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1. INTRODUCTION

THE exact physiological mechanisms underlying the self-incompatibility
reaction in plants is still unknown. The work of Lewis (1952) on S allele
specific antigens in the pollen of Oenothera and the recent detection of similar
S allele specific antigens in stigmas of self-incompatible Brassica (Nasrallah
and Wallace, 1967a) constitute a first step towards isolation and characterisa-
tion of the self-incompatibility controlling substances. These demonstrations
of a molecular basis for self-incompatibility, coupled with an already sophisti-
cated and extensive genetic analysis of the multiple allelic S locus offer a rare
opportunity to study gene action and control in higher plants. The S
alleles and corresponding S antigens have definite and easily recognised
phenotypic effects, thereby providing a unique system for the study of gene-
protein-phenotype relationships (Nasrallah and Wallace, l967a, b). These
workers have established gene-antigen-incompatibility correlations but it
remained to be determined whether the S antigens are primary gene products
(polypeptides).

2. MATERIALS AND METHODS

The homozygous Brassica oleracea var. capitata genotypes 81S1, S2S2, SS,
S3S3 (referred to in the text as S1, S2, S,, and S3) and the immunoelectro-
phoresis and immunodiffusion techniques used were essentially identical to
those described earlier (Nasrallah and Wallace, 1967a). Lines S2 and S are
isogenic and phenotypically similar except that S is homozygous for a
dominant gene, probably a suppressor, that reduces the quantity of the S
antigen and results in self-fertility. Genotypes H4, H5, and H6 are additional
inbred cabbage lines supplied by Joseph Harris Company, Inc., Rochester,
New York. Their exact S allele genotype is not known but they breed true
and each is presumed to be homozygous for a different S allele. Each was
found to be cross-compatible with S1, S2, and S3. The antiserum used
(AHS2) was developed against S2 stigmatic homogenates and was the same
batch of antiserum used previously (Nasrallah and Wallace, 1 967a, b).
Stigmatic homogenates for acrylamide gel electrophoresis were prepared as
follows: Approximately 75 mg. fresh weight of stigmas from each genotype
were homogenised in the cold with tris-glycine buffer (0.1 M, pH 8.3) using
a mortar and pestle and acid washed sand. The resulting homogenates were
transferred to 400-l. centrifuge tubes and centrifuged for 10 minutes at
15 000 r.p.m. in a Beckman/Spinco Model 152 microfuge. Routinely, a
I 75-pJ. aliquot of each supernatant fluid was subjected to electrophoresis in
7.5 per cent. acrylamide gels at pH 50 as described by Barber et al. (1967).
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Proteins thus separated were stained with 0'7 per cent. (w/v) amido black in
7 per cent. (v/v) acetic acid and the results recorded by photographing the
stained gels. In certain instances unstained gels of some extracts were used
for immunodiffusion studies. In other instances, areas of peroxidase activity
were located in the unstained gels by incubating these for 15 minutes at
25° C. in a solution which consisted of 0'3 per cent. (w/v) benzidine in 95 per
cent. (vJv) ethyl alcohol mixed with an equal volume of a 1 : 50 dilution
of 3 per cent, hydrogen peroxide (Gomori, 1952).

3. RESULTS

Most proteins from the stigmatic homogenates were acidic in that they
moved to the anode at pH 8'3 under the conditions described by Steward
et al. (1965). These patterns consisted of numerous protein bands with no
discernible genotype specific differences. However, electrophoretic runs at
pH 5.0 revealed genotype specific patterns and pattern differences that were
consistently observed in separate runs on homogenates prepared from
different plants of the same genotype as shown for S and S2 in Plate I, fig. 1.

Plate I, fig. 2 shows patterns obtained with immunoelectrophoresis
(pH 8.2) where S2 and S proteins were reacted against unabsorbed anti-
serum (AHS2). The precipitation band on the cathode side of the source
well was identified as the antigenic S2 band of the earlier study (Nasrallah
and Wallace, l967a), since it was present in both S2 and S stigmatic homo-
genates but was absent from those of other genotypes. As previously reported,
the S2 homogenates had a higher concentration of S2 antigen than did the S
homogenates. This was indicated by the greater intensity of the precipita-
tion band opposite S2 as compared to S.

An examination by acrylamide gel electrophoresis of basic proteins in
stigmas of S2 and S is shown in Plate I, fig. 3. The electrophoretic patterns
indicate a lesser quantity of protein in bands (a) and (b) for S than for 2
even though a greater quantity of S homogenate (200 pi. as compared with
175 d. for S2) was used in order to favour the appearance of these weak
bands in S. Since immunodiffusion (Nasrallah and Wallace, l967a) had
previously indicated less 2 antigen in S than S2, it seemed likely that band
(a) or (b) might correspond to the antigenic S2 band. Acrylamide gel electro-
phoresis and immunodiffusion techniques were combined to test this possi-
bility. The proteins extracted from S2 and S were separated on acrylamide
gels and instead of staining with amido black the gels were placed on an agar
layer parallel to and at a distance of 07 cm. from a trough containing anti-
serum (AHS2). The separated proteins diffused from the acrylamide gel
into the agar and reacted with the antibodies as shown in plate I, fig. 4. An
antigenic 2 precipitation band appeared in a position which seems to cor-
respond very closely with the (b) band of plate I, fig. 3. No precipitation
band was visible for S1.

(i) Genotjpe specific proteins
The acrylamide gel electrophoresis patterns of plate II, fig. 5 show

qualitative differences among the six genotypes tested. Genotypes S1, 2,
and S3 were each previously shown to have an S allele specific antigen
(Nasrallah and Wallace, 1 967a). Acrylamide gel electrophoresis gave simi-



Plate I

Fin. I .—Electrophoretic separations on acrylamide gels of the basic proteins from stigrnatic
homogenates of cabbages homozygous for S alleles S1 and S2. Reproducibility of the
soluble protein patterns is shown in that the (B) separations were made from different
plants and one year later than the (A) separations.

Fin. 2.—Immunoelectrophoretic separations in barbital buffer at pH 82 cfstigmatic homo-
genates of genotypes S and S. The homogenates were electrophoretically separated in
agar and then tested against antiserum (AHS5) produced against S2 which was placed in
the centre trough. The precipitation band to the cathode side of the source wells is
stronger in S than S, indicating a greater concentration of the S antigen in genotype
S2. This antigen was absent (cf. fig. 4) from homogenates of S allele genotypes other
than S2 and S.

Fin. 3.—Electrophoretic separations on acrylamide gels of the 2 and 5 basic stigmatic
proteins extracted by tris-glycine buffer (0l M, pH 8.3). A lower concentration of
protein in bands (a) and (b) is indicated for S than for S2 even though 200 pi. of S
extract was used as compared to 175 1d. for S in order to favour development of these
weak bands in S.

Fin. 4.—Serological response of electrophoretically separated basic proteins from S and S
stigmatic homogenates. The proteins were separated on acrylamide gels and the un-
stained gels were placed on an agar layer parallel to a trough containing antiserum
(AHS2). The precipitation band indicated by the arrow appears in S separations at a
position opposite band (b) of fig. 3 bsit does not appear in the S1 separations or thosc of
other genotypes.
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Plale II

Fin. 5.—Electrophoretic separations on acrylamide gels of the basic proteins from stigmatic
homogenates of six homozygous and two heterozygous S allele genotypes extracted by
tris-glycine buffer (0.1 M, pH 8.3). A unique band occurs for each homozygous geno-
type and the unique bands of both parents appear in the hybrid genotypes.

Fin. 6.—Peroxidase activity of the stigmatic basic proteins extracted by tris-glycine buffer
(01 M, pH 8.3). The proteins were separated by electrophoresis on acrylamide gels.
Benzidine was used as the hydrogen donor to stain proteins having peroxidase activity.
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lar results in that, in addition to bands occupying corresponding positions in
several genotypes, there were bands unique to specific genotypes. With
reference to S2, S1 has a weak band at position (a), the antigenic 52 band at
position (b) ispractically missing, the bands at positions (c) and (e) correspond
to those of S2, but S1 has a band at (d') that does not occur in S2• Thus, S
differs from S2 in being deficient for the antigenic S2 band at position (b) and
also in possessing a unique band at position (d'). Genotype S3 has a very
faint band at position (a), bands corresponding to those of S1 and S2 at
positions (c) and (e), lacks bands at positions (d) and (d'), but has a unique
band at position (b'). Genotypes 114, 115, and H6 have not been previously
studied and are included for comparison. All differ from S1, S2, and 53 in
overall pattern; 114 and H6 appeared similar but slightly different from H5.

(ii) Protein patterns of hybrids
Plate II, fig. 5 also shows protein patterns of hybrids i2 and S2S3

alongside those of their parents. S1S2 has a band at position (b) correspond-
ing with the unique (b) band of the 53parent and a band at (d') correspond-
ing with the unique (d') band of the S1 parent. S2S3 has bands at positions
(b) and (b') corresponding respectively to the unique bands of parents S2
and S3. Thus, the hybrids exhibit the unique electrophoretically identified
proteins of both of their parents, as the hybrids exhibited the unique S
antigens of both parents as demonstrated by immunodiffusion (Nasrallah
and Wallace, 1 967a). The hybrid S1S3 was not studied because of unavaila-
bility when these tests were made.

(iii) Peroxidase activity
During the course of this investigation, Pandey (1967) reported that the

S gene of itlicotiana seemingly codes for polypeptides with peroxidase activity.
The S alleles that Pandey worked with were found to produce specific
peroxidase bands. Tests for peroxidase activity were therefore conducted on
several S allele genotypes of cabbage as shown in plate II, fig. 6. Peroxidase
activity was localised at two equivalent and corresponding positions in all
genotypes. The use of a hydrogen donor other than benzidine might have
revealed different peroxidase patterns (Macko et al., 1967). However, using
benzidine as did Pandey, no differences in electrophoretic mobilities of
peroxidases could be detected. The possibility of nonspecific association
between peroxidase enzymes and "S" proteins should also be considered.

4. Discussxoi.i

Using acrylamide gel electrophoresis, qualitative and quantitative
differences in protein patterns were demonstrated in Stigmatic homogenates
from several S allele genotypes of B. oleracea. Three of these genotypes, S1,
S2, and S3, were studied extensively and displayed genotype specific bands.
The same genotypes were each found to have present in their stigmas a
unique antigen (Nasrallah and Wallace, I 967a). Stigmatic homogenates
from the hybrids S1S2 and S2S3 exhibited the S allele specific bands of both
parents. In the earlier study, these hybrids were also shown to possess both
parental antigens. Furthermore, comparison of acrylamide gel patterns
of the isogenic lines 53 and S revealed a quantitative difference in the S2
band. Similar differences were also recognisable with immunodiffusion and
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immunoelectrophoretic methods. The agreement between acrylamide gel
results and those obtained by immunodiffusion and/or a combination of the
two techniques lead us to conclude that the " S "

antigens are proteins;
presumably primary gene products of the S alleles.

A hypothesis derived from these results and current concepts of the genetic
code assumes a one to one relationship between S alleles and S proteins. The
S proteins vary by amino acid substitutions that lead to simultaneous differ-
ences in electrophoretic mobilities, antigenic determinants (cf Ingram,
1963; lino, 1965), and phenotypic expression of self-incompatibility.
Justification for this hypothesis comes from findings that antisera can recog-
nise proteins which differ by only one amino acid substitution as demonstrated
for human haemoglobins A, S, and C (Boerma etal., 1964), for haemoglobins
A2 and B2 (Jones et al., 1965), and for immunoglobulins (Baglioni et al., 1966).
Schreffler (1967) has recently reviewed the structural basis and genetic
control of cellular antigens. We have no evidence suggesting association
with carbohydrates, or polymerisation of protein subunits to form molecular
aggregates as was postulated by Lewis (1963). It is assumed that variations
in DNA coding of the different S alleles lead to structural modifications of the
S proteins as specified by the S alleles. Many structural variations are
possible since several amino acid substitution sites could potentially lead to
antigenic polypeptide differences. It has already been demonstrated that
extensive protein variability does result from amino acid substitution, more
than 22 variants of oc-haemoglobin and 43 variants of -haemoglobin having
been found in humans (Neurath et al., 1967). Thus, the unresolved question
of origin of S alleles (Pandey, 1967) is amenable to direct experimentation by
comparing the amino acid sequences of incompatibility proteins specified by
different S alleles.

Heritability of these S allele specific proteins was demonstrated by the
presence in S allele heterozygotes of the S allele specific proteins of both
homozygous parents. The two parental S antigens were previously demon-
strated (Nasrallah and Wallace, 1 967a) to be present in stigmas of hetero-
zygous F1 plants, to segregate in the F2 as expected for control by a single gene,
and to correlate perfectly with phenotypic expression of self-incompatibility.

As for their mode of action in phenotypic expression of incompatibility,
we postulate that the S proteins of the stigma act as regulator substances.
These diffuse into the pollen grains and recognise appropriate S genotypes
thus " shutting off" the synthesis of enzymes needed for pollen germination
and tube growth. The S proteins were indeed found to diffuse readily
from uninjured stigmas (Nasrallah and Wallace, 1 967b). As for penetra-
bility of these basic proteins into pollen grains, recent reports indicate that
cells readily take up cationic proteins of large molecular weights (Ryser,
1968). Preliminary estimates (unpublished data) indicate a molecular
weight of about 150 000 for the S2 protein. The hypothesised mode of
action for the S proteins can be tested by developing labeled S proteins and
identifying the site of action in compatible and incompatible pollinations.

5. SUMMARY

1. Acrylamide gel electrophoresis and immunodiffusion were used to
study the buffer soluble basic proteins of stigmatic homogenates of several S
allele genotypes of cabbage.
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2. Each S allele genotype had a different electrophoretic protein band
pattern.

3. Each of the genotypes S1S1, S2S2, and S3S3 had a unique electro-
phoretically separated protein band.

4. The unique protein band of genotypes S2 and S was shown to be the
S allele specific antigen previously identified by immunodiffusion.

5. The electrophoretically separated S allele specific proteins were shown
to be heritable by the presence in heterozygous genotypes of the unique
proteins of each of the two homozygous parents.

6. It is hypothesised that S allele specific proteins differ by amino acid
substitutions.

7. It is postulated that the basic S proteins act as regulators of enzymes
needed for pollen germination and tube growth.
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