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Abstract Three progenies of sour cherry (Prunus cerasus)
were analysed to correlate self-(in)compatibility status
with S-RNase phenotype in this allotetraploid hybrid of
sweet and ground cherry. Self-(in)compatibility was as-
sessed in the field and by monitoring pollen tube growth
after selfing. The S-RNase phenotypes were determined
by isoelectric focusing of stylar proteins and staining for
RNase activity and, for the parents, confirmed by PCR.
Seedling phenotypes were generally consistent with
disomic segregation of S-RNase alleles. The genetic
arrangements of the parents were deduced to be
‘Koroser’ (self-incompatible) S;S,.55Sp, ‘Schattenmo-
relle’ (self-compatible) S5S;3.55S s, and clone 43.87 (self-
compatible) S,S;3.S5Sp, where . separates the two
homoeologous genomes. The presence of S, and Sy al-
leles at the same locus led to self-incompatibility,
whereas S;; and S at homoeologous loci led to self-
compatibility. The failure of certain heteroallelic geno-
types in the three crosses or in the self-incompatible
seedlings indicates that S; and S5 are dominant to Sp.
However, the success of S;3Sp pollen on styles express-
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ing corresponding S-RNases indicates competitive
interaction or lack of pollen-S components. In general,
the universal compatibility of S;3Sp pollen may explain
the frequent occurrence of S;; and Sp together in sour
cherry cultivars. Alleles Sz and Sp, that are presumed to
derive from ground cherry, and S;3, presumably from
sweet cherry, were sequenced. Our findings contribute to
an understanding of inheritance of self-(in)compatibil-
ity, facilitate screening of progenies for self-compatibil-
ity and provide a basis for studying molecular
interactions in heteroallelic pollen.
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Introduction

The sour cherry (Prunus cerasus) is a tetraploid species,
thought to be an allotetraploid derived from hybridisa-
tion of the diploid sweet cherry (Prunus avium) and the
tetraploid ground cherry (Prunus fruticosa) (Oldén and
Nybom 1968). Some cultivars are self-compatible, at
least partially, whereas others are self-incompatible
(Crane and Lawrence 1929; Hruby 1963; Montalti and
Selli 1984; Redalen 1984b). Certain pairs of cultivars are
cross-incompatible, reciprocally or unilaterally (Hruby
1963; Redalen 1984a; Apostol 1996).

In diploid sweet cherry, most individuals of which are
self-incompatible, incompatibility was attributed to a
multi-allelic S locus (Crane and Lawrence 1929), which
comprises at least two parts, one operating in the style
and the other in the pollen (Lewis 1949). So far, 19
distinct S alleles have been reported, S; to S;s (Sonne-
veld et al. 2003), and S;7 to S5, (De Cuyper et al. 2005).
The S alleles code for stylar ribonucleases (S-RNases)
(Boskovi¢ and Tobutt 1996), as has been reported for
the Solanaceae. All have now been cloned and se-
quenced, though for some, including S;;, the sequences
are only partial (Sonneveld et al. 2001, 2003; De Cuyper
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et al. 2005). Primers amplifying across the variable first
or second introns of the S-RNase genes have been de-
signed that allow the alleles to be distinguished on the
basis of length polymorphism (Sonneveld et al. 2003;
Sutherland et al. 2004). The corresponding pollen
product in sweet cherry is likely to be an F-box protein
encoded by the S locus (Yamane et al. 2003a; Ikeda et al.
2004; Sonneveld et al. 2005).

Some of the complexities of genetic control of self-
(in)compatibility in tetraploids were recognised by
Crane and Lawrence (1929) and Lawrence (1930). Sub-
sequently, Crane and Lawrence (1938) built on these
ideas to formulate an explanation for unilateral incom-
patibility between certain tetraploids. Lewis and Mod-
libowska (1942) concluded that the self-compatibility of
a tetraploid mutant of Pyrus communis was a conse-
quence of the compatibility of heteroallelic diploid pol-
len in the selfed style. Lewis, discussing evidence from
other species, proposed that in heteroallelic diploid
pollen of some tetraploids the two S alleles may interact
competitively so that such pollen is not rejected in styles
having one or both of the same S alleles (Lewis 1943,
1947, 1954), or else one allele can dominate the other so
that the pollen is rejected in styles having the dominant
allele (Lewis 1947, 1954). Recently, Chawla et al. (1997),
investigating the breakdown of self-incompatibility in
tetraploid Lycopersicon peruvianum, confirmed that only
heteroallelic pollen achieved self-fertilisation. Luu et al.
(2001), developing a model to explain the compatibility
of heteroallelic pollen in tetraploid Solanum chacoense in
terms of the competition effect, proposed a tetrameric
structure for pollen-S.

In tetraploid sour cherry, studies on the inheritance
of self-(in)compatibility include those of Yenikeyev
(1973), Lansari and Iezzoni (1990) and Wolfram
(1999); however few conclusions about the genetics
were reached in these investigations. Hauck et al.
(2002) studied the segregation of self-incompatible
versus self-compatible phenotypes and of S-RNase al-
leles in a progeny from the cross of ‘Rheinische
Schattenmorelle’ X "Erdi Botermo’ but they could not
associate the two and presented no cosegregation data.
Rather than competitive interaction, they advanced the
hypothesis that self-compatibility in sour cherry results
from non-functional S-RNase and pollen-S genes.
Seedlings with certain unspecified S allele genotypes
were said to segregate for self-incompatibility versus
self-compatibility and the involvement of modifier
genes was proposed.

Insights into the relationships between stylar ribo-
nucleases and (in)compatibility in sour cherry have
been provided by Tobutt et al. (2004) who, using iso-
electric focusing of stylar proteins followed by activity
staining, surveyed cultivars of known incompatibility
status for S-RNase phenotype and undertook various
test crosses and progeny analyses. They distinguished
between RNase bands, e.g. 1, 4, 6 and 13, attributable
to S alleles of sweet cherry origin and others, e.g. B
and D, probably derived from ground cherry, and

pointed out that their approach detected functional
alleles in contrast to DNA methods that may detect
non-functional ones. They stressed the significance of
genotype and allelic arrangement in a largely allote-
traploid species, using ““.” to separate the two homo-
eologous loci, one from sweet cherry and one from
ground cherry, in somatic genetic formulae; and they
stressed the importance of the nature of the interac-
tions in the heteroallelic pollen and gave evidence for
dominance and for competitive interaction in certain
cultivars. In addition, they stressed how little was
known of the incompatibility function of the presumed
ground cherry alleles and of the functional implications
of possible null alleles.

At Dresden, three sour cherry progenies were
available that had been scored to study inheritance of
(in)compatibility (Wolfram 1999). To establish corre-
lations between self-(in)compatibility and S-RNase
phenotype we have now re-scored these, by bagging
and monitoring fruit set or by selfing and monitoring
the pollen tube growth, and have also analysed them
for S-RNases by protein analysis and, in the case of the
parents, by PCR. We also considered the possible
parental arrangements of the alleles, and thus the
possible gamete genotypes, and compared the progeny
phenotypes with the combinations possible. In cases
where parents showed one or more S alleles in com-
mon, we considered the progeny phenotypes to see if
any of the pollen genotypes had failed. In addition,
we cloned the alleles Sz and Sp, to show that they
have the sequence structure characteristic of Prunus
S-RNases, and S;3 which had been only partially
sequenced previously.

Materials and methods
Plant material

Three progenies from crosses of ‘Kordser’, self-incom-
patible, ‘Schattenmorelle’ (not ‘Rheinische Schattenmo-
relle’), self-compatible, and clone 43.87 (‘Ko&roser’ x
’Schattenmorelle’), self-compatible, that were raised at
Dresden and grown in the field for more than 10 years
(Wolfram 1999), were chosen for determination of self-
(in)compatibility and analysis of S-RNase constitution.
They are: progeny 13, ‘Schattenmorelle’ x selection 43.87
(24 seedlings); progeny 11, ‘Kordser’ x *Schattenmorelle’
(21 seedlings); and progeny 12, ‘Kordser’ X selection
43.87 (20 seedlings). The S-RNase phenotypes of
‘Koroser’ and ‘Schattenmorelle’ are 1,4,B,D and 6,13,B,
respectively (Tobutt et al. 2004).

The three parents were also used in PCR analysis to
confirm their phenotype with four more sour cherry
cultivars of known phenotype included for comparison,
‘Bruine Waalse’ (6,13,D), ‘Cacanski Rubin’ (1,4,13,B),
‘Montmorency’ (6,B,D) and ‘Nabella’ (13,B) (Tobutt
et al. 2004).



Determination of parental S alleles by PCR

DNA extraction from the parents and reference culti-
vars, PCR amplification, separation and detection of
PCR products were carried out in general accordance
with Sonneveld et al. (2001, 2003). Two sets of primers
were used to exploit the variation in length of the two
introns associated with Prunus S-RNase genes: Pa
Consl-F + Pa ConslI-R (Sonneveld et al. 2003) based
on signal peptide and C5 region of sweet cherry S-
RNases, and EM-PC2consFD + EM-PC5consRD
(Sutherland et al. 2004) based on C2 and C5 regions of
Prunus S-RNases.

Cloning and sequencing of the S-RNase alleles Sg, Sp
and S;;

Genomic DNA of ‘Koroser’ and ‘Schattenmorelle’,
phenotypes 1,4,B, D and 6,13,B, was amplified by PCR
with Pa Consl-F + Pa ConslII-R primers. The amplified
DNA was purified and concentrated and then cloned
using the TA cloning kit (Invitrogen). Colony screening
was carried out with M13-F + M13-R primers. The
QIAprep Kit (Qiagen, Crawley, UK) was used for
plasmid DNA extraction. The plasmids from three col-
onies corresponding to each of S and Sp from ‘Koro-
ser’ and S;; and Sp from ‘Schattenmorelle’ were
sequenced using M13 and internal primers.

The sequence contigs were assembled using SeqMan
and EditSeq programs (DNAStar, Madison, WI, USA).
The alignments of deduced amino acid sequences were
carried out by the Clustal W method of the MegAlign
computer program (DNAStar). Several published
sequences were included for comparison.

Determination of self-(in)compatibility

Seedlings were assessed for fruit set after selfing in 1998.
Between 100 and 200 flowers in bud were bagged; and at
full bloom the flowers were self-pollinated, counted and
rebagged and well developed fruits were counted after
the June drop. To avoid confusion between self-incom-
patibility and low fertility, fruit set after open pollina-
tion was also recorded. In addition, a minimum of ten
flowers per seedling were selfed and, 72 h after selfing,
the styles were fixed and in due course squashed and the
pollen tube growth in ten flowers was examined by flu-
orescence microscopy following the procedure described
in Tobutt et al. (2004).

For some seedlings for which the initial studies indi-
cated discrepancies between the bagging data and the
pollen tube data, and for some randomly chosen seed-
lings, the bagging or the pollen tube studies were repeated
in 2000. In the few cases where discrepancies remained,
the pollen tube data were considered conclusive. Fruit set
of 2% was taken as the threshold, even though this level
does not represent commercially useful self-fertility.
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Determination of parental and seedling S alleles
by RNase analysis

The collection of styles, extraction of proteins, isoelectric
focusing and staining for RNase activity was conducted
as described by Tobutt et al. (2004). Where appropriate,
the segregations were tested with y°.

Results
S-alleles of the parents of the segregating progenies

The banding patterns obtained with the two sets of
primers designed to amplify S-RNase alleles (Fig. 1)
could be correlated with the various combinations of S-
RNases 1, 4, 6, 13, B and D revealed in the parents and
reference cultivars, ‘Bruine Waalse’, ‘Cacanski Rubin’,
‘Montmorency’ and ‘Nabella’, by the IEF studies of
Tobutt et al. (2004) (Fig. 1). Discrepancies concerning
‘Bruine Waalse” and ‘Montmorency’ are dealt with later.
In addition, the correspondence of the PCR products
and RNase bands for the putative alleles Sp and Sp was
confirmed by cosegregation analysis (data not shown).
Thus ‘Kordser’ and ‘Schattenmorelle’ were, respectively,
S;S45pSp and S4S;3Sp. Selection 43.87 appeared to be
S4S;3Sp. Neither of the primer pairs amplified any
product in the parents that could not be correlated with
S-RNase phenotypes. The variations in size are consis-
tent with the existence of the two introns.

Cloning and sequencing of the S-RNase alleles Sg, Sp
and S]3

Figure 2 shows the alignment of deduced amino acid
sequences of several putative S-RNases: SP-C5 genomic
products for Sp ‘Koroser’ (Sz-K), and ‘Schattenmorelle’
(Sg-S), Sp from ‘Koroser (Sp-K), and S;; from
‘Schattenmorelle’ (S;3-S). In addition amino acid se-
quences deduced from certain published cDNA or
genomic sequences are included for comparison: S, from
‘Erdi Botermo’ (Yamane et al. 2001) and from ‘Rhe-
inische Schattenmorelle’ (Hauck et al. 2002), S, and S,
from ‘Rheinische Schattenmorelle’ (Hauck et al. 2002),
and S;; from sweet cherry ‘Noble’ (Sonneveld 2002).
The RNase sequences for newly cloned S, Sp and S;;3
reveal the five conserved regions C1-C5 (Ushijima et al.
1998) that are characteristic for rosaceous S-RNases and
have the two introns characteristic of Prunus in the right
position.

It is apparent that the amino acid sequences
corresponding to RNase Sz from ‘Ko&rdser’ and
‘Schattenmorelle” and to S, from °‘Erdi Botermo’
and ‘Rheinische Schattenmorelle’ are identical. The
sequence of S;; from ‘Schattenmorelle’ completely
matches S, from ‘Rheinische Schattenmorelle’ and the
short sequence of S;; from ‘Noble’. The alignment of
deduced amino acid sequences of the presumed ground
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Fig. 1 Amplification patterns produced with primers based on S-
RNase regions C2—C5 (a) and on SP-C5 (b) for the three parents
and for the reference cultivars indicating the alleles S;, Sy, Ss, Si3,
Spand Sp. In (a) conditions were adjusted, by increasing annealing
temperature from 58 to 60°C, to avoid amplification of S;; the
lower band of which comigrates with Sp. * ‘Bruine Waalse’ shows

cherry S-RNases showed that Sz and S, cloned from
‘Koroser’ are different from each other and from S,
from ‘Rheinische Schattenmorelle’.

Family 13 (‘Schattenmorelle’ x selection 43.87)

The results of the self-compatibility tests by bagging in
the field, in comparison with fruit set after open polli-
nation, and by monitoring pollen tube growth of the 24
seedlings from the cross ‘Schattenmorelle’ X selection
43.87 are given in Table 1. Twenty-one of the seedlings
were determined as self-compatible by pollen tube
growth studies. Of these only two set less than 2% fruit
after selfing. Three seedlings were determined as self-
incompatible by pollen tube studies and they set less
than 2% fruit after selfing.

‘Schattenmorelle’ and selection 43.87 had the S-
RNase phenotypes 6,13,B and 4,13,B, respectively; and
four different seedling phenotypes were found, 4,6,B
(three seedlings), 4,13,B (seven seedlings), 6,13,B (five
seedlings) and 13,B (nine seedlings) (Fig. 3, Table 1).
This seedling segregation, which approximates to 1:1:1:1
(4*=0.55), is consistent with disomic inheritance and
‘Schattenmorelle’ having the genotype SsS;3.55Sp and
selection 43.87 having the genotype S4S;3.5555.
‘Schattenmorelle’ would produce ovules of genotype

3000 b 3000
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1000 1000
850 850
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500 500
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an additional band, not expected from its S-RNase phenotype, that
was shown to be S;, by allele specific PCR (data not shown). f
‘Montmorency’ revealed the two weak bands characteristic of S3,
unexpected from its S-RNase phenotype, but confirmed by allele
specific PCR (data not shown). S-RNase phenotypes (Tobutt et al.
2004) are given after each cultivar

SsSp and S;3Sp, and selection 43.87 would produce
pollen S,Sp and S;3Sp. An alternative genotype for
‘Schattenmorelle’, S5S;3.5S5Sy, where Sy is a null allele,
is inconsistent with the segregation in family 11 de-
scribed later. There was no evidence that the S,Sz or the
S;3S5 pollen was rejected on the S45;3.55Sp style. This
indicates that S is not dominant to S, and that S;; and
Sp interact competitively or lack the pollen-S products.

Comparison of the fruit set and pollen tube results
with the S-RNase phenotypes shows that seedlings with
the phenotype 4,6,B were self-incompatible, whereas
those with the phenotypes 4,13,B, 6,13,B and 13,B were
self-compatible.

By analogy with the proposed parental genotypes it is
likely that the genotype of the self-incompatible seedlings
was S;S5.5Sp. The pollen grains derived from this
genotype would be S,Sz and SsSp. As the pollen grains
failed on selfing there was no competitive interaction in
these heteroallelic combinations. It appears that S, is
dominant to Sz and it is also likely that Ss is dominant to
Sp; the possibility that Sz is dominant to S is inconsis-
tent with the segregation in family 11 described later.

Again by analogy with the parental genotypes, the
genotypes of the self-compatible seedlings are likely to
be S4S13.SBSB, S6S13.SBSB and S]3S13.SBSB. Regarding
the first of these, two classes of pollen are expected, S,Sp
and S;3S55. We know (from the previous paragraph) that
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Fig. 2 The alignment of partial amino acid sequences of various S-
RNases: Sp from ‘Kordser’ (Sp-K) and ‘Schattenmorelle’ (Sp-S),
Sp from ‘Kéroser’ (Sp-K), and S;3 from ‘Schattenmorelle’ (S;;3-S),
S, from ‘Erdi Botermo’ (Yamane et al. 2001) and from ‘Rheinische
Schattenmorelle’ (Hauck et al. 2002), S, and S, from ‘Rheinische
Schattenmorelle’ (Hauck et al. 2002), and S;3; from sweet cherry
‘Noble’ (Sonneveld 2002). The five conserved regions (C1-C5) and

S4Sp pollen fails on selfing and so the self-compatibility
can be attributed to the S;;5 pollen. Likewise regarding
the second genotype, SsS;3.S5Sp. In the third genotype,
S735;3.55Sp, all the pollen should be of the self-com-
patible S;3S5 type.

Family 11 (‘K&rdser’ x *Schattenmorelle’)
The results of the self-compatibility tests in the field and

by pollen tube growth studies of the 21 seedlings nom-
inally from the cross ‘Kordser’ x *Schattenmorelle’ are

hypervariable region (RHYV), characteristic of rosaceous S-RNases
(Ushijima et al. 1999) are boxed. The positions of two introns
characteristic of Prunus S-RNases are indicated by arrows. The
sequences are arranged to demonstrate: the identity of Sz with S,;
the differences between S, Sp and Sj; and the identity of S;; with
Se

given in Table 2. Nine of the seedlings were shown to be
self-compatible by the pollen tube studies, of which two
set less than 2% fruits after selfing. Ten seedlings were
shown to be self-incompatible by pollen tube studies and
they all set less than 2% fruit after selfing; two more
seedlings, which were assessed only by recording fruit set
after selfing, set 0% fruit and were deemed self-incom-
patible.

‘Kordser’ and ‘Schattenmorelle” had the S-RNase
phenotypes 1,4,B,D and 6,13,B, respectively, and, con-
cerning 19 of the seedlings, six different phenotypes were
observed, 1,6,B (one seedling), 1,6,B,D (one seedling),
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Fig. 3 S-RNase zymograms of
sour cherry family 13
(‘Schattenmorelle’ x selection
43.87). Tracks 1 and 2 show the
parents and remaining tracks
the range of seedling
phenotypes observed

1,13,B (four seedlings), 4,6,B (nine seedlings), 4,13,B
(three seedlings) and 4,13,B,D (one seedling) (Fig. 4,
Table 2). In addition, one seedling had the phenotype
6,B, which may have resulted from tetrasomic segrega-
tion with double reduction in ‘Koéréser’ giving an
occasional ovule with the genotype SpSp; and another
had the unexpected phenotype 6,13,B that may have
resulted from outcrossing. As S; and S, from ‘Koroser’
are not inherited together, they are allelic; so the geno-
type of ‘Kordser’ can be written as S;5,.55Sp. Likewise,
Ss and S;; from ‘Schattenmorelle’ are not inherited to-
gether, supporting the genotype Ss5;3.55S5p deduced

earlier. Of the eight progeny phenotypes expected from
these parental genotypes only 1,13,B,D and 4,6,B,D
were not observed. The alternative genotype for
‘Schattenmorelle’ of S4S5;3.55Sy, where Sy is a null al-
lele, can be rejected as that would predict 50% of the
pollen and 25% of the seedlings would lack Sp. There
was no evidence of SsSp or S;355 pollen failing on the
S;84.5pSp style, indicating that Sz is not dominant to
Ss. Furthermore, as SsSp pollen failed on S,S5.55Ss
styles in family 13, we conclude Ss is dominant to Sp.
By comparing the fruit set and pollen tube data to the
S-RNase phenotypes, it is apparent that seedlings with

Table 1 Analysis of progeny 13

[‘Schattenmorelle’ Seedling No. % Fruit set after % Maximum fruit set Pollen tube Ribonuclease

(6,13,B) X selection 43.87 bagging 1998, after open pollination growth phenotypes

(4,13,B)] for self-compatibility, 2000; SC=2>2% in 1998, 2000 assessment

as determined by fruit set after

bagging (with set after open 3 9.7 SC 23.2 SC 6,13,B

pollination for comparison) and 4 6.0 SC 19.2 SC 6,13,B

pollen tube growth after selfing, 10 21.7 SC 21.7 SC 13,B

and for stylar ribonucleases 13 0.0, 0.5 SI 2.8 Sc* 13,B
17 9.7 SC 7.2 SC 13,B
18 44 SC 5.6 Sc* 6,13,B
19 0.0, 0.5 ST 4.9 ST 4,6,B
24 0.0, 1.9 ST 11.4 Sc* 4,13,B
31 5.1 SC 12.3 SC 13,B
32 1.4 ST 13.6 SI1* 4,6,B
33 16.3 SC 132 SC 4,13,B
39 11.4 SC 13.6 SC 4,13,B
45 4.7 SC 7.2 SC 4,13,B
47 3.0 SC 4.3 SC 4,13,B
49 33 SC 15.9 Sc* 13,B
51 3.1 SC 3.1 SC 13,B
53 2.5 SC 12.8 SC 4,13,B
56 16.1 SC 29.1 SC 13,B
59 2.0 SC 10.3 SC 13,B
62 31.9 SC 28.2 SC 13,B
69 27.2 SC 23.9 SC 4,13,B
72 19.6 SC 8.3 SC 6,13,B
75 2.4 SC 14.0 SC 6,13,B
79 0.0 SI 1.2 ST* 4,6,B

“repeated and confirmed
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Table 2 Analysis of progeny 11

[‘Koréser’(1,4,B,D) x Seedling No % Fruit set after % Maximum fruit set Pollen tube Ribonuclease
’Schattenmorelle’ (6,13,B)] for bagging 1998, after open pollination growth phenotypes
self-compatibility, as 2000; SC=22% in 1998, 2000 assessment
determined by fruit set after
bagging (with set after open 42 20.6 SC 23.8 SC 1,13,B
pollination for comparison) and 45 0.9 SI 18.3 SC 1,13,B
pollen tube growth after selfing, 50 0.0 SI 6.3 SI 4,6,
and for stylar ribonucleases 61 0.0 SI 5.4 - 1,6,B
62 0.0 SI 19.8 ST* 4,6,B
69 3.0 SC 14 SC 4,13,B
73 0.0 SI 0.0 ST* 4,6,B
114 0.0 ST 3.8 - 4,6,B
126 8.5 SC 3.8 SC 6,13,B¢
127 0.0 SI 0.0 ST* 4,6,B
130 6.0 SC 7.4 SC 1,13,B
132 0.5 SI 2.8 SC 4,13.B
146 0.0 SI 18.8 ST* 4,6,B
148 1.5 S1? 6.7 ST* 1,6,B,D
) 149 0.0 SI 5.6 ST* 4,6,B
drepeated and confirmed 152 10.9 SC 15.3 SC 1,13,B
Punexpected phenotype, 155 1.9, 0.0 SI 18.2 SI* 6,B°
presumably resulting from 158 4.7 SC 15.7 SC 4,13,B,D
tetrasomic segregation in 162 0.9, 0.0 SI 23.0 ST? 4,6,B
Koroser’ 166 0.0 SI 10.8 SI* 4,6,B
unexpected phenotype, 173 14.3 SC 16.7 SC 4,13.B

presumably from outcrossing

the phenotypes 1,6,B, 4,6,B and 1,6,B,D are self-
incompatible, whereas those with the phenotypes 1,13,B,
4,13,B and 4,13,B,D are self-compatible.

If, as seems likely by analogy with parental geno-
types, the self-incompatible seedlings have the genotypes
S]Sg.SBSB, S]Sé.SBSD and S4S6.SBSB then the pollen
grains would variously have the genotypes S;Sg, SsS3,
S,Sp, S;Sp and SsSp. As the pollen grains failed on
selfing there was no competitive interaction in these
heteroallelic combinations, presumably because of the
dominance of S, and S5 over Sp proposed earlier and,
maybe, the dominance of S; over S and of S; and S,
over Sp or vice versa.

The genotypes of the self-compatible seedlings, again
by analogy, are likely to be S;5;3.5555, S45;3.5555 and
S4S;3.55Sp. In the first two genotypes, the self-com-
patibility can be explained by the S;;S5 pollen, as S;S3
pollen is expected to fail in the first and S,Sp to fail in
the second. In the third genotype, the S,Sp pollen is
expected to fail and the S;3S5 pollen to succeed; the
action of the S,Sp and S;3Sp pollen cannot be inferred
from these data.

Family 12 (‘Ko&roser’ X selection 43.87)

The results of the self-incompatibility tests of the 20
seedlings from the cross ‘Kordser’ x selection 43.87 are
given in Table 3. Apart from one seedling (12.73), all
were found to be self-compatible by pollen tube tests. Six
of them set less than 2% fruit after selfing, but it is worth
noting that five of these seedlings set less than 4% fruit
even when open pollinated, indicating poor fertility ra-
ther than genuine self-incompatibility.

‘Kordser’ and selection 43.87 had the S-RNase phe-
notypes 1,4,B,D and 4,13,B, respectively; and five dif-
ferent seedling phenotypes occurred, 1,4,13,B (three
seedlings), 1,13,B (eight seedlings), 4,13,B (six seedlings),
4,13,B,D (one seedling) and 13,B (two seedlings) (Fig. 5,
Table 3). As deduced previously, the parental genotypes
appear to be S;5,.55Sp and S,S;3.55S. Presumably the
ovules from ‘Kordser’ are S;S5, S;Sp, S48 and S,Sp
and pollens from selection 43.87 are either S,S3, which
as explained earlier are expected to express S, and to fail
on styles having S, or S;3Sp, which again as explained
earlier do not fail on styles having Sp. Thus the expected
seedling classes are 1,13,B, 1,13,B,D, 4,13,B and
4,13,B,D. Of these only 1,13,B,D was not found. The
unexpected phenotypes 1,4,13,B and 13,B may be the
result of tetrasomic segregation in the female parent
‘Koroser’ giving ovules of genotype S;S, and, with
double reduction, SzSp, respectively.

When the pollen tube data, supported in most cases
by fruit set data, were compared with S-RNase pheno-
types, it appeared that the seedlings with the phenotypes
1,4,13,B, 1,13,B, 4,13,B,D and 13,B were all self-com-
patible. Of the six seedlings sharing the 4,13,B pheno-
type, five appeared to be self-compatible, while one
(12.73) was confirmed as self-incompatible.

The genotypes of the ‘expected’ self-compatible
seedlings, again by analogy, are likely to be S;S;5.S5S3,
S48;:3.55Sp, and S,S;3.55S5. Self-compatibility may be
attributed to the S;3S5 pollen, at least in part; the pollen
with genotypes S;Sp and S,S3 is, from earlier evidence,
unlikely to be self-compatible and the behaviour of
pollen with genotypes S,Sp and S;3Sp remains un-
known. The seedlings with phenotype 13,B presumably
have the genotype S;35;3.5SpSp—giving self-compatible
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Fig. 4 S-RNase zymograms of
sour cherry family 11

Table 3 Analysis of progeny 12
[‘Koroser’ (1,4,B,D) x selection
43.87 (4,13,B)] for self-
compatibility, as determined by
fruit set after bagging (with set
after open pollination for
comparison) and pollen tube
growth after selfing, and for
stylar ribonucleases

repeated and confirmed
Sunexpected phenotype,
presumably resulting from
tetrasomic segregation in
‘Koroser’

S3Sp pollen. In the case of the seedlings with the phe-
notype 1,4,13,B, two genotypes seem likely, S;5;3.5,55
and S,S,3.5;Sp, their self-compatibility again due to the

-

EN-

Seedling No. % Fruit set after % Maximum fruit set Pollen tube Ribonuclease
bagging 1998, after open growth phenotypes
2000; SC=2>2% pollination in 1998, 2000 assessment

29 0.5 ST 0.5 SC 1,13,B
33 0.0, 0.0 ST 33 SC* 1,4,13,B°
37 4.2 SC 6.2 SC 1,13,B
41 13.0 SC 5.4 SC 4,13,B
45 0.0, 1.1 ST 5.7 sc? 1,13,B
50 2.4 SC 4.1 SC 4,13,B
52 0.0, 0.5 ST 3.6 SC 4,13,B
55 0.8, 1.0 ST 33 N e 4,13,B.D
62 8.4 SC 19.7 SC 1,4,13,B"
66 1.8, 8.7 SC 11.6 SC 1,13,B
67 2.0,2.0 SC 8.0 SC 1,13,B
73 0.0, 0.0 ST 10.4 ST 4,13,B
82 233 SC 15.6 SC 1,13,B
87 3.0 SC 10.4 SC 4,13,B
88 2.2 SC 4.9 SC 13,B°

92 17.4 SC 22.3 SC 1,4,13,B°
103 1.4,45.0 SC 44.0 SC 13,B°
110 2.1 SC 1.7 SC 1,13,B
114 14.1 SC 22.3 SC 4,13,B
128 0.0, 0.5 ST 3.8 SC 1,13,B

S13Sp pollen. The genotype of the self-incompatible
seedling of phenotype 4,13,B may be S,S,.5,355 but it is
difficult to reconcile with parental arrangements.



Fig. 5 S-RNase zymograms of
sour cherry family 12
(‘Koroser’ x selection 43.87).
Tracks I and 2 show the parents
and remaining tracks the range
of seedling phenotypes
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Discussion

The PCR products amplified in ‘Kordser’, ‘Schatten-
morelle’ and selection 43.87 with S-RNase consensus
primers corresponded to the bands, seen on RNase
zymograms, attributable to the alleles S;, S, Ss S;3,
Sp and Sp. Cloning and sequencing showed that Sp
and Sp, the presumed ground cherry stylar RNase
alleles, have the structure typical of rosaceous S-RNase
genes. Interestingly, two of the reference cultivars,
‘Bruine Waalse’ and ‘Montmorency’, showed some
discrepancy between PCR results and zymograms, as
discussed later.

In addition, by determining the S-RNase phenotypes
of 65 seedlings in three progenies from controlled
crosses, we have been able to deduce the genotypes and
arrangements of the S-RNase alleles in the parents and
seedlings. Furthermore, by comparing S-RNase pheno-
types/genotypes with incompatibility phenotypes we
have arrived at a better understanding of the mediation
of (in)compatibility in sour cherry by S-RNase alleles.

Parental S alleles

The PCR confirmed IEF scores and did not indicate the
existence of null S-RNase alleles in ‘Koroser’,
‘Schattenmorelle’ and selection 43.87. Thus, it is unlikely
that our interpretation of parental and seedling genotypes
needs to consider the presence of null S-RNase alleles.
The deduced amino acid sequence for S;; from
‘Schattenmorelle’ matched that for S;; from ‘Noble’
(Sonneveld 2002) and for S, (Hauck et al. 2002). Thus

tion we reconciled our sequence for Sz with S, (Yamane
et al. 2001; Hauck et al. 2002). The sequences of Sz and
Sp RNase alleles, that so far have been found only in
sour cherry and in ground cherry (Tobutt et al. 2004)
and are thought to originate from the latter, had the
sequence structure (conserved regions, RHV region,
position and number of introns) typical of Prunus S-
RNases (Ushijima et al. 1988) but different from Prunus
non-S-RNases (Ma and Oliveira 2000; Yamane et al.
2003b). The cloning of Sp and Sp brings to three the
number of S-RNase sequences that have been found in
sour cherry but are absent from sweet cherry.

Genomic arrangement of S alleles

From the genotypes of the seedlings analysed, the
genomic arrangements of the S-RNase alleles in the three
parents ‘Schattenmorelle’, selection 43.87 and ‘Koroser’
have been deduced. In each case, the S-RNases thought
to be derived from sweet cherry (S;, Sy, Ss or S;3) were
allelic, representing one of the two loci in the allotetra-
ploid, and the S-RNases thought to be derived from
ground cherry (S or Sp) represented the other locus.
Although most seedling patterns were consistent with
disomic inheritance there was some evidence of tetra-
somic inheritance. Previously, Tobutt et al. (2004) gave
the genomic arrangement of ‘Erdi Botermo B’and
‘Marasca Luxardo’ and inferred the genomic arrange-
ment of ‘Amarena di Verona P.C.” and ‘Montmorency’.

Of the 36 sour cherry cultivars analysed by Tobutt
et al. (2004), 30 are of known self-(in)compatibility sta-
tus, and 14 of these have S-RNase phenotypes similar to
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those observed in the seedlings analysed in this work.
The most likely genomic arrangement of their S alleles
can now be predicted. Seven cultivars have the pheno-
type 6,13,B, four the phenotype 13,B and one the phe-
notype 1,13,B. Consistent with their known self-
compatibility would be the genotypes and arrangements
S§S13.SBSB, S]3S]3.SBSB and S]S]3.SBSB, respectively.
‘Cacanski Rubin’, with phenotype 1,4,13,B and also self-
compatible, could have the genotype and arrangement
S18:3.8,85 or S§,5;5.5;S5. ‘Chase Morello’, 4,13,B,
which is self-incompatible, could have the genotype and
arrangement S,S,.5;3Sp, as later proposed for the self-
incompatible selection with the phenotype 4,13,B.

S allele interactions in heteroallelic diploid pollen
and self-(in)compatibility

By correlating (in)compatibility status with the S-RNase
phenotypes/genotypes, we were able to make certain
deductions about the interactions in heteroallelic pollen.
When the sweet cherry alleles S;, S, or S5 are present
with S, the pollen behaves as S;, S, or S, i.e. there is no
competitive interaction, possibly because Sz has no
activity in pollen. In contrast, when S;; is present with S
in heteroallelic pollen, there is no evidence of a domi-
nant/recessive relationship as S;35p pollen is not rejected
by the style expressing the corresponding RNases. S; and
Ss show no competitive interaction with Sp; there were
no data on how S, or S;; interact with Sp,.

In the case of S;3Sp, it may be that there is compet-
itive interaction or that neither allele in these sour
cherries has an active pollen component, in which case
this variant of S;; could be denoted S;;" in the same way
that S5 is used to denote the variant S that lacks pollen
activity (Matthews 1970). Sonneveld et al. (2005) have
recently demonstrated that the self-compatibility of S5
is attributable to the deletion of the pollen-S; F-box
allele. However, with primers based on conserved re-
gions of pollen-S F-box alleles (Yamane et al. 2003a;
Ikeda et al. 2004), genomic sequences corresponding to
S;; and Sz F-box alleles have been detected in

‘Schattenmorelle’ and selection 43.87 (data not shown).
This indicates that lack of pollen expression rather than
deletion of the pollen component could be an alternative
to competitive interaction as an explanation of self-
compatibility. It would be difficult to discriminate be-
tween these possibilities by pollination tests, but se-
quences for putative pollen-S F-box alleles could be used
to check for expression in pollen.

So long as the sweet cherry alleles such as S;, S;, Ss
and S;; remain at one locus of the allotetraploid there is
no opportunity to see how they interact with each other
in heteroallelic pollen; likewise for the presumed ground
cherry alleles such as S and Sp.

According to the model proposed by Luu et al.
(2001), if the pollen components of S;; and Sp are ex-
pressed and show competitive interaction this is a result
of heterotetramers forming between S;3; and Sz pollen-
specific proteins—the heterotetramers would not bind to
the S;3 and Sz RNases and thus not prevent the inhi-
bition of the S-RNases. The model does not explicitly
address the possible lack of competitive interaction in
heteroallelic pollen such as observed in, e.g. S,Sp, where
S, is expressed specifically but S is not. In this case, if
both alleles are active in pollen, it may be that many
more copies of S, pollen-specific protein are produced
than of S pollen-specific protein; this would allow the
formation of S, homotetramers that could bind to the
S,RNases and prevent their inhibition.

It is apparent that the lack of pollen function of S;;
and Sp, or their competitive interaction and the effective
dominance of S, over S, can explain without exception
the self-(in)compatibility phenotypes of the cultivars
discussed in the previous section. The high frequency of
S;3 and Sp together in sour cherry cultivars may be a
reflection of the universal compatibility of S;3S pollen.

Inheritance and expression of self-(in)compatibility
The mode of inheritance of self-(in)compatibility in sour

cherry is addressed in part in Table 4. This shows the
segregation for self-compatible (SC) versus self-incom-

Table 4 Predicted segregation for self-compatibility (SC) versus self-compatibility (SI) in progenies resulting from crosses between various

sour cherry genotypes

S1S6.5888 (SI) 81813.5858 (SC) S486.58S8 (SI) 84813.5858 (SC) 86513.5858(SC) 813813.5858 (SC)

?

S156.S8SB (SI) - all SC all SI 50SC:50SI all SC all SC
S1813.5858(SC) 50SC:50SI all SC 50SC:50SI 75SC:2581 75SC:25S81 all SC
8486.58SB (SI) all SI 50SC:50SI - all SC all SC all SC
84815.585B(SC) 50SC:50S1 75SC:2581 50SC:50SI all SC 75SC:2581 all SC
S6513.5858 (SC) 50SC:50SI 75SC:2581 50SC:50S1 75SC:2581 all SC all SC
813513.58S8 (SC) all SC all SC all SC all SC all SC all SC




patible (SI) seedlings that we could predict in progenies
resulting from crosses between all but two of the various
expected seedling genotypes for which we have proposed
arrangements in this paper. We have assumed that the
interactions in heteroallelic pollen are as summarised in
the previous section. We have excluded S;S4.55Sp and
S4S73.85Sp as the interactions of S, and S;; with Sp are
currently unknown.

In the progenies from these crosses of SI x SI, we
would expect the seedlings to be all SI. In the progenies
from crosses of SI x SC or SC x SI, the seedlings would
all be SC or would segregate 50:50. In progenies from
crosses of SC x SC, seedlings would be SC or would
segregate 75SC:25SI.

Two further points are noteworthy. Cultivars with
genotype S;35;3.55S5 appear to be universal donors of
self-compatibility, whether used as male or female parent.
And the progenies from cross S5S;3.55S5 X S4S5.55S5
and the reciprocal give different segregations. (Inciden-
tally, we would expect the cross SsS5.S5Sp X S4S5.55S5
to succeed, but the reciprocal to fail.)

In general, seedlings with the S, and Sy alleles at the
same locus should be self-incompatible whereas those
with S;; and Sz at homoeologous loci should be self-
compatible. This information could be used as a basis
for screening for self-compatibility seedling progenies
from appropriate controlled crosses at an early stage.
However, as apparent from family 12, the combination
of S;; with Sp, while associated with self-compatibility,
is not indicative of satisfactory cropping. The poor fer-
tility of ‘Kordser’, a parent of family 12, was studied by
Murawski and Endlich (1962) and attributed to irregular
meiosis.

Possible tetrasomic segregation

To account for some unexpected genotypes we have
suggested occasional tetrasomic segregation in ‘Koroser’
as we have already suggested in ‘Erdi Botermo B’ (To-
butt et al. 2004). Beaver and Iezzoni (1993) presented
data consistent with occasional tetrasomic segregation at
some non-S loci in sour cherry progenies.

In the disomic segregation of an allotetraploid, the
genotype S;5,.5,Sp would give the gametes S;S 4, S;S3,
S>S 4 and S,Sp in equal proportions. In tetrasomic seg-
regation, without double reduction, the genotype
S;S,8 48 would additionally give, in the same propor-
tions, gametes S;S, and S 4S5 However, for loci distant
from the centromere, tetrasomic segregation can involve
double reduction. In that case the expected gametes
would also include the homoallelic genotypes S,S;,
S5S5, $4S4 and SpSp, the frequency of each of these
genotypes being a quarter that of each of the heteroall-
elic genotypes. Ballester et al. (1998) reported that the S
locus in Prunus lies near the end of the linkage group,
but the location of the centromere of the corresponding
chromosome is unknown. Bigger progenies would be
needed to establish unambiguously the degree of tetra-
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somy and possible double reduction. Even though the
role of tetrasomic segregation is speculative, the corre-
lations established between S-RNase phenotype and
self-(in)compatibility are not dependent on it.

If occasional tetrasomic segregation does occur in
allotetraploid sour cherry it would make self-incom-
patibility less absolute than in diploid sweet cherry if the
sour cherry genotype has two homeologous S alleles that
can interact competitively.

Other work

Our findings can be used as a basis for interpreting
aspects of the allelic segregations reported by Hauck
et al. (2002), in the progeny from the cross of two self-
compatible cultivars, ‘Rheinische Schattenmorelle’
(S.SpS.Ss) x ’Erdi Botermo’ (S,S4S4,,)- As mentioned
before, their S, corresponds to our Sz and their S, to
our S;3; S, is a self-compatible mutant of Sy allele in
which the self-compatibility function is attributed to
the inactivation of corresponding S-RNase but pres-
ence of an active pollen S component (Yamane et al.
2003c). Our detection by PCR but not by activity
staining of S;, and S;; in ‘Bruine Waalse’ and
‘Montmorency,” respectively, may be attributable to
similar inactivation. The likely genotype and arrange-
ment of ‘Erdi Botermo’ with our nomenclature is
S4S6m-SpSp or even S,Ss,,.SpSy. That none of the
seedlings from the cross inherited Sg,, from ‘Erdi Bo-
termo’ implies that the pollen grains carrying the S,
allele in combination with Sz behave as Ss. The failure
of the S, Sp pollen is, if occasional tetrasomic segre-
gation occurs, sufficient to explain the transmission of
S, to the great majority of seedlings; the S,Sp pollen is
not rejected. It is unnecessary to assume two copies of
S, in ‘Erdi Botermo’. In the absence of competitive
interaction of S, or Ss with Sz, we can predict that
‘Erdi Botermo’ (S4Ss,,-S5S5), though self-compatible,
will fail to pollinate sweet cherry cultivars of genotype
S4Ss, e.g. ‘Merton Glory’. If only disomic segregation
operated, all the seedlings should have inherited S, as
the allele Sg,, could not succeed on the ‘Rheinische
Schattenmorelle’ style expressing allele Ss;. However
eight out of 85 seedlings did not inherit S, from ‘Erdi
Botermo’, which is consistent with some tetrasomic
segregation.

Concluding remarks

We have shown that the stylar RNases, presumed to
derive from ground cherry, share the sequence structure
of S-RNases from sweet cherry. In addition this study
has given an insight into the genomic arrangement of the
S alleles, the interaction of particular allelic combina-
tions in diploid pollen and the inheritance of self-
(in)compatibility in allotetraploid sour cherry. Our
findings could be used for designing crosses to yield only
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self-compatible seedlings and for screening certain seg-
regating progenies for self-compatibility soon after ger-
mination by PCR. They also provide models to study
the molecular basis of competitive interactions and
dominant/recessive relationships of S alleles in hetero-
allelic pollen. Further research should investigate
expression of the pollen component as well as the allelic
arrangements and interactions not considered by this
work.
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