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Abstract  In this study, stylar proteins of apple 
(MaIus x domestica) which correlate with known inter- 
varietal incompatibility relationships and have similar 
characteristics to the S-glycoproteins of Japanese pear 
(Pyrus serotina) were surveyed by two-dimensional gel 
electrophoresis (2D-PAGE). Varietal differences were 
detected in a group of glycoproteins having Mrs and pIs 
similar to those of the S-glycoproteins of Japanese pear. 
2D-PAGE profiles of these glycoproteins were corre- 
lated with intervarietal incompatibility relationships. 
These glycoproteins reacted with antiserum raised 
against the S4-glycoprotein of Japanese pear, a result 
suggesting that they may be the products of S-alleles in 
styles of apple. On the basis of the profiles of the putative 
S-glycoproteins, S-genotypes were proposed for each of 
the apple cultivars examined. 
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Introduction 

Self-incompatibility is one of the systems to be used by 
plants which prevent self-fertilization and promote out- 
crossing. In many cases, self-incompatibility is con- 
trolled by a series ofcodominant alleles at a single locus, 
the S locus (de Nettancourt 1977). In fruit trees with self- 
incompatibility, the determination of self-incompatibil- 
ity genotypes (S-genotypes) is important for choosing 
donors of compatible pollen, which are necessary for 
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stable fruit production. However, the determination of 
S-genotypes is more difficult in woody plants than in 
annual plants because it is time-consuming to conduct 
genetic analyses. Cultivated apple (Malus x domestica) 
exhibits gametophytic self-incompatibility as do other 
Rosaceae species such as the Japanese pear (Pyrus 
serotina) (Brown 1992). S-genotypes have been deter- 
mined for cultivars of Japanese pear (Terami 1946) but 
not for major cultivars of apple despite its importance 
even though some combinations of apple cultivars are 
known to show cross-incompatibility (Latimer 1937; 
Yamada et al. 1971; Ishiyama et al. 1993). Manganaris 
and Alston (1987) reported a marked deficit or absence 
of the Got-1 locus in certain genotypes in all backcrosses 
and in crosses between unrelated apple varieties. They 
attributed this segregation distortion to the linkage of 
the Got-1 locus with the S-locus. 

S-allele-associated glycoproteins (S-glycoproteins) have been 
identified in the pistils of Solanaceae plants and Papaver with 
gametophytic self-incompatibility and in Brassica species with a 
sporophytic system (Sims 1993). S-glycoproteins of Solanaceae 
plants have high pIs, sugar chains that react with concanavalin A 
and ribonuclease (RNase) activity. Recently, we reported that 
basic RNases (S-RNases) are associated with S-genotypes in 
Japanese pears (Sassa et al. 1992). The characteristics of the S- 
RNases of Japanese pear, i.e. high pIs, glycoproteins, Mrs of around 
30 KDa and style-specific expression, are similar to those of the 
S-RNases (S-glycoproteins) of Solanaceae plants (Sassa et al. 1993). 
In addition, homology of amino acid sequence in the N-terminal 
region of S-glycoproteins was found between Japanese pear and 
Solanaceae plants. These facts suggest that similar proteins (RNases) 
are involved in self-incompatibility in other Rosaceae species such as 
apple. 

The identification of S-allele-associated proteins for 
apple cultivars is difficult at present because their S- 
genotypes have not yet been determined. However, it is 
likely that any proteins which correlate with inter- 
varietal incompatibility relationships in apple and 
which have similar characteristics to the S-glycoproteins 
of Japanese pear are involved in self-incompatibility in 
apple. 

In the study reported here, we analyzed stylar pro- 
teins of apple by two-dimensional gel electrophoresis to 
identify proteins that satisfy the above criteria. Varietal 
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differences in a group ofglycoproteins with pIs and Mrs 
similar to those of the S-glycoproteins of Japanese pear 
were detected and subsequently correlated with inter- 
varietal incompatibility relationships reported earlier 
(Yamada et al. 1971; Ishiyama et al. 1993). As these 
glycoproteins reacted with the antiserum raised against 
the S4-glycoprotein of Japanese pear, they may be prod- 
ucts of S-alleles in the styles of apple. 

Materials and methods 

Plant materials 

Four diploid apple cultivars, 'Golden Delicious', 'Natsumidori', 'Fuji' 
and 'Jonathan', and three triploid cultivars, 'Jonagold', 'Mutsu' and 
'Hokuto', were used. Triploid CVS 'Jonagold' and 'Mutsu' are as- 
sumed to be derived from the fertilization of unreduced egg cells (2n) 
by reduced sperm cells (n) (Chyi and Weeden 1984; Harada et al. 
1993). 'Jonagold' is a F 1 hybrid of 'Golden Delicious' x 'Jonathan', 
while 'Hokuto' is a F x hybrid of'Fuji x 'Mutsu'. 'Golden Delicious' is 
the female parent of'Mutsu'. 

Among these seven cultivars, five cross-combinations, all of which 
are triploid x diploid combinations, are known to be incompatible, 
i.e. 'Jonagold' (3x) x 'Golden Delicious' (2x), 'Jonagold' (3x) x 'Nat- 
sumidori' (2x), 'Mutsu' (3x)x 'Golden Delicious' (2x), 'Hokuto' 
(3x) x 'Fuji' (2x) and 'Hokuto' (3x) x 'Jonathan' (2x) (Yamada ct al. 
1971; Ishiyama et al. 1993). On the basis of these incompatibility 
relationships, two of the three S-alleles of each triploid cultivar are 
expected to be identical with those of the diploid cultivars, the pollens 
of which are incompatible to each triploid cultivar. 

The flowers of'Mutsu', 'Jonagold', 'Golden Delicious', 'Jonathan' 
and 'Fuji' were collected from the Experimental Farm of Chiba 
University. Th e flowers of 'Hokuto'  and 'Natsumidori' were collected 
from the Aomori Apple Experiment Station. 

Two-dimensional gel electrophoresis 

The styles were dissected from flower buds at the balloon stage of 
development, rapidly frozen in liquid N 2 and stored at - 80~ until 
use. Proteins were extracted from acetone powder prepared from the 
frozen styles according to the method of Damerval et al. (1986) with 
lysis buffer (O' Farrell 1975). The supernatant was recovered by 
centrifugation and subjected to two-dimensional gel electrophoresis 
(2D-PAGE). Proteins were separated by nonequilibrium pH gradient 
electrophoresis (NEPHGE) in the first dimension followed by SDS- 
PAGE in the second dimension, as described previously (Sassa et al. 
1993). Proteins in the gels were detected by silver staining using the 
Sil-Best Stain for Protein/PAGE (Nacalai tesque, Kyoto). 

Detection of glycoproteins 

secondary antibody solution containing peroxidase-conjugated goat 
IgG raised against mouse IgG and stained for enzymatic reaction 
with 4-chloro- 1-naphthol. 

Results 

Crude preparations of the style extracts were separated 
by the same NEPHGE/SDS-PAGE procedure as that 
used in the analysis of the S-glycoproteins of Japanese 
pear (Sassa et al. 1993). A group of proteins with Mrs 
and pIs similar to those of the S-glycoproteins of Jap- 
anese pear showed varietal differences. These proteins 
were tentatively named S-proteins with respective 
superscripts starting from 'a'. 'Golden Delicious' had 
two S-proteins, S a and S u (Fig. 1). Two of the triploid 
varieties, 'Jonagold' and 'Mutsu', both of which are 
incompatible with the pollen of 'Golden Delicious', had 
the S a- and Sb-proteins as well as an additional S- 
protein, S c or S d. 'Natsumidori', which is incompatible 
with 'Jonagold', had S b- and SO-proteins. 'Jonathan', 
which is the pollen parent of 'Jonagold', had the S c- 
protein and another S-protein, S e. 'Fuji' had S% and 
Sf-proteins. A triploid variety, 'Hokuto',  is incompatible 
with the pollens of both 'Jonathan' and 'Fuji'. 'Hokuto'  
had the S-proteins S c, S e and S r. As described above, 
S-protein phenotypes were consistent with the reported 
incompatibility relationships. The Mrs of the S a, S b, S ~ 
S a-, S ~- and Sf-proteins were estimated to be 30, 29, 30, 
28, 30 and 27 kDa, respectively (Fig. 1). 

Stylar proteins of 'Mutsu', "Jonagold' and 'Hokuto '  
were separated by 2D-PAGE and examined for glyco- 
proteins by the concanavalin A (Con A)-peroxydase 
method. It was demonstrated that the S-proteins are 
glycoproteins that react with Con A (Fig. 2). 

The reactivity of the antiserum raised against the 
S4-glycoprotein of Japanese pear (Sassa et al. 1993) to 
the S-proteins of apple was examined. Stylar proteins of 
'Mutsu', 'Jonagold' and 'Hokuto'  were separated by 
2D-PAGE, blotted onto PVDF membranes and reacted 
with the antiserum raised against the S4-glycoprotein of 
Japanese pear. The apple S-proteins were cross-reacted 
with the antiserum raised against the S4-glycoprotein of 
Japanese pear (Fig. 3). 

The proteins separated by 2D-PAGE were electroblotted onto a 
polyvinylidene difluoride (PVDF) membrane filter (Millipore, Bed- 
ford) according to Hirano and Watanabe (1990), reacted with per- 
oxidase-coupled concanavalin A (Honen Oil, Tokyo) and detected by 
color development of the enzyme reaction as described by Kijimoto- 
Ochiai et al. (1985). 

Immunoblot analysis 

Proteins separated by 2D-PAGEwere electroblotted onto a PVDF 
membrane. Free binding sites of the PVDF membrane were blocked 
with 5% (W/V) non-fat dried milk in TR~s-buffered saline (TBS) 
containing 20mM TRIs-HC1 pH 7.5 and 0.5 M NaC1. The blocked 
membrane was incubated in an antiserum solution diluted to 1 : 1000 
with 3% (W/V) non-fat dried milk in TBS. It was then incubated in a 

Discussion 

To identify the self-incompatibility-related proteins of 
apple, stylar proteins satisfying the following two cri- 
teria were surveyed: i.e. correlation with intervarietal 
incompatibility and characteristics similar to those of 
the S-glycoproteins of Japanese pear. The stylar pro- 
teins of apple were separated by NEPHGE/SDS-  
PAGE, as in the case of our analysis of the stylar 
proteins of Japanese pear (Sassa et al. 1993), and varietal 
differences were observed in a group of proteins having 
Mrs and pIs similar to those of the S-glycoproteins of 
Japanese pear. The profiles of these proteins were then 
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correlated with intervarietal incompatibility rela- 
tionships. These proteins were determined to be glyco- 
proteins by their reaction with Con A and thus tenta- 
tively labelled as S-glycoproteins of apple. Their 
estimated Mrs of approximately 30 kDa were similar to 
that of the S-glycoproteins of Japanese pear and 
Solanaceae species. In addition, the S-glycoproteins of 
apple were cross-reacted with antiserum raised against 
the S4-glycoprotein of Japanese pear. These facts sug- 
gest that the S-glycoproteins of apple are proteins simi- 
lar to those of Japanese pear and that they are products 

Fig. 1 Two-dimensional polyacrylamide gel electrophoresis 
(2D-PAGE) profiles of style extracts of apple cultivars. Proteins 
were detected by silver staining. S-proteins are marked with 
arrowheads 

of S-alleles found in styles of apple. In Japanese pear, 
S-glycoproteins have RNase activity and characteristics 
similar to those of S-glycoproteins (S-RNases) of 
Solanaceae plants. It would be interesting to examine 
whether the S-glycoproteins of apple have RNase activ- 
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Fig. 2 Identification of glyco- 
proteins with lectin-peroxydase 
method. Stylar proteins of 
'Mutsu', 'Jonagold' and 
'Hokuto' were separated by 2D- 
PAGE, transferred to PVDF 
membranes and reacted with 
concanavalin A-peroxydase re- 
agent. S-glycoproteins are 
marked with arrowheads 

Fig. 3 Reactivity of S-glyco- 
proteins of apple with antiserum 
raised against the S4-glyco - 
protein of Japanese pear. Stylar 
proteins of 'Mutsu', 'Jonagold' 
and 'Hokuto' were separated by 
2D-PAGE and reacted with the 
antiserum raised against the S 4- 
glycoprotein of Japanese pear 
(Sassa et al. 1993). S-glyco- 
proteins are marked with arrow- 
heads. 

Table I Intervarietal incompatibility relationships reported earlier 
and S-genotypes proposed in this study in apple cultivars 

Female (S-genotypes) x Male (S-genotypes) 

Jonagold (sasbs c) x Golden Delicious (SaS b) 
Jonagold (S"SbS c) x Natsumidori (sbs ~ 
Mutsu (sasbs d) x Golden Delicious (S"S b) 
Hokuto (ScSeS f) x Fuji (S~ e) 
Hokuto (ScS~ f) x Jonathan (SoS e) 

ity and show structural homology to that of Solanaceae 
plants. 

Based on the profiles of the S-glycoproteins, we 
proposed putative S-genotypes of apple cultivars used in 
this study (Table 1). S-genotypes for other cultivars of 
apple may be estimated by analyzing stylar proteins as 
performed in this study. 

Two triploid cultivars, 'Jonagold'  and 'Mutsu' ,  
are considered to have received 2n gametes from a 

common maternal parent, 'Golden Delicious' (Chyi 
and Weeden 1984; Harada  et al. 1993). Our data  also 
support this conclusion. In the case of 'Hokuto ' ,  our 
data  suggest that  the maternal  parent, 'Fuji', con- 
tributed the 2n gamete. The S-genotypes proposed by 
us are consistent with the parental relationships exam- 
ined. The only exception is 'Mutsu',  which has been 
reported to be the male parent of 'Hokuto' .  Since the 
proposed S-genotypes o f 'Hoku to '  and its female parent 
'Fuji '  are ScS~ e and ScS f, respectively, and are con- 
sistent with both parental and incompatible relation- 
ships, the male parent of 'Hokuto '  is expected to have 
the Se-gene. However, the S-genotype of 'Mutsu '  is 
SaSbS a according to the profile of the S-glycoproteins. 
Therefore, there is a possibility that  another cultivar 
carrying S e, such as 'Jonathan' ,  is the true male parent 
of 'Hokuto ' .  Fingerprinting by restriction fragment 
length polymorphism (RFLP) or random amplified 
polymorphic DNA (RAPD) analysis may give critical 
information on the parental relationships of 'Hokuto '  
and 'Mutsu'.  
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