(AB092646). Degenerate consensus primers were
designed to anneal with the conserved regions, spanning
approximately 85% of the coding region as identified by
Ushijima et al. (2003): EM-SFB-cds-for 5'-YGACATC
CTAGYAAGACTDMCWG-3" and EM-SFB-cds-rev
5"-ACYTGYTTRGATTCRTAATYMCMCAA-3'. SFB
sequences were amplified from the following species
and accessions; P. cerasifera M3 and C3-41; P. domes-
tica “Blue Rock” and “Verity”; P. dulcis “CEBAS-I”,
“Gabaix” and “Pestafieta”; P. mume “Bungo”; P. sali-
cina “Bonnie”, “Burmosa” and “Formosa”. PCR reac-
tions contained 10-20 ng DNA, 2 pl 10 x PCR buffer
(Qiagen), 2.5 mM MgCl,, 0.2 mM dNTPs, 0.5U Taqg
polymerase (Qiagen) and 0.25 uM forward and reverse
primers, giving a final reaction volume of 20 pl. For
cloning and sequencing, reaction volumes were pooled
to a final volume of 160 pl. Purification, cloning and
sequencing was carried out as described above.

Database comparisons and alignments

The following S-RNase sequences which were already
available in the EMBL database, and which gave close
matches to myrobalan and domestic plum in initial
searches, were used for more detailed comparisons: P. dul-
cis S, (AF267511), S;, (AF454003) and S,;; (AJ617484);
P. salicina S, (AB026981), S, (AB094103) and S,
(AB093131); P. avium S, (AJ635287); P. mume S,
(AF432850). The EMBL database has two distinct
sequence classes for P. mume S,. This paper refers at all
times to the “Bungo” sequence (AF432850).

Genomic S-RNase sequences were divided into exons
and introns and were compared with published
sequences in the EMBL database using the FASTA algo-
rithm. Exon sequences showing exceptional similarity
with published Prunus S-RNase sequences were trans-
lated and pairwise alignments were prepared for each
trans-specific pair using the MegAlign (DNAStar, Madison,
USA). Deduced SFB sequences were treated in the same
manner. S-RNase intron DNA sequences were used
directly for pairwise alignment using MegAlign, and
were then adjusted by eye.
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Results
Comparison of Prunus S-RNase sequences

A total of six new S-RNase sequences were obtained from
P. cerasifera and P. domestica (Table 1). Genomic
sequence information was obtained for the first time for
P. dulcis S;,, and additional coding region sequence was
obtained for P. mume S; and P. salicina S,. Comparison of
the new S-RNase DNA sequences with public databases
revealed that each of the three P. cerasifera S-RNases (S;,
Sy and ;) and three P. domestica S-RNases (S5, Sg and Sy)
had exceptionally high similarity with one or two previ-
ously reported Prunus S-RNases.

Polypeptide identities for the special group of six new
S-RNases and their database pair allele were exceptionally

high and in a narrow range from 96 to 100% (Table 2).
Identities of the six new S-RNase polypeptides with other
alleles were markedly lower, and were distributed in a
broader range from 71 to 85%, values typical for S-RNase
comparisons. There is a large discontinuity of 11% separat-
ing the identities of the two groups, a discontinuity which
separated the six new alleles from the rest. On this basis the
six new alleles were termed as “trans-specific”, since they
each held such high identity with one (or in some cases
two) S-RNases from another Prunus species. Figure 1 (a—f)
presents an alignment of each new trans-specific S-RNase
polypeptide from P. cerasifera and P. domestica with its
database pair allele.

Prunus cerasifera accession M3 gave two S-RNase
sequences, S; and S,, and the deduced polypeptide of one of
them held 97.6% identity with a putative polypeptide of §;,

Table 1 Description of six

. Species Allele Cultivar/accession EMBL (S-RNase) EMBL (SFB)

trans-specific S-haplotypes

sequenced from P. cerasifera P. cerasifera S, M3 AM746943 AM746952

and P. domestica and their trans- h

specific pair alleles in other P. dulcis Si Pestafieta AM746949 AM746959

species of Prunus P. cerasifera Sy C34-1 AM746944 AM746953
P. salicina S, Formosa® AB094103° AM746962
P. dulcis S13 CEBAS-I* AJ617484° AM746960
P. cerasifera S0 C34-1 AM746945 AM746954
P. salicina S, Bonnie AM746950 AM746963
P. mume S, Bungo* AM746951 AM746964
P. domestica Ss Verity AM746946 AM746955
P. dulcis S Gabaix* AF454003° AM746958

2 Indicates cultivars used only P. domestica Ss Blue Rock AM746947 AM746956

for SFB sequencing P. salicina S, Burmosa® AB026981° AM746961

® Indicates an S-RNase or SFB P. domestica S, Verity AM746948 AM746957

sequence available previously in P. avium s, AJ092644b AY649872

the databases

Table 2 Percentage amino acid identities for trans-specific Prunus S-RNase and SFB deduced polypeptides
Pcer S3 Pcer Sy PcerS;y, PdomSs Pdom S, Pdom S, PsalS, PsalS, Psal S, PmuS; PdulS,, PdulS, PdulS; PavS$,

PcerS; - 80.9 77.6 76.6 80.5 81.8 81.2 80.6 77.6 78.5 77.2 97.9 80.5 79.3
Pcer S, 71.3 - 77.6 75.2 77.6 79.6 77.9 99.1 77.6 71.3 75.5 80.6 97.9 77.0
Pcer S,, 73.7 77.8 - 77.6 71.3 772 78.2 78.5 98.8 90.3 78.2 78.8 78.2 74.5
Pdom S5 78.2 77.6 79.4 - 77.0 77.8 71.3 76.1 77.9 71.3 97.0 77.5 76.0 76.8
Pdom Sg 77.1 79.5 77.1 77.0 - 78.1 97.6 77.9 77.3 78.2 77.5 80.9 77.8 76.8
Pdom S, 77.2 83.3 78.4 80.6 71.7 - 78.7 79.9 78.1 77.8 79.0 81.8 80.2 93.3
Psal S, 77.1 79.5 77.1 77.0 100 79.6 - 78.2 78.2 78.5 77.6 81.5 77.9 76.1
Psal S, 74.1 98.1 77.8 78.2 80.1 84.0 80.1 - 78.5 77.0 76.4 80.9 98.5 78.4
Psal S, 74.5 76.4 100 79.4 77.1 78.4 77.1 77.8 - 91.2 79.1 78.8 78.2 74.8
Pmu S, 739 75.8 98.8 78.8 76.5 77.8 77.0 75.8 98.8 - 78.5 79.2 71.3 74.3
Pdul S, 78.2 79.4 78.2 96.4 77.6 80.6 77.6 80.0 78.2 77.6 - 78.1 76.3 774
Pdul S;, 97.6 71.3 74.3 77.8 76.6 74.9 76.6 71.9 74.3 73.7 78.8 - 81.5 79.6
Pdul S;; 75.3 96.9 79.0 80.9 82.7 85.2 82.7 97.5 79.0 78.4 81.5 75.3 - 77.8
PavS, 718 82.7 77.8 81.5 79.9 98.8 79.0 83.3 77.8 77.2 80.0 74.3 84.0 -

Values for SFBs are in the upper right half and for S-RNases in the lower left. Trans-specific percentages are marked in bold
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Pcer-510
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Pcer-510
Psal-5Sg
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Pdom-S85
Pdul-510

Pdom-55
Pdul-s510

Pdom-S6
Psal-Sa

Pdom-56
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Pavi-54

Pdom-59
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Fig. 1 Alignments of deduced polypeptides of trans-specific S-
RNases in Prunus. a P. cerasifera S; and P. dulcis S;,. b P. cerasifera
Sy, P. salicina S, and P. dulcis S;3. ¢ P. cerasifera Sy, P. salicina S,
and P. mume S,. d P. domestica S5 and P. dulcis S;,. e P. domestica S
and P. salicina S, f P. domestica Sy and P. avium S, The five
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between polypeptides are shaded in grey. The amino acid sites identi-
fied as being most variable in rosaceous S-RNases are marked with #,
and sites which are conserved are marked with * (Ushijima et al.
1998). The alignment was prepared using the Clustal method and the
PAM250 residue weight table in DNAStar, as defined by Dayhoff

conserved regions (C1 to C5) and the hypervariable regions (RHV) are (1979). Similarity groups are C, STAPG, MILV, HRK, NDEQ, FYW
labelled and underlined (Ushijima et al. 1998). Residues differing

from P. dulcis cultivar “Pestafieta” (Certal et al. 2002), with
three non-conserved and one conserved amino acid differ-
ences occurring out of 169 residues in the available

polypeptide, four being non-conservative replacements;
and a 98.1% identity with P. salicina S, with three non-
conservative replacements in a 167-residue deduced poly-

deduced polypeptide chain (Fig. 1a). peptide (Fig. 1b).

Prunus cerasifera C34-1 produced two S-RNase
sequences, provisionally named S, and S,;,. The deduced
polypeptide of the S, allele showed 96.9% identity with

The deduced polypeptide for §;, had 98.8% identity with
P. mume S, with two conservative replacements differing
between the two, and shared 100% identity with P. salicina

P. dulcis S;; with five amino acid differences in a 164-residue  S,. (Fig. lc).
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Cloning and sequencing from P. domestica “Verity”
identified two distinct S-RNase sequences, S5 and Sy. The
deduced polypeptide of S; shared 96.4% identity with
P. dulcis S,,, with five conservative replacements and one
non-conservative amino acid replacements out of 165 in the
deduced polypeptide sequence (see Fig. 1d) The Sy deduced
polypeptide held 98.8% identity with P. avium S, with
only two non-conservative amino acid differences out of
167 in the available sequence (Fig. 1e). An S-RNase cloned
from P. domestica “Blue Rock”, S, was completely identi-
cal with P. salicina S, when translated into a polypeptide

(Fig. 1f).
Comparison of Prunus S-RNase second intron sequences

DNA sequence alignments were made with the polymor-
phic second intron of the S-RNase alleles. Second introns
are generally very difficult to align due to their extreme
length and sequence polymorphism. In spite of this, the
sequences and intron lengths of the trans-specific pairs
were often very close (Table 3). Alignments can be viewed
in Fig. 4 in the electronic version.

Two groups were discernible in the second intron com-
parisons: introns which showed very large divergence with
other introns in the subset presented here; and those which
showed high similarity with one or more introns. Percentage
identities for the divergent group were always below 57.9%.
Identities for the second group were much higher, from
74.1t0 99.9%. Almost complete similarity was found
between second introns from P. cerasifera Sy and P. salicina
Sy from P. cerasifera S, and P. salicina S, and from
P. domestica Sg and P. salicina S,. Introns from other trans-
specific pairs showed some divergence, caused primarily by

large indels, though identities were always much higher than
those found between other Prunus S-RNase second introns.

S-RNase first introns

Allele-specific and consensus primers were used in combi-
nation to amplify and sequence first introns from two
P. domestica S-RNase alleles, S; and Sy. The new introns were
aligned with their trans-specific counterparts, P. salicina S,
and P. avium S, respectively (Fig 5 in the electronic ver-
sion). Almost perfect identity was seen between the first
introns of P. domestica Sg and P. salicina S,, 99.3%. The
only notable difference was a 5 bp indel. Greater differences
were evident between P. domestica Sy and P. avium S,, a
2 bp and a 47 bp indel, and five nucleotide substitutions.

Comparison of Prunus SFB deduced polypeptides

The new consensus primers described in the “Experimental
procedures” were successful in amplifying SFB alleles
from Prunus, giving a total of 13 new SFB sequences; three
from P. cerasifera, three from P. domestica, three from
P. dulcis, three from P. salicina and one from P. mume
(Table 1). Polypeptide alignments are shown sequentially
in Fig. 2. Percentage identities of the new SFB polypep-
tides are given in Table 2. As the S-genotype of the material
used for cloning SFB alleles was already known, it was
possible to correlate each SFB sequence class as a putative
S-allele. Exceptionally high identities were apparent
between the three P. cerasifera and three P. domestica SFB
alleles and their trans-specific counterparts from other Pru-
nus species, ranging from 90.3 to 99.1%. Identities of non
trans-specific pairs ranged from 74.3 to 81.8%.

Table 3 Percentage nucleotide identities for pairwise comparisons of trans-specific Prunus S-RNase second introns
Pcer S; Pcer Sy PcerS;, PdomSs Pdom S, Pdom S, PsalS, PsalS, Psal S, PmuS; PdulS,, PdulS, PdulS; PavS$,
Pcer§; -
Pcer S, 50.3 -
Pcer §,, 46.8 54.0 -
Pdom Ss 48.9 54.8 53.8 -
Pdom S; 47.9 60.6 58.1 56.4 -
Pdom S, 51.0 50.3 56.3 48.9 51.0 -
Psal S, 483 61.6 58.1 56.4 99.9 50.3 -
Psal §; 50.0 99.6 54.2 54.1 60.6 50.3 61.3 -
Psal S, 46.9 53.9 99.9 53.5 57.8 56.1 57.8 54.1 -
Pmu S, 48.1 53.2 96.3 51.1 58.0 57.1 58.0 52.5 96.3 -
Pdul S;, 49.6 30.1 50.6 94.5 56.6 514 57.3 55.8 50.4 51.3 -
Pdul S;, 96.7 49.0 49.2 46.9 49.0 55.7 479 50.0 49.2 49.6 45.6 -
Pdul S;; 48.9 92.9 553 54.6 57.95 46.1 58.6 93.1 55.2 57.6 52.1 51.3 -
Pav S, -

Trans-specific identities are marked in bold
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Fig. 2 Alignments of deduced polypeptides of trans-specific SFBs in STAPG, MILV, HRK, NDEQ, FYW. Annotations for conserved and
Prunus. a P. cerasifera S; and P. dulcis S;,. b P. cerasifera S, variable regions and individual positions are according to Ikeda et al.
P. salicina S, and P. dulcis S ;. ¢ P. cerasifera S, P. salicina S, and (2003). The conserved F-box motif and the four variable regions (V1,

P. mume S,. d P. domestica S5 and P. dulcis S,,. e P. domestica Ss and V2, HVa, HVb) are labelled and underlined. Residues differing
P. salicina S;. f P. domestica Sy and P. avium S,. The alignment was between polypeptides are shaded in grey. Sites marked with * are con-
prepared using the Clustal method and the PAM250 residue weight ta- served, and sites marked with # are hypervariable

ble in DNAStar, as defined by Dayhoff (1979). Similarity groups are C,

Prunus cerasifera M3 (S5S,) and P. dulcis “Pestafieta”  replacement. These alleles were assigned to P. cerasifera S;
(8,25,3) produced two SFB sequences each; including a sin-  and P. dulcis S ,.
gle trans-specific pair of with 97.9% deduced polypeptide Prunus cerasifera C34-1 produced two SFB sequences,
identity with five non-conservative and one conservative  one of which (S,) shared 97.9% identity with the deduced
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Fig. 2 continued
polypeptide of S;; SFB from P. dulcis CEBAS-I (S;;5,,) and Prunus domestica “Verity” produced three SFB alle-
had four non-conservative and one conservative replace-  les and their deduced polypeptides showed exceptionally

ment. S¢ also had 99.1% identity with the S; SFB from  close identity with other Prunus SFB alleles: P. domes-
P. salicina “Formosa” (S,S,), with just two non-conservative  tica S5 had 97.0% identity with P. dulcis §;, from
and one conservative replacement. The second SFB  “Gabaix” with eight non-conservative and two conserva-
sequence from C34-1, S;,, shared 99.1% polypeptide iden-  tive replacements; P. domestica Ss; had 97.6% identity
tity with the S, SFB from P. salicina “Bonnie” and had two  with P. salicina S, from “Burmosa” with two non-con-
non-conservative and one conservative change. S;, had a  servative and five conservative replacements: and
noticeably lower polypeptide identity of 90.3% with the S,  P. domestica S, showed a lower identity of 93.3% with
allele from P. mume “Bungo”, and 21 of the 28 replacements ~ P. avium S, SFB with eight non-conservative and two
were non-conservative (Fig. 3 in the electronic version). conservative replacements.
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Discussion
S-RNases

In this study, six new myrobalan and domestic plum
S-RNases were found to have exceptionally close identity
with eight S-RNases of other Prunus species. Minimal vari-
ation was seen in the deduced peptide sequences of the
trans-specific S-RNase pairs, with just two to five single
amino acid substitutions. Very few of the substitutions
were in the hypervariable region, and only a minority were
at the hypervariable residue positions. Ushijima et al.
(1998) have suggested these positions may encode specific-
ity, and changes at these sites are more likely to generate
new specificities.

Exceptionally close identities between S-RNase alleles
have been reported previously in the Rosaceae: P. dulcis S
and S;; showed 98 and 100% DNA sequence identity with
MRSN-2 from P. mume and S; from P. avium respectively
(Ortega et al. 2006). The allele Sg from the dwarf almond
P. tenella had 100% polypeptide identity with P. avium S,
and differed by one amino acid with S;; in P. dulcis (Surba-
novski et al. 2007). Ishimizu et al. (1998) found alleles S;
and S in Pyrus serotina to be very similar.

Trans-specific S-RNases have been identified in the
Solanaceae: between S; and S, in Physalis cinerascens and
Physalis longifolia respectively (Lu 2001). Other work doc-
uments high identity between S-RNases from the same spe-
cies. Saba-El-Leil etal. (1994) reported 95% identity
between S;; and S;; in S. chacoense, and controlled crosses
confirmed them to be functionally distinct. Matton et al.
(1999) showed that four amino acid changes could convert
specificity of S;; to S;;, and just three amino acid changes
resulted in dual specificity. Transformants carrying the chi-
meric S;,/S;; S-RNase rejected S;; and S, ; pollen.

Minor differences are evident in the Prunus S-RNase and
in the SFB sequences of the trans-specific pairs, and it is
unclear whether these differences are sufficient to produce a
new S-allele specificity. Ideally, the function and specificity
of the trans-specific S-haplotypes reported here in Prunus
should be examined in controlled crosses.

Physalis cerasifera, P. dulcis and P. salicina can be
intercrossed, so there is no interspecific barrier to the exper-
iment in those cases. If the trans-specific haplotypes were
functionally distinct, then crosses should be fully compati-
ble, and the seedlings will sort into four S-genotype classes,
which could be detected by PCR. However, if the trans-
specific haplotypes are functionally equivalent, a cross
should show semi-compatibility and would produce only
two S-genotype classes. Controlled crosses could be attempted
with P. domestica, though it is difficult to predict the effect
polyploidy might have on the outcome of any crosses
made. Further, a cross between P. avium and P. domestica

for S, and S, may be too wide and is likely to fail. Pseudo-
compatibility could also arise, as the minor differences may
lead to a weakened incompatibility reaction.

Second introns

Second introns in Prunus S-RNases are notable for their
length and sequence polymorphism (Tao etal. 1999;
Sonneveld et al. 2003). As non-coding regions, they can
accumulate mutations at random and with few constraints,
unlike the neighbouring coding regions. Consequently,
these trans-specific second introns may give an indication
of species divergence times.

Conceivably, the 99-100% match found between the
introns of P. cerasifera Sy and P. salicina S, between
P. cerasifera S, and P. salicina S,, and between P. domes-
tica Sg and P. salicina S,, may indicate a relatively recent
divergence of these alleles. The poorer intron match
between the other trans-specific alleles (~90% to 95%)
may point to an earlier divergence. Introns in non-trans-
specific S-RNases are too variable and divergent to be
compared in this way.

Alternatively, a shared S-allele may indicate an intro-
gression event in the recent past, occurring after species
divergence but prior to their geographical spread. P. dulcis
and P. cerasifera share a common geographical centre of
origin in the Middle East (Clapham et al. 1987; Ladizinsky
1999), and hybrids can be raised between the two species
(Lecouls et al. 2004), so there is the possibility of genetic
exchange between the two. Eryomine (1990) suggested that
P. salicina may have contributed via introgression to the
origin of P. cerasifera, which in turn may have been a par-
ent species of P. domestica, in which case the occurrence of
S-alleles from P. salicina in P. cerasifera and in P. domes-
tica is a reflection of this relationship. However, the centre
of origin of P. salicina is in eastern China (Faust and
Surdnyi 1999), very distant from the centres of origin of
either P. cerasifera or P. domestica. Geography would
also exclude the introgression of P. mume S-alleles into
P. cerasifera or P. dulcis.

First introns

Prunus S-RNase alleles have a variable length intron imme-
diately upstream of the start codon (Tao et al. 1999; Igic
and Kohn, 2001). It is known that intron presence/absence
can act as a taxonomic marker between closely related spe-
cies. Their absence from Maloideae S-RNases agrees with
the marked differences between Maloideae and Prunoideae
S-RNases noted by Ushijima et al. (1998).

Sequence polymorphism and length variability generally
prevents S-RNase second introns from being used in phy-
logeny construction, though Prunus first introns tend to be
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smaller and better conserved than second introns and could
be used in phylogenetic analyses. It is noteworthy that the
two trans-specific S-alleles from the two closest species
(P. domestica and P. salicina) shared an almost identical
first intron, while those from P. domestica and P. avium
were less similar.

SFB alleles

Pollen-S has been identified more recently than S-RNases;
consequently there are far fewer sequences available in the
databases and there is no record of trans-specific pollen-S
sequences in the Rosaceae.

For each trans-specific S-RNase identified here, an
accompanying trans-specific SFB was recovered. Differ-
ences between the trans-specific pairs were again small,
though the degree of variation was greater than was present
among the S-RNases, from a minimum of three to a maxi-
mum of 28 amino acid substitutions out of ~330 residues,
or from 90.3 to 99.1% in overall identity. Variant residues
did not cluster in or near the four hypervariable regions, or
the numerous hypervariable residues identified by Ikeda
etal. (2004), but were distributed uniformly through the
polypeptide chain. Given that S-RNases and SFB polypep-
tides interact in a very particular and specific way, the
expectation would be for identity and polypeptide structure
to be highly conserved.

One point of note is the co-variation in P. domestica S
and P. salicina S,. The S-RNase amino acid sequence for
these two alleles was identical, whereas their co-adapted
SFB sequences displayed seven amino acid changes.
Uyenoyama and Newbigin (2000) have suggested that new
S-allele specificities arise initially through mutations in the
pollen component; mutant pollen phenotypes will be less
likely to meet stylar inhibition and will spread in the popu-
lation and eventually the pollen-S mutation will be comple-
mented by a corresponding mutation at stylar-S, and full
self-incompatibility will be restored.

Another point of interest is the large difference between
P. mume S, and its supposed trans-specific pairs P. cerasif-
era Sy and P. salicina S,. Percentage identities were 90.3
and 91.2% respectively, far lower than is seen among other
trans-specific pairs. Two SFB alleles were recovered from
the P. mume accession used, and the second allele showed
only 78-80% identity with P. salicina S,, so it seems
unlikely that the incorrect allele has been used in the analy-
ses. Of the 28 residue changes between the two alleles, only
five are within the variable regions and only three are at
hypervariable sites. Why the SFB polypeptide sequences
are so divergent is not clear, especially as the correspond-
ing S-RNase and second intron sequences are so highly
conserved between species. It may be that SFB is more
plastic, and can tolerate a greater degree of variation
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without causing self-incompatibility to break down. It
would be interesting to discover the conformation of the
two mature proteins, to examine whether the residue differ-
ences impact on their tertiary structures.

Another difference between trans-specific S-allele haplo-
types is the variation in length of the intergenic region
between S-RNase and SFB. A 5 kb length difference was
found in the intergenic region between P. cerasifera S; and
P. dulcis S;, (data not shown). Surbanovski et al. (2007)
found a ~0.7 kb difference in the intergenic region by
sequencing trans-specific S-haplotypes of P. avium S; and
P. tenella Sg, which was caused almost entirely by a single
709 bp indel.

S-allele evolution

The S-locus poses a series of questions to geneticists con-
cerning the source of its allelic diversity, the generation of
new alleles and the maintenance of functional integrity
between its co-adapted elements. The S-locus does not eas-
ily fit conventional models of gene evolution. With most
genes, random point mutations in DNA lead to harmful,
neutral or beneficial changes in phenotype, changes upon
which natural selection can then act. Mutations at the
S-locus can break down the self-incompatibility system and
confer self-compatibility. For the system to be maintained,
both stylar and pollen components must somehow shift
simultaneously to a new functional phenotype. Matton et al.
(2000) have suggested a series of intermediate steps to a
new S-allele specificity, without loss of self-incompatibil-
ity. An S-allele may be able to support a small number of
amino acid changes in the S-RNase or SFB without loss of
specificity. Indeed, minor changes may broaden specificity
and permit a degree of change in the cognate component.
These incremental changes could in time give rise to a com-
pletely new specificity.

Intermediate allele forms could therefore be identified in
a single species after an extensive sequencing effort. The
Prunus trans-specific S-RNases presented here are consis-
tent with the Matton et al. (2000) model, albeit isolated in
different species. It seems reasonable to propose that these
trans-specific pairs have arisen in common ancestor species
from common ancestor alleles, and have acquired a series
of changes without apparent loss of function. They could be
useful study material for functional studies of protein-pro-
tein interactions between S-RNase and SFB.

Phylogeny of Prunus

According to Rehder (1940), the genus Prunus can be
divided into five subgenera: Prunus, Amygdalus, Cerasus,
Laurocerasus and Padus. The plum species P. cerasifera,
P. domestica and P. salicina are placed with the apricot
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P. mume in subgenus Prunus. The almond P. dulcis is at a
greater distance from the plums in subgenus Amygdalus,
and sweet cherry P. avium is placed further still from the
plums in subgenus Cerasus. Modern phylogenies con-
structed from ITS and trnL-trnF sequences have supported
these classifications (Bortiri et al. 2001). The close relation-
ship between the various species of plum is suggested by
the trans-specific S-RNase data reported here, as the closest
identities were always between S-RNases of P. cerasifera,
P. domestica and P. salicina.

Final comments

It is now possible to study allelic diversity in both
components of the Prunus S-locus. This paper presents an
exemplary set of co-adapted S-RNases and SFB alleles that
show convincing trans-specific evolution for both genes, for
coding regions and for introns. There is now scope for exam-
ining the determining factors of allele specificity and allele
generation at the Prunus S-locus, by controlled pollination
and by in silico predictions of protein tertiary structure.
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